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 «Nos connaissances sont une goutte, notre ignorance, un océan...» 
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Ecosystèmes côtiers et productivité primaire 

Les écosystèmes marins côtiers, interfaces entre les 

milieux continentaux et marins, sont parmi les plus 

productifs au monde (Marcus and Boero, 1998). En 

effet, l’apport continu de sels nutritifs (phosphates, 

nitrates et silice principalement) par le continent permet à ces zones d’être rarement limitées par ces 

derniers (Nixon et al., 1986). De plus, la profondeur relativement faible de ces écosystèmes permet 

des échanges rapides entre la colonne d’eau (ou compartiment pélagique) et le fond (ou 

compartiment benthique), particulièrement dans les écosystèmes caractérisés par un cycle tidal de 

forte amplitude. La faible profondeur de ces écosystèmes entraîne également l’absence d’une 

thermocline permanente qui, à l’instar de systèmes marins ouverts, limite la diffusion des sels 

nutritifs dans la zone euphotique, autrement dit la zone exposée à une lumière suffisante pour que la 

photosynthèse se produise (Nybakken and Bertness, 2004). La photosynthèse permet la production 

de matière organique végétale (biomasse), par des organismes autotrophes, dits producteurs 

primaires. Contrairement aux océans ouverts où la production primaire relève essentiellement des 

microalgues pélagiques ou phytoplancton, les écosystèmes marins côtiers sont également 

caractérisés par des producteurs primaires benthiques au niveau de la zone intertidale que sont les 

macro-algues mais aussi les microalgues ou microphytobenthos (MPB). Les biomasses de 

producteurs primaires sont très rapidement utilisées avec des taux de renouvellement élevés de par 

(i) des processus physiques contraignants (érosion, arrachage) et (ii) une forte diversité des 

consommateurs primaires se partageant rapidement les ressources trophiques (Herman et al., 2001). 

La régénération rapide des sels nutritifs au niveau du sédiment profite directement au MPB. En effet, 

les nutriments régénérés en profondeur diffusent à l’interface eau-sédiment pendant l’immersion, 

tandis qu’en période d’émersion le MPB a accès à une plus forte quantité de lumière permettant une 

production élevée (Stevenson et al., 1991). L’interface eau-sédiment est renouvelée régulièrement 

par les processus d’érosion/sédimentation liés à l’hydrodynamisme ainsi que par les processus de 

broutage par les consommateurs primaires. Ainsi, la production associée au MPB, bien que 

longtemps sous-estimée, participe largement à la forte productivité de ces écosystèmes, avec une 

contribution allant jusqu’à 50% de la production primaire totale des écosystèmes côtiers 

(Underwood and Kromkamp, 1999).  
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Les diatomées 

Les diatomées benthiques constituent le groupe 

dominant du MPB (Smith and Underwood, 1998; 

Underwood and Kromkamp, 1999), et sont divisées en 

deux groupes fonctionnels : les diatomées dites 

« épipéliques », capables de se déplacer activement dans 

la couche de surface et les diatomées « épipsammiques », 

peu mobiles et restant attachées aux grains de sédiments 

sableux (Mitbavkar and Anil, 2004). Les diatomées 

benthiques forment des biofilms (Fig. 1) plus ou moins 

compacts à la surface du sédiment. Les stress générés par les forçages physiques au niveau de la 

zone intertidale se traduisent par une remise en suspension plus ou moins élevée du sédiment de 

surface avec les diatomées associées, perturbant la communauté microphytobenthique (Mitbavkar 

and Anil, 2004). Les diatomées benthiques épipéliques ont un rythme de migration verticale 

considéré comme un comportement chronobiologique avec une horloge interne (Serôdio et al., 

1997). On considère la lumière et le cycle de marée comme étant les deux facteurs clés gouvernant la 

migration verticale (Smith and Underwood, 1998; Mitbavkar and Anil, 2004). En effet, dans les zones 

intertidales, les diatomées migrent vers la surface en période d’émersion  lorsque la photosynthèse 

est possible et en profondeur en période d’immersion et/ou en période d’obscurité (Thornton et al., 

2002), optimisant ainsi leurs rendements photosynthétiques (Fig. 2). 

 
Figure 2 : Rythme de migration verticale des diatomées benthiques épipéliques, adapté de Gérard et al. (2006)  

Figure 1 : Biofilm de surface avec diatomées 
épipéliques (Source : Barreto et Meyer, 2006). 
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La migration des diatomées épipéliques leur permet également de régénérer leurs quotas internes 

de sels nutritifs qui peuvent devenir très vite limitants dans les biofilms autotrophes (Kingston, 2002; 

Saburova and Polikarpov, 2003). Les communautés épipsammiques ne peuvent migrer verticalement, 

et utilisent le cycle de la xanthophylle pour leur photorégulation (Jesus et al., 2005). 

Microphytobenthos, remise en suspension et réseau trophique 

La forte production primaire des écosystèmes côtiers marins profite aux consommateurs 

primaires benthiques et pélagiques. En plus des apports d’origine pélagique, le macrozoobenthos et 

particulièrement les mollusques suspensivores accèdent à de multiples sources de nourriture 

d’origine benthique (microalgues benthiques, détritus de macroalgues, bactéries, détritus de plantes 

des marais, protozoaires). La proximité des compartiments benthique et pélagique induit en effet un 

brassage de la colonne d’eau sous l’influence de facteurs physiques tels que le vent ou la marée, 

entraînant la remise en suspension des sédiments superficiels et des organismes associés. Par le biais 

de la remise en suspension, le MPB constitue une source de nourriture importante pour les 

mollusques filtreurs sauvages comme la coque Cerastoderma edule, mais aussi cultivés tels que les 

huîtres creuses Crassostrea gigas ou les moules Mytilus edulis (Dubois et al., 2007; Marín Leal et al., 

2008; Lefebvre et al., 2009). Cependant, la remise en suspension des micro-algues benthiques est un 

phénomène complexe puisque ces dernières sont capables de contrôler en partie aussi leur propre 

remise en suspension vers la colonne d’eau en modifiant les propriétés du sédiment (Tolhurst et al., 

2002). Si les caractéristiques de forte productivité des écosystèmes côtiers en font des lieux de 

prédilection pour les activités conchylicoles, les zones conchylicoles ne sont pourtant pas toujours 

propices à des productivités primaires importantes, comme cela a été mis en évidence en baie du 

Mont-Saint-Michel. En effet, la présence des structures conchylicoles peut créer un frein 

hydrodynamique limitant la remise en suspension du MPB (Davoult et al., 2009; Kervella et al., 2010). 

En conséquence, des niveaux de biomasse de MPB très élevés sont observés de manière quasi 

permanente sous ces structures. En l’absence de facteurs liés à l’exportation de la biomasse physique 

(par remise en suspension) ou trophique (consommation), le niveau de productivité devient alors 

très faible (Blanchard et al., 2001). Par ailleurs, l’accumulation de bio-dépôts sous les structures 

conchylicoles enrichit les sédiments en matière organique et finit par perturber durablement la 

structure de la macrofaune benthique, avec une raréfaction des bivalves filtreurs et une forte 

colonisation par des annélides (Dubois, et al., 2007). A l’inverse, les zones de vasières nues comme 

celles de la Baie de Marennes-Oléron sont des zones protégées où l’hydrodynamisme peut être 

maintenu à un niveau relativement modéré en l’absence de structures conchylicoles. Les échanges 

érosifs maintiennent alors une productivité primaire élevée dans les biofilms, avec des pertes de 
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biomasses par consommation/érosion conduisant à des niveaux de biomasses relativement faibles 

(Blanchard et al., 2001). Les activités intenses de bioturbation sur les zones de vasières nues 

(associées à des biomasses de macrofaunes très fortes et typiques de ces zones) participent 

fortement à une exportation quotidienne de MPB, et participent au maintien des biomasses de MPB 

à des niveaux faibles mais très productifs (Orvain et al., 2004, 2007).  

Microphytobenthos, apports autochtones ou allochtones ? 

Le rôle trophique que jouent ces micro-algues dans la colonne d’eau dépend donc 

directement de leur remise en suspension à partir des sédiments de surface qu’elles colonisent et 

l’environnement physique local est essentiel à considérer, tout comme les processus de 

consommation primaire et de bioturbation par la faune endogée. En effet, ceux-ci semblent jouer un 

rôle significatif dans ces échanges érosifs (Orvain et al., 2007). Cependant, il a souvent été démontré 

que les croissances des huîtres cultivées repose partiellement sur le MPB remis en suspension (Riera 

et al., 1999; Perissinotto et al., 2003; Kang et al., 2006; Lefebvre et al., 2009). Si les sédiments locaux 

sous les parcs à huîtres sont peu favorables à une productivité primaire soutenue malgré des fortes 

biomasses (Davoult et al., 2009), il est très fortement probable que l’origine de cette matière 

organique soit allochtone, provenant des zones adjacentes aux parcs à huîtres qui viendraient 

alimenter les huîtres en MPB remis en suspension. Les caractéristiques des masses d’eau et de leurs 

mouvements (intensité et direction des courants) doivent donc être prises en compte en tant que 

vecteur physique de transfert de la biomasse microphytobenthique exportée depuis des zones 

adjacentes. Cette source trophique pourrait donc être essentiellement d’origine allochtone dans les 

écosystèmes conchylicoles. L’advection du MPB peut se faire à différentes échelles, puisque la remise 

en suspension du MPB peut avoir lieu dans les rivières, les havres ou les embouchures d’estuaires, 

avant d’alimenter les échelons trophiques supérieurs au niveau des écosystèmes marins côtiers. Par 

exemple, lors d’années humides, les écosystèmes côtiers de l’Ouest Cotentin reçoivent des apports 

en sels nutritifs plus élevés qui vont augmenter la part des apports allochtones pour l’alimentation 

des filtreurs. Durant les années sèches l’alimentation de ces derniers repose principalement sur des 

sources alimentaires d’origine pélagique, alors que durant les années humides elle consiste en un 

mélange de sources alimentaires pélagiques et benthiques (Grangeré et al., 2012).  

Le caractère autochtone ou allochtone de la matière organique issue du sédiment ajoute 

donc un degré de complexité au couplage benthos-pelagos. Le rôle trophique du MPB peut donc 

varier d’un écosystème à l’autre mais également d’une saison à l’autre, puisque la disponibilité est 

conditionnée par les contraintes du milieu : température, salinité, hydrodynamisme, lumière, sels 
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nutritifs, nature sédimentaire, pression trophique. La prise en compte des différentes échelles spatio-

temporelles impliquées dans le fonctionnement des écosystèmes marins côtiers est donc primordiale 

pour une meilleure compréhension de leur fonctionnement. Le chapitre suivant correspond à un état 

de l’art permettant d’introduire les notions associées à l’étude de la remise en suspension des 

diatomées benthiques dans le couplage benthos-pelagos. Une première partie permet d’avoir un 

aperçu des différents appareils de mesure de la remise en suspension, et des variables de mesures 

associées. Une seconde partie traite de la remise en suspension des diatomées benthiques. Le 

contexte de couplage benthos-pelagos dans lequel intervient la remise en suspension est tout 

d’abord explicité, puis les différents compartiments impliqués dans ce processus, à savoir 

l’hydrodynamisme, le sédiment, la macrofaune benthique et les diatomées elles-mêmes, sont 

abordés. Les substances exopolymériques (EPS) secrétées par les diatomées font également l’objet 

de cette deuxième partie. Enfin, les écosystèmes choisis comme modèle durant ce travail de thèse 

sont décrits. Cet état de l’art est clôturé par les objectifs de ce travail de thèse. 

 

 

 

 

 

 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

Chapitre II 
Etat de l’art, objectifs 

 

 

 

 

 

 

« La connaissance s'acquiert par l'expérience, tout le reste n'est que de l'information.  » 

Albert Einstein 
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Les appareils de mesure de la remise en suspension 

Divers appareillages permettent de mesurer les 

paramètres d’érodabilité en laboratoire (Jonsson et al., 

2006). Cependant chaque système possède des 

avantages et inconvénients, le choix d’un appareil 

plutôt qu’un autre dépendant des besoins spécifiques de l’expérience. 

Le CSM (Cohesive Strength Meter)  

Cet appareil mesure le seuil critique d’érosion ou « Bed Shear Stress » des sédiments 

intertidaux, en envoyant des jets d’eau à vitesse d’impulsion croissante jusqu’à ce que la force de 

l'impulsion dépasse la force de cohésion des sédiments de surface testés (Paterson, 1989a). Le 

dispositif se compose d'une chambre posée sur le sédiment et soigneusement remplie d'eau. La 

pression du jet est augmentée systématiquement, induisant une remise en suspension qui est 

détectée par une réduction de la transmission de la lumière infrarouge dans la chambre. Le CSM est 

calibré en termes de pression de jet nécessaire pour remettre en suspension une taille spécifique de 

grains de sable avec une contrainte de cisaillement critique connue. Une équation empirique est 

utilisée pour convertir la pression d’érosion en une contrainte de cisaillement horizontale. L’appareil 

ne permet cependant pas d’évaluer les flux d’érosion en réponse à des contraintes de cisaillement. Il 

s’agit de l’appareil de mesure d’érodabilité le plus répandu in situ (Paterson, 1989a; Tolhurst et al., 

1999; Lubarsky et al., 2010). 

Le MAGPI 

Le principe du MAGPI repose sur 

l’induction de particules magnétiques (Larson et 

al., 2009; Lubarsky et al., 2010). Un volume connu 

de particules ferromagnétiques fluorescentes est 

déposé sur une surface connue de sédiment. Les 

particules sont ensuite attirées par un électro-

aimant sus-jacent (Fig. 3), et la force (le flux magnétique) nécessaire pour extraire les particules 

permet de mesurer la capacité de rétention du substrat, un proxy de l'adhésion des particules. La 

force électromagnétique appliquée est contrôlée et les mouvements des particules peuvent être 

contrôlés à chaque palier de courant/voltage. Un des points forts du MAGPI est le contrôle total du 

sédiment en termes de taille de grain et de cohésion de base. 

Figure 3 : Particules ferromagnétiques fluorescentes 
remises en suspension lors d’une expérimentation au 
MAGPI (Source : http://www.partrac.com) 
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Cependant, à l’instar du CSM, il ne permet pas d’évaluer les flux d’érosion en réponse à des 

contraintes de cisaillement. Le MAGPI ne mesure pas le seuil critique d’érosion mais la force critique 

d’érosion. 

Les canaux 

Les canaux hydrauliques existent sous différentes formes et différentes tailles (Fig. 4). Ils 

permettent de faire circuler un flux laminaire à vitesse régulée. Des capteurs de turbidité permettent 

de mesurer à la fois le seuil critique et les flux d’érosion pour un sédiment cohésif. Ces canaux selon 

leur taille (mini-canaux) peuvent être utilisés sur le terrain (Schaaff et al., 2006). Toutefois, les canaux 

ne permettent pas de différencier la fraction vaseuse de la fraction sableuse lors des flux d’érosion. 

De plus, la tension de frottement n’est pas directement mesurée lors d’un essai d’érosion. Seul le 

débit est contrôlé et des courbes d’étalonnage de la contrainte sont utilisées pour estimer 

indirectement la tension de frottement appliquée au fond. Il existe 3 types de calibration de la 

contrainte de cisaillement : 

• Mesure de particules à différentes tensions critiques. Quand l'initiation du mouvement a lieu, la 

tension de frottement inconnue est égale à celle des grains dont la tension critique est connue. Le 

diagramme de Shields sert alors de référence pour connaître la tension critique en fonction de la 

taille et densité des particules (Guizien et al., 2012) 

• Mesure directe à l'aide d'une sonde à film chaud (Andersen, 2001) 

• Pour les canaux benthiques de grande dimension, établissement d’un profil vertical complet de 

𝑈(𝑧) et déduction de 𝑈∗ (et donc 𝜏) à partir de la droite de regression entre 𝑙𝑛(𝑧) et 𝑈 (Amos et 

al., 1992; Denis et al., 1996; Orvain, et al., 2003). Ces calibrations sont faites une fois pour 

l'ensemble d’une série d’expériences, et ne peuvent donc pas prendre en compte les 

modifications de rugosité qui peuvent avoir lieu d'une expérience à l'autre. 

La méthode récente de Guizien et al. (2012) est basée sur la perte de charge, en se référant à la 

relation débit-pression et en comparant à une courbe de référence basée sur un fond lisse. La 

tension n’est donc plus calculée à partir du débit, et la tension de frottement exacte est estimée en 

tenant compte des modifications de rugosité. 

D’autres techniques permettent de mesurer la tension de frottement, comme la Vélocimétrie par 

Image de Particules (VIP, qui mesure la vitesse de particules entraînées par l'écoulement à partir de 

deux photos successives prises à un très court intervalle de temps (Trevethan et al., 2010), ou encore 

l’Energie cinétique turbulente « TKE » (van Duren et al., 2006). 
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Figure 4 : Illustration des différents types de dispositifs d’étude de la remise en suspension (Source : Jonsson et al., 2006) 
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L’érodimètre 

L’ensemble des outils cités en amont souffre d’un manque : la non-prise en compte de la 

rugosité du sédiment (Tableau 1). En effet, les sédiments naturels sont rarement lisses, induisant des 

turbulences dans la colonne d’eau sus-jacente. Or, les courbes de calibrations sont en général 

établies pour des fonds lisses. La contrainte réelle des sédiments naturels est donc 

systématiquement minimisée en utilisant de telles courbes de calibration. L’érodimètre est un canal 

vertical permettant de mesurer l’ensemble des paramètres d’érodabilité (seuil et flux d’érosion) en 

laboratoire ou in situ et de différencier l’érosion des fractions fines et grossières pour le cas des 

mélanges sablo-vaseux. Il permet, par une mesure de pression différentielle entre l’amont et l’aval 

de l’échantillon de sédiment, d’estimer la tension de frottement réelle (et ce même si la rugosité 

varie), évitant donc de se référer à des courbes d’étalonnage qui ne restent valides que si le fond est 

lisse (Orvain et al., 2007; Guizien et al., 2012). 

Tableau 1 : Les différents types de systèmes permettant de mesurer l’érosion du sédiment  

 Mesures directes disponibles 

Système Seuil 
d’érosion 
critique 

Flux 
d’érosion 

global 

Flux d’érosion 
selon fraction 
(vase/sable) 

Tension de 
frottement 

Flux 
d’érosion 

chl a 

Seuil 
d’érosion 

chl a 

CSM       

MAGPI       

EROMES       

Canal droit       

Canal 
circulaire 

      

Canal en 
hippodrome 

      

Canal de 
terrain 

      

EFA       

Erodimètre       

 

L’érodimètre est un petit canal en circuit fermé d’une contenance de 15L, où l’eau circule 

grâce à une pompe munie d’un variateur de fréquence. L’échantillon de sédiment artificiel ou naturel 

vient affleurer la base de l’érodimètre, et subit un écoulement incrémenté par palier, un capteur de 

turbidité à rétrodiffusion optique permettant de mesurer la quantité de matières en suspension 
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(MES) et ainsi déterminer les paramètres de l’érosion. Le variateur de fréquence permet 

d'augmenter la vitesse du courant et le BSS au niveau du fond. Ainsi, les échantillons sont soumis à 

l'augmentation du BSS en fonction du temps, et ce dernier peut être mesuré avec précision pour 

chaque expérience grâce un capteur de pression qui permet de calculer la tension de frottement à la 

surface de l’échantillon. 

 

 

Figure 5 : Schéma simplifié du fonctionnement de l'érodimètre développé par IFREMER 

Dans la section droite de l’érodimètre (Fig. 5), le courant est entièrement contrôlé : les 

dimensions du chenal, le débit et la rugosité de surface sont connus. Le courant vient affleurer la 

surface de l’échantillon (possibilité d’utiliser 2 échantillons) et entraîne l’érosion et le transport des 

particules par charriage et/ou suspension. La fraction non-cohésive du sédiment tombe par 

gravitation dans le piège à sable situé en aval de l’échantillon, tandis que la fraction cohésive remise 

en suspension est maintenue dans le courant. Le volume de sable récupéré est noté à la fin de 

chaque palier, tandis qu'en fin de test la masse totale de sable est pesée. Après passage du coude en 

aval de l’échantillon le capteur de turbidité quantifie les MES. Un capteur additionnel de 

fluorescence permettant de quantifier la concentration de Chl a en suspension dans le cas d’un 

sédiment naturel avec biofilm. Dans ce cas l’érosion (et les paramètres inhérents) du sédiment et du 

biofilm peuvent être différenciées. 
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La remise en suspension des diatomées benthiques 

Couplage benthos-pelagos et interactions trophiques 

Le terme de couplage benthos-pelagos fait 

généralement référence au cycle des éléments ou sels 

nutritifs entre les sédiments du fond et la colonne 

d’eau sus-jacente. De façon plus générale il correspond 

aux connections entre les processus écologiques dans la colonne d’eau et au niveau du fond (Graf, 

1992). Smith et al. (2006) utilisent même une définition plus générale où le couplage benthos-

pélagos correspond à une relation causale entre les processus benthiques et pélagiques. L’équilibre 

de ces échanges entre compartiments benthiques et pélagiques varie d’un écosystème à l’autre mais 

aussi d’une saison à l’autre, conduisant à un contrôle plus élevé d’un des 2 compartiments sur 

l’autre. Lorsque les processus pélagiques exercent un contrôle sur le benthos, la production du 

compartiment benthique est dépendante de processus tels que la bio-déposition de matière 

organique ou de sels nutritifs. A l’inverse, quand les processus benthiques exercent un contrôle sur le 

pelagos, la production pélagique sera dépendante de phénomènes tels que la remise en suspension 

de sels nutritifs ou de matière organique. L’intensité du couplage benthos-pelagos est plus élevée 

dans les environnements côtiers qu’en océan ouvert (Marcus and Boero, 1998). En effet, l’action des 

vagues et des courants tidaux sur les flux de remise en suspension/déposition augmente au niveau 

des écosystèmes côtiers.  

Traditionnellement, les modèles de production et de dynamique de population accordaient 

un grand rôle au couplage benthos-pelagos au niveau des cycles biogéochimiques, sans inclure les 

cycles de vie des organismes benthiques et pélagiques (Marcus and Boero, 1998). Depuis plusieurs 

années, l’importance des processus d’érosion du sédiment a été réévaluée au niveau des 

écosystèmes côtiers, soulignant l’importance des interactions entre le biofilm benthique et le réseau 

trophique pélagique. Le MPB est en effet susceptible de contribuer très significativement à la 

croissance des consommateurs primaires dans la colonne d’eau, ou encore de contrôler le couplage 

benthos-pelagos de certains écosystèmes au niveau de l’initiation de blooms (MacIntyre et al., 2004). 

Le rôle du MPB est donc primordial ; outre sa consommation directe par le benthos, il alimente une 

fois remis en suspension le réseau trophique pélagique mais aussi benthique via la consommation 

des organismes benthiques suspensivores. Ainsi, le couplage benthos-pelagos est désormais envisagé 

pour l’ensemble du réseau trophique, d’où l’apparition de modèles de réseaux trophiques couplés 

benthos-pelagos (Leguerrier et al., 2003). Les forçages hydrodynamiques à l’interface eau-sédiment, 
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la remise en suspension, la bioturbation, les flux trophiques sont autant d’éléments à intégrer pour 

l’étude fonctionnelle des écosystèmes marins côtiers. 

Différentes interactions trophiques naissent de l’existence du couplage benthos-pelagos, à 

l’image de la facilitation trophique1. En effet, le remaniement actif de la surface sédimentaire par la 

faune locale peut faciliter la remise en suspension d’une fine couche superficielle riche en  diatomées 

benthiques (Orvain et al., 2007). Par exemple, les coques Cerastoderma edule  sont susceptibles de 

stimuler l’exportation des diatomées vers la colonne d’eau et faciliter ainsi la croissance des autres 

filtreurs en élevage (Ubertini et al., 2012). Les huîtres, par l’émission de pseudo-fèces, enrichissent le 

sédiment en matière organique, favorisant l’envasement et indirectement la croissance du MPB 

(Cognie and Barillé, 1998). Certaines espèces, comme Macoma balthica ou Scrobicularia plana, sont 

des acteurs et profitent dans le même temps des processus de remise en suspension et de 

biodéposition. Elles sont en effet anatomiquement capables de se nourrir, à marée haute, 

d’éléments en suspension et, à marée basse, d’éléments déposés sur le sédiment (Taghon et al., 

1980; Riisgårdet and Kamermans, 2001; Rossi et al., 2004). L’influence des bivalves cultivés peut 

induire des processus de facilitation par le processus de biodéposition également (Fig. 6).  

 

Figure 6 : Diagramme conceptuel des interactions entre les bivalves cultivés et l’écosystème, en lien avec : (A) l’impact de 
la filtration sur la déplétion en MES (seston); (B) la biodéposition de la matière organique non digérée dans les fèces et 
pseudofèces; (C) l’excrétion d’ammonium et d’azote; and (D) l'enlèvement de matériaux (sels nutritifs) lors de la récolte 
des bivalves (Cranford et al. 2006). 

1Facilitation trophique : Des interactions facilitatrices ou positives sont rencontrées entre des organismes 
quand un au moins bénéficie d’une ou plusieurs de ces interactions sans qu’aucun n’en pâtisse. Cette 
facilitation apparaît par exemple quand un organisme rend son environnement plus favorable à un autre 
organisme, de façon directe ou indirecte (Bruno et al., 2003). 
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Influence de l’hydrodynamisme sur l’érosion sédimentaire 

Les conditions hydrodynamiques au niveau du fond 

sous l’action des vagues et courants tidaux affectent 

l’érosion ainsi que les processus de mélange/transport 

de la colonne d’eau. Les différents mécanismes 

permettant de déplacer les particules solides sont le charriage (les grains roulent ou glissent sur le 

fond) et la suspension (Fig. 7). L’interaction des courants et des vagues a pour conséquences (i) un 

changement du coefficient de viscosité turbulente1 (« eddy viscosity coefficient») et (ii) une 

augmentation de la contrainte de cisaillement2 (« bed shear stress ») provoqué par l’augmentation 

des turbulences (Jing and Ridd, 1996).  

L’écoulement d’un fluide est défini par 

quatre grandeurs physiques : la vitesse de 

l’écoulement 𝑈, la masse volumique  𝜌, la viscosité 

moléculaire 𝜈 et la longueur caractéristique de 

l’écoulement (longueur de mélange). On différencie 

2 types d’écoulements : l’écoulement « laminaire », 

lisse et régulier, et l’écoulement « turbulent ». Le 

nombre de Reynolds (𝑅𝑒, 1) permet de déterminer 

la nature de l’écoulement : 

𝑅𝑒 =
𝑈𝐿
𝑣

=
𝜌𝑈𝐿
µ

  
1 

Avec 𝜇 la viscosité cinématique du fluide et  𝐿 la longueur caractéristique  

En fonction des nombres de Reynolds croissants on distingue quatre régimes principaux : régime de 

Stokes (𝑅𝑒 ≈ 0), régime laminaire (𝑅𝑒 < 500), régime transitoire  (500 < 𝑅𝑒 < 2000), régime 

turbulent  (𝑅𝑒 ≥ 2000).  

 

 
1Coefficient de viscosité turbulente = Coefficient caractérisant le transfert turbulent de quantité de 
mouvement par des tourbillons au sein d'un fluide. Ce phénomène donne lieu à un frottement interne au sein 
du liquide, analogue à celui qui résulte de la viscosité laminaire dans un écoulement laminaire, mais se produit 
à une échelle beaucoup plus grande. La valeur du coefficient de viscosité turbulente de l'eau de mer est de 
l'ordre de 10 000 c2/s. 

2Contrainte de cisaillement « 𝝉 » = Force exercée par unité de surface d’un fluide (Newton/m2), lorsque les 
efforts s’exercent en sens opposés, tangentiellement aux surfaces :  𝜏 = 𝐹/𝑆  

Figure 7 : Modes de déplacement des particules solides 
lors d’épisodes d’érosion (Source : Blanckaert, 2005). 
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Les processus d’érosion à l’interface eau-

sédiment considèrent les lois classiques de 

Parthéniades (2). La viscosité d’un fluide joue 

seulement un rôle très près de la paroi, et ce 

d’autant plus que le nombre de Reynolds est 

grand (couche infiniment mince pour nombre de 

Reynolds infini). Cette zone est appelée couche 

limite benthique, et est régie selon la « loi de la 

paroi » émise par Karman-Prandtl (3). C’est cette 

loi qui permet notamment de calculer la vitesse de frottement (4). Le frottement de l’eau sur le fond 

a pour effet de diminuer la vitesse du fluide depuis la surface jusqu’au fond où s’exerce 𝜏 (Fig. 8). A 

partir d’un seuil critique 𝜏𝑐, la vitesse de frottement ou cisaillement devient supérieure à la force de 

résistance exercée par le sédiment. A ce moment, le sédiment est mis en mouvement par charriage 

ou suspension (Fig. 9).  

𝐸 = 𝑀 ��
𝜏
𝜏𝑐
� − 1� 

 
2 

Avec 𝐸 = flux d’érosion surfacique (kg.m-2.s-1) ; 𝑀 = coefficient d’érodabilité (kg.m-2.s-1) ; 𝜏𝑐  = contrainte 

critique de cisaillement (« erosion critical shear stress ») 

 

𝑈 =  (𝑈∗ 𝐾⁄ )𝐿𝑛(𝑧 𝑧0)⁄  3 

Avec 𝐾 la constante de Karman (~0,41, sans dimension), 𝑈∗ la vitesse de frottement, 𝑧 la hauteur au 

dessus du fond et 𝑧0le paramètre de rugosité  

𝑈∗ = �𝜏/𝜌   4 

Avec 𝜌 la densité du fluide  

 

Figure 9 : Écoulement sur 
surface lisse (A), avec un 
profil de vitesse logari-
thmique caractéristique. 
Lorsqu'il rencontre des 
irrégularités de surface 
(b), l'écoulement devient 
turbulent (c) et une 
combinaison de forces de 
poussée et traction 
entraîne les particules de 
sédiments à s'éroder 
(Trotsenburg, 2011). 
 
 

Figure 8 : Illustration des vitesses et tensions inhérentes 
au niveau du fond pendant un écoulement de fluide 
turbulent (Source : Blanckaert, 2005). 
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Influence du type de sédiment sur la stabilité sédimentaire 

L’érodabilité d’un sédiment varie selon les 

caractéristiques du sédiment (taille des grains, densité, 

cohésion). Les sédiments sont généralement décrits en 

référence à l’échelle de Wentworth (1922), divisant les 

types de sédiments en 6 classes. Les sédiments sableux ont une taille de grain allant de 63µm à 2mm 

de diamètre, de forme plutôt sphérique, présentant peu de cohésion entre les particules. Les 

sédiments vaseux (<63µm) présentent des particules de forme plus allongée, avec un rapport de 

surface sur volume plus important, induisant une cohésion entre les particules (Paterson, 1982). Pour 

les sédiments homogènes, les sédiments sableux (non-cohésifs) sont plus facilement mobilisables 

que les sédiments vaseux (cohésifs). Cependant, les sédiments vaseux sont remis en suspension plus 

facilement que les sédiments sableux qui sont simplement charriés, et nécessitent des vitesses plus 

fortes pour être maintenus en suspension.  

Dans le cas de sédiments cohésifs, l’érosion va entraîner un flux, appelé flux d’érosion, 

correspondant à la quantité de sédiment remis en suspension par unité de surface et par unité de 

temps (kg.m-2.s-1). Ce flux dépend de la contrainte de cisaillement  𝜏 et du seuil critique d’érosion 𝜏𝑐. 

Après un épisode de remise en suspension, les sédiments retombent au fond sous l’effet de la 

gravité. Les sédiments non cohésifs (sables, graviers, galets) ne se tassent pratiquement pas. Au 

contraire, les flocons de sédiments cohésifs se tassent en perdant leur eau interstitielle et celle liée 

par les forces électrostatiques. Si la vitesse des phénomènes de tassements peut varier selon les 

caractéristiques du sédiment ou de l’eau, le tassement n’en reste pas moins un phénomène lent. 

Pour les sédiments cohésifs, on distingue deux types d’érosion en fonction de ce tassement. Lors 

d’une cinétique d’érosion avec des contraintes de cisaillement 𝜏 augmentant progressivement, on 

observe des libérations successives de sédiment par palier. Ce type d’érosion est appelé « érosion de 

type I » (Amos et al., 1992) et correspond à des lits de sédiments déposés (Mehta and Partheniades, 

1982). Pendant une cinétique analogue, si peu de sédiment est libéré dans la colonne d’eau – 

correspondant à un gradient de tension critique très faible – on observe une libération massive de 

sédiment, linéaire pendant un palier à tension de cisaillement constante. On parle alors d’une 

« érosion de type II » (Amos et al., 1992), apparaissant pour des sédiments tassés (Mehta and 

Partheniades, 1982). De façon indirecte, les sédiments cohésifs sont moins facilement érodés que les 

sédiments non-cohésifs dans le milieu naturel, et ce phénomène est potentiellement amplifié par la 

présence d’un biofilm en surface. Les mélanges sablo-vaseux se comportent comme du sable pur, 

mais il ya une fraction de vase critique (typiquement 30%), au-dessus de laquelle le comportement 
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du mélange est entièrement cohésif (Le Hir et al., 2011). Au-dessus de cette valeur critique, la 

résistance au cisaillement du mélange dépend de la concentration de vase (Migniot, 1989; Waeles et 

al., 2008).  

Influence des organismes benthiques sur la stabilité sédimentaire 
Bien que l’érodabilité du sédiment soit généralement considérée comme uniquement 

dépendante des processus physiques (équilibre entre contrainte de frottement et tension critique 

pour l’érosion), les processus de remise en suspension peuvent être fortement influencés par les 

composantes biologiques benthiques (Le Hir et al., 2007a). 

MMiiccrroooorrggaanniissmmeess  eett  ssttaabbiilliittéé  ssééddiimmeennttaaiirree  
Les microorganismes et notamment les diatomées 

benthiques exercent une action stabilisatrice sur le 

sédiment, par l’établissement d’un biofilm en surface 

(Fig. 10). La migration des diatomées benthiques 

épipéliques se fait par l’extrusion de longues chaînes d’hétéropolymères riches en hydrates de 

carbone produits par le raphé, appelés communément Substances Polymériques Extracellulaires 

(EPS). Les EPS ont des fonctions multiples au sein du biofilm (Tableau 2). Les EPS peuvent être 

séparés en 2 fractions (Liu and Fang, 2003) : (i) les EPS liés, constitués de polymères capsulaires 

(fortement liés aux cellules) et de substances visqueuses plus faiblement liées qui entourent les 

cellules (slime EPS), et (ii) les EPS colloïdaux, macromolécules solubles. Au sein de chacune de ces 

fractions, les EPS sont constitués d’un mélange de différentes macromolécules (protéines, 

polysaccharides, lipides, ADN), les protéines et polysaccharides (~95%) étant les composants 

majoritaires. Les  polysaccharides sont composés de sucres neutres, d’acides uroniques, de sucres 

sulfonatés ou de groupes pyruvates (Sutherland, 2001). Les rôles principaux des EPS au sein du 

biofilm sont multiples (Tableau 2) et ont été revus par Flemming and Wingender (2010). 

Les EPS enveloppent les cellules en constituant des structures floculées reliées par des 

cations. Une étape d’extraction est donc nécessaire à l’analyse de ces derniers. Ces méthodes 

d’extraction peuvent être divisées en 2 groupes avec (i) les méthodes physiques : ultra-sons, 

centrifugation, thermique et (ii) les méthodes chimiques : résine Dowex cationique, éthylène diamine 

tétraacétique acide, NaOH, formaldéhyde, formaldéhyde+NAOH. Ces techniques ont été souvent 

comparées (Frølund et al., 1996; Liu and Fang, 2002; Comte et al., 2006; Pan et al., 2010; Takahashi 

et al., 2010), mais chacune agit différemment afin de déstructurer les liaisons retenant les EPS dans 

la matrice biologique. La résine échangeuse d’ions Dowex est actuellement la plus utilisée et permet  
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Tableau 2 : Fonctions des EPS dans les biofilms, tiré de Flemming and Wingender (2010). 

Fonction Rôle pour les biofilms Composants des EPS 
impliqués 

Adhésion 
Permet les premières étapes de la colonisation des surfaces 
abiotiques et biotiques par les cellules planctoniques, et 
l'attachement à long terme de biofilms sur des surfaces. 

Polysaccharides, protéines, ADN 
et molécules amphiphiles 

Agrégation 
des cellules 

bactériennes 

Permet l’attachement des cellules, l'immobilisation temporaire de 
populations bactériennes et le développement de fortes densités 
cellulaires ainsi que la reconnaissance de cellule à cellule. 

Polysaccharides, protéines et 
ADN 

Cohésion du 
biofilm 

Forme un réseau de polymères hydratés (la matrice du biofilm), 
régulant la stabilité mécanique des biofilms (souvent en 
collaboration avec des cations multivalents) et détermine 
l'architecture du biofilm à travers la structure EPS (capsule, glue ou 
gaine), tout en permettant la communication de cellule à cellule. 

Polysaccharides neutres et 
chargés, protéines (amyloïdes et 
lectines), et ADN 

Rétention d’eau 
Maintient un microenvironnement fortement hydraté autour des 
organismes du biofilm, ce qui conduit à leur tolérance de 
dessiccation dans les milieux déficitaires en eau. 

Polysaccharides hydrophiles, 
rôle soupçonné des protéines 

Barrière 
protectrice 

Confère une résistance aux défenses immunitaires spécifiques et 
non spécifiques au cours de l'infection, confère une tolérance à 
divers agents anti-microbiens (par exemple, les désinfectants et les 
antibiotiques), protège des cyanobactéries nitrogénase contre les 
effets nocifs de l'oxygène et protège contre le broutage de certains 
protozoaires. 

Polysaccharides et protéines 

Sorption de 
composés 

organiques 

Permet l'accumulation d'éléments nutritifs dans l'environnement et 
la sorption des xénobiotiques (contribuant ainsi à la détoxication de 
l'environnement). 

Polysaccharides chargés ou 
hydrophobes et protéines 

Sorption de 
composés 

inorganiques 

Favorise la formation de gel de polysaccharides, l’échange d'ions, 
ainsi que la formation minérale et l'accumulation d'ions métalliques 
toxiques (ce qui contribue à la détoxification de l'environnement). 

Polysaccharides et protéines 
chargées, y compris des substi-
tuants inorganiques tels que le 
phosphate et le sulfate 

Activités 
enzymatiques 

Permet la digestion de macromolécules exogènes pour l'acquisition 
des éléments nutritifs et la dégradation des EPS structurelles, ce qui 
permet la libération des cellules du biofilm. 

Protéines 

Source de 
nutriment 

Fournit une source de carbone, d'azote et de composés contenant 
du phosphore pour utilisation par la communauté du biofilm. 

Potentiellement tous les 
composants EPS 

Échange de 
d’information 

génétique 

Facilite le transfert horizontal de gènes entre les cellules du biofilm. ADN 

Donneur 
d'électrons ou 

accepteur 

Permet l’activité redox dans la matrice du biofilm. Protéines et potentiellement les 
substances humiques 

Exportation de 
composants 
cellulaires 

Evacue le matériel cellulaire à la suite du renouvellement 
métabolique. 

Vésicules membranaires 
contenant des acides nucléiques, 
enzymes, lipopolysaccharides et 
phospho-lipides 

Puits pour énergie 
excédentaire 

Stocke l’excès de carbone quand les ratios carbone-azote 
deviennent déséquilibrés.  

Polysaccharides 

Attachement des 
enzymes 

Résultats de l'accumulation, de la rétention et de la stabilisation des 
enzymes par leur interaction avec les polysaccharides 

Polysaccharides et enzymes 
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une très bonne extraction des EPS, avec peu de lyse selon les conditions de l’extraction (Frølund et 

al., 1996; Takahashi et al., 2010).Les EPS extraits peuvent être caractérisées par (i) chromatographie 

d’exclusion par taille, (ii) spectroscopie infrarouge, (iii) spectroscopie classique (Avella Vasquez, 

2010). Cette dernière permet de quantifier les espèces majoritaires des EPS, à savoir les protéines et 

polysaccharides. Pour la quantification des protéines, les techniques suivantes sont utilisées (Avella 

Vasquez, 2010): la méthode de Bradford (1976), de Lowry (Lowry et al.,1951) ou encore de l’acide 

Bicinchonique BCA (Smith et al., 1985). En ce qui concerne la quantification des polysaccharides, les 

techniques suivantes sont utilisée (Avella Vasquez, 2010): Les polysaccharides sont hydrolysés à 

travers le chauffage d’acide sulfurique, puis réagissent avec du phénol (Dubois et al., 1956) ou de 

l’Anthrone (Dreywood, 1946). 

En plus de jouer un rôle dans la 

migration verticale (Underwood and Smith, 

1998; Decho, 2000), ces EPS ont un rôle de 

stabilisation biogénique des sédiments inter 

et subtidaux, limitant potentiellement 

l’érosion de ce dernier (Holland et al., 1974; 

Grant et al., 1986; Paterson, 1989a; Smith 

and Underwood, 1998; Friend et al., 2008, 

Tableau 3). Le microphytobenthos peut 

également stabiliser le sédiment 

en diminuant la rugosité de surface de ce 

dernier (Friend et al., 2008). En effet, Les 

diatomées possèdent un frustule siliceux qui, 

associé aux EPS, pourrait jouer un rôle d’« armure » pour la surface du sédiment, retardant l’érosion 

et augmentant les seuils d’érodabilité (Tolhurst et al., 2003). Certains biofilms de diatomées ne 

migrent pas, restant à la surface du sédiment durant l’immersion (Hay et al., 1993). De cette façon 

les diatomées stabiliseraient le sédiment selon les espèces, leur taille ou leur comportement de 

migration, ainsi que leur sécrétion d’EPS (Tolhurst et al., 2003). La production d’EPS pourrait 

également avoir pour effet un lissage de l’interface eau-sédiment, diminuant ainsi les forces de 

frottement et les taux d’érosion (Friend et al., 2008). La taille moyenne des particules du sédiment 

peut être modifiée par la simple production d’EPS qui augment l’adhésion entre les grains (Johnson 

and Azetsu-Scott, 1995). 

 

Figure 10 Microstructure d’un sédiment cohésif, montrant les 
matrices créées par les composants biotiques et abiotiques 
(Source : Grabowsky, 2011) 
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Tableau 3 : Travaux menés depuis 2000 concernant l’influence du microphytobenthos sur la stabilité sédimentaire 

Auteurs Instrument(s) 
utilisé(s) 

Corrélation « + » 
avec la stabilité 

sédimentaire 

Méthode 
d’extraction 

des EPS 

Sédiment 
cohésif ■ 

/non-cohésif ■ 

Profondeur 
de 

prélèvement 

Lubarsky et al. 
(2010) CSM, MAGPI 

Chl a, EPS colloïdaux 
(c & p) 

Eau distillée et 
NaOH ■  5 mm 

Gerbersdorf et 
al. (2009) CSM, MAGPI 

Chl a, EPS colloïdaux 
(c & p) 

Eau distillée et 
centrifugation ■  3 mm 

Friend et al. 
(2008) CSM Chl a, EPS colloïdaux 

(c) Eau distillée  ■ 1 mm 

Spears et al. 
(2008) CSM EPS totaux (c) Eau distillée ■   

Tolhurst et al. 
(2008) CSM Chl a, EPS colloïdaux 

(c) Eau distillée ■  2 mm 

Gerbersdorf et 
al. (2007) SETEG-Flume EPS (c) colloïdaux 

Résine 
échangeuse de 

cation 
■  5 mm 

Tolhurst et al. 
(2006) CSM Chl a, EPS colloïdaux 

(c) EDTA ■  5 mm 

Paarlberg et al. 
(2005) 

Sand-mud-bio 
model Diatoms  ■ ■  

de Brouwer et 
al. (2005) 

rheological 
device Diatoms   ■ 2 mm 

Lucas et al. 
(2003) Annular flume Chl a, EPS colloïdaux 

(c)   ■ 
2 

mm 

Tolhurst et al. 
(2003) CSM Chl a  ■  2 mm 

Lelieveld et al. 
(2003) In situ Chl a, EPS liés et 

colloïdaux (c)  ■ ■ 5 mm 

Friend et al., 
(2003) CSM Chl a, EPS colloidaux 

(c) Eau distillée ■ ■ 1-2 mm 

Andersen and 
Pejrup (2002) EROMES Chl a  ■  1-2 mm 

Yallop et al. 
(2000) CSM Chl a, EPS colloïdaux 

(c) 
Eau distillée et 

EDTA ■  2 mm 
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MMaaccrrooffaauunnee  eett  ssttaabbiilliittéé  ssééddiimmeennttaaiirree  

La macrofaune benthique peut influencer de façon 

active ou passive la stabilité sédimentaire. En effet, les 

organismes peuvent par leur simple présence en 

surface changer la rugosité de surface, et ainsi induire 

des changements de contrainte de cisaillement (Whitehouse et al., 2000). Ils peuvent de façon 

active, via les activités de bioturbation, changer les flux d’érosion/déposition (Graf and Rosenberg, 

1997). La bioturbation, en milieu marin, correspond au brassage de sédiment résultant de processus 

biologiques, par l’action de l’endofaune et de l’épifaune benthique, ainsi que du necton (Cadée, 

2001). Le concept de bioturbation a été récemment revu par Kristensen et al. (2012) : Tous les 

processus de transport effectués par des animaux qui affectent directement ou indirectement les 

matrices sédimentaires. Ces processus comprennent le remaniement des particules et la ventilation 

par creusement. Au niveau des sédiments intertidaux, les taxons retrouvés sont les Mollusques 

(Bivalves, Gastéropodes), les Crustacés (Amphipodes, Isopodes) et les Annélides (Oligochètes, 

Achètes). La macrofaune benthique peut à la fois stabiliser et déstabiliser le substrat (Tableau 4, Fig. 

11), par des comportements de recherche de nourriture, construction de terrier, déplacement, etc. 

(Andersen, 2001). 

 

 
Figure 11 : Illustration du phénomène de bioturbation au niveau de la zone intertidale. On y observe les différents taxons 
ainsi que les différents types de perturbation du sédiment par la faune endogée. 
(Source : http://www.waikato.ac.nz/wfass/subjects/geography/people/max/TidalGraphics.shtml) 
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Selon les effets que la bioturbation entraîne sur la dynamique sédimentaire, on classe les 

macro-invertébrés en grands groupes fonctionnels. Ces groupes étaient au nombre de 5 (François et 

al., 1999) avant d’être récemment ramenés à 4 grands groupes fonctionnels (Kristensen et al., 2012, 

Fig. 12) :  

• Biodiffuseurs : Organismes déplaçant 

aléatoirement (dans les trois dimensions) 

les particules dans les premiers cm de 

sédiment ; on parle d’un transport 

diffusif, par homogénéisation. Ce groupe 

est divisé en 3 sous-groupes : Les 

biodiffuseurs de l’épifaune benthique, 

c’est le cas des crabes ou poissons 

épibenthiques ; les biodiffuseurs de 

surface, c’est le cas de bivalves comme 

Ruditapes decussatus et Venerupis aurea 

(François et al., 1999), Cerastoderma 

edule (Mermillod-Blondin et al., 2004) ou 

Mya arenaria et Macoma balthica 

(Michaud et al., 2005), et de certains 

amphipodes comme Corophium 

volutator (Mermillod-Blondin et al., 

2005) ; et les biodiffuseurs à galeries, comme pour l’annélide polychète Nereis diversicolor (François 

et al., 2002).   

• Bioconvoyeurs vers le haut : Organismes orientés verticalement dans le sédiment, partie 

antérieure orientée vers le bas, ingérant des particules sédimentaires en profondeur et rejetant leurs 

pelotes fécales à la surface du sédiment. De plus, un transport advectif passif autour de l’organisme 

s’effectue par recouvrement du sédiment à l’interface eau-sédiment. On observe ce type de mélange 

chez Arenicola marina par exemple (Valdemarsen et al., 2011). 

• Bioconvoyeurs vers le bas : Même fonctionnement que le groupe précédent, mais orientation 

inverse (on parle de convoyeurs « inverses »). On retrouve ce type de remaniement sédimentaire 

chez certains invertébrés marins comme les Sipunculidae (Smith et al., 1986). 

Figure 12 : Les 4 types de remaniements sédimentaires par la 
macrofaune benthique. A. Biodiffuseurs, B. Convoyeurs vers le 
haut, C. Convoyeurs vers le bas, D. Régénérateurs (Source : 
Kristensen et al., 2012) 
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• Régénérateurs : Organismes fouisseurs creusant des terriers larges à l’interface eau/sédiment. Ce 

type de mélange se retrouve lorsque les terriers sont abandonnés : après une phase active de 

mélange biodiffusif (expulsion du sédiment pendant le creusement du terrier), une phase passive 

consiste en l’écroulement du terrier. Ce mode de mélange a été décrit chez le crabe violoniste Uca 

pugnax (Gardner et al., 1987). 

 L’érodabilité des sédiments dépend de l’interaction entre les processus physiques, 

chimiques et biologiques, particulièrement la balance entre les processus de biostabilisation et 

biodéstabilisation (Ciutat et al., 2007). Les organismes vivants jouent donc un rôle important en tant 

qu’« ingénieurs écosystémiques » (Jones et al., 1994), en modifiant l’hydrodynamisme à l’interface 

eau-sédiment et la dynamique sédimentaire des habitats inter- et sub-tidaux (Widdows and Brinsley, 

2002). L’impact de la bioturbation dans la stabilité et l’érosion du sédiment et du biofilm associé peut 

s’avérer très importante (Tableau 4).  

EErroossiioonn  ddee  llaa  cchhll  aa  

 La remise en suspension de la chl a benthique est un 

phénomène complexe du fait des interactions entre le 

sédiment et la faune benthique. En effet, la 

macrofaune benthique modifie les seuils critiques 

d’érosion par les processus de bioturbation et la production de mucus (Blanchard et al., 1997). De 

plus, la taille des cellules entraîne des différences dans leur remise en suspension. Ainsi, les grosses 

diatomées (ex Coscinodiscus spp.) nécessitent des tensions de frottement plus élevées pour être 

érodées que les petites diatomées de type Navicula (Lucas et al., 2001). Les diatomées benthiques 

selon les taxons peuvent être remises en suspension à des seuils critiques variables (Shimeta et al., 

2002), et semblent être plus résistantes à l’érosion que les communautés bactériennes ou d’euglènes 

(Shimeta et al., 2003). La formation d’un biofilm en surface peut induire une différence d’érosion 

entre la matrice biogène et le sédiment sous-jacent (Ubertini et al., 2012). Shimeta et al. (2003) 

trouvent des valeurs de 𝑈∗ proches pour les matières en suspension et la Chla (1,79 et 1,87 

respectivement), mais cette différence peut varier selon la composition du sédiment et/ou de la 

microflore benthique. 
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Tableau 4 : Etudes menées depuis les années 2000 quant aux effets de la bioturbation sur les paramètres d’érodabilité à l’interface eau-sédiment 

Auteur(s) Année Instrument(s) 
utilisé(s) 

Espèce étudiée Activité de bioturbation  
Effet stabilisateur / déstabilisateur 

Sédiment cohésif ■ 
/non-cohésif ■ 

Soares and Sobral 2009 Annular flume Scrobicularia plana Modification de vitesse critique de l’érosion, augmentation de la 
biostabilisation avec l’augmentation de la fraction sableuse ■ (mélange) 

Escapa et al.  2008 in situ Neohelice granulata 
Construction de terriers produisant des monticules biogènes facilement 

remis en suspension 
Les terriers jouent le rôle de trappes à sédiment passives 

■ 

Pillay et al.  2007 in situ Callianassa  kraussi Augmentation de la remise en suspension par destruction du biofilm lors de 
la construction de terriers ■2 µm 

Volkenborn 2007 in situ Arenicola marina Augmente la rugosité de surface. Nutrition sur le pool de 
microphytobenthos. ■200-340 µm 

Orvain et al.  2007 Model 
Scrobicularia plana 

Hydrobia ulvae 

Diminue le seuil d’érosion par son activité de bioturbation etproduction de 
biodépôts de surface 

Augmente la remise en suspension du biofilm de surface 
■<63 µm 

Ciutat et al.  2007 Annular flume Cerastoderma edule 
Construction de terrier et adduction de la coquille 

Augmentation de la rugosité de surface 
■ 

Lumborg et al.  2006 Model Hydrobia ulvae Modification de la force de cisaillement ■<63 µm 

Orvain 2005 Model Scrobicularia plana 
Augmente l’érosion du sédiment par 2 influences : production de biodépots 

facilement érodables en surface et augmentation de l’érodabilité du 
sédiment en profondeur par action du terrier et des siphons 

■<63 µm 

Fernandes et al.  
2006 
2009 

Annular flume Nereis diversicolor 
Augmentation de la remise en suspension du sédiment par compression 

latérale de la paroi des galeries. Réduction du biofilm algal par déplacement. 
Augmentation de la force de cisaillement et de la vitesse critique d’érosion 

■10 µm 

Wood and Widdows 2002 Model Macoma balthica Déstabilise les vasières intermédiaires (concentration de population élevée), 
augmente le niveau du lit des vasières hautes) ■<63 µm 

Deckere et al.  2001 CSM Communauté macro-
benthique 

Augmentation de la teneur en eau, réduction de la microtopographie et 
prédation sur le microphytobenthos ■16 µm 

Andersen 2001 EROMES Hydrobia ulvae Déstabilise le sédiment par sa nutrition sur le microphytobenthos ■10 µm 
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Etude de la remise en suspension in situ : les sites d’étude 

La Baie des Veys 

La Baie des Veys est un estuaire situé dans la partie 

occidentale de la Baie de Seine à la jonction des 

départements du Calvados et de la Manche (Fig. 13). 

Présentant une ouverture de 6 km de large et une 

profondeur de 5 à 7 km du large vers les terres, la Baie est orientée Nord-Nord-Est, relativement 

protégée des vents dominants par la péninsule du Cotentin à l’Ouest. Le bassin versant associé à la 

Baie s’étend sur 3500 km2, et comprend deux couples de rivières, l’Aure et la Vire ainsi que la Douve 

et la Taute, qui se rejoignent pour former deux chenaux au niveau de la Baie : les chenaux d’Isigny (à 

l’Est) et de Carentan (à l’Ouest). Le débit des chenaux est relativement élevé en hiver et faible en été, 

avec des débits allant de 3,7 à 26,4 m3.s-1 pour le chenal de Carentan et de 23,9 à 40,4 m3.s-1 pour le 

chenal d’Isigny. La zone intertidale (Fig. 14) s’étend sur 37km2 (Sylvand, 1995), et est caractérisée par 

un marnage d’une amplitude de 7-8m durant les marées de vives eaux et 2.5m durant les marées de 

mortes eaux. Le fond de la Baie est caractérisé par des vasières bordées par un schorre. Une 

transition de sédiments vaseux vers des sables moyens est 

observable selon un gradient de direction Nord-Nord-Est. 

La vitesse des courants peut atteindre 3 m.s-1 pendant le 

flot et 1,5 m.s-1 pendant le jusant. La courantologie 

générale de la Baie génère un déplacement circulaire des 

masses d'eau dans le sens contraire des aiguilles d'une 

montre. Il s’agit d’une Baie à forte dominance marine, 

puisque les volumes d'eau de mer entrant dans la baie à 

chaque marée moyenne représentent environ 15 millions 

de m3, pour un volume d'eau douce moyen déversé en 6 heures d’environ 0,62 million de m3. Des 

cultures d’huîtres et de moules s’étendent à l’Est du chenal d’Isigny, sur une surface d’environ 160 ha 

(Fig. 14). 

La température de la Baie varie entre 7,8 ± 1,2°C en hiver et 18,3 ± 1,1°C en été. La salinité 

moyenne de la Baie est de 33,3 ± 0,8, mais des épisodes de dessalure apparaissent à chaque marée 

descendant jusqu’à 10-15. La dynamique saisonnière de la Baie au niveau du phytoplancton est 

caractérisée par un bloom printanier important en avril-mai, lorsque la lumière devient non-

limitante. Un deuxième bloom de moindre importance apparaît en septembre, lors de la 

régénération de l’ammonium.  

Figure 13 : Situation géographique de la baie 
des veys (Source : Lefebvre et al., 2009). 
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Figure 14 : Vues d’altitude de la Baie des Veys. Les chenaux d’Isigny et Carentan apparaissent respectivement à gauche et 
à droite de la photo (Sources : http://www.basse-normandie.developpement-durable.gouv.fr pour l’image de gauche, 
Homeexhange.com pour l’image de droite). 

La production ostréicole de la Baie des Veys est de 7000 tonnes par an, ce qui en fait le 

premier site de production ostréicole du Calvados et le troisième de Basse Normandie. Les apports 

permettant cette production sont de nature variée : phytoplancton, microphytobenthos, débris 

d’algues, matière organique terrigène, le phytoplancton constituant la ressource trophique 

majoritaire des huîtres (Marín Leal et al., 2008). 

Lingreville sur mer 

Lingreville sur Mer est situé sur la côte Ouest de la 

péninsule du Cotentin (Fig.15), en face du Havre de la 

Vanlée. Le havre de la Vanlée (Fig. 16) est une zone de 

300 ha dont 60% est occupée par le schorre  

(Guillaumont, 1987). Le marnage de la zone de Lingreville peut atteindre jusqu’à 13 m (Lefebvre et 

al., 2009) lors des marées de vives eaux, et est d’environ 5m en période de mortes eaux. Il s’agit 

d’une zone exposée aux vents dominants d’Ouest et Nord-Ouest. Du fait de son ouverture sur la mer, 

la baie est fortement influencée par les courants marins. Les apports terrigènes proviennent de deux 

rivières : la Sienne, située plus au Nord de la zone avec un débit variant de 2,2 à 24,3 m3.s-1 pour un 

bassin versant de 759 km2, et la Vanlée, caractérisée par un débit faible et dont le bassin versant 

occupe 60 km2. Le sédiment est constitué majoritairement de sable et de sable coquillier (Lefebvre et 

al., 2009). 
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La température de la zone de Lingreville 

varie entre 8,8 ± 0,2°C en hiver et 19,4 ± 0,6°C en été 

(http://www.ifremer.fr/envlit, 2008). La salinité 

moyenne de la Baie est de 34,6 ± 0,5, les minima 

étant observés en mars et les maxima en octobre. Le 

bloom de printemps apparaît au mois de mai, suivi 

d’un bloom automnal de plus faible intensité au 

début du mois d’octobre. 

 

 

 
Figure 16 : A gauche, embouchure de la Sienne et en arrière plan embouchure de la Vanlée (Source : 
http://www.parachutisme-chutelibre.fr). A droite Havre de la Vanlée (Source : http://manche.fr). 

De par sa situation géographique, la zone de Lingreville (Fig. 16) bénéficie des apports 

océaniques, de la Vanlée mais également de la Sienne (Fig. 17). La multiplicité des apports assure une 

production élevée de moules de bouchots.  

  

Figure 17 : Modélisation du panache de la Vanlée (à gauche) et de la Sienne (à droite). Simulation sans vent, coefficient 
de marée 75, rejet continu, lâché à pleine mer. L’échelle de dilution est symbolisée du rouge (moins dilué) au bleu (plus 
dilué) (Source : http://www.ifremer.fr/envlit, 2008). 

Figure 15 : Localisation géographique de Lingreville 
sur mer (Source : Lefebvre et al., 2009). 
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Objectifs 

L’objectif de cette thèse était donc de mieux quantifier et hiérarchiser les phénomènes de 

remise en suspension, afin de déterminer la capacité des diatomées benthiques à être remises en 

suspension et ainsi participer au pool de matière organique pouvant être filtré et consommé par les 

mollusques suspensivores cultivés ou non. Afin de répondre à ces questions, différentes approches 

on été utilisées, de l’approche écosystèmique globale in situ à l’étude fine des processus ex situ (Fig. 

17).  

 

Figure 18 : Approches utilisées durant la thèse pour répondre à la problématique générale 

Les études in situ ont permis d’explorer la remise en suspension au travers du couplage 

benthos-pelagos à l’échelle de l’écosystème, sans en contrôler les variables « forçantes ». Les études 

ex situ à méso-échelle quant à elles ont permis d’explorer la remise en suspension en contrôlant les 

variables « forçantes ». 

Le plan de la thèse est construit tel que la question de la remise en suspension des diatomées 

benthiques a été envisagée. La première partie est un préambule correspondant à l’état de l’art 

concernant la remise en suspension des diatomées benthiques, et les moyens utilisés pour l’évaluer. 

Les sites étudiés pour répondre à la problématique de thèse sont également présentés, le choix des 

sites s’inscrivant plus largement dans l’intérêt de la remise en suspension des diatomées benthiques 

quant à leur devenir dans les échelons trophiques supérieurs. 

Remise en suspension et couplage benthos-pelagos en 
estuaire 

Remise en suspension et couplage benthos-pelagos 
en système côtier ouvert  

Influence du sédiment et de l'âge du biofilm sur la 
remise en suspension 

Influence de la macrofaune sur la remise en 
suspension 

in situ 

ex situ 
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La deuxième partie correspond au travail mené sur la remise en suspension au sein 

d’écosystèmes conchylicoles, par des études in situ. Les dimensions spatiales et temporelles de la 

remise en suspension ont ainsi pu être étudiées en relation avec les communautés benthiques des 

zones étudiées. Ainsi, la caractérisation de ces écosystèmes en termes de couplage benthos-pelagos 

et de communautés benthiques avait pour objectif de replacer la resuspension des diatomées 

benthiques dans un contexte écosystémique global, et de mieux quantifier/hiérarchiser les processus 

physiques et biologiques impliqués. Le choix des deux écosystèmes étudiés se justifie par des 

configurations différentes, permettant de mieux discriminer les processus (Tableau 5) : 

Tableau 5 : Différences notoires entre les deux écosystèmes modèles étudiés pendant la thèse 

Caractéristiques Baie des Veys Lingreville sur mer 
Type d’écosystème Estuaire ouvert Côtier ouvert 
Apports fluviatiles Elevés Faibles 
Type de conchyliculture Huîtres (Parcs) Moules (Bouchots) 
Couverture conchylicole Partielle Totale 
Type sédimentaire Gradient sablo-vaseux  Sable grossier 

 

La troisième partie est axée sur les facteurs impliqués dans la remise en suspension des 

diatomées benthiques, en contrôlant aux mieux les paramètres par une approche ex situ. Les 

compartiments physiques (hydrodynamisme et sédiment), biologiques (microphytobenthos) et 

chimiques (EPS) ont donc pu être étudiés plus finement afin de quantifier leur impact dans le 

phénomène de remise en suspension. L’impact des mélanges sablo-vaseux a été particulièrement 

étudié, de nombreux écosystèmes étant caractérisés par des mélanges sablo-vaseux comme en Baie 

des Veys (Orvain et al., 2012). 

Une dernière partie permet de faire la synthèse des principaux résultats obtenus au cours de 

cette thèse, et permet de faire le lien entre les approches in situ et ex situ. La combinaison des 

échelles ainsi explorées permet de revenir sur les écosystèmes étudiés pour proposer une intégration 

quantifiable de la remise en suspension dans le couplage bentho-pélagique. Les voies restant à 

explorer sont également abordées, notamment quant à l’intégration des données acquises dans des 

modèles.  

 

 

 

 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

Chapitre III 
Variabilité spatiale du couplage benthos-pelagos dans un 
écosystème estuarien : Conséquences pour le phénomène 
de remise en suspension du microphytobenthos 
 
 

 

« Homme libre, toujours tu chériras la mer ! » 

Charles Baudelaire 
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 Résumé 

L’importance des forçages physiques dans les écosystèmes intertidaux estuariens augmente 

les échanges entre les compartiments benthiques et pélagiques. Dans ces écosystèmes, la remise en 

suspension du microphytobenthos (MPB) est un phénomène majeur, puisque sa contribution aux 

niveaux trophiques supérieurs peut être très importante. Comprendre la  remise en suspension du 

sédiment et MPB associé ainsi que son devenir dans la colonne d'eau est indispensable pour 

quantifier la nourriture disponible pour les réseaux trophiques benthiques et pélagiques. Afin 

d’identifier et de hiérarchiser les facteurs physiques/biologiques potentiellement impliqués dans la 

remise en suspension du MPB, l’ensemble de la zone intertidale ainsi que la colonne d'eau sus-

jacente ont été échantillonnés au jusant dans un écosystème estuarien, la Baie des Veys. Un large 

éventail de paramètres physiques (régime hydrodynamique, granulométrie des sédiments et 

matières en suspension) et de paramètres biologiques (assemblages floristiques et faunistiques, 

chlorophylle) ont été analysés pour caractériser le couplage benthos-pelagos à l'échelle de la baie. 

Les échantillons ont été prélevés à deux périodes contrastées, le printemps et la fin de l'été, afin 

d'évaluer l'impact des variables « forçantes » sur le couplage benthos-pelagos. Une approche 

cartographique utilisant l’interpolation par krigeage nous a permis de superposer des cartes 

benthiques et pélagiques de variables physiques et biologiques, correspondant aux conditions 

hydrologiques et trophiques. La chlorophylle a pélagique fut le meilleur indice expliquant la 

distribution spatiale des mollusques suspensivores. Nos résultats suggèrent également une structure 

spatio-temporelle pérenne des deux compartiments benthiques et pélagiques dans l'écosystème, du 

moins lorsque le système n'est pas contraint par des vents intenses, la distribution du MPB étant 

contrôlée par la granulométrie du sédiment et la bathymétrie. La composante benthique semble 

contrôler la composante pélagique par des phénomènes de remise en suspension à l'échelle de la 

baie. L’analyse de co-inertie a montré un couplage benthos-pelagos plus fort entre les variables au 

printemps. L’observation d’une biomasse de MPB plus élevée en été suggère une plus grande 

contribution au régime des filtreurs, ce qui indique une remise en suspension plus élevée en été 

qu'au printemps, suggérant un rôle important de la bioturbation par la macrofaune et de la nutrition 

par filtration (Cerastoderma edule). 
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«Les eaux ont beau couler dans tous les sens le sable restera toujours au fond » 

Proverbe géorgien 
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Résumé 

Les mollusques cultivés peuvent induire des modifications radicales à l'échelle des 

écosystèmes, en exerçant une forte influence sur la colonne d'eau à travers leur activité de filtration. 

Ainsi, les écosystèmes exploités pour la culture des bivalves sont souvent caractérisées par un 

appauvrissement du seston et par une biodéposition intense via les fèces et pseudofèces, 

l'approvisionnement de seston par la marée étant insuffisant pour le renouvellé. L'évaluation de 

l'impact sur la culture des bivalves sur le couplage benthique-pélagique a donc une importance 

primordiale pour quantifier la capacité de l'écosystème à s’autoréguler, et donc évaluer la capacité 

de charge des écosystèmes pour les bivalves suspensivores cultivés. Nous avons donc utilisé une 

approche multi-critères pour étudier les indices de couplage benthique-pélagique à différentes 

échelles spatiales et temporelles. Afin de mieux évaluer le rôle de la conchyliculture sur le 

fonctionnement des écosystèmes, les compartiments benthiques et pélagiques ont été étudiés 

simultanément au sein d'un écosystème tempéré macrotidal et exploité, « Lingreville sur mer » (LIN, 

France). Deux saisons contrastées en termes de variables de forçage et de biomasse 

phytoplanctonique ont été choisies. Toute la zone intertidale a été échantillonnée afin de tenir 

compte de l'hétérogénéité des différentes structures spatiales en termes de facteurs de forçage 

(présence / absence de la conchyliculture, composition des sédiments, distribution de la macrofaune, 

salinité, etc.). Des indices isotopiques ont été utilisées afin de déterminer dans quelle mesure les 

mollusques cultivés peuvent bénéficier des différentes sources pélagiques et benthiques de chl a 

disponibles. L'hypothèse d'une boucle de rétro-contrôle permettant de stimuler la croissance du 

microphytobenthos via les biodépôts, puis de profiter de ce dernier via la remise en suspension a été 

explorée. Les cultures de moules semblent dominer l'écosystème à travers le processus de 

biodéposition, conduisant à la facilitation trophique pour les déposivores de surface comme 

Nassarius reticulatus et l'exclusion compétitive des espèces sauvages filtreurs comme Cerastoderma 

edule. Le microphytobenthos ne semble pas être bien impliqués dans l'auto-régulation du système, 

du moins pendant les années sèches. 
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Abstract 

Shellfish cultures can induce radical changes at an ecosystem scale, exerting a strong 

influence on the water column through their filtering activity. Thus, ecosystems exploited for the 

culture of bivalves are often characterized by a seston depletion and subsequent biodeposition of 

feces and pseudofeces, tidal supply being insufficient to replace it. The assessment of bivalve culture 

impact on benthic-pelagic coupling is of prime importance to quantify the capacity of shellfish 

cultured ecosystem to auto-regulate without exceed their carrying capacity, and thus evaluate the 

carrying capacity of ecosystems for bivalve suspension feeders. We thus used a multiple criteria 

approach to study the benthic-pelagic coupling indices. To better assess the role of mussel culture on 

the ecosystem functioning, benthic and pelagic compartments were studied simultaneously within a 

temperate macrotidal and exploited coastal ecosystem ‘‘Lingreville sur mer’’ (LIN, France). Two 

contrasted seasons in terms of forcing variables and MPB and phytoplankton biomass were chosen. 

The whole intertidal area was sampled to account for the spatial heterogeneity within the intertidal 

area including different spatial patterns of forcing factors (presence/absence of shellfish farming, 

sediment composition, macrofauna distribution, bed shear stress, salinity). Isotopic indices were 

used to determine, to what extent cultivated mollusks can benefit from the different available 

pelagic and benthic chl a sources. The hypothesis of a feed-back regulation including 

microphytobenthos enhancement through biodeposition and inherent resuspension which could 

participate to the mussel diet was explored. Mussel cultures appeared to dominate the ecosystem 

through biodeposition process, leading to trophic facilitation for deposit-feeders such as Nassarius 

reticulatus and competitive exclusion of wild filter-feeders like Cerastoderma edule. 

Microphytobenthos did not appear to be strongly implicated in the self-organization of the system. 
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Introduction 

The close coupling between benthic and pelagic compartments and the allochthonous influx 

of nutrients by rivers are responsible for the high productivity of coastal marine ecosystems (Cloern, 

1987). These characteristics make them ideal for farming of suspension cultured bivalves, which 

directly benefit from the enhanced coastal primary production. Shellfish cultures can induce radical 

changes at an ecosystem scale. The food availability for the community in these ecosystems is 

strongly affected by the relative abundances of cultured bivalves (de Montaudouin et al., 1999; Riera 

et al., 2002; Grangeré et al., 2010). Dense cultivated bivalve populations may exert a strong influence 

on the water column by their filtering activity. By a modeling approach, Jiang and Gibbs (2005) 

showed that introduction of the large-scale bivalve culture could result in a decrease of the mean 

trophic level of the ecosystem, with bivalves replacing zooplankton as the major grazers in the 

modelled system. Ecosystems exploited for the culture of bivalves are often characterized by a 

seston depletion and subsequent biodeposition of feces and pseudofeces, tidal supply being 

insufficient to remove it (Grant et al., 2005). As a consequence, food depletion leads to interspecific 

and/or intraspecific competition for food (Franke and Janke, 1998; Decottignies et al., 2007). 

However, bivalves can also stimulate growth of particular functional groups  by feedback 

mechanisms in terms of nutrient recycling (Newell, 2004). The changes can have positive effects by 

increasing nutrient availability for primary production (Prins et al., 1994) or negative effects by 

altering ecosystem structure through a reduction of its carrying capacity (Decottignies et al., 2007; 

Guyondet et al., 2010). Introduced bivalves in shellfish cultures can also lead to facilitation processes 

through biodeposition . In fact, mollusk biodeposition can significantly affect grain-size distribution 

(Ysebaert et al., 2009), and the latter is an indicator of both hydrodynamic transport and 

sedimentation which influence benthic fauna distribution (Grebmeier et al., 2006).  

If the influence of mussel culture on low energy soft-bottom benthic environments have 

been well studied (McKindsey et al., 2011), its influence in high energy intertidal systems did not 

receive the same interest (Grant et al., 2012). Open marine coastal systems are subject to higher 

hydrodynamics, with shorter residence times. Allochthonous supplies depend on each site 

configuration, but in absence of major rivers inlets these systems are less productive than estuaries. 

Moreover, ecosystems characterized by fine sediments such as estuaries often benefit from 

microphytobenthos (MPB) resuspension which significantly contributes to cultivated bivalves diets 

(Underwood and Kromkamp, 1999; Ubertini et al., 2012). On the contrary, sandy sediments are 

known to be colonized by epipsammic species, which stick at the sand grains to prevent them for 

being resuspended far away in those unstable environments (De Jonge, 1985). As a consequence, 
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estuarine cultivated bivalves can benefit from autochtonous MPB resuspension (Kang et al., 2006; 

Ubertini et al., 2012), whereas open coastal ecosystem cultivated bivalves should mostly rely on 

phytoplankton and allochtonous organic matter support (Grangeré et al., 2012). The limited food 

support may lead to competition for food between wild and cultivated suspension-feeders in these 

ecosystems, while biodeposition process may lead to facilitation processes for deposit feeders. 

However, if sandy sediments are generally characterized by a lower Chl a concentration than muddy 

sediments, the greater depth of sediment erosion during bedload transport exposes more Chl a to 

the surface (Lucas et al., 2000). Moreover, the turnover of nutrients in non-cohesive sediments has 

been found to be faster than for cohesive sediments (Peninsula et al., 1995). Shellfish farming 

introduction changes interactions between benthic and pelagic compartments, leading to a number 

of positive and negative feedbacks (Prins et al., 1998). High amount of cultivated suspensive 

suspension-feeders in cultivated shellfish ecosystems increases the biodeposition process fluxes 

enhancing MPB biomass by enriching the sediment with nutrients, and leading to a potential shift 

from episammic to epipelic communities  with a cascade effect on the shift of macrofaunal 

communities (Dubois et al., 2007; Ubertini et al., 2012). Biodeposition leads to increase the fine 

fraction of the sediment, making possible the installation of epipelic species under farming 

structures. The fresh biodeposits are easily erodible, allowing autochtonous organic matter to fuel 

cultivated bivalve growth.  

As a consequence, there is still a paradox to elucidate in cultivated open ecosystems. In an 

estuarine bay with limited tidal flow, Widdows et al. (2009) stressed a direct effect of self-organized 

mussel beds, leading to enhance microphytobenthos resuspension that can supply food for mussel 

growth, and serves to offset the phytoplankton depletion. Thus, in open ecosystems with higher 

degrees of tidal flow, these effects should occur to a higher extent, in order to supply MPB food 

items to mussels each year. On the other hand, a recent study (Grangeré et al., 2012) stressed that 

the contribution of MPB to bivalve diet is limited to wet years in this ecosystem (and all along the 

Western coast of Cotentin peninsula). If MPB resuspension from biodeposits does not contribute to 

bivalve diet whatever the humidity is, biodeposits should strongly impact benthic MPB and 

macrofaune spatial structure. By sampling both benthic and pelagic components of this ecosystem 

and examine examining their spatial structure, this study attempted to clarify the impact of mussels 

on the ecosystem, and the possibility of a feed-back enhancing both MPB biomass, and deposit-

feeders biomass and thus MPB resuspension.  

The assessment of bivalve culture impact on benthic-pelagic coupling is of prime importance 

to quantify the capacity of shellfish cultured ecosystem to auto-regulate without exceed their 
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carrying capacity, and thus evaluate the carrying capacity of ecosystems for bivalve suspension 

feeders (Prins et al., 1998). For an appropriate estimation of carrying capacity, all sources of primary 

production must be considered, i.e. planktonic as well as benthic. We thus sampled with the same 

effort benthic and pelagic compartments, which were studied simultaneously within a temperate 

macrotidal and exploited coastal ecosystem ‘‘Lingreville sur mer’’ (LIN, France). Two seasons (winter 

vs. summer) with contrasted forcing variables, MPB and phytoplankton biomass were analyzed. The 

whole intertidal area was sampled to account for the spatial heterogeneity within the intertidal area 

including different spatial patterns of forcing factors (presence/absence of shellfish farming, 

sediment composition, macrofauna distribution, bed shear stress, salinity). As for a previously 

studied estuarine ecosystem (Ubertini et al., 2012), we used a multiple criteria approach and we 

combined the spatial patterns of benthic/pelagic coupling to isotopic indices  of bivalve diets.  

Materials and methods 

1. Study area 

Lingreville sur mer (LIN, Fig. 1) is a macrotidal coastal system located in the western coast of 

the Cotentin peninsula in the English Channel. This area faces the haven of Vanlée, an area of 300 ha 

of which 60% is occupied by salt marsh. The tidal amplitude of Lingreville is up to 13 m during spring 

tides, and is about 5m during neap tides. The area is exposed to the prevailing winds from the west 

and north-west (NAO- year). Because of its opening to the sea, the bay is strongly influenced by 

ocean currents. Terrigenous inputs come from two rivers: La Sienne, located further north of the 

area, with a flow rate ranging from 2.2 to 24.3 m3.s-1 for a watershed of 759 km2, and La Vanlée, 

characterized by a lower flow and whose watershed occupies 60 km2. The sediment consists mainly 

of sand and coarse shell sand (Lefebvre et al., 2009).  

2. Sampling strategy 

Both benthic and pelagic variables were sampled during spring tides to better assess the 

contribution of resuspended MPB  to the total Chl a content in the water column (de Jonge et van 

Beusekom, 1995) and the trophic interactions between macrofaunal communities. Samples were 

collected in spring within a week, benthic samples between the 1st March and the 3rd April, 2010, and 

water samples between the 4th March and the 5th March, 2010. The same strategy was applied in 

autumn, to assess the impact of the increased number and activity of benthic mollusks on the 

resuspension phenomenon. Benthic samples were collected from October 10 to 12, 2010, and water 

samples on the 13 and 14 of October.  
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Figure 1: Location of the Lingreville ecosystem coastal system and sampling grid. 

Two sampling periods were chosen, with tidal amplitude of 12 m during spring tidal cycles. 

Because farming structures are located all over the studied area, they may benefit from both 

phytoplankton primary production and allochtonous resources through microphytobenthos 

resuspension coming from La Vanlée. As a consequence, water was sampled during ebb tides, to 

account for the flux of MPB from La Vanlée, potentially feeding the suspension-feeders reared in the 

bay A systematic grid of 52 points was extended over the entire map of the intertidal area with a 

sampling interval of 500 m (Fig. 1). Heterogeneity in sediment organic matter distribution occurs at 

nested scales, and is shaped by a spatial hierarchy of environmental factors, intrinsic population 

processes and disturbances (Ettema and Wardle, 2002). To explore smaller scale distributions, a 

nested sampling design was applied (Webster et al., 2006),(Orvain et al., 2012). A semi-cross 

sampling design was applied with an interval of 100 m between each point (Fig. 1). Each semi-cross 

was placed on high gradient areas previously observed on the field as suggested by Orvain et al. 

(2012) in another coastal area. 
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3. Field measurements 

Sediment and benthos sampling. At low tide, four 20 cm diameter cores were collected at 

each sampling site. This sampled surface is above the minimum surface that must be sampled to 

properly estimate MPB standing stocks in the first cm (Spilmont et al., 2011). The first cm of each 

core was removed and placed in a separate plastic bag. At each site, macrofauna were harvested 

within a square of 0.25 m2. The choice of a surface of 0.25 m² is appropriate when referring to 

several studies carried out on the benthos in the intertidal zone showing that this surface is 

sufficiently large and well suited for estimating the abundance of mollusks (Eleftheriou, A., Holme, 

1984). This surface allows a suitable and satisfactory sampling of the fauna whatever its distribution 

(contagious, regular, or random), even when populations are small in number (Underwood and 

Chapman, 1996).The entire sediment was sampled to a depth of 10 cm by hand, and then sieved 

directly in the field using a 4 mm mesh size sieve. This size was chosen because of the coarse 

sediment of the area. The depth of 10 cm was chosen in order to take into account most of the 

mollusk biomass potentially involved in resuspension phenomenon. Sieved samples were placed in 

plastic bags for transport waiting further sample analyses at a small distance from the sampled site.  

Animal sampling for isotopy. Fourteen sampling sites were selected within the farming 

structures to assess the spatial variability of the suspension-feeder Mytilus edulis diet by sampling 

the widest extent of the structures (Fig. 1). At each sampling site, six mussels were sampled in April 

one month after the sampling, in order to investigate their diets by stable isotopic ratios of carbon 

and nitrogen. 

Water column sampling. Surveys were carried out during ebb tide at all grid points, from one 

hour after high tide to one hour before low tide. At each point, 5 L water samples were collected by 

pumping water at a height of 1m above the seafloor, to ensure access to resuspended MPB. Water 

samples were immediately placed in the dark and then brought back for laboratory measurements. 

March sampling has been done between the 2 blooms observed between March and April at 8°C 

water temperature, and October sampling during the fall bloom (Fig. 2). A multispectral SPOT image 

was acquired during the field measurement campaign on October 11th at 11:20 UTC. It was 

processed for amospheric correction  with the FLAASH method (Fast Line of sight Atmospheric 

Analysis of Spectral Hypercubes), available in ENVI® software and using MODTRAN4 transfer codes, 

to calculate the reflectance at the sea and obtain a qualitative estimation of the turbidity spatial 

distribution. 
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Figure 2: Temporal variations of chlorophyll a (Chl a) concentration and temperature. Data were measured at 

the Lingreville station twice a month (Hydrobiological monitoring HYDRONOR, SMEL, Lingreville station). 

4. Laboratory analyses 

Sediment samples. Back at the laboratory, sediment samples were immediately pooled and 

mixed thoroughly, and a 5ml subsample was removed and stored at -20°C in the dark until Chl a 

analyses. The remaining sediment was also stored at -20°C until grain-size measurements. Each 

subsample of sediment was freeze-dried and then weighed to determine the sediment water 

content. Chl a was measured on freeze-dried subsamples using a fluorometric method to estimate 

algal biomass (μg.g-1 sediment). The Chl a content of the sediment was extracted in 90% acetone at 

4°C for 18 h in the dark. The chlorophyll extracts were measured after centrifugation on a Turner 

Designs TD 700 fluorimeter (USA) following the method of Welschmeyer (Welschmeyer, 1994). One 

replicate of sediment sample was selected for the analyses of sediment grain-size distribution. First, a 

wet sieve analysis was performed to collect the finest fraction. The sediment sample was gently 

mixed in freshwater, which was agitated with a brush to remove the salt and break the aggregates. 

Particles were sieved through a 40 μm mesh to retain the coarse fraction. The particles remaining on 

each sieve were collected and weighed on scales to the nearest mg. After multiplying by 1.3 (to 

convert from a grain-size of particles sieved on a squared mesh into an equivalent spherical grain-

size), the weights were recorded. Mud fraction was calculated from the sediment mass cumulative 

percentage.  
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Macrofauna samples. Samples were fixed in a 10% formaldehyde solution for 24h and 

transferred to 70% ethanol for storage until further analyses. All samples were carefully sorted to 

separate organisms and the remaining sediment. The mollusk species were then determined 

(Hayward and Ryland, 1990). Mollusk flesh was separated from the shell, dried at 60 °C for 3 days 

and weighed without the shell. Small specimens with a tough shell (e.g. Peringia ulvae) were treated 

with a drop of 33% hydrochloric acid solution for a few minutes to dissolve the shell. The organisms 

were then dried in an oven at 450 °C for 4 hours to obtain the ash free dry weight. The bioreef study 

was conducted between 2009 and 2011 on the west facade of the department La Manche by Olivier 

Basuyeaux (SMEL). The observations were made in situ from aerial view. GPS mapping provided 

surface sizes with an accuracy of 0.5 m. For each surface, the height was measured (10 by 10 cm), 

and the recovery rate was evaluated by direct observation. The area of spots observed is calculated 

as the area "covered" which takes into account the coverage of the surface observed. 

Freeze–dried, powdered, and homogenized mussel samples were analyzed using a CHN 

elemental analyzer (EuroVector, Milan, Italy) for particulate organic carbon (POC) and particulate 

nitrogen (PN) in order to calculate their C/N atomic ratio (Cat/Nat). The analytical precision of the 

experimental procedure was estimated to be less than 2% DW for POC and 6% DW for PN. The gas 

resulting from the elemental analyses was introduced online into an isotope ratio mass spectrometer 

(IRMS) (GV IsoPrime, UK) to determine carbon and nitrogen isotopes. Stable isotopic data are 

expressed as the relative per mil (‰) differences between the samples and the conventional 

standards, Pee Dee Belemnite (PDB) for carbon and atmospheric N2 for nitrogen, according to the 

following equation: 

( )‰ 1 1000sample

standard

R
R

δ
  

= − ×  
  

 

where δ is 13C or 15N abundance and R is the 13C: 12C or 15N:14N ratio. The internal standard was the 

USGS 40 of the International Atomic Energy Agency (δ13C = -26.2; δ15N = -4.5). The typical analytical 

precision was ±0.05‰ for carbon and ±0.19‰ for nitrogen. The Phillips and Gregg mixing model 

(Phillips and Gregg, 2003) was used to estimate spatio-temporal variations in the contribution of 

suspended organic matter (OMS), including particulate organic matter (POM), MPB, resuspended 

POM (rPOM), and macroalgae (ULV), to the mussel diets, following the protocol of (Lefebvre et al., 

2009)  but with fractionation values of 1.85‰ for δ13C and 3.79‰ for δ15N, obtained from Dubois et 

al. (Dubois, Jean-louis, et al., 2007). 
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Water samples. To measure the concentration of Suspended Particulate Matter (SPM), two 

subsamples (1L) were sieved and passed through weighed and burned glass-fiber filters (Whatman 

GF-C), rinsed with distilled water, packed in petri slides (Millipore, USA), and immediately stored at -

20 °C until analyses. The filters were dried in an oven at 60 °C for 72 hours. For Chl a concentration 

measurements, two subsamples were filtered through a glass-fiber filter (Whatman GF-C), folded and 

placed in a tube at -20°C before analyses. The Chl a content was extracted in 90% acetone for 18 h at 

4 °C in the dark. After short centrifugation (3500 g), the chlorophyll extracts were measured on a 

Turner Designs TD 700 fluorimeter (USA) following the method of Welschmeyer (Welschmeyer, 

1994) and expressed as chlorophyll concentration (μg.L-1) in the spring samples. The summer samples 

were analyzed using Lorenzen’s method (Lorenzen, 1967) in order to obtain the phaeopigment 

content. Calibration was performed between the two methods to compare the result of the two 

samplings (y = 0.9624x + 1.5399, R2 = 0.99).  

5. Statistical analyses 

Geostatistical analyses were performed with the ArcGIS extension Geostatistical Analyst 

(ESRI, USA) in order to map the different variables measured on the field. Since there was a high 

spatial dependency in all the variables measured, kriging was chosen as the best interpolation 

method to predict values for the whole intertidal area. Normal distribution was checked before each 

analysis and log-transformation was applied as a function of the variable concerned. Global trends 

were also examined, to enable removal of the possible effect of the tidal circulation on the water 

column. If necessary, detrending was applied using a polynomial algorithm of chosen order (Orvain et 

al., 2012). Each variable was studied to find the best semi-variogram model fitting for data, between 

circular, spherical, exponential and gaussian models (Table 1). Cross-validation enabled us to check 

the validity of the semi-variogram models we selected. If the prediction errors are not biased, the 

mean prediction error should be near zero. However, this value depends on the scale of the data; to 

standardize these, the standardized prediction errors give the prediction errors divided by their 

prediction standard errors. The mean of these, called “mean standardized”, should also be near zero. 

If the prediction standard errors are valid, the root mean squared standardized error should be close 

to 1. If it is greater than 1, the variability of the predictions has been underestimated, and inversely.  

Multivariate analysis using the R package ADE4 (R-project) were used to better identify 

spatial and seasonal effects and explore the benthic-pelagic coupling through correlations between 

the variables. Principal Components Analyses (PCA) were performed on benthic and pelagic log-

transformed datasets for both seasons, completed with estimated data from the kriging matrices for 

the few numbers of points where there were some missing values. For these analyses, bathymetry 
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was considered as an auxiliary variable because it can play a role in both benthic and pelagic 

compartments.  

Table 1: Variogram models with their parameter values and cross-validation results. 

March sampling 
Variable Benthic Chl a Median 

grain-size 
Mollusk biomass Pelagic Chl a SPM 

Kriging type Ordinary Ordinary Ordinary Ordinary Ordinary 
Detrending order None None None None None 
Transformation Log None Log  None Log 
Variogram model Spherical Spherical Spherical Spherical Spherical 
Anisotropy False False False False False 
Nugget 0.151 0.000 0.004 0.014 0.080 
Sill 0.395 2.001 0.005 0.077 0.670 
Range 618.381 1632.58 6192.745 1663.515 2472.025 
R2 (variogram) 0.656 0.595 0.270 0.900 0.957 
Mean std. 0.007 -0.032 -0.009 0.004 -0.070 
RMSS 0.871 1.379 1.025 1.076 1.233 

October sampling 
Variable Benthic Chl a Median 

grain-size 
Mollusk biomass Pelagic Chl a SPM 

Kriging type Ordinary Ordinary Ordinary Ordinary Ordinary 
Detrending order None None None None None 
Transformation None Log None Log Log 
Variogram model Spherical Exponential Exponential Circular Spherical 
Anisotropy False False False False False 
Nugget 1.133 0.000 0.010 0.105 0.152 
Sill 7.163 0.154 0.031 0.481 0.961 
Range 1164.191 634.152 719.266 1310.615 1.113 
R2 (variogram) 0.959 0.747 0.435 0.320 0.949 
Mean std. -0.018 -0.028 -0.007 0.001 -0.056 
RMSS 0.886 1.222 1.031 1.293 1.123 
 

Mean std = Mean standardized; RMSS = Root Mean Square standardized. 
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Results  

March sampling - A PCA was performed on the spring variables, with the two first 

components explaining 67.17% of the total variation. The correlation circle (Fig. 3A) showed a clear 

relationship between the benthic Chl a and mud fraction. 

 

Figure 3: PCA results of the benthic and pelagic log-transformed variables for the March sampling. SPM (mg.L-

1), benthic Chl a concentration (µg.g-1), water Chl a concentration (µg.L-1), mud fraction (%) and wild mollusk 

biomass (g AFDW.m-2). Data used for the PCA resulted from the extraction of the corresponding kriged maps on 

the general sampling grid. A: Correlation circle; B: Scatter plot of individuals, with a group distinction 

corresponding to the area in front of the haven called “Haven mouth” and the rest of the area corresponding to 

the shellfish structures called “Bouchots”. 

These two variables were also quite well related to the water Chl a. These three variables 

were inversely related to SPM, all these variables being well represented by the 1st axis and explained 

45.16% of the total variation. Mollusk biomass had no relationship with the previous variables and 

was well represented on the 2nd axis, explaining 22.01% of the total variance. The scatter plot of 

individuals (Fig. 3B) showed a clear spatial structure, and the individuals were merged into 2 groups: 

the area located in front of the haven mouth, and the other area with the rest of the stations. The 

haven mouth was characterized by the strongest SPM concentration and lowest Chl a. 

Geostatistical analysis and kriged maps showed the clear spatial structure of the area, 

separating the haven mouth from the rest of the area. Benthic Chl a (Fig. 4) showed concentrations 

starting from 0.67 to 12.94 µg.g-1, the haven mouth being characterized by the lowest values of the 

A B 
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studied area. Two patches of higher concentration appeared respectively at the north and south of 

the haven mouth. Regarding to mud fraction distribution, the finer sediments were located under the 

mussel structures ranging from 5 to 7% of the total amount of sediment, the haven mouth being 

characterized by the lowest mud fractions. A systematic relationship did appear between the 

physical structures of the area and sediment patterns, i.e. the mussel beds and the bioreef beds 

(Sabellaria alveolata reefs) and the mud fraction of the underlying sediment. The south and the north 

of the field showed a homogenous distribution of the mud fraction.  

For benthic mollusk biomass, the haven mouth is characterized by the lowest biomass of the 

area. Higher levels of biomass were located at the north of the study area and in the southern part of 

the haven mouth. The kriged map of mollusk biomass let appear a latitudinal division of the 

foreshore into 3 parts. A first zone situated in front of the mouth is characterized by the total 

absence of mollusks. The areas located at the north and south of the haven mouth, especially at the 

edges of mussel culture areas, are characterized by higher biomass ranging between 0 and 2.30 g.m2 

(g AFDW) especially at the edges of mussel culture areas. Biomasses were low, between 0 and 2.30 

g.m2 (g AFDW).  

The biomass distribution map of suspension and deposit feedersconsumers’ feeding type 

(Figure 5) showed that deposit- feeders were associated to mussel bed cultures while suspension-

feeders were mainly found outside mussel-farming structures sites. These features significantly affect 

the distribution of deposit- feeders in these areas (ANOVA, p-value <0.001). The species distribution 

map indicated that Nassarius reticulatus was distributed exclusively under mussel-farming structures. 

The bivalve Cerastoderma edule was only present at the borders of the haven mouth. 

Water Chl a was characterized by low values for the entire area, the haven mouth being 

characterized by almost no Chl a. The mussel cultures located at the North-East showed lower Chl a 

concentrations than the other structures. SPM map was inversely distributed, with the highest 

concentration found at the haven mouth between 21.90 and 33.71 mg.L-1. The north and south areas 

were characterized by homogeneous concentrations ranging from 1.65 to 5.54 mg.L-1. The south area 

was characterized by the lowest SPM values, relatively homogeneously distributed. 

Mussels sampled a month after March campaign showed no significant differences in 

isotopic signature between sites. The respective average values for δ13C and δ15N were -19.01±0.13 

and 6.47±0.31 ‰, indicating that the diet of mussels in March was almost exclusively composed of 

phytoplankton (Lefebvre et al., 2009). 
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Figure 4: LIN March and October kriged maps of pelagic variables. All variables were kriged on different 

variogram models depending on the data (Table 1). Geometrical scales were used to maximize the visualization 

of both gradients and the patchiness of the different variables. Benthic Chl a concentration: Chl a 

concentration (µg.g-1); Water Chl a concentration: Chl a concentration (µg.L-1). SPM concentration: Suspended 

Particulate Matter (mg.L-1). 
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Figure 5: LIN March and October kriged maps of benthic variables. All variables were kriged on different 

variogram models depending on the data (Table 1). Geometrical scales were used to maximize the visualization 

of both gradients and the patchiness of the different variables. Mollusk maps are at different scales to account 

for the discrepancy in the data between the 2 sampling campaigns. Mollusk biomass: g AFDW g.m2; Species 

distribution: Pie charts represent the presence of a species without taking acirrespectivecount of its relative 

biomass or numberabundance; Feeding type and Grain-size: Pie charts represent the relative ratio of deposit 

or suspension feeders, the size of the pie chart is relative to the biomass of each feeding type. Grain-size 

represents the mud fraction distribution. 

 

October sampling - A PCA was realized on the fall variables, with the two first component 

explaining 73.60% of the total variation. The correlation circle (Fig. 6A) showed a clear relationship 

between the water Chl a, SPM and mud fraction. SPM and water Chl a variables were negatively 

correlated to the mud fraction of the sediment, all these variables being well represented by the 1st 
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axis and explained 54.52% of the total variation. Even if there is still a negative relationship between 

water Chl a and mud fraction, it is opposite to the spring results where water Chl a and mud fraction 

were positively correlated. Benthic and pelagic variables were clearly uncoupled. Benthic Chl a was 

also not related to the mud fraction, on the opposite of their strong relationship during the spring 

sampling. Mollusk biomass, as for the spring sampling, had no relationship with the previous 

variables and was quite well represented on the 2nd axis, explaining 19.08% of the total variance. The 

scatter plot of individuals (Fig. 6B) showed the same clear spatial structure than for the spring 

sampling, with a separation between the areas located in front of the haven mouth and the rest of 

the stations characterized by mussel cultures. Contrary to spring data, the haven mouth was 

characterized by the strongest Chl a and SPM concentration, with the sampling done during the 

autumnal bloom (Fig. 3). 

 

Figure 6: PCA results of the benthic and pelagic log-transformed variables for the October sampling. SPM 

(mg.L-1), benthic Chl a concentration (µg.g-1), water Chl a concentration (µg.L-1), mud fraction (%) and wild 

mollusk biomass (g AFDW.m-2). Data used for the PCA resulted from the extraction of the corresponding kriged 

maps on the general sampling grid. A: Correlation circle; B: Scatter plot of individuals. 

Geostatistical analysis and kriged maps showed again the clear spatial structure of the area, 

separating the haven mouth from the rest of the area. Benthic Chl a (Fig. 4) showed similar 

concentrations than for the spring sampling, from 0.67 to 13.18 µg.g-1. The benthic Chl a distribution 

was similar for the 2 sampling seasons, the haven mouth being characterized by the lowest values of 

the study area. Conversely to the spring sampling, the north of the field showed a heterogeneous 

distribution of the mud fraction. A mud patch was observed near next to the Sabellaria alveolata 

bioreefs.  

A B 
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Mollusc biomass was low at the haven mouth, and ranged from 0 to 15.48 g.m-2, with a 

higher biomass than in spring. The same 3 parts latitudinal division of the foreshore appeared in 

autumn. The biomass distribution map of suspension and deposit feeders (Fig. 7) showed that 

deposit-feeders were associated to mussel-farming structures sites while suspension- feeders felt 

were observed mainly outside mussel structures. These structures significantly affected the 

distribution of deposit- feeders in these areas (ANOVA, p-value <0.001). The mollusk biomass was 

apportioned according to the mud fraction of the sediment, with biomasses increasing as a function 

of the mud fraction (R² = 0.237, p< 0.001).  

The species distribution map indicated that Nassarius reticulatus was the dominant species 

of the area in terms of coverage and was distributed exclusively under mussel structures. Another 

deposit-feeder, Abra longicallus, was present under mussel structures. Both number of individuals 

and biomass increased a lot for the species Venerupis corrugata between March and October, and 

their number were multiplied by two whereas their biomass was multiplied by ten resulting in bigger 

individual size (Table 2). Venerupis decussata population did increase too, but in a lower extent, 

multiplying both biomass and individuals by two times. On the contrary, the species Glycimeris 

glycimeris was characterized by high biomass for the 2 seasons but smaller individuals in october 

(Table 2). The biomass of Crepidula fornicata, which was limited to the bouchots, decreased between 

March and October. As in spring, the bivalve Cerastoderma edule was again mostly present at the 

borders of the haven mouth. 

Water Chl a was characterized by higher values than spring sampling for the entire area, the 

haven mouth being characterized by the highest concentrations of Chl a, opposite to the spring 

sampling. The mussel bed located at the North-East showed lower Chl a concentrations than the 

other structures, as for the spring sampling. SPM map showed higher concentrations at the haven 

mouth, as for the spring sampling, ranging from 25.17 to 68.20 mg.L-1. At the north there was a 

longitudinal depletion over the mussel structures and the borders of the north area was 

characterized by higher SPM concentrations. As for the spring sampling, the south area was 

characterized by the lowest SPM values, relatively homogeneously distributed. The high tide RVB 

SPOT image (Fig. 7) showed two plumes of water coming from both La Sienne and La Vanlée havens, 

with a Northern-Western direction. Plume did not extend in the mussel cultureareas at the north or 

the south of the haven mouth (Fig. 8). Bathymetry showed a homogeneous gradient of increasing 

depth from the coast to the sea (Fig. 9). 
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Table 2: Mean mollusk biomass (g AFDW.m-2) for the 2 sampling season. 

Reign Species Trophic group March 
(g.m2) 

October  
(g.m2) 

March 
(ind.m2) 

October 
(ind.m2) 

Bivalvia Venerupis corrugata Suspension-
feeder 

0.059 0.627 0.119 1.931 

Glycimeris glycimeris Suspension-
feeder 

0.278 0.135 0.317 0.379 

Venerupis decussata Suspension-
feeder 

0.080 0.146 0.356 0.551 

Polititapes virgineus Suspension-
feeder 

 0.012  0.206 

Abra longicallus Deposit-feeder  0.028  1.551 

Cerastoderma edule Suspension-
feeder 

0.395 0.030 0.673 0.551 

Spisula solida Suspension-
feeder 

 0.035  0.517 

Nucula sulcata Deposit-feeder  0.001  0.068 

Macoma balthica Suspension-
feeder  
Deposit-feeder 

 0.002  0.034 

Mactra sultorum Suspension-
feeder 

0.016 0.001 0.158 0.034 

Gasteropodia Nassarius reticulatus Deposit-feeder 0.192 0.881 0.713 10.862 

Gibbula magus Deposit-feeder 0.016 0.016 0.040 0.137 

Gibbula cineraria Deposit-feeder  0.002  0.068 

Gibulla umbilicalis Deposit-feeder  0.002  0.517 

Trophonopsis 
muricatus 

Deposit-feeder  0.001  0.011 

Turitella communis Suspension-
feeder 

 0.001  0.172 

Crepidula fornicata Suspension-
feeder 

0.561 0.253 6.373 1.620 

Calyptraea chinensis Suspension-
feeder 

0.010 0.001 0.198 0.103 

Scaphopodia Antalis vulgaris Deposit-feeder 0.050 0.007 0.158 0.275 

The benthic phaeopigment percentage map (Fig. 9) showed a patch of higher concentration 

in the north of the sampled area, as well as a high concentration in the south between 20 and 30% of 

total pigments. The central area was characterized by low concentrations ranging from 0 to 10% of 

total pigments. The water column phaeopigment map showed a negative relationship with the water 

column Chl a concentration map (Fig. 6, 9), whereas it showed no relationship with the benthic 

phaeopigments map. The haven mouth was the less concentrated area in phaeopigments, whereas it 

was characterized by the higher water Chl a on the area. The locations characterized by a Chl a 

depletion over the farming structures were characterized by high water phaeopigment 

concentrations in the water column, between 30 and 40% of the total pigments. 
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Figure 7: Composite colour (RGB) SPOT image of Lingreville 

(October 11, 2010 at 11:20 UTC) showing the turbid plumes 

exiting La Sienne and La Vanlée haven, with a Northern-Western 

direction. 

 

Figure 8: Composite colour (RGB) SPOT image of Lingreville (October 11, 2010 at 11:20 UTC) showing the 

turbid plumes exiting La Vanlée haven, with a Northern-Western direction. 
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Figure 9: LIN kriged maps of benthic/water pheopigments and bathymetry. Phaeopigments measurements 

have been done in October only. Results are presented as % of total pigments. 

Discussion 

Impact of cultivated mussels in the benthic-pelagic coupling. The annual mean of water chl 

a was 1.41 ± 1.03 µg. L-1, lower than the value of 2.7 ± 1.3 µg. L-1 found by Marín Leal et al. (2008) for 

a wet year in 2004, classifying the sampling year of the present study as a dry year. Sampling has 

been done between the 2 small peaks observed between March and April at 8°C water temperature 

(Fig. 2), with typical low values associated to dry years, when comparing to data in the same site 

during dry years (Marín Leal et al., 2008) or wet years (Blin, com pers). Despite the strong contrast 

between the two seasons sampled in terms of temperature or mollusk biomass, the result showed a 

perennial distribution of MPB within the sampled area. This result confirms other results of the 

literature (van der Wal et al., 2010; Ubertini et al., 2012). Benthic Chl a is often related to mud 

fraction of the sediment (Perkins, 2003; Cartaxana et al., 2006; Orvain et al., 2012; Ubertini et al., 

2012). The haven mouth is an extremely dynamic area, characterized by a structure of temporary 

micro-channels with high flow coming from the haven mouth; as a consequence there is a 

permanent perturbation and the microphytobenthos installation seems difficult. Moreover, the 

absence of mollusk in this area make the sediment more homogeneous, with mainly sand whereas 

the rest of the area is characterized by coarse shell sand, with heterogeneous material from shell 

fragments toward bouchots to mud enrichment between them. This typical sediment distribution has 

already been shown by Grant (2010) and Grant et al. (2012) for similar ecosystems. Besides, the mud 

fraction of the sediment is higher under the farming structure, as a consequence of the biodeposition 
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process generated by mussels. The Sabellaria alveolata reefs must contribute to the higher mud 

fraction in this area too. In fact, MPB participates to the diet of S. alveolata (Lefebvre et al., 2009) ; 

thus we can emphasize that mussel structures could facilitate the maintaining of the S. alveolata 

reefs in this area, by fueling them through : 1) biodeposits which may enhance fine fraction of the 

sediment, 2) MPB growth favored by these biodeposits and 3) Resuspension of these MPB. The fine 

sediments favor the epipelic MPB development under the mussel structures. As a consequence, 

benthic Chl a biomass was related to the mud fraction of the sediment. However, the biodeposit 

accumulation (and dispersion) in October did not enhance the microphytobenthic biomasses 

compared to March. This relationship was clearer in March, the weaker relationship in October being 

probably due to the apparition of euglenid patches observed in the field over sandy sediments. In 

spite of the high flow regime in this open ecosystem, there is an accumulation of biodeposits in the 

area surrounding mussel cultures. It seems unlikely that the resuspension of MPB from biodeposits 

that has been mentioned by Widdows et al. (2009) did occur during this study. Indeed, MPB did not 

contribute to mussel diet during this dry year, but remained attached to the bottom substrat.  

Distribution patterns of mollusk biomass appeared to be related to the farming structures. As 

the degree of biodeposition increases, typical soft-sediment communities dominated by large filter-

feeders are replaced by deposit-feeding organisms (Callier et al., 2008; McKindsey et al., 2011; 

Ubertini et al., 2012). The deposit-feeders were mainly located within mussel-farming sites while 

suspension-feeders were mainly distributed outside mussel structures, showing on one hand the 

trophic facilitation of mussels for deposit-feeders through biodeposition, and the competition 

between wild and cultivated suspension-feeders for phytoplankton. High bivalve abundance leads to 

higher clearance rates and intra/inter-competition for food (Newell, 2004). Moreover, S. alveolata 

reefs probably contributed to the trophic pressure on the water column through the polychaete’s 

clearance rate (Dubois et al., 2003). The increased activity of mussels in autumn compared to spring 

facilitated the installation of deposit-feeders whose biomass increased a lot between the two 

seasons, whereas the higher filtration rate of mussels in autumn leaded to increased competition 

with indigenous suspension-feeders whose biomass decreased between the two seasons. In fact, as 

well as reducing available resources such as food for competitors, the mussels may also reduce other 

species’recruitment by feeding on their larvae (Alfaro, 2006; Porri et al., 2008). Indeed, in March 

where a lot of juveniles were globally observed, the spatial distribution of suspension-feeders, was 

negatively affected by the presence of mussels. The distribution of Glycimeris glycimeris probably 

illustrated the trophic depletion linked to the mussel-farming structures. We can hypothesize that in 

March, this species was distributed outside the mussel cultures, and in October it was found within 
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the cultures with the same biomass but more individuals, only smaller individuals being able to 

survive in low food conditions imposed by mussels. 

Autochthonous versus allochtonous trophic sources. Filter-feeding by cultivated mussels 

may result in phytoplankton depletion in the water column. The high influence of mussel filtration 

efficiency of mussels is confirmed by both high phaeopigments and low Chl a concentrations in the 

water column, as shown by Ubertini et al. (2012) for another cultivated ecosystem. If consumption 

exceeds phytoplankton renewal by tidal flushing and phytoplankton growth, the ecosystem becomes 

food limited with a carrying capacity being strongly affected. McKindsey et al. (2006) have reviewed 

the “carrying capacity” of cultured bivalves in order to limit negative impacts on ecosystem dynamics. 

The use of culture farming on vertical sticks is currently restricted to France (McKindsey et al., 2011), 

thus direct comparison of fluxes induced by off-bottom cultures is difficult. Nevertheless, observation 

on the field showed large amount of fine sediment deposits toward these structures colonized by 

deposit-feeders also seen by Grant (2010), all the more so that the friction coefficient owing to 

culture farming structures can be 10 times higher compared to those of open sandy areas (Allard et 

al. 2008). The role of biodeposition could possibly be favorable to bioreefs of Sabellaria alveolata, 

whose diet is largely related to MPB (Lefebvre et al., 2009). Thus, cultivated mussels may be trophic 

facilitators for S. alveolata, all the more that they could benefit from resuspension before mussels 

because of their proximity to the seafloor compared to the mussels. The tubiculous annelid S. 

alveolata is a filter-feeder, which has been demonstrated to compete with cultivated mussels in 

terms of filtration efficiency and food sources (Dubois et al., 2009), thus the possibility for accessing 

MPB from the uppermost sediment could explain the possibility of mussels and S. alveolata to co-

exist without exceeding the carrying capacity of the ecosystem. However, populations of the latter 

are in drastic decrease since 2011, indicating that the carrying capacity of the system could have been 

reached after a second dry year in 2011.   

The primary production seasonal variability induces changes in suspension-feeding at the 

ecosystem scale. As a consequence mussels are ecosystem key-engineers (Crowe et al., 2011), 

modifying vertical and benthic fluxes in the water column. The stepped-up consumption in autumn 

increases biodeposition, but since chl a concentrations seem to be relatively stable between the two 

contrasted sampled seasons, the hypothesis of autochthonous feeding on resuspended MPB can be 

ruled out for this ecosystem, at least during the studied period (i.e. a dry year). The phytoplankton 

overconsumption by mussels leads to exceed the carrying capacity of this ecosystem, with a clear 

exclusion of other suspension feeder in the cultivated area. Normandy west coast ecosystems display 

inter-annual variability in hydrobiological variables with differences between wet and dry years, 
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ecosystems with limited eutrophication being sensitive to nutrient enrichment (Grangeré et al., 

2012). The year 2010 was a dry year, increasing the prevalence of phytoplankton in the mussel diets 

as shown by the isotopic values of  sampled mussels, hence confirming results by Lefebvre et al., 

(2009) who studied bivalve diets during dry years (2004-2005) too with similar findings. Oyster diet 

was shifting from phytoplankton total contribution during dry years (2004-2006) in this ecosystem to 

a mixture of phytoplankton and resuspended MPB during wet years (2007-2008, Grangeré et al., 

2012). We can emphasize that mussel diet are subjected to the same kind of balance between dry 

years and wet years. Chl a inlets from La Vanlée were clearly reduced (Fig. 8) probably lower than 

during wet years, modifying the balance between autochthonous and allochtonous MPB coming from 

the haven. When phytoplankton becomes low in the water column, the suspension-feeder diet may 

rely on organic matter inlets coming from La Vanlée or La Sienne. Conversely, Sabellaria alveolata diet 

relies on resuspended MPB in majority, even during dry years when examining the results by Lefebvre 

et al. (2009). This species is maybe able to provoke local MPB resuspension by an active bioturbation 

and an effect on bed roughness through local field turbulences as often observed for tubiculous 

annelids (Friedrichs et al., 2000; Peine et al., 2009). 

Our results cannot explain the MPB contribution (up to 50%) to mussel diet during wet years 

(2007-2008). Indeed, we can imagine 2 alternative assumptions: First, these food items can come 

from autochthonous material. The strong currents and the dominance of western winds during wet 

years must enhance the turbulence regime and biodeposits with associated MPB that are not highly 

resuspended during a dry year, could be resuspended at high erosion rates during a wet year. There is 

a strong alternative explanation, concerning the haven inlets that can supply chl a biomass enriched 

in MPB during wet year in this ecosystem. We observed that the plume is impoverished in chl a in 

March and the plume extension in October did not reach the cultivated areas. If the biomass within 

the plume is enriched in MPB, this material cannot supply food for cultivated bivalves during the 

sampled periods (even if the fall sampling was performed during a marked bloom). During wet years, 

the high rainfall regime and river flows must be very high and certainly enriched in resuspended 

riverine MPB. In such conditions, we can easily emphasize that plume extension from haven mouth 

extends over wider areas than during dry years, and this material must contribute to suspension-

feeder diets. A similar study should be repeated during a wet year to better decipher the contribution 

of the 2 alternative hypothesis and to better refine the factors that control the Lingreville ecosystem 

functioning.  

Our study clearly stressed the dependence of MPB biomass and benthic deposit-feeders on 

mussel cultures in this ecosystem. We can also emphasize that the decrease of bio-reefs observed in 

2011 could be linked to a trophic cascade effect, the year 2010 being a dry year with poor 
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phytoplankton populations and also poor biodeposition that could provoke poor benthic chl a 

concentration and a reduction in MPB resuspension rates. These 2 processes must entail the 

ecosystem to overpass its carrying capacity rapidly and reducing mussel growth. Thus, biodeposition 

should have decreased, reducing the food potentially available for bioreefs. 

 

Conclusion 

 The present study aimed to explore the mussel culture impacts on benthic-pelagic coupling 

and the capacity or the system to auto-regulate without allochtonous support by studying both 

compartments simultaneously. Biodeposition processes appeared to be predominant in this 

ecosystem, controlling fine sediment enrichment, in association to MPB, both factors hence affecting 

wild mollusk distribution. Seasonal variation in mussel activity led to mud enrichment under farming 

structure, and as a consequence the biomass of deposit feeders with a typical exclusion of 

suspension-feeders. Wild suspension-feeders must suffer from trophic competition with the mussels 

and were preferentially found outside or on the borders of farming structures. We can emphasize 

that bioreef installation of Sabellaria alveolata has probably been facilitated by the biodeposition 

process induced my mussels in the past. The installation of farming structures leaded the system to 

be food limited at least for dry years, exceeding the carrying capacity of the ecosystem.  
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Résumé 

 Les zones intertidales sont des zones de haute énergie, et l'hydrodynamique est 

responsable de la remise en suspension des sédiments et du microphytobenthos associé. La 

composition des sédiments et l'âge du biofilm sont deux éléments majeurs impliqués dans cette 

remise en suspension. Cependant, le rôle respectif de ces deux paramètres par rapport au 

phénomène de remise en suspension a rarement été étudié simultanément dans des conditions 

contrôlées. Afin de mieux évaluer les rôles des mélanges sablo-vaseux et de l'âge du biofilm sur la 

remise en suspension du microphytobenthos, différentes conditions ont été testées en utilisant un 

canal benthique, l’érodimètre. Des conditions allant de la vase pure jusqu’à des mélange sablo-

vaseux ont été testés en présence d'un biofilm microphytobenthique, et les cultures de biofilm en 

mésocosme ont été contrôlées pour évaluer le stade de développement du biofilm en réglant 

l'intensité lumineuse et les périodes d’immersion. Les paramètres photosynthétiques du biofilm ont 

été suivis, ainsi que la teneur en eau et la concentration des sels nutritifs dans les sédiments. Une 

augmentation du débit a été appliquée sur des carottes de sédiments, et l'influence induite par la 

contrainte de cisaillement sur l'érosion a été évaluée par la turbidité et la chl a via des capteurs. 

Entre les 3 et 9 premiers jours du développement du biofilm, l’âge du biofilm a affecté 

significativement les seuils d’érosion critiques de la chl a et du sédiment pour les mélanges sablo-

vaseux. Les caractéristiques de l’érosion de la chl a et du sédiment diffèrent selon les traitements, le 

biofilm pouvant être érodé avant sédiments quand ils sont bien constitués (en particulier dans la 

vase pure). La remise en suspension des sédiments semble être principalement due aux contraintes 

physiques comme la compaction différentielle et de la ségrégation du sable en fonction du contenu 

en vase. Les protéines des EPS liés (extraites avec résine Dowex) semble avoir un rôle crucial dans les 

stades pionniers de l'installation du biofilm, ce qui permet sa formation dans un environnement 

moins favorable causé par un enrichissement en sable. Cet effet d'EPS liés doit être contrôlé par une 

augmentation de la cohésion et une diminution de la perméabilité des sédiments. La teneur en 

glucides de la fraction liée des EPS est directement liée à l'érodabilité des sédiments, 

indépendamment du type de mélange ou de l'âge du biofilm. La composition du mélange semble 

être le principal facteur impliqué dans le phénomène de remise en suspension, avec un optimum 

atteint proche d'un rapport d'équilibre entre la vase et le sable. Les EPS liés permettent dans les 

mélanges sablo-vaseux un développement du biofilm avec de bonnes performances 

photosynthétiques, et ce en dépit de la résistance à l'eau et la disparition des éléments nutritifs 

pendant la marée basse. Cependant, l'enrichissement en sable est défavorable à la croissance des 

diatomées épipéliques, ainsi que leur exportation à l'eau colonne via l’érosion. 
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Abstract page 

Intertidal areas are high energy areas, and hydrodynamics are responsible of resuspension of 

the sediment and associated microphytobenthos (MPB). Sediment composition and biofilm age are 

two major components involved in their own resuspension. However, their relative role in 

resuspension phenomenon has rarely been studied together in controlled conditions. To better 

assess their respective contribution in explaining sediment and MPB resuspension, different 

treatments were tested using an erodimeter flume. Pure mud to 50/50 mud-sand mixtures were 

tested with a presence of an epipelic MPB biofilm, and mesocosm biofilm cultures were controlled to 

assess different development stadium of the biofilms. The biofilm photosynthetic parameters and 

Extracellular Polymeric Substances (EPS) were followed as well as water content and ammonium 

concentration in the sediment. Between 3 and 9 first days of biofilm development, biofilm age did 

significantly affect erosion critical thresholds for Chl a and sediment resuspension for sand-mud 

mixtures. Chl a and SPiM erosion characteristics differed between treatments, biofilm being able to 

be eroded before sediment when they are well constituted (especially in pure mud). Sediment 

resuspension seemed to be mostly driven by physical constraints like differential compaction and 

vertical sand segregation as a function of mud content. Proteins of the EPS bound fraction (extracted 

with dowex resin) appeared to have a critical role in the pioneering stages of biofilm installation, 

allowing its formation in a less favorable environment caused by sand enrichment. This effect of 

bound EPS must be mediated by anincreasing cohesion and lowering sediment permeability. 

Carbohydrate content of the bound EPS fraction was directly related to the sediment erodability, 

independently from mixture type or biofilm age. Mixture composition seemed to be the main factor 

involved in resuspension phenomenon, with an optimum reached near a equilibrate ratio between 

mud and sand. Despite the resistance to water and nutrient disappearance during low-tide when 

sediment is enriched in sand thanks to bound EPS allowing a biofilm development with good 

photosynthetic performances, sand enrichment is unfavorable to the epipelic diatom growth, as well 

as to their exportation to the water column via erosion. 
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1. Introduction 

Macrotidal estuaries are open ecosystems subject to hydrodynamic processes such as 

waves, currents and tidal rhythm. The stress generated by these physical forcing results in a more or 

less important resuspension of the sediment and associated microphytobenthos (MPB), disturbing 

the microphytobenthic communities. Benthic diatoms communities inhabiting intertidal areas are 

divided in two groups, according to their adaptation to the sediment habitats. Epipsamic diatoms are 

motile organisms firmly attached to sand grains, to prevent themselves from resuspension events. 

Lower energy habitats are inhabited by epipelic benthic microalgae – dominant group of 

microphytobenthos in intertidal mudflats (Smith and Underwood, 1998) – which are able to migrate 

through the sediment top layer. Photoacclimatation and light duration are responsible for the 

migration of diatoms (Perkins et al., 2001; Blanchard et al., 2004). It is likely mediated by the 

extrusion of carbohydrate-rich heteropolymers called exopolymeric substances (EPS), which as well 

as playing a role in the diatoms mobility are able to stabilize the sediment by limiting the erosion of 

the latter (Holland et al., 1974; Grant et al., 1986; Paterson, 1989b; Smith and Underwood, 1998, 

2001; Friend et al., 2008). MPB development step in biostabilisation process by: (i) armouring of the 

sediment surface (Tolhurst et al., 2003) and (ii) production of EPS, reinforcing sediment cohesiveness. 

This MPB biostabilisation of sediment surface is variable upon time, since MPB has its own dynamic 

and growth cycle. Combination of tidal cycles, day/night cycles, and biofilm age leads to different 

physiological states of microalgae. Consequently MPB biomass and EPS secretion varies upon time, 

thus influencing the sediment erodibility.  

EPS secretion is under control of abiotic factors such as light with oxygenic photosynthesis 

(Staats et al., 2000a) or nutrients (Staats et al., 2000b), and there is direct metabolic pathway 

between photosynthesis and secretion of colloidal EPS (Underwood and Smith, 1998). The biomass 

of MPB on intertidal flats is driven by (i) removal processes such as grazing and resuspension, (ii) 

factors affecting growth rate and/or health of the MPB such as light, temperature or nutrients and 

(iii) sediment grain-size, with interaction with both previously mentioned factors (resuspension, 

nutrient availability) that are drastically regulated by the respective contribution of sand and mud 

proportion (van de Koppel et al., 2001; Orvain et al., 2012). When factors responsible for MPB losses 

from sediment (resuspension, grazing) are removed, the growth of the biofilm is known to follow a 

logistic curve until a maximum value reached at the biotic capacity of the local environment 

(Blanchard et al., 2001; Orvain, et al., 2003). The number of days necessary to reach the biotic 

capacity appears to vary according to the authors, and has been modeled by Wolf (2007) with an 

initial lag phase of about 3 days, followed by an exponential growth phase until a pseudo-steady 
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state ‘‘mature’’ phase after approximately 13 days where biofilm growth and detachment were in 

equilibrium. The physiological state of the biofilm is assumed to change as a function of the biofilm 

age (Sutherland et al., 1998). Photosynthetic capacity and efficiency has been shown to decrease 

with increasing age of the biofilm (Morris, 2005), and EPS are more secreted in the late phase of the 

biofilm growth caused by overflow metabolism in case of nutrient limitation (Orvain et al., 2003).  

Sediment properties are decisive regarding its stability against forcing environmental 

variables. Sandy sediments are easily transported by haulage during bed-load transport and exported 

in the water column during strong hydrodynamic conditions. On the contrary, cohesive sediments 

resist to erosion but, in the event of harsh conditions such as strong heaves, critical thresholds can be 

transcended leading to significant sediment erosion. Numerous experiments focusing on 

microphytobenthos mediation of sediment erodibility have been done in lab, but most of the time 

they focus on homogenous sandy (Lucas, 2003; De Brouwer et al., 2005; Friend et al., 2008) or 

muddy sediments (Yallop et al., 2000; Andersen and Pejrup, 2002; Tolhurst et al., 2003, 2006, 2008; 

Gerbersdorf et al., 2007; Spears and Saunders, 2008). However, sand and mud can be intimately 

mixed, and may exhibit a horizontal gradient, or can be layered in the bed (Le Hir et al., 2011). The 

mixture behaves like pure sand, but there is a critical mud fraction (typically 30%), above which the 

mixture behavior is fully cohesive (Le Hir et al., 2011). Below this critical value, the mixture shear 

strength depends on the relative mud concentration as stated by Migniot (1989) and Waeles et al. 

(2008). In fact, if physical processes such as local hydrodynamic conditions are responsible for 

particle grain-size selection, a succession of vertical layers of sediment from different grain-size often 

occurs in nature. Moreover, biological processes such as bioturbation and sediment reworking can 

influence the particle mean-size, leading to modify the sediment vertical structure, therefore leading 

to bulk sediment mixtures (Krantzberg, 1985). As a consequence, intertidal ecosystems are often 

characterized by mud-sand mixed sediments, with a strong spatial heterogeneity (Orvain et al., 2012; 

Ubertini et al., 2012). These mixed sediments must be taken into account in both microphytobenthos 

development and material export to the water column by erosion processes.  

Erosion thresholds of sediment mixtures in relation with microbial indices have been studied 

in situ (Defew et al., 2003; Lelieveld et al., 2003; Ziervogel and Forster, 2006) or by modeling 

approaches (Paarlberg et al., 2005). Some experiments have been done on the effect of biofilm age 

on biostabilization of the sediment (Sutherland et al., 1998; Orvain et al., 2004; Droppo et al., 2007; 

Stone et al., 2008), but these experiments were performed with a single type of sediment (most of 

the time cohesive). Other experiments have been conducted on the effect of sand/mud mixture on 

the sediment erosion and erosion laws have been tested in different hydrosedimentary models 
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(Waeles et al., 2008; Le Hir et al., 2011). The influence of sand/mud mixture on the 

microphytobenthic biofilm development has been studied (van de Koppel et al., 2001), and the 

positive effect of mud proportion on the biofilm growth has been clearly evidenced.  

On one hand, mud proportion lead to a higher MPB biomass in the sediment. On the other 

hand, the cohesive properties of mud, along with EPS secretion by MPB biofilm that are much 

secreted by biofilms in mud, lead to higher resistance to erosion. This is thus difficult to establish 

accurately the contribution of these 2 opposite effects on the Chl a resuspension and to assess 

whether the sand enrichment lead actually to an increase or a decrease of chl a resuspension. To 

better refine the interaction between sediment sand/mud mixture, the biofilm growth and MPB 

resuspension, the effects of sediment mixture were tested as a function of the biofilm age. The 

objectives were to characterize the tidal currents influence on microphytobenthos resuspension 

regarding the sediment grain-size, but also the development state of the microalgal biofilm by a 

mesocosm approach. In order to do this, mesocosm biofilm cultures were controlled to assess 

different development stadium of the biofilms by regulating light intensity and emersion-immersion 

periods. 

2. Materials and Methods 

2.1 Substrata and biofilm preparation 

Three sediment types have been prepared from natural sediments: one of pure mud (100%) 

and two sand-mud mixtures (75% mud / 25% sand and 50% mud / 50% sand respectively). In order to 

eliminate the macrofauna naturally present, the fresh sediments have been sieved using a 1 mm 

mesh size. For each of these mixtures, sediment was then dispatched in twelve cores (20 cm in 

diameter and a depth of 20 cm). The first upper cm was enriched with a epipelic MPB inoculum 

collected from a mudflat in Basse-Normandie (“Estuaire de l’Orne”). The core surface was then 

wreathed in order to be uniform as best as possible on the whole surface. The cores were placed in a 

tidal mesocosm able to simulate a high/low tide alternation every 6 hours in order to simulate 

immersion and emersion phases. A night and day alternation (18h/6h) was applied with adapted 

neon lights, with a light intensity of 1200-2000 μmol photons m2.s-1. Each of these sediment series 

was tested during 2, 6 or 9 days continuous treatment. 

2.2 Pigments extraction and analyses 

Sediments samplings were performed at days 3, 6 and 9 during diurnal emersion periods in 

order to access respectively the latency, growth and stationary phases of the biofilm (Sutherland et 
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al., 1998; Orvain et al., 2003). The first upper cm of the sediment was sampled and mixed, and fresh 

sediments were weighted.  After 3 days in an oven at 60°C weights measurements were also done to 

obtain the water content of the sediment. Microphytobenthos biomass was assessed by measuring 

the chlorophyll a (Chl a) content following the Lorenzen’s method (Lorenzen, 1967). Chloropigments 

was extracted from 200 mg freeze-dried sediment subsamples with 90% acetone solution for 24 h at 

4°C in the dark. After centrifugation (5 min, 2000 g), fluorescence of the supernatant was measured 

using a TD-700 Fluorometer (Turner Design, USA) before and after acidification (HCl 0.3 M for 1 mL 

of supernatant). Total Chl a and pheopigments were calculated according to Lorenzen’s equations. 

Microphytobenthos physiological state measurements as well as photosynthetically active biomass 

measurements have been done using a Pulse Amplified Modulator fluorometer (PAM, Walz-Mess 

und Regeltechnik, Deutschland). 

2.3 EPS and NH4
+ extraction and analyses 

EPS extraction was done immediately after sampling and sediment mixing on unfrozen 

sediments (Takahashi et al., 2010). In order to obtain the colloidal EPS, a 20 mL fresh sediment 

subsample was mixed with 20 mL of Artificial Sea Water (ASW 30 Practical Salinity Units), agitated 

during 1 hour at 4°C in dark conditions and then centrifuged at 3500 g and 4°C for 10 min. The 

supernatant containing colloidal EPS was collected and stored at -20°C. In order to extract the bound 

EPS fraction, a 20 mL of ASW and ~3 g of activated Dowex (Marathon C, activated in Phosphate 

Buffer Saline for 1 h in the dark) was added to the cap. The samples were mixed gently at 4°C for 1 h 

in the dark and then centrifuged at 3500 g and 4°C for 10 min. The supernatant containing bound EPS 

was collected and stored at -20°C. The Dubois’s method (Dubois et al., 1956) was applied to quantify 

the carbohydrate fraction with a using a UV-1700 Spectrophotometer (Shimadzu, Japan).The 

Bradford’s method (Bradford, 1976) was adapted to a luminometer LB940 Mithras (Berthold 

Technologies, U.S.A.) and permitted to quantify the proteic fraction of EPS. The first sediment 

centimeter was partly sampled and centrifuged in order to measure the ammonium amount in 

sediment interstitial water following the Holmes fluorometric method (Holmes et al., 1999).  

2.4 Rapid light response curves (RLCs) 

Sediment chlorophyll a fluorescence was measured using a Pulse Amplitude Modulation 

(PAM) fluorimeter including a PAM -control unit and a WATER-EDF-universal emitter-detector unit 

(Walz, Effeltrich, Germany). This apparatus is equipped with a modulated blue light (LEDs with 

maximum emission at 450 nm), which serves as the same light source for the measuring beam, and 

the actinic and saturating lights. Irradiances were calibrated against a quantum sensor (LI-COR Li 190) 
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at a distance of 2 mm. A sediment mini-core (2 cm in diameter and depth) was taken from the 

mesocosm culture and place in a dark box where the PAM fiber optic probe is placed at a constant 

depth of 5 mm from the sediment surface. Replicated mini-cores were chosen randomly within the 

sediment core from the mesocosm culture. An estimation of the effective quantum yield of PSII 

(ΔF/Fm’) was measured few seconds after positioning the probe (Serôdio et al., 2008), by applying a 

saturating flash of 800 ms at around 3800 µmol photons m −2.s−1. RLCs were then constructed by 

exposing the MPB biofilms to eight steps of increasing irradiance without prior dark acclima tion 

(around 70, 100, 150, 220, 310, 430, 710, 1050 µmol photons m−2.s−1). The duration of the irradiance 

steps was 30 s. Each experimental day, four replicates of each treatment were randomly performed 

in turn. The relative electron transport rate (rETR) was calculated at each level of irradiance, as the 

product of the effective quantum yield of PSII and the delivered irradiance: rETR = ΔF/Fm’ × E. ETRmax, 

alpha et Ek have been calculated following the model of Eilers and Peeters (1988) in case of 

photoinhibition:  

 

𝐸𝑇𝑅 = 𝐸/(𝑎𝐸2 + 𝑏𝐸 + 𝑐) 

𝐸𝑇𝑅𝑚𝑎𝑥 = 1/(𝑏2 + 2 × √𝑎 × 𝑐) 

𝛼 = 1 𝑐⁄  

𝐸𝑘 = 𝐸𝑇𝑅𝑚𝑎𝑥 𝛼⁄  

 

A matlab procedure has been applied to search for the best non-linear regression providing 

estimates of ETRmax, α and Ek by using the Nelder-Mead simplex method. 

2.5 Erosion experiment 

Erosion tests were executed using the ERODIMETER, a small-scale (1.20 m long, 8 cm wide 

and 2 cm high) straight transparent flume (Le Hir et al., 2007b). For each sampling day, 4 cores were 

sampled preserving their surface integrity and were placed by 2 into the flume (2 experiments per 

condition). Each sediment sample was directly transferred from a cylindrical core to the bottom of 

the flume (Le Hir et al., 2008). Sediment cores have been submitted to a controlled flow in a 15L 

water close-circuit. After an initial flow during 15 minutes, an increasing flow was applied every 5 

minutes (32 successive levels) using a pump with a variable frequency drive (Fig. 1). The induced bed 

shear stress has been calibrated by eroding well-sorted non-cohesive particles and direct 

confrontation to the Shields threshold criterion (Le Hir et al., 2007a; Guizien et al., 2012). Flow 

discharge and differential pressure were also continuously recorded between upstream and 

downstream the sediment samples. The Bed Shear Stress (BSS) was calculated following the method 

by Guizien et al. (2012) to take into account for the differences in bottom roughness between 
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treatments by using a differential pressure gradient. The erosion parameters were measured by 

estimating the fine particle amounts in the water using a nephelometric probe (NTU), and estimating 

the Chl a concentration in the water using a fluorescence probe.  

 
Figure 1: Schematic representation of the ERODIMETER flume 

2.6 Water sampling 

A duplicated volume of 0.5L was filtered at 4 different flow levels for measuring SPiM and Chl 

a (see 2.4. SPiM data were used do determinate the erosion features of the different conditions. At 4 

frequency levels corresponding to 0.166, 0.582, 1.195, 1.852 Pa (friction force), water was sampled in 

order to evaluate Chl a and suspended particulate inorganic matter (SPiM). In order to determine the 

SPiM content, two subsamples per level were sieved and passed through weighed and dried glass-

fiber filters (Whatman GFC), washed with  distilled water to avoid salt errors, packed in petrislides 

(Millipore, USA), and immediately stored at -20°C before analyses. The filters were dried in an oven 

at 50°C during 72 hours, and then during 4 hours at 450°C to estimate the organic content of 

resuspended material (SPoM). From the Total SPM and SPiM, the Inorganic fraction was calculated 

(SPiM).  For Chl a biomass measurements, two subsamples were sieved and passed through a glass-

fiber filter (Whatman GFC), fold and put in a tube at -20°C before analyses. The Chl a content of the 

sediment was extracted in 90% acetone during 24 h in the dark at 4°C. After short centrifugation, the 

chlorophyll extracts were measured on a Turner Designs TD 700 fluorometer (USA) following the 

method of Lorenzen (1967) and expressed as content (μg.g-1 sediment) for the spring sampling. 

2.7 Calculations and statistical tests 

Fluorescence data were calibrated upon filtered Chl a concentration to be converted upon 

the basis of the most appropriate calibration curve (Fluorescence versus Chl a). Fluorescence data 

were also corrected to account for the dilution effect of sampling process, since 2 L of water was 

sampled for filtration at 4 successive steps all along the erosion experiment and the quantity of 
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filtered water was added to adjust the whole volume in the system. The rate of erosion of the chl a 

was deduced from the time derivative of the fluorescence curve, after calibration and correction for 

dilution effects. The mass of eroded Chl a was computed as the product of Chl a concentration (µg.L-

1) by the water volume (15 L), divided by this sediment area (2 × (π × 0.045) in m2. Among the 18 

experiments, data of 1 experiment was not considered because of equipment failure. Erosion kinetics 

were analysed to determine the critical threshold for erosion by determining the intersection point 

with X-axis when drawing a regression line between Chl a (averaged for each flow step) versus log 

(U* +1): chl 𝑎 = A × log(U∗ +  1)  +  B, where U* is the shear velocity (in m.s-1). The critical value of 

BSS for erosion is calculated by converting the one of shear velocity u* and by using the usual 

formulation between u* and 𝜏𝑓, the BSS : 𝜏𝑓 𝑐𝑟𝑖𝑡 =  𝜌. µ𝑐𝑟𝑖𝑡
2. The best regression line was retained 

and erosion rate was determined by considering only flow steps, for which the critical BSS was 

reached. For the concerned data, the rate of erosion was deduced from the time derivative of the Chl 

a curve, after calibration. Erosion rates (g.m-2.s-1) were assessed at each step (after erosion incipient 

point) as the slope between the eroded chl a (i.e chl a converted in µg.m-2) and Δt the time interval 

between each chl a concentration record (1 sec). The averaged erosion rate was calculated from the 

different values calculated per step. 

Because nephelometric probe was less sensitive in the first erosion levels and problems 

caused by the presence of sand in the water at high flow regimes, turbidity data were not used for 

estimation of resuspension fluxes. Sediment erodability parameters were estimated by following the 

same procedure than for chl a but calculations relied on the filters SPiM data. Erosion kinetics 

calculation and representation were done using Matlab (Mathworks, USA).  

GLM were performed using Minitab (Minitab inc., USA) in order to compare the results 

regarding to the sampling day and sediment mixture type, followed by post-hoc Tukey tests. Data 

were transformed when normality of distribution could not be verified. Principal Components 

Analyses (PCA) using the R package ADE4 (R-project) were used to identify the global effect of both 

mixture type and biofilm age on sediment resuspension. 

3. Results 

3.1 Sediment analyses 

Results showed a significant difference between the benthic chl a concentration regarding to 

the sediment mixture and to the sampling day, but there was an absence of effect of the interaction 

between the 2 factors (Table 1). The sandier mixture (Mixture 3) was characterized by a lower chl a 

biomass than the 2 other mixtures. Even if the biomass was relatively stable from day 3 to day 9 for 



Chapittre V : Relations sédiment/âge du biofilm et remise en suspension du MPB 

99 
 

the mud (Mixture 1) and sandier mixtures, the intermediate mixture (Mixture 2) was characterized 

by an increase of the biomass between the days 3 and 6, reaching the biomass level of the mud 

mixture at day 6. We must mention that the diatom biofilm growth for pure mud should be very fast 

(less than 3 days in fact, since the biomass was steady at a high level already at the sampled day 3). 

Water content varied regarding to the mixture type, increasing with the mud proportion increase, 

but stayed stable regarding to the day factor.   

Carbohydrate content of colloidal EPS fraction differed significantly as a function of sediment 

mixture (Table 1), the amount of EPS increasing with the mud fraction (Fig. 2D). These EPS did not 

vary significantly as a function of the day of experiment (Table 1). For the bound EPS fraction, the 

carbohydrate content varied significantly as a function of the mixture with a larger amount for pure 

mud than for the 2 other mixtures. However the amount of carbohydrate from this fraction did not 

differ significantly at day 9 for all mixtures, with a significant effect of interaction between the 2 

factors (Table 1). Indeed there was also a change in the carbohydrate amount of bound EPS (Fig. 2C) 

as a function of sampling days, with a significant decrease in the mud and an increase for the 

intermediate and sandier conditions between days 6 and 9. These two mixtures did not show 

significant differences either in the mixture or days of sampling. The protein component of colloidal 

EPS (Fig. 2B) varied significantly depending on the mixture (Table 1), with a higher proportion in the 

mud than for the two other mixtures in which the difference was not significant. The protein content 

of bound EPS (Fig. 2A) varied significantly depending on the mixture, but surprisingly this was the 

intermediate mixture (75%/25% of sand and mud, respectively) that showed the highest values. 

Protein content of bound EPS ranged from 0.061 to 0.082 mg.gDW-1 (for the sandier to the 

intermediate mixture respectively), with the intermediate value of 0.075 for the pure mud. This 

amount did not change significantly as a function of the day factor except for the mud between days 

3 and 9. 

For EPS standardized by chl a, the protein content of bound fraction (Fig. 2E) decreased from 

day 3 to day 6 for the two sand-mud mixtures while it increased from day 6 to day 9 for the pure 

mud, reaching 8 mg EPS.µg chl a-1 at day 9 for all mixtures. The standardized protein amount of 

colloidal fraction (Fig. 2F) varied significantly as a function of mixture and day. It decreased in pure 

mud and sandier mixtures between day 6 and 9, but these two mixtures were characterized by 

higher amounts of these EPS than the intermediate mixture. Standardized carbohydrates of the 

bound fraction (Fig. 2G) differed as a function of mixture, day and the interaction of both. It 

decreased between the days 3 and 6 and remained stable between day 6 and 9 for pure mud, and 

inversely for the intermediate mixture. It increased continuously within the sandier mixture between  



 

100 
 

Table 1: General linear model testing the relative effect of the mixtures and day of sampling as well as their interactions for the variables measured on the cores, the 
erodibility characteristics, the photosynthetic parameters obtained with the PAM fluorometer, and the filtered values of Suspended Inorganic Matter (SPiM en mg.m-2) 
obtained from the erodimeter. Significance of the statistical results is given by asterisks (* = p<0.05, ** = p<0.01, *** = p<0.001). 

Variable Mixture M1 vs M2 M1 vs M3 M2 vs M3 Day D3 vs D6 D3 vs D9 D6 vs D9 Mixture*Day 
τcrit (Chl a) 25.21***  *** *** 0.47    2.48 
Flux (Chl a) 3.28    0.78    0.93 
τcrit (SPiM) 1.72    11.88**   ** 26.29*** 
Flux (SPiM) 15.89*** *** **  13.40** **   20.78*** 
Prot. colloidal EPS 83.04*** *** ***  3.95*   * 2.22 
Prot. colloidal EPS (std) 11.40*** ***  ** 7.69**  **  0.41 
Prot. bound EPS 96.10*** *** *** *** 7.59***  ** ** 1.64 
Prot. bound EPS (std) 15.37*** *** **  5.55** **   3.77** 
Carb. colloidal EPS 38.23*** *** *** ** 0.38    2.33 
Carb. colloidal EPS (std) 3.23    1.40    1.25 
Carb. bound EPS 63.42*** *** ***  17.74***  *** *** 8.67*** 
Carb. bound EPS (std) 32.84*** *** ** *** 9.00***  ** *** 6.47*** 
Water content 80.67*** *** *** *** 2.69    1.13 
Benthic Chl a 39.00***  *** *** 7.22** * **  2.01 
F0 4.59*   * 5.62**   ** 0.34 
Yield 43.66*** *** *** *** 88.51***  *** *** 15.19*** 
ETR max 2.03    0.69    2.06 
Alpha 2.65      11.67***   *** ** 3.56* 
Ek 3.02      1.74       1.95 
Filtered SPiM 1.55    0.49    0.75 
Water Chl a  2.66    0.26    0.02 
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Figure 2: EPS fractions measured at the sediment core surfaces for the different sampling days. ABCD represent the different fractions (proteic and carbohydrate) of 
bound or colloidal EPS. EFGH represent the different fractions (proteic and carbohydrate) fractions or bound or colloidal EPS normalized by the Chl a biomass. I: Chl a as a 
function of time in the top first cm of the sediment. J: Water content as a function of time in the top first cm of the sediment. K: Physiological state of the biofilm as a 
function of time. L: Active biomass of the biofilm as a function of time. 
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the days 3 and 9. Standardized carbohydrates of the colloidal fraction (Fig. 2H) showed no significant 

differences regarding to mixture or sampling day. There was an increase in NH4
+ concentration from 

porewater between day 6 and 9 for pure mud (Fig. 3). Intermediate mixture showed a slight decrease 

of NH4
+ concentration between days 3 and 6 reaching a null concentration at day 6, whereas the 

sandier mixture showed null concentrations for all days.  

 

Figure 3: NH4 interstitial sediment water content (µg.L-1) as a function of time. 

3.2 Photosynthetic parameters and rapid light response curves (RLCs) 

The index of Photosynthetic Active Biomass (F0) was found to differ regarding to the sampling date 

and to the sediment mixture type (Table 1), being stable in time for the sandier mixture, decreasing 

between day 3 and 6 and then increasing between days 6 and 9 for the 2 other mixtures. The higher 

values were found for the intermediate mixture, reaching 360.95 at day 9 (Fig. 2L). The autotrophic 

biofilm was active with high values at day 3 for pure mud and intermediate mixture, but the biofilm 

was inactive during the 6 first days of the survey for the sandiest mixture. However, there was a 

slight increase of F0 value at day 9 for this mixture. The physiological state of microalgae given by the 

fv/fm ratio varied regarding to the sediment mixture type and the sampling day, decreasing for all 

mixtures between day 3 and 9 (Fig. 2K, Table 2). The mud mixture showed better fv/fm values than 

the 2 other conditions. 

Table 2: Estimates of the parameters of the model of Eilers and Peeters (1988) fitted to the ETR versus PAR 

curves. 

Mixture Day Fv/Fm ETRmax α Ek 
1 3 0.73 ± 0.01 561.06 ± 43.13 0.56 ± 0.04 1098.48 ± 145.67 

6 0.73 ± 0.01 571.94 ± 57.35 0.53 ± 0.01 1080.01 ± 126.87 
9 0.71 ± 0.01 564.66 ± 93.36 0.52 ± 0.02 1094.32 ± 138.69 

2 3 0.71 ± 0.01 524.74 ± 19.96 0.57 ± 0.02 928.10 ± 50.79 
6 0.73 ± 0.01 571.94 ± 57.35 0.53 ± 0.01 1080.01 ± 126.87 
9 0.66 ± 0.02 601.70 ± 63.41 0.51 ± 0.03 1190.56 ± 185.35 

3 3 0.72 ± 0.00 545.80 ± 16.50 0.57 ± 0.01 966.09 ± 28.29 
6 0.68 ± 0.02 559.30 ± 54.03 0.55 ± 0.03 1017.93 ± 114.15 
9 0.64 ± 0.01 482.08 ± 9.23 0.50 ± 0.02 960.18 ± 40.51 



Chapittre V : Relations sédiment/âge du biofilm et remise en suspension du MPB 

103 
 

The initial slope of the RLC (α) is a measure of the light harvesting efficiency of 

photosynthesis and the asymptote of the curve, the maximum rate of photosynthesis (ETRmax), is a 

measure of the capacity of the photosystems to use the absorbed light energy (Marshall et al., 2000). 

The mixture type had no simple significant effect on α parameter, but the latter decreased as a 

function of the biofilm age and also the interaction between both factors (Table 1). The decrease of α 

as a function of culture age was more pronounced for the sandiest mixture (Fig. 4). Neither mixture 

type nor biofilm age had a significant effect on other parameters (ETRmax and Ek). 

 
Figure 4: Rapid light response curves (RLCs) of the relative electron transport rate (rETR) of sediment core 

microphytobenthos (MPB) biofilms grown under 1200 -2000 μmol photons m2.s-1 intensity. RLCs were run with 

30-s light step increments. The curves were constructed using the Eilers and Peeters (1988) model. 

3.3 Effect of biofilm age and mixture on erosion 

Erosion kinetics of chl a concentration (Fig. 5) showed relatively low differences between 

replicates, excepted for the sandier mixture (Mixture 3) , for which the two replicates did not show 

high mass erosion flux. Concerning chl a biomass, the erosion was characterized by higher critical 

erosion threshold as a function of the sand content of the mixtures, and higher erosion rate for the 

Mixture 3 (Table 3). The pure mud is thus more  
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Figure 5: Erosion kinetics of chl a eroded (µg.m-2) as a function of time (s). M = 
Mixture, D =Day. Each curve represents a replicate of simultaneous 2 cores erosion. 
Water samplings have been done at τ = 0.166, 0.582, 1.195, 1.852 and have been 
symbolized by short lines on top of the graphs.  

Table 3: Flux for chl a (mg.m2.s-1) and SPiM (g.m2.s-1), and critical erosion 
thresholds “τ” (Pa). 

Mixture Sampling day Flux (Chl a) τ crit (Chl a) Flux (SPiM) τ crit (SPiM) 
1 3 6.81 0.65 2.26 1.15 

6 4.77 0.46 0.20 0.60 
9 6.74 0.63 0.21 0.53 

2 3 5.73 0.91 0.13 0.60 
6 1.52 0.58 0.01 0.81 
9 9.45 0.67 0.17 1.07 

3 3 30.15 1.52 0.07 0.54 
6 32.31 2.48 0.04 0.58 
9 12.28 1.33 0.97 1.08 
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favorable for precocious erosion, while chl a erosion rates seem to be lower for mud compared to 

sandier sediments (but this effect of sediment type is not significant because of a high variability 

between replicates in some cases). Erosion rates were clearly more subject to variability than critical 

thresholds. For instance, two replicates of the sandier mixture (Fig. 5, M3D6 and M3D9) did show an 

absence of chl a erosion while high erosion fluxes were obtained for the other replicate.  In the latter 

cases, the critical thresholds were not transcended by the applied bed shear stress in the erodimeter. 

For chl a erosion, mixture and biofilm age had no significant effect on mass erosion threshold (Table 

1), and biofilm age had neither effect on erosion critical threshold (Table 1). There was an effect of 

mixture on chl a τcrit (Table 1). For the SPiM, there were no significant differences between the 

mixtures regarding to the erosion critical thresholds, but the interaction between the 2 factors was 

significant. There were high values of critical threshold at the beginning of the survey for pure mud 

(1.15 Pa) and they showed a slight decrease at day 6 and 9, while the 2 sandy mixtures showed low 

values of critical threshold that progressively increased during the culture (1.07 and 1.08 Pa for 

mixtures 2 and 3 respectively). There was a significant increase between day 6 and 9 for Mixtures 2 

and 3 (Table 1). Chl a erosion rate variation differed regarding to the different conditions (Fig. 2). Type 

I erosion can be detected by an achievement of chl a kinetic to an asymptotic plateau after less than 

5 minutes at a given bed shear stress. For the pure mud, there was type I erosion decreasing before 

the end of kinetics or reaching a second state of erosion corresponding to type II erosion.  The 

intermediate mixture was characterized by the 2 types or erosion at day 3 and 9 but only type 1 

erosion on day 6. The extent of chl a variation was similar for the pure mud and intermediate 

mixture. The sandier mixture was characterized by type 2 erosion whatever the bed shear stress. 

A PCA was applied to sediment and erosion variables measured (Fig. 6), and only the two first 

components were retained, explaining 67.15% of the total inertia. The correlation circle (Fig. 6A) 

showed that chl a, water content and EPS colloidal fraction were well represented on the 1st axis, 

explaining 49.13% of the total inertia. Chl a τcrit and erosion rate were well represented on the 1st axis 

too, anti-correlated with the previous variables. SPiM τcrit and flux were well represented on the 2nd 

axis explaining 18.02% of the total inertia. These variables were closely and positively related to the 

carbohydrates of the EPS bound fraction. The scatter-plot of individuals (Fig. 6B) showed a clear 

difference between the experimental conditions, which were merged into three groups 

corresponding to the 3 tested mixtures. Pure mud appears to be mostly characterized by higher 

values for all EPS extracts except EPS bound (p), whose values were higher for the intermediate sandy 

mixture. The sandier mixture is characterized by higher chl a erosion thresholds and erosion rate. 
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Figure 6: Principal component analyses realized on the different biological and physical variables. Tau = Critical 

erosion threshold, Flux = Mass erosion flux, (p) = proteins, (c) = carbohydrates, fv/fm = physiological state of 

the biofilm). 

4. Discussion 

4.1 Development and physiological state of the biofilm 

There was a clear effect of mixture on Chl a biomass of the sediment, the sandier mixture 

being characterized by a lower Chl a biomass. Under natural conditions, cohesive sediments are 

known to be colonized by epipelic diatoms (Admiraal et al., 1994). On the contrary, in regions 

characterized by higher hydrodynamic stress, epipsammic species live attached to sediment grains. In 

this study, the diatom inoculum that was added to the sediment mixture came from an estuarine 

mudflat and they were composed of epipelic species assemblage. Since there was no hydrodynamics 

in the water tank we used for this experiment, this observation shows that epipelic diatom 

communities are less adapted to sand-mud mixtures. This assumption is confirmed by the lower 

fv/fm ratios found for the 2 sand-mud mixtures. A higher permeability of the sediment reduces the 

accumulation of regenerated nutrients in the pore water (Ehrenhauss et al., 2004), thus 

microphytobenthos development could be limited in the sandier mixture. This observation is in the 

line of observations made by van de Koppel et al. (2001).  

The absence of NH4
+

 between day 6 and 9 for the intermediate mixture and its absence for 

the sandier mixture lead to a nutrient limitation, affecting negatively the fv/fm ratio for these two 

sand-mud mixture. Photo-biology of the biofilm is driven by nutrients and light and nutrient 

availability were not the same for all mixtures since the light was a controlled factor to be constant 
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between treatments. The decrease of α as a function of culture age was more pronounced for the 

sandier mixture (Table 1). Moreover, the mud mixture showed higher fv/fm values than the 2 other 

conditions. For these reasons, photobiology of the biofilm was likely to be affected after some days 

by the sand content of the sediment and this effect must be related to the decrease of water content 

and the rarefaction of nutrient (especially ammonium concentration of porewater that clearly 

disappeared from porewater). However, the fv/fm ratio was higher than 0.6 at all occasions (this 

critical value being considered as an index for nutrient depleted microalgal cells), so that benthic 

diatoms was rather affected by nutrient limitation than a strong stress due to total disappearance of 

a nutrient. The light harvesting efficiency of photosynthesis decreased as a function of the biofilm 

age, also indicating a possible loss of nutrients as a function of time and biofilm growth.  

Colloidal EPS (in terms of carbohydrate as well as protein composition) confirm the interacted 

effects of sand enrichment and culture age affecting the photobiology. For the pure mud, the level of 

secreted colloidal EPS remained high all along the survey. The sandiest mixture was clearly the 

sediment with the lowest colloidal EPS amounts. Even though EPS losses must be amplified in sand 

because of a higher EPS hydrolysis and/or washaway, benthic diatoms must also secrete less colloidal 

EPS in sand, likely because of a decrease of photosynthesis efficiency caused by a nutrient stress. 

Smith and Underwood (1998) clearly showed that there is a direct linkage between photosynthesis 

and the metabolic pathway of colloidal EPS secretion. Contrary to Orvain et al. (2003) or Staats et al., 

2000b), no overflow metabolism apparent even in the pure mud (maybe because the diatom culture 

was not long enough). 

4.2 Sediment cohesiveness and MPB biofilm development: Role of bound EPS fraction 

There was a clear relationship between the mud fraction of the sediment and the Chl a 

biomass of the sediment. Since the MPB inoculums came from mudflats, it was natural to obtain a 

better growth of epipelic diatom in pure mud. On field sediments, species composition of benthic 

diatoms often differs substantially because species are better adapted to one substrate than other 

substrates (Round, 1991). However, after 6 days of experiment, the biomass levels of mixture 2 were 

not significantly different from the pure mud condition, probably indicating: (i) a decrease of the 

growth rate with the sand content and (ii) a physiological adaptation of the diatoms to live in this less 

appropriate sediment. The fv/fm decreased during the experiment because of nutrient limitation (at 

least NH4
+ as revealed by its rarefaction), and this effect was more pronounced for sand that cannot 

retain porewater and its nutrients. However, the proteic fraction of bound EPS was more secreted for 

the intermediate sand/mud mixture. Zetsche et al. (2011) have shown that proteins associated with 

the bound EPS fraction appeared to vary with the effect of EPS on permeability, with higher levels of 
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EPS leading to a decrease of sediment permeability. Lubarsky et al. (2010), have shown that protein 

fraction of the EPS plays a crucial role for adhesion/cohesion of the substratum. The higher levels of 

bound EPS in Mixture 2 were probably secreted in order to decrease the permeability and to better 

resist to unfavorable substrate, thus creating a photosynthetically active biofilm. This could explain 

that chl a biomass reached a high level after 6 days, in spite of the presence of sand. Protein fraction 

of bound EPS is probably involved in the pioneering stages of biofilm development (Orvain et al., 

n.d.), explaining their higher production - when normalized by Chl a biomass - in mixture 2 and 3 at 

day 3, and then their decrease to a normal production rate at day 9 for all mixtures.  

4.3 Mixture and biofilm age effect on resuspension phenomenon 

A significant effect of biofilm age on resuspension was found in this experiment in terms of 

physical sediment thresholds for the two sand mixtures. This result is in agreement with those of 

Sutherland et al. (1998), Droppo et al. (2007) or Lubarsky et al. (2010), who found that the biofilm 

age influenced the erosion characteristics by increasing erosion threshold during the growth stage of 

the biofilm. Consolidation processes alone is supposed to affect positively the sediment critical 

erosion threshold, but the compaction effect appears mostly almost in the first days (Stone et al., 

2008). The days 3, 6 and 9 of culture may correspond to the phases of the biofilm growth stage, while 

biofilm mostly affect biostabilization during lag (positive effect) and senescent (negative effect) stages 

of its development. As a consequence, the critical erosion threshold was higher at day 3 than for the 

other days for pure mud, as observed by Lubarsky et al. (2010). The higher τcrit (SPiM) for Mixture 1 at 

day 3 confirms the fact that initial lag stage must be determinant for stabilization of the bed (an 

increase of water content could then make diminish the critical threshold). These results have to be 

taken with caution since significant differences in growth times and microbial diversity between 

samples may appear (Droppo et al., 2007), underlining the difficulty to quantify a definitive critical 

bed shear stress for erosion based on biofilm age alone. The sediment settling process probably acts 

in favor of the increasing τcrit (SPiM) within the days of experiment for mixtures 2 and 3.  

Besides the biofilm age effect on resuspension phenomenon, this study clearly showed that 

sediment composition modifies significantly erosion resistance, with a higher τcrit (SPiM) between 25% 

and 50% of sand content after 9 days of consolidation. The mud fraction therefore determines the 

sediment behaviour and the erosion law to be applied; however, the erosion flux of any class of sandy 

or muddy types is always proportional to the mass fraction of this class in the surface sediment. 

These results are in agreement with those of (Mitchener and Torfs, 1996), who tested 3 sand-mud 

mixtures (100% mud, 89% mud and 50% mud) and found that the greater sediment τcrit (SPiM) was 

found for the 50/50 mixture. They estimated that the maximum τcrit (SPiM) occurred between 30 and 
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50% mud content. The formula established by (Ahmad et al., 2011) also confirms this observation, 

with a maximum in the τcrit (SPiM) achieved at 50 percent of sand. Panagiotopoulos et al. (1997) found 

increased τcrit (SPiM) values with greater mud fractions when adding mud to pure 152.5µm sandy 

sediment from 0 to 50% mud. These results illustrate the interest of studying mixtures instead of pure 

mud or pure sand sediment, mixtures being able to behave like cement, thus enhancing erosion 

resistance or at least decreasing resuspension potential. The dynamic bed armouring mentioned by 

(Le Hir et al., 2011) explains the fact that the sand layer at the sediment surface is easily 

resuspended, but a large number of sand grains immediately settle, limiting or preventing the 

resuspension of underlying sediment, reducing significantly erosion rates. Thus sand-mud mixtures 

may have less erosion resistance than pure cohesive sediments, but erosion rates are lower because 

of this dynamical bed armouring.  

The carbohydrates content within the EPS colloidal fraction were well related to the water 

content of the sediment.  Because of their solubility in water, de Winder et al. (1999) hypothesized 

that they may disappear as soon as the tide comes in and therefore contribute only to a limited 

extent to sediment stability. On the contrary, they pointed out that the carbohydrates content within 

the EPS bound fraction may play a prominent role in the sediment grain cohesion. In this experiment, 

carbohydrates of the EPS bound fraction clearly explain variations in SPiM critical thresholds. 

Hydrophilic colloïdal EPS are related to the water content, thus explaining that they are not 

implicated in biostabilization. The adhesion properties of carbohydrates of the EPS bound fraction are 

directly responsible for biofilm establishment and thus biostabilization of the surface sediment. 

Wigglesworth-Cooksey et al. (2001) confirmed that the diatom matrix extracellular carbohydrate 

polymer is largely responsible for sediment stabilization and that soluble polymer implied in diatom 

motility plays no part in the sediment stabilization process. Our results are in agreement with the 

previous with the bound carbohydrates playing a predominant role in sediment erosion thresholds, 

which depend on the total amount of bound carbohydrates in the top layer. The Dowex extraction 

allow to better target the EPS implicated in biostabilization, as shown also by Gerbersdorf et al. 

(2009). These EPS appear to be well related to the erosion critical thresholds for every condition, with 

the higher concentrations corresponding to the respective higher erosion critical thresholds 

observed.  

For the first time, τcrit (SPiM) and τcrit (chl a) were clearly differentiated for sand/mud mixtures. 

Concerning the chl a erosion, the more the sediment is rich in chl a the more biofilm that forms 

detaches quickly. Thus, the biofilm formation for pure mud results in an earlier detachment (with low 

τcrit (chl a)). Conversely, in sand mixtures the biofilm formation is more difficult and erosion of chl a is 
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also more difficult, happening for higher erosion thresholds. The biofilm constitutes a more labile 

armoring for pure mud, whereas sand enrichment increases chl a erosion thresholds. The sand 

vertical segregation of the sediment, along with vertical distribution of epipelic diatoms, must be the 

main factor responsible for the differences observed between Chl a and SPiM erosion. 

5. Conclusion 

In this study we aimed to clarify the respective roles of biofilm age and mixtures effect on 

resuspension phenomenon. Between 3 and 9 first days of biofilm development, biofilm age did 

significantly affect erosion critical thresholds for Chl a resuspension, and affected those of SPiM for 

sand-mud mixtures during biofilm growth. This experiment highlighted the difference between Chl a 

and SPiM erosion characteristics which differ between treatments, biofilm being able to be eroded 

before sediment, when they are well constituted (especially in pure mud). Sediment resuspension 

seemed to be mostly driven by physical constraints like differential compaction and vertical sand 

segregation as a function of mud content. Proteins of the EPS bound fraction appear to have a critical 

role in the pioneering stages of biofilm installation, allowing its formation in a less favorable 

environment by increasing cohesion and lowering sediment permeability. Carbohydrate content of 

the bound EPS fraction was directly related to the sediment erodability, independently from mixture 

type or biofilm age. This reveal the relative complexity of bound EPS heteropolymers, with different 

properties associated to protein and carbohydrate composition of this EPS matrix. Sediment mixture 

composition impacts biofilm shaping by providing a more or less favorable habitat for MPB, leading to 

differences in MPB biomass between mixtures. However, mixture composition seems to be the main 

factor involved in resuspension phenomenon, with an optimum reached near a equilibrate ratio 

between mud and sand. Pure mud allowed rapid growth of epipelic diatoms, but was also favorable 

to early erosion of the biomass due to the rapid formation of the biofilm and its higher fragility. 

Paradoxically, sand enrichment makes decrease the chl a erodability (higher critical bed shear stress 

and lower erosion flux). The formation of a biofilm in sand mixtures is possible through the high 

production of bound EPS and its composition in proteins, which consolidates the biofilm. The sandy 

sediments are therefore more stabilized by bound EPS than pure mud. The biofilm being less well 

established, it would need a high depth mass erosion to successfully pull the diatoms. The dynamic 

sand layer process and its protective effect evoked by Le Hir et al. (2011) have certainly explained the 

difficulty to erode chl a that is associated with the muddy fraction that is located deeper. Thus, sand 

enrichment is unfavorable to the epipelic diatom growth, as well as to their exportation to the water 

column via erosion. This explains well field observations made by Ubertini et al. (2012), since chl a 
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exportation in the water column was detected in the muddiest areas of the ecosystem in Bay des 

Veys (Normandie, France). 
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Résumé 

L'érodabilité du sédiment intertidal varie selon différents facteurs physiques, chimiques et 

biologiques. Par le processus de bioturbation, la macrofaune benthique peut déstabiliser les 

sédiments, induisant des événements de remise en suspension dans la colonne d'eau. Même si 

l'hydrodynamique (courants, vents) est considéré comme le premier facteur impliqué dans la remise 

en suspension de la chl a benthique, la bioturbation peut avoir un rôle important dans ce processus à 

l'échelle d’une baie. La coque Cerastoderma edule est un bivalve suspensivore largement distribué 

sur la majeure partie des côtes européennes. L’effet de la bioturbation par C. edule sur la remise en 

suspension des sédiments a été étudié par plusieurs auteurs, aboutissant à des conclusions 

différentes quant à son effet stabilisateur ou déstabilisateur net sur les sédiments. L'équilibre entre 

la stabilisation directe et indirecte peut dépendre du comportement de la coque et des 

concentrations alimentaires, qui peuvent dépendre tous deux de la contrainte de cisaillement au 

niveau du sédiment. Cette étude vise à clarifier le rôle de C. edule dans le phénomène de remise en 

suspension, y compris son effet sur le biofilm sous contrôle hydrodynamique. Un canal benthique, 

l’érodimètre, a été utilisé pour contrôler précisément la contrainte de cisaillement "τ", les seuils 

critiques d’érosion et les flux érosifs au sein d’un mélange sablo-vaseux enrichi en diatomées 

benthiques. Le dispositif a été amélioré afin de mesurer l’état physiologique du biofilm et la 

microtopographie de la surface sédimentaire avant et après l'érosion. Un suivi de la bioturbation par 

des mesures d’actographie a également pu être mené au cours du cycle d'érosion. Cette expérience 

nous a permis de caractériser le comportement et la capacité de C. edule à exporter de la chl a dans 

la colonne d'eau. L’adduction des valves semble être le principal facteur impliqué dans la remise en 

suspension des sédiments de masse et de la chl a associée. La chl a exportée était dépendante de la 

biomasse de coques. En l'absence de courant, les fortes biomasses de coques induisent une 

croissance accrue du microphytobenthos. Paradoxalement, sous l’influence de l’hydrodynamisme, la 

bioturbation des coques à des biomasses élevées accroît l'exportation de la chl a vers la colonne 

d'eau, montrant l'importance potentielle de C. edule en tant qu'ingénieur écosystémique dans les 

écosystèmes marins côtiers, capable à la fois de stimuler la production et l'exportation de MPB vers 

la colonne d’eau. 
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Abstract page 

The erodibility of the intertidal sediment varies with different physical, chemical and 

biological factors. Through bioturbation activities, benthic macrofauna can destabilize the sediment, 

leading to resuspension events in the water column. Even if hydrodynamics (currents, wind) are 

considered as the first factor implicated in benthic chl a resuspension, bioturbation may have a 

significant role in this process at a bay scale. The common cockle, Cerastoderma edule, is a filter-

feeding bivalve which is widely distributed along most of European coasts. Bioturbation effect of C. 

edule on sediment resuspension has been studied by some authors, leading to different conclusions 

about its net stabilizing or destabilizing effect on the sediment. The balance between direct 

stabilization and indirect stabilization may depend on the cockle behavior and food concentrations, 

which may depend both from the bed shear stress. This study aimed to clarify the role of the cockle 

C. edule in resuspension phenomenon, including its effect on biofilm under hydrodynamic control. An 

Erodimeter flume was used to precisely control bed shear stress “𝜏”, critical erosion thresholds and 

erosion flux of relative fraction in mixed sediment enriched in benthic diatoms. The device was 

improved with multiple features in order to measure physiological state of the biofilm and 

µtopography of the sediment surface before and after erosion, and a bioturbation monitoring 

through actography measurements during the erosion cycle. This experiment allowed us to 

characterize the behavior and the ability of Cerastoderma edule to export chl a in the water column. 

Valve adduction appeared to be the main factor involved in the mass resuspension of the sediment 

and associated chl a. The exported chl a was dependant from cockle biomass. In the absence of 

current, high cockle biomass enhanced microphytobenthic growth. Paradoxically, cockle bioturbation 

at high biomasses also enhance exportation of MPB to the water column under hydrodynamics, 

showing the potential importance of C. edule as an ecosystem engineer in coastal ecosystem, able to 

both stimulate MPB production and export this production to the water column. 
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Introduction 

For a long time disregarded or ignored, the key role of benthic macrofauna in biogeochemical 

cycles and in benthic-pelagic coupling is now well recognized (Lohrer et al., 2004) and integrated in 

ecosystem modeling (Schiffers et al., 2011). Through bioturbation activities, benthic macrofauna can 

destabilize the sediment (Pillay et al., 2007b; Soares and Sobral, 2009), leading to resuspension 

events in the water column. The erodibility of the intertidal sediment varies among different 

physical, chemical and biological factors. In fact, the balance between biostabilisation and bio-

destabilisation is controlled by sediment properties, diatom biofilms through exopolysaccharides 

production (EPS) (Tolhurst et al., 2002; Consalvey et al., 2004; Spears and Saunders, 2008) as well as 

physical armouring (Tolhurst et al., 2003), and benthic macrofauna (Orvain et al., 2004). The 

distinction between stabilizer and destabilizer species is not obvious since almost all benthic 

organisms have a high diversity of bioturbatory mechanisms (Jumars and Nowell, 1984). For example 

lugworms Arenicola marina burrow the sediment and defecate at the sediment surface, creating an 

erodible biogenic fluff layer (as defined by Orvain et al., 2012), but secrete mucus that sticks grains 

on the burrow walls (Kristensen, 2001). Bioturbation activity is defined recently by Kristensen et al. 

(2012) as all transport processes carried out by animals that directly or indirectly affect sediment 

matrices. These processes include both particle reworking and burrow ventilation. These authors 

classified bioturbators in 4 groups as a function of their bioturbation type: biodiffusors, upward 

conveyors, downward conveyors and regenerators. These activities may reduce erosion thresholds 

and increase erosion rates at the water-sediment interface (Willows et al., 1998). Quantification of 

the resuspension impact is difficult due to the spatio-temporal variability of macrofauna species and 

densities at an ecosystem scale. However, even if hydrodynamics (currents, wind) are considered as 

the first factor implicated in benthic chl a resuspension (De Jonge and Van Beusekom, 1995), 

bioturbation may have a significant role in this process at a bay scale (Ubertini et al., 2012).  

The common cockle, Cerastoderma edule, is a filter-feeding bivalve which is widely 

distributed along most of European coasts (Rueda et al., 2005). High densities make this mollusk 

predominant in terms of biomass is some ecosystems (Beukema, 1976; Ubertini et al., 2012). 

Bioturbation effect of C. edule on sediment resuspension has been studied by some authors, leading 

to conclusions about a destabilizing effect (Ciutat et al., 2006, 2007; Neumeier et al., 2006; 

Montserrat et al., 2009). Andersen et al. (2010) did not observe a significant effect of densities of C. 

edule for undisturbed sediment, and attributed that result to the fact that previous studies were 

carried out on manipulated sediment in lab, inducing increased bioturbation of the cockles. These 

studies did not take into account the size or age of the cockles; however for equivalent biomasses 

adult cockles may have different effects on sediment erodibility (de Montaudouin, 1997). Moreover, 
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bioturbation activity has to be related to microphytobenthos (MPB) biofilms which are present on 

the field. MPB can stabilize the sediment by EPS production, and the bioturbation activity by C. edule 

can both indirectly stimulate MPB through nutrient support (Lindström Swanberg, 1991) or directly 

destabilize the sediment through valve adduction and burrowing (Flach, 1996). There is also a 

biogenic matrix that is created when the cockle displacements handle the sediment surface around 

their burrows, with similar effects than for Scrobicularia plana even if the nature of the biogenic 

matrix is different (biodeposits for S. plana and tracks due to active movements for the cockle). The 

balance between direct stabilization and indirect stabilization may depend on the cockle behavior 

and food concentrations, which may be mediated both by bed shear stress. In fact, C. edule is 

responsible for increasing bed roughness through bioturbation and increased bed shear stress due to 

active valve adduction (Ciutat et al., 2007). 

Macrofauna is able to control the microphytobenthic biomass and thus controls indirectly its 

production by maintaining low biomasses (Blanchard et al., 2001). Feedbacks between bivalve 

grazing and phytoplankton production has been reviewed by Prins et al. (1998), showing that the 

phytoplankton reduction and concomitant biodeposition may lead to increase benthic mineralization 

and thus nutrient availability for primary producers. The feedbacks processes may exist within the 

benthic environment (although not shown yet), since many species of the macrozoobenthic 

community feed on microphytobenthos but can also increase resuspension (Taghon et al., 1980; 

Nowell and Jumars, 1987). As a consequence, low biomasses are maintained both by direct feeding 

and indirect exportation by a mediation of resuspension processes. These 2 processes could favor 

primary production by facilitation processes. Sediment manipulation by macrofauna through 

bioturbation can modify the sediment properties and nutrient redistribution by increasing nutrient 

release in the water column (Biles et al., 2002). Morever, microrelief due to bioturbation increases 

the sediment surface (Neumeier et al., 2006) and enhance microphytobenthic biomass. Cockles have 

been shown to modify the properties of the sediment by reducing the fine fraction mobilization, thus 

increasing the sand-mud ratio of the sediment (Montserrat et al., 2009). The resulting sediment was 

less propitious for microphytobenthic development, and led to lowering erosion thresholds.  

This study aimed to clarify the exact role of the cockle C. edule in resuspension phenomenon, 

including its effect on biofilm under hydrodynamic control. An erodimeter flume was used to 

precisely control bed shear stress “𝜏”, in order to accurately evaluate critical erosion thresholds and 

erosion flux of relative fraction in mixed sediment. The device was improved with multiple features in 

order to measure physiological state of the biofilm and microtopography of the sediment surface 

before and after erosion, and a bioturbation monitoring through bioturbation activity recording 
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during the erosion cycle. C. edule was expected to have a negative effect on both sediment stability 

and a positive effect on physiological state of the biofilm as a function of its biomass. 

Materials and Methods 

Cockle Substrata and biofilm preparation 

 A sediment mixture has been prepared from natural sediments coming from the Baie des 

Veys (Normandy, France), consisting in 50% mud / 50% sand. This ratio was chosen as a good habitat 

for the cockle C. edule which was mostly found in those sediment types (Ubertini et al., 2012). In 

order to eliminate the macrofauna naturally present and shell fragments, the sediments have been 

dried, rehydrated, and then sieved using a 1 mm mesh size. Sediment was then dispatched in 

eighteen 20 cm diameter cores, with a depth of 20 cm. At each core, a well-defined cockle density 

was introduced. All individuals were measured and ranked per class (<5mm, 5-9mm, 9-14mm, 14-

20mm for juveniles and 25-30mm for adults), and an equal number of individuals was selected to 

have an average size set to a constant value for adults and juveniles, by respecting a homogeneous 

multi-class distribution. Due to the patchy distribution of cockles within the cores, there was a 

different distribution between the mesocosm cores and erodimeter sub-cores. Thus, at the end of 

the erosion sequency, individual exact biomass present in the core were measured. Different 

densities of macrofauna were tested by differentiating the juveniles and adults (Table 1), in order to 

determine the effect of density and age of the cockles on the sediment and associated MPB 

resuspension in the water column. Each condition was tested twice (2 replicate experiments), with a 

total of sixteen experiments combining the effects of stocking density and age plus two controls 

without cockles were tested. A MPB inoculum was prepared with epipelic diatoms collected on a 

mudflat (La Rochelle, France). The latter was extracted from its originating sediments and mixed with 

the prepared mixture of controlled and defaunated sediment. This enriched mixture was put down 

within the first top cm of the cores. The core surface was then wreathed in order to be uniform as 

best as possible on the whole surface. The cores were placed in a tidal mesocosm able to simulate a 

high/low tide alternation every 6 hours in order to simulate one immersion diurnal phase and 

emersion nocturnal phases. For this, a night and day alternation was applied too with adapted neon 

lights, with a light intensity of 250-300 μmol photons m2.s-1 at the core surface. Each core was 

submitted to seven days in mesocosm i) for the MPB to create a biofilm at the surface, and being 

active during its exponential growth stage (Sutherland et al., 1998; Orvain, Le Hir, et al., 2003) ii) for 

the cockles to create their micro-environment, take a natural position in the sediment and get used 

to their new habitat. The temperature was set at 14°C, a temperature corresponding to spring 

season. 
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Pigments extraction and analyses 

Sediments samplings were done for each core after 7 days during diurnal emersion period. 

The first upper cm of the sediment was sampled and mixed, and fresh/freeze dried weight 

measurements were done to obtain the water content of the sediment. MPB biomass was assessed 

by measuring the chlorophyll a (Chl a) content following the Lorenzen’s method (Lorenzen, 1967). 

Chloropigments were extracted from 100 mg freeze-dried sediment subsamples with 90% acetone 

solution for 24 h at 4°C in the dark. After centrifugation (5 min, 2000 g), fluorescence of the 

supernatant was measured using a TD-700 Fluorometer (Turner Design, USA) before and after 

acidification (HCl 0.3 M for 1 mL of supernatant). Total Chl a and pheopigments were calculated 

according to Lorenzen’s equations.  

EPS extraction and analyses 

EPS extraction was done immediately after sampling and sediment mixing (Takahashi et al., 

2010). In order to obtain the colloidal EPS fraction, a 20 mL fresh sediment subsample was mixed 

with 20 mL of Artificial Sea Water (ASW 30 Practical Salinity Units), agitated during 1 hour at 4°C in 

dark conditions and then centrifuged at 3500 g and 4°C for 10 min. The supernatant containing 

colloidal EPS was collected and stored at 4°C. In order to obtain the bound EPS fraction, a 20 mL of 

ASW and 1 g of activated Dowex (Marathon C, activated in Phosphate Buffer Saline for 1 h in the 

dark) was added to the cap. The samples were mixed gently at 4°C for 1 h in the dark and then 

centrifuged at 3500 g and 4°C for 10 min. The supernatant containing bound EPS was collected and 

stored at 4°C. The Dubois’s method (Dubois et al., 1956) was applied to quantify the carbohydrate 

fraction using a UV-1700 Spectrophotometer (Shimadzu, Japan).The Bradford’s method (Bradford, 

1976) was adapted to a luminometer LB940 Mithras (Berthold Technologies, U.S.A.) and permitted to 

quantify the proteic fraction of EPS. Sediment was partly sampled and centrifuged in order to 

measure the ammonium amount in sediment interstitial water following the Holmes fluorometric 

method (Holmes et al., 1999). 

Photosynthetic parameter monitoring 

For each sampling day, one core was sampled preserving its surface integrity and directly 

transferred from a cylindrical core to the bottom of the flume used for erosion experiments (Le Hir et 

al., 2008). Before and after each of the erosion experiments, several measures were done on the sub-

core used for erosion (Fig. 1). Firstly, variable chlorophyll a (Chl a) fluorescence was measured using a 

Pulse Amplified Modulation (PAM) Chlorophyll fluorometer (Walz Imaging Pam, IMAG-CM). 

Fluorescence was excited by a very weak (non-actinic) modulated 470 nm light beam. After 2 
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minutes dark-adaptation, continuous actinic light of adjustable intensity was applied for rapid light 

curves establishment: the irradiance was gradually increased from 0 to 700 µmol photons⋅m−2.s−1 

through 8 steps of 10 s each (0, 20, 55, 110, 185, 280, 395, 700 µmol photons m−2.s−1). 800 ms pulses 

of saturating blue light (2800 µmol photons⋅m−2.s−1) were used in order to monitor the evolution of 

maximal fluorescence during actinic light exposure at the end of each light step and 8 values of F and 

Fm’ were obtained. F corresponds to the fluorescence, ranging from F0 which is defined as the 

 
Figure 1: Additional devices used with the ERODIMETER 

minimum fluorescence and Fm’ which is defined by the maximum fluorescence. The relative electron 

transport rate (rETR) was calculated at each level of irradiance, as the product of the effective 

quantum yield of PSII and the delivered irradiance: rETR = ΔF/Fm’ × E. The photosynthetic 

parameters ETRmax, alpha et Ek have been calculated following the Webb et al. (1974) model. The 

fluorescence quenching parameters NPQmax, n and E50 have been optimized with the equation of 

Serôdio and Lavaud (2011). At the end of erosion sequence, new measures PAM fluorometry were 

performed to assess the effect of cockles and hydrodynamics on both biofilm photosynthetic 

parameters. The method for producing maps of photosynthetic methods from Imaging PAM data 

comprised a first analysis of the color degree (grey intensity) for each pixel of the 8 pictures obtained 

for F and F’
m. The color index was then converted in F and F’m data by using the averaged value given 

by the IPAM device. The first step of treatment was performed by JC Duchêne’s home-made 

programs (using MicrosoftC software), while the second step was performed by F. Orvain’s home-

made programs that were developed using the Matlab software. 
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Microtopography 

Secondly, a high resolution scan of core surface topography was done over a central 5*5 cm 

central area, with a horizontal resolution of 200 µm*200µm, using a laser telemeter (Sick OD80), 

attached under a set of motorized cross tables (401XR Parker Hannifin precision linear positioners 

with 5mm ball screw, connected to ViX500 Microstepper Indexer Drives with XL-PSU power supplies, 

providing a 1.25 µm precision). The telemeter signal was sent to an Analog Device acquisition board 

(PCI-6220 with NiDaq driver), converted to voltage and processed by a set of programs and drivers 

(MTOPO program, for MicroTOPOgraphic program, written in Microsoft C# by J.C. Duchêne). This 

allowed precise positioning of the scan and computation of a surface topography. This surface was 

defined as the vertical deviation of the core surface from an average horizontal plane measured at a 

15 µm vertical resolution, and core roughness was the square root of the variance of the core 

topography. At the end of erosion sequence, new measures of micro-topography were performed to 

assess the effect of cockles and hydrodynamics on sediment topography.  

Erosion procedure 

Erosion tests were performed using the erodimeter (University of Caen), a small-scale (1.20 

m long, 8 cm wide and 2 cm high) straight transparent flume, allowing us to apply a controlled flow in 

a 15L water close-circuit (Le Hir et al., 2008).  

 

Figure 2: Schematic view of the erodimeter with the additional glass feature (University of Caen). 

An additional feature was added to the flume with a transparent glass over the core, allowing 

camera recording during the erosion phase (Fig. 1). Then, the glass window was locked and the 

device was filled with filtered sea water. Every flume experiments were done at noon, after the 6 

hours of an emersion phase with artificial lights. After an initial flow during 15 minutes, an increasing 

flow was applied every 5 minutes (32 successive levels) using a pump with a variable frequency drive 
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(Fig. 2). Hydraulic stress was relatively small (in the range 0 to 2.5 Pa) to avoid erosion mass, in order 

to identify spatial patterns of sediment and MPB biofilm characteristics after surface erosion caused 

by bioturbation. The induced bed shear stress has been calibrated by eroding well-sorted non-

cohesive particles and direct confrontation to the Shields threshold criterion (Le Hir et al., 2008; 

Guizien et al., 2012). 

Bed Shear Stress (BSS) was calculated following the method of Guizien et al. (2012) to take 

into account the differences in bottom roughness. Flow discharge, turbidity and Chl a were 

continuously recorded. The erosion was measured by estimating the fine particle amounts in the 

water using a nephelometric probe (NTU), and estimating the Chl a concentration in the water using 

a fluorescence probe. Because nephelometric probe was less sensitive in the first erosion levels, only 

fluorescence was used for estimation of resuspension fluxes. A duplicated volume of 0.5L was filtered 

at 4 different flow levels for measuring SPiM and Chl a. Fluorescence data were calibrated upon 

filtered Chl a concentration to be converted upon the basis of the most appropriate calibration curve 

(Fluorescence versus Chl a). Fluorescence data were also corrected to account for the dilution effect 

of sampling process, since 2 L of water was sampled for filtration at 4 successive steps all along the 

erosion experiment and the quantity of filtered water was added to adjust the whole volume in the 

system. Chl a fluorescence data were converted in µg.L-1 by using a calibration linear curve (R² = 

0.866) with direct confrontation to raw filter measurements (described in the further section). The 

rate of erosion of the Chl a was deduced from the time derivative of the fluorescence curve, after 

calibration and correction for dilution effects (during water sampling). The mass of eroded Chl a was 

computed as the product of Chl a concentration (µg.L-1) by the water volume (15 L), divided by this 

sediment area (π × 0.045) in m2. Among the 18 experiments, data of one experiment was not 

considered because of equipment failure. Erosion kinetics were analysed to determine the critical 

threshold for differentiating the two erosion phases: (1) Surface fluff layer erosion  and (2) general 

bed erosion [see Orvain et al. (2003b) and Orvain (2005) for a more detailed description of the 

erosion phases]. The first incipient point of fluff layer erosion was considered as the point at which a 

significant increase in SPM between two incremental velocity steps was obtained (the u* value of the 

corresponding velocity step was used). The critical threshold for fluff layer erosion was determined 

using a statistical test which compared the means of incremental steps (n = 70) between two SPM 

data sets (significant at p<0.05). The second critical threshold for bed erosion was determined by 

using the intercept with X-axis when drawing a regression line between Chl a (averaged for each flow 

step) versus log (U* +1): Chl 𝑎 = A × log(U∗ +  1)  +  B, where U* is the shear velocity (in m.s-1). 

The critical value of BSS for erosion is calculated by converting the one of shear velocity u* and by 

using the usual formulation between u* and 𝜏𝑓, the BSS : 𝜏𝑓 𝑐𝑟𝑖𝑡 =  𝜌. µ𝑐𝑟𝑖𝑡
2. The best regression line 
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was retained and erosion rate was determined by considering only flow steps, for which the critical 

BSS was reached. For the concerned data, the rate of erosion was deduced from the time derivative 

of the Chl a curve, after calibration. Erosion rates (g.m-2.s-1) was assessed at each step (after erosion 

incipient point and by differentiating the two erosion phases too) as the slope between the eroded 

Chl a (i.e Chl a converted in µg.m-2) and Δt the time interval between each Chl a concentration record 

(1 sec). The averaged erosion rate was calculated from the different values calculated per step. 

Analysis sequency 

During the erosion sequence (Fig. 3), bioturbation activity was recorded by actographic 

techniques (Maire et al., 2007a, b; Duchêne, 2012). A high resolution video sensor recorded images 

(IDS uEye, fitted with a 25 mm lens, with a resolution of 2560 x 1920 pixels) assembled into an Avi 

film. A Microsoft C# program, AviExplore, written by J.C Duchêne, cropped the image to the field 

dimension and processed the images to create maps of activity. Variables associated with physiology 

of the MPB biofilm and topography of the sediment were mapped, enabling to acquire accurate 

measurements of bioturbation activity, movements and feeding behavior of the cockles. 

 

Figure 3: Summary of the erosion sequency used for this experiment 

At 4 frequency levels corresponding to 0.075, 0.166, 0.352 and 0.582 Pa (friction force), 

water was sampled in order to evaluate Chl a and suspended particulate inorganic matter (SPiM). In 

order to determine the SPiM content, two subsamples per level were sieved and passed through 

weighed and dried glass-fiber filters (Whatman GFC), washed with  distilled water to avoid salt 

errors, packed in petrislides (Millipore, USA), and immediately stored at -20°C before analyses. The 

filters were dried in an oven at 60°C during 72 hours, and then during 4 hours at 450°C. For Chl a 

biomass measurements, two subsamples were sieved and passed through a glass-fiber filter 

(Whatman GFC), fold and put in a tube at -20°C before analyses. The Chl a content of the sediment 

was extracted in 90% acetone during 24 h in the dark at 4°C. After short centrifugation, the 

chlorophyll extracts were measured on a Turner Designs TD 700 fluorometer (USA) following the 

method of Lorenzen (1967) and expressed as content (mg.m2 sediment). 
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Statistics 

Data of chl a and EPS were log-transformed before performing a Covariance analysis 

(ANCOVA) to detect 1)  any if therewas a biomass effect on the studied variable and 2) if the biomass 

effect (considered as the covariable) was different between the 2 different cockles ages (juveniles 

and adults). Concerning EPS the same treatment was performed but an arcsinus transformation was 

required to obtain the residual normality (checked by a Levene test). Homoscedasticity was verified 

too (by using an F-test). Correlation tests were also performed to compare the sediment variables. 

Paired t-tests were used to compare variations of mean variables before and after the erosion 

sequence. The 3D-vizualization of the Imaging-PAM stacked maps have been done with the software 

Sufer (Golden Software, USA). 

Results 

Sediment analysis 

There were no different trends between colloidal and EPS fractions (in terms of 

carbohydrates as well as protein contents) as a function of cockle biomass. Water content did not 

differ significantly as a function of biomass or age of individuals (F1.44 = 1.71, p = 0.198 for biomass 

and F2.44 = 0.47, p = 0.498 for the age effect, Fig. 4A). A significant relationship was found between 

both EPS carbohydrate and protein contents with the sediment water content. The increasing cockle 

biomass had a significant effect (F1.50 = 6.56, p <0.05) on the chl a concentration of sand-mud 

substrate, showing that cockle bioturbation enhanced the microphytobenthic biofilm development in 

absence of currents in the tidal mesocosm (Fig. 4B). A positive effect of cockle age on the slope of the 

relationship between chl a concentration and cockle biomass was also observed (F2.50 = 3.02, p 

<0.05). The relative colloidal and bound EPS fraction kinetics did not show any difference with 

factors. Neither cockle biomass nor cockle age did explain variations in measured values of EPS 

carbohydrates (respectively F1.12 = 0.26, p = 0.623 and F2.12, P = 0.939, Fig. 4D). 
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Figure 4: Sediment parameters as a function of cockle biomass measured before erosion. A: Water content 

(%); B: Chl a (g.m-2); C: Total EPS proteins normalized by chl a (mg EPS.mg chl a-1); D: Total EPS carbohydrates 

normalized by chl a (mg EPS.mg chl a-1). 

Erosion experiments 

Adults and juveniles showed differences regarding to the eroded chl a, with adults releasing 

more than twice the amount of chl a compared to the juveniles, and this difference was more 

pronounced at the end of the experiments, especially with the highest cockle biomass, for which a 

mass Type II erosion occurred with a low critical threshold for mass erosion. Erosion kinetics were 

characterized by both type 0 (biogenic matrix) and type II (mass) erosion for adults, with an observed 

mass chl a erosion. For the two highest biomass conditions, erosion kinetics were characterized by 

early surface erosion reaching an asymptotic plateau of the eroded mass when the shear stress 

increased (typical of type 0 ‘biogenic matrix erosion’). After a very pronounced incipient point, the 

surface erosion was followed by mass erosion with lower thresholds than for other conditions. No or 

low erosion (even with low negative values in one case) was obtained in the absence of macrofauna 

(control condition). Conversely to adult conditions, juvenile kinetics did not show type II mass erosion 

but only type 0 erosion. Between 0 and 5% of the algal biomass contained in the sediment was 

exported to the water column after surface erosion caused by cockle bioturbation. When mass 
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erosion was not observed, we considered that the critical thresholds were higher than the bed shear 

stress range that was tested during the experiments. 

 

Figure 5: Water chl a concentration as a function of time for both “Adults” and “Juveniles” conditions. 

Replicates are represented by the same color, and respective biomasses have been indicated on each side of 

the curves. C: artificial sea water; ABD: filtered sea water. 

Table 1: Core cockle biomasses and associated chl a critical erosion thresholds. 

Age Biomass (g.m-2) Surface erosion (Pa) Mass erosion (Pa) 

Adults 772 0.138 0.792 
809 0.025 1.324 
914 0.969 1.567 

1246 0.007 1.230 
1654 0.108 overestimated 

Juveniles 46 0.095  
101 2.653  
211 0.289  
287 0.315  
288 0.119 0.622 
380 1.823  
811 0.978  

Control 0 1.231  
0   
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Figure 6: 3D view of the MPB resuspension kinetics as a fonction of the cockle biomass and time. The 

different conditions are colored. 

Critical thresholds were not related to sediment chl a, water content or EPS content (p>0.05). The 

presence of cockles modified the sediment roughness, thus modifying the shear velocities on the bed 

(Fig. 6). Juveniles presence modified the bed roughness resulting in higher 𝑈∗, to a larger extent than 

adult individuals (Fig. 7). No size-dependent or density-dependent functions were found because of 

too small scale of the study. 

 
Figure 7: Shear velocity versus flume velocity as a function of cockle presence/absence. 
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Bioturbation activity 

 Biomass and bioturbation activity were well related (R2 = 0.79). A positive correlation was 

observed between topography of the sediment and eroded areas, independently from both biomass 

and activity (Fig. 8). Thus, physical structures created by cockles were preferentially eroded (Fig. 8). 

The eroded surface increased as a function of cockle biomass (Fig. 8).  

  
Figure 8: Spatial correlation between eroded surface and 1) topography (left panel) or 2) cockle biomass (in g 

AFDW, right panel). P <0.01 for all correlations. 

Before erosion experiments, during water rising in the flume, cockles did react to the rising level of 

the seawater by burrowing in the sediment through valve adduction. Such a behavior must occur in 

nature as well. During the erosion sequences, valve adduction intensity showed different stages, with 

lagging periods followed by high intensity periods characterized by high frequency peaks. In all 

conditions, we can see that the first high intensity period is followed by a leap in shear velocity (Fig. 

7). The adult burrowing behavior through valve adduction led to increasing shear velocity and 

lowering critical erosion threshold. This phenomenon was not observed for the “Juveniles” condition 

(Fig. 8), where that behavior was not observed during the experiments. The burrowing behavior of 

adult individuals digged a hole in the sediment, thus modifying roughness of the latter (Fig. 9); such a 

behavior was not observed with juveniles. Activity matrix (Fig. 9) showed accentuated activity in the 

siphon region for adult condition, putting in evidence the active filtration of cockles during the 

experiment. At high densities (30 and 60 individuals), juveniles were responsible for huge sediment 

reworking, resulting in a disturbed surface. The sediment reworking was not the same for adults, 

with a more “sedentary behavior” during the 7 days of installation. In fact, a few tracks were 

observed within the mesocosm cores. 
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Figure 9: Intensity of biological activity as a function of time. The shear velocity has been represented by a red 

curve scaled on the second axis. The 2 replicates with 4 adults are not showed because of absence or death of 

individuals within the sub-cores. U* could not be calculated for Adults 2, replicate 1. 
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Figure 10: Intensity of biological activity as a function of time. The shear velocity has been represented by a 

red cure scaled on the second axis. U* could not be calculated for Juveniles 30, replicate 1. 
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Physiological activity 

Before erosion, F0 was low in the area above the cockle individuals and was higher at the edge of the 

cockle burrows (Fig. 11). After erosion, F0 decreased in the same area where high erosion was 

observed, but systematically increased on the borders of the buried hole (Fig. 11). As a result, the 

averaged mean F0 within the cores increased during the erosion experiment in presence of cockles. 

Meanwhile, both physiological state and α decreased during the erosion experiment (Table 2). These 

tendencies were significant for Yield and α values within the control condition, and for α values 

within the adult condition.  

Table 2: Mean values of the variables mesured within the 5*5 cm area. 

  µtopobef µtopoaft F0bef F0aft Yieldbef Yieldafter Alphabef Alphaaft 

Adults Mean 23.981 22.189 1.373 1.506 0.603 0.530 0.546 0.278 
 SD 1.242 2.400 0.415 0.900 0.029 0.112 0.284 0.197 
Juveniles Mean 23.452 22.112 1.375 1.489 0.649 0.562 0.599 0.459 
 SD 0.352 1.415 0.188 0.230 0.034 0.034 0.038 0.119 
Control Mean 23.650 22.887 1.538 1.688 0.648 0.566 0.438 0.367 
 SD 0.313 0.331 0.466 0.241 0.071 0.007 0.180 0.056 
 

Table 3: Paired t-test executed on variables mesured within the 5*5 cm area (*p-value<0.05, **p-

value<0.01,***p-value<0.001).  

Δ before-after erosion  µtopo F0 Yield Alpha 

Adults T-value 3.78* -1.48 1.58 6.12*** 
Juveniles T-value 60.25** -0.30 1.50 0.81 
Control T-value 3.47* -1.91 11.23*** 3.96** 
 

Cockles versus biofilm 

The photosynthetic parameters before erosion did not rely on the erosion of the sediment; 

however, the areas characterized by a higher F0 seemed to be less eroded than the others (Fig. 12). 

There was a negative spatial correlation between erosion and the different photosynthetic 

parameters after erosion when considering biomass or bioturbation activity (Fig. 12). After erosion, 

F0 levels were negatively correlated to the eroded surfaces, and did not depend on the biomass or 

bioturbation activity but on the presence of cockle bioturbation. Moreover, the 2 controls did not 

show the same trends. The same negative correlation was observed for the Yield and α, and was 

more pronounced for higher biomass and bioturbation (Fig. 12). 
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Figure 11: 3D view of the adult condition photosynthetic parameters, topography and cumulative activity for 

an experiment. A2-1 has been chosen as representative of the general observation made in this study. 
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Figure 12: Spatial correlation between eroded surface 1) and photosynthetic parameters before erosion (left 

panel) 2) and photosynthetic parameters after erosion, as a function of biomass or bioturbation activity 

(right panel). P <0.01 for all correlations. 

 

Figure 13: Percentage of the benthic chl a eroded by the cockle (as a function of biomass) 

The percentage of chl a eroded before mass erosion was related to the cockle biomass (Fig. 13) by a 

linear relationship (R2 = 0.5871). 

Discussion 

Cockle active and passive enhancement of both shear velocity and erosion thresholds. 

During this experiment, cockles were responsible for huge surface bioturbation, leading to 

increased roughness of the bed. Cockle shells are responsible for increasing bed shear stress 

(Quaresma et al., 2007), and bioturbation intensity increased this phenomenon. Ciutat et al. (2007) 

did observe increased sediment resuspension as a function of cockle density, but did not observe a 
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significant erosion threshold decrease with cockle density. Our experiment put in evidence that both 

biomass and age/size were the most reliable variables related to mass erosion thresholds, with type 

I/II erosion systematically reached for adults. The glass rooftop allowed us to quantify valve 

adduction during the erosion kinetics, showing that shear velocity increased suddenly in return. 

Valve adduction is a natural response to depth, light, temperature, particulate matter, food 

availability, predator interactions or metabolic rate (Rodland et al., 2008; Robson et al., 2009). We 

could not link valve adduction to suspended matter concentration in this experiment. However, we 

observed that this behavior enhanced shear velocity, creating positive feedback on sediment 

disturbance and resuspension. We suggest that in addition to the predictable behavior found by 

Ciutat et al. (2007), there are some periods with high frequency of valve adduction behavior, which in 

return leads to a systematical increase of shear velocity. Siphon related bioturbation activity was 

linked to a higher resuspension of sediment regarding to the eroded area, highlighting the effect of 

exhalent siphon in sediment resuspension. Even if the juvenile activity was lower than the adult 

activity, their presence or tracks resulted in an increased bed roughness compared to adults. 

However, the burrowing behavior of adults led to higher resuspension and lower critical 

resuspension thresholds than juveniles. Nevertheless, we did not found a density-dependence of 

critical thresholds for mass erosion (ca. 0.5 Pa), because of the uncertainty in bed shear stress 

determination, which ranged the same (Guizien et al., 2012). 

Evidence for cockle enhancement of MPB growth in absence of hydrodynamics 

The higher chl a concentrations found in presence of the highest biomasses of cockles put in 

evidence their role in biofilm fertilization. These results are in agreement with those of Lindström 

and Swanberg (1991), who found a stimulating effect of Cerastoderma edule on the 

microphytobenthos mediated by the release of nutrients, mainly NH4
+. Moreover, bioturbation 

activity linked to the biomass of cockles may increase water circulation within the superficial 

sediment, countering the dewatering due to the sand fraction (Ubertini et al., 2012) and thus 

favoring microphytobenthos development. It could be also explained by a simple sediment 

reworking. As a consequence the sediment reworking combined with nutrient availability mediation 

by the cockle C. edule stimulates microphytobenthos growth.  

Evidence for cockle enhancement of MPB growth under hydrodynamics 

If the biofilm stimulation was clear under influence of tidal cycle only (within the mesocosm), 

the erosion experiments results showed that MPB erosion increased under hydrodynamics. The F0 

biomass index increased during erosion, but both Yield and α decreased, showing that microalgae 
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biomass levels were higher but that their physiological state was affected. Moreover, for adult 

condition, a mean of almost 2 mm of sediment was eroded at the core surface, resulting in a higher 

chl a resuspension than control condition. Thus, the only way to obtain a higher microalgae biomass 

after erosion must be explained by their downward migration. Between the end of the low tide 

emersion and the beginning of the flow corresponding to the flume water filling, diatoms may have 

migrated downward the superficial layer of the sediment following their chronobiological rhythm 

(Serôdio et al., 1997). The superficial layer has been then eroded, discovering the diatoms in surface 

which had migrated before erosion. This explanation is comforted by the control condition, which 

was the only treatment with an observed significant decrease of the photosynthetic yield. In fact, 

diatoms have also migrated downward in this condition, and microalgae which have not migrated are 

in a less good physiological state, resulting in lower values of both Yield and Alpha. 

Cockle enhancement of MPB resuspension 

 There was a direct link between biomass of the cockles and MPB resuspension, confirming 

the role of C. edule in MPB exportation to water column observed by other authors (Ciutat et al., 

2006; Neumeier et al., 2006; Widdows and Navarro, 2007). This result are opposite to those of 

Andersen et al. (2010), who found an indirect stabilization effect of cockles on microphytobenthos by 

increasing the content of fine-grained sediments at the sediment surface. They suggested that the 

difference observed with previous authors could be due to a modification of bioturbation activity, 

caused by the manipulation of individuals. Two major effects can be identified, as already found by 

Orvain (2005) for the bivalve Scrobicularia plana: Firstly, an erosion of biogenic matrix with very low 

critical thresholds not depending for the biomass. Chl a fluxes were clearly dependent on 

bioturbation activity on the burrow edges, as shown by the good correlation between relief (created 

by shell) and spatial eroded areas location which coincided well. Moreover, the correlation increased 

with the degree of bioturbation, as shown by the good relationship between cockle biomass and chl 

a eroded before mass erosion. Secondly, there was an effect of cockles influencing directly the mass 

erosion thresholds. This effect was only seen for adult individuals because the range of bed shear 

stress tested were not too high in order to evaluate the sediment surface photosynthetic parameters 

after gentle surface erosion, and to stay in realistic conditions regarding to the natural bed shear 

stresses found in the environment (ca. 0.5 Pa). 

The present study showed an incontestable effect of cockles on MPB resuspension at local 

scale, cockles being acclimated to their environment for 7 days in a tidal mesocosm. Thus, the 

positive or negative effect of cockles on MPB resuspension may be related to the scale considered. 

Even if cockle bioturbation leads to destabilization of the sediment at local scale, the resuspension of 
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fine sediment could enhance MPB biomass at the scale of an entire bay, and thus the higher stability 

of the sediment observed by Andersen et al. (2010). Age and biomass of cockle can also explain the 

difference observed with the previous study. In fact, “Juvenile” treatment did show significant chl a 

resuspension only for one core (J6-2) in the range of bed shear stress tested by Andersen et al. 

(2010), between 0 and 1.5 Pa. Moreover, they measured SPM whereas the present study focused on 

chl a resuspension which can be resuspended without the underlying sediment (Orvain et al., 2004; 

Ubertini et al., 2012). The consumption of cockle as been demonstrated to induce chl a depletion in 

the water over the bed, at a height which decrease with current velocities (Widdows and Navarro, 

2007). Consumption of cockles was not calculated during this experiment, but siphon activity 

recording witnessed active filtering of adult individuals. However, net resuspension was higher than 

consumption of the cockles, since adult cockle condition was characterized by higher MPB 

resuspension. Compared to other species like Peringia ulvae or Scrobicularia plana, cockles were able 

to resuspend high quantities of chl a, especially considering that the sediment was not favorable to 

diatom growth (Ubertini et al., submitted). Through siphon and valve adduction activity, 

Cerastoderma edule could achieve a self-regulation of its food supply, as seen for mussels in other 

studies (van de Koppel et al., 2005; Widdows et al., 2009). This valve adduction activity may occur 

only in case of seston depletion in the water column.  

Conclusion 

This experiment allowed us to characterize the behavior and the ability of Cerastoderma 

edule to export chl a in the water column. Valve adduction appeared to be the main factor involved 

in the mass resuspension of the sediment and associated chl a. This typical behavior was only 

observed for adult individuals. The erosion rate of chl a did depend on cockle biomass during the 

surface erosion (type 0). In the absence of current, high cockle biomass enhanced microphytobenthic 

growth, which is probably favored by the increased patchiness. Paradoxically, cockle bioturbation at 

high biomasses also enhance exportation of MPB to the water column under hydrodynamics, 

showing the potential importance of C. edule as an ecosystem engineer in coastal ecosystem 

(Montserrat et al., 2009), able to both stimulate MPB production and exporting this production to 

the water column. The key role evidence of bioturbation effect on sel-organisation of biofilms is now 

highlighted. 
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Remise en suspension des diatomées benthiques et couplage benthos-pelagos 

La remise en suspension des diatomées benthiques est un phénomène majeur du couplage 

benthos-pelagos dans les écosystèmes estuariens (Underwood and Kromkamp, 1999; Porter et al., 

2010). La diversité des processus et compartiments impliqués dans cette remise en suspension induit 

un degré de complexité différent selon l’échelle spatio-temporelle considérée. La caractérisation et la 

hiérarchisation des variables impliquées est donc primordiale pour mieux définir la capacité de 

charge ou « carrying capacity » des écosystèmes côtier marins (Luckenbach and Wang, 2004), et ainsi 

assurer une gestion durable dans les écosystèmes conchylicoles.  

L’objectif de cette thèse était d’étudier le déterminisme de la remise en suspension des 

diatomées benthiques au travers du couplage-benthos-pelagos, en intégrant les différents 

compartiments physiques, chimiques et biologiques impliqués dans ce processus et leurs 

interactions. L’échelle considérée est susceptible de faire varier ces interactions ; en effet s’il est 

apparu récemment que les diatomées benthiques participent significativement au régime 

alimentaire des filtreurs (Lefebvre et al., 2009), la remise en suspension peut être de nature 

autochtone ou allochtone (Ubertini et al., 2012). Les processus d’advection doivent donc être pris en 

compte et nécessitent d’envisager la remise en suspension dans son contexte spatial  et comme un 

maillon de couplage benthos-pelagos. La remise en suspension dépend à la fois des interactions 

locales avec le sédiment et la macrofaune benthique (Orvain et al., 2004; Widdows et al., 2002) et 

des interactions avec des processus à plus large échelle que sont les courants tidaux ou le vent (de 

Jonge and Van Beusekom, 1995). A une échelle encore plus réduite, la micro-hétérogénéité des 

biofilms microphytobenthiques (Spilmont et al., 2011) permet une autorégulation de la production 

primaire qui est amplifiée par le stress physique (Weerman et al., 2010). Les interactions au sein du 

biofilm conditionnent également la remise en suspension des diatomées benthiques (Smith and 

Underwood, 1998). L’ensemble de ces échelles spatiales sont elles-mêmes imbriquées dans des 

échelles temporelles variées qui vont contraindre la remise en suspension à l’échelle d’un cycle tidal 

en termes d’hydrodynamisme et d’immersion-émersion (Orvain et al., 2012) comme à l’échelle 

interannuelle selon les années humides ou sèches (Grangeré et al., 2012). Au cours de cette thèse, 

nous avons démontré la pertinence de cette prise en compte multi-échelle de la remise en 

suspension des diatomées benthiques.  

Au travers de deux approches in situ et ex situ de la remise en suspension, nous avons 

employé différentes et techniques pour caractériser la remise en suspension 1) à l’échelle 

macroscopique et d’observation en intégrant les compartiments biotiques et abiotiques ainsi que 
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l’aspect saisonnier et 2) au niveau des processus en intégrant spécifiquement la macrofaune 

benthique, les paramètres sédimentaires et le biofilm microphytobenthique.  

Les processus de remise en suspension/bio-déposition dans l’écosystème 

Afin d’explorer la remise en suspension dans 

l’écosystème décrite dans les chapitres III & IV, nous 

avons adopté une approche multifactorielle 

englobant les compartiments benthiques et 

pélagiques simultanément, inédite par son emprise spatiale. Au sein d’un écosystème estuarien, la 

cartographie des habitats benthiques et pélagiques associée à l’étude des biocénoses benthiques et 

pélagiques nous a permis de mettre en évidence l’influence majeure de la macrofaune benthique 

dans le couplage benthos-pelagos. La bioturbation par la macrofaune benthique apparait donc 

comme décisive pour la remise en suspension des microalgues benthiques, à l’instar de la coque 

Cerastoderma edule, organisme clé du couplage benthos-pelagos en Baie des Veys (Ubertini et al., 

2012). Le rôle prépondérant de la macrofaune dans les échanges benthos-pelagos est directement lié 

à la saison, modifiant  la hiérarchie des facteurs physiques et biologiques impliqués dans la remise en 

suspension des diatomées benthiques au cours de l’année. Cette étude nous a également permis de 

de mieux comprendre les processus d’advection à l’échelle de l’écosystème, mettant en avant la 

nécessité de considérer les zones adjacentes en termes de relations trophiques et d'advection du 

MPB pour une gestion durable des écosystèmes conchylicoles. La contribution des diatomées 

benthiques à la croissance des bivalves filtreurs avait déjà été montrée dans des écosystèmes 

caractérisés par de la vase pure, mais elle apparait également être importante (entre 20 et 40% en 

année sèche) pour un écosystème caractérisé par des mélanges sablo-vaseux comme la Baie des 

Veys. Cette estimation pourrait être revue à la hausse pour les années humides (Grangeré et al., 

2012), renforçant la nécessité d’intégrer le processus de remise en suspension dans les modèles 

écosystémiques. 

 Si la remise en suspension du MPB contribue significativement au régime alimentaire des 

filtreurs cultivés dans les systèmes vaseux à sablo-vaseux, le processus de biodéposition semble être 

déterminant dans les écosystèmes sableux comme Lingreville-sur-mer. La biodéposition enrichit le 

sédiment en matière organique, contrôlant la production primaire benthique. La part que 

constituent les diatomées benthiques dans le régime alimentaire des filtreurs dans ce type 

d’écosystème est faible, ces derniers étant donc essentiellement alimenté par le phytoplancton ou 

les apports allochtones. La notion de capacité de charge intervient alors : un écosystème change 
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d’équilibre constamment en termes de biotopes et biocénoses, et ce en réponse à des facteurs 

internes et externes, biotiques et abiotiques. La faune et la flore fluctuent avec la disponibilité des 

ressources, la capacité de charge correspondant à l’état d’équilibre entre les ressources des 

consommateurs. Les écosystèmes côtiers ouverts cultivés sont susceptibles de dépasser leur capacité 

de charge si les sels nutritifs et producteurs primaires sont en quantité insuffisante par rapport aux 

mollusques cultivés (McKindsey et al., 2006). L’influence des années sèches/humides est donc 

d’autant plus forte pour les écosystèmes marins ouverts (Grangeré et al., 2012). La réduction de la 

capacité de charge des écosystèmes conchylicoles induit une compétition trophique accrue entre 

filtreurs sauvages et cultivés. L’exclusion marquée de suspensivores au niveau des structures 

conchylicoles dans les écosystèmes estuariens ou marins ouverts témoigne de la pression trophique 

exercée par les mollusques cultivés. Si les mollusques suspensivores sauvages ne profitent pas de la 

biodeposition induite par les mollusques cultivés, celle-ci profite aux déposivores de surface comme 

Nassarius reticulatus. Les mollusques suspensivores sauvages (tout comme les déposivores) sont en 

revanche succeptibles d’agir en tant que facilitateurs trophiques pour ces derniers via le processus de 

bioturbation. Celle-ci induit en effet une remise en suspension du sédiment et du MPB associé (voir 

section suivante), et enrichirait le compartiment pélagique en sels nutritifs. 

Le processus de remise en suspension à micro-et méso-échelle 

L’étude de la remise en suspension à l’échelle de 

l’écosystème nous a permis de mettre en avant des 

relations fortes entre composition sédimentaire et 

microphytobenthos, ainsi que l’importance de la coque 

pour la remise en suspension du microphytobenthos à l’échelle de l’écosystème. Le changement 

d’échelle par l’étude en mésocosme et en canal benthique décrite aux chapitres V & VI nous a permis 

d’explorer plus finement le rôle de ces variables sur la remise en suspension du microphytobenthos. 

La variabilité des mélanges sablo-vaseux influence la biologie du biofilm par des variations en termes 

de rétention d’eau, de compaction, de disponibilité des sels nutritifs (Ubertini et al., soumis, cf. 

Chapitre V). Cependant, nous avons mis en évidence que le MPB peut par l’intermédiaire de la 

production d’EPS s’adapter aux variations de substrat, et ainsi coloniser une large gamme de 

sédiments sablo-vaseux. Les EPS et particulièrement la fraction liée s’avèrent déterminants dans les 

processus de modulation de la perméabilité du substrat et de la cohésion entre les grains de 

sédiments. Ces EPS permettent la mise en place d’un biofilm productif même en cas 

d’enrichissement en sable, impactant de façon défavorable la production microphytobenthique. Les 

EPS colloïdaux ont souvent été reliées à l’érodabilité du substrat (Tolhurst et al., 2003), mais 
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semblent être plutôt liés au contenu en eau du sédiment et à la concentration en chl a. La 

composition biochimique de cette fraction explique bien son caractère hydrophile (Bellinger et al., 

2005; Hanlon et al., 2006; Pierre et al., 2012). Le biofilm de surface et le sédiment sous-jacent ont des 

seuils critiques d’érosion différents, et la sécrétion d’EPS liées associée aux mélanges sablo-vaseux 

semble permettre de stabiliser ces derniers jusqu’à les rendre plus résistants que des sédiments 

purement cohésifs. Nous sommes les premiers à observer un tel effet des EPS liées, peut être lié à 

une nouvelle méthode d’extraction optimisée (Takahashi et al., 2010). En effet la composition  

biochimique de cette fraction a été caractérisée (Pierre et al., 2012) et révèle la dominance du 

rhamnose parmi les monosaccharides, ce composé possédant des propriété gélifiantes d’adhésion 

(Zhou et al., 1998; Giroldo et al., 2003). L’érosion précoce du biofilm permet de protéger les couches 

de sédiment sous-jacentes pour les sédiments vaseux. De plus, le biofilm en surface peut être doté 

d’une certaine élasticité qui nécessite de revoir les protocoles de mesure d’érosion en présence de 

biofilm (Vignaga, 2012). En conséquence, les interactions avec la faune endogée doivent être 

correctement envisagées dans les études de remise en suspension des sédiments benthiques. La 

coque Cerastoderma edule, modifie la vitesse de frottement au niveau du sédiment de façon 

différentielle selon la taille des individus, les juvéniles modifiant de façon plus prononcée les surfaces 

sédimentaires par leur capacité de recouvrement par rapport aux adultes. Deux mécanismes 

interviennent au niveau de l’érosion : 1) la taille des individus est directement liée au comportement 

de bioturbation, les individus adultes induisant une érosion en masse du sédiment par des 

comportements violents d’adduction des valves, et 2) la remise en suspension induite par cet 

organisme est directement liée à sa biomasse (Fig. 19), et cette relation doit être affinée et appliquée 

à d’autres organismes afin de mieux évaluer les processus de remise en suspension. L’implication de 

la remise en suspension liée à la bioturbation dans le réseau trophique est structurante et nécessite 

donc d’être mieux appréhendée dans les modèles écosystémiques. 

Mieux intégrer la macrofaune benthique dans les modèles écosystémiques 

Les différents travaux menés durant cette thèse ont 

permis de mieux évaluer la remise en suspension du 

MPB en lien avec les différents compartiments 

impliqués. Il apparait de façon claire que 

l’hydrodynamisme est un facteur clé de la remise en suspension du MPB (de Jonge and Van 

Beusekom, 1995). Les fractions relatives des mélanges sédimentaires en sable et en vase induisent 

également une remise en suspension différentielle du MPB. Les vases sont plus propices à la 

croissance du MPB mais aussi à son exportation. Cependant, les tensions de frottement nécessaires 



Chapittre VII : Discussion générale et perspectives 

145 
 

pour la remise ensuspension du MPB (supérieures à 0.5 Pa) apparaissent lors d’épisodes de vagues 

ou de marées de vives eaux. Dans les mélanges sablo-vaseux majoritairement observés en Baie des 

Veys, le seuil critique d’érosion de la chl a devient très élevé (1 à 3 Pa), les flux d’érosion restant 

limités même en cas de dépassement de la tension critique. Dès lors, la macrofaune semble être un 

facteur clé et encore sous-estimé de par son impact sur une érosion quotidienne du MPB (effet de 

surface, matrice biogène). En effet elle permet - outre l’établissement d’un biofilm productif - la 

remise en suspension du microphytobenthos à des tensions de frottement inférieures (de l’ordre de 

0.5 Pa), correspondant aux tensions induites par 

le phénomène de marées moyennes 

notamment.  

Cette thèse s’axait autour de 2 

approches complémentaires qu’étaient l’étude 

des processus in situ et l’étude des processus 

ex-situ, permettant d’englober l’ensemble des 

échelles impliquées. L’étude menée en Baie des 

Veys a permis de mettre en évidence l’importance de la remise en suspension du MPB pour le régime 

alimentaire des huîtres cultivées Crassostrea gigas, et de mettre en exergue le rôle prépondérant de 

la macrofaune benthique et particulièrement la 

coque Cerastoderma edule dans ce processus. 

L’étude plus fine menée sur le comportement bioturbateur de la coque nous a quant à lui permis 

d’établir une relation entre la remise en suspension de la chl a benthique et la biomasse des coques 

(Fig. 19). Le couplage de ces 2 études nous a donc permis d’extrapoler la capacité de remise en 

suspension de la coque à l’écosystème BDV par une modélisation simple: 

𝐶ℎ𝑙 𝑎 é𝑟𝑜𝑑é𝑒 (µ𝑔. 𝐿−1) =  (𝐾 × 𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑒) 100 × 𝐶ℎ𝑙 𝑎 𝑏𝑒𝑛𝑡ℎ𝑖𝑞𝑢𝑒 (𝑚𝑔.𝑚−2 × 𝑧 ⁄  

Avec 𝑧 la hauteur de la colonne d’eau et 𝐾 l’équation linéaire correspondant au pourcentage de chl a 

benthique remis en suspension en fonction de la biomasse de coques (𝐾 = 0,025 ) 

Avec les nouvelles valeurs théoriques, il est donc possible de créer des cartes de remise en 

suspension générée par la coque (Fig. 20 & 21). Ce modèle pourrait être affiné grâce aux tensions de 

frottement réelles observées sur le terrain. Les niveaux de chlorophylle remise en suspension sont 

assez importants en septembre, de 0 à 4,8 µg.m-2, d’autant plus qu’il s’agit d’une intégration sur la 

profondeur totale de la colonne d’eau. L’exportation théorique est beaucoup moins forte en Avril, 

confirmant les changements saisonniers dans la balance entre des processus physiques et 

biologiques dominants dans la Baie (Ubertini et al., 2012). En regardant la structure spatiale de la 

Figure 19 : Relation entre la biomasse de coques C. edule et 
le pourcentage de chl a benthique remis en suspension. 
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remise en suspension, on observe une zone de remise en suspension moyenne à l’Ouest 

correspondant à une déplétion en chl a dans la colonne d’eau, une zone au milieu de la baie avec les 

plus fortes remises en suspension et une déplétion moins marquée, ainsi qu’une zone au Sud-Est 

avec une remise en suspension moyenne et les valeurs de chl a dans l’eau les plus élevées. La 

déplétion observée à l’Ouest correspond sans doute à une consommation élevée par les coques, 

gommant l’effet positif de la remise en suspension dans cette zone où le courant est quasiment nul 

et caractérisée par un recrutement massif de C. edule. La deuxième zone correspond à une remise en 

suspension dans une zone à plus fort hydrodynamisme. La déplétion observée correspond 

probablement à la consommation locale des coques, mais le MPB exporté est sans doute transporté 

par advection dans la zone située au nord. Enfin, la zone située à l’Ouest bénéficie à la fois de la 

remise en suspension du MPB dans la colonne d’eau par les coques et des apports en chl a provenant 

de la Vire. 

Cependant, il est impératif d’intégrer les autres processus mis en évidence pendant cette 

thèse pour modéliser l’exportation réelle du MPB vers la colonne d’eau : 

1) L’effet du gradient estuarien sur le mélange sablo-vaseux : les vases pures au sud de la BDV 

sont les plus propices au développement du MPB et peuvent être érodées pour des seuils 

équivalents à 0.5 Pa. Cette érosion en masse peut expliquer les observations de Jonge and 

Van Beusekom (1995) sur l’effet des vagues. 

2) L’érosion des mélanges sablo-vaseux sans faune n’est possible qu’à des tensions de 

frottement supérieures, de l’ordre de 1 à 3 Pa (50% sable, Ubertini et al., submitted). L’effet 

bioturbateur de la coque sur l’érosion en masse favorise la croissance du MPB par sa simple 

présence (Ubertini et al., in prep, cf Chapitre VI) et le rend érodable à des tensions de 

frottement de l’ordre de 0.5 Pa. Cet effet doit être affiné par des expériences 

complémentaires, en testant des biomasses plus élevées de petites coques notament. 

Diversité des organismes et diversité de la bioturbation 

Il apparait de façon claire que les organismes 

bioturbateurs agissent par différents comportements 

sur la remise en suspension du MPB (Kristensen et al., 

2012). Le comportement de bioturbation de la coque 

Cerastoderma edule n’est donc pas généralisable à l’ensemble de la macrofaune benthique d’un 

écosystème. Durant cette thèse l’ensemble de la macrofaune benthique a été identifié en Baie des 

Veys, et permettra de mieux caractériser et quantifier l’exportation du MPB vers la colonne d’eau.  
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Figure 20 : Comparaison de 1) la simulation de la remise en suspension de la chl a benthique par les coques au jusant 
durant le mois d’Avril 2010 (A) et de 2) la concentration totale en chlorophylle a dans la colonne d’eau (B). 
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Figure 21 : Comparaison de 1) la simulation de la remise en suspension de la chl a benthique par les coques au jusant 
durant le mois de Septembre 2010 (A) et de 2) la concentration totale en chlorophylle a dans la colonne d’eau (B). 

 

A 

B 
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L’étude précise des remises en suspension associées aux différents organismes de la macrofaune 

benthique - en rapport avec la granulométrie sédimentaire et les tensions de frottement - 

permettrait de mieux évaluer le couplage benthos-pelagos et la capacité de charge des écosystèmes 

côtiers (en intégrant la dynamique spatiale de la macrofaune benthique). En Baie des Veys, le bivalve 

Macoma balthica est distribué de manière similaire à C. edule, ayant également une affinité pour les 

mélanges sablo-vaseux, et constitue le deuxième groupe de mollusques en termes de biomasse. Ce 

bivalve, en tant qu’ingénieur écosystémique a une action très proche de la coque puisque : 1) il 

stimule la croissance des diatomées benthiques (Michaud et al., 2005) et 2) il a un effect positif sur 

les taux d’érosion (Willows et al., 1998). Son comportement de bioturbation à micro-échelle devrait 

donc être étudié plus précisément, tout comme celui du bivalve Mya arenaria, non échantillonné 

pendant nos campagnes d’échantillonnage mais dont la capacité de remise en suspension est connue 

(St-Onge et al., 2007). L’accumulation des activités de bioturbation de l’ensemble de la macrofaune 

benthique pourrait expliquer la différence observée entre la chl a exportée par la coque 

(modélisation) et le ratio de 30% de microalgues benthiques en suspension trouvé en Baie des Veys 

(Ubertini et al., 2012). Cette différence peut s’expliquer également par le fait que la modélisation est 

basée sur une exportation au bout d’une heure de courant, mais les coques dans le milieu naturel 

sont soumises à des durées d’hydrodynamisme beaucoup plus long pendant le flot et le jusant. 

L’intégration temporelle de la dynamique tidale dans le modèle permettrait donc d’affiner ce 

dernier. 

Ce travail de thèse a participé à une meilleure compréhension du couplage benthos-pelagos 

et plus particulièrement de la remise en suspension du microphytobenthos dans les écosystèmes 

conchylicoles. La macrofaune benthique est un facteur clé de l’exportation du microphytobenthos 

vers la colonne d’eau, et son importance doit être revue à l’échelle de l’écosystème en intégrant les 

échanges par advection pour mieux comprendre et assurer la gestion des écosystèmes conchylicoles. 

La caractérisation de deux écosystèmes et des processus de remise en suspension pendant ce travail 

de thèse permet d’ouvrir la voie à la modélisation de ces écosystèmes par des modèles de réseaux 

trophiques couplés benthos-pelagos. 
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