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I – Les habitats benthiques : structuration et impacts des 

espèces invasives  

Les espèces ingénieurs de l’écosystème 

 En milieu marin, le compartiment benthique montre une grande diversité 

d’habitats. La classification européenne EUNIS (European Nature Information 

System) en dénombre plus de 1000 à travers l’Europe (Bajjouk et al., 2015). Ces 

habitats sont définis et classés de façon hiérarchique selon la profondeur, le type de 

substrat, les conditions hydrodynamiques et environnementales, ainsi que par les 

espèces ou groupes d’espèces caractéristiques. Bien que la nature du sédiment soit 

primordiale dans la structuration des communautés benthiques (Sanders, 1958 ; 

Dutertre et al., 2013), l’habitat biotique, et certaines espèces en particulier, peuvent 

jouer un rôle significatif sur cette structuration (Bouma et al., 2009 ; Reise et al., 

2002). C’est le cas des espèces ingénieurs de l’écosystème. Sensu stricto, une 

espèce dite ingénieur de l’écosystème va créer, modifier ou entretenir un habitat en 

régulant directement ou indirectement la disponibilité d’une ressource pour les 

autres espèces (Jones, 1994). Cette « ingénierie » se fait par un changement d’état 

physique du matériel biotique ou abiotique (Jones, 1994). Bien que le concept soit 

complexe, on peut distinguer deux grands types d’ingénieurs de l’écosystème : 

autogénique et allogénique (Figure 1a). Le premier désigne une espèce, qui par sa 

seule structure physique (vivante ou morte), va engendrer des modifications de 

l’environnement. Le cas des herbiers de phanérogames marines en est un exemple 

(Figure 1b). Comparé à un substrat nu, sa présence va réduire l’hydrodynamisme au 

sein de l’herbier, ce qui va favoriser la sédimentation des particules fines, limiter la 

pénétration de la lumière, et ainsi modifier toute la biogéochimie du sédiment 

(Bouma et al., 2005 ; Widdows et al., 2008 ; Kombiadou et al., 2014). L’allogénie 

concerne les espèces pour lesquelles l’activité biologique est responsable de la 

régulation d’une ressource. Un exemple classique en milieu marin est l’arénicole 

Arenicola marina, un ver fouisseur endogé qui vit dans le sédiment (Figure 1c). Son 

activité de nutrition consiste à ingérer de grandes quantités de sédiment pour en 

extraire la matière organique, et à les expulser hors de son tunnel, créant le tortillon 

de sédiment qui indique sa présence. Par son activité de bioadvection, l’arénicole 
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oxygénéise le sédiment, augmente les flux de nutriments vers la surface du 

sédiment et stimule ainsi le microphytobenthos (Chennu et al., 2015 ; Na et al., 

2008 ; Volkenborn et al., 2007). L’influence d’une espèce ingénieur est souvent 

densité-dépendante (D’Andrea et DeWitt, 2009 ; Jones, 1994) et suit l’hypothèse de 

« mass ratio » qui prévoit que l’effet d’une espèce sur une propriété de 

l’écosystème est proportionnelle à son importance relative dans la communauté en 

terme d’abondance ou de biomasse (Grime, 1998). La notion d’ingénieur de 

l’écosystème est d’ailleurs à ne pas confondre avec celle d’espèce clé de voute 

(« keystone species »), qui aura un effet démesuré sur un écosystème par rapport à 

sa biomasse ou son abondance, sans pour autant modifier de manière significative 

son habitat (Paine, 1969). 

 
Figure 1 : (a) Concept d’ingénieur de l’écosystème d’après Jones (1997) illustré par (b) les herbiers de 
phanérogames à Zostera marina et (c) les sédiments bioturbés à Arenicola marina. 

 La structure et le fonctionnement des communautés a longtemps été 

formalisée selon des interactions intra et interspécifiques de compétition, prédation, 

parasitisme et mutualisme (Connell, 1961 ; Menge 1976). L’idée qui en découle est 

que la ressource, au sens large (habitat, nourriture, etc.), devient d’autant plus 

limitante que la diversité et la densité des individus augmentent. Le concept 

d’espèce ingénieur, à travers les transformations qu’il implique, a ouvert la voie au 

concept de la facilitation (Bruno et al., 2003 ; Halpern et al., 2007). La facilitation 

peut être vue comme une propriété émergente d’un système dans le sens où elle 

propose que la présence d’une espèce améliore l’existence d’une autre, sans 

bénéfice réciproque. Très prolifique, ce concept a montré qu’un grand nombre de 

relations interspécifiques dans la nature relevait de la facilitation. C’est par exemple 
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le cas en milieu intertidal ou les rudes conditions du milieu sont atténuées par 

l’action d’ingénieurs de l’écosystème (Bouma et al., 2005 ; 2009 ; Bruno et al., 

2003 ; Jones et al., 1997 ; Jones, 2017 ; Wright et al., 2017). Cette facilitation 

s’exerce à différentes échelles de temps et d’espace (Hastings et al., 2007). Alors 

qu’une structure physique persistante (ex : récif biogénique) aura un effet même 

après la mort de l’organisme qui l’a créé (Gutiérrez et al., 2003 ; Sheehan et al., 

2015), la production d’une source de matière organique facilitée localement (ex : 

microphytobenthos) pourra être exportée et participer au fonctionnement d’habitat 

adjacents moins productifs (Chennu et al., 2015 ; Rigolet et al., 2014). Lorsque 

qu’une espèce tire un bénéfice trophique de la facilitation, on parle de 

« gardening ». Cette hypothèse a été démontrée pour la première fois chez 

l’arénicole, capable d’assimiler des microorganismes dont la présence a été stimulée 

par son activité de bioadvection du sédiment (Chennu et al., 2015 ; Hylleberg, 

1975). Cette hypothèse a été vérifiée chez d’autres espèces ingénieurs intertidales 

tels que les récifs d’huitres (Decottignies et al., 2007 ; Echappé et al., 2018), de 

moules (Asmus et Asmus, 1991 ; Engel et al., 2017) ou d’hermelles (Sabellaria 

alveolata, Jones, 2017). Le gardening peut également profiter aux autres espèces 

associées à la communauté (Jones, 2017 ; Rigolet et al., 2014). 

Les espèces invasives 

 Une espèce est considérée comme introduite si elle remplit 4 critères : 1) elle 

est non-indigène dans l’écosystème considéré, 2) sa présence est liée directement ou 

indirectement aux activités anthropiques, 3) sa dispersion a créé une discontinuité 

géographique avec son aire d’origine, et 4) elle se reproduit par elle-même dans 

l’aire d’introduction, sans action de l’homme. Si la population introduite constitue 

une population suffisante pour devenir autonome en termes de reproduction, 

l’espèce est dite naturalisée (Stiger-Pouvreau et Thouzeau, 2015 ; Figure 2). En 

Europe, plus de 11 000 espèces sont considérées comme introduites tout milieux 

confondus, mais 15% seulement sont qualifiées d’invasives. Le milieu marin 

compte 87 espèces  qui sont décrites comme invasives (Katsanevakis et al., 2014). 

Le caractère invasif fait référence à la capacité de prolifération de l’espèce, capable 

de générer des impacts significatifs pour l’écosystème receveur et les espèces qu’il 

abrite (IUCN, http://www.iucn.org). 
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Figure 2 : Étapes du processus d’introduction (Richard 2005, modifié d’après Williamson, 1996). 

Liée aux activités anthropiques, l’augmentation constante de ces espèces introduites 

est aussi intimement liée au changement global (Bax, 2003 ; Vitousek, 1997). Qui 

plus est, le milieu marin est particulièrement sensible aux invasions biologiques à 

cause de son caractère diffusif (faible barrière géographique et écologique, potentiel 

de dispersion), et dont les principaux vecteurs d’introduction sont les eaux de 

ballast, l’aquaculture et le biofouling (Padilla et al., 2011 ; Stiger-Pouvreau et 

Thouzeau, 2015).  

Le double impact des espèces ingénieurs et invasives : le cas 

des mollusques 

 L’arrivée d’une espèce qui combine les caractères invasif et ingénieur est 

susceptible d’affecter de manière plus importante l’écosystème colonisé (Crooks, 

2002 ; Vitousek, 1990). Ces effets sont d’autant plus importants lorsque cette 

espèce est à la fois un ingénieur auto et allogénique. C’est le cas de certaines 

espèces de mollusques et en particulier des bivalves. Ce phylum est présent sur tous 

les types d’habitat (substrats durs et meubles) et peut représenter de très fortes 

biomasses. En Europe, 36 % des espèces invasives sont des mollusques 

(Goulletquer, 2002 ; Stiger-Pouvreau et Thouzeau, 2015).  
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Premièrement, les mollusques sont des ingénieurs autogéniques de par leur 

production coquillère (Gutiérrez et al., 2003). En fortes densités, ces structures 

biogéniques diminuent l’hydrodynamisme au niveau de la couche limite de fond et 

stabilisent le sédiment à l’interface (Friedrichs et Graf, 2009) (Figure 3b). Une autre 

conséquence de la présence de ces coquilles, plus ou moins importante selon leur 

structure et leur degré de fragmentation, est l’apport de complexité et 

d’hétérogénéité à la matrice sédimentaire (Gutiérrez et al., 2003). En effet, les 

coquilles vont fournir une diversité de micro-habitats pour les invertébrés 

benthiques mobiles et fixés (Lejart et Hily, 2011 ; Ricciardi et al., 1997 ; Sellheim 

et al., 2010 ; Zaiko et al., 2009), servant de refuge à certains (Stewart et al., 1999 ; 

Beekey et al., 2004), et de substrat à d’autres (Botts et al., 1996) (Figure 3b). Enfin, 

par leur persistance au-delà de la durée de vie des individus, ces amas de coquilles 

constituent un héritage pour l’écosystème, avec des conséquences à plus ou moins 

long terme pour les communautés associées (Gutiérrez et al., 2003).  

 Deuxièmement, les mollusques sont des ingénieurs allogéniques par leur 

activité biologique (Figure 3c). Une majorité d’entre eux étant filtreurs, ils 

intensifient le couplage bentho-pélagique et produisent de grandes quantités de 

biodépôts sur le sédiment, qui vont l’enrichir en matière organique (Stewart et al., 

1998). L’apport de matière organique a un effet sur la diversité de la macrofaune 

associée, entrainant dans la plupart des cas une augmentation de production 

secondaire, par l’intermédiaire d’un cortège peu diversifié d’espèces opportunistes 

(Ozersky et al., 2012 ; Stewart et al., 1998). Cet apport va également modifier la 

structure des communautés microbiennes et donc les flux biogéochimiques du 

sédiment (Newell et al., 2002). Ces flux peuvent à leur tour modifier la biomasse et 

la composition des communautés de producteurs primaires benthiques et 

planctoniques (Asmus et Asmus, 1991 ; Cloern, 1982 ; Echappé et al., 2018 ; Engel 

et al., 2017 ; Porter et al., 2004 ; 2013). Le métabolisme (respiration, excrétion, 

calcification) des mollusques contribue aussi directement à la modification des 

cycles biogéochimiques du carbone, de l’azote ou du phosphore (Arnott et Vanni, 

1996 ; Gardner et al., 1995 ; Lejart et al., 2012). Une autre conséquence de la 

filtration est la diminution de la turbidité et l’augmentation de la pénétration de la 

lumière. Si davantage de lumière atteint le compartiment benthique, cela peut 

contribuer à stimuler la production primaire benthique (Porter et al., 2004 ; Newell 

et al., 2002). 
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Figure 3 : Résumé des effets autogéniques et allogéniques des mollusques invasifs. (a) sans espèce 
ingénieur, (b) effet autogénique, (c) effet auto et allogénique. 

b) 

c) 

a) 
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 À travers ces effets sur les producteurs et les consommateurs, c’est donc tout 

le réseau trophique de l’écosystème qui peut potentiellement être modifié. En effet, 

outre la compétition directe entre une espèce invasive et les espèces natives 

(Zwerschke et al., 2016), les effets indirects dus à la transformation de l’habitat sont 

susceptibles d’influer sur le fonctionnement trophique de l’écosystème (Beekey et 

al., 2004 ; Donadi et al., 2013 ; van der Zee et al., 2015). Par exemple, la 

colonisation par la moule zébrée Dreisseana polymorpha a engendré un 

changement complet du réseau trophique d’un lac par l’intermédiaire de la 

stimulation du microphytobenthos par ses biodépôts (Ozersky et al., 2012).  

 Les exemples cités ci-dessus illustrent les effets de mollusques bivalves, les 

gastéropodes étant bien moins représentés en termes d’espèce ingénieur de 

l’écosystème. Une espèce fait néanmoins exception à la règle : c’est la crépidule, ou 

Crepidula fornicata (Linnaeus, 1758). 

II – Le cas de l’espèce ingénieur et invasive Crepidula 

fornicata 

Un concentré d’innovations biologiques 

 La crépidule est un gastéropode de la famille des Calyptraeidae. En plus 

d’être un modèle biologique pour la biologie du développement des métazoaires 

(Henry et al., 2016), sa dimension invasive a suscité un grand intérêt de la part des 

chercheurs et des politiques locales pour comprendre son écologie et mieux gérer sa 

prolifération. L’espèce est originaire de la côte Est des États-Unis et s’est implantée 

en Europe suite à trois vagues d’introduction : une première en Angleterre dans les 

années 1870 suite à l’introduction de l’huître américaine Crassostrea virginica, une 

seconde lors de la deuxième guerre mondiale via les navires alliés ayant séjournés 

en Angleterre, et une dernière dans les années 1970 suite aux importations de 

l’huitre creuse Magallana gigas (anciennement Crassostrea gigas) en provenance 

du Japon et des États-Unis. De nombreuses études ont été consacrées à la 

reproduction (Dupont, 2004 ; Le Cam, 2009 ; Le Gall, 1980 ; Richard, 2005), la 

physiologie (Noisette, 2013), la dynamique (Bohn, 2012 ; Coum, 1979 ; Richard, 

2005 ; Rigal, 2010) ou encore la génétique des populations de crépidules (Dupont, 

2004 ; Riquet, 2012). Un aspect moins souvent mis en valeur est l’écologie de cette 
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espèce, et notamment trophique, en lien avec son mode de vie très particulier 

d’association en chaîne (Figure 4).  

 
Figure 4 : Chaîne de crépidules en activité de filtration. 

 Un élément fort du succès écologique de la crépidule est sa stratégie de 

reproduction très efficace qui s’effectue entre individus d’une même chaîne. 

L’hypothèse du « size-advantage » prévoit un succès reproductif plus important 

pour les hermaphrodites séquentiels. Si les femelles ont un succès reproductif avec 

la taille ou l’âge plus grand que les mâles, le changement de sexe protandre sera 

favorisé (Munoz et Warner, 2003). Cette hypothèse s’applique à la crépidule et 

explique en partie ce succès écologique (Broquet et al., 2015). En effet, la crépidule 

est un hermaphrodite protandre, c’est-à-dire que chaque individu passe 

successivement du sexe mâle au sexe femelle. Ce changement de sexe est en lien 

avec la diminution progressive de la mobilité, les immatures et les jeunes mâles 

étant mobiles alors que les mâles plus âgés et les femelles sont sessiles. Ce 

changement de mobilité se fait probablement sous un contrôle hormonal (Dupont, 

2004 ; Hoagland, 1975). Les deux sexes se retrouvent donc au sein d’une même 

chaîne de crépidule. La présence de mâles et de femelles à proximité immédiate 

facilite la reproduction, d’autant plus que la crépidule est capable de stocker le 

sperme qui sera ensuite sélectionné avant fécondation (Beninger et al., 2016). De 

plus, les femelles incubent les larves, diminuant leur mortalité lors de la phase 

pélagique de dispersion (Collin, 2006). Un élément important lié à la vie en chaîne 

est de pouvoir attirer les individus les plus jeunes. Il existe chez la crépidule un 
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chimiotactisme en faveur des recrues qui s’expliquerait par des phéromones émises 

par les adultes (Cahill et al., 2015), le biofilm jouant également un rôle pour la 

survie des jeunes crépidules (Pechenik et al., 2015). Enfin, la forme lisse et convexe 

de la coquille peut être vue comme un substrat idéal pour la fixation des jeunes 

(Woods, 1989).   

 Barillé et al., (2006) ont introduit le concept de « Feeding community 

ecology » à propos de cette espèce. Le concept prévoit que la filtration mesurée à 

l’échelle de la colonie (chaîne de crépidule) serait supérieure à la somme de celles 

mesurées à l’échelle de chaque individu, démontrant la synergie des parties 

constituant le tout. Bien que très intéressant, il ne semble pas à notre connaissance 

avoir été testé expérimentalement. Ce concept pourrait être élargi à d’autres traits 

biologiques. Chez certaines ascidies coloniales par exemple, les individus ont leur 

propre siphon inhalant mais partagent un même siphon exhalant, augmentant ainsi 

l’entrée d’eau et la sortie des biodépôts. De manière analogue, l’orientation des 

crépidules sur une chaîne n’est sans doute pas le fruit du hasard. En effet, les 

coquilles sont légèrement décalées les unes par rapport aux autres pour donner cette 

forme de « croissant » caractéristique, qui pourrait ainsi favoriser le flux d’eau 

entrant et concentrer l’éjection des biodépots (Figure 5). 

 
Figure 5 : Schématisation de l’orientation des flux de matière lors de la filtration et de la biodéposition 
chez Crepidula fornicata. 
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Cette idée s’appuie aussi sur le fait que la crépidule est sessile (adultes) et qu’elle 

vit à l’interface eau-sédiment dans des milieux assez calmes. Le mode de vie en 

chaîne d’individus éviterait donc une accumulation des biodépots sur les chaînes 

elles-mêmes. En fonctionnant en synergie et maximisant l’effort de reproduction et 

l’effort d’alimentation, la chaîne de crépidules pourrait donc être assimilée à une 

entité fonctionnelle à part entière. A l’image des espèces coloniales, la structure en 

chaîne de la crépidule peut être vue comme un « super-individu ». Parmi la 

cinquantaine d’espèces que compte le genre Crepidula, seul C. fornicata montre des 

accumulations de plus de 4 individus par chaîne (synthèse d’après Le Cam, 2009), 

et démontre encore une fois l’exception écologique que représente cette espèce, 

même au sein de son genre. 

Des effets multiples sur les habitats 

 Par son comportement grégaire, cette espèce est également un ingénieur de 

l’écosystème, à la fois physique et biologique, qui va modifier grandement l’habitat 

qu’elle colonise (Beudin, 2014 ; Guérin, 2004 ; Martin, 2005 ; Richard, 2005). Ces 

différents impacts, qui ont fait l’objet de nombreux travaux scientifiques, sont 

résumés ici à la lumière du concept d’ingénieur de l’écosystème.  

 Concernant son effet physique, les coquilles de crépidule structurent la 

matrice sédimentaire, fournissant des niches spatiales à tout type de macrofaune, 

que ce soit à l’intérieur ou à la surface des coquilles (Miller et DuBar, 1988 ; de 

Montaudouin et al., 1999 ; Sauriau et al., 2002 ; Woods, 1989). En ce qui concerne 

la mégafaune, le résultat est plus contrasté. Alors que la crépidule tend à augmenter 

la richesse spécifique des habitats colonisés (de Montaudouin et al., 2017), certaines 

espèces sont au contraire exclues. C’est le cas de la coquille Saint-Jacques Pecten 

maximus (Thouzeau et al., 2000) et de la sole Solea solea (Le Pape et al., 2004), 

espèces à fort intérêt commercial. Cette exclusion spatiale est due au fait que la 

crépidule atteint souvent de très fortes densités et un recouvrement proche de 100 % 

lorsqu’elle est présente, empêchant ainsi le recrutement des post larves de coquille 

Saint-Jacques (Thouzeau et al., 2000). D’un point de vue hydro-sédimentaire, 

l’effet physique de la crépidule modifie la couche limite de fond. A micro-échelle, 

la densité de crépidule tend à diminuer l’érosion du sédiment et donc à créer un 

effet de protection (Moulin et al., 2007). On retrouve cet effet à macro-échelle où 
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les simulations hydrodynamiques montrent que l’effet physique des crépidule 

influence le bilan sédimentaire de la rade de Brest (Beudin, 2014). 

 Du point de vue de son activité biologique, les effets majeurs de la crépidule 

sont liés à son activité de filtration et de biodéposition. En intensifiant le couplage 

bentho-pélagique, la crépidule est capable de réguler la production primaire 

phytoplanctonique (Chauvaud et al., 2000 ; Cugier et al., 2010). Une des 

conséquences de cette régulation est la biodéposition de matière organique sur le 

sédiment. Contrairement aux bivalves qui montrent souvent des capacités de 

sélection des particules grâce à leur branchies et leur palpes labiaux (Cognie et al., 

2001 ; Beninger et Le Pennec, 2016), la crépidule ne possède pas de tels 

mécanismes (Beninger et al., 2007). Elle sécrète de grandes quantités de mucus au 

niveau de ses branchies pour capter la matière en suspension (Shumway et al., 

2014). Bien que sa capacité de rétention soit très élevée (Barillé et al., 2006), la 

crépidule montre une faible efficacité d’ingestion, une partie de la matière captée 

(10 %) enrichie en matière organique va se déposer directement sur le sédiment, et 

s’ajouter à la fraction de pseudofeces (pré-ingestion) et de fèces (post-ingestion). 

Tout cela contribue à l’enrichissement en matière organique des habitats colonisés 

par la crépidule (Ehrhold et al., 1998 ; Manac’h, 1995 ; Martin et al., 2007). Cet 

apport de matière organique stimule la respiration des microorganismes et favorise 

l’anoxie du sédiment (Martin et al., 2006 ; Thouzeau et al., 2011), excluant les 

espèces sensibles et favorisant les espèces opportunistes (de Montaudouin et al., 

1999 ). Considérant les fortes densités, le métabolisme intrinsèque de la crépidule 

joue également un rôle dans le fonctionnement de l’écosystème. Les flux liés à la 

respiration, la calcification et l’excrétion de l’animal dominent les flux de l’habitat 

colonisé (Martin et al., 2006). A l’échelle de l’écosystème, les crépidules sont 

également susceptibles de moduler la durée, l’intensité et la composition des 

blooms phytoplanctoniques (Fouillaron et al., 2007 ; Claquin et al., 2010). Enfin, 

comme de nombreuses espèces invasives, la crépidule n’a pas ou peu de prédateurs 

et peu constituer une perte de productivité pour l’écosystème (Arbach Leloup et al., 

2008 ; Cugier et al., 2010). 
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Niche trophique et compétition 

 Dès le début de sa phase de prolifération, la crépidule a été vue comme un 

potentiel compétiteur pour les espèces natives telles que l’huitre plate (Barnes et al., 

1973), la coquille Saint-Jacques (Thouzeau et al., 2000) ou d’autres espèces 

volontairement introduites à des fins aquacoles comme l’huitre creuse (Blanchard et 

al., 1997). Plusieurs études utilisant le traçage isotopique naturel (voir encadré 

méthode n°2) ont montré que la crépidule n’était probablement pas un compétiteur 

trophique pour bon nombre d’espèces suspensivores qui partagent son habitat 

(Decottignies et al., 2007ab ; Dubois et al., 2014 ; Guérin, 2004 ; Grall et al., 2006 ; 

Lefebvre et al., 2009 ; Riera et al., 2002 ; 2007 ; Richard, 2005 ; Sauriau et al., 

2002). Plusieurs hypothèses ont été proposées pour expliquer cette différence de 

niche trophique. La première était une contribution plus importante de microalgues 

benthique dans son régime alimentaire (Figure 6).  

 
Figure 6 : Valeurs isotopiques de δ13C et δ15N de Crepidula fornicata et deux sources potentielles de 
matière organique (matière organique particulaire (MOP) et microphytobenthos (MPB)) issues de la 
littérature. 1 : Grall et al., 2006 ; 2 : Riera et al., 2002 ; 3 : Riera, 2007 ; 4 : Dubois et al., 2014 ; 5 : 
Sauriau et al., 2002 ; 6 : Decottignies et al., 2007a ; 7 : Lefebvre et al., 2009 ; 8 : Richard, 2005 ; 9 : 
Guérin, 2004. 
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 Le microphytobenthos, qui rassemble l’ensemble des microorganismes 

photosynthétiques se développant à la surface du substrat (MacIntyre et al., 1996), 

est en effet d’une grande qualité nutritive pour les consommateurs (Miller et al., 

1996). En utilisant un autre type de marqueur trophique (voir encadré méthode 3 sur 

les acides gras), Dubois et al., (2014) ont suggéré que la crépidule pourrait 

également assimiler une part non négligeable de bactéries, ce qui lui confèrerait une 

niche particulière, en plus de consommer du microphytobenthos.  

 Comme énoncé plus haut, le fait que la crépidule ne soit pas capable de 

sélectionner les particules parmi le pool de matière organique en suspension 

explique son régime opportuniste. C’est ce que l’on peut noter sur la Figure 6 où la 

variation du δ13C moyen de la crépidule varie entre -20 et -16 ‰, en lien 

probablement avec des biomasses de microphytobenthos (MPB) disponibles plus ou 

moins importantes. Enfin, sa position très proche de l’interface eau-sédiment 

renforce l’idée que la crépidule assimile des sources telles que du MPB ou des 

bactéries se développant à la surface du sédiment. 

La crépidule dans la rade de Brest   

 La rade de Brest est une baie semi-fermée de 180 km², dont la profondeur 

moyenne est de 5 m. Deux rivières fournissent l’essentiel des apports en eau douce : 

l’Aulne au sud (80 %, débit moyen : 24 m3 s-1) et l’Elorn au nord (20 %, débit 

moyen : 6 m3 s-1) (Troadec et al., 1997) (Figure 7). Les fleuves sont une source de 

nutriments importante qui supporte la production primaire en zones côtières, 

phénomène accentué dans la région Bretagne par l’agriculture intensive 

(Ménesguen et al., 2018b). Une forte eutrophisation dans une baie semi-fermée 

comme la rade de Brest pourrait être attendue. Cependant, le fort marnage (6 m) et 

l’étroit goulet à l’entrée de la rade (2 km de large) entraînent de forts courants, ce 

qui a pour effet de renouveller un tiers de son volume à chaque marée (Troadec et 

al., 1997). Cette caractéristique physique est un élément clé de son fonctionnement, 

permettant une forte production primaire tout en évitant l’eutrophisation (Le Pape et 

al., 1996). 
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Figure 7 : Cartographie des principaux habitats de la rade de Brest de 1987 à 2018 (Go et al., données 
non publiées). 

 La mosaïque d’habitats benthiques de la rade de Brest s’explique grâce à la 

combinaison de deux facteurs : abiotique (hydrodynamisme) et biotique (espèce 

ingénieur). Comme pour la masse d’eau, l’hydrodynamisme conditionne la 

sédimentologie. Les baies (Roscanvel, Daoulas) et estuaires (Aulne, Elorn) de la 

rade sont composés majoritairement de vase, alors que le centre rade est dominé par 

des sables plus ou moins hétérogène, et que la roche affleure aux zones de forts 

courants (Goulet, pointe de l’Auberlac’h). La présence de deux espèces biogéniques 

(le maërl et la crépidule) se superspose a cette cartographie sédimentaire et explique 

la diversité des habitats observés. Le maërl est une algue rouge corallinale qui 

forme des structures arbustives calcaires de l’ordre du centimètre. Situé sur les 

zones peu profondes (Figure 7), cette espèce ingénieur (au sens autogénique) forme 

des bancs qui abritent une forte diversité benthique (Grall, 2002 ; Grall et al., 2006). 

La crépidule, pour les raisons évoquées précédemment, forme également des bancs 

subtidaux et participe à la structuration des fonds. L’espèce est décrite dans la rade 
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de Brest depuis les années 1950 (Cole, 1952). D’abord présente dans les chenaux de 

l’Aulne et de l’Elorn, sa distribution et son abondance n’ont cessé d’augmenter au 

cours des années 1990, atteignant localement des densités de plus de 2000 ind m-2 

(Chauvaud et al., 2000). Cette dynamique a ainsi produit une biomasse totale de 

127 000 tonnes (poids frais avec coquille) en 2000, recouvrant près de 50 % de la 

rade de Brest (Guérin, 2004) (Figure 7). Récemment, un suivi a montré un déclin de 

la crépidule dans le bassin sud de la rade où les densités ont drastiquement 

diminuées (Blanchet-Aurigny et al., 2012a ; Carlier, données non publiées). Bien 

que des tentatives d’explications soient proposées, comme de fortes concentrations 

en métaux lourds (ex : argent, plomb) en provenance de l’Aulne auxquelles la 

crépidule serait particulièrement sensible (Ménesguen et al., 2018a ; Nelson et al., 

1983), rien n’a encore été testé pour confirmer cette hypothèse.  

 La crépidule a été suggérée comme l’élément central de la régulation de la 

biomasse phytoplanctonique (Chauvaud et al., 2000). L’intensification du couplage 

bentho-pélagique (filtration et biodéposition) modifie les cycles biogéochimiques 

du compartiment benthique (Martin et al., 2006 ; Ragueneau et al., 2002 ; 2005), 

pouvant influençer la production primaire benthique et pélagique (Ní Longphuirt et 

al., 2007). Dans ce contexte, de récentes études ont montré que la production 

primaire benthique était sous-évaluée, et directement liée au MPB subtidal 

(Chatterjee, 2014 ; Ní Longphuirt et al., 2007). Très connu en milieu intertidal, 

l’importance du MPB a été largement démontré, que ce soit en termes de 

production primaire (Hernández Fariñas et al., 2017 ; MacIntyre et al., 1996), de 

source pour les réseaux trophiques côtiers (Miller et al., 1996) ou encore de stabilité 

du sédiment (Underwood et Paterson, 2003 ; Stal 2010). Son homologue subtidal 

reste moins étudié, et son rôle écologique est par conséquent souvent négligé 

(Cahoon, 1999). Néanmoins, la part de la production du MPB dans la rade de Brest 

est estimée à 30 % de la production totale, marquée par une contribution plus 

importante en fin d’hiver (Chatterjee et al., 2013 ; Ni Longphuirt et al., 2007). Le 

rôle du MPB dans le soutien du réseau trophique de la rade de Brest a été suggéré 

plusieurs fois, mais sans être véritablement testé (Chatterjee, 2013 ; Guérin, 2004 ; 

Grall et al., 2006 ; Richard, 2005). 
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III – Objectifs de la thèse 

 Au regard de la littérature existante, il semble que le MPB contribue de 

manière significative au régime trophique de la crépidule, que ce soit pour des 

individus intertidaux, où le rôle du MPB est déjà bien connu, ou pour des individus 

subtidaux, où le MPB reste peu étudié. Il convient donc de quantifier la contribution 

de cette source de matière organique dans les habitats subtidaux, et d’autant plus 

dans le cas d’une espèce invasive dominante en terme de biomasse. A la manière 

des espèces ingénieurs intertidales, la crépidule pourrait avoir un rôle dans la 

régulation de ce MPB. Le broutage mais aussi la stimulation du MPB par la 

crépidule pourrait conférer un avantage trophique à cette espèce, de même que pour 

celles partageant son habitat. Enfin, du fait de sa dynamique de population 

contrastée, la population de la rade de Brest constitue une zone d’exception 

permettant de tester les effets physiques (autogéniques) et biologiques 

(allogéniques) de cette espèce ingénieur. Cette thèse a donc pour but d’étudier le 

régime trophique de l’espèce ingénieur Crepidula fornicata et son implication pour 

le fonctionnement de son habitat. Elle se propose en particulier de tester l’hypothèse 

de gardening associée à cette espèce, c’est-à-dire la stimulation du MPB, son 

assimilation trophique par la crépidule et la communauté associée. Le manuscrit est 

structuré en trois chapitres abordant autant d’échelles d’observations. 

 Dans un premier chapitre, nous verrons comment la crépidule interagit avec 

le MPB subtidal, notamment en dissociant les influences physiques (hétérogénéité 

de l’habitat) et biologiques (excrétion particulaire et dissoute) de cette espèce. Cette 

hypothèse de fertilisation sera testée en milieu contrôlé, et fera appel à une 

technique d’imagerie non invasive pour la quantification spatiale et temporelle du 

MPB : l’imagerie hyper-spectrale. 

 Dans un second chapitre nous nous intéresserons au régime trophique de la 

crépidule. Un article s’intéressera à l’histologie de cette espèce et montrera 

comment la technique de préparation des échantillons de tissus peut avoir une 

incidence sur l’analyse des marqueurs trophiques isotopiques. Il démontrera les 

conséquences de la particularité histologique de la crépidule sur l’interprétation de 

sa niche trophique. Le second article, à travers l’utilisation de deux marqueurs 

trophiques (acides gras et isotopes stables) tentera de déterminer si les changements 
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ontogéniques de certains traits biologiques de la crépidule (développement sexuel et 

capacité de mouvement) influencent sa niche trophique. 

 Dans le troisième et dernier chapitre, nous élargirons l’approche des 

marqueurs trophiques aux espèces qui partagent l’habitat de la crépidule. Un article 

se focalisera sur le groupe des suspensivores, et analysera comment la crépidule et 

les autres espèces se partagent la ressource trophique. Là encore une double 

approche acide gras et isotopes stables sera employée. Un autre article considérera 

l’ensemble des espèces d’invertébrés benthiques de l’habitat à crépidule et 

comparera la structure du réseau trophique de deux types de bancs de crépidules 

(mort vs. vivant). Une approche couplée traits biologiques et isotopes stables tentera 

d’expliquer les effets de la crépidule à l’échelle de la communauté en s’appuyant 

sur la dynamique contrastée de l’espèce dans la rade de Brest (Figure 8). 

 

 
Figure 8 : Prélèvement en plongée sur une zone à forte biomasse de crépidules (embouchure de l’Elorn) 
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Méthode 1 : Imagerie hyper-spectrale

 L’œil humain est composé de 3 types de cellules sensibles à la qualité de la lumière 
appelées cônes. Ces cônes répondent à des radiations lumineuses appartenant à 3 
domaines étendus de longueurs d’ondes (rouge : ~564 nm, vert : ~533 nm, bleu : 
~437 nm), sur un spectre du visible qui s’étend de 380 à 780 nm. Toutes les 
couleurs que nous voyons sont donc un mélange de ces 3 couleurs recomposées par 
le cerveau. On dit que l’œil est trichromatique par association de ces trois larges 
bandes spectrales. Dans une plus grande mesure, la technologie hyper-spectrale 
permet des combinaisons de plusieurs centaines de bandes spectrales très précises 
de l’ordre du nanomètre (Figure 9). Ces images à haute résolution spectrale sont 
porteuses de nouvelles informations, notamment concernant les pigments 
photosynthétiques qui réagissent à la lumière (voir Méthode 3). Chaque pigment, 
qu’il soit de type chlorophyllien ou caroténoïdien, absorbe la lumière à une 
longueur d’onde spécifique (ex : chlorophylle a : 675 nm). Il est donc possible de 
détecter la présence de ces pigments et de les quantifier en analysant le spectre 
réfléchi. En fonction du caractère plus ou moins spécifique de ces pigments, on peut 
donc déduire des informations sur la présence de différents groupes taxonomiques 
de producteurs primaires. Le second avantage de cette technique optique est la 
résolution spatiale. En effet, il est désormais possible d’obtenir des valeurs 
quantitatives de pigment (ex : biomasse de chlorophylle a) pour chaque pixel de 
l’image, et ainsi réaliser des cartes de distribution de ces pigments sur une surface 
donnée. Étant non intrusives, ces mesures sont répétables dans le temps et 
permettent  ainsi de suivre la dynamique d’un compartiment, tel que la croissance 
du MPB sur différentes zones d’intérêts. 

 
Figure 9 : Principe de fonctionnement de l'imagerie hyper-spectrale, et application sur les communautés 
photosynthétiques de l'huître Magallena gigas : 4 longueurs spécifiques montrent la distribution spatiale 
de 4 types de producteurs primaires (images tirées de Barillé et al., 2017). 
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Abstract 
 

 The slipper limpet Crepidula fornicata is an emblematic invasive species along the 
northeast Atlantic coast. This gregarious gastropod lives in stacks of several individuals and 
forms extended beds in shallow subtidal areas. The effects of this engineer species on the 
colonized habitat can be physical (e.g., presence of hard-shell substrates with uneven 
topography) or biological (e.g., nutrient enrichment by direct excretion or via 
biodeposition). We hypothesized that through biological activity, nutrient fluxes at the 
sediment-water interface are enhanced, leading to stimulated primary productivity by 

microphytobenthos (MPB) associated with Crepidula beds. To test this fertilization 

hypothesis, we conducted a 10-day mesocosm experiment using C. fornicata (live and 
dead) placed on top of sieved and homogenized sediment collected in situ. We used 
hyperspectral imaging to non-invasively map the development of MPB biomass, and to 
assess the potential influence of C. fornicata and its spatial extent. Our results showed that 
live C. fornicata significantly promote MPB growth through both physical and biological 
effects, with the biological effect dominating over the pure physical one. The highest 
stimulation was observed on the shells, suggesting that dissolved metabolic products 
excreted by C. fornicata were likely the main factor stimulating MPB growth in our short-
term experiment. Our findings provide first direct evidence that stimulation of MPB growth 
by the biological activity of larger benthic epifauna occurs not only in intertidal but also in 
shallow subtidal habitats. More research is needed to assess the contribution of this 
fertilization effect to the trophic functioning of subtidal benthic systems. 
 

Keywords: Crepidula fornicata, engineer species, subtidal microphytobenthos, 
fertilization, hyperspectral imaging. 
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1. Introduction 
 

 Microphytobenthos (MPB) refers to a complex assemblage of benthic 

unicellular eukaryotic algae (mainly diatoms) and cyanobacteria living at the 

sediment-water interface (MacIntyre et al., 1996). It plays a significant role in 

coastal ecosystems through its contribution to primary production (MacIntyre et al., 

1996), food web functioning (Riera and Richard, 1996) and sediment stability 

(Underwood and Paterson, 2003). While intertidal MPB is fairly well-studied 

(Cartaxana et al., 2011; Juneau et al., 2015; Marques da Silva et al., 2017; 

Underwood, 2005), its subtidal counterpart has received relatively little attention. 

However, recent evidence suggests that MPB significantly contributes to shallow 

areas in terms of biomass (Chatterjee et al., 2013; Hernández Fariñas et al., 2017), 

primary productivity (Ní Longphuirt et al., 2007) and ultimately food webs (Rigolet 

et al., 2014). 

 MPB space-time dynamics is affected by a number of abiotic (e.g., light, 

temperature, nutrient availability, hydrodynamic conditions, sediment grain size) 

and biotic (e.g., grazing, competition) factors and their interactions (Azovsky et al., 

2004; Jesus et al., 2005; Seuront and Spilmont, 2002). Among these factors, 

fertilization through the activity of benthic macrofauna is emerging as an important 

mechanism in benthic ecology (Chennu et al., 2015; Echappé et al., 2018; Engel et 

al., 2017). Fertilization, which refers to the ability of a species to directly or 

indirectly promote primary production, can be induced by several processes that 

affect nutrient availability at the sediment-water interface, e.g., by direct excretion 

of dissolved nutrients such as ammonia (Martin et al., 2006; Prins et al., 1997; van 

Broekhoven et al., 2015) or by enhancing organic matter mineralization through 

biodeposition (e.g., by suspension-feeders) or bioturbation (Kristensen, 2000; 

Mermillod-Blondin and Rosenberg, 2006). Quantifying the net effect of benthic 

macrofauna is, however, not straightforward, as it can control the MPB biomass 

both positively by fertilization and negatively by grazing (Asmus and Asmus, 1991; 

Porter et al., 2004; 2013). Recent studies demonstrated that MPB productivity in 

intertidal sediments can be stimulated by different types of engineering macrofauna 

such as lugworms, oysters and mussels (Chennu et al., 2015; Echappé et al., 2018; 

Engel et al., 2017). In this study, we aim to explore this phenomenon in subtidal 
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sediments, using the Atlantic slipper limpet Crepidula fornicata as a model of 

engineering organism in these habitats.  

 C. fornicata is a gregarious invasive species that spreads along most of the 

European coasts and is now well established in many shallow embayments 

(Blanchard, 2009). It is a suspension-feeder that forms very dense beds on the 

seafloor, with fresh biomass reaching up to 10 kg m-2 (Blanchard, 2009). At high 

densities, this habitat-forming species builds complex 3D benthic habitats (Woods, 

1989), and hence constitutes an interesting biological model to assess the effects of 

ecosystem engineering species on a colonized system (Jones et al., 2010). C. 

fornicata modifies its surrounding environment in two different ways, which we 

hereafter refer to as the physical and biological effects. First, their calcareous shells 

increase heterogeneity and topographic complexity of soft sediment bottoms 

(Gutiérrez et al., 2003), which enhances the local species diversity (Barnes et al., 

1973; de Montaudouin et al., 2017; de Montaudouin and Sauriau, 1999) and 

modifies hydrodynamic conditions near the sediment-water interface (Moulin et al., 

2007). Second, the filter-feeding activity of C. fornicata facilitates benthic-pelagic 

coupling (Chauvaud et al., 2000), and increases organic enrichment of the sediment 

through excretion of large amounts of particulate biodeposits (Ehrhold et al., 1998). 

Additionally, excretion of dissolved metabolic products, such as ammonia, can 

substantially enhance nutrient’s availability in dense Crepidula beds (Martin et al., 

2006). In most colonized areas, C. fornicata is a key species of the ecosystem 

functioning (Chauvaud et al., 2000; Martin et al., 2006). 

 To assess the potential of Crepidula fornicata for fertilization of subtidal 

MPB, we conducted a short-term (10 days) experiment where we monitored MPB 

biomass in sediment mesocosms amended with simplified Crepidula beds. We used 

hyper-spectral imaging to non-invasively monitor MPB biomass and thus infer its 

growth. To disentangle the role of the physical and biological effects of C. 

fornicata, we compared the MPB growth on bare sediments with that on beds with 

dead or live C. fornicata. Moreover, to gain insights into the spatial extent of the 

biological effect, we compared the growth within and outside of Crepidula beds and 

on shells, both for dead and live conditions. Additionally, to assess the effects of C. 

fornicata in a larger context, we also quantified other key components of MPB 

biofilms, namely the concentrations of proteins, carbohydrates and heterotrophic 

prokaryotes. 
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2. Material and Methods 
 

2.1. Experimental setup 
 

 Sediment and stacks of Crepidula fornicata were collected from a dense 

Crepidula bed (biomass ~6 kg of fresh weight m-2) in the bay of Brest (48° 

23.36068' N, 04° 23.86901' W) on March 1st 2017 (winter season) using a surface 

grab (0.1 m²). One day after collection, C. fornicata stacks were cleaned of their 

epibionts and the empty shell at the base was removed as it often contains 

endobiont fauna. Half of the stacks were kept alive while the other half were 

unstacked, cleared of C. fornicata flesh and reassembled to stacks resembling the 

original ones using a non-invasive glue (coral glue, PREIS AQUARISTIK®). 

Subsequently, both the dead and live stacks were kept for one week in nets in a 

natural seawater pond to allow filter-feeding of live C. fornicata and partial 

recovery of MPB biofilms on the shells. No feeding was allowed during the 

experiment, so excretion of pseudofeces that occurred just after the installation of 

C. fornicata individuals onto the sediment resulted from their feeding activity in the 

pond.  

 The freshly collected sediment was first sieved through a 500 µm mesh to 

remove macrofauna that could potentially influence the experiment through their 

bioturbation and grazing, and then homogenized in a single large tank. After one 

night, the supernatant was discarded and 12 mesocosms (60 L glass aquaria, bottom 

area of 40 × 40 cm2) were filled evenly with a 5 cm thick layer (after stabilization) 

of the slurry. After 24 h of decantation, each mesocosm was connected to a flow-

through system and let stabilize for 7 days. During this time, the overlying seawater 

was replaced at a rate of 15 L min-1. The seawater was filtered (5 µm mesh) and 

supplied from three dark 24 m3 tanks to prevent allochthonous primary production 

from entering the mesocosms. Illumination was supplied in a 12h:12h light:dark 

cycle using four light emitting diodes (LEDs) with different emission wavelengths 

(Supplementary Fig. 17). Light intensity (PAR) at the sediment surface was 4 µmol 

m-2 s-1, which simulated in situ light conditions in the bay of Brest at 11 m water 

depth during winter (Chatterjee et al., 2013). Temperature remained constant at 11.3 

± 0.4 °C during the whole experiment.  
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 After the sediment stabilization phase, mesocosms were divided into three 

treatments and incubated for 10 more days under the same conditions (illumination, 

temperature, water flow) as during the stabilization phase. The treatments, each 

performed in three replicate mesocosms, included a control treatment without C. 

fornicata, a treatment with reconstructed dead shell stacks, and a treatment with live 

stacks of C. fornicata (Fig. 10A). For the dead and live treatments, 9 stacks of equal 

initial fresh biomass (4−5 individuals per stack, total biomass 220 g, density 12 kg 

m-2) were placed on top of the sediment within a 15 cm diameter circle in the center 

of the mesocosms to mimic realistic biomass observed in the field in the bay of 

Brest (Guérin, 2004). 
 

2.2. Hyper-spectral imaging of MPB biomass 
 

 Although extraction-based pigment analysis is a common way to directly 

quantify the biomass of microscopic primary producers (Wright et al., 1991), its 

invasive nature does not allow monitoring the biomass of a MPB biofilm in the 

same location through time. Remote sensing methods are a good alternative to 

quantify MPB pigments without interfering with the biofilm structure (Forster and 

Jesus, 2006; Paterson et al., 1998). Among them, hyper-spectral imaging, which is 

based on capturing back-scattered light with high spatial and spectral resolution, has 

been shown to provide accurate estimates of primary producers’ biomass (Barillé et 

al., 2007; Carrère et al., 2004; Chennu et al., 2013; Combe et al., 2005; Jesus et al., 

2008; 2014). Although often used air-borne or space-borne to study MPB 

distribution at large spatial scales (Echappé et al., 2018; Méléder et al., 2003), this 

approach can also be used at smaller scales, ranging from single cells to microbial 

communities such as mats and biofilms (Barranguet et al., 2004; Perkins et al., 

2016; Polerecky et al., 2009a). Critically, the non-destructive nature of hyper-

spectral imaging allows monitoring of temporal variations in pigment content in the 

same region of interest, thus allowing inference to the MPB growth (Chennu et al., 

2013; Polerecky et al., 2009b).  

 Hyperspectral imaging of the mesocosms was done immediately after 

introducing the Crepidula stacks and after 4, 5, 6, 8, 9 and 10 days (Fig. 10A). 

Images were acquired in the VIS-NIR spectral range (400−1000 nm; spectral 

resolution 1.3 nm) using a Pika XC2 imager (RESONON Inc®). The imager was 

mounted on a translation stage (Fig. 10B) and controlled using the SPECTRONON 
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software (RESONON Inc®). The entire imaging system was mounted on rollers to 

allow movement from one mesocosm to another. Imaging was done by scanning the 

imager at 2.4 mm s-1 at 90 cm from the sediment water interface (SWI) at a nadir 

position, resulting in a spatial resolution of 250 µm. Before each scan the water 

level was carefully lowered down to 10 cm above SWI to minimize light absorption 

and scattering in the water column. During scanning, which lasted about 12 min per 

scan, the imaged area was illuminated with 8 halogen lamps (downwelling light 

intensity at SWI of 40 µmol m-2 s-1). To enable quantification of spectral reflectance 

corrected for light absorption in the overlying seawater, a white spectral reference 

plate was placed on the sediment surface and included in each scan (Chennu et al., 

2013; Polerecky et al., 2009a). Because subtidal MPB vertically migrates in the 

sediment following a diurnal cycle (Ní Longphuirt et al., 2006), affecting spectral 

reflectance of sediments (Chennu et al., 2013), all mesocosms were scanned within 

2 hours at the middle of the day. 

 
Figure 10: (A) Timeline of the experimental protocol and sampling design, (B) top-view schematic of the 
hyper-spectral imaging system, and (C) regions of interest within each mesocosm tank. 
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2.3. Hyper-spectral image processing 
 

 Hyper-spectral image processing employed linear spectral unmixing to 

extract a proxy for MPB biomass in the studied biofilms from the measured 

reflectance spectra. Similar approach was successfully used to study the dynamics 

of MPB populations growing on artificial substrates (Polerecky et al., 2009b). First, 

the spectral reflectance, R, was calculated by normalizing the spectrum of back-

scattered light measured in a given pixel with the mean spectrum co-registered in 

the same scan from the spectral reference plate. The reflectance was then log-

transformed to account for the exponentially decreasing light in MPB biofilms due 

to strong absorption and scattering (Chennu et al., 2013). Finally, the end-member 

spectra were defined as (1) the spectrum of the MPB-free substrate (both MPB-free 

sediment and shells had similar reflectance spectra), (2) a wavelength-independent 

offset describing the general “darkness” of the MPB-covered substrate, and (3) a 

spectrum containing features typical for MPB pigments including the absorption 

maxima due to chlorophyll a (Supplementary Fig. 18). The 3rd end-member 

spectrum was determined by subtracting the log(R) spectra acquired from an MPB-

covered and MPB-free substrate, and subsequently removing a constant off-set so 

that the result became zero at the wavelength of 730 nm. A detailed analysis 

revealed that all log(R) spectra could be satisfactorily decomposed into a linear 

combination of these three end-member spectra, suggesting that there was no 

significant change in the phototrophic community composition during the 

experiment. Therefore, the magnitude of the 3rd end-member spectrum was assumed 

to represent the MPB biomass in the studied biofilms. Since no calibration was 

performed, the biomass is presented in relative units.  

 The linear spectral unmixing was performed pixel-by-pixel using the 

Look@MOSI program (Polerecky et al. 2009a; http://www.microsen-wiki.net), and 

the resulting images were subsequently processed in Matlab. Specifically, signals 

representing the MPB biomass were averaged over three regions of interest (ROIs): 

(1) inner bed sediment, corresponding to the sediment in-between stacks inside the 

Crepidula beds, (2) outer bed sediment, corresponding to the sediment outside but 

close to the Crepidula beds, and (3) shells, corresponding to the C. fornicata shells 

(Fig. 10C). A 15 cm diameter circle in the centre of the control mesocosms was 

used as the reference ROI for the inner bed sediment. ROIs were drawn manually 
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based on the true-color images of the scene constructed from the bands acquired at 

wavelengths 672 nm (red), 550 nm (green) and 490 nm (blue). 
 

2.4. Sediment sampling and analysis 
 

 Analysis of the concentrations of total carbohydrates, proteins, and 

abundances of heterotrophic prokaryotes in the sediment was done on samples 

collected at the beginning and at the end of the incubation experiment (Fig. 10A). 

This choice of time-points was restricted by the fact that sampling required for these 

analyses is destructive. For this purpose, the overlying water was slowly removed to 

avoid sediment resuspension, and 4 cm² cores were gently pressed into the sediment 

at random locations, avoiding areas close to the edge of the mesocosms (Fig. 10C). 

The top cm of these sediment cores was then sampled using a syringe, 

homogenized, and divided into three Eppendorf tubes for later analyses. Four cores 

were sampled in three control mesocosms at the beginning and three control 

mesocosms at the end of the experiment, whereas eight cores were sampled at the 

end of the experiment in the dead and live treatments to allow comparison between 

the outer and inner bed sediment (Fig. 10C).  

 Total carbohydrates concentrations were measured with the colorimetric 

method (Taylor and Paterson, 1998). Specifically, 200 µL of the sediment sample 

was added to 200 µL of 5 % phenol and 1 mL of sulphuric acid. After incubation at 

30 °C for 35 min, the absorbance of the supernatant was measured at 488 nm. 

Calibration curves were prepared using glucose.  

 Total protein concentrations were determined using the modified Lowry 

method (Frolund et al., 1996). Specifically, 250 µL of the sediment sample was 

added to 250 µL of 2 % SDS (Sodium Dodecyl Sulphate) and 700 µL of a mix of 

chemicals as described by Frolund et al. (1996), and incubated for 15 min at 30 °C. 

Subsequently, 100 µL of Folin reagent (diluted 5:6 with distilled water) was added 

to this mixture and incubated for 45 min at 30 °C. Absorbance of the supernatant 

was measured at 780 nm. Calibration curves were prepared using bovine serum 

albumine (BSA).  

 Abundance of heterotrophic prokaryotes was measured by flow cytometry. 

Specifically, 1.5 ml of sediment was fixed in 4 ml of filtered (0.2 µm) 

formaldehyde solution (2 % final concentration) and stored at −80°C. Abundances 
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were determined according to the protocol described by (Lavergne et al., 2014) and 

expressed in cell/cm3 of wet sediment. 
 

2.5. Statistical analysis 
 

 Since MPB biomass was monitored through time, we performed a repeated-

measures ANOVA (RM-ANOVA) with the intra-subject factor “Time” and inter-

subject factors “Treatment” and “ROI”. Because this test compares mean MPB 

biomass that increased over the period of 10 days, a significant difference in mean 

values between given treatments corresponds to a significant difference in growth 

rate between those treatments. Two models were used to test for different effects of 

C. fornicata on the MPB development. The first model compared MPB biomass in 

the inner bed sediment through time as a function of the three treatments (i.e., 

control, dead and live), with the aim to quantify the importance of the physical and 

biological effects at a local scale. The second model compared the three ROIs (i.e., 

outer, inner and shells) between the dead and live treatments, with the aim to assess 

the spatial extent of the biological effect of C. fornicata. For each RM-ANOVA, 

variance-covariance matrix sphericity was verified using Mauchly test. When 

significant, p-values were re-calculated using the Greenhouse-Geisser correction. 

When F-tests were significant, post hoc comparisons were calculated using 

contrasts for factor interactions and using Bonferroni-corrected p-values. 

Concentrations of carbohydrates, proteins and heterotrophic prokaryotes were 

compared between time, treatments and ROIs. Differences were assessed using the 

Kruskal-Wallis test based on ranks, followed by a post hoc analysis using 

Bonferroni-corrected Mann-Whitney tests. Statistical analyses were performed in R 

(version 3.3.0; (R Core Team, 2012) using packages ‘car’, ‘plyr’, ‘phia’ and 

‘ggplot’. 
 

3. Results 
 

 After 10 days of incubation, the effect of Crepidula fornicata on the MPB 

distribution in the mesocosms was clearly visible (Fig. 11). Patches with highest 

MPB biomass occurred within the inner bed sediment of live treatments, whereas 

lowest MPB biomass was found on the shells from the dead treatment. For all 

treatments, MPB biomass decreased with the distance from the seawater inlets 

(located at the top of the images in Fig. 11), indicating that more turbulent  



 

 
 

 
Figure 11: Top view of the sediment surface after 10 days in the experimental mesocosms with the control, dead and live treatments. Examples of true-color images (top row) and the 
corresponding microphytobenthos (MPB) biomass maps (in relative units; bottom row). White arrows indicate overlying seawater flow direction. Dashed circles represent the inner 
bed sediment area. 
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hydrodynamic conditions in the water-column also had a positive effect on MPB 

growth. 
 

3.1. Physical vs. biological effect in the inner bed sediment 
 

 For all treatments, MPB biomass in the inner bed sediment increased 

approximately linearly over the course of the experiment (Fig. 12). The mean MPB 

biomass was significantly different between treatments (p < 0.0001, Table 1). Post 

hoc multiple comparisons revealed that the MPB biomass was significantly higher 

(by ~7 %) in the dead treatment than in the control (p = 0.03), was significantly 

higher (by ~12 %) in the live than in the dead treatment (p < 0.01), and was 

significantly higher (by ~19 %) in the live than in the control treatment (p < 

0.0001). These results imply that both physical and biological effects of C. 

fornicata on MPB growth occurred in our experiment and that the biological effect 

was stronger than the physical effect. Moreover, these effects appear to be additive, 

i.e., there is no synergic effect (interaction between physical and biological effects) 

in the live treatment. 

 
Figure 12: Microphytobenthos (MPB) biomass (mean ± SE of the three replicates) as a function of time 
measured at the surface in the inner bed sediment for the three treatments. 
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Table 1: Results of the RM-ANOVA applied to assess differences in microphytobenthos biomass between 
the three treatments in the inner bed sediment. 

RM-ANOVA          
  num Df den Df approx F p-value 

(Intercept)  1 20 104.01 3x10-9 
Treatment  2 19 19.81 3x10-5 

            
Post hoc test           

 Value num Df den Df approx F p-value 
Control - Dead -0.023 1 20 5.64 0.028 
Control - Live -0.066 1 20 40.5 1x10-5 
Dead - Live -0.042 1 20 11.1 7x10-3 

 

3.2. Spatial extent of the biological effect 
 

 The high spectral resolution of the hyper-spectral imaging-based pigment 

analysis was instrumental in discriminating between pseudofeces and MPB 

biomass. While both categories appeared dark-brown in the true-color images (Fig. 

13B), the 2nd and 3rd end-member spectra identified pseudofeces and MPB, 

respectively. Images of the magnitude of the 2nd end-member showed that 

pseudofeces were distributed on one side of live stacks (e.g., white arrow ! in Fig. 

13D), predominantly in the direction of ex-current flow associated with filtration of 

C. fornicata individuals (which all are oriented in the same way), and that they were 

clearly absent around the dead Crepidula stacks (Fig. 13C). In contrast, MPB 

biomass was distributed heterogeneously! on and around shells, with the highest 

density close to live shells (e.g., white arrow " in Fig. 13F).  

 MPB biomass displayed contrasted responses in the dead and live treatments 

among the different ROIs (Fig. 14A−B). The model incorporating both effects of 

treatment and ROI on MPB biomass revealed significant effect of both “Treatment” 

(p < 0.0001) and “ROI” (p < 0.0001) factors as well as of the interaction 

“Treatment:ROI” (p < 0.0001) (Fig. 14C, Table 2). Post hoc multiple comparisons 

showed that the MPB biomass was not significantly different on the outer bed 

sediment between dead and live treatments (p = 0.41). However, live treatment 

showed significantly higher MPB biomass than the dead treatment both for inner 

bed sediment (p < 0.01) and for shells (p < 0.0001). Moreover, the relative 

difference in MPB biomass between the dead and live treatments was higher on 

shells (by 50 %) than on the inner bed sediment (by 12 %). Together, these results 

showed that the enhancement of the MPB growth by the biological activity of C. 
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fornicata progressively decreased with the distance from the shells: while the effect 

was significant both on shells and on the inner bed sediment, with the former more 

pronounced than the latter, the effect disappeared on the outer bed sediment.  

 
Figure 13: Close-up images of microphytobenthos (MPB) biomass within Crepidula fornicata bed in dead 
and live treatments after 10 days. White arrows indicate regions (!) with freshly deposited pseudofeces 
and (") patches of high MPB biomass. 
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Figure 14: Microphytobenthos (MPB) biomass as a function of time (mean ± SE, n = 3) averaged over the 
three regions of interest in treatments with dead (A) and live (B) Crepidula fornicata, and mean MPB 
biomass for each combination of treatment and region of interest (C). ns non-significant, *p < 0.05, **p < 
0.01, ***p < 0.001. 

 

Table 2: Results of the RM-ANOVA applied to assess differences in microphytobenthos biomass between 
two treatments and three regions of interest (ROI). 

RM-ANOVA           

  num Df den Df approx F p-value 

(Intercept)  1 20 102.5 3x10-9 

Treatment  1 20 18.3 4x10-4 

ROI  2 19 51.94 8x10-10 

Treatment:ROI  2 19 14.97 3x10-3 

            

Post hoc test           

Dead - Live Value num Df den Df approx F p-value 

Outer -0.01 1 20 0.72 0.41 

Inner -0.04 1 20 11.09 9x10-3 

Shell -0.06 1 20 51.66 2x10-6 

 

3.3. Evolution of carbohydrates, proteins and heterotrophic prokaryotes 
 

 In contrast to the clear differences between treatments and ROIs observed 

for the MPB biomass at the sediment surface, no significant differences between the 

beginning and end of the experiment and among the treatments were found for any 
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of the three additional sediment properties (Fig. 15). Carbohydrates concentrations 

were not significantly different between conditions (F = 4.72, p = 0.45). The same 

conclusion was reached for protein content (F = 3.93, p = 0.56). Heterotrophic 

prokaryotes abundances showed significant differences among treatments (F = 

16.76, p < 0.01), however post hoc multiple comparisons failed to find any 

significant differences. 

 
Figure 15: Concentrations (mean ± SD, n = 4) of (A) proteins, (B) carbohydrates and (C) heterotrophic 
prokaryotes between treatments collected at days 0 and 10 from the inner (I) and outer (O) bed sediment 
for the dead and live treatments. 

 

4. Discussion 
 

4.1. Effects of Crepidula fornicata on subtidal microphytobenthos 
 

 Our results showed that at a local scale (i.e., inner bed sediment), and on a 

time-scale of days, the engineer species C. fornicata stimulated subtidal MPB 

growth, through both physical and biological effects. Moreover, the biological 

effect was more important than the pure physical one linked to the presence of 

shells. This result is consistent with the hypothesis that the biological activity of this 

species promotes MPB growth via enhanced nutrient supply. Thus, it adds to a 

growing body of evidences showing that ecosystem engineering species have 

promoting effects on benthic primary production (Chennu et al., 2015; Echappé et 

al., 2018; Engel et al., 2017). Our data also showed that the enhancement of MPB 



CHAPITRE I : Influence de la crépidule sur la production primaire benthique 

38 
 

growth by the biological activity of C. fornicata depends on the distance from the 

individuals; while MPB growth increased on shells and inner bed sediment, no 

effect was observed outside the C. fornicata bed. This spatial heterogeneity may 

reflect different processes involved in the enhancement of nutrient supply, as 

discussed below.  

 Regarding the physical effect, C. fornicata influences hydrodynamics in the 

overlying water by increasing rugosity of the benthic boundary layer as shell’s 

density increases (Moulin et al., 2007). The resulting sheltering effect against 

erosion has been suggested to explain enhanced MPB growth conditions in natural 

mollusk beds (Engel et al., 2017). Although the hydrodynamics was lower in our 

experiment than in natural conditions, it is possible that this sheltering effect also 

played a role in our mesocosms. However, another possible explanation is that, 

similar to what occurs in permeable sediments with ripples (Precht et al., 2004), 

nutrient efflux at the sediment-water interface around C. fornicata shells was 

increased by a small but significant advective porewater outflow induced by the 

complex interactions between the overlying water flow and the seabed micro-

topography, ultimately leading to enhanced MPB growth. This explanation is 

supported by our observation that, in addition to the inner bed sediment, the 

enhanced MPB biomass growth was also observed close to the water inlets in our 

mesocosms, where a locally increased advective efflux of porewater nutrients 

induced by over-pressurization of porewater relative to the overlying water (due to 

a locally faster flow) is plausible. 

 Regarding the biological effect, our data suggest that excretion of dissolved 

metabolic products is likely the main factor promoting MPB growth in Crepidula 

beds on time-scale of days. Although we have not measured nutrient concentrations 

directly, this hypothesis is supported by the interpretation of our hyper-spectral 

data. Specifically, if nutrients supporting the growth of MPB on shells were 

delivered only via transport from the sediment next to the shells, their 

concentrations at the shell-water interface would be, due to dilution, lower than at 

the sediment-water interface. This would imply that, when comparing the life vs. 

dead treatment, their stimulation of MPB growth on shells should not exceed the 

stimulation on the sediment. However, the relative difference in MPB growth 

between our live and dead treatments was larger on shells (50 %) than on the 

sediment (12 %). This is only possible if the shells of live C. fornicata individuals 
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acted as an additional nutrient source, even stronger than the sediment around the 

shells. The most likely mechanism behind such a nutrient source is direct excretion 

of dissolved metabolic products by C. fornicata. However, more experiments 

involving direct nutrient measurements are necessary to further test this hypothesis. 

Nutrient supply from mollusk metabolism has been shown to be a significant 

process in primary production fertilization (Asmus and Asmus, 1991; Gardner et 

al., 1995; Newell et al., 2005). Our data combined with the observation that C. 

fornicata catabolism accounts for 85 % of the benthic community excretion in 

natural Crepidula beds (Martin et al., 2006) suggest that excretion of dissolved 

metabolic products plays potentially an important role in benthic primary 

production in these habitats, as previously suggested by (Ní Longphuirt et al., 

2007). 

 However, there are additional mechanisms that might enhance nutrient 

supply in Crepidula beds (Fig. 16). First, C. fornicata is a suspension-feeder that 

significantly contributes to organic enrichment of the sediment through 

biodeposition (Ehrhold et al., 1998; Manac’h, 1995). Inorganic nitrogen produced 

by the mineralization of biodeposits can be a significant nutrient source for primary 

producers (Newell, 2004; van Broekhoven et al., 2015). After C. fornicata produced 

pseudofeces at the beginning of the incubation phase, a slow but stable 

remineralisation process probably occurred over the course of our experiment.  

 
Figure 16: Schematic diagram of the effects of Crepidula fornicata on microphytobenthos growth, 
discriminating between the effects of dead (physical engineering) and live (physical plus biological 
engineering) animals. 

However, the fact that the highest MPB biomass recorded in the vicinity of live 

shells did not overlap with the area covered by pseudofeces (Fig. 13D and 13F) 

indicates that pseudofeces were not the main cause of MPB fertilization during our 

short-term experiment. Because pseudofeces tend to accumulate on the substrate, 
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this process probably plays a significant role in medium-to-long-term stimulation of 

MPB development in natural Crepidula beds (Laruelle et al., 2009). A second 

possibility, consistent with the fact that the highest MPB biomass was observed in 

the close vicinity of the live individuals’ shells, is linked to postural changes of C. 

fornicata (Powell-Jennings and Callaway, 2018). As suggested by (Loomis and van 

Nieuwenhuyze, 1985), movements of C. fornicata individuals in direct contact with 

muddy sediment destabilize the sediment-water interface. This bioturbation can 

promote MPB growth by increasing nutrient fluxes from underlying pore water. 

Finally, solubilisation of mucous is also known to promote MPB growth through 

the supply of dissolved nutrients, as shown for mollusks (Cognie and Barillé, 1999). 

C. fornicata secretes high amounts of mucous during its filter-feeding activity 

(Shumway et al., 2014), which can also contribute to promote MPB development.  

 In our experiment the clear increase in the MPB biomass was not 

accompanied by the corresponding increase in the other biofilm components 

measured (i.e., proteins, carbohydrates and heterotrophic prokaryotes). This was an 

unexpected result given that previous studies did observe coupling between these 

parameters and the MPB growth (Hubas et al., 2010; Orvain et al., 2003; 

Underwood and Paterson, 2003). The absence of changes in these biofilm 

parameters could indicate that during our experiment, the fertilization impact of C. 

fornicata was restricted to the very surface of the sediment, and that we did not 

detect these changes due to an insufficient sampling resolution. Indeed, 

carbohydrates, proteins and heterotrophic prokaryotes were measured in the top cm, 

while MPB biomass quantification by the hyper-spectral imaging method is limited 

to the depth of light penetration (Chennu et al., 2013), which is about 0.3 mm in 

marine muddy sediments (Kühl et al., 1994). Thus, even if significant changes in 

carbohydrates, proteins and heterotrophic prokaryotes did occur within the MPB 

biofilms, they were likely minor compared to their standing stocks in the top cm of 

the sediment, and thus not detected. Another possibility is that the conditions 

employed in our experiment were not optimal to maintain a clear link between the 

MPB biomass and the concentrations of the other parameters. For instance, 

exopolysaccharides (EPS) produced by MPB (mixture of proteins and 

carbohydrates) could have been removed by the overlying water through 

solubilisation and/or hydrolysis (Orvain et al., 2003; Underwood and Paterson, 

2003). Additionally, their production is driven by photosynthesis and thus strongly 
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depends on irradiance and temperature (Perkins et al., 2001; Smith and Underwood, 

2001). The rather low temperature and irradiance, combined with the continuous 

water flow in the mesocosms, likely limited EPS accumulation, and thus its 

colonization by heterotrophic prokaryotes, in the MPB biofilms in our experiment. 
 

4.2. Limitations 
 

 In our study we did not calibrate our hyper-spectral data against the 

concentrations of MPB in the sediment, but relied on previous studies that showed 

that hyper-spectral measurements provide accurate measures of MPB biomass 

(Barillé et al., 2007; Carrère et al., 2004; Combe et al., 2005; Chennu et al., 2013; 

Jesus et al., 2014; 2008). Nevertheless, to indicate the range of the actual MPB 

biomass in our mesocosms, we measured chlorophyll a concentrations by HPLC for 

a limited number of sediment samples (1 cm deep sediment cores). For the study 

site, the in situ chlorophyll a concentrations were 17−24 µg (g DW)-1 (n = 2), which 

is similar to the value reported previously for a subtidal muddy sediment in the bay 

of Brest in winter (18 µg (g DW)-1; Riaux-Gobin et al., 1987). With respect to the 

experiment, chlorophyll a concentrations in the mesocosms increased from 26−29 

µg (g DW)-1 (n = 4) to 60−136 µg (g DW)-1 (n = 10) between days 0 and 10, which 

is an increase by a factor of 2−5 (3.5 on average). Taking into account the 

substantially larger sampling depth of this HPLC-based pigment analysis (1 cm), 

this increase was consistent with the relative increase in the MPB biomass derived 

from our hyper-spectral measurements (by a factor of 5−6; Fig. 12). 

 While our experimental design was able to detect significant effects of C. 

fornicata on the MPB growth rate, its duration was not adequate for quantifying 

differences in the biotic capacity of the studied system (Orvain et al., 2003). Indeed, 

at the end of the experiment, although MPB growth appeared to slow down in the 

dead treatment, MPB was still growing at roughly a constant rate in the live 

treatment, irrespective of the ROI (Fig. 14A−B). The duration of our experiment 

was designed according to previous experiments investigating similar ecological 

processes (Agogué et al., 2014; Chennu et al., 2015; Jauffrais et al., 2015; Orvain et 

al., 2003). Based on these reports we expected the MPB to follow a logistic growth 

model and reach a plateau within ~10 days (Chennu et al., 2015; Jauffrais et al., 

2015; Orvain et al., 2003). However, the abiotic conditions chosen for our 

experiment (e.g., winter temperature and low light) were probably too harsh for the 
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MPB to approach the biotic capacity of the substrate in such a short time. We 

suggest that future experiments studying short-term effects of altered nutrient 

supply on MPB growth should employ slightly longer duration of the experimental 

treatments (e.g., 2−3 weeks) to allow a more complete understanding of the growth 

dynamics. 
 

5. Conclusions 
 

 Overall, we provided evidence that Crepidula fornicata enhances the growth 

of microphytobenthic biofilms. Our experiment disentangled two potential effects 

of this engineer species (physical vs. biological), and revealed that live Crepidula 

beds supported faster MPB growth than dead ones. Dissolved metabolic products 

excreted by C. fornicata were likely the main factor stimulating MPB growth in our 

short term experiment. While fertilization of MPB by engineer species such as 

mussels (Engel et al., 2017), oysters (Echappé et al., 2018) or lugworms (Chennu et 

al., 2015) has been documented for intertidal sediments, our study is the first to 

quantify this phenomenon in a subtidal habitat.  

 Considering the large geographical extent of this invasive species in shallow 

European waters (Blanchard, 2009), the potential contribution of C. fornicata to 

subtidal benthic primary production and its fate in higher trophic levels need to be 

further investigated. Despite emerging evidence of its trophic significance (Evrard 

et al., 2012; Grall et al., 2006; Rigolet et al., 2014), subtidal MPB remains difficult 

to sample and hence is usually disregarded as a potential source of labile organic 

matter in benthic food-web studies. The trophic role of subtidal MPB is likely to be 

significant in C. fornicata habitats, where the biomass of primary consumers (i.e., 

deposit- and suspension-feeders) is high (de Montaudoin et al., 1999; Ní Longphuirt 

et al., 2007). Because it has no predators in its introduction area, C. fornicata is 

considered to be a trophic dead-end (Arbach Leloup et al., 2008). Nevertheless, the 

intense filtering activity and the low assimilation efficiency of this species 

(Shumway et al., 2014) suggest that C. fornicata may redirect a large amount of 

energy and material from the water column to the benthic compartment not only 

through biodeposition (Chauvaud et al., 2000), but also through stimulation of 

benthic primary production.  

 Despite invasive species being generally considered as a threat for 

ecosystems, their engineering effects have the potential to enhance ecosystem 
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functioning and compensate for the loss of native habitats (Ramus et al., 2017; 

Romić and Nakajima, 2017). In the case of C. fornicata, both its physical (e.g., 

habitat-forming heterogeneity and niche provisioning) and biological (e.g., 

stimulation of MPB growth) engineering effects could offset the negative ecological 

impacts usually attributed to this species. 
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7. Supplementary materials 

 
Supplementary Figure 17: In situ light spectra recorded at 0, 3 and 11.5 meter depth in the bay of Brest. 
The artificial light spectrum provided during the experiment is shown as a grey line. 
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Supplementary Figure 18: End-member spectra used to quantify microphytobenthos biomass from the 
log-transformed spectral reflectance data obtained from the experimental mesocosm using hyper-spectral 
imaging.
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Méthode 2 : Isotopes stables

Les isotopes stables d’un élément chimique sont naturellement présents dans 
l’environnement, et diffèrent par leur nombre de neutrons. Par exemple, l’atome de 
carbone possède deux isotopes stables, le carbone 12 et le carbone 13, comprenant 
respectivement 12 et 13 neutrons. L’assimilation du carbone par les organismes se 
fait via le carbone inorganique dissout de l’atmosphère ou du milieu marin pour les 
producteurs primaires et via l’ingestion de matière organique pour les 
consommateurs. Le carbone lourd étant plus difficilement mobilisable lors des 
réactions biochimiques, il a tendance à être moins utilisé et donc à s’accumuler dans 
l’organisme (voir Fry, 2006 pour une synthèse sur l’utilisation des isotopes stables 
en écologie). Ceci aura pour effet d’augmenter le rapport 13C/12C dans les tissus 
d’un consommateur. Ce rapport sera ensuite corrigé par un standard naturel et 
international, il est noté δ13C et est exprimé en ‰.  
 

“We are what we eat, plus a few per mil” (DeNiro and Epstein, 1978) 
 

Leur utilisation en écologie trophique repose donc sur le fait qu’un consommateur 
incorpore la signature de sa source de nourriture, en s’enrichissant en isotopes 
lourds de façon prévisible. Cette différence entre une source et un tissu est appelé 
fractionnement isotopique. De nombreux ratios isotopiques sont utilisés en écologie 
pour répondre à diverses problématiques telles que la nutrition, la migration, etc. 
Par exemple, le δ13C est utilisé pour caractériser différents producteurs primaires 
(phytoplancton, macroalgues, herbiers, microphytobenthos), et leur assimilation par 
des consommateurs. En effet, l’accès à leur source de carbone inorganique ainsi que 
l’enzyme à l’origine de la fixation du CO2 va conditionner leur δ13C. Le second 
ratio isotopique souvent utilisé est le δ15N, qui mesure le ratio entre l’azote 15 et 
l’azote 14. Du fait d’un fractionnement plus important entre une source et son 
consommateur, cet isotope est utilisé comme indicateur du niveau trophique d’un 
organisme calculé à partir de la source à la base de la chaîne trophique (Figure 19). 

  
Figure 19 : Diagramme isotopique conceptuel illustrant l’enrichissement attendu entre un producteur 
primaire (Salsepareille), un consommateur primaire (Schtroumpft) et un consommateur secondaire 
(Gargamel). Les valeurs de fractionnement sont tirés de McCutchan et al., 2003 
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Abstract 
 

 Stable isotopic analysis is extensively used in trophic ecology. Inorganic 
carbonates, usually originating from shell fragments, are routinely removed from samples 
using an acid treatment because they affect δ13C values. However, acid treatment can also 
change δ15N. For some taxa such as molluscs, the general assumption is that acid pre-
treatment is not necessary since their shell is easily dissected from soft tissues and 
represents the only source of inorganic carbonates. However, other sources of non-dietary 
carbon (e.g., intracellular inorganic carbon) enriched in 13C thus get overlooked. Soft 
tissues (foot) of the invasive gastropod Crepidula fornicata of different size classes were 
analysed for δ13C and δ15N with and without acid pre-treatment using isotope ratio mass 
spectrometry. In toto microscopic investigations coupled with acid treatment, scanning 
electron microscopy and energy dispersive spectroscopy were used to highlight the 
presence of inorganic carbonate. A correction model was derived and applied to existing 
stable isotope data for C. fornicata. We used both seasonal variations in δ13C signatures and 
mixing model outputs to assess the error δ13C values. Acid pre-treatment had a significant 
effect on stable isotope compositions of C. fornicata foot tissue, especially on δ13C values: 
isotopic differences increased with size, up to 3 ‰ for large females. No effect was 
detected for small (below ~20 mm) and motile males. In toto microscopic analysis revealed 
the presence of small spherules of inorganic carbonate, hence explaining the differences in 
δ13C values. Mixing model outputs and seasonal variation of δ13C values showed that 
untreated samples can lead to large misinterpretations about diet proportions and degree of 
trophic niche overlap, respectively. Spherules of inorganic carbonate in C. fornicata soft 
tissues are likely to be linked with motility of this species and their mucus production. We 
recommend assessing the presence of inorganic carbonate in soft tissue of sessile 
gastropods.  
 

Keywords: Stable isotope, sample preparation, Crepidula fornicata, inorganic carbonate, 
mixing model 
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1. Introduction 
 

 Stable isotope (SI) analysis has been increasingly used in ecology for 

several decades (Fry and Sherr, 1984; Herman et al., 2000), especially to infer 

organic matter pathways in ecosystems, trophic positions of species, or animal 

movement (Fry, 2006). Among the isotopes used in this way, δ13C is one of the 

most frequently assessed isotopic ratios in marine trophic ecology. Indeed, the small 

fractionation (~1 ‰) between a consumer and its diet makes it possible to trace the 

origin and fate of organic carbon (Boecklen et al., 2011; DeNiro and Epstein, 1978; 

Fry, 2006). SI analysis has been popularized worldwide by an increasing number of 

stable isotope facilities and a steadily falling analytical cost. As a result, sample 

preparation is now done routinely and may suffer from a lack of care and attention. 

Two major well-documented biases can occur when preparing samples for SI 

analysis: a high storage lipid content (Post et al., 2007) and the presence of non-

dietary carbon, such as inorganic carbonates (Schlacher and Connolly, 2014). In the 

animal kingdom, some hard structures are composed of inorganic carbonates, which 

are isotopically ‘heavier’ (i.e., enriched in 13C) relative to dietary organic carbon. 

To cope with potential carbonate contamination, scientists usually use an acid 

treatment prior to SI analysis (Guerin et al., 2013; Jacob et al., 2005; Jaschinski et 

al., 2008; Kennedy et al., 2005; Lorrain et al., 2003; Mateo et al., 2008).  

 For some taxa such as molluscs, ecologists take the easy approach of 

carefully removing external/internal shells and other hard structures (operculum, 

calcified radula). In many cases, the muscular part of the body (i.e., the foot and 

adductor muscles) is thus dissected out to avoid using acid treatment. Supposedly, 

dissection saves time over acid treatment, which poses a potential risk of affecting 

isotopic ratios (Guerin et al., 2013; Mateo et al., 2008). Choosing this common 

method makes the assumption that soft tissues do not contain inorganic carbonates. 

However, inorganic carbonates in the form of calcium spherules have been shown 

to be present in different organs, e.g., in the foot muscle, arteries and digestive 

glands of terrestrial gastropods (Burton, 1972; Little, 1965; Tompa and Watabe, 

1977), also in gills, mantle and digestive glands of freshwater bivalves (Istin and 

Girard, 1970; Pynnönen et al., 1987). To our knowledge, only five species of 

marine gastropods have been studied for their calcium spherules (Mason and Nott, 

1981; Nott and Nicolaidou, 1989).  
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 Among marine gastropods, the slipper limpet Crepidula fornicata is a model 

species in many scientific fields (Henry and Lyons, 2016). This gregarious animal 

lives in stacks of several individuals and forms characteristic subtidal banks (Barnes 

et al., 1973). C. fornicata is a hermaphroditic species that begins its benthic life as a 

male with low motility and then becomes a sessile female. Because of its 

introduction to many parts of the world and potential cascading effect on food web 

functioning, numerous studies have used SI analysis to investigate its diet and to 

infer inter-specific trophic overlap.  These include its potential trophic competition 

with native suspension feeders such as the scallop Pecten maximus (Richard, 2005), 

or cultivated species such as the blue mussel Mytilus edulis or Pacific oyster 

Magallena gigas (formerly Crassostrea gigas) (Decottignies et al., 2007ab; 

Lefebvre et al., 2009; Riera et al., 2002). Recent personal observations revealed 

unexpected and repeated bubbling occurred from C. fornicata foot dissected and 

dropped into a 1N hydrochloric acid solution. This gas emission strongly suggests 

overlooked inorganic carbonates in the soft tissues of C. fornicata. 

 Here, we investigated the effect of acid pre-treatment on carbon and 

nitrogen SI compositions in soft tissue (foot) of C. fornicata. We looked for 

inorganic carbonates in the foot using in toto microscopic investigation. The 

relationship between the δ13C deviation and individual size was quantified and a 

correction model proposed to correct for potential bias. We also assessed potential 

ecological pitfalls and misinterpretations between corrected and uncorrected data 

using both mixing model outputs and seasonal variations in 13C signatures.   
 

2. Materials and methods 
 

2.1. Sample collection and preparation for stable isotope analysis 
 

 Forty-one Crepidula fornicata individuals ranging from 10.4 to 39.8 mm in 

total length were collected in the bay of Brest, France, in June 2015 (48° 23.36068' 

N, 004° 23.86901' W). For each individual, the soft tissues were carefully removed 

from the shell to avoid breaking small pieces of the septa (thin calcareous part of 

the shell). The foot was then dissected out and cut into two equal parts, one was 

rinsed with MilliQ (Merck Millipore®, France) water and the second was sliced 

into small pieces, placed in a beaker containing 1N HCl until the bubbling stopped, 
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and then rinsed with MilliQ water. All the samples were freeze-dried and ground 

into homogenous powder using a ball mill (Retsch MM400, France). 
 

2.2. Stable isotope analysis 
 

 Samples of approximately 400 µg of powder per animal were weighed in tin 

capsules. SI analysis was performed on a Thermo Scientific Flash EA 2000 

elemental analyser (Thermo Electron, Bremen, Germany) coupled to a Delta V Plus 

mass spectrometer in continuous flow (Thermo Electron, Bremen, Germany) at the 

Pôle de Spectrométrie Océan (PSO, Plouzané, France). Organic carbon was 

expressed as percentage of the total organic matter, and stable isotope ratios in 

standard δ notation based on international standards (Vienna Pee Dee Belemnite for 

δ13C and atmospheric nitrogen for δ15N) according to the equation:  
 

δ = (Rsample/Rstandard) – 1 (in ‰)  
 

where R is 13C/12C or 15N/14N. International isotopic standards of known δ15N and 

δ13C values were used: IAEA-600 caffeine, IAEA-CH-6 sucrose, and IAEA-N-1 

and IAEA-N-2 ammonium sulphate. The experimental precision was estimated 

using the standard deviation of an internal standard (Thermo Acetanilide, n = 8), 

which indicated an analytical precision of ± 0.11 ‰ and ± 0.07 ‰ for δ13C and 

δ15N values, respectively. 
 

2.3. In toto microscopic investigation 
 

 For microscopic investigations, we sampled small transverse sections (~1 

mm) of foot tissue from thirty adult C. fornicata individuals (mean length = 35 ± 5 

mm). After observations under an optical microscope to find structures (i.e., 

spherules), we added one drop of 1N HCl between the slide and the plate. The 

presence of inorganic carbon was verified by observing dissolutions of the 

spherules and the accompanying gas emission. Scanning Electron Microscopy 

(SEM) and Energy Dispersive Spectroscopy (EDS) analyses were also performed to 

investigate the foot tissue of adult C. fornicata. Whereas SEM provides information 

about the surface topography of a sample, EDS analysis gives a qualitative 

elemental analysis. Small pieces of dried samples (50°C for 48 h) were mounted on 

pin stubs and coated with carbon or gold. SEM and EDS secondary electron images 

were then obtained with a FEI Quanta 200 coupled with an OXFORD X-MAXN 
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Silicon Drift Detector (detector size: 80 mm2) at the Laboratoire de Géochimie et 

Métallogénie of IFREMER (Plouzané, France). 
 

2.4. Data analysis 
 

 Since the treated and non-treated samples were non-independent, and the 

values of pair-differences normally distributed (Shapiro-Wilk, p-value > 0.2), δ13C 

and δ15N value differences between acid-treated and non-treated samples were 

tested using paired t-tests. The relationships between isotopic deviations due to acid 

treatment with individual size were investigated using both linear and exponential 

models. The best fit was chosen based on the coefficient of determination. 

Differences in paired δ13C values (i.e., δ13C of treated and untreated halves of a 

given sample) were plotted on individual size. The relationship thus obtained was 

used as a correction model. Correction consists in replacing the unknown parameter 

“x” in the equation with the size of the individual. This correction factor y should 

be subtracted from any 13C value obtained from non-acidified samples. Percentage 

of organic carbon was compared between treatments and categories of C. fornicata 

(i.e., motile males, sessile males and sessile females) using a mixed-effect model to 

take into account repeated measurement in the two-factor analysis of variance. This 

model allows the incorporation of a random effect term in a linear model, which 

produces a correlation structure between measurements from the same individual 

(Mangiafico, 2015; Zuur et al., 2009). Normality and homogeneity of residual 

variance were checked visually and post hoc comparisons were made using Tukey 

tests. 

 An isotopic mixing model allows the calculation of contributions of 

potential food sources to the diet of a species (Phillips et al., 2014). In order to 

assess the influence of the carbonated spherules (which is neutralized by acid 

treatment) in the computation of dietary proportions of C. fornicata individuals of 

varying sizes, a mixing model was run using δ15N values of untreated consumer 

samples and δ13C values of either treated or untreated consumer samples. We 

considered three potential food sources (marine suspended particulate organic 

matter, benthic diatoms and an association of macroalgae/C4 plants) and used 

realistic food source isotopic ratios and trophic discrimination factors previously 

published by Decottignies et al. (Decottignies et al., 2007a) (Supplementary Table 

3). Although these authors considered a fourth potential food source (marine 
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angiosperms Halimione sp. and Salicornia sp.), we did not include this in our 

mixing model due to its very low contribution to the diet of filter feeders in their 

case study (Decottignies et al., 2007b). The dual element (δ13C, δ15N), three-source, 

mass-balance, linear mixing model can be described by the following equations: 
 

δ13Cm = f1 δ13C1 + f2 δ13C2 + f3 δ13C3 

δ15Nm = f1 δ15N1 + f2 δ15N2 + f3 δ15N3 

1 = f1 + f2 + f3, 
 

where f1, f2 and f3 are proportions of the three potential food sources. Because 

mixing models use a Bayesian approach that integrates uncertainty such as diet-

tissue discrimination factors (Phillips et al., 2014), classic statistical tests to assess 

mean or distribution differences are not relevant (White et al., 2014). We used the 

interquartile range (IQR), which is a measure of statistical dispersion (Upton and 

Cook, 1996). The difference between the third and the first quartile is defined as an 

index of overlap between dietary proportions. In this study, we considered that two 

distributions of dietary proportions were different if the two corresponding IQR 

were non-overlapping.  

 We extracted  δ13 values from (Decottignies et al., 2007a) to infer 

interspecific relationships between C. fornicata and Magallena gigas. The trophic 

niche overlap between species was investigated using seasonal δ13C values for both 

species. Differences between species were analysed using non-parametric Mann-

Whitney tests since data were not normally distributed. We focused on two specific 

seasons (winter-early summer and late summer) during which changes in trophic 

relationships are known to occur. All statistical analysis were computed with the 

free software R (R Core Team, 2012) using the ggplot2 (Wickham, 2016), nlme 

(Pinheiro and Bates, 2010), rcompanion (Mangiafico, 2015) and simmr packages 

(Parnell et al., 2013). 

 

3. Results  
 

3.1. Effect of acid treatment on δ13C and δ15N values 
 

 The δ15N values of foot tissue increased linearly with individual size for 

both untreated and acid-treated samples, with a steeper slope for acid-treated 

samples (Fig. 20A). The δ13C values increased exponentially with individual size, 
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with a higher slope for untreated samples (Fig. 20B). Differences between untreated 

and acid-treated samples were significant for both nitrogen and carbon isotope 

ratios (paired t-test; T = 4.63, p-value = 0.0001 and T = 3.87, p-value = 0.0009, 

respectively). To formalize isotopic deviation in untreated samples, a correction 

model was computed from the δ13C values using a three-order polynomial 

regression (Fig. 20C).  
 

 
Figure 20: Relationships between (A) nitrogen or (B) carbon stable isotope ratios (‰) measured in the 

foot of Crepidula fornicata and individual size for both untreated (filled circles) and acid-treated (open 
circles) samples. (C) Correction model showing the differences of δ13C value between acid-treated and 
untreated samples, according to individual size. 
 

 

The organic carbon content of the foot tissue was dependent on both treatment and 

C. fornicata development stage (significant interaction between treatment × stage: F 

= 9.22, p-value < 0.001, Fig. 21). Significantly lower organic carbon content was 

observed for both untreated sessile males and females (Fig. 21).   
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Figure 21: Organic carbon content (%) in foot of Crepidula fornicata in untreated (white) and acid-
treated (grey) samples. Significantly different groups are shown with different letters. 

3.2 In toto microscopic investigation 
 

 Numerous spherules of ~30 µm size consisting of granular material were 

observed in the foot tissue of all examined individuals (n = 30) (Fig. 22A). The 

addition of one drop of 1N HCl to the preparation triggered gas bubbles and the 

dissolution of the spherules (Fig. 22B, C). After less than 3 minutes, all the 

spherules had dissolved (Fig. 22D).  

 
Figure 22: Example of an in toto histological cut of the slipper limpet Crepidula fornicata foot (A) before 
acidification (t0) and (B) 1’20, (C) 1’40, (D) and 2’40 after 1 M HCl acidification. Note the production of 
gas accompanied by the dissolution of calcareous spherules. All images are at the same scale. 
 

We also performed the ‘limewater’ test to check for CO2 in the emitted gas. Fresh 

tissue of C. fornicata (foot) was crushed and put in an Erlenmeyer connected by a 

pipe to another filled with distilled water saturated in lime. 20 ml of 1N 

hydrochloric acid was added to the tissue and this Erlenmeyer then hermetically 
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closed. After 1 minute, bubbles came through the pipe into the limewater, which 

became cloudy thus indicating the presence of CO2. Further observations revealed 

the presence of similar spherules in the entire animal, but less abundant than in the 

foot tissue. Spherules were clearly visible under the surface of the skin of 

dehydrated foot tissue (Fig. 23A-B). Close-up images of a broken part of this tissue 

sample highlighted the internal composition of the spherules. These consist of a 

multitude of tiny balls of about 1 µm diameter (Fig. 23C). EDS qualitative analysis 

indicated that these spherules are composed of carbon, oxygen, calcium and 

magnesium. 

 
Figure 23: Scanning electron microscopy of the foot of adult of Crepidula fornicata at different 
magnification levels. 

3.3. Presence of spherules in relation to the substrate of C. fornicata 

 

 When removed from underlying shell substrates, C. fornicata individuals 

leave a hard, white (more or less pronounced) deposit, which perfectly matches 

their foot imprint (Fig. 24A). This deposit also reacts with acid and produces gas, 

but was not observed for five supplementary individuals inhabiting non-calcareous 
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substrates (Fig. 24B). Nevertheless, these individuals all showed the same pattern of 

calcareous spherule distribution in their bodies (Fig. 24C) with comparable amounts 

in the foot (Fig. 24D).  

 
Figure 24: Images of the slipper limpet Crepidula fornicata inhabiting (A) a calcareous substrate and (B) 
a non-calcareous substrate. (C) Calcareous concretions in Crepidula fornicata soft tissue fixed on a non-

calcareous substrate and (D) close-up of a foot tissue sample from the same individual. 

3.4. Implications for diet composition assessment of C. fornicata 
 

 The estimation of the contributions of potential food sources to the diet of C. 

fornicata (i.e., Marine POM, Benthic diatoms and Macroalgae and C4 plants) and 

the extent of change greatly varied according to C. fornicata size classes and 

sources (Fig. 25), whether corrected or uncorrected δ13C values were used. Due to 

an overall small dietary contribution, the proportion of benthic diatoms remained 

little impacted by acid treatment, except for the largest size class 36–40 mm (Fig. 

25A). The dietary proportions of macroalgae and C4 plants showed clear 

differences for individuals larger than 30 mm (Fig. 25B). Finally, marine POM 

contributions showed the highest differences between uncorrected and corrected 

samples, with increasing ranges from 25 mm and above (Fig. 25C). For the largest 

individuals (36–40 mm), corrected δ13C values revealed that contributions were 

overestimated for benthic diatoms (53 %) and macroalgae/plants (22 %) but under-

estimated marine POM (43 %), when comparing with uncorrected values.  
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Figure 25: Relative contributions of (A) benthic diatoms, (B) macroalgae and C4 plants, and (C) marine 
POM to the diet of C. fornicata of six size classes calculated with uncorrected (grey) and corrected (black) 
δ13C values (data extracted from Decottignies et al., 2007a). 

3.5. Implications in interspecific trophic overlap assessment 
 

 Inter-specific isotopic differences between the two suspension-feeding 

species C. fornicata and M. gigas showed opposite seasonal patterns when 

comparing corrected and uncorrected δ13C values (Fig. 26). For instance, during late 

summer, δ13C value differences between oysters and slipper limpets were non-

significant when considering uncorrected values of C. fornicata, but were 

significant after correction. Conversely, from winter to early summer, significant 

differences became non-significant after correction.  
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Figure 26: Seasonal variations of δ13C measured for Crepidula fornicata (open circles) and Magallena 

gigas (filled circles) (mean ± SD; n = 5). Interspecific δ13C comparisons are shown with (A) uncorrected 
and (B) corrected (data extracted from Decottignies et al., 2007a). Asterisks show significant interspecific 
differences. ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01. 

 

4. Discussion  
 

 The present study aimed to investigate the effect of acidification of soft 

tissues (foot) on carbon and nitrogen stable isotope ratios in slipper limpet C. 

fornicata, a common and widespread invasive gastropod. We coupled isotopic 
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compositions and microscopic observations to quantify the effect of the acid pre-

treatment on δ13C and δ15N values. 
 

4.1. The need for acid treatment in δ13C value assessments in C. fornicata 

 

 Acid pre-treatment had no effect on either δ13C or δ15N values for small 

sizes of C. fornicata. For individual sizes above ~20 mm, the difference between 

treated and untreated samples increased linearly up to 0.6 ‰ for δ15N, and 

exponentially up to 3 ‰ for δ13C. These values are higher than those found in other 

investigations on acid treatments in gastropods. As reviewed in (Schlacher and 

Connolly, 2014), δ13C values in  untreated gastropods had a mean deviation of 0 ‰ 

(± 0.09) compared with acidified samples, whereas δ15N values were slightly 

higher, by 0.14 ‰ (± 0.09). Although a low concentration solution of hydrochloric 

acid (1 N) is not supposed to significantly transform organic matter (by chemical 

reactions or loss of organic matter) or fractionate stable isotope ratios (Schlacher 

and Connolly, 2014), we cannot exclude that acid treatment may cause slight 

deviations of stable isotope ratios. Potential reactions include solubilisation of acid-

soluble organic carbon (Brodie et al., 2011), break-up of complex compounds such 

as amino acids and subsequent loss in rinses (Mateo et al., 2008), and volatilization 

(Lohse et al., 2000) or fractionation of organic carbon (Kennedy et al., 2005). This 

is why many authors have stressed the need for a common sample preparation 

protocol in stable isotope studies (McCutchan et al., 2003). 

 The largest individuals in this study were 40 mm in length, but C. fornicata 

can reach 50 mm (Richard et al., 2006). As a result, one could expect even higher 

differences in δ13C values for larger adults, although extrapolating the correction 

beyond 40 mm has not been validated here. Acidified samples have higher organic 

carbon content per unit weight compared with non-acidified ones (27 ± 3 % vs. 41 ± 

1 % for sessile female), indicating that organic and/or inorganic carbon reacts with 

acid. Gas releases and decreases in inorganic carbon during acidification suggest 

that C. fornicata foot tissue contains inorganic carbonates in higher concentrations 

in sessile individuals compared with motile ones. 

 When dealing with molluscs in general and gastropods in particular, 

inorganic carbon content is expected to originate from shell fragments. Isotopic 

investigations on C. fornicata have been carried out either on undissected animals 

rinsed with 1 N HCl (Decottignies et al., 2007ab; Lefebvre et al., 2009; Riera et al., 
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2002), or dissected animals without acid treatment (Guérin, 2004; Richard, 2005). 

In six out of seven studies, inorganic carbonates in the soft tissues were not 

dissolved by acid, hence generating measures falsely-enriched in 13C in these 

studies (Supplementary Table 4). We found only one study in the literature likely to 

obtain comparable results for δ13C: (Dubois et al., 2014) used freeze-dried powder 

with 1.2 N HCl solution directly in silver cups as an acidification process. This 

treatment allows a total dissolution of inorganic carbonates from the sample, giving 

a mean δ13C value of -19.7 ‰, which is in the same range as our acid-treated 

samples. As a result, we recommend analysing δ13C and δ15N in two different ways: 

untreated samples for nitrogen and acidified samples for carbon. In order to allow 

perfect penetration of acid and avoid any loss of organic carbon during rinsing, we 

also encourage using in-cup acidification (Guerin et al., 2013). 
  

4.2. Origins of inorganic carbonates in Crepidula fornicata soft tissue 
 

 In gastropod taxa, the foot is the organ of movement and/or fixation onto the 

substrate. It is therefore in direct contact with the environment. For freshwater 

gastropods, calcium is a limiting element taken up through the foot and stored as 

spherules in the soft tissues (Fournié and Chétail, 1984). Because mucous secreted 

by the foot combines with calcium (Rao and Goldberg, 1954), it has been suggested 

that calcium is absorbed percutaneously from the substrate and stored in the foot 

(Kapur and Gibson, 1968; Rao and Goldberg, 1954; Tanaka and Hatano, 1955). In 

freshwater gastropods, calcium deposits are mostly known to play roles in pH 

homeostasis (Sminia et al., 1977), and to a lesser extent in hemocyte reactions to 

particle or toxic invasions (Hinzmann et al., 2015). Unlike freshwater, seawater is 

not calcium limited and marine molluscs are not expected to use calcium storage 

processes for homeostasis regulation. In the few studies focusing on calcium 

deposits in marine gastropods, spherules were investigated for their metal 

detoxification capacities (Mason and Nott, 1981; Nott and Nicolaidou, 1989). 

Interestingly, an investigation of feeding processes and the use of mucus in particle 

processing in C. fornicata by (Shumway et al., 2014) clearly showed white dots on 

the ventral surface (see Fig. 1 in (Shumway et al., 2014)). Even though this 

previous study was not designed to investigate calcium spherules, high quality 

micrographs of living animals are a good way of revealing these spherules. 



CHAPITRE II : Écologie trophique de Crepidula fornicata 

63 
 

 Ecological traits, and specifically the loss of motility of developing C. 

fornicata, could provide an explanation for the presence of calcareous spherules in 

soft tissues. Ontogenic histological changes have already been described for another 

Crepidula species (Chaparro et al., 1998). A specific type of mucocyte is indeed 

preferentially associated with females and linked to their greater adhesive capacity 

on the substrate. Interestingly, these authors mentioned a homogenous granular 

material in two kinds of mucocytes of the epithelial and sub-epithelial tissue. Since 

calcium binds with mucous to form calcium carbonates (Rao and Goldberg, 1954), 

it is likely that this granular material corresponds to inorganic carbonates, as 

confirmed by the EDS analysis of the present study. Interestingly, we also detected 

a large amount of magnesium in our samples (Magnesium/Calcium ratio ~5). While 

this was beyond the scope of our present study, future experiments should 

investigate the origin of such great quantity of magnesium in the soft tissue of C. 

fornicata. The nature of the substrate should also be examined. Adhesive capacity 

of mucus increases with viscosity and acidity (Grenon and Walker, 1978; Hunt, 

1973). Because C. fornicata spends its entire life (~10 years) on the same substrate, 

it is expected to show high mucus acidity (i.e., high adhesive capacity). A 

calcareous substrate associated with mucus acidity also potentially explains the 

calcareous concretion on the underlying shell and increases the percutaneous uptake 

of carbonates by the foot (Fig. 24A). However, qualitatively comparable amounts of 

spherules were also found in C. fornicata inhabiting non-calcareous substrates (Fig. 

24B-D), which suggests that the accumulation of inorganic carbonates is linked to 

intrinsic physiological processes rather than the type of substrate. In our study we 

differentiated motile and sessile males because males larger than 20 mm are found 

in their final position, on top of female shells, and become sessile even though they 

are still male. Because motility is not strictly related to sexual differentiation, we 

also suggest that the increasing adhesive capacity of the species in relation to its 

gregarious behaviour explains the concentration of inorganic carbonates in its soft 

tissues. 

 Similar histological observations were made for individuals of C. fornicata 

collected in the bays of Mont-Saint-Michel and Bourgneuf (France), suggesting 

again that they are the result of an intrinsic physiological process rather than local 

conditions. Because the presence of inorganic carbonates is related to biological 

traits of C. fornicata (protandry, motility and mucus production), local 
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environmental conditions could enhance or lower this physiological process and 

ultimately slightly affect the correction factor provided here. The amplitude of the 

deviation in 13C might therefore need to be characterized by replicating the same 

protocol in additional study sites. Preliminary results also showed that other 

Calyptraeidae species – such as Calyptraea chinensis – have similar biological traits 

(i.e., sessile and suspension-feeding) but should be processed with caution as the 

correction factor provided here cannot readily be applied to other species. 
 

4.3. Trophic implications 
 

 Differences in isotopic composition between treated and untreated samples 

potentially indicate large ecological differences and could therefore have 

consequences for data interpretation. Results from the literature have commonly 

shown C. fornicata to be higher in 13C than other filter-feeder species, suggesting a 

higher proportion of 13C-enriched food sources, such as benthic microalgae, in their 

diet. Here, we showed using published data (Decottignies et al., 2007a) that the 

contribution of microalgae to the diet of C. fornicata has generally been over-

estimated (up to 53 %), while, conversely, the contribution of marine POM has 

been under-estimated (up to 43 %). Interpretations in benthic-pelagic coupling 

regarding allochtonous versus autochtonous food sources are therefore 

compromised. Mixing models computed with corrected δ13C values also showed 

higher similarities with other suspension-feeding species such as the Pacific oyster 

Magallana gigas, and a potentially higher trophic competition when food is limited. 

The two species were thought to compete for food in winter and spring 

(Decottignies et al., 2007a), but corrected contributions of food sources show that 

their overlap in diet is higher than previously estimated. Conversely, they do not 

seem to overlap in late summer. It is thus possible that the invasive slipper limpet C. 

fornicata could be a stronger trophic competitor than previously reported. It is 

worth noting that we used a correction model based on foot tissue only, whereas 

(Decottignies et al., 2007a) based their analysis on the whole body. However, 

because microscopic observations revealed the presence of calcareous concretions 

in several types of tissue (Fig. 24C) and because the foot represents 55 to 65 % of 

the body mass of C. fornicata (Richard, 2005), this difference should not weaken 

our conclusions. 
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5. Conclusions and recommendations 
 

 Crepidula fornicata contains a significant proportion of inorganic 

carbonates in its soft tissue. Even though SI is now commonly used in trophic 

ecology studies, we still need to be careful about sample preparation, which should 

be species-specific. We recommend that researchers using SI take into 

consideration that “soft tissue” does not necessarily mean “without inorganic 

carbonate”, e.g., by applying the quick and easy ‘Champagne test’ (Schlacher and 

Connolly, 2014) on a small piece of sample. This test could make it possible to 

target specific parts of the tissue of interest, which could be dissected without risk 

of ‘carbonate pollution’, thus avoiding serious misinterpretations when inferring 

conclusions from SI analysis. 
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Supplementary Table 3: Food source and trophic fractionation values (δ13C and δ13C) of organic matter 
sources used in the mixing model. 
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Supplementary Table 4: δ13C measured for Crepidula fornicata according to isotopic sample preparation 
in seven previous studies. 

 

 



 

 

Méthode 3 : Pigments photosynthétiques 

Les pigments photosynthétiques sont des molécules capables de capter l’énergie 
lumineuse pour la transformer en énergie métabolisable par l’organisme. Ils sont 
très largement représentés par les organismes autotrophes (plantes et algues 
majoritairement) qui tirent leur source d’énergie de la photosynthèse et qui sont à la 
base des réseaux trophiques. À l’image des acides gras, la diversité des pigments 
permet elle aussi de discriminer certains groupes de producteurs primaires (Table 
5). Cependant, la dégradation suite à leur assimilation dans les tissus des 
consommateurs ainsi que des problèmes de quantification n’en font pas un outil très 
utilisé en écologie trophique. La quantification de leur biomasse n’en reste pas 
moins un bon indicateur de l’identité des sources de matière organique en présence, 
et donc de l’environnement trophique disponible pour un consommateur. 
Il faut également noter que certains de ces pigments, en plus d’être des 
biomarqueurs, sont aussi impliqués dans des mécanismes physiologiques de photo-
protection. En dissipant l’excédent d’énergie lumineuse, ces pigments évitent ainsi 
le stress oxydatif des centres réactionnels de la photosynthèse et les dégâts 
physiologiques qu’il engendre. C’est par exemple le cas du cycle des xanthophylles 
chez les algues vertes, où la violaxanthine est convertie en anthéraxanthine, puis en 
zeaxanthine, l’équivalent pour les diatomées étant la conversion de la 
diadinoxanthine en diatoxanthine. Enfin, l’eau absorbe les radiations lumineuses et 
limite la pénétration des grandes longueurs d’ondes (> 650 nm). Certains pigments, 
comme la fucoxanthine, sont capables de capter l’énergie lumineuse à de faibles 
longueurs d’onde (460 nm), ce qui peut révéler une photo-acclimatation à des 
profondeurs où seule la lumière bleue est disponible. Il est donc important de tenir 
compte de l’environnement lumineux pour l’utilisation de ces biomarqueurs. 

Table 5 : Exemples de biomarqueurs utilisés pour le microphytobenthos (tirés de Méléder, 2003). ++ : 
pigments majeurs (> 10 %), + : pigments mineurs (< 10 %), - : traces (< 1 %). 

 



 

 



 

 

Méthode 4 : Acides gras 

Les lipides, les glucides et les protides sont les nutriments essentiels à la vie. Ils 
sont impliqués dans la structure, le métabolisme et la physiologie de tout organisme 
vivant. Parmi eux, les lipides sont des molécules composées de nombreuses classes 
intervenant dans la structure des membranes cellulaires (phospholipides, stérols), 
comme précurseurs de messagers cellulaires (stéroïdes, diacylglycérols) ou comme 
réserve d’énergie (triacylglycérols). Les triacylglycérols sont composés d’acide gras 
(AG), c’est-à-dire une chaîne carbonée possédant un groupe méthyle à une 
extrémité et un groupe acide de l’autre, et sont tirés de la nourriture assimilée. Les 
AG sont identifiés selon leur nombre de carbone (4 à 40), le nombre et la position 
des insaturations (nombre de doubles liaisons entre 2 carbones) : 
 

X : Yn - Z 
 

où X représente le nombre de carbone, Y le nombre d’insaturation et Z le carbone 
où se situe la première insaturation en partant de la fin de la chaîne. Leur utilisation 
en écologie trophique repose sur le fait que leur incorporation dans les tissus du 
consommateur se fait sans modifications majeures. De plus, la synthèse de novo de 
certains AG est connue mais reste limitée chez de nombreux organismes. Sans 
capacité de synthèse de certains AG qui sont dit essentiels, les consommateurs sont 
contraints de les trouver dans leur alimentation. Le second avantage de ces AG est 
leur spécificité à être synthétisé par un ou plusieurs groupes de producteurs 
primaires, et donc à être des biomarqueurs trophiques (Table 6). 
 

Table 6 : Exemples de biomarqueurs couramment utilisés en écologie trophique. AGB : AG branchés, 
AGSLC : acides gras (AG) saturés à longue chaîne (≥ 22 carbones), AGS : AG saturés, AGPI : AG 
polyinsaturés. 
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Abstract 
 

 Crepidula fornicata is a common and widespread invasive species along the European 
coast. Among its life-history traits, ontogenic changes of behavior (i.e., motile male to sessile 
female) suggest potential shift in feeding strategy during its early life stage. Considering the 
ecological significance of this species in colonized areas and its gregarious way of life, 
understanding how conspecifics share the trophic resource is crucial. Using complementary 
trophic markers, we conducted a field survey between winter and spring to investigate the 
availability of potential food sources and the trophic niche of C. fornicata regarding three 
ontogenic classes, bearing different sexual (male/female) and motility (motile/sessile) traits. 
Potential trophic sources were well discriminated by their pigments, fatty acids (FA) as well as 
stable isotopes (SI) compositions over the study period. Interestingly, the biofilm covering C. 

fornicata shells showed higher contribution and biomass of saturated FA (e.g., 16:0 and 18:0), 
chlorophytes and diatoms than the surrounding sediment. δ13C and δ15N signals suggested 
higher trophic plasticity in motile males than in sessile males and females, attributed to its 
motile behavior. FA compositions also highlighted a trophic differentiation between motile and 
sessile classes of C. fornicata. The high contribution of saturated FA to the diet of motile males 
suggested they were grazing on the biofilm during winter when food is less available. 
Conversely, FA and SI were complementary to indicate that adults of C. fornicata mainly relied 
on diatoms, dinoflagellates and bacteria, coming from re-suspended particulate organic matter. 
While physiological processes such as sexual maturation or growth rate may hamper SI and FA 
interpretations when looking at ontogenic changes, our results suggest that facilitation processes 
through biofilm stimulation as well as trophic shift during early life stages may contribute to the 
invasive success of C. fornicata. Our results also suggest that microphytobenthos enter the diet 
of C. fornicata in our study site, confirming its potentially high trophic significance in subtidal 
coastal habitats. 
 

Key words: Crepidula fornicata, trophic niche, ontogenic shift, fatty acids, stable isotopes, 
pigments 
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1. Introduction 
 

 In trophic ecology of coastal ecosystems, most of studies have addressed 

issues of spatio-temporal changes at the species/community scale by only 

considering the adult phase of analysed individuals (Carlier et al., 2007; Dubois and 

Colombo, 2014; Rigolet et al., 2014). Intraspecific variability of feeding behaviour 

has often been overlooked whereas this factor can affect population dynamics, 

interspecific interaction and ultimately ecosystem functioning (Bolnick et al., 2011; 

Miner et al., 2005; Turcotte and Levin 2016). Among intraspecific biological 

processes, ontogenic shift diet can influence the structure and composition of 

benthic population (Hentschel, 1998) and should be taken into account when 

depicting trophic relationships (Rossi et al., 2004). Whereas size-specific 

competition for food resource may limit population densities (Hentschel and 

Jumars, 1994), ontogenic shift of diet is a competitive advantage and a way to limit 

conspecific trophic competition (Olson, 1996; Schellekens et al., 2010), potentially 

increasing invasive success (Carlsson and Brönmark, 2006). 

 The slipper limpet Crepidula fornicata is a non-indigenous species 

originating from the East coast of the US (Blanchard, 1997). This invasive species 

has extensively colonized soft bottoms in Europe, from Norway to the 

Mediterranean Sea (Blanchard, 1997). Because of its introduction in many parts of 

the world and its potential cascading effect on food web functioning (Arbach 

Leloup et al., 2008; Chauvaud et al., 2000; Cugier et al., 2010), several studies have 

investigated its diet to infer potential trophic overlap with co-occurring species 

(Blanchard et al., 2008; Decottignies et al., 2007ab; Lefebvre et al., 2009; Riera 

2002; 2007). C. fornicata is a hermaphroditic and gregarious species, which begins 

its benthic life as a low-motile male to become a sessile female. Adults are sessile 

and form stacks of several individuals, while juveniles and small males (~10 mm) 

are motile on the substratum. C. fornicata is known to be a suspension-feeders, but 

contrary to bivalves which select the food collected using gills and labial palps, 

adult females form a food cord in a groove at the distal end of their gill filaments 

and ultimately catch this cord with their radula before ingesting it (Beninger et al., 

2007; Shumway et al., 2014). Substrate has already been shown to be of primary 

importance in the feeding ecology of C. fornicata juveniles after metamorphosis 

(Eyster and Pechenik, 1988; Pechenik et al., 2015). For instance, newly settled 
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individuals of Crepidula fecunda first adopt a grazing feeding mechanism and 

gradually shift it to a filtering behaviour once their gill are fully developed (Montiel 

et al., 2005). Young individuals are even able to use both feeding mechanisms (i.e., 

grazing and filter-feeding) during the motile phase of their life cycle (size < 28 

mm), whereas females are exclusive filter-feeders (Chaparro et al., 2002; Navarro 

and Chaparro, 2002). Such information about the grazing feeding of young motile 

males is unknown in C. fornicata while the species exhibit the same ontogenic 

changes of behavior than C. fecunda (i.e., motile male to sessile female). Since C. 

fornicata often occurs in large accumulations (up to 2000 ind m-²) on the sea floor 

of invaded ecosystems (Guérin, 2004; Martin et al., 2006) with all ontogenic classes 

grouped in the same stacks, one can expect high intraspecific competition for food. 

 Different kinds of trophic markers have long been used to investigate the 

trophic niche of benthic species (Blanchet-Aurigny et al., 2015; Cresson et al., 

2016; Dubois and Colombo, 2014) as well as describing the origin of particulate 

organic matter (OM) (Ke et al., 2017; Lavaud et al., 2018; Lienart et al., 2017). 

Among these tools, SI compositions are common to infer trophic niche of 

consumers (Fry and Sheer, 1984; Layman, 2012). Classically, nitrogen isotope ratio 

informs about the trophic position of a species and carbon isotope ratio reflects the 

origin of assimilated food sources (e.g., continental vs. oceanic). SI have been used 

several times to assess the diet of C. fornicata during its adult phase (Decottignies 

et al., 2007ab; Lefebvre et al., 2009; Riera et al., 2002; 2007; Sauriau et al., 2002). 

However, a recent study highlighted the presence of inorganic carbonates in C. 

fornicata soft tissues, which leads to overestimated δ13C ratios and 

misinterpretations of food sources’ contributions to the diet of this species, raising 

the need for re-evaluating the trophic niche of this invasive species (Androuin et al., 

article 2). Moreover, in coastal ecosystems, the pool of particulate OM, which 

composed the diet of most of benthic primary consumers, is a mixture of OM from 

various origins (phytoplankton, continental detritus, zooplankton, etc) which are 

often difficult to disentangle based on the isotopes of only two elements (e.g., 

carbon and nitrogen). This diversity of food source thus implies that complementary 

trophic markers are used together with SI. For instance, pigment analyses have been 

widely used to study community composition of microscopic primary producers in 

the water column or in the sediment, since some pigments are specific of clades of 

algae (Brotas and Plante-Cuny, 2003). To a lesser extent, fatty acid compositions 
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can be also specific of group of organisms, such as diatoms, bacteria, copepods, 

vascular plants, etc (Dalsgaard et al., 2003; Kelly and Scheibling, 2012). Very 

recently, the combined use of SI, FA and pigments have proved to increase our 

understanding of trophic pathways from the sources of particulate OM to primary 

consumers (Lavaud et al., 2018; Majdi et al, 2018).  

 In this study, we conducted a field survey from late winter to early summer 

to re-assess the trophic niche of C. fornicata and to investigate a potential trophic 

shift along with ontogenic changes of behavior (i.e., motile male to sessile female). 

According to previous experimental study on stimulated microphytobenthic biofilm 

in Crepidula beds (Androuin et al., article 1), we hypothesized that i) C. fornicata 

rely on benthic food sources such as microphytobenthos, and ii) ontogenic changes 

of this species allow food partitioning within stacks. OM food sources were 

characterized using SI, FA and pigments compositions and their potential 

assimilation by C. fornicata was inferred using both SI and FA compositions.  
 

2. Materials and methods 
 

2.1. Sampling and dissecting protocol 
 

 The bay of Brest (Britany, France) is a semi-enclosed marine ecosystem of 

180 km². The sampling site is located near the Elorn estuary (48°23’N, 4°23’, 

average depth: 10 m) in a dense Crepidula beds (~2000 ind m-2) (Guérin 2004). 

Four sampling dates (S1 = 26th February, S2 = 21th March, S3 = 28th March and S4 

= 12th April) during spring were chosen to encompass time period with potential 

contrasted OM sources availability (e.g., spring blooms). OM sources and C. 

fornicata individuals were collected by SCUBA divers at around mid and rising-

tide to ensure oceanic seawater.  

 Pelagic particulate organic matter (PPOM) was sampled using two 8 L 

Niskin bottles at 50 cm above the sediment-water interface, immediately filtered on 

board on a 200 µm nylon mesh to remove large zooplankton and particles. In the 

laboratory, between 1 L and 1.5 L was filtered on pre-combusted (450°C during 5 

hours) GF/F filters (0.7 µm). Three replicates for each of the three analyses (SI, FA 

and pigment analyses) were filtered. Re-suspended particulate organic matter 

(RPOM) was sampled from three cores of 15 cm diameter and 15 cm depth. In the 

laboratory, the sediment-water interface was re-suspended by flushing seawater 
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with a 30 ml syringe. 60 ml of RPOM was pre-filtered on a 200 µm nylon mesh to 

being consistent with RPOM samples, and filtered on pre-combusted (450°C during 

5 hours) GF/F filters (0.7 µm). Three replicates for each of the three analyses were 

filtered. Biofilm from C. fornicata stacks was scrapped off using a toothbrush and 

suspended in 600 ml of filtered seawater (0.7 µm). 200 ml of the suspended solution 

was filtered on pre-combusted (450°C during 5 hours) on GF/F filters (0.7 µm). 

Three replicates for each of the three analyses were filtered. Filters for FA analysis 

were put in glass tubes containing 6 ml of chloroform-methanol solution (2:1, v:v) 

and stored at -80°C before analysis, whereas filters for pigment and SI analysis 

were immediately stored at -80°C. 

 Females of C. fornicata were sampled at the basis of the stacks (mean shell 

length 33 ± 6 mm), fixed on a dead C. fornicata shell. Sessile and motile males 

were sampled if they had a penis and a mean shell length of 20 ± 8 mm and 10 ± 1 

mm, respectively. We used digestive gland as trophic integrator because it has a 

higher turnover rate than muscle tissue and because it is an energy storage organ 

enriched in lipids (McCutchan et al., 2003). However, digestive gland and gonad 

are fused in one organ in C. fornicata; therefore we used both tissues together. The 

whole body of motile male were used to ensure sufficient lipid concentration. 
 

2.2. Pigment analysis 
 

 The photosynthetic communities of RPOM, biofilm and PPOM have been 

analyzed by the quantification of pigments by High Performance Liquid 

Chromatography (HPLC) according to Brotas and Plante-Cuny (2003). Filters were 

crushed and extracted in 3 ml of 95 % cold buffered methanol (2 % ammonium 

acetate) for 20 min at -20°C in the dark. Samples were centrifuged for 3 minutes at 

3000 RCF after the extraction period. Extracts were then filtered with Whatman 

membrane filters (0.2 mm) immediately before HPLC analysis. Pigment extracts 

were analysed using an Agilent 1260 Infinity HPLC composed of a quaternary 

pump (VL 400 bar), a UV–VIS photodiode array detector (DAD 1260 VL, 190–950 

nm), and a 100 μl sample manual injection loop (overfilled with 250 μl). 

Chromatographic separation was carried out using a C18 column for reverse phase 

chromatography (Supelcosil, 25 cm long, 4.6 mm inner diameter). The solvents 

used were A: 0.5 M ammonium acetate in methanol and water (85:15, v:v), B: 

acetonitrile and water (90:10, v:v), and C: 100 % ethyl acetate. The solvent gradient 
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followed the Brotas and Plante-Cuny method (2003), with a flow rate of 0.5 mL 

min−1. Identification and calibration of the HPLC peaks were performed with 

chlorophyll a, ββ-carotene, chlorophyll c2, diatoxanthin, diadinoxanthin and 

fucoxanthin standards. All peaks detected were identified by their absorption 

spectra and relative retention times using the Open Lab CDS software 

(ChemStation Edition for LC/MS Systems, Agilent Technologies). Quantification 

was performed by repeated injections of standards over a range of dilutions to 

establish a standard curve of concentrations. The relative abundance of each 

pigment (%) was calculated from their respective surface and volume (μg.cm-2 for 

biofilm and RPOM, and µg L-1 for PPOM). We measured the mean surface of three 

stacks of C. fornicata to standardize surfaces. 
 

2.3. Stable isotope analysis 
 

 Two separate analyses were done for δ15N and δ13C for both OM sources 

and C. fornicata tissues. Filters were freeze-dried and half of the filter was scrapped 

off and weighed in tin capsules for δ15N analysis. The second half was decarbonated 

using acid-flume (10 N hydrochloric acid solution) during 7 hours (Lorrain et al. 

2003). Filters were then dried at 40 °C for 12 h, scrapped off and weighed in tin 

capsules for δ 13C analysis. After freeze-drying, C. fornicata samples were ground 

into homogenous powder using a mortar and pestle. Approximately 400 µg of 

powder was weighed in tin capsules for δ15N analysis. Because both lipids content 

and inorganic carbonates can influence SI ratio of δ13C (Androuin et al. article 2), 

approximately 400 µg of powder was added to 1 ml of cyclohexane in Eppendorf 

tubes. After 15 second of vortex, tubes were centrifuged at 3000 g during 5 min. 

The supernatant was discarded and the tubes dried at 40°C during 12 h. If the 

supernatant was still coloured, the sample was re-processed. Lipid-free tissues were 

then weighed in tin silver capsules and in-cup decarbonated using 1N HCl. Each 

capsule were visually checked, dried at 40°C during 1 h, and closed. Samples were 

analysed by continuous flow on a Thermo Scientific Flash EA 2000 elemental 

analyser coupled to a Delta V Plus mass spectrometer at the Pôle de Spectrométrie 

Océan (PSO, Plouzané, France). Results are expressed in standard δ notation based 

on international standards (Vienna Pee Dee Belemnite for δ13C and atmospheric 

nitrogen for δ15N) following the equation: 
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δ = [(Rsample/Rstandard) – 1] × 103 (in ‰), where R is 13C/12C or 15N/14N. 
 

International isotopic standards of known δ15N and δ13C values were used: IAEA-

600 Caffeine, IAEA-CH-6 Sucrose, IAEA-N-1 and IAEA-N-2 Ammonium 

Sulphate. The experimental precision was estimated using the standard deviation of 

an internal standard (Thermo Acetanilide, n = 8). It indicated an analytical precision 

of ± 0.11 ‰ and ± 0.07 ‰ for δ13C and δ15N values, respectively. 
 

2.4. Fatty acids analysis 
 

2.4.1. Lipid extraction 
 

 Immediately after freeze-drying, samples of C. fornicata were ground into 

homogenous powder using a mortar and pestle. Samples (between 2 and 20 mg 

depending on species) were immediately put in glass tubes previously heated for 6 h 

at 450°C and containing 6 mL of a chloroform/methanol mixture (2:1, v:v), and 

extracted with a Dounce homogenizer. OM sources and C. fornicata samples were 

sonicated during 10 min and kept at -20°C until further analysis. 
 

2.4.2. Separation 
 

 OM source were analyzed on the total lipid fraction, therefore without 

separation. However, only the FA in the neutral lipids of the animals were analyzed 

because they reflect the FA profiles of food assimilated, whereas the polar lipids are 

less sensitive to dietary changes (Dalsgaard et al., 2003). The neutral lipids of C. 

fornicata samples were isolated following the method following Le Grand et al., 

(2014). An aliquot of total lipid extract (between 1 and 6 mL depending on species) 

was evaporated to dryness under nitrogen, recovered with three 0.5 mL washings of 

chloroform/methanol (98:2, v:v) and deposited at the top of a silica gel micro-

column (Pasteur pipette of 40 mm × 5 mm i.d., plugged with glass wool and filled 

with silica gel 60, which were both previously heated for 6 h at 450°C and 

deactivated with 6 % water by weight). Only the neutral lipids (NL), including 

triglycerides, free fatty acids and sterols, were eluted with 10 mL of 

chloroform/methanol (98:2, v:v) and collected in 20 mL glass vials. After 

evaporation to a dryness under nitrogen, the NL fraction was recovered and 

transferred to 7 mL vials with three 1 mL washings of chloroform/methanol (98:2, 

v:v).  
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2.4.3. Transesterification and Gas chromatographer analysis 
 

 After the addition of tricosanoic acid as an internal standard and evaporation 

to dryness under nitrogen, the fatty acid methyl esters (FAME) were obtained using 

a method modified from Le Grand et al. (2014). A total of 0.8 mL of a sulphuric 

acid solution (3.8 % in methanol) was added, vortexed and heated for 10 min at 

100°C. Before GC analysis, 0.8 mL of hexane was added and the organic phase 

containing FAME was washed three times with 1.5 mL of hexane-saturated distilled 

water. The organic phase was finally transferred to tapering vials and stored at -

20°C. FAMEs were analyzed in a Varian CP 8400 gas chromatograph (GC) 

equipped with a split/splitless injector and a flame-ionization detector. FAMEs were 

identified using two different capillary columns (ZBWAX 30 m × 0.25 mm i.d., 

0.25 μm thickness, Phenomenex; and ZB-5HT 30 m × 0.25 mm i.d., 0.25 μm 

thickness, Phenomenex) by means of a standard 37 component FAME mix (Sigma) 

and other known standard mixtures. FAs were presented using the common 

expressed as the molar percentage of the total FA content. 
 

2.5. Statistical analyses 
 

 Pigments and FA compositions of OM sources were represented together 

using a multiple factorial analysis (MFA) (Escofier and Pagès, 1984) whereas 

principal component analysis (PCA) were used for FA compositions of ontogenic 

classes of C. fornicata. Homogeneity of the data was tested using the permutation 

analysis of multivariate dispersion (PERMDISP) (Anderson, 2001). Statistical 

analyses on OM sources (pigments and FA) and C. fornicata (FA) were conducted 

using a non-parametric distanced-based permutation multivariate analysis of 

variance (PERMANOVA) based on a Euclidean distance. Analyses were performed 

using two variables: OM sources or ontogenic classes (3 level factors) and sampling 

dates (4 level factors). Following significant PERMANOVA results, post hoc tests 

were carried out using multiple pairwise comparisons with Bonferroni correction to 

identify differences among factors (Martinez Arbizu, 2017). However, the number 

of samples at each sampling date (3 < n < 5) was not sufficient to allow significant 

differences among the two factor levels, because of lack of statistical power when 

using Bonferroni correction in too many multiple comparisons. Temporal variations 

and differences in pigment and SI ratios between OM sources at each sampling date 
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were assessed using non-parametric Kruskal-Wallis test. For the same reason as 

above, no pairwise comparisons were calculated between OM sources for each 

sampling date, but over the whole period. Moreover, because concentrations in 

PPOM were not comparable with biofilm and RPOM (surface vs. volume), only 

RPOM and biofilm concentrations were compared together using a non-parametric 

Mann-Whitney test at each sampling date. Two-way factorial analyses of variance 

(ANOVA) were used to assess differences in SI ratios and FA classes/ratios 

between ontogenic classes of C. fornicata and sampling date. When significant, 

post hoc multiple comparisons were carried out using Tukey HSD. Normality and 

homogeneity of residuals were graphically assessed. Isotopic niche of ontogenic 

classes of C. fornicata was quantified using standard ellipse areas corrected for 

small samples (Jackson et al., 2011). Statistical analyses were performed in R 

version 3.3.0 (R Core Team, 2012) using packages ‘vegan’, ‘plyr’, ‘FactoMiner’,  

‘SIBER’ and ‘ggplot’. 
 

3. Results 
 

3.1. Organic matter sources 
 

3.1.1. Pigment and fatty acid compositions 
 

 Multiple factorial analysis (MFA) combined datasets of pigments and FA 

(Fig. 27, Table 7 and Table 8). Type of OM sources and sampling dates explained 

37 % and 17 % of the inertia in the MFA, respectively. Altogether, these two 

factors explained 78 % of the inertia. OM sources were well discriminated along the 

first axis and showed significant difference in FA and pigment compositions 

(PERMANOVA, p < 0.001; pairwise tests, all p < 0.01). Although both sampling 

date and the interaction term were significant (PERMANOVA, p < 0.001 and p < 

0.001, respectively), no differences were detected during post hoc pairwise 

comparisons due to lack statistical power. Biofilm was mainly characterized by four 

pigments (chlorophyll b, neoxanthin, UK 6 and UK 7) and one saturated fatty acids 

(18:0). The FA 18:2n-6, ant17:0 and 20:4n-6 contributed to a lesser extent to the 

biofilm. Re-suspended particulate organic matter (RPOM) was mainly characterized 

by three pigments (lutein, pheophorbide and pheophytin) and three fatty acids, 

including two SFA (20:0 and 22:0) and one odd-branched FA (ant15:0). The 

MUFA (16:1n-7) contributed to this source in a lesser extent. Considering the 



CHAPITRE II : Écologie trophique de Crepidula fornicata 

80 
 

positions of the two MUFA 18:1n-7 and 18:1n-9 and of the PUFA 20:5n-3, they all 

contributed to both RPOM and biofilm. PPOM was separated from the two other 

sources by the second axis and its composition was more variable in time than those 

of biofilm and RPOM. Temporal variation showed more similarity with RPOM at 

sampling dates S1 and S2 than at S3 and S4. Overall, PPOM was characterized by 

four pigments (fucoxanthin, alloxanthin, violaxanthin and diadinoxanthin) and four 

fatty acids, two PUFA (20:4n-3, 22:5n-6), one SFA (14:0) and one odd-branched 

FA (iso17:0). 16:0 and chlorophyll a contributed to both PPOM and biofilm 

whereas chlorophyll c was present in both PPOM and RPOM.  

 
Figure 27: Multiple factorial analysis on the total pigment and fatty acid compositions between organic 
matter sources (Biofilm, pelagic particulate organic matter (PPOM), re-suspended particulate organic 
matter (RPOM)) and sampling period (S1 = 26th February, S2 = 21th March, S3 = 28th March and S4 = 
12th April). Ordination is along the two first axes and only the 30 most contributing variables are shown. 
UK : unknown pigments. 

 

 



 

 
 

Table 7: Pigment composition of organic matter sources (Biofilm, pelagic particulate organic matter (PPOM), re-suspended particulate organic matter (RPOM)) and sampling period 
(S1 = 26th February, S2 = 21th March, S3 = 28th March and S4 = 12th April) (% of total pigment concentration, mean ± SD, n = 3). UK: unknown pigments. Chl : chlorophyll. 

 

Pigments Biofilm PPOM RPOM Biofilm PPOM RPOM Biofilm PPOM RPOM Biofilm PPOM RPOM

Chlorophyll a 29.6 ± 3.8 44.3 ± 5.1 7.6 ± 1.9 28.5 ± 1.9 38.1 ± 2.6 2.7 ± 1.3 28.7 ± 2.2 42.4 ± 0.6 3.9 ± 0.6 30.9 ± 3.5 38.6 ± 2.4 3 ± 1.1
Chlorophyll b 9.2 ± 7.9 4.7 ± 0.2 0.3 ± 0.2 18.6 ± 2 3.1 ± 0.2 0.3 ± 0.1 15.6 ± 0.4 4.3 ± 0 0.3 ± 0.1 13.5 ± 1.9 2.7 ± 0.3 0.2 ± 0.1
Chlorophyll c 0.8 ± 0.5 2.9 ± 0.4 3.6 ± 0.1 0 ± 0 8.2 ± 1.4 6.2 ± 0.3 0.9 ± 0.2 9.3 ± 0.1 6.9 ± 0.7 0.9 ± 0.2 4.2 ± 0.6 7.8 ± 1.4
Chlorophyllide 1.9 ± 0.5 0 ± 0 0.5 ± 0.2 2.3 ± 2.3 0.5 ± 0.9 0.7 ± 0.2 2.8 ± 0.7 1.3 ± 0.2 0.7 ± 0.1 3.7 ± 3 2.1 ± 0.4 0.9 ± 0.1

Fucoxanthin 9 ± 1.4 15.2 ± 2.2 10.5 ± 0.6 8.7 ± 1.5 16.4 ± 1.4 10.2 ± 0.6 9.7 ± 2 14.2 ± 0.2 10.7 ± 1.3 10.4 ± 0.4 16 ± 0.7 12 ± 0.1
Alloxanthin 2 ± 1.9 7.1 ± 1.1 2.9 ± 1.1 0.8 ± 0.5 4.7 ± 1 2.9 ± 0.8 1.3 ± 0.8 5.7 ± 0.2 3.1 ± 0.3 1.4 ± 0.2 3.2 ± 0.4 4 ± 0.3

Diadinoxanthin 0.6 ± 0.1 1.6 ± 0.4 1.1 ± 0.1 0.4 ± 0.1 2.2 ± 0.2 1 ± 0.1 0.5 ± 0 2 ± 0 0.9 ± 0.2 0.5 ± 0.1 1.3 ± 0 1.2 ± 0
β caroten 0.9 ± 0.7 0 ± 0 0.5 ± 0.1 0.1 ± 0 0.2 ± 0.2 0 ± 0 0.3 ± 0.1 0.4 ± 0.1 0 ± 0 1.1 ± 0.6 2 ± 2.1 0.1 ± 0.1

Neoxanthin 4.3 ± 2 1 ± 0.1 0 ± 0 10.7 ± 0.8 1.8 ± 0.2 0 ± 0 9.3 ± 0.5 3.1 ± 0.2 0 ± 0 4.2 ± 3 1.3 ± 0.1 2.8 ± 0.1
Lutein 1.6 ± 0.9 5.1 ± 0.7 9.4 ± 7.3 1.1 ± 0.4 4.9 ± 0.5 11.4 ± 2.3 1.6 ± 0.3 1.7 ± 0.2 10.2 ± 1 0.9 ± 0.2 2.8 ± 0.4 8 ± 1.5

Violaxanthin 0.3 ± 0.3 0.8 ± 0.2 0 ± 0 0 ± 0 0.5 ± 0.5 0 ± 0 0.6 ± 0 2 ± 0.3 0 ± 0 0.2 ± 0.4 1.1 ± 1.1 0 ± 0
Xanthophyll 0.7 ± 0.2 1.5 ± 0.2 7.9 ± 6.2 0 ± 0 1.2 ± 1.1 2.8 ± 0.7 0.4 ± 0.1 1.2 ± 0.1 3.2 ± 0.3 0.5 ± 0.2 1.3 ± 0.1 3 ± 0.2
Zeaxanthin 6.7 ± 9.2 3.1 ± 0.3 3.1 ± 3 0.6 ± 0.2 1.7 ± 0.2 4.6 ± 1.1 1.2 ± 0 1 ± 0.1 4 ± 0.3 0.8 ± 0 2 ± 0.2 3.6 ± 0.6

Pheophorbide 8.3 ± 3.7 12 ± 1.5 30.6 ± 2 4.8 ± 1.6 15.5 ± 1.5 24.5 ± 1.4 6.3 ± 1 9.6 ± 0.3 25.8 ± 1.5 9.1 ± 2.3 14.2 ± 1.5 23.5 ± 0.3
Pheophytin 2.1 ± 2.3 0 ± 0 21.2 ± 0.4 0.7 ± 0.6 0.5 ± 0.9 31.9 ± 2.1 2.1 ± 0.4 0.8 ± 0 29.8 ± 1.6 5.5 ± 1 6.1 ± 3.8 29 ± 2.1

UK3 0.8 ± 0.1 0.5 ± 0 0.7 ± 0.1 1.2 ± 0.2 0.6 ± 0.3 0.7 ± 0.1 0.8 ± 0 0.9 ± 0.1 0.6 ± 0 0.7 ± 0.2 0.5 ± 0.3 1 ± 0.2
UK6 8.5 ± 6.2 0 ± 0 0 ± 0 19.4 ± 4 0 ± 0 0 ± 0 16.5 ± 0.6 0 ± 0 0 ± 0 14.1 ± 2.6 0 ± 0 0 ± 0
UK7 0.8 ± 0.1 0 ± 0 0 ± 0 1.2 ± 0 0 ± 0 0 ± 0 0.8 ± 0.3 0 ± 0 0 ± 0 1.1 ± 0.1 0 ± 0 0 ± 0
UK8 11.9 ± 19.9 0 ± 0 0 ± 0 0.7 ± 0.4 0 ± 0 0 ± 0 0.7 ± 0.6 0 ± 0 0 ± 0 0.5 ± 0.4 0 ± 0 0 ± 0
UK9 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.5 ± 0.2 0 ± 0

Chl b/a 0.3 ± 0.3 0.1 ± 0 0 ± 0 0.7 ± 0.1 0.1 ± 0 0.1 ± 0.1 0.5 ± 0.1 0.1 ± 0 0.1 ± 0 0.4 ± 0.1 0.1 ± 0 0.1 ± 0
Chl c/a 0 ± 0 0.1 ± 0 0.5 ± 0.1 NA ± NA 0.2 ± 0.1 2.8 ± 1.8 0 ± 0 0.2 ± 0 1.8 ± 0.1 0 ± 0 0.1 ± 0 2.9 ± 1.5

Fucoxanthin / chl a 0.3 ± 0 0.4 ± 0.1 1.4 ± 0.3 0.3 ± 0.1 0.4 ± 0.1 4.6 ± 2.6 0.3 ± 0 0.3 ± 0 2.8 ± 0.5 0.3 ± 0 0.4 ± 0 4.3 ± 1.6

S1 S2 S3 S4



CHAPITRE II : Écologie trophique de Crepidula fornicata 

82 
 

Table 8: Fatty acids (FA) composition of organic matter sources (Biofilm, pelagic particulate organic 
matter (PPOM), re-suspended particulate organic matter (RPOM)) and sampling period (S1 = 26th 
February, S2 = 21th March, S3 = 28th March and S4 = 12th April) (% of total FA concentration, mean ± 
SD, n = 5). BFA: Branched FA; SFA: saturated FA; MUFA: monounsaturated FA; PUFA: 
polyunsaturated FA; UK: unknown FA. 

 

 Total FA concentrations did not show significant temporal variations for any 

OM sources (Fig. 28a). Biofilm always exhibited higher concentrations of total FA 

than RPOM (p < 0.05 at each sampling date). Chlorophyll a concentrations 

increased with time in PPOM (p < 0.05) but not in RPOM (Fig. 28b). Due to high 

variability in the surface assessment of C. fornicata shells; biofilm did not differ 

over time despite the rather clear mean increase. RPOM showed lower chlorophyll 

a concentration than biofilm at each sampling dates (all p < 0.05). Fucoxanthin 

Fatty acids Biofilm PPOM RPOM Biofilm PPOM RPOM Biofilm PPOM RPOM Biofilm PPOM RPOM

ant15:0 0.6 ± 0.1 1.2 ± 0.1 3.7 ± 0.7 0.3 ± 0.1 1 ± 0.1 2.9 ± 0.6 0.8 ± 0.2 1 ± 0.1 3 ± 0.4 0.5 ± 0.2 1.2 ± 0.2 3.2 ± 0.3
ant17:0 2.5 ± 2.4 0.3 ± 0.3 0.9 ± 0.1 0.9 ± 0.6 1.2 ± 0.1 1.1 ± 0.1 2.6 ± 0.8 0 ± 0 0.6 ± 0 1.6 ± 0.5 0 ± 0 0.2 ± 0.2
iso15:0 1.8 ± 0.7 1 ± 0.2 2.7 ± 0.4 0.6 ± 0.5 1 ± 0.1 1.9 ± 0.8 1.3 ± 0.9 1.1 ± 0.1 2 ± 0.1 1.2 ± 0.4 1.3 ± 0.2 2.5 ± 0.2
iso16:0 0.8 ± 0.2 0.9 ± 0.2 2.3 ± 0.4 0.2 ± 0 0.5 ± 0 0.9 ± 0.1 0.6 ± 0.2 0.5 ± 0 0.8 ± 0.2 0.5 ± 0.2 0.5 ± 0.1 0.9 ± 0.1
iso17:0 0.9 ± 0.3 1.7 ± 0.3 1.4 ± 0.2 0.1 ± 0.1 0.3 ± 0.1 1.2 ± 0.1 0.5 ± 0.4 2.8 ± 0.1 1.2 ± 0.1 0.8 ± 0.5 2.7 ± 0.2 1.6 ± 0.1
iso18:0 0.1 ± 0.1 1.2 ± 0.9 1.1 ± 0.2 0.1 ± 0.1 0.4 ± 0 0.6 ± 0.1 1.1 ± 0.2 0.9 ± 0.2 0.4 ± 0.1 0.4 ± 0.3 1 ± 0.3 0.7 ± 0.1

∑ Branched 6.8 ± 2.4 6.3 ± 0.3 12.1 ± 1.4 2.2 ± 0.2 4.4 ± 0.1 8.5 ± 1.6 6.8 ± 0.8 6.2 ± 0.4 8 ± 0.7 5 ± 1.3 6.6 ± 0.9 9 ± 0.4

14:0 3.1 ± 0.3 7.3 ± 1.3 4.9 ± 0.8 1.5 ± 0.4 5.2 ± 0.5 3.5 ± 0 4.2 ± 0.6 12 ± 0.8 4.1 ± 0.2 6.1 ± 2.1 8.6 ± 1 4.1 ± 0.3
15:0 0.9 ± 0.3 2.6 ± 0.4 1.5 ± 0.2 0.2 ± 0.1 1.9 ± 0.2 1.2 ± 0.1 0.9 ± 0.2 1.7 ± 0.1 1 ± 0.1 0.8 ± 0.1 1.4 ± 0.2 1.2 ± 0.1
16:0 21.5 ± 3.4 33 ± 4.9 22.4 ± 3.2 38.6 ± 0.7 26.3 ± 2.3 17.6 ± 1.6 29.5 ± 4.3 32.7 ± 1.9 14.8 ± 1.4 30.5 ± 4.5 34.1 ± 2.3 18.2 ± 0.2
17:0 1.6 ± 0.7 1.6 ± 0.3 1.3 ± 0.2 0.8 ± 0.8 0.7 ± 0 0.9 ± 0.1 0.8 ± 0.3 0.9 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.9 ± 0.1 1 ± 0.1
18:0 16.5 ± 1.3 11.8 ± 1.7 9.6 ± 1.3 42.3 ± 2.6 13.3 ± 1.5 10.9 ± 2.5 21.5 ± 4.8 9.2 ± 0.7 6.8 ± 1 21.9 ± 3.8 14.9 ± 5.3 7.6 ± 0.3
20:0 0.6 ± 0.1 1.7 ± 0.1 1.9 ± 1.7 0.6 ± 0 1.3 ± 0 2.8 ± 0.3 0.8 ± 0.2 0.9 ± 0 2.6 ± 0.3 0.9 ± 0.2 0.4 ± 0.7 3 ± 0.2
22:0 1 ± 0.1 1.4 ± 1.2 3.2 ± 3 0.3 ± 0.2 1.6 ± 0 4.4 ± 0.7 1.2 ± 0.3 0.7 ± 0.6 4.5 ± 0.5 1.4 ± 0.4 1.4 ± 0.3 5.4 ± 0.3
24:0 0.1 ± 0 0 ± 0 0.5 ± 0.4 0 ± 0 0 ± 0 0.2 ± 0.3 0.7 ± 0.3 4.4 ± 2 6.1 ± 5.2 0.1 ± 0.1 0.1 ± 0.2 0.3 ± 0.3

∑ SFA 45.2 ± 4.7 59.4 ± 7.6 45.4 ± 3.3 84.2 ± 2.1 50.3 ± 3.9 41.4 ± 3.3 59.6 ± 9.9 62.4 ± 1.1 40.8 ± 7.3 62.3 ± 7.4 61.9 ± 5.9 40.7 ± 0.5

14:1n-5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0.5 ± 0.1 0.2 ± 0.2 0 ± 0 0 ± 0
16:1n-5 0.5 ± 0.1 0.8 ± 0.1 0.4 ± 0.4 0.1 ± 0 0.7 ± 0.1 0.7 ± 0.1 0.4 ± 0.1 0.5 ± 0.4 0.8 ± 0.2 0.3 ± 0.1 0.4 ± 0.1 1.2 ± 0.3
16:1n-7 3.8 ± 0.1 1.9 ± 1.5 5.6 ± 3 0.8 ± 0.4 4.5 ± 0.5 8.8 ± 0.1 2.7 ± 1.8 0.9 ± 0.2 7.3 ± 2.4 2.5 ± 1.1 1.6 ± 0.7 0 ± 0
16:1n-9 0.9 ± 0.1 1.5 ± 0.9 0.3 ± 0.5 0.2 ± 0.2 2 ± 0.2 1.2 ± 0.2 0.6 ± 0.3 0.4 ± 0.4 0.7 ± 0.2 0.9 ± 0.2 0.5 ± 0.1 0.9 ± 0.1
16:2n-4 0.2 ± 0.2 0 ± 0 0.2 ± 0.4 0.2 ± 0.2 0.1 ± 0.2 0.7 ± 0.1 2.1 ± 0.7 0 ± 0 0.4 ± 0.5 0.9 ± 1.1 0.3 ± 0.3 0.2 ± 0.2
16:3n-3 0.2 ± 0.1 0 ± 0 0.2 ± 0.3 0.1 ± 0.1 1 ± 0.1 1.2 ± 0.3 0.6 ± 0.5 0 ± 0 1.2 ± 0.9 0.4 ± 0.2 0.3 ± 0.3 0.9 ± 0.2
16:3n-4 0.6 ± 0.1 0.3 ± 0.5 0.7 ± 0.6 0.1 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0.5 ± 0.1 0 ± 0 1 ± 0.9
16:3n-6 0.4 ± 0.2 0.2 ± 0.3 0 ± 0 0.1 ± 0.1 0 ± 0 0.3 ± 0.3 0.4 ± 0.3 0 ± 0 0.2 ± 0.4 0.3 ± 0.1 0.1 ± 0.2 1.1 ± 0.2
16:4n-3 0.3 ± 0.1 1.3 ± 1.1 1.2 ± 0.2 0.3 ± 0.2 1.3 ± 0.1 0.8 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
17:1n-7 0.1 ± 0.2 0.4 ± 0.1 0.8 ± 0.3 0.2 ± 0.1 0.4 ± 0.1 0.6 ± 0.1 0.6 ± 0.3 0.8 ± 0.1 0.3 ± 0.2 0.7 ± 0.3 0.8 ± 0.1 0.7 ± 0.2
18:1n-7 2 ± 0.2 0 ± 0 0 ± 0 1.1 ± 0.3 2.7 ± 0.5 5.8 ± 0.3 2.1 ± 1.3 0.5 ± 0.5 4.2 ± 1.5 2 ± 0.8 0.6 ± 0.7 6.9 ± 1.4
18:1n-9 1.6 ± 0.7 0.3 ± 0.5 1.3 ± 2.3 1 ± 0.7 2.5 ± 0.7 2.9 ± 0.3 0.9 ± 0.8 0 ± 0 1.9 ± 1 2.2 ± 0.9 0.2 ± 0.3 3.1 ± 1.1
20:1n-7 0.6 ± 0.5 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 0 ± 0 0.2 ± 0.1 0 ± 0 0 ± 0 0.2 ± 0.1 0 ± 0 0.1 ± 0.2
20:1n-9 0.3 ± 0 0.3 ± 0.5 0.3 ± 0.4 0.1 ± 0 0 ± 0 0.3 ± 0.3 0.3 ± 0.2 0 ± 0 0.4 ± 0.8 0.3 ± 0 0.5 ± 0.4 0.1 ± 0.2
20:1n-11 1.2 ± 0.4 1.1 ± 1.5 0.3 ± 0.5 0.2 ± 0.1 3.6 ± 0.6 0.5 ± 0.4 0.5 ± 0.4 1.2 ± 1 0.6 ± 0.6 0.6 ± 0.3 0.4 ± 0.7 0.8 ± 0.1
22:1n-9 0.2 ± 0.1 0 ± 0 0.3 ± 0.6 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

∑ MUFA 11.3 ± 1.3 6.4 ± 4.3 9.2 ± 6.4 3.6 ± 0.7 16.4 ± 2.5 20.7 ± 0.6 8.3 ± 4.7 4.3 ± 2.4 16.7 ± 6.3 9.9 ± 2.4 5.2 ± 1.9 13.8 ± 3.4

18:2n-6 4.2 ± 2.1 0.9 ± 0.8 0.7 ± 1 1.9 ± 0.4 1.2 ± 0.2 1.1 ± 0.3 3 ± 1.8 0.9 ± 0.1 1.2 ± 0.3 2.3 ± 0.9 0.9 ± 0.2 1.4 ± 0.3
18:3n-3 0.7 ± 0.3 0.6 ± 0.7 0.3 ± 0.5 0.2 ± 0.1 1.3 ± 0.2 0.7 ± 0 0.5 ± 0.2 0.2 ± 0.3 0.4 ± 0.4 0.4 ± 0.2 0.4 ± 0.4 0.7 ± 0.1
18:3n-4 0.6 ± 0.1 1.4 ± 0.5 5.9 ± 1.7 0.1 ± 0 1.2 ± 0.4 1.6 ± 0.1 0.4 ± 0 0.8 ± 0.3 2.5 ± 1.7 0.2 ± 0 0.7 ± 0.3 0.7 ± 0.1
18:3n-6 0.2 ± 0 0.2 ± 0.3 0.4 ± 0.7 0.1 ± 0 0.4 ± 0 0 ± 0 0.3 ± 0 0 ± 0 0.2 ± 0.2 0.2 ± 0.2 0.1 ± 0.2 0.4 ± 0.1
18:4n-3 1.1 ± 0.9 2.7 ± 0.3 1.2 ± 0.2 0.2 ± 0.1 3.8 ± 0.5 1.6 ± 0.2 1 ± 0.4 2.5 ± 0.5 2.2 ± 0.6 0.8 ± 0.3 1.9 ± 0.6 2.5 ± 0.5
20:2n-6 0.6 ± 0.2 1.3 ± 0.2 0.9 ± 0.2 0.2 ± 0 0.1 ± 0.2 0.2 ± 0.3 0.3 ± 0 0 ± 0 0.4 ± 0.7 0.4 ± 0.4 1.1 ± 0.2 1.3 ± 0.1
20:3n-3 0.2 ± 0 0.5 ± 0.9 0 ± 0 0.1 ± 0 0 ± 0 0.3 ± 0.2 0 ± 0 0 ± 0 0 ± 0 0.2 ± 0.1 0 ± 0 0.4 ± 0
20:3n-6 0.2 ± 0 0.5 ± 0.1 0 ± 0 0.1 ± 0 0.5 ± 0 0.5 ± 0.1 0.2 ± 0.1 0 ± 0 0.4 ± 0.1 0.3 ± 0.2 0.3 ± 0.6 0.4 ± 0
20:4n-3 0.4 ± 0.2 1.6 ± 0.2 1.1 ± 0.2 0.1 ± 0 0.7 ± 0 0.7 ± 0.1 0.8 ± 0.3 2.3 ± 0.5 0.6 ± 0.1 1.3 ± 0.5 2.2 ± 0.9 0.5 ± 0.4
20:4n-6 6.3 ± 0.9 0 ± 0 0.7 ± 0.7 1.6 ± 0.2 0.2 ± 0.2 1.5 ± 0.1 2.8 ± 1.7 0.2 ± 0.3 1.2 ± 0.4 2 ± 0.7 0.1 ± 0.2 2.2 ± 0.4
20:5n-3 8.2 ± 2.1 2.2 ± 1.3 4.6 ± 1 1.4 ± 0.7 4.5 ± 0.6 6.3 ± 1.2 3.4 ± 2.5 0.8 ± 0.3 3 ± 3 2.2 ± 0.6 1.7 ± 1 9.7 ± 2.3
21:5n-3 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 3 ± 5.3 2.3 ± 3.4 0 ± 0 0 ± 0
22:2n-6 0.3 ± 0.1 0.4 ± 0 0.9 ± 0.1 0.3 ± 0 0.9 ± 0 1.3 ± 0.2 2.2 ± 1.5 7.3 ± 1 2.8 ± 2 1.5 ± 0.8 9.1 ± 3.3 3 ± 2.5
22:5n-3 0.7 ± 0.8 0 ± 0 0 ± 0 0.1 ± 0 0.1 ± 0.2 0 ± 0 0.7 ± 0.1 2.1 ± 0.6 2.1 ± 1.7 0.6 ± 0.5 2.2 ± 0.5 2.3 ± 0.7
22:5n-6 0.7 ± 0.1 2.1 ± 1.3 1.7 ± 0.5 0.1 ± 0 0.4 ± 0 0.6 ± 0.1 1.9 ± 0.3 4.4 ± 0.5 2.5 ± 0.9 1.6 ± 0.6 2.3 ± 0.8 1 ± 0.4
22:6n-3 4.3 ± 2.8 0.9 ± 1.1 0.7 ± 0.7 0.5 ± 0.2 2.9 ± 0.4 1.9 ± 0.2 1.7 ± 0.3 4 ± 0.6 4.5 ± 0.8 1.5 ± 2.1 0 ± 0 3.6 ± 1.7

∑ PUFA 30.4 ± 5.9 16.9 ± 4.4 21.5 ± 3.3 7.7 ± 1.6 21.8 ± 1.7 22.5 ± 1.8 22.3 ± 6.1 25.6 ± 1.6 28.7 ± 2.3 19.8 ± 4.7 23.9 ± 4.9 33.3 ± 3.1

UK1 0.8 ± 0.2 0.4 ± 0 0.2 ± 0.4 0.2 ± 0.1 0.4 ± 0 0 ± 0 0.5 ± 0.2 0 ± 0 0 ± 0 0.4 ± 0.2 0 ± 0 0 ± 0
UK2 0.5 ± 0.1 0.5 ± 0 1.4 ± 1.8 0.2 ± 0.1 0.5 ± 0 0.6 ± 0.1 0.5 ± 0.2 0 ± 0 0.1 ± 0.2 0.4 ± 0 0.7 ± 0.6 0.4 ± 0
UK3 0.8 ± 0 5.2 ± 2.1 5.5 ± 3.9 0.8 ± 0.6 3.1 ± 0.6 0.6 ± 0.5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
UK4 1.4 ± 0 4 ± 0.7 4.9 ± 1.1 0.5 ± 0.2 1.9 ± 0.1 3.9 ± 0.5 1.1 ± 0.5 0.9 ± 0.8 4.8 ± 1.3 1.4 ± 1.5 1.2 ± 0.3 0.6 ± 0.6
UK5 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0.1 0.6 ± 0 0.8 ± 0.1 0.1 ± 0.1 0.6 ± 0 0.5 ± 0.1 0.2 ± 0 0.7 ± 0.6 0.6 ± 0.1

n-3 16.1 ± 7.2 9.8 ± 2.8 9.3 ± 1.9 2.9 ± 1.3 15.7 ± 1.7 13.4 ± 1.6 8.8 ± 3.9 11.9 ± 0.6 16.9 ± 4.2 9.7 ± 3.2 8.7 ± 1.7 20.6 ± 2.3
n-6 12.9 ± 0.9 5.5 ± 1.9 5.4 ± 1.6 4.3 ± 0.5 3.6 ± 0.4 5.5 ± 0.7 10.9 ± 2.6 12.8 ± 1.5 8.9 ± 2 8.5 ± 1.6 14.2 ± 3.9 10.8 ± 2.3

n-3/n-6 1.3 ± 0.6 1.8 ± 0.4 1.8 ± 0.5 0.7 ± 0.3 4.4 ± 0 2.5 ± 0.4 0.8 ± 0.2 0.9 ± 0.1 2.1 ± 1.1 1.2 ± 0.4 0.6 ± 0.1 2 ± 0.4
PUFA/SFA 0.7 ± 0.2 0.3 ± 0.1 0.5 ± 0.1 0.1 ± 0 0.4 ± 0.1 0.6 ± 0.1 0.4 ± 0.2 0.4 ± 0 0.7 ± 0.2 0.3 ± 0.1 0.4 ± 0.1 0.8 ± 0.1
EPA/DHA 2.3 ± 1 2 ± 0.4 4.1 ± 0.5 2.8 ± 0.5 1.6 ± 0 3.4 ± 0.4 1.9 ± 1.3 0.2 ± 0.1 1.1 ± 0.6 1.8 ± 2 NA 3.1 ± 1.6

S1 S2 S3 S4
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concentration increased over time for both PPOM and RPOM (p < 0.05 and p < 

0.05, respectively, Fig. 28c).  

 
Figure 28: (a) Total fatty acids, (b) chlorophyll a and (c) fucoxanthin concentrations (mean ± SD, n = 3), 
and ratios between (d) chlorophyll b, (e) chlorophyll c, and (f) fucoxanthin over chlorophyll a for the 
potential organic matter sources. S1 to S4 corresponds to sampling periods (S1 = 26th February, S2 = 21th 
March, S3 = 28th March and S4 = 12th April). Letters correspond to significant between-sources 
differences at each sampling date (p < 0.05). 

For the same reason as above (i.e., variability), biofilm did not change over time, 

and was significantly higher than RPOM only at sampling date S2. Chlorophyll b 

over chlorophyll a ratio showed significant change over time in biofilm (p < 0.05) 

and PPOM (p < 0.05) (Fig. 28d). Over the study period, this ratio was significantly 

higher for biofilm than for RPOM (p < 0.001) and PPOM (p < 0.001), whereas it 

did not differ between RPOM and PPOM. Fucoxanthin and chlorophyll c over 

chlorophyll a ratios did not show significant changes over time for any OM sources, 

despite lower values at S1 for RPOM (Fig. 28e and Fig. 28f, respectively). 

However, over the study period, ratios were significantly higher in RPOM than in 
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PPOM (p < 0.001 and 0.001 respectively) and biofilm (p < 0.001 and 0.001 

respectively). PPOM ratios were also significantly higher than for the biofilm (p < 

0.05 and 0.001 respectively). 
 

3.1.2. Stable isotopes composition 
 

 No significant temporal variations were observed in the SI composition of 

OM sources over the studied period (Fig. 29a and 29b). However, OM sources were 

well discriminated according to their carbon and nitrogen SI compositions (Fig. 

29c).  Biofilm was significantly enriched in 15N (9.5 ± 0.6 ‰) compared to PPOM 

(6.8 ± 0.5 ‰, p < 0.001) and RPOM (7 ± 0.3 ‰, p < 0.001), and PPOM was 

significantly depleted in 13C (-25.2 ± 0.4 ‰) compared to RPOM (-22.7 ± 0.2 ‰, p 

< 0.001) and biofilm (-22.7 ± 0.7 ‰, p < 0.001). Biofilm and RPOM respectively 

showed the highest and lowest temporal variations over the sampling period.  

 
Figure 29: (a) δ15N and (b) δ13C isotopic compositions (mean ± SD, n = 3), and overall isotopic (c) biplot 
for organic matter source (Biofilm, pelagic particulate organic matter (PPOM), re-suspended particulate 
organic matter (RPOM)) and sampling period (S1 = 26th February, S2 = 21th March, S3 = 28th March and 
S4 = 12th April). 
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3.2. Crepidula fornicata 

 

3.2.1. Fatty acids composition 
 

 Ontogenic classes and sampling dates explained 23 % and 17 % of the 

inertia in the PCA, respectively (Fig. 30). Altogether, these two factors explained 

56 % of the inertia. Ontogenic classes were well separated along the first axis and 

showed significant difference in FA compositions (PERMANOVA, p < 0.001), 

with no overlap between motile males and sessile females. FA composition differed 

with sampling dates (PERMANOVA, p < 0.001), which were discriminated along 

the second axis by the two FA 16:1n-5 and 18:4n-3 (Table 9). Particularly, 

sampling date S1 was significantly different from S3 and S4 (pairwise tests, all p < 

0.05). The interaction between the two factors was significant (PERMANOVA, p < 

0.001) with more marked variations for motile males than for sessile females. 

However, post hoc test failed to find significant differences due to lack statistical 

power. We also observed higher intra-class variability for motile males than for 

sessile females, without any overlap. This is illustrated by the convex hull area.  

 
Figure 30: Principal component analysis based on total fatty acids (FA) compositions of ontogenic classes 
of Crepidula fornicata (motile males, sessile males, sessile females) and sampling periods (S1 = 26th 
February, S2 = 21th March, S3 = 28th March and S4 = 12th April). Ordination is along the two first axes 
and only the 20 most contributing FA are shown. 
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 Motile males at S1 and S2 were characterized by a high contribution of the 

two SFA 16:0 and 18:0 and a low inter-individual variability of FA profiles whereas 

the S3 and S4 period was characterized by a higher contribution of 18:4n-3 and 

16:1n-5 and a high inter-individual variability of FA profiles (Table 9). When 

considering sessile males, the S1-S2 period was characterized by a higher 

contribution of C20 FA (20:4n-6, 20:2n-6 and 20:1n-11) as well as non-methyl-

interrupted (NMI) FA whereas the S3-S4 period was mostly characterized by a 

higher contribution of 20:4n-3. Sessile female showed the lowest variability of the 

three ontogenic classes and were characterized by higher contribution of PUFA 

(22:6n-3, 20:5n-3, 20:3n-3, 18:2n-4 and 22:4n-6) and MUFA (18:1n-7 and 20:1n-

9). 
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Table 9: Fatty acids (FA) composition of the ontogenic classes of Crepidula fornicata (motile males, sessile 
males, sessile females) at the four sampling date (S1 = 26th February, S2 = 21th March, S3 = 28th March 
and S4 = 12th April) (% of total FA concentration, mean ± SD, n = 5). BFA: Branched FA; SFA: 
saturated FA; MUFA: monounsaturated FA; PUFA: polyunsaturated FA; NMI FA: non-methyl-
interrupted FA; DMA: Dimethyl acetals FA. 

 

 SFA were significantly higher in motile males than in sessile females (p < 

0.05 at each sampling date), with the strongest differences at S1 and S2 (Fig. 31a). 

In motile males, SFA were much more abundant during the S1-S2 than during the 

S3-S4 period. MUFA were significantly more abundant in sessile females than in 

motile males from S1 to S3 (all p < 0.05), whereas sessile males and females 

differed only at S1 and S3 (all p < 0.05) (Fig. 31b). All ontogenic classes varied 

Fatty acids Motile male Sessile male Sessile female Motile male Sessile male Sessile female Motile male Sessile male Sessile female Motile male Sessile male Sessile female

TMTD 0.8 ± 0.6 2.1 ± 1.1 1.3 ± 0.3 0.5 ± 0.4 0 ± 0.1 1.3 ± 0.2 0.9 ± 1.2 2.5 ± 0.4 1.3 ± 0.7 2.5 ± 1 2.9 ± 0.8 2.1 ± 1

ant15:0 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0.1 0.3 ± 0.5 0 ± 0 0.1 ± 0.1
ant17:0 2.4 ± 0.6 3.2 ± 0.7 3.6 ± 1.6 1.5 ± 0.3 3.5 ± 1 2.1 ± 0.5 3 ± 1 3.1 ± 0.4 2.8 ± 0.7 2.5 ± 0.3 1.8 ± 0.2 2.4 ± 0.7
iso16:0 1.1 ± 0.1 1.1 ± 0.3 1.3 ± 0.5 0.1 ± 0.2 0.9 ± 0.2 0.7 ± 0.1 0.6 ± 1 1 ± 0.1 0.9 ± 0.1 0.6 ± 0.4 0.5 ± 0.1 0.8 ± 0.2
iso17:0 3.4 ± 0.5 4.1 ± 1 5.4 ± 1.8 1.1 ± 1 1.7 ± 2.4 3.1 ± 1.8 2.5 ± 1.1 2.8 ± 1.4 3.5 ± 2 3 ± 0.3 2.4 ± 0.1 3.8 ± 1
iso18:0 0.2 ± 0.4 0.6 ± 0.4 0.7 ± 0.4 0 ± 0 0.2 ± 0.3 0.3 ± 0.3 0.2 ± 0.4 0.9 ± 0.2 0.5 ± 0.5 2.1 ± 2.9 0.7 ± 0.1 0.4 ± 0.6

∑ BFA 7.1 ± 1.3 8.9 ± 2.1 11 ± 4.3 2.7 ± 1.1 6.3 ± 2.6 6.2 ± 2.4 6.3 ± 2.2 7.8 ± 1.8 7.7 ± 2.7 8.6 ± 3.6 5.5 ± 0.3 7.4 ± 2.3

14:0 1.4 ± 0.4 1.3 ± 0.7 1.5 ± 0.3 1.6 ± 0.1 3 ± 0.9 1.3 ± 0.2 0.8 ± 0.8 1.4 ± 0.3 1.3 ± 0.4 1.9 ± 0.7 2.3 ± 0.4 2 ± 0.5
15:0 0.8 ± 0.2 0.6 ± 0.2 0.6 ± 0.1 0.6 ± 0.4 0.5 ± 0.1 0.4 ± 0 0.1 ± 0.3 0.4 ± 0 0.5 ± 0.1 0.6 ± 0 0.5 ± 0.1 0.5 ± 0.1
16:0 25.2 ± 3.5 16.7 ± 3.1 11.9 ± 0.8 33.7 ± 1.7 11.6 ± 3.3 11.7 ± 1 12.3 ± 2.3 13 ± 0.9 10.9 ± 1 14.2 ± 2.1 12.6 ± 3.1 12 ± 0.4
17:0 1 ± 0.1 1.2 ± 0.3 1.5 ± 0.1 0.7 ± 0.4 1.2 ± 0.1 1.4 ± 0.1 0.4 ± 0.5 0.8 ± 0.1 1 ± 0.5 1 ± 0.1 0.8 ± 0.1 0.9 ± 0.5
18:0 27.5 ± 4.2 17.7 ± 7.3 6.3 ± 0.9 35.6 ± 0.9 9.2 ± 3.9 6.8 ± 0.7 14.8 ± 4.5 10.4 ± 1.3 6.6 ± 0.9 14.3 ± 3.1 9.1 ± 5.6 6.9 ± 0.4
20:0 0.5 ± 0.3 0.7 ± 0.2 0.5 ± 0.1 0.6 ± 0.3 0.2 ± 0.2 0.5 ± 0.3 0 ± 0 0.2 ± 0.3 0.2 ± 0 0.1 ± 0.2 0.2 ± 0.1 0.2 ± 0
22:0 0.1 ± 0.2 0.3 ± 0.2 0.5 ± 0.1 0 ± 0 0.2 ± 0 0.4 ± 0.1 0 ± 0 0.1 ± 0.1 0.4 ± 0.1 0 ± 0 0.2 ± 0.1 0.3 ± 0.1
24:0 0.6 ± 0.4 0.6 ± 0.4 0.4 ± 0.1 0.7 ± 0.2 0.2 ± 0.1 0.2 ± 0 1.6 ± 1.8 0.1 ± 0.1 0.3 ± 0.2 1.2 ± 0.5 0.3 ± 0.1 0.4 ± 0.1

∑ SFA 57 ± 8.2 39.2 ± 9.6 23.1 ± 1.6 73.5 ± 2.4 26 ± 7.1 22.8 ± 1.5 30.1 ± 5.9 26.4 ± 1.7 21.2 ± 1.1 33.3 ± 4.6 25.8 ± 8.6 23.1 ± 1

14:1n-5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0.1 0.2 ± 0.5 0.1 ± 0.1 0 ± 0
16:1n-11 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.7 ± 0.4 0.4 ± 0.1 1.1 ± 1 0.2 ± 0.1 0.1 ± 0.1
16:1n-5 0 ± 0 0 ± 0 0.4 ± 0.4 0 ± 0 0.1 ± 0.1 0.3 ± 0.1 1.4 ± 1.4 0.8 ± 0.4 0.3 ± 0.1 1.8 ± 1.2 0.4 ± 0.2 0.5 ± 0.2
16:1n-7 0.8 ± 0.3 0.9 ± 0.2 1.4 ± 0.6 0.3 ± 0.4 1.3 ± 0.4 1.7 ± 0.2 2.6 ± 1.3 1.2 ± 0.4 1.5 ± 0.3 2.1 ± 0.3 2.9 ± 0.8 2.3 ± 0.6
16:1n-9 0.3 ± 0.3 0.5 ± 0.3 0.7 ± 0.2 0.1 ± 0.2 0.1 ± 0.2 0.7 ± 0.2 0.4 ± 1 0.7 ± 0.5 0.5 ± 0.1 0.7 ± 0.3 0.6 ± 0.1 0.5 ± 0
17:1n-7 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0.1 ± 0.3 0.4 ± 0.5 0.2 ± 0.3 0 ± 0.1 0.3 ± 0.4
18:1n-5 0.1 ± 0.2 0.2 ± 0.2 0.4 ± 0 0.2 ± 0.4 0.4 ± 0 0.4 ± 0 0.3 ± 0.4 0.2 ± 0.2 0.4 ± 0 0.5 ± 0.3 0.3 ± 0.1 0.3 ± 0
18:1n-7 1.4 ± 0.2 1.8 ± 0.3 2.5 ± 0.2 1 ± 0.1 2.1 ± 0.3 2.8 ± 0.3 0.7 ± 1.1 1.7 ± 0.3 2.5 ± 0.2 2 ± 0.9 2.3 ± 0.5 2.3 ± 0.3
18:1n-9 5.1 ± 2.3 0 ± 0 0 ± 0.1 4 ± 0.8 2.1 ± 0.2 2.1 ± 0.3 1.6 ± 1 2.3 ± 0.1 2 ± 0.2 1.8 ± 0.4 2 ± 0.1 2 ± 0.2

18:1n-11 0.1 ± 0.3 0.4 ± 0.1 0.5 ± 0.2 0 ± 0 0.4 ± 0.1 0.5 ± 0.1 1.6 ± 1 0.9 ± 0.2 0.5 ± 0.2 1.4 ± 1 0.5 ± 0.1 0.8 ± 0.2
20:1n-7 2.4 ± 0.8 3.9 ± 0.6 4.7 ± 0.5 1.3 ± 0.2 5.2 ± 0.9 4.6 ± 0.2 5.9 ± 4.3 3.5 ± 0.8 4.6 ± 0.4 4 ± 1 4.2 ± 1.1 4.2 ± 0.3
20:1n-9 0.5 ± 0.4 1 ± 0.2 0.9 ± 0.1 0.1 ± 0.2 1.2 ± 0.1 0.8 ± 0 0.4 ± 0.5 1 ± 0.2 0.8 ± 0.2 0.7 ± 0.1 0.9 ± 0.1 0.8 ± 0.1

20:1n-11 3.2 ± 0.7 5.3 ± 0.7 5.8 ± 0.5 1.9 ± 0.5 6.4 ± 0.9 6.1 ± 0.8 2.3 ± 1.5 4 ± 0.9 5.6 ± 0.6 2.3 ± 0.6 4.1 ± 1 5.2 ± 0.9
22:1n-7 0 ± 0 0 ± 0 0.2 ± 0.1 0 ± 0 0.1 ± 0.1 0.1 ± 0.1 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0 0.1 ± 0.1
22:1n-9 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0 0.2 ± 0.2 0 ± 0 0 ± 0 0.2 ± 0.1 0 ± 0 0.1 ± 0.1 0.2 ± 0.2

∑ MUFA 13.9 ± 2.5 14 ± 2.1 17.7 ± 1.1 8.8 ± 0.7 19.4 ± 1.5 20.2 ± 0.6 17.2 ± 1.5 17.2 ± 1.5 19.9 ± 1 18.9 ± 2.8 18.8 ± 2.9 19.7 ± 0.9

16:2n-4 0 ± 0 0.1 ± 0.1 0.4 ± 0.5 0.2 ± 0.5 0.5 ± 0.4 0.2 ± 0 0.2 ± 0.4 1 ± 0.9 0.7 ± 0.3 0.1 ± 0.3 0.7 ± 0.3 0.4 ± 0.2
16:2n-7 0 ± 0 0 ± 0 0 ± 0 0.7 ± 1 2.6 ± 2.5 0.7 ± 1.5 0 ± 0 0 ± 0 0.8 ± 1.7 0 ± 0 0 ± 0 0 ± 0
16:3n-3 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0.1 0.1 ± 0.1 0.5 ± 0.7 0.2 ± 0.2 0.1 ± 0.1 1.8 ± 2.7 0.2 ± 0.1 0.3 ± 0.1
16:3n-4 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0.1 0.1 ± 0.1 0 ± 0 0.1 ± 0.1 0 ± 0.1 0.3 ± 0.3 0.3 ± 0.2 0.1 ± 0.2
16:3n-6 0.2 ± 0.3 0.6 ± 0.2 0.4 ± 0.3 0 ± 0 0.1 ± 0.2 0.5 ± 0.1 0 ± 0 0.1 ± 0.3 0.1 ± 0.2 0 ± 0 0.2 ± 0.1 0.5 ± 0.2
16:4n-3 0 ± 0 0.2 ± 0.2 0.3 ± 0.2 0.1 ± 0.2 0.6 ± 0.5 0.3 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
18:2n-4 0 ± 0 0.2 ± 0.2 0.4 ± 0.1 0 ± 0 0.3 ± 0.1 0.5 ± 0.1 0 ± 0 0.4 ± 0 0.5 ± 0 0 ± 0 0.3 ± 0.1 0.4 ± 0.1
18:2n-6 1.6 ± 0.3 1.4 ± 0.3 1.3 ± 0.2 0.7 ± 0.4 0.9 ± 0.2 1.2 ± 0.2 0.9 ± 0.6 1.5 ± 0.2 1.1 ± 0.1 1.6 ± 0.5 1.4 ± 0.2 1.3 ± 0.1
18:3n-3 0 ± 0 0.2 ± 0.2 0.9 ± 0.2 1.7 ± 1 1 ± 0.8 0.9 ± 0.2 2.1 ± 3.3 1.2 ± 0.3 0.9 ± 0.1 0.7 ± 0.4 1.6 ± 0.4 1.1 ± 0.2
18:3n-4 3.1 ± 1.7 2.7 ± 1.2 1 ± 0.5 0 ± 0 0.4 ± 0.5 0.4 ± 0.3 1.3 ± 1.3 3.5 ± 1.4 1.1 ± 0.3 2.4 ± 0.8 0.6 ± 0.3 1 ± 0.4
18:3n-6 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 0.1 ± 0.2 0.1 ± 0 0 ± 0 0 ± 0.1 0.2 ± 0 0 ± 0 0.1 ± 0.1 0.1 ± 0.1
18:4n-1 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 0.1 ± 0.1 0.1 ± 0.1 0.4 ± 1 0 ± 0 0 ± 0.1 0 ± 0 0 ± 0 0 ± 0
18:4n-3 0.6 ± 0.6 0 ± 0 0.7 ± 0.6 2.3 ± 0.2 1.4 ± 0.5 1.8 ± 0.4 2.9 ± 0.7 3 ± 0.6 1.7 ± 0.3 3.2 ± 0.8 4.4 ± 0.8 3.1 ± 1
20:2n-6 1.1 ± 0.2 2.2 ± 0.5 1.2 ± 0.1 0.9 ± 0.2 2.1 ± 0.6 1.2 ± 0.2 0.4 ± 0.5 1.1 ± 0.2 1.1 ± 0.2 0.5 ± 0.4 1 ± 0.1 1 ± 0.2
20:3n-3 0 ± 0 0 ± 0.1 0.4 ± 0.1 0 ± 0 0.2 ± 0.1 0.4 ± 0.1 0 ± 0 0.3 ± 0.3 0.4 ± 0.1 0 ± 0 0.4 ± 0.1 0.4 ± 0.1
20:3n-6 0 ± 0 0 ± 0 0.1 ± 0 0 ± 0 0 ± 0.1 0.1 ± 0.1 0.3 ± 0.6 0 ± 0 0.2 ± 0.1 0.1 ± 0.3 0 ± 0.1 0.1 ± 0.1
20:4n-3 0.3 ± 0.3 0.3 ± 0.2 0.6 ± 0.1 0 ± 0 0.4 ± 0.1 0.6 ± 0.2 0.5 ± 0.8 0.6 ± 0.1 0.5 ± 0.1 0.3 ± 0.3 0.8 ± 0.2 0.6 ± 0.1
20:4n-6 2.3 ± 0.6 3.5 ± 0.5 2.7 ± 0.3 1.2 ± 0.1 3.5 ± 0.3 2.7 ± 0.4 0.8 ± 1.2 2.6 ± 0.5 2.6 ± 0.6 1.4 ± 0.4 1.7 ± 0.4 2.5 ± 0.4
20:5n-3 3.3 ± 0.7 5.7 ± 1.2 10.5 ± 2.6 2.5 ± 0.5 8.3 ± 1.3 12.1 ± 1.3 3.3 ± 1.7 6.9 ± 0.9 11.1 ± 1.8 5.8 ± 1.9 11.1 ± 2.6 11.4 ± 1.8
21:5n-3 0.1 ± 0.3 0.3 ± 0.2 0.4 ± 0 0 ± 0 0.6 ± 0.1 0.5 ± 0.1 0 ± 0 0.7 ± 0.2 1.5 ± 0.6 0.1 ± 0.2 0.8 ± 0.2 0.5 ± 0.1
22:4n-6 0.1 ± 0.2 0.4 ± 0.1 0.6 ± 0.2 0 ± 0 0.4 ± 0.1 0.5 ± 0.3 0 ± 0 0.2 ± 0.2 0.6 ± 0.1 0.4 ± 0.4 0.2 ± 0.1 0.6 ± 0.2
22:5n-3 0.5 ± 0.5 1.2 ± 0.3 2 ± 0.5 0.4 ± 0.9 1.2 ± 0.2 2.4 ± 0.3 2.1 ± 2.2 1.4 ± 0.4 2.2 ± 1.3 2.8 ± 1.8 2.8 ± 2.2 2.2 ± 0.5
22:5n-6 0.1 ± 0.2 0.3 ± 0.2 0.4 ± 0.1 0 ± 0 0.4 ± 0.1 0.5 ± 0.1 0.5 ± 1 0.4 ± 0.4 0.4 ± 0.1 0.3 ± 0.3 0.4 ± 0.1 0.4 ± 0.1
22:6n-3 2.6 ± 0.5 4.9 ± 0.9 9.7 ± 2.1 1.9 ± 0.5 6 ± 0.6 11.1 ± 1.4 4.5 ± 2.4 7 ± 0.7 10.3 ± 1.6 5.4 ± 1.5 7.8 ± 1.5 9.4 ± 2

∑ PUFA 15.7 ± 2.5 24.2 ± 4.5 34.4 ± 5.1 12.6 ± 1.7 31 ± 2.5 38.7 ± 4.6 20.8 ± 10.4 32.1 ± 2.3 38 ± 3.7 27.2 ± 5.9 36.6 ± 4 37.3 ± 3.4

20:2i 0.7 ± 0.5 1.1 ± 0.2 1.1 ± 0.3 0 ± 0 1.6 ± 0.6 0.9 ± 0.2 1.4 ± 2.8 0.8 ± 0.3 0.9 ± 0.2 0.1 ± 0.3 1 ± 0.3 0.9 ± 0.2
20:2j 0.2 ± 0.2 0.4 ± 0.1 0.5 ± 0.1 0 ± 0 0.6 ± 0.1 0.4 ± 0 0.2 ± 0.5 0.3 ± 0.3 0.4 ± 0.1 0 ± 0 0.4 ± 0.1 0.3 ± 0.1
22:2i 1.3 ± 0.7 2.6 ± 0.5 1.9 ± 0.3 0.1 ± 0.2 3.8 ± 1.5 1.6 ± 0.5 0.3 ± 0.6 1.9 ± 0.6 1.7 ± 0.4 0.8 ± 0.3 1.7 ± 0.8 1.5 ± 0.3
22:2j 3.2 ± 2 6 ± 0.6 5.4 ± 0.8 1.4 ± 0.3 8.7 ± 3.2 5.1 ± 1.1 1.8 ± 1.7 4.3 ± 1.4 4.2 ± 0.7 2 ± 0.7 4.5 ± 1.9 4.6 ± 0.8

22:3nmi 0.1 ± 0.2 1.1 ± 0.3 0.5 ± 0.2 0 ± 0 1.4 ± 0.6 0.5 ± 0.2 0 ± 0 0 ± 0 0.5 ± 0.2 0 ± 0 0.6 ± 0.3 0.5 ± 0.1

∑ NMI 5.4 ± 3.3 11.3 ± 1.2 9.4 ± 1.4 1.5 ± 0.3 16 ± 5.6 8.4 ± 1.8 3.7 ± 3.4 7.3 ± 2.4 7.8 ± 1.3 3 ± 1.1 8.2 ± 3.1 7.8 ± 1.4

16:0DMA 0 ± 0 0.3 ± 0.2 0.1 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0.4 ± 0.5 0.4 ± 0.2 0.2 ± 0.2 1.8 ± 2.1 0.5 ± 0.2 0.5 ± 0.2
18:0DMA 0 ± 0 0 ± 0 1 ± 0.5 0 ± 0 0.1 ± 0.1 1.2 ± 0.4 13.5 ± 5.8 4 ± 1.9 1.7 ± 1 2.7 ± 2 0.8 ± 0.6 0.8 ± 0.4

∑ DMA 0 ± 0 0.3 ± 0.2 1.1 ± 0.5 0 ± 0 0.2 ± 0.1 1.3 ± 0.5 13.8 ± 5.9 4.4 ± 2 1.9 ± 0.8 4.5 ± 1.1 1.3 ± 0.8 1.3 ± 0.6

n-3 7.4 ± 2.2 12.8 ± 2.3 25.6 ± 6.1 8.9 ± 1.9 19.6 ± 2.4 30.2 ± 3.5 16 ± 5.8 21.2 ± 1.4 28.6 ± 2.2 20.1 ± 6 29.7 ± 3.3 29 ± 4
n-6 5.3 ± 1.2 8.4 ± 1.4 6.8 ± 0.3 2.8 ± 0.4 7.6 ± 0.9 6.6 ± 0.3 2.9 ± 3.2 5.9 ± 0.4 6.3 ± 0.9 4.3 ± 1.5 5 ± 0.8 6.3 ± 0.7

n-3/n-6 1.4 ± 0.4 1.5 ± 0.1 3.8 ± 1 3.2 ± 0.8 2.6 ± 0.5 4.6 ± 0.6 6.2 ± 3.2 3.6 ± 0.3 4.6 ± 0.5 5.5 ± 2.8 6.1 ± 0.6 4.6 ± 0.9
PUFA/SFA 0.3 ± 0.1 0.7 ± 0.2 1.5 ± 0.3 0.2 ± 0 1.3 ± 0.3 1.7 ± 0.3 0.8 ± 0.5 1.2 ± 0.1 1.8 ± 0.2 0.8 ± 0.2 1.6 ± 0.6 1.6 ± 0.2
EPA/DHA 1.3 ± 0.1 1.2 ± 0.2 1.1 ± 0.1 1.3 ± 0.1 1.4 ± 0.2 1.1 ± 0.1 0.8 ± 0.3 1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.4 ± 0.1 1.2 ± 0.2

S1 S2 S3 S4
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temporally with lower values at S1 or S2 compared to S4 (all p < 0.05). PUFA 

relative abundances were significantly higher in females than in motile males at S1, 

S2 and S4 (all p < 0.05) (Fig. 31c), whereas sessile males showed intermediate 

values. PUFA did not vary temporally in females whereas they globally increased 

over the study period both for sessile and motile males, with lower values at S1 

compared to S3 and S4 for sessile males (all p < 0.05) and lower values at S2 

compared to S4 for motile males (p < 0.05). The abundance of BFA did not differ 

between ontogenic stages whatever the sampling date, except for S2 where motile 

males had lower values than sessile males and females (Fig. 31d). Only motile 

males showed significant temporal variations with lower relative abundances at S2 

(p < 0.01). No temporal changes were observed in the relative abundances of NMI 

FA whatever the ontogenic classe (Fig. 31e). However, motile males showed 

significantly lower values than sessile males and females at S2 (p < 0.05), and than 

females at S4 (p < 0.05). The n-3/n-6 ratio showed no temporal variation for sessile 

females but increased significantly over time both for sessile (p < 0.001) and motile 

males (p < 0.01) (Fig. 31f).  
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Figure 31: Relative abundance of fatty acids (FA) classes in the three ontogenic classes of Crepidula 

fornicata (motile males, sessile males, sessile females) (mean ± SD, n = 5): (a) Saturated FA, (b) 
Monounsaturated FA, (c) Polyunsaturated FA, (d) Branched FA, (e) Non-Methyl Interrupted FA and (f) 
n-3/n-6 ratio. S1 to S4 corresponds to sampling periods (S1 = 26th February, S2 = 21th March, S3 = 28th 
March and S4 = 12th April). * corresponds to significant differences between ontogenic classes for each 
sampling date (p < 0.05).  

3.2.1. Stable isotope compositions 
 

 The three ontogenic classes exhibited similar isotopic patterns with lower 

δ15N and δ13C values for motile males compared to sessile males and females. No 

significant temporal variations in SI composition were observed for any ontogenic 

class except for the δ15N of sessile females between S3 and S4 (p < 0.05) (Fig. 32a 

and 32b). The only significant inter-classes differences were observed between 

sessile females and motile males for δ15N at S3 (p < 0.05). Isotopic niche 

calculations showed higher overlap of SEAc between sessile females and males (49 
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%) than between sessile and motile males (39 %) or between sessile females and 

motile males (18 %) (Fig. 32c).  

 
Figure 32: (a) δ15N and (b) δ13C isotopic compositions (mean ± SD, n = 5), and overall isotopic (c) biplot 
for three ontogenic classes of Crepidula fornicata (motile males, sessile males, sessile females). S1 to S4 
corresponds to sampling periods (S1 = 26th February, S2 = 21th March, S3 = 28th March and S4 = 12th 
April). Ellipses enclosed the standard ellipse area corrected for small sample size (SEAc). 

4. Discussion 
 

 The proliferation of C. fornicata often results in large biomass accumulation 

on the colonised sea floors. Being gregarious, all ontogenic classes are grouping in 

the same stacks, therefore questioning a possible intraspecific competition for food. 

However, the biological traits of young individuals suggest niche differentiation 

between these classes, as already experienced for other species of Crepidula 

(Chaparro et al., 2002; Navarro and Chaparro, 2002). Using two different trophic 

markers, we examined if intraspecific food partitioning exists within C. fornicata 

stacks and if it could be related to ontogenic changes of behavior (shift from motile 

male to sessile females). 
 

4.1. Characterization and availability of potential food sources  
 

 Pelagic and re-suspended particulate organic matter as well as biofilm 

associated with C. fornicata shells were well discriminated according to their 

pigment, fatty acid and stable isotope compositions, whatever the sampling date. 

The δ13C of PPOM (-25.4 ± 0.7 ‰) compared to marine (-22.3 ± 1.2 ‰ over the 

same period in the bay of Brest) (French Coastal Monitoring Network SOMLIT; 

http://somlit.epoc.u-bordeaux1.fr/fr/) and terrestrial one (-27.5 ± 1.2 ‰ in the upper 

Elorn estuary) (Nerot, 2011) suggests a terrestrial influence, as already suggested by 
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Marchais et al. (2013). Moreover, we recorded high biomass of chlorophyll a (5-18 

µg L-1) in the PPOM over the study period, whereas marine phytoplankton blooms 

occurring in the rest of the bay of Brest commonly reach 4-6 µg L-1 (Chatterjee et 

al., 2013). Again, primary productivity in the study area is likely to be influenced 

by terrestrial inputs such as nutrient (Khalil et al., 2013).  

 RPOM appeared as a complex mixture of low and high quality OM. On one 

hand, it was characterized by i) pheophorbide and pheophytin, which are both 

degradation products of pigments, ii) odd branched FA (such as ant15:0) and the 

MUFA 18:1n-7 which suggested the presence of bacteria (Jaschinski et al, 2011; 

Meziane et al., 1997) and iii) the long chain saturated fatty acids 22:0 which 

confirms a terrestrial contribution in this environment (Canuel, 2001). Moreover, 

RPOM was the less variable of the three organic matter sources over time, which is 

often the case for detritic pool of OM. On the other hand, RPOM exhibited the 

highest PUFA/SFA ratio (Table 2), suggesting higher quality/lability compared to 

PPOM and biofilm (Biandolino et al., 2008; Pommier et al., 2010). It was 

confirmed by Fucoxanthin / Chlorophyll a and Chlorophyll c / Chlorophyll a ratios 

which indicated a higher contribution of diatoms in RPOM compared to PPOM and 

biofilm (Gieskes et al., 1991; Méléder, 2003). This high concentration of 

fucoxanthin, which is a blue-light absorbing pigment, and the very low light 

irradiance of our study site (0.01 %, Supplementary Fig. 33), strongly suggested 

that low light acclimated diatoms contributed to the RPOM (McGee et al., 2008).  

 Biofilm scrapped on shells of C. fornicata showed high biomass of 

chlorophytes, as suggested by the stronger presence of chlorophyll b and 

neoxanthin (Brotas and Plante-Cuny, 2003), compared to the surrounding RPOM. 

However, FA characterizing macrochlorophytes (such as 18:3n-3 and 18:4n-3 

found in Ulva spp.; Fleurence et al., 1994) were not found in the biofilm. The major 

FA were saturated FA, which were especially high during the first two sampling 

dates, with the highest concentration of 16:0 and 18:0 (42 % and 39 %, 

respectively) recorded at sampling date S2. While considered as ubiquist FA (Kelly 

and Scheibling, 2012), 16:0 and 18:0 likely characterized the biofilm of C. 

fornicata’s shells in our study site. The high concentration of fucoxanthin also 

suggests the presence of diatoms on these shells (Ní Longphuirt et al., 2007). As 

already suggested by Androuin et al., (article 1), lived C. fornicata may harbour 

high biomass of primary producers on its shell. For instance, the biomass in biofilm 
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was ~10 times higher than in the surrounding RPOM. The biofilm was also 15N-

enriched by ~2.5 ‰ compared to RPOM, which may indicate that primary 

producers present in the biofilm use C. fornicata’s dissolved excretion as a nitrogen 

source. Indeed, even if the excretion product (i.e., ammonium) is expected to be 
15N-depleted relative to C. fornicata’s tissues (DeNiro and Epstein, 1981), it could 

still be enriched compared to the available dissolved nitrogen in the environment 

(Cifuentes et al., 1989). This could indicate that nutrients are not a limiting factor 

for primary producers inhabiting C. fornicata shells, making them available through 

the year when sufficient light reach the sea floor. 
 

4.2. Ontogenic trophic shift in Crepidula fornicata 
 

 FA compositions and to a lesser extend SI ratios of the three ontogenic 

classes of C. fornicata highlighted a trophic shift that co-occurred with the change 

of behavioural (i.e., motility) and sex (i.e., protandry) of this species. Those results 

suggest that young motile males grazed on the biofilm during period with less food 

availability (i.e., S1 and S2 sampling period), whereas sessile individuals were 

mostly filtering and relying on re-suspended particulate organic matter (RPOM). 

Overall, SI ratios showed that sessile males and females had similar trophic niches 

(high overlap between their ranges of isotopic signatures), whereas motile males 

had a more distinct and broader niche (larger convex hull and standard ellipse area 

and lower overlap with those of sessile individuals). Considering the classical diet-

consumer enrichment factors of ~1 ‰ for carbon and ~2.5 ‰ for nitrogen 

(McCutchan et al., 2003), one could expect that all ontogenic classes mostly relied 

on RPOM. However, inferring diet shift using only SI ratios may be hampered by 

physiological changes occurring during ontogeny such as gonadal maturation or 

differential tissue growth between young and adult individuals. Such physiological 

processes can modify the isotope signal of tissues even without significant change 

of diet (Blanchet-Aurigny et al., 2012b, Hentschel, 1998, Rossi et al., 2004). The 

speed of isotopic enrichment through time also depends on tissue turnover rate 

(McCutchan et al., 2003; Vander Zanden et al., 2015). Indeed, motile males are 

small and more active than adults (Hoagland, 1978; Walne, 1956), so the rapid 

production of new tissue during their growth may reduce fractionation processes, 

resulting in lower SI ratios with respect to older individuals (Gannes et al., 1997; 

Lefebvre and Dubois, 2016). For the largest adults (i.e. females), the net production 
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of tissue tends to zero and the maintenance metabolism (through respiration and 

excretion) results in relatively higher SI signature in their tissues (McCutchan et al., 

2003; Minagawa and Wada, 1984). 

 Neutral lipids are essential energy reserves for sustaining early life stages 

and play a key role in settlement, habitat selectivity and recruitment in marine 

invertebrates (Pernet and Tremblay, 2004; Pernet et al., 2005; Tremblay et al., 

2007). FA compositions of the three ontogenic classes of C. fornicata showed low 

overlap, especially between motile males and sessile females, and suggesting a 

trophic shift between motile and sessile individuals. According to these biomarkers, 

young individuals exhibited a larger temporal change in their diet than old 

individuals. In particular, we observed a clear temporal shift after the second 

sampling date (S2) for motile males. The two first dates, characterized by very low 

PUFA contributions, likely corresponded to a period that had still integrated the 

trophic signal of the winter season’s food sources. During this period, motile males 

were characterized by higher proportions of saturated fatty acids such as 16:0 (25-

34 %) and 18:0 (27-36 %). Although these FA are usually common in animal and 

do not necessarily reflect a specific diet (Dalsgaard et al., 2003; Kelly and 

Scheibling, 2012), we found high amount of these two FA in the biofilm, both in 

terms of contribution and concentration. As already suggested for larvae of C. 

fornicata, the high amount of saturated FA may result from a diet enriched in SFA 

(Leroy et al., 2013). In our case, such FA composition could originate from the 

biofilm covering C. fornicata’s shells. A low proportion of energy-storage lipids 

(i.e., PUFA) also suggest a regular food supply (Prato et al., 2012), a hypothesis 

supported by the higher availability of the biofilm compared to those of PPOM and 

RPOM. During the two last sampling dates, the PUFA/SFA ratio increased in 

motile males, suggesting more PUFA in its diet. Considering the greater availability 

of PPOM and RPOM at the end of our study period, motile males probably have 

increasingly relied on these two food sources using both filter-feeding mechanisms.  

 Sessile individuals showed higher contribution of PUFA to their diet than 

motile ones. As suggest above by SI, FA confirmed that RPOM was the main food 

source of sessile individuals, which probably exploit this resource during regular 

resuspension events linked to tidal currents (Beudin et al., 2014). In this pool of 

OM, the slipper limpet likely fed on diatoms (16:1n-7 and 20:5n-3; Dunstan et al., 

1994; Napolitano et al., 1997; Passarelli et al., 2012), dinoflagellates (22:6n-3; 
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Lavaud et al., 2018; Zhukova and Aizdaicher, 1995) and bacteria (Branched FA, 

18:1n-7; Perry et al., 1979; Haack et al., 1994; Zhukova et al., 1992), which is in 

agreement with the conclusions of previous studies (Dubois et al., 2014; Leroy et 

al., 2013). In sediment, bacteria are often associated with detritus and are therefore 

not considered as a high quality food source (Dalsgaard et al., 2003). This is 

confirmed by the PUFA/SFA ratio, a biomarker of fresh vs. detritic OM 

(Biandolino et al., 2008), which was lower in the slipper limpet  than in others 

filter-feeding species of the bay of Brest, such as Pecten maximus (Lavaud et al., 

2018) or Ophiotrix fragilis (Blanchet-Aurigny et al., 2015). The fact that adults of 

C. fornicata do not have organs of selection is likely to explain their opportunistic 

trophic behaviour based on both fresh and detritic organic matter (Beninger et al., 

2007). Interestingly, we also found large contribution of non-methylene-interrupted 

(NMI) FA in the neutral lipids of sessile C. fornicata (~8 %). De novo synthesis of 

such FA is well documented in mollusks (Barnathan, 2009; Zhukova, 1991) and is 

therefore not expected to be linked to a specific diet. However, the fact that they are 

preferentially incorporated in polar than in neutral lipids suggest a higher proportion 

in polar lipids of C. fornicata, thus confirming their potential importance for this 

species. The unusual unsaturation pattern of these FA confers to cell membranes a 

higher resistance to oxidative processes and microbial lipases than the common 

PUFA (Barnathan, 2009). Considering the unusual way of life of this species, it 

could represent a biochemical adapting feature linked to the sessile behavior of 

adults of C. fornicata which showed ontogenic histological changes in their food 

part (Chapparo et al., 1998; Androuin et al., article 2). Besides, the FA 18:4n-3 

showed an increasing contribution over time for sessile as well as for motile males. 

According to the literature, this FA may be associated with different primary 

producers such as dinoflagellates (Budge and Parrish, 1998) or green macroalgae 

(Fleurence et al., 1994; Kelly and Scheibling, 2012). Considering the low temporal 

variation of another dinoflagellate biomarker (22:6n-3) in the OM sources and the 

seasonal accumulation of green macroalgae near our study site (Study Centre for 

Algal Promotion, http://www.ceva.fr; Ragueneau et al., 2018), we can expect a 

seasonal importance of these green macroalgae in the diet of C. fornicata in our 

study site. The FA 20:1n-11 was found in relative high abundance in C. fornicata 

(4-6 %). Although it is known to be a biomarker of copepod in tropical estuaries 

(Bachok et al., 2003), the 15N-enrichment of C. fornicata compared to PPOM 
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wasn’t high enough to suggest a significant contribution of zooplankton in its diet 

(Kopp et al., 2015). The same finding was reported from another study in the bay of 

Brest for two species of ophiurid (Blanchet-Aurigny et al., 2015), evidencing that 

this FA was not a good biomarker of zooplankton for the species considered.  

 As with SI, FA composition of C. fornicata showed decreasing inter-

individual and temporal variability with the ontogenic development. As suggested 

above, a lower growth rate associated with a lower metabolism may explain the 

lower variability in sessile females. This difference can also be explained by 

processes related to two biological traits, namely the movement capacity of young 

males (behaviour) and the sexual development (physiology). Thanks to their 

mobility, young males have access to a greater diversity of food sources than sessile 

adults, e.g. by grazing on the substrate (e.g., microalgae, bacteria, crustose 

macroalgae, detritus, etc). The ability to switch between grazing and filtering 

strategies may increase the variability of their FA compositions. As we used both 

digestive gland and gonad for neutral FA analysis, the state of lipid storage can also 

depend on the sexual development stage. Indeed, females allocate more energy than 

males in the reproduction due to gametogenesis (Desloup-Paolis, 1986; Leroy et al., 

2013) and may store more lipids than males. The n-6/n-3 ratio increased over time 

for both sessile and motile males, and the unchanged ratio for females is probably 

linked to a preferential allocation of n-3 to early embryos, which showed an 

increase over the reproductive period of the slipper limpet (Leroy et al., 2013).  
 

4.3. Ecological implications 
 

 The recruitment phase is of primary importance in the success of all species 

and especially for invasive ones (Stachowicz and Byrnes, 2006). Specific studies 

emphasized the key role of adults in facilitating larval recruitment (Cahill, 2015; 

Pechenik and Gee, 1993; Woods, 1989) as well as the substrate in the settlement 

and in the feeding ecology of C. fornicata recruit (Cahill, 2015; Pechenik et al., 

2015). In addition, shells of lived C. fornicata harbors significant amount of 

microphytobenthic biofilm (Androuin et al., article 1; this study; Ní Longphuirt et 

al., 2007). As demonstrated here, the use of this biofilm by motile males individuals 

strongly suggest a facilitation process of adult toward newly recruiting individuals, 

at least during some period of the year with potential harsh food condition (i.e., 

winter season). Given that C. fornicata often proliferates on muddy and turbid 
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habitats with high suspended inorganic load, grazing behavior of motile males 

could also prevent the overloading of their digestive tract with inert matter of low 

nutritional quality (Navarro et Chaparro, 2002). Grazing of motile males could be 

therefore another advantage in the invasive success of this species, as already 

shown for another aquatic invasive gastropod (Carlsson and Brönmark, 2006). 

 As complementary tools, pigments, SI and FA compositions highlighted the 

importance of diatoms at the surface of sediment, as well as in the diet of C. 

fornicata. This study confirms previous experimental work on subtidal Crepidula 

habitat where microphytobenthos was shown to be stimulated by the slipper limpet 

itself (Androuin et al., article 1). Altogether, theses study suggest that the slipper 

limpet can promote microphytobenthos, both on sediment and shells, and use it as a 

food source, thus confirming the “gardening” hypothesis demonstrated for other 

engineer species (Chennu et al. 2015, Hylleberg, 1975). In addition to having direct 

consequences for the invasive success of this species at different ontogenic stages, 

microphytobenthos may contribute to the trophic ecology of surrounding species. 

Its fate at multiple scales (i.e., trophic levels and community) needs to be further 

investigated.    
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6. Supplementary materials 

 

 
Supplementary Figure 33 : Photosynthetic available radiations (PAR) (a) at the surface and (b) at the 
bottom in the study site. 
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Abstract 
 

 The invasive slipper limpet Crepidula fornicata is a suspension-feeding gastropod 
which is a potential trophic competitor for other suspension-feeders when present in large 
densities. However, this habitat-forming species facilitates the installation of some 
suspension-feeders thanks to the presence of its shell. In this study, we investigated the 
degree of trophic niche overlap between the slipper limpet and four co-occurring 
suspension-feeders in a C. fornicata bed in the Bay of Brest (France). Trophic niches were 
assessed for a late winter-early spring period using both stable isotopes (δ13C, δ15N) and 
fatty acid compositions and were discussed taking into account the preferred micro-habitat, 
degree of motility and particle sorting capacity. Whereas the two bivalves Chlamys varia 
and Ostrea edulis relied on high quality food sources (diatoms, green macroalgae, 
dinoflagellates), the motility and the larger size-spectrum allowed higher trophic 
specialization for the scallop, which showed the smaller niche width. Conversely the 
calyptraeid gastropods C. fornicata and Calyptraea chinensis, exhibiting limited movement 
and no selection capacity, likely fed on lower quality food sources (detritic organic matter, 
bacteria). Although living very close to each other, the micro-habitat of C. chinensis in the 
dead shells at the base of C. fornicata stacks seems to provide a different nitrogen food 
source for this species. Alternatively, barnacles, which are sessile without sorting capacity 
but with a broad particle size spectrum, showed more temporal variability than the other 
species, feeding on animal material and detritus in winter and shifting their diet to diatoms 
in early spring. This study provides new evidence that C. fornicata does not necessary 
compete for food with co-occurring species, and that food partitioning explains the 
coexistence of suspension-feeding species, even on a small spatial scale.  
 

Key words: trophic niche, suspension feeders, stable isotope, fatty acids, Crepidula 

fornicata, feeding mechanisms 
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1. Introduction 
 

 Suspension-feeders often dominate hard and soft bottom habitats and 

represent the main part of the biomass in benthic coastal areas (Gili and Coma, 

1998; Little et al., 2009). They provide ecological functions thanks to their filtering 

activity, which stimulate the bentho-pelagic coupling (Chauvaud et al., 2000; 

Cloern, 1982). They are also involved in nutrient cycling, either directly through the 

excretion of dissolved nutrient (Newell et al., 2005; Yamamura and Koike, 1993) or 

indirectly through the microbial activity associated with the remineralization of 

their feces/pseudofeces (Dame 2001; Ragueneau et al., 2005; van Broekhoven 

2014). 

 The suspension-feeding trophic mode is present in a diverse array of marine 

taxa (Jørgensen, 1996; Riisgård and Larsen, 2010; Ward and Shumway, 2004), and 

represents an advantage in terms of energy costs (Coma et al., 2001; Gili and Coma, 

1998; Riisgård and Larsen, 2000). Because they rely on suspended particulate 

organic matter (POM), suspension feeders are adapted to a wide spectrum of 

particle types, sizes and nutritive quality. Species can be passive, active, exclusive 

or facultative suspension feeders, increasing the number of trophic niches in this 

group (Coma et al., 2001; Jørgensen, 1996). Whereas competition for space has 

long been considered as a limiting factor for these species (Connell, 1961; Dayton, 

1971; Keough, 1984), competition for food is also of significant importance for an 

interspecific relationship (Svensson and Marshall, 2015). Moreover, food 

partitioning and trophic plasticity are common strategies used by syntopic species in 

order to limit the negative impact of trophic competition (Dubois and Colombo, 

2014; Dubois et al., 2007; Lacoste et al. 2016; Lefebvre et al. 2009; Lesser et al., 

1992; Richoux et al. 2014ab; Yakovis et al., 2012). For instance, bivalves such as 

mussels have significant food selection capacities thanks to their labial palps, 

whereas cirriped crustaceans mostly select according to the inter-setae space on 

their cirri  (Riisgård and Larsen, 2010).  

 Non-native species can dramatically affect trophic relationships and food 

webs properties (Ehrenfeld, 2010; Gallardo et al., 2015; Walsh et al., 2016). The 

impact is particularly strong when introduced species are dominant in terms of 

biomass, such as proliferating and habitat-forming species (Crooks et al., 2002), and 
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can have consequences among and across trophic levels (Arbach Leloup et al., 

2008; Ozersky et al., 2012).   

 Along the European coast, Crepidula fornicata is one of the most invasive 

marine species (Blanchard, 2009). This species was first recorded in 1880 in 

England (Orton, 1912) and since then is present and has spread in most of coastal 

bays, occurring in various types of soft bottoms and reaching several kg m-² in the 

most impacted areas (Blanchard, 1997; 2009). Being gregarious and sessile, this 

species is an ecosystem engineer, providing structural complexity on the substrate 

(Barnes et al., 1973; de Montaudouin et al., 1999) and modifying sediment 

characteristics (Ehrhold et al., 1998; Martin et al., 2007). It therefore acts as a 

facilitative species for some suspension feeders through provision of hard substrate. 

C. fornicata may also play a role in the structuration of benthic food webs, by 

modifying key aspects of trophic structure such as redundancy and trophic plasticity 

(Androuin et al., article 5). A recent study suggests that it may stimulate the 

microphytobenthic biofilm in subtidal colonized area, providing nutrient conditions 

for microphytobenthic growth, on both hard substrate (i.e., the surface of living C. 

fornicata shells) and soft sediment (Androuin et al., article 1; article 3). As a non-

selective filter-feeder, C. fornicata is expected to interact with local suspension-

feeding species (Barnes, 1973; Blanchard, 1997; Thouzeau et al., 2000). While 

trophic studies based on stable isotope ratios (SIR) showed little trophic overlap 

between C. fornicata and other suspension-feeders (Decottignies et al. 2007ab; 

Lefebvre et al., 2009; Riera et al., 2002; Sauriau et al., 2002), such bivariate data 

(δ13C and δ15N values) often failed to accurately discriminate origin of microscopic 

organic matter such as POM (Lienart et al., 2016). Moreover, a recent study 

demonstrated an analytical bias in SIR of C. fornicata due to non-expected 

inorganic carbonates in its soft tissues (Androuin et al., article 2) and raised the 

need to re-evaluate its trophic impact on co-occurring filter-feeding species, using 

complementary tools. Whereas bulk SIR enables discrimination between benthic 

and pelagic food (Fry and Sherr, 1984), fatty acids are particularly accurate to deal 

with POM which is composed of a complex mixture of microscopic organisms and 

detritus exhibiting a large array of size, nutritive quality or assimilation properties 

(Canuel, 2001; Androuin et al., article 3). 

 In the bay of Brest, with a long past history of C. fornicata invasion 

(Ragueneau et al., 2018), many suspension-feeders are found within Crepidula 
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beds. Some are fixed epibionts more or less associated with C. fornicata shells (e.g., 

the barnacle Austrominius modestus and the flat oyster Ostrea edulis), others are 

specifically associated with empty shells of C. fornicata (e.g., Calyptraea 

chinensis) and showed low motility, and yet others are relatively motile (e.g., 

Chlamys varia) mostly hiding in dead shells of C. fornicata and O. edulis. These 

four species constitute a significant part of the macrofaunal biomass of this habitat 

(Barnes et al., 1973; Guérin, 2004). In this study, we used Crepidula fornicata as a 

model to investigate the effect of an invasive habitat-forming species on the degree 

of segregation between the trophic niches of suspension-feeders. We coupled two 

types of trophic makers (fatty acids and SI compositions) to describe the diet of C. 

fornicata and four co-occurring suspension-feeders (A. modestus, C. chinensis, O. 

edulis, C. varia). We investigated the trophic relationships between these species in 

relation to their biological traits such as their food retention ability, movement or 

preferred habitat. We hypothesised that the invasive slipper limpet has a specific 

diet and does not overlap with co-occurring species. 
 

2. Materials and methods 
 

2.1. Sampling and dissecting protocol 
 

 The bay of Brest (Britany, France) is a semi-enclosed marine ecosystem of 

180 km². The sampling site is located near the Elorn estuary (48°23’N, 4°23’, 

average depth: 10 m) in dense Crepidula beds (~2000 ind m-2) (Guérin, 2004). Four 

sampling dates (26th February, 21th March, 28th March, 12th April) were chosen to 

encompass a period of time with potentially contrasted availability of OM sources 

(e.g., spring blooms). Details about organic matter sources (Biofilm on C. fornicata 

shells, particulate OM from the water column and from the re-suspended sediment) 

sampling and results are provide elsewhere (Androuin et al., article 3). Consumers 

from the five species were collected by SCUBA divers. C. fornicata individuals 

were sampled at the base of the stacks (mean shell length 33 ± 3 mm), fixed on a 

dead C. fornicata shell. Individuals of C. chinensis (mean shell length 10 ± 2 mm) 

were removed from the dead shell below live C. fornicata. Austrominius modestus 

(mean shell length 3 ± 1 mm) were sampled at the top of C. fornicata shells. O. 

edulis (mean shell length 60 ± 10 mm) and C. varia (mean shell length 42 ± 3 mm) 

were sampled from the central part of the C. fornicata bed. For each species, 
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individuals of similar size were selected to avoid potential confusing effects of 

ontogenic changes of trophic markers (Androuin et al., article 3; Rossi et al., 2004). 

All individuals were kept overnight in filtered seawater in the laboratory to allow 

evacuation of their gut content. The trophic markers were analysed in tissue that i) 

rapidly integrates any change in the assimilation of food sources (high turnover 

rate) and ii) is a lipid-rich organ that stores energy (McCutchan et al., 2003). Since 

both the digestive gland and gonads are fused in a single organ in Calyptreaidae, we 

therefore used both tissues together in all species, with the exception of the barnacle 

A. modestus for which we used the entire body. Due to their small body size, 

several individuals of A. modestus and C. chinensis were pooled together to get 

enough material for subsequent analysis. A total of five individuals of O. edulis, C. 

varia and C. fornicata, three pools of three individuals of C. chinensis and three 

pools of thirty individuals of A. modestus were dissected, frozen at -80°C and 

freeze-dried.  
 

2.2. Fatty acids analyses 
 

2.2.1. Lipids extraction 
 

 Immediately after freeze-drying, samples were ground into homogenous 

powder using a mortar and pestle. Samples (representing 2 and 20 mg of dry 

weight, depending on species) were immediately put in glass vials (previously 

burned for 6 h at 450°C) containing 6 mL of a chloroform/methanol mixture (2:1, 

v:v), and extracted with a Dounce homogenizer. They were then sonicated for 10 

min, flushed with nitrogen and stored at -20°C before analysis.  
 

2.2.1. Separation 
 

 The neutral lipids (NL) were isolated following the method described by Le 

Grand et al., (2014). An aliquot (between 1 and 6 mL depending on species) of total 

lipid extract was evaporated to dryness under nitrogen, recovered with three 0.5 mL 

washings of chloroform/methanol (98:2, v:v) and deposited at the top of a silica gel 

micro-column (Pasteur pipette of 40 mm × 5 mm i.d., plugged with glass wool and 

filled with silica gel 60, which were both previously heated for 6 h at 450°C and 

deactivated with 6 % water by weight). Only NL, including triglycerides, free fatty 

acids and sterols, were eluted with 10 mL of chloroform/methanol (98:2, v:v) and 

collected in 20-mL glass vials. After evaporation to dry state using nitrogen, the NL 
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fraction was recovered and transferred to 7-mL vials with three 1-mL washings of 

chloroform/methanol (98:2, v:v).  
 

2.2.1. Transesterification and Gas chromatographer analysis 
 

 After the addition of tricosanoic acid as an internal standard and evaporation 

to dry state using nitrogen, the fatty acid methyl esters (FAME) were obtained using 

a modified method of Le Grand et al. (2014). A total of 0.8 mL of a sulphuric acid 

solution (3.8 % in methanol) was added, vortexed and heated for 10 min at 100°C. 

Before GC analysis, 0.8 mL of hexane was added and the organic phase containing 

FAME was washed three times with 1.5 mL of hexane-saturated distilled water. 

The organic phase was finally transferred to tapering vials and stored at -20°C. 

FAMEs were analyzed in a Varian CP 8400 gas chromatograph (GC) equipped with 

a split/splitless injector and a flame-ionization detector. FAMEs were identified 

using two capillary columns with different polarity (ZBWAX -30 m × 0.25 mm i.d., 

0.25-μm thickness, Phenomenex; and ZB-5HT -30 m × 0.25 mm i.d., 0.25-μm 

thickness, Phenomenex) by means of a standard 37- component FAME mix 

(Sigma) and other known standard mixtures. The FAs were expressed as the molar 

percentage of the total FA content. 
 

2.3. Stable isotopic ratios analyses 
 

 Two separate analyses were done for δ15N and δ13C analyses. 

Approximately 400 µg of freeze-dried powder were weighed in tin capsules for 

δ15N analysis. Because both lipid content and inorganic carbonates can influence δ 

13C values (McCutchan et al., 2003; Androuin et al., article 2), approximately 400 

µg of powder was added to 1 ml of cyclohexane in Eppendorf tubes, to extract 

lipids. After 15 seconds of vortex, tubes were centrifuged at 3000 g for 5 min. The 

supernatant was discarded and the tubes dried at 40 °C for 12 h. If the supernatant 

was still coloured, the sample was re-processed (three times minimum). Lipid-free 

tissues were then weighed in silver capsules and in-cup decarbonated using 1N HCl. 

Each capsule was visually checked, dried at 40°C for 1 h, and sealed. Samples were 

analysed by continuous flow on a Thermo Scientific Flash EA 2000 elemental 

analyser coupled to a Delta V Plus mass spectrometer at the Pôle de Spectrométrie 

Océan (PSO, Plouzané, France). Results are expressed in standard δ notation based 
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on international standards (Vienna Pee Dee Belemnite for δ13C and atmospheric 

nitrogen for δ15N) following the equation: 
 

δ = [(Rsample/Rstandard) – 1] × 103 (in ‰), where R is 13C/12C or 15N/14N. 
 

International isotopic standards of known δ15N and δ13C values were used: IAEA-

600 Caffeine, IAEA-CH-6 Sucrose, IAEA-N-1 and IAEA-N-2 Ammonium 

Sulphate. The experimental precision was estimated using the standard deviation of 

an internal standard (Thermo Acetanilide, n = 8). It indicated an analytical precision 

of ± 0.11 ‰ and ± 0.07 ‰ for δ13C and δ15N values, respectively. 
 

2.4. Statistical analyses 
 

 FA compositions were represented using a principal component analysis 

(PCA). Homogeneity of the data was tested using the permutation analysis of 

multivariate dispersion (PERMDISP) (Anderson, 2001). Statistical analyses on 

species FA were conducted using a non-parametric distanced based permutation 

multivariate analysis of variance (PERMANOVA) based on Bray-Curtis 

dissimilarities. Analyses were performed using two variables: species (fixed factor 

with 5 levels) and sampling dates (fixed factor with 4 levels). Sampling date was 

considered as a fixed variable since all measured individuals were considered as 

independent. Following significant PERMANOVA results, post hoc tests were 

carried out using multiple pairwise comparisons to identify differences among 

factors (Martinez Arbizu, 2017). Two-way factorial analyses of variance (ANOVA) 

were used to assess differences in SIR (δ13C and δ15N) and FA biomarkers (Table 

10) between species and sampling date. When significant, post hoc multiple 

comparisons were carried out using Tukey HSD. Normality and homogeneity of 

residuals were graphically assessed. The isotopic niche of each species was 

assessed using bivariate standard ellipse area (SEA) calculated with values from all 

sampling dates and corrected for small sample size (Jackson et al., 2011). Statistical 

analyses were performed in R version 3.3.0 (R Core Team, 2012) using packages 

‘vegan’, ‘plyr’, ‘FactoMiner’,  ‘SIBER’ and ‘ggplot’. 
 



CHAPITRE III : Interactions trophiques interspécifiques multi-échelles 

108 
 

Table 10: Fatty acids (FA) used as dietary biomarkers in this study. BFA: branched FA, PUFA: 
polyunsaturated FA, SFA: saturated FA, LCSFA: long chain saturated FA (≥ 22 carbons). 

 

3. Results 
 

3.1. Stable isotopes composition 
 

 Overall, values spanned over 4 ‰ and 9 ‰ for δ13C and δ15N, respectively 

(Fig. 34, Table 11). Significant differences were found between species and 

sampling dates both for δ13C and δ15N values (Table 13). Pairwise comparisons 

showed that all species had significantly different SIR except for O. edulis and C. 

varia (p = 0.47 and 0.73 for δ13C and δ15N, respectively). These two bivalves were 

the most 13C-depleted, whereas A. modestus was the most 13C- and 15N-enriched 

species, and C. chinensis the most 15N-depleted species. We observed weak 

temporal variations both for δ13C and δ15N. Only the sampling date S4 showed 

significantly lower δ13C and δ15N values compared to S1, S2 and S3 (all p < 0.05). 

SEAc were small for A. modestus (0.66 ‰²), large for C. chinensis (1.91 ‰²) and 

intermediate and similar for the three species C. fornicata, O. edulis and C. varia 

(0.82 ‰², 1.14 ‰² and 0.05 ‰², respectively), the highest overlap being between O. 

edulis and C. varia (Fig. 34). 
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Figure 34: δ15N and δ13C compositions of suspension-feeding species (Crepidula fornicata, Chlamys varia, 
Ostrea edulis, Calyptraea chinensis, Austrominius modestus) and sampling dates (S1 = 26th February, S2 = 
21th March, S3 = 28th March and S4 = 12th April). Ellipses enclosed the standard ellipse area corrected for 
small sample size (SEAc). 

 

Table 11: δ15N and δ13C compositions (‰, mean ± SD, n ≥ 3) of the five suspension-feeders (Crepidula 

fornicata, Chlamys varia, Ostrea edulis, Calyptraea chinensis, Austrominius modestus) at the four sampling 
date (S1, S2, S3, S4). 

 
 

3.2. Fatty acids composition 
 

 Species and sampling dates explained 43 % and 7 % of the inertia of the 

PCA, respectively (Fig. 35). Altogether, these two factors explained 64 % of the 

inertia. The 5 species were well separated along the two first axes and showed 

significant difference in FA compositions (PERMANOVA, p = 0.001), species 

being all significantly different from each other (all p < 0.01). Sampling dates and 

the interaction between the two factors were also significant (PERMANOVA, p < 
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0.01 and p < 0.01, respectively). However, none of the pairwise comparisons were 

significant following Bonferroni correction due to lack of statistical power (3 < n < 

5). Along the first axis, C. fornicata and C. chinensis were characterized by much 

higher contributions of branched FA (iso16:0, iso17:0 and ant17:0), non-methyl 

interrupted FA (20:2i, 22:2i and 22:2j) and 20:1n-11 than the three other species 

(Table 12). Overall, these FA were slightly less abundant for C. chinensis than for 

C. fornicata. On the other side of the first axis, C. varia showed lower inter-

individual variability and higher contributions of the C18 FA (18:2n-6, 18:3n-3 and 

18:4n-3), the 14:0 and the 16:1n-7 FA than the other species (Table 13). A. 

modestus was characterized by high contributions of 18:1n-9 and 20:5n-3, and to a 

lesser extent of saturated FA (16:0, 18:0, 22:0) (Table 12). Being in the middle of 

the ordination, O. edulis exhibited a mixed FA composition, with the highest inter-

individual variability (Table 12). 

 
Figure 35: Principal component analysis based on the total fatty acid compositions of suspension-feeding 
species (Crepidula fornicata, Chlamys varia, Ostrea edulis, Calyptraea chinensis, Austrominius modestus) 
and sampling dates (S1 = 26th February, S2 = 21th March, S3 = 28th March and S4 = 12th April). 
Ordination is along the two first axes and only the 15 most contributing FA are shown. 
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Table 12: Fatty acids (FA) composition of the five suspension-feeders (Crepidula fornicata, Chlamys varia, 
Ostrea edulis, Calyptraea chinensis, Austrominius modestus) on the four sampling dates (S1 = 26th 
February, S2 = 21th March, S3 = 28th March and S4 = 12th April) (% of total FA concentration, mean ± 
SD, n ≥ 3). BFA: branched FA; SFA: saturated FA; MUFA: monounsaturated FA; PUFA: 
polyunsaturated FA; NMI FA: non-methyl-interrupted FA; DMA: imethyl acetals FA. 

 

Fatty acids A. modestus C. chinensis C. fornicata M. varia O. edulis A. modestus C. chinensis C. fornicata M. varia O. edulis

TMTD 0 ± 0 1.9 ± 0.3 1.3 ± 0.3 1.4 ± 0.4 0.3 ± 0.2 0 ± 0 2.7 ± 1.1 1.2 ± 0.2 1.8 ± 0.2 0.5 ± 0.3

ant15:0 0.2 ± 0 0.1 ± 0 0.1 ± 0 0 ± 0 0.1 ± 0 0.2 ± 0.1 0.1 ± 0.2 0 ± 0 0 ± 0 0.1 ± 0
iso16:0 0.3 ± 0 1 ± 0 1.3 ± 0.5 0.2 ± 0.1 0.3 ± 0 0.2 ± 0.1 1 ± 0.1 0.7 ± 0.1 0.1 ± 0 0.3 ± 0
ant17:0 0.8 ± 0.1 2.1 ± 0.1 3.5 ± 1.6 0.4 ± 0.2 0.4 ± 0.1 0.3 ± 0.3 1.9 ± 0 2.1 ± 0.5 0.3 ± 0 0.5 ± 0.2
iso17:0 0.6 ± 0 3.6 ± 0.4 5.4 ± 1.8 0.4 ± 0.2 0.8 ± 0.1 0.6 ± 0.1 1 ± 1.7 3.1 ± 1.8 0.5 ± 0 0.8 ± 0.1
iso18:0 0.1 ± 0.1 0.2 ± 0.2 0.7 ± 0.4 0.1 ± 0 0.1 ± 0 0 ± 0 0.1 ± 0.2 0.3 ± 0.3 0.1 ± 0 0.3 ± 0.2

∑ BFA 1.9 ± 0.2 7 ± 0.3 11 ± 4.3 1.1 ± 0.2 1.7 ± 0.1 1.2 ± 0.7 4.1 ± 1.7 6.2 ± 2.4 1 ± 0.1 2 ± 0.4

14:0 2.2 ± 0 1 ± 0.1 1.5 ± 0.3 3.6 ± 1.6 2.7 ± 1.1 2.2 ± 0.2 1.2 ± 0.3 1.3 ± 0.2 3.2 ± 0.3 2.6 ± 0.7
15:0 0.5 ± 0 0.5 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 0.7 ± 0.1 0.6 ± 0 0.5 ± 0.1 0.4 ± 0 0.3 ± 0 0.7 ± 0.2
16:0 17.5 ± 0.9 14.5 ± 2.2 11.9 ± 0.8 14.7 ± 1.9 16.3 ± 2.7 17 ± 1.9 13.1 ± 3.6 11.7 ± 1 12.3 ± 1.1 16 ± 3.4
17:0 0.9 ± 0 1.2 ± 0.1 1.5 ± 0.1 0.8 ± 0.4 1.7 ± 0.2 1.2 ± 0.1 1.3 ± 0 1.4 ± 0.1 0.6 ± 0 1.6 ± 0.1
18:0 13.5 ± 1.2 10.9 ± 3.5 6.3 ± 0.9 3.4 ± 1.1 4 ± 2.3 12.6 ± 2.9 10.5 ± 4.8 6.8 ± 0.7 2.8 ± 0.5 4.6 ± 0.6
20:0 0.4 ± 0 0.2 ± 0.2 0.4 ± 0.1 0.2 ± 0.3 0.2 ± 0 0.4 ± 0.4 0.3 ± 0.1 0.5 ± 0.3 0.1 ± 0 0.1 ± 0
22:0 0.9 ± 0.4 0.2 ± 0 0.5 ± 0.1 0.2 ± 0.3 0.1 ± 0 1.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0 ± 0 0.1 ± 0
24:0 0.4 ± 0.1 0.5 ± 0.6 0.4 ± 0.1 0.1 ± 0.3 0.1 ± 0 1.9 ± 1.7 0.4 ± 0.2 0.2 ± 0 0 ± 0 0.2 ± 0.2

∑ SFA 36.3 ± 1.8 29.1 ± 5.1 23.1 ± 1.6 23.3 ± 2.3 25.8 ± 2.9 37.3 ± 3 27.6 ± 9 22.8 ± 1.5 19.2 ± 1.5 25.9 ± 4.8

14:1n-5 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
16:1n-5 0.3 ± 0 0.3 ± 0.2 0.4 ± 0.4 0.2 ± 0 0.6 ± 0.4 0.5 ± 0.4 1.1 ± 0.6 0.3 ± 0.1 0.2 ± 0 1 ± 1.3
16:1n-7 4.1 ± 0.2 1.4 ± 0.3 1.4 ± 0.6 6.5 ± 2.4 2.9 ± 1 2.8 ± 1.8 1.5 ± 0.1 1.7 ± 0.2 5.4 ± 0.6 2.6 ± 0.6
16:1n-9 0.3 ± 0 0.6 ± 0 0.7 ± 0.2 0.3 ± 0.2 0 ± 0 1.3 ± 1.7 0.5 ± 0.1 0.7 ± 0.2 0.4 ± 0 0.2 ± 0.1
16:1n-11 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
17:1n-7 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0 ± 0 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.3 ± 0.2
18:1n-5 0.3 ± 0 0.3 ± 0 0.4 ± 0 0.2 ± 0 0.2 ± 0 0 ± 0 0.3 ± 0.1 0.3 ± 0 0.3 ± 0 0.2 ± 0
18:1n-7 4.9 ± 0.1 2.7 ± 0.1 2.5 ± 0.2 6.2 ± 1.2 1.6 ± 0.8 4.9 ± 0.3 2.7 ± 0.4 2.8 ± 0.3 6 ± 0.9 2.1 ± 0.3
18:1n-9 9.4 ± 0.5 1.8 ± 0 0 ± 0.1 4.6 ± 1.1 4.2 ± 1.2 5.6 ± 0.3 2 ± 0.8 2.1 ± 0.3 4.5 ± 0.6 4.1 ± 0.2
18:1n-11 0.5 ± 0 0.8 ± 0.1 0.5 ± 0.2 0.2 ± 0.1 0 ± 0 0.3 ± 0 1.1 ± 0.5 0.5 ± 0.1 0.2 ± 0.1 0.1 ± 0
20:1n-7 1.1 ± 0.2 5.7 ± 0.3 4.7 ± 0.5 0.5 ± 0.3 4.6 ± 1.3 1.2 ± 0.2 6.5 ± 1.2 4.6 ± 0.2 0.4 ± 0.1 4.2 ± 0.4
20:1n-9 0.5 ± 0 1.1 ± 0 0.9 ± 0.1 0.5 ± 0.2 0.4 ± 0.2 0.7 ± 0 1 ± 0.1 0.8 ± 0 0.4 ± 0 0.5 ± 0.1
20:1n-11 0.9 ± 0.1 3.1 ± 0.1 5.8 ± 0.5 0.9 ± 0.4 1 ± 0.2 0.6 ± 0.3 2.9 ± 0.5 6.1 ± 0.8 0.9 ± 0.1 1.1 ± 0.2
22:1n-7 0.5 ± 0.1 0.1 ± 0.1 0.2 ± 0 0 ± 0 0.1 ± 0 0.5 ± 0 0.2 ± 0.1 0.1 ± 0.1 0 ± 0 0.1 ± 0
22:1n-9 0 ± 0 0 ± 0 0.1 ± 0.1 0 ± 0 0.2 ± 0.1 0 ± 0 0 ± 0 0.2 ± 0.2 0 ± 0 0.2 ± 0

∑ MUFA 22.8 ± 0.6 18 ± 0.6 17.7 ± 1.1 20.2 ± 3.3 16 ± 0.5 18.4 ± 1.2 20.1 ± 0.8 20.2 ± 0.6 18.9 ± 1.3 16.7 ± 1.1

16:2n-4 0.3 ± 0.2 0.2 ± 0.1 0.4 ± 0.5 0.5 ± 0.1 0.2 ± 0.1 0.7 ± 0.1 0.4 ± 0.4 0.2 ± 0 0.7 ± 0.1 0.3 ± 0
16:2n-7 0 ± 0 0.2 ± 0 0 ± 0 0.4 ± 0.6 0 ± 0 0.1 ± 0.2 2.8 ± 2.4 0.7 ± 1.5 0.2 ± 0 0 ± 0.1
16:3n-3 0.2 ± 0.1 0.1 ± 0 0.1 ± 0.1 0.3 ± 0.1 0.8 ± 1.2 0.1 ± 0.1 0.3 ± 0.3 0.1 ± 0.1 0.3 ± 0.1 0.5 ± 0.2
16:3n-4 0.3 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.5 ± 0.1 0.1 ± 0.1 0.2 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0.8 ± 0.2 0.2 ± 0.1
16:3n-6 0.1 ± 0.2 0.4 ± 0 0.4 ± 0.3 0.1 ± 0 0.1 ± 0 0 ± 0 0.3 ± 0.2 0.5 ± 0.1 0.1 ± 0 0.3 ± 0.2
16:4n-3 0.1 ± 0.1 0.2 ± 0 0.3 ± 0.2 0.4 ± 0.2 0.1 ± 0 0.3 ± 0.2 0.3 ± 0.3 0.3 ± 0.1 0.5 ± 0 0.1 ± 0.1
18:2n-4 0.3 ± 0 0.2 ± 0 0.4 ± 0.1 0.5 ± 0 0.2 ± 0 0.2 ± 0.2 0.3 ± 0 0.4 ± 0.1 0.8 ± 0.1 0.2 ± 0
18:2n-6 1.5 ± 0.2 1.1 ± 0 1.3 ± 0.2 1.9 ± 0.5 1.5 ± 0.3 1.1 ± 0.1 1.1 ± 0.2 1.2 ± 0.2 1.8 ± 0.1 1.5 ± 0.2
18:3n-3 0.5 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 3.5 ± 1.1 2.8 ± 0.8 0.5 ± 0.2 0.8 ± 0.3 0.9 ± 0.2 3.9 ± 0.1 2.7 ± 0.8
18:3n-4 0.4 ± 0.1 0.6 ± 0.3 1 ± 0.5 0.1 ± 0.1 0.2 ± 0 0.9 ± 0.5 0.7 ± 0.3 0.4 ± 0.3 0.3 ± 0.1 0.1 ± 0
18:3n-6 0 ± 0 0.1 ± 0.1 0.1 ± 0 0.2 ± 0.1 0.1 ± 0 0 ± 0 0.1 ± 0.1 0.1 ± 0 0.2 ± 0 0.2 ± 0.1
18:4n-1 0.1 ± 0.2 0.2 ± 0.1 0.1 ± 0 0.1 ± 0.1 0 ± 0 1.3 ± 1.1 0.3 ± 0.4 0.1 ± 0.1 0.3 ± 0.1 0.1 ± 0
18:4n-3 1.2 ± 0.2 1.9 ± 0.5 0.7 ± 0.6 9.2 ± 3.1 3.8 ± 1.1 0.7 ± 0.4 1.6 ± 0.5 1.8 ± 0.4 13.8 ± 1.5 3.8 ± 1.1
20:2n-6 0.2 ± 0.2 1.3 ± 0.3 1.2 ± 0.1 0.7 ± 0.3 0.3 ± 0.1 0.8 ± 0.1 1.2 ± 0.3 1.2 ± 0.2 0.7 ± 0 0.3 ± 0.1
20:3n-3 0 ± 0 0.3 ± 0 0.4 ± 0.1 0.6 ± 0.1 0.1 ± 0 0 ± 0 0.2 ± 0.2 0.4 ± 0.1 0.8 ± 0.1 0.4 ± 0.3
20:3n-6 0 ± 0 0.1 ± 0 0.1 ± 0 0.3 ± 0.1 0.2 ± 0 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0 0.1 ± 0.1
20:4n-3 0.5 ± 0 0.4 ± 0.1 0.5 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 0.2 ± 0.2 0.6 ± 0.4 0.6 ± 0.2 0.8 ± 0.2 0.7 ± 0.2
20:4n-6 3 ± 0.2 2.5 ± 0.2 2.7 ± 0.3 3 ± 0.7 4.4 ± 1.4 2.4 ± 0.1 2.2 ± 0.5 2.7 ± 0.4 1.5 ± 0.7 3.7 ± 1.6
20:5n-3 15.2 ± 0.8 11.9 ± 1.6 10.5 ± 2.6 15.6 ± 2.7 17.1 ± 2.1 16.9 ± 0.6 12.5 ± 4.8 12.1 ± 1.3 17.2 ± 1.3 15 ± 2.4
21:5n-3 0.7 ± 0.1 0.4 ± 0.1 0.4 ± 0 1 ± 0.1 0.7 ± 0.1 0 ± 0 0.4 ± 0 0.5 ± 0.1 1.3 ± 0.1 0.6 ± 0.2
22:4n-6 0.3 ± 0 0.3 ± 0 0.6 ± 0.2 0.4 ± 0.4 0.5 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.5 ± 0.3 0.2 ± 0 0.5 ± 0.1
22:5n-3 3 ± 0.5 2 ± 0.5 2 ± 0.5 0.7 ± 0.3 1.1 ± 0.2 2.9 ± 0.6 1.6 ± 0.6 2.4 ± 0.3 0.6 ± 0.1 1.1 ± 0.2
22:5n-6 0.2 ± 0 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.3 0.5 ± 0.1 0.8 ± 1.1 0.3 ± 0.3 0.4 ± 0.1 0.2 ± 0 0.8 ± 0.4
22:6n-3 9.6 ± 0.9 10.5 ± 2 9.7 ± 2.1 10.7 ± 7.3 13.1 ± 1.7 9 ± 0.4 10.3 ± 4.5 11.1 ± 1.4 9.2 ± 0.6 13.4 ± 1.2

∑ PUFA 37.5 ± 1.4 36.3 ± 4.3 34.4 ± 5.1 51.7 ± 3.7 48.5 ± 3.6 39.7 ± 0.7 38.6 ± 13.7 38.7 ± 4.5 56.3 ± 1.2 46.6 ± 3.4

20:2i 0 ± 0 0.4 ± 0.1 1.1 ± 0.3 0.2 ± 0.1 0.3 ± 0.2 0 ± 0 0.4 ± 0.1 0.9 ± 0.2 0.2 ± 0 0.4 ± 0.2
20:2j 0 ± 0 0.5 ± 0.2 0.5 ± 0.1 0.1 ± 0.1 0.1 ± 0 0 ± 0 0.3 ± 0.2 0.4 ± 0 0.1 ± 0 0.1 ± 0
22:2i 0.2 ± 0.3 0.5 ± 0.1 1.9 ± 0.3 0.2 ± 0.2 0.4 ± 0.2 0.2 ± 0.1 0.5 ± 0.2 1.6 ± 0.5 0.1 ± 0 0.6 ± 0.2
22:2j 0.1 ± 0.1 3.8 ± 0.6 5.4 ± 0.8 0.2 ± 0.2 2.5 ± 1.1 0.3 ± 0.2 3.9 ± 1.8 5.1 ± 1.1 0.1 ± 0 3.4 ± 1.3

22:3nmi 0 ± 0 0.2 ± 0 0.5 ± 0.2 0.1 ± 0.2 0.3 ± 0.2 1 ± 0.1 0.1 ± 0.1 0.5 ± 0.2 0.1 ± 0 0.1 ± 0.1

∑ NMI 0.3 ± 0.1 5.4 ± 1 9.4 ± 1.4 0.8 ± 0.6 3.6 ± 1.5 1.5 ± 0.4 5.1 ± 2 8.4 ± 1.8 0.6 ± 0.1 4.5 ± 1.5

16:0DMA 0.1 ± 0.1 0 ± 0 0.1 ± 0 0.1 ± 0.2 0.1 ± 0.1 0.6 ± 0.1 0.7 ± 1.1 0 ± 0 0.1 ± 0 0.2 ± 0.1
18:0DMA 0.4 ± 0 1.3 ± 0.4 1 ± 0.5 0.8 ± 0.3 3.1 ± 2.3 0.3 ± 0.2 0.4 ± 0.4 1.2 ± 0.4 1.6 ± 0.4 2.9 ± 2.1

∑ DMA 0.5 ± 0.2 1.3 ± 0.4 1.1 ± 0.5 0.9 ± 0.2 3.2 ± 2.3 0.9 ± 0.2 1.1 ± 0.8 1.3 ± 0.5 1.7 ± 0.4 3.1 ± 2.2

n-3 30.8 ± 1.6 28.6 ± 4.4 25.6 ± 6.1 42.6 ± 3.1 40.2 ± 2.7 30.7 ± 0.6 28.6 ± 10.9 30.2 ± 3.5 48.2 ± 1.5 38.3 ± 1.9
n-6 5.3 ± 0.5 6.3 ± 0.4 6.8 ± 0.3 6.8 ± 1.1 7.5 ± 1.2 5.7 ± 1 5.5 ± 0.8 6.6 ± 0.3 4.9 ± 0.8 7.3 ± 1.9

n-3/n-6 5.8 ± 0.8 4.6 ± 1.1 3.8 ± 1 6.3 ± 1 5.4 ± 0.6 5.5 ± 0.9 5.1 ± 1.9 4.6 ± 0.6 10.1 ± 1.7 5.4 ± 1.1
PUFA/SFA 1 ± 0.1 1.3 ± 0.4 1.5 ± 0.3 2.2 ± 0.3 1.9 ± 0.4 1.1 ± 0.1 1.6 ± 0.9 1.7 ± 0.3 2.9 ± 0.2 1.9 ± 0.5

20:5n-3/22:6n-3 1.6 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.9 ± 0.9 1.3 ± 0.2 1.9 ± 0 1.2 ± 0.1 1.1 ± 0.1 1.9 ± 0.2 1.1 ± 0.2
∑ LCFA (22:0 + 24:0) 1.3 ± 0.5 0.7 ± 0.6 0.9 ± 0.1 0.3 ± 0.6 0.2 ± 0.1 3.3 ± 1.6 0.6 ± 0.3 0.6 ± 0.1 0 ± 0 0.3 ± 0.2
∑ (18:2n-6 + 18:3n-3) 2 ± 0.2 1.9 ± 0.1 2.3 ± 0.1 5.4 ± 1.6 4.3 ± 1.1 1.7 ± 0.1 1.9 ± 0.2 2.1 ± 0.2 5.6 ± 0.2 4.1 ± 1

∑ (14:0 + 16:1n-7) 6.3 ± 0.2 2.5 ± 0.3 2.9 ± 0.8 10.2 ± 4 5.7 ± 2 5 ± 2 2.8 ± 0.4 3 ± 0.4 8.5 ± 0.8 5.2 ± 1.3

S1 S2
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Fatty acids A. modestus C. chinensis C. fornicata M. varia O. edulis A. modestus C. chinensis C. fornicata M. varia O. edulis

TMTD 0 ± 0 2.3 ± 0.3 1.3 ± 0.7 1.5 ± 0.2 0.3 ± 0.2 0 ± 0 2.8 ± 0.1 2.1 ± 1 1.3 ± 0.1 0.9 ± 1.2

ant15:0 0 ± 0.1 0.1 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0 0.1 ± 0.1 0 ± 0 0 ± 0
iso16:0 0 ± 0 0.9 ± 0.1 0.9 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0.3 ± 0.2 0.9 ± 0.1 0.8 ± 0.2 0.1 ± 0 0.3 ± 0
ant17:0 0.8 ± 0.3 1.8 ± 0.2 2.8 ± 0.7 0.2 ± 0 0.5 ± 0.1 0.6 ± 0.1 2.1 ± 0.2 2.4 ± 0.7 0.2 ± 0 0.3 ± 0.2
iso17:0 0.4 ± 0.1 2.8 ± 0.3 3.5 ± 2 0.4 ± 0.2 0.7 ± 0.1 1.1 ± 0.2 3.2 ± 0.1 3.8 ± 1 0.5 ± 0.1 0.7 ± 0.2
iso18:0 0.1 ± 0.1 0.6 ± 0.1 0.5 ± 0.5 0.6 ± 0.2 0.2 ± 0.1 0.8 ± 0.4 0.4 ± 0.4 0.3 ± 0.6 0.6 ± 0.1 0.4 ± 0.2

∑ BFA 1.3 ± 0.5 6.2 ± 0.3 7.7 ± 2.6 1.3 ± 0.3 1.7 ± 0.2 2.7 ± 0.4 6.8 ± 0.4 7.4 ± 2.3 1.5 ± 0.1 1.7 ± 0.3

14:0 1.7 ± 0.4 0.9 ± 0.1 1.3 ± 0.4 3.2 ± 0.5 2.2 ± 1.2 2.4 ± 0.8 1.1 ± 0.1 2 ± 0.5 3.1 ± 0.3 2.2 ± 1.3
15:0 0.4 ± 0.1 0.4 ± 0 0.4 ± 0 0.3 ± 0 0.5 ± 0.2 0.5 ± 0 0.4 ± 0 0.5 ± 0.1 0.3 ± 0 0.7 ± 0.2
16:0 16 ± 1.8 14.3 ± 0.8 10.9 ± 1 11.7 ± 1.2 11.9 ± 3.8 16 ± 0.7 11.3 ± 1.2 12 ± 0.4 12.6 ± 0.5 12.8 ± 5.2
17:0 0.7 ± 0.1 0.9 ± 0.1 1 ± 0.5 1 ± 0.2 1.3 ± 0.4 1.3 ± 1.2 1.1 ± 0.1 0.9 ± 0.4 0.5 ± 0.1 1.4 ± 0.2
18:0 14.5 ± 2.8 11.8 ± 1.1 6.6 ± 0.9 2 ± 0.3 4.8 ± 1.3 9.5 ± 3 7.4 ± 1 6.9 ± 0.4 2.2 ± 0.2 5.5 ± 1.6
20:0 0.4 ± 0 0.2 ± 0 0.2 ± 0 0.1 ± 0 0.2 ± 0.1 0.4 ± 0.1 1.1 ± 1.6 0.2 ± 0 0.1 ± 0 0.8 ± 0.9
22:0 0.5 ± 0 0.2 ± 0 0.4 ± 0.1 0 ± 0 0.2 ± 0.2 0.6 ± 0.3 0.1 ± 0.1 0.3 ± 0.1 0 ± 0 0.1 ± 0.1
24:0 1.1 ± 0.2 0.3 ± 0.1 0.3 ± 0.2 0 ± 0 0.3 ± 0.2 1.5 ± 0.6 0.3 ± 0 0.4 ± 0.1 0 ± 0 0.3 ± 0.2

∑ SFA 35.2 ± 4.6 29 ± 1.7 21.2 ± 1.1 18.3 ± 1.4 21.4 ± 5.9 32.1 ± 3.6 22.8 ± 3.4 23.1 ± 1 18.8 ± 0.7 23.8 ± 4.3

14:1n-5 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0.1
16:1n-5 0.1 ± 0.1 0.2 ± 0 0.3 ± 0.1 0.2 ± 0 0.2 ± 0.3 0.3 ± 0.3 0.5 ± 0.3 0.5 ± 0.2 0.2 ± 0 0.5 ± 0.2
16:1n-7 3.6 ± 1.1 1.4 ± 0 1.5 ± 0.3 5.6 ± 1.1 2 ± 1.1 5.4 ± 2 1.7 ± 0.1 2.3 ± 0.6 5.1 ± 0.6 2.2 ± 0.8
16:1n-9 0.2 ± 0.2 0.5 ± 0 0.5 ± 0.1 0.5 ± 0.1 0.2 ± 0.2 0.2 ± 0.2 0.5 ± 0 0.5 ± 0 0.4 ± 0.1 0.3 ± 0.1

16:1n-11 0 ± 0 0 ± 0.1 0.4 ± 0.1 0 ± 0 0 ± 0 0 ± 0 0 ± 0.1 0.1 ± 0.1 0 ± 0 0 ± 0
17:1n-7 0.1 ± 0.2 0.1 ± 0 0.4 ± 0.5 0.2 ± 0.2 0.1 ± 0.1 0 ± 0 0.2 ± 0 0.3 ± 0.4 0.2 ± 0 0.2 ± 0
18:1n-5 0.3 ± 0.1 0.3 ± 0 0.3 ± 0 0.2 ± 0 0.1 ± 0.1 0.4 ± 0.2 0.3 ± 0 0.3 ± 0 0.2 ± 0 0.3 ± 0.3
18:1n-7 4.6 ± 0.3 2.6 ± 0.1 2.5 ± 0.2 4.9 ± 1 2.2 ± 0.6 3.6 ± 0.1 2.8 ± 0.2 2.3 ± 0.3 4.5 ± 0.3 1.6 ± 1.4
18:1n-9 4.7 ± 0.2 1.9 ± 0.2 2 ± 0.2 4 ± 0.7 5.3 ± 1.9 3.9 ± 0.7 1.7 ± 0.3 2 ± 0.2 3.9 ± 0.3 2.9 ± 1.4

18:1n-11 0.4 ± 0.1 0.9 ± 0.1 0.5 ± 0.2 0.1 ± 0.1 0.1 ± 0.1 0.6 ± 0.1 1.4 ± 0.4 0.7 ± 0.2 0.1 ± 0.1 0.1 ± 0.1
20:1n-7 0.8 ± 0.1 5 ± 0.4 4.6 ± 0.4 0.3 ± 0 6.6 ± 3.2 1 ± 0.1 4.8 ± 3.6 4.2 ± 0.3 0.4 ± 0 2.5 ± 0.8
20:1n-9 0.6 ± 0.1 1 ± 0.1 0.8 ± 0.2 0.4 ± 0.2 0.5 ± 0.4 0.5 ± 0 0.9 ± 0.6 0.8 ± 0.1 0.4 ± 0 0.3 ± 0.1

20:1n-11 0.4 ± 0.1 3.2 ± 0.6 5.6 ± 0.6 0.9 ± 0.5 1.8 ± 1.1 0.7 ± 0.1 4.5 ± 2.5 5.2 ± 0.9 1 ± 0.1 3.7 ± 3.9
22:1n-7 0.2 ± 0.3 0.3 ± 0.1 0.1 ± 0.1 0 ± 0 0.1 ± 0.2 0.8 ± 0.3 0.2 ± 0.1 0.1 ± 0.1 0 ± 0 0 ± 0
22:1n-9 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0 ± 0 0.4 ± 0.5 0.7 ± 0.1 0 ± 0.1 0.2 ± 0.2 0 ± 0 0.1 ± 0.1

∑ MUFA 16.3 ± 1.3 17.6 ± 1.3 19.9 ± 1 17.4 ± 2.6 19.7 ± 3.7 18 ± 1.5 19.6 ± 2.4 19.7 ± 0.9 16.4 ± 0.8 14.9 ± 0.9

16:2n-4 0.4 ± 0.1 0.6 ± 0.1 0.7 ± 0.3 0.7 ± 0.1 0.2 ± 0.2 0.9 ± 0.1 0.6 ± 0.2 0.4 ± 0.2 0.6 ± 0.1 0.2 ± 0.1
16:2n-7 0 ± 0 0 ± 0 0.8 ± 1.7 0.1 ± 0.2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
16:3n-3 0.5 ± 0.2 0.8 ± 0.6 0.1 ± 0.1 0.1 ± 0 0.6 ± 0.5 0.9 ± 0.2 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0 0.4 ± 0.1
16:3n-4 0.1 ± 0.1 0 ± 0 0 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.2 0.3 ± 0.1 0.1 ± 0.2 0.9 ± 0.1 0.1 ± 0.1
16:3n-6 0.3 ± 0.3 0.1 ± 0.1 0.1 ± 0.2 0.3 ± 0.2 0.2 ± 0.1 0.9 ± 1.5 0 ± 0.1 0.5 ± 0.2 0.2 ± 0.1 0.2 ± 0.1
16:4n-3 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
18:2n-4 0.2 ± 0.1 0.3 ± 0 0.5 ± 0 0.7 ± 0.1 0.2 ± 0.1 0 ± 0 0.2 ± 0.1 0.4 ± 0.1 0.7 ± 0.1 0.2 ± 0.1
18:2n-6 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.9 ± 0.1 1.3 ± 0.4 1 ± 0.1 1.2 ± 0.1 1.3 ± 0.1 1.9 ± 0.1 1.4 ± 0.8
18:3n-3 0.5 ± 0.1 1 ± 0.2 0.9 ± 0.1 4.6 ± 0.3 3 ± 1.5 0.4 ± 0.3 1.3 ± 1.6 1.1 ± 0.2 4.9 ± 0.2 3.5 ± 0.9
18:3n-4 0.3 ± 0.1 1.1 ± 0.2 1.1 ± 0.3 0.3 ± 0.1 0.5 ± 0.3 1 ± 0.6 1.5 ± 0.7 1 ± 0.4 0.3 ± 0 0.5 ± 0.4
18:3n-6 0.2 ± 0.1 0.2 ± 0 0.2 ± 0 0.2 ± 0 0.2 ± 0.1 0 ± 0 0.8 ± 0.9 0.1 ± 0.1 0.2 ± 0 0.6 ± 0.6
18:4n-1 0 ± 0 0 ± 0 0 ± 0.1 0.3 ± 0.1 0.2 ± 0.4 0 ± 0 0 ± 0 0 ± 0 0.2 ± 0.1 0 ± 0
18:4n-3 2.4 ± 0.3 3.3 ± 0.7 1.7 ± 0.3 16.9 ± 2.9 4.8 ± 2.4 3.3 ± 0.6 1.9 ± 1.7 3.1 ± 1 19.1 ± 1.1 4.3 ± 4.1
20:2n-6 0.2 ± 0.1 0.9 ± 0.2 1.1 ± 0.2 0.5 ± 0.1 0.5 ± 0.4 0.4 ± 0.1 0.9 ± 0.1 1 ± 0.2 0.6 ± 0.1 0.2 ± 0.1
20:3n-3 0 ± 0 0.2 ± 0 0.4 ± 0.1 0.4 ± 0.4 0.3 ± 0.4 0 ± 0 0.2 ± 0 0.4 ± 0.1 0.8 ± 0.2 0.2 ± 0
20:3n-6 0 ± 0 0.4 ± 0.1 0.2 ± 0.1 0.4 ± 0.3 0.5 ± 0.5 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0 0.1 ± 0.1
20:4n-3 0.5 ± 0 0.6 ± 0.2 0.5 ± 0.1 1 ± 0.3 0.6 ± 0.1 0.7 ± 0.1 0.6 ± 0.2 0.6 ± 0.1 1.1 ± 0.2 0.5 ± 0.3
20:4n-6 2.4 ± 0.8 2.1 ± 0.4 2.6 ± 0.6 1.4 ± 0.7 3.9 ± 1.9 1.5 ± 0.2 1.9 ± 0.4 2.4 ± 0.4 0.8 ± 0.2 4.1 ± 2.8
20:5n-3 18.1 ± 4 11.3 ± 0.8 11.1 ± 1.8 17.1 ± 0.9 12.2 ± 4.5 14.6 ± 1.9 14 ± 2.2 11.4 ± 1.8 14.9 ± 0.5 13.3 ± 2.1
21:5n-3 0.7 ± 0.6 0.4 ± 0 1.4 ± 0.6 1.4 ± 0 0.5 ± 0.3 0.7 ± 0 0.4 ± 0.1 0.5 ± 0.1 1.2 ± 0 1.4 ± 0.4
22:4n-6 0.5 ± 0.1 0.3 ± 0.1 0.6 ± 0.1 0.2 ± 0 0.7 ± 0.5 0.3 ± 0.3 0.3 ± 0 0.6 ± 0.2 0.2 ± 0 0.6 ± 0.5
22:5n-3 3.8 ± 0.7 1.4 ± 0.4 2.2 ± 1.3 0.5 ± 0.1 1.1 ± 0.3 9.9 ± 2.1 1.6 ± 0.2 2.2 ± 0.5 0.5 ± 0.1 1.3 ± 0.4
22:5n-6 0.2 ± 0.2 0.3 ± 0.1 0.4 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 0.3 ± 0.2 0.4 ± 0.1 0.4 ± 0.1 0.2 ± 0 0.5 ± 0.2
22:6n-3 10.6 ± 1.5 10.2 ± 1.3 10.3 ± 1.6 9.7 ± 1 11.8 ± 2.1 7.7 ± 1.4 11.1 ± 2.3 9.3 ± 2 10.4 ± 0.6 14.7 ± 1.2

∑ PUFA 42.9 ± 5.8 36.7 ± 1.3 38 ± 3.7 59.1 ± 3.3 43.8 ± 5.3 44.5 ± 2.8 39.7 ± 3.1 37.3 ± 3.4 60 ± 1.6 48.2 ± 3.6

20:2i 0.1 ± 0.1 0.5 ± 0.1 0.9 ± 0.2 0.1 ± 0.1 0.7 ± 0.5 0 ± 0 0.3 ± 0.3 0.9 ± 0.2 0.1 ± 0 0.3 ± 0.1
20:2j 0 ± 0 0.5 ± 0 0.4 ± 0 0.1 ± 0.1 0.8 ± 1.6 0 ± 0 0.3 ± 0.2 0.3 ± 0.1 0.1 ± 0 0.1 ± 0.1
22:2i 0.1 ± 0.1 0.6 ± 0.1 1.7 ± 0.4 0.1 ± 0 0.9 ± 0.5 0 ± 0 0.5 ± 0 1.5 ± 0.3 0.1 ± 0 0.8 ± 0.7
22:2j 0.3 ± 0.3 3.8 ± 0.6 4.2 ± 0.7 0.1 ± 0 5.1 ± 3.4 0 ± 0 3.8 ± 0.7 4.6 ± 0.8 0.1 ± 0 5.4 ± 5.1

22:3nmi 0 ± 0 0.1 ± 0.1 0.5 ± 0.2 0 ± 0 0.6 ± 0.5 0 ± 0 0 ± 0.1 0.5 ± 0.1 0 ± 0 0 ± 0

∑ NMI 0.4 ± 0.5 5.5 ± 0.8 7.8 ± 1.3 0.4 ± 0.1 8.1 ± 4.8 0 ± 0 5 ± 1.2 7.8 ± 1.4 0.4 ± 0.1 6.6 ± 5.9

16:0DMA 1.6 ± 0.8 0.1 ± 0 0.2 ± 0.2 0.1 ± 0.1 0.2 ± 0.1 0.9 ± 0.4 0.3 ± 0.1 0.5 ± 0.2 0.1 ± 0.1 0.1 ± 0.1
18:0DMA 1.7 ± 0.9 1.6 ± 0.1 1.7 ± 1 1.6 ± 0.4 3.4 ± 1.7 1.2 ± 0.7 1.9 ± 1.3 0.8 ± 0.4 1.1 ± 0.7 3 ± 1.6

∑ DMA 3.4 ± 1.7 1.7 ± 0.1 1.9 ± 0.8 1.7 ± 0.4 3.6 ± 1.7 2.1 ± 1.1 2.2 ± 1.3 1.3 ± 0.6 1.2 ± 0.6 3.1 ± 1.6

n-3 37.1 ± 4.7 29.3 ± 1.3 28.6 ± 2.2 51.7 ± 3.1 34.9 ± 6 38 ± 1.1 31.4 ± 4 29 ± 4 53.1 ± 1.6 39.6 ± 6.6
n-6 4.8 ± 1 5.4 ± 0.4 6.3 ± 0.9 5.1 ± 0.5 7.7 ± 2 4.4 ± 1.7 5.7 ± 0.5 6.3 ± 0.7 4.2 ± 0.3 7.6 ± 3.4

n-3/n-6 7.7 ± 0.7 5.4 ± 0.3 4.6 ± 0.4 10.2 ± 1.3 4.8 ± 1.5 9.4 ± 2.8 5.5 ± 0.8 4.6 ± 0.9 12.6 ± 1 6.3 ± 3.1
PUFA/SFA 1.2 ± 0.3 1.3 ± 0.1 1.8 ± 0.2 3.3 ± 0.4 2.2 ± 0.8 1.4 ± 0.2 1.8 ± 0.3 1.6 ± 0.2 3.2 ± 0.2 2.1 ± 0.3

20:5n-3/22:6n-3 1.7 ± 0.3 1.1 ± 0.1 1.1 ± 0.1 1.8 ± 0.2 1 ± 0.3 2 ± 0.6 1.3 ± 0.2 1.2 ± 0.2 1.4 ± 0.1 0.9 ± 0.2
∑ LCFA (22:0 + 24:0) 1.5 ± 0.2 0.5 ± 0.1 0.7 ± 0.2 0 ± 0 0.5 ± 0.3 2.1 ± 0.9 0.4 ± 0.1 0.7 ± 0.1 0 ± 0 0.4 ± 0.1
∑ (18:2n-6 + 18:3n-3) 1.6 ± 0.2 2.1 ± 0.3 1.9 ± 0.2 6.5 ± 0.4 4.3 ± 1.6 1.4 ± 0.4 2.5 ± 1.5 2.4 ± 0.3 6.8 ± 0.3 4.9 ± 1.6

∑ (14:0 + 16:1n-7) 5.3 ± 1.4 2.3 ± 0.1 2.9 ± 0.7 8.8 ± 1.4 4.2 ± 2.3 7.8 ± 2.8 2.9 ± 0.3 4.3 ± 1 8.2 ± 0.9 4.5 ± 2.1

S3 S4
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 The sum of 14:0 and 16:1n-7 ranged from 2.5 % to 10 % and differed 

significantly among species (p < 0.001, Table 13). C. varia showed the highest 

values, C. fornicata and C. chinensis grouped together and exhibited the lowest 

values and A. modestus and O. edulis also grouped together and showed 

intermediate values. The 20:5n-3/22:6n-3 ratio also varied between species (p < 

0.001, Table 13) and discriminated two groups, C. varia and A. modestus having the 

highest ratios (1.4 to 1.9) and C. chinensis, C. fornicata and O. edulis the lowest 

(0.9 to 1.3). The sum of 18:2n-6 and 18:3n-3 differed significantly according to 

species (p < 0.001, Table 13) and formed three different groups. C. chinensis, C. 

fornicata and A. modestus were characterized by lower values (1.4 to 2.4 %) than 

O. edulis (4.1 to 4.9 %) which had also lower values than C. varia (5.4 to 6.8 %). 

 The sum of branched FA showed significant differences among species and 

sampling dates, with a significant interaction between these two factors (all p < 

0.05, Table 13). The contribution of this marker was higher for C. fornicata (7.5 – 

11 %) than for C. chinensis (4 – 7 %) and than for the three species C. varia, O. 

edulis and A. modestus (< 2.5 %). This marker showed significant temporal 

variation only for C. fornicata and C. chinensis, due to very high values at S1 (11 % 

and 7 %, respectively).  

 The ratio between the sum of PUFA and the sum of SFA showed significant 

difference among species (p < 0.001, Table 13). C. varia had significantly higher 

values (~2.9) than O. edulis (~2). A. modestus, C. chinensis and C. fornicata formed 

a third group with significantly lower values (< 1.7) than the two bivalves. This 

marker showed significant temporal variation (p < 0.01, Table 13), with lower 

ratios at S1 than at S3 and S4. 

Table 13: Results of Factorial two way ANOVA showing the effects of species (C. fornicata, C. varia, O. 

edulis, C. chinensis, A. modestus) and sampling dates (S1 = 26th February, S2 = 21th March, S3 = 28th 
March and S4 = 12th April). Significant threshold: p < 0.05. 

 

 The sum of long chain saturated FA (22:0 + 24:0) differed significantly 

between species (p < 0.001, Table 13), A. modestus showing higher values (1.5 to 
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3.3 %) than all other species (< 1 %). The interaction between species and sampling 

dates was also significant, due to high values of A. modestus (3.3 %) at S2. The FA 

18:1n-9 showed significant differences among species and sampling dates, with a 

significant interaction between these two factors (all p < 0.01, Table 13). Overall, 

this FA contributed significantly more in A. modestus than in C. varia and O. 

edulis. C. chinensis and C. fornicata showed similar values which were 

significantly lower than those of the three previous species. The contribution of 

18:1n-9 decreased over time for all species with significantly lower values at S4. 

This temporal variation was stronger for A. modestus (9 % at S1 to 3 % at S4) and 

O. edulis (4.2 % at S1 to 2.9 % at S4) than for other species.  

 The FA 18:4n-3 showed significant difference among species and sampling 

dates, with a significant interaction between these two factors (all p < 0.001, Table 

13). Overall, the contribution of this FA was significantly higher in C. varia than in 

O. edulis. C. chinensis, C. fornicata and A. modestus showed similar values which 

were significantly lower than those of the bivalves. The contribution of 18:4n-3 

increased over time for all species but showed a marked seasonality for C. varia (9 

% at S1 to 19 % at S4), C. fornicata (0.7 % at S1 to 3.1 % at S4) and A. modestus 

(1.2 % at S1 to 3.3 % at S4). 
 

4. Discussion 
 

 Benthic suspension-feeding species are mostly sessile and have to deal with 

a potentially high interspecific competition for space and food (Connell, 1961; 

Svensson and Marshall, 2015). For comparable reason, the introduction of non-

native suspension-feeders may have large consequences for natives ones. In this 

study, we investigated how the invasive species Crepidula fornicata interacts in 

terms of degree of food partitioning with co-occurring species within its habitat. We 

focused on four species commonly associated with C. fornicata, belonging to 

different taxa and closely associated with the Crepidula beds, namely the 

Calyptraeidae Calyptraea chinensis, the barnacle Austrominius modestus, the 

scallop Chlamys varia and the oyster Ostrea edulis. Trophic niches were assessed 

using both SIR and FA compositions, the latter being particularly relevant when 

dealing with the complex origin of particulate organic matter (POM). Indeed, POM 

in coastal waters is composed of mixture of microscopic organisms and detritus 
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exhibiting a large array of size, nutritive quality or assimilation properties 

(Androuin et al., article 3; Lienart et al., 2016; 2017). 
 

4.1. Linking biomarkers to the trophic niches 
 

 The combined use of SIR and FA markers enabled a clear discrimination of 

trophic niches of the five studied species, confirming our hypothesis that the 

invasive slipper limpet does not overlap with the co-occurring species. Whereas 

bivalve species C. varia and O. edulis relied more on higher food source quality 

such as diatoms or green macroalgae, the Calyptraeid’s species C. fornicata and C. 

chinensis likely fed on lower quality food sources due to more bacteria in their diet. 

The barnacles showed more temporal variability with higher food source quality in 

spring (diatoms) than in winter (detritus and animal material). 

 As already mentioned by Androuin et al. (article 3), stable isotopes 

suggested that C. fornicata relied mainly on diatoms, dinoflagellates and bacteria 

from re-suspended POM (RPOM). Indeed, this food source was not only composed 

of fresh (diatoms) but also bacteria and detritic (pheopigments, and vascular plants) 

organic matter. Fatty acids suggest a lower food quality of C. fornicata due to the 

higher contribution of branched FA (bacterial biomarker), the lower ratio of 

polyunsaturated/saturated FA (biomarker of fresh organic matter) as well as the 

lower contribution of diatoms biomarkers than for the other species. It is therefore 

possible that C. fornicata may have only access to a fraction of RPOM with lower 

food quality (Dubois et al., 2014). 

 Overall, the FA compositions of C. chinensis and C. fornicata were similar, 

FA biomarkers indicating a diet based on a rather low food quality compared to 

bivalves and barnacles. However, these two Calyptraeid’s species had very different 

SIR. C. chinensis was slightly enriched in 13C but especially depleted in 15N. Such 

depleted values have been recorded in anoxic sediment due to the activity of 

denitrifying bacteria which add 15N depleted biomass to the residual material. δ15N 

values of this potential food can then drop down by 3-5 ‰ compared to freshly 

RPOM (Lehmann et al., 2002), which is in agreement with the organic matter food 

sources in our study site (Androuin et al., article 3). Since C. fornicata and C. 

chinensis are taxonomically (i.e., family), biologically (i.e., feeding mode) and 

physiologically (i.e., protandric hermaphrodism) very close, it is unlikely that such 

difference in δ15N was due to different diet-fractionation processes (Gannes and al., 
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1997; Schlacher and Connelly, 2014). The standard ellipse area and the path 

direction are also informative (Jackson et al., 2011). In the case of C. chinensis, the 

ellipse was wider and flatter than the one of C. fornicata, which followed the same 

trend as those of the two bivalves (Fig. 34). This suggests more variation in carbon 

sources but also less temporal variation in the nitrogen food source of C. chinensis, 

which is consistent with our microhabitat hypothesis. 

 The fact that the scallop C. varia exhibited high ratio of PUFA/SFA, and did 

not show branched FA (bacterial biomarkers), suggests its diet was based on fresher 

and/or more labile sources of organic matter than that of the other species 

(Blanchet-Aurigny et al., 2015; Pernet et al., 2012). Over the study period, this 

bivalve species also showed the highest contribution of the well correlated two 

diatom markers (14:0 and 16:1n-7) (Budge and Parrish, 1998) which originate from 

RPOM and biofilm for 16:1n-7 and from pelagic POM (PPOM) for 14:0 (Androuin 

et al., article 3). These results mean that C. varia could feed both on phytoplankton 

and microphytobenthos. Interestingly, this species exhibited a sharp increase of the 

contribution of the 18:4n-3 at the end of the sampling period (from 8 % at S1 to 19 

% at S4), a FA which may originate from different food sources. According to 

previous studies, it could be a biomarker of either dinoflagellates (Budge and 

Parrish, 1998; Dalsgaard et al., 2003), or green macroalgae (Fleurence et al., 1994). 

Accumulations of green macroalgae are recorded almost every year near our study 

site (Study Centre for Algal Promotion, http://www.ceva.fr; Ragueneau et al., 2018) 

and FA measurements performed with two species of green macroalgae from the 

same area revealed high amounts of 18:3n-3 (10 %) and 18:4n-3 (13 %), as well as 

18:1n-7 (8 %) and 18:2n-6 (2 %) (Supplementary Table 15). These FA have already 

been measured for the same genera (Ulva spp.) in the study area (Fleurence et al., 

1994) and well characterized C. varia. 18:3n-3, when present together with 18:2n-6, 

are biomarkers of green macroalgae or terrestrial vascular plants (Kelly et 

Scheibling, 2012; Parrish et al., 1995). However, C. varia did not show any 

contribution of long chain saturated FA (22:0 and 24:0) which also characterized 

terrestrial vascular plants (Budge et al., 2001; Canuel, 1991). Our results strongly 

suggest therefore that green macroalgae significantly contribute to the diet of C. 

varia in our study site.  

 O. edulis exhibited an intermediate FA composition between those found in 

other species. The low PUFA/SFA ratio as well as the low contributions of diatom’s 
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and green macroalgae’s biomarkers suggest that O. edulis rely less on high quality 

food sources than C. varia. Besides that, O. edulis showed the lowest 20:5n-

3/22:6n-3 ratio among all investigated species, indicating more dinoflagellates than 

diatoms in its diet. This species also showed the highest inter-individual variability, 

some individuals having FA composition more close to Calyptraeid’s species and 

some others being more close to C. varia and A. modestus (see also discussion 

below). Given the isotopic signatures found for the potential food sources 

(Androuin et al., article 3) and the classical diet-consumer enrichment factors (+1 

‰ for carbon and +2.5 ‰ for nitrogen) (McCutchan et al., 2003), both C. varia and 

O. edulis were likely to rely on RPOM (-22.7 ± 0.2 ‰ for δ13C and 7 ± 0.3 ‰ 

δ15N). POM from the water column (PPOM) was influenced by riverine input and 

has been shown to not contribute to the diet Magallena gigas (Marchais et al., 

2013). The low contribution of PPOM is in agreement with FA composition since 

most of the biomarkers found in these bivalves were also present in RPOM, which 

showed the highest PUFA/SFA ratio (Androuin et al., article 3). 

 The FA compositions obtained for A. modestus over the study period 

showed a strong temporal variation in its diet. Although only 10 days separated 

sampling dates S2 and S3, we observed marked difference in the corresponding FA 

profiles, suggesting a high tissue turnover rate linked to its small size and its high 

cirral activity (Crips and Southward, 1961; McCutchan et al., 2003). The shift after 

the second sampling date can also be attributed to an increased availability of high 

quality benthic food sources such as diatoms (16:1n-7 and 20:5n-3) present in both 

biofilm and RPOM. High δ15N values of barnacles with respect to other co-

occurring suspension-feeders have already been evidenced in several ecosystems 

and have been explained by a diet based on zooplankton and/or 15N-enriched green 

macroalgae (Dubois et al., 2007; 2014; Richoux et al., 2014a; Schaal et al., 2010). 

In our case, the 18:1n-9 which is often used as biomarker for dinoflagellates (Kelly 

and Scheibling, 2012; Nerot et al., 2015) or animal material (Cook et al., 2010, 

Dalsgaard et al., 2003 and reference therein; Jaschiniski et al., 2011), was 

significantly correlated with δ15N (Pearson’s r = 0.6, p < 0.05). Considering the 

temporal variation of this FA and other dinoflagellate biomarkers such as 22:6n-3, it 

is more likely that 18:1n-9 reflected a contribution of animal’s material in the diet 

of A. modestus during the winter period, when food in the water column is no 

longer abundant (Androuin et al., article 3). Moreover, 18:1n-9 was found to be 
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associated with RPOM and biofilm, the latter showing higher δ 15N values than the 

other sources, so a significant contribution of the biofilm is possible. During the 

winter period, A. modestus may have also relied on detritus, as suggested by the 

presence of LCSFA (Canuel, 1991).  
 

4.2. Linking the trophic niche to biological traits 
 

 According to their SIR and FA compositions, all five species seem to rely 

mainly on benthic food sources rather than food from the water column. 

Nevertheless, they exhibited distinct trophic niches which can result from their 

relative abilities to qualitatively sort particles and to move and their preferred 

micro-habitat within the Crepidula bed (Table 14).  

Table 14: Biological traits associated with the five species encountered in this study, with a special 
reference to their trophic niche. 

 
 

 Both oysters and scallops showed high capacity for qualitative selection, 

which occurs at two levels: first on the gills and second at the labial palps (Cognie 

et al., 2001; Beninger et al., 2004). However, in contrast to the oyster gills, the 

width and the plasticity of the scallop principal gill filaments allow the ingestion of 

large particles in their stomach, with size probably above 500 µm (Shumway et al., 

1987). The range of size selection is therefore much larger than for oysters (Cognie 
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et al., 2001; Beninger and Le Pennec, 2016), representing a potential advantage 

under the typically high seston concentrations encountered on soft-sediment 

habitats (Beninger and Le Pennec, 2016). 

 This may explain the larger proportion of macroalgae found in the diet of C. 

varia compared to those of O. edulis. The other major trait difference between these 

two species is their movement capacity. The scallop C. varia lives fixed on the 

substrate (preferentially hidden in C. fornicata’s or O. edulis dead shells, depending 

on its size) but can easily swim away and settle in another more suitable place 

(Cranford et al., 2005; Napolitano et al., 1993, Shumway et al., 1987). It is not the 

case for O. edulis which can be found either closed to the sediment-water interface 

(SWI) or with full access to the water column, depending on its substrate. This 

variability of position within the Crepidula bed is well reflected by the dispersion of 

obtained FA compositions where individuals have FA profiles close to those of C. 

varia, whereas others are closer to those of C. chinensis, two species showing very 

distinct diets.  

 However, C. fornicata is not able to qualitatively sort particles (Beninger et 

al., 2007) and its retention capacity (4 µm) is comparable to that of oysters (Barillé 

et al., 2006) and mussels (Lesser et al., 1992). Considering their FA composition 

and their biological similarity, we can argue that C. chinensis probably exhibited 

the same particle retention efficiency as C. fornicata. Therefore, these two species 

likely strongly depend on their local food environment, considering their absence of 

(or low) motility (Orton, 1912; Powell-Jennings and Callaway, 2018). However, 

their distinct δ15N values indicate they probably do not share the same diet, which 

can be explained by the context of their preferred micro-habitat. More specifically, 

C. chinensis is found preferentially on the concave side of dead shells, at the base of 

C. fornicata stacks. This micro-habitat could be associated with specific 

biogeochemical conditions since C. fornicata is known to significantly modify the 

nutrient cycle at the SWI (Martin et al., 2006) as well as the composition of the 

bacterial community (Thouzeau et al., 2011),. As suggested earlier, C. chinensis 

could assimilate 15N-depleted organic matter which may result from the activity of 

denitrifying bacteria in the sediment or within the dead shells. 

 Finally, since barnacles do not have pre-ingestive selection organs, all 

particles collected through the mesh created by their articulated appendages (cirral 

fans) are brought to the mouthparts and ingested without further processing 
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(Riisgård and Larsen, 2010). Although they are not able to sort particles, they 

showed the broadest food size-spectrum, allowing them to feed on a wide range of 

food sources. Because barnacles are totally sessile, the quality of their diet is mainly 

driven by temporal variation in food source availability.  
 

4.3. Summary and conclusive remarks 
 

 In this study, we provide new evidence that suspension feeders are optimal 

foragers. Feeding on a wide range of food sources, they limit competition, even on a 

very small spatial scale. This conclusion could not have been achieved with only 

one of our trophic markers, so we strongly recommend coupling different markers 

when dealing with the trophic ecology of consumers feeding on complex food 

sources such as suspension-feeders (Lavaud et al., 2018; Majdi et al., 2018). Using 

five species belonging to different taxa and having distinct preferred habitats, 

ability to sort particles and movement capacity, we found five well discriminated 

trophic niches. Species with a higher capacity to select and sort particles showed the 

lowest temporal variations and the smallest trophic niche width (Dubois and 

Colombo, 2014). This was the case for C. varia which can not only select its food, 

but also its micro-habitat. The selectivity of both preferred habitat and food source 

was reflected by a diet rich in PUFA mainly based on diatoms and green 

macroalgae. Being able to sort particles but unable to select its micro-habitat (i.e., 

mix of mud and hard substrate), the oyster O. edulis exhibited a more variable diet, 

as shown by its FA composition, and having individuals overlapping with C. varia 

and C. chinensis. The lower contribution of green macroalgae to the diet of O. 

edulis may also result from its low ability to ingest large particles (Cognie et al., 

2001; Beninger et al., 2004). Regarding the two Calyptraeid species, the sessile C. 

fornicata and the low motile C. chinensis, the fact that they do not select their food 

and live very close to the SWI obliges them to feed on mostly decaying organic 

matter, poor in PUFA and rich in bacterial FA (Dubois et al., 2014). Moreover, the 

micro-habitat of C. chinensis probably allows an access to a specific 15N-depleted 

food source. Finally, the barnacle A. modestus, being sessile on the upper side of C. 

fornicata stacks, showed a diet largely influenced by temporal variation of RPOM, 

with a winter period based on omnivory with both detritus and animal material, and 

a spring period based on a shift towards diatoms.  
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 Although the invasive species C. fornicata is a suspension-feeder, its 

specific trophic niche indicates that it does not trophically out-compete syntopic 

suspension feeders. Moreover, the slipper limpet provides a suitable habitat for 

them. For species of commercial interest such as O. edulis and C. varia, the 

Crepidula bed could even act as a bivalve nursery, as already suggested by Barbier 

et al. (2017). Finally, considering its promoting effect of on microphytobenthos, C. 

fornicata could well provide an additional available food source for other primary 

consumers of the Crepidula bed.  
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Méthode 5 : Analyse des traits biologiques 

 Une communauté faunistique peut être analysée par le biais de sa diversité 
structurelle (DS) qui se base sur l’identité taxonomique des espèces. Au contraire la 
diversité fonctionnelle (DF) se définie comme le nombre d’espèces ou groupes 
d’espèces fonctionnellement différents, c’est-à-dire réalisant des fonctions 
biologiques différentes. La diversité fonctionnelle considère les espèces comme des 
éléments des fonctions assurées par un écosystème et considère que leurs rôles 
fonctionnels sont caractérisés par leurs traits biologiques. La DF peut donc être 
évaluée par l’analyse des traits biologiques des espèces qui sont des caractéristiques 
morphologiques, physiologiques ou phénologiques susceptibles d’influencer 
directement ou indirectement les processus écologiques (Figure 36). Ainsi, l’étude 
de la DF, comme analyse complémentaire de la DS, permet d’avoir une approche 
plus intégrée pour décrire les relations complexes au sein d’un écosystème. Une 
bonne estimation de la DF dépend donc principalement du choix des traits 
biologiques pour relier la composition d’un peuplement aux processus écologiques 
qu’il assure. 
 

 
Figure 36 : Illustration de l'analyse par traits biologiques avec l'exemple de Crepidula fornicata 
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Article 5 : Crepidula beds, a legacy for complex food web ? 

 
Thibault Androuin 1, Stanislas F. Dubois 1, Antoine Carlier 1. 
 
1 DYNECO-LEBCO, IFREMER, Plouzané, France 

 

Abstract 
 

 Crepidula fornicata is an invasive species which has massively proliferated along 
the European coasts. This stack-forming engineer gastropod has become a dominant 
species both in terms of density and biomass, with potential cascading effects on food web. 
In this study, we investigated the effects of C. fornicata on benthic food web structure by 
combining both biological traits analysis and isotopic metrics. We built tropho-functional 
(TF) groups which gather similar biological traits compositions linked to their trophic 
ecology (i.e., feeding mode, living habit, mobility and reworking activity). We then 
quantified the trophic structure using several metrics based on isotopic signatures of 
consumers both at community and TF scales. The biological effect of C. fornicata (i.e., 
organic enrichment through biodeposition) was assessed by comparing a dead and a live 
Crepidula bed. Its physical effect (i.e., habitat structuration through shells accumulation) 
was assessed by comparing a dead Crepidula bed and a maerl bed, since maërl is a physical 
engineer species known to harbor high diversity and complex food web. We found that, in 
summer, live C. fornicata acted as an environmental filter for the colonized community 
through its intense filtering and biodeposition activities, which tends to homogenize the 
entire food web. The extent of this effect was stronger for the TF grouping secondary 
consumers (lower trophic niche width and trophic diversity, and higher redundancy) and 
weaker for the TF group composed by consumers relying on detritic organic matter. In the 
TF group of fixed suspension-feeders and grazers, the trophic niche diversity was affected 
but not the trophic evenness, probably due to widespread mechanisms of food selection. 
We also found that dead Crepidula bed and maerl bed exhibited the same trophic structure, 
suggesting that an invasive ecosystem engineer, even dead, may provide as much food web 
complexity as the emblematic high biodiversity maerl bed. 
 

Key words: Crepidula fornicata, engineer species, food web, trophic niche, isotopic 
metrics, biological traits 
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1. Introduction 
 

 The rise of invasive species (IS) is one of the main threats for biodiversity 

(Bax et al., 2003; Vitousek et al., 1997). IS impact ecosystem functioning through 

direct biotic interactions (predation, grazing, competition…) and indirect changes in 

the abiotic conditions of the host ecosystem (Ehrenfeld et al., 2010; Gallardo et al., 

2015), which in turn alter ecosystem services (Walsh et al., 2016). Marine 

ecosystems are particularly sensitive to biological invasion due to seawater 

associated vectors such as ballast waters, shellfish farming or boat hull fouling (Bax 

et al., 2003; Padilla et al., 2011; Stiger-Pouvreau and Thouzeau, 2015). In the 

Atlantic coast of Europe, more than 100 species are recorded as invasive 

(Goulletquer et al., 2002; Katsanevakis et al., 2014).The Atlantic slipper limpet 

Crepidula fornicata is one of those and it results in highly significant impacts and 

side-effects on economic coastal activities (Goulletquer et al., 2002; Thieltges et al., 

2003). 

 Native from the East coast of America, this species has spread in Europe 

following the introduction of the pacific oyster Magallena gigas used to shellfish 

farming (Blanchard, 1997). It is now conspicuous all along European coasts, from 

Norway to Portugal, including a few places in the Mediterranean Sea (Blanchard, 

1997). This engineer gregarious gastropod lives in stacks of several individuals and 

forms extended beds in shallow subtidal areas. At large densities, this habitat-

forming species (Woods, 1989) builds complex 3D benthic habitats, and constitutes 

an interesting biological model to assess the effects of a colonization by an 

engineering species on the ecosystem (Jones et al., 2010; Sax et al., 2007). C. 

fornicata modifies its surrounding environment in two different ways. First, their 

calcareous shells increase heterogeneity and topographic complexity of soft bottoms 

sediment (Gutiérrez et al., 2003), which enhances the local species diversity of both 

macrofauna and megafauna (Barnes et al., 1973; de Montaudouin et al., 2017; de 

Montaudouin and Sauriau, 1999). Secondly, its intense filtering activity and its low 

assimilation efficiency (Shumway et al., 2014) redirect energy and material from 

the water column to the benthic compartment both through biodeposition (Ehrhold 

et al., 1998) and stimulation of benthic primary production (Androuin et al., article 

1). Moreover, C. fornicata has no predators and is considered as a trophic dead end 
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(Arbach Leloup et al., 2008) and thus may limit the trophic transfer through higher 

trophic levels in the ecosystems.   

 Trophic complexity and energy flows are key components of ecosystem 

functioning (Duffy et al., 2007) and can be assess through carbon and nitrogen 

stable isotope ratios (SIR). Whereas carbon SIR is used to infer food source 

assimilation (Fry and Sherr, 1984; Herman et al., 2000), trophic position of species 

can be estimated by nitrogen SIR (Post, 2002). Together, they give clues on trophic 

pathways in ecosystems (Boecklen et al., 2011; Fry, 2006). Considering the 

turnover rate of tissues, SIR provide an integrated measure of functional traits such 

as feeding behaviour, habitat preferences, organic matter availability, etc (Newsome 

et al., 2007). Because SIR are a measure of the way of life of species, they 

correspond to “response traits”. Those ratios respond to environmental factors such 

as resources or disturbance (Lavorel and Garnier, 2002). For the same reason, they 

can be seen as a proxy of the realized niche of a species, trophic group, and to a 

larger extent, of a community (Newsome et al., 2007). As they integrate several 

functional traits, it can be sometimes difficult to disentangle the factor affecting a 

species niche or a group of species (e.g., change in basal resource, ontogenic trophic 

shift …). Decomposing the functional role of species can be addressed by the 

biological trait-based approaches which link species biological traits (e.g. 

morphological, behavioural, phenological) and ecosystem functionality 

(remineralization, secondary production, etc.) (Petchey and Gaston, 2006). Contrary 

to “response traits”, “effect traits” determine an ecosystem function or process 

(Lavorel and Garnier, 2002) and provide a proxy of the fundamental niche of a 

species/group of species (Devictor et al., 2010). Combining both SIR (realized 

niche) and biological traits analysis (fundamental niche) should therefore allow 

better understanding on the relationship between the realized niche of a species and 

its functional traits (Fitzerald et al., 2017). Using this approach, Zhao et al., (2014) 

showed that ontogenic change in the trophic position of the largemouth bass was 

significantly correlated with locomotion attributes, which is link to the foraging 

behaviour and the mobility of prey encountered during ontogeny. 

 To quantitatively characterize community-wide aspects of trophic structure, 

metrics based on SIR have been developed in the last decade (Jackson et al., 2011; 

Layman et al., 2007). Among them, trophic plasticity (isotopic space occupation), 

redundancy (neighborhood distance) or evenness (intra-group variability), have 
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been  useful to address ecological questions relative to habitat-forming species 

(Chaalali et al., 2017; Rezek et al., 2017) or disturbance such as eutrophication 

(Quillien et al., 2016) or IS (Guzzo et al., 2013; Jackson et al., 2012).  

 This study took place in the bay of Brest and the invasive species C. 

fornicata was used as a model to investigate the effect of engineer species on 

benthic food webs structure. Using natural contrasting Crepidula beds in terms of 

biomasses (live or dead), the biological activity of this species (i.e., organic 

enrichment through biodeposition) on trophic structure was tested. Its physical 

effect (i.e., habitat structuration) was also tested using dead Crepidula bed and a 

local maerl bed. This calcareous red algae was chosen since it also act as a physical 

engineer species (Grall et al., 2006). To answer those questions, we first used a 

biological trait-based approach to define tropho-functional (TF) relevant groups, 

and calculated trophic niche metric based on SIR at both community and TF level. 
 

2. Materials and methods 
 

2.1. Study site 
 

 The bay of Brest (France) is a semi-enclosed marine ecosystem of 180 km² 

connected to shelf waters (Iroise Sea) by a narrow (2 km wide) and deep (40 m) 

strait. This shallow basin (average depth 8 m), is characterized with two main 

watersheds responsible for freshwater inputs, the Aulne (1842 km²) and the Elorn 

(402 km²) rivers. The macro tidal regime caused by the high hydrodynamic mixing 

with adjacent marine waters induces short-term variability in hydrological factors 

and limits the spatial variability of phytoplankton (Le Pape et al., 1996, Chauvaud 

et al., 2000; Laruelle et al., 2009). Moreover, isotopic gradient showed that the bay 

was under marine water influence, even close to the two main rivers (Mortillaro et 

al., 2014). After its first observation in the Bay of Brest in 1949 (Blanchard, 1997), 

the slipper limpet became the main benthic suspension feeder within the megafauna 

during the early 1990’s (Chauvaud et al., 2000), which biomass reached more than 

120 000 tones (Guérin, 2004). However, a recent survey has revealed a strong 

decrease in abundance between 2000 and 2013 in the south part of the bay 

(Blanchet-Aurigny et al., 2012), without clear explanation. The resulting 

consequence is the formation of large dead shells accumulation on the sea floor 

(Fig. 37C).   
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Figure 37: (A) Sampling stations in the bay of Brest. (B) S1 - S2: live Crepidula beds, (C) S3 – S4: dead 
Crepidula beds, (D) M: maerl beds. 

2.2. Sampling protocol  
 

 Sampling was carried out in February 2014 (winter) and June 2015 

(summer) at four locations of the Bay of Brest. Stations 1 and 2 were located near 

the Elorn estuary and stations 3 and 4 were located near the Aulne estuary (Fig. 

37A). Sampling locations were selected according to a previous benthic survey 

(REBENT, French national benthic survey, 2013) which highlighted contrasted 

biomasses of live C. fornicata over the bay. Benthic macrofauna and megafauna 

were sampled using a dredge (two hauls of ~50 m per station) and a Day-grab (2 × 

0.1 m² per station) in order to capture both epi- and endofaunal assemblages, with a 

homogeneous sampling effort at each station. All invertebrate species with size > 1 

mm were selected. Individuals were sorted and held in filtered sea water for 24 

hours in the laboratory to allow evacuation of their gut content. They were then 

dissected (calcareous parts removed) and kept frozen (-20°C) until further 

processing. Data for maerl bed were retrieved from Grall et al. (2006), sampled in 

the south part of the bay of Brest in October 2001 (autumn) (Fig. 37D). 
 

2.3. Stable isotope analysis 
 

 Isotopic analyses were performed on muscle tissue samples of megafauna or 

whole-body without digestive gut. Small species were pooled together to reach 

sufficient biomass for stable isotope analysis. All samples were acidified to prevent 

any inorganic carbonates contamination and then rinsed with milliQ water. Samples 

were freeze dried and ground into homogenous powder using a mortar and pestle. 
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Approximately 400 µg of powder was weighed in tin capsules for both δ15N and 

δ13C analysis. Samples were analysed by continuous flow on a Thermo Scientific 

Flash EA 2000 elemental analyser coupled to a Delta V Plus mass spectrometer at 

the Pôle de Spectrométrie Océan (PSO, Plouzané, France). Results are expressed in 

standard δ notation based on international standards (Vienna Pee Dee Belemnite for 

δ13C and atmospheric nitrogen for δ15N) following the equation: 
 

δ = [(Rsample/Rstandard) – 1] × 103 (in ‰), where R is 13C/12C or 15N/14N 
 

International isotopic standards of known δ15N and δ13C values were used: IAEA-

600 Caffeine, IAEA-CH-6 Sucrose, IAEA-N-1 and IAEA-N-2 Ammonium 

Sulphate. The experimental precision was estimated using the standard deviation of 

an internal standard (Thermo Acetanilide, n = 8). It indicated an analytical precision 

of ± 0.11 ‰ and ± 0.07 ‰ for δ13C and δ15N values, respectively. 
 

2.4. Building tropho-functional groups 
 

 In most of food web studies, trophic groups are only based on the feeding 

mode of species. However, it is clear that SIR encompass a wide variety of 

biological traits related to trophic mode but also habitat preferences, mobility, 

organic matter availability, etc. (Boecklen et al., 2011; Newsome et al., 2007). In 

this study, we selected four meaningful biological traits considering what is 

integrating in SIR, avoiding correlated traits, and those for which knowledges were 

scarce. Traits, modalities as well as the ecological meaning in terms of trophic niche 

behind these traits are figured in Table 16. Taxa were assigned to one or several 

modalities in each traits using a fuzzy coding approach (Chevenet et al., 1994), with 

a 0 to 3 scale where 0 indicating no affinity to 3 indicating high affinity for the 

modality. This technique allows the implementation of intraspecific variability 

within each taxa. Trait information’s were gathered from several sources. Whereas 

information on feeding mode and living habit were picked from data base such as 

the Biological Traits Information Catalogue (http://www.marlin.ac.uk/biotic/) or 

Polytraits database (http://polytraits.lifewatchgreece.eu/), taxonomic text books, 

scientific publications as well as expert knowledges. Informations on mobility and 

reworking type were nearly all picked from the publication of Queiros et al. (2013), 

which provide a classification for more than 1000 macroinvertebrate species 
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inhabiting soft sediment. It is noteworthy that the fuzzy coding approach allows 

missing information about taxa traits.  

Table 16: Biological traits, modalities and rationale behind the traits selection. 

 

 Once the matrix data constructed, we ran a fuzzy correspondence analysis 

(Chevenet et al., 1994) which provide an ordination of taxa according to their 

modalities. An agglomerative hierarchical clustering analysis was performed to 

define groups, using Ward aggregation criterion (Ward, 1963) and Euclidean 

distance (Usseglio-Polatera et al., 2000). The more parsimonious number of groups 

was calculated using the sum of the within-cluster inertia, the suggested partition 

being the one with the higher relative loss of inertia. 
 

2.5. Trophic web structure analysis 
 

 Due to recent observations on the dynamic of Crepidula fornicata in the bay 

of Brest (REBENT, French national benthic survey, 2013), we compared two 

population parameters: size structure and C. fornicata biomass, and shell weight in 

the four stations in winter. The size frequency distributions between pairs of 

stations were compared with a Kolmogorov-Smirnoff test (supplementary Fig. 44 

and Table 17), biomasses and shells weight with a non-parametric test of Kruskal-

Wallis (Supplementary Table 18). These results highlighted a clear pattern between 

the north and the south part of the Bay. Stations S1 and S2 were characterized by 

high C. fornicata biomasses (300-600 g per 0.1 m-2) and a size structure showing 75 

% of the population higher than 20 mm. On the contrary, stations S3 and S4 were 

characterized by very low biomasses (4-28 g per 0.1 m-2) and a size structure 

showing 75 % of the population lower 10 mm. However, C. fornicata shells weight 

Traits Modalities Rationale behind the trait selection
Carnivorous - omnivorous (co)

Surface deposit feeder (sdf)
Subsurface deposit feeder (ssdf)

Grazer (gr)
Filter-feeders (ff)

Fixed (fix)
Limited movement (lim)

Slow, free movement in/on the sediment matrix (fmx)
Free movement on the sediment or throught burrow system (fbr)

Epibenthic (epi)
Endobenthic (endo)

Supra benthic (supra)
None (no)

Surfical modifiers (sm)
Upward - downward conveyor (cvr)

Biodiffusors (bio)

Feeding mode

Mobility

Living habit

Reworking type

Linked to prey avalaibility, 
secondary production, oranic matter 

enrichment

Linked to feeding behaviour, space 
occupation and availability

Linked to space occupation and 
availability

Linked to organic matter recycling, 
primary productivity
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was not different between stations but the high values (1300-1600 g per 0.1 m-2) 

confirmed that each station was lying on a Crepidula beds. According to these 

results and to gain more insight in the trophic structure of the benthic communities, 

we thus decided to merge stations S1 and S2 referred as live Crepidula bed, and 

stations S3 and S4 referred as dead Crepidula bed. Dead Crepidula bed was 

compared to maerl bed only in summer because we think that the trophic 

environment would be more comparable with summer than with winter due to both 

allochthone supplies through the water column (spring and autumn bloom). 

 We tested whether stable isotope values (δ13C and δ15N) and trophic niche 

position differ between groups using respectively, Kruskal-Wallis test and 

PERMANOVA (Anderson et al., 2001). A first PERMANOVA test was performed 

between dead and live Crepidula beds using bed (2 modalities), season (2 

modalities) and tropho-functional group (3 modalities) as factors. A second 

PERMANOVA test was performed between dead Crepidula bed and maerl bed in 

summer using bed (2 modalities) and tropho-functional group (3 modalities) as 

factors. Following significant PERMANOVA results, post hoc tests were carried 

out using multiple pairwise comparisons to identify differences among factors 

(Martinez Arbizu, 2017). When Kruskal-Wallis test was significant, pairwise 

comparisons were achieved using Mann-Whitney tests with a Bonferroni 

correction. 

 Based on the mean consumer SIR, we calculated several community-wide 

metrics within each tropho-functional group to quantify aspects of trophic niches, 

primarily developed by Layman et al. (2007). Both δ13C and δ15N range were 

defined as the distance between the two species with the most enriched and most 

depleted δ values. The δ15N range (NR) represents the vertical structure of the 

niche, a larger value suggesting more trophic levels and thus a greater degree of 

trophic diversity. Conversely, the δ13C range (CR) is expected to increase with 

higher basal resources available to consumer. The mean distance to centroid (CD) 

provides a measure of the average degree of trophic average of trophic diversity 

within a group of species, higher values meaning higher space occupation and 

higher trophic diversity. The redundancy within group was assessed by the mean 

nearest neighbor distance (NND) which measures the overall density of species 

packing in the isotopic space. Smaller NND characterized food webs with a large 

proportion of species with similar trophic ecologies (i.e., redundancy). Standard 
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deviation of this measure (SDNND) estimates the evenness of species packing in 

the isotopic space, low values suggesting more even distribution of trophic niches. 

Finally, the size of the trophic niches was estimated through standard ellipse area 

corrected for small sample size (SEAc) (Jackson et al., 2011). Stable isotope 

metrics are known to be sensitive to a low number of species (Brind’Amour and 

Dubois, 2013) with an indicated threshold of 20 species. Since the maerl bed has 

only 38 isotopic signatures, we only compared dead Crepidula and maerl bed at the 

community level. Moreover, as we did not know the sampling effort for the maerl 

bed, they were compared using the same number of isotopic signatures. Therefore 

we re-sampled multiple times (n = 10) in the pool of the 68 isotopic signatures to 

calculated the metrics on 38, corresponding to the sampling effort in the maerl bed. 

A key issue when dealing with stable isotope metric is the basal source, as it can 

hampered the calculations of those metric (Hoeinghaus and Zeug, 2008). In this 

study we considered that the main allochthone source (i.e., phytoplankton) was the 

same for each habitat (i.e., dead/live Crepidula bed and maerl bed). However, we 

allow for autochthone additional resource (e.g., microphytobenthos, bacterial mat) 

which would be habitat specific and discussed. Because we were interesting in 

potential difference in basal habitat within each habitat, we did not scale SIR 

(Cucherousset and Villeger, 2015). To account for intra-group isotope variability, 

95 % confidence intervals in isotopic metrics were generated using the leave-one-

out Jackknife estimation (Efron and Tibshirani, 1993). Comparisons in which 95 % 

confidence intervals were not overlapping were considered as significantly 

different. Statistical analyses were performed in R version 3.3.0 (R Core Team, 

2012) using packages ‘plyr’,  ‘SIBER’, ‘SIAR’, ‘bootstrap’ and ‘ggplot’. 
 

3. Results 
 

3.1. Building tropho-functional groups 
 

 162 taxa were used to build the tropho-functional (TF) groups. The 

clustering analysis revealed three significant TF groups of taxa sharing similar 

association of biological traits (Fig. 38a). Detailed profiles can be retrieved from the 

Fig. 38b. The first TF group was characterized by carnivorous-omnivorous taxa 

with various capacity of mobility but receiving all supra benthic taxa. Exclusively 

free in the environment, they reworked sediment through biodiffusion. The second 
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one gathered surface or subsurface deposit feeders, which were almost all 

endobenthic with limited movement. Their reworking activity was represented by 

conveyors and surficial modifiers taxa. The last TF group was largely defined by 

epibenthic species with low or without movement capacity. They were filter-feeders 

or grazers and not involved in reworking processes.  
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Figure 38: Ordination of taxa and biological traits by fuzzy correspondence analysis. Distribution of taxa 
in clustered (a) tropho-functional (TF) group and (b) modalities of the four biological traits on the two 
first factorial plane of the analysis. Each modality was located at the weighted average of taxa positions 
which are representing this modality. 
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3.2. Food web structure 
 

3.2.1. Dead vs. live Crepidula bed comparison 
 

 Comparing dead and live Crepidula bed (Fig. 39), change in trophic niche 

position was only significant for beds (PERMANOVA, p < 0.05), season 

(PERMANOVA, p < 0.01) and TF group (PERMANOVA, p < 0.01) without any 

significant interactions. Beds differed due to higher δ15N values (11.9 ± 1.8 ‰) in a 

dead than in a live Crepidula bed (11.3 ± 1.7 ‰) (KW, p < 0.05). Season was 

different because of more depleted carbon values in summer (-19.4 ± 1.6 ‰) than in 

winter (-18.7 ± 1.5 ‰). Between TF groups, the TF group 1 was significantly 

different from group 2 and 3 (pairwise, all p < 0.01) but TF 2 and 3 did not differ. 

This difference was due to both higher carbon (-18.3 ± 1.5 ‰, -19.4 ± 1.5 ‰ and -

19.6 ± 1.5 ‰ for TF group 1, 2 and 3, respectively) and nitrogen values (13 ± 1.3 

‰, 10.9 ± 1.2 ‰ and 10.5 ± 1.5 ‰ for TF group 1, 2 and 3, respectively) in the TF 

1 (MW, all p < 0.001). 

 
Figure 39: Biplot of mean δ13C and δ15N values of taxa sampled in dead and live Crepidula beds in 
summer and winter. Isotopic data of the maerl bed were taken from Grall et al., (2006). Ellipses enclosed 
the standard ellipse areas built for each of the three tropho-functional (TF) groups and corrected for 
small sample size. 
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3.2.2. Dead vs. live Crepidula bed comparison 
 

 Comparing dead Crepidula bed and maerl bed in summer and autumn, 

respectively (Fig. 39), trophic niche position significantly differed between beds 

(PERMANOVA, p < 0.01) and TF groups (PERMANOVA, p < 0.01). The TF 

group 1 was significantly different from group 2 and 3 (pairwise, all p < 0.01) but 

TF 2 and 3 did not differ. Specifically, δ13C values (-19.2 ± 1.7 ‰ and -16.9 ± 1.5 

‰ for dead Crepidula and maerl bed, respectively) significantly differed between 

bed (KW, p < 0.001) whereas δ15N values (11.5 ± 1.9 ‰ and 11.6 ± 2.1 ‰ for dead 

Crepidula and maerl bed, respectively) did not changed. According to the difference 

between TF groups, δ15N values (13 ± 1.4 ‰, 10.6 ± 1.4 ‰ and 10.3 ± 1.6 ‰ for 

TF group 1, 2 and 3, respectively) significantly differed between TF group (KW, p 

< 0.001), with higher values of TF 1 than TF 2 and TF 3(MW, all p < 0.001). 

Assimilated carbon slightly but significantly changed with TF group as δ13C values 

(-17.9 ± 2 ‰, -18.8 ± 2.1 ‰ and -18.9 ± 1.8 ‰ for TF group 1, 2 and 3, 

respectively) differed significantly between TF group (KW, p < 0.05) but pairwise 

comparisons indicated that only TF 1 and TF 3 were different (MW, p < 0.05). 
 

3.3. Isotopic niche metrics 
 

3.3.1. Dead vs. live Crepidula bed comparison 
 

3.3.1.1. Community level 
 

 At the community level, no significant difference was observed in winter 

except for the mean NND with higher values in live Crepidula bed (Fig. 40e). In 

summer, all metrics showed significant higher values in dead than in live Crepidula 

bed (Fig. 40abcdf) except for the mean NND (Fig. 40e). 
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Figure 40: Comparison of six isotopic metrics calculated for the community in live (black) and dead 
(grey) Crepidula beds in winter and summer period, with 95 % confidence intervals based on Jackknife 
re-sampling estimations. Significant differences between beds were indicated with an asterisk. 

3.3.1.2. Tropho-functional group level 
 

 Overall, no significant differences were observed in winter, except for 

nitrogen range (Fig. 41a) and sdNND in TF group 1 (Fig. 41f). This group also 

exhibited the highest difference between Crepidula beds in summer. All metrics 

were significantly higher in the dead Crepidula than in the live one. Conversely, the 

second TF group only showed significantly higher carbon range in the dead 

compared to the live Crepidula bed (Fig. 41b). Metrics relative to the trophic 

diversity (SEAc, CD) did not differed whereas being higher in the dead than in the 

live Crepidula bed (Fig. 41cd). Alternatively, the TF group 3 showed significant 

higher values for NR, SEAc and CD in the dead Crepidula bed compared to the live 

one (Fig. 41acd). 



 
Figure 41: Comparisons of six isotopic metrics calculated for the three tropho-functional groups in live (black) and dead (grey) Crepidula beds, in winter and summer periods, with 
95 % confidence intervals based on Jackknife re-sampling estimations. Significant differences between beds were indicated with an asterisk. 
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3.3.2. Dead Crepidula bed vs. maerl comparison 
 

3.3.2.1. Community level 
 

 Comparing indices, only nitrogen and carbon range were significantly 

different between dead Crepidula and maerl bed, with higher value of nitrogen 

range in the maerl bed (Fig. 42a) but lower value of carbon range (Fig. 42b). 

 
Figure 42: Comparisons of six isotopic metrics calculated for the community in dead Crepidula bed 
(black) and maerl bed (grey), with 95 % confidence intervals based on Jackknife re-sampling 
estimations. Significant differences between beds were indicated with an asterisk. 
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4. Discussion 
 

 Understanding how ecosystem engineers, and especially invasive ones, 

affect ecosystem functioning requires the integration of trophic complexity assessed 

within and across trophic levels (Duffy et al., 2007). In this study, we used 

biological traits analysis to gather taxa of Crepidula bed in functional groups which 

focus on their trophic ecology (i.e., feeding mode, living habit, mobility and 

reworking activity) and are therefore called tropho-functional (TF) groups. We then 

quantified several aspects of the trophic niche on both TF and whole benthic 

community scales using isotopic metrics. Our objective was to investigate the 

effects of the invasive ecosystem engineer C. fornicata on the benthic trophic 

structure using two kinds of comparison. First, the biological effect of C. fornicata 

(i.e., organic enrichment) was deduced by comparing dead and live Crepidula beds. 

Second, its physical effect (i.e., habitat structuration) was assessed by comparing a 

dead Crepidula bed and a maerl bed, which is a local engineer species supporting a 

high diversity and a complex food web. 
 

4.1. Dead vs. live Crepidula bed comparison 
 

 By comparing dead and live Crepidula beds, we showed that the biological 

activity of the ecosystem engineer Crepidula fornicata impacts the trophic structure 

at community and tropho-functional group levels, depending on season. During 

summer, lower carbon and nitrogen ranges in live bed suggests a homogenization of 

the food web at the community level, with smaller food chain length (nitrogen 

range), smaller TF niche width (SEAc), lower trophic diversity (CD) and higher 

evenness (sdNND). We proposed that C. fornicata acts as an environmental filter 

that redirects large amounts of (re)suspended organic matter towards the sediment 

(Ehrhold et al., 1998; Shumway et al., 2014), thus modifying basal resources for the 

entire food web. This homogenization is likely linked to the input of allochthone 

food from the water column after the spring bloom (Chlorophyll a concentration of 

6.3 µg L-1 measured two months before the sampling date). In winter, the similarity 

observed between live and dead beds for all metrics and all TF is likely linked to 

the low metabolism and food availability. Indeed, invertebrate species showed 

minimal activity and a low secondary production during low temperature period 
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(Coma et al., 2000), and the absence of food supply from the water column 

probably lowered the filtering activity of C. fornicata.  

 The extent of change observed between dead and live Crepidula beds in 

summer varied according to the tropho-functional group. The largest effect was 

found for the first group which is mainly represented by vagile secondary 

consumers, living in and on the sediment (Fig. 43). In live bed, this group showed 

lower trophic diversity, higher redundancy and higher evenness than in a dead bed. 

Both direct and indirect effects of C. fornicata may have impaired the trophic niche 

of TF 1.  

 
Figure 43: Summary of tropho-functional groups considered in this study, schematized by a few 
illustrative species. Crepidula fornicata is figured out in red. 

It seems that the homogenization of the base of the food web and the primary 

consumers’ trophic niche has also been reflected to higher trophic levels. Such 

cascading homogenization affecting the whole food chain has already been 

demonstrated by changes in the basal resource following fish farming organic 

enrichment (Nordstrom and Bonsdorff, 2017). These authors observed a lower 

species richness in the group of secondary consumers but with no change in their 

proportion regarding the rest of the community, which was also the case in our 

study (Live and dead Crepidula beds exhibited 18 and 28 taxa in TF 1, representing 

41 % and 44 % of the community richness, respectively). However, the approach by 

Nordstrom and Bonsdorff (2017) was theoretical and did not highlight any change 

in the realized trophic niche of this functional group. Here, we went further in the 



CHAPITRE III : Interactions trophiques interspécifiques multi-échelles 

143 
 

description of the actual trophic web structure (i.e., realized niche), showing that 

modifications at the basis of the food web would also affect the trophic ecology of 

secondary consumers. Such cascading effect following toward higher trophic levels 

has also been demonstrated following green macroalgae accumulations on sandy 

beaches community (Quillien et al., 2016). A direct influence on TF 1 would be a 

sheltering effect of live stacks of C. fornicata. At high biomass, C. fornicata covers 

almost 100 % of the substrate and forms a thicker 3D structure than in dead bed. 

This potentially limits the access to certain type of prey for large epifaunal 

predators such as crustaceans. Such sheltering effect limiting predation has already 

been demonstrated for other habitat forming species such as mussel beds (Beekey et 

al., 2004; Stewart et al., 1999). Finally, the group TF 1 was also characterized by 

biodiffusive species (Fig. 8). Those species are key component in soft bottoms as 

their reworking activity largely contributes to the irrigation and oxygenation of the 

sediment (Kristensen, 2000; Volkenborn et al., 2007). Live Crepidula bed can 

encounter temporary hypo/anoxia events due to organic matter enrichment (Khalil 

et al., 2013; Martin et al., 2006; Thouzeau et al., 2011). Change in the trophic 

ecology of this TF group such as biodiffusive bioturbation, may affect ecosystem 

function such as organic matter recycling, leading to more anoxic sediment (Dauwe 

et al., 1998). 

 The second group (TF 2) was mostly composed with endofaunal deposit 

feeders with limited movement (Fig. 43). It should be specified that the number of 

taxa belonging to TF 2 was less than 20 in summer (9 vs. 15 taxa in live and dead 

Crepidula beds, respectively), which is the threshold recommended by 

Brind’Amour et Dubois (2013) for an accurate use of their isotopic metrics. 

Therefore, the interpretation of the metrics should be considered with caution. 

Nevertheless, we argue that our sampling effort was comparable between live and 

dead beds so less taxa in a community is expected to reflect natural community, and 

metrics can be applicable. Although non-significant, we observed a slightly lower 

trophic diversity in the live bed in summer, reflected by a lower carbon range. We 

explain this small homogenization effect by the fact that this group is composed by 

both surface and sub-surface deposit feeders. While species relying on surface 

organic matter would be directly impacted by live C. fornicata, it is likely that 

species feeding on organic matter below the surface would rely on organic matter 

which is already processed and homogeneous. Deposit feeders are often non-
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selective species, especially for ones living in the sediment with low movement 

capacity (Jumars et al., 2015). This may explain the similarity in terms of trophic 

redundancy and evenness between dead and live Crepidula beds. 

 The third group, composed with sessile/low mobile epifauna and a majority 

of filter-feeders and grazers (Fig. 43), showed a lower trophic diversity and niche 

width within live Crepidula bed in summer. It indicated that C. fornicata also 

impacts species that belongs to its TF group. Using both SIR and fatty acids trophic 

markers, it has been shown that re-suspended POM from the sediment-water 

interface contribute to the diet of C. fornicata and four co-occurring common filter-

feeders, showing that filter-filters can actually be impacted by biodeposition of C. 

fornicata (Androuin et al., article 4). While this study highlighted the diversity of 

trophic niche in winter and early spring before spring bloom, it is likely that the 

homogenization effect on basal resources by C. fornicata in summer affect the 

trophic diversity of this TF group. No effect on redundancy or evenness was found, 

which is likely due to the great ability of filter-feeders to be optimal foragers 

(Dubois and Colombo, 2014; Androuin et al., article 4). Using diverse sorting 

mechanisms, some species are able to select their food, hence maintaining a degree 

of specialization.  
 

4.2. Dead Crepidula bed vs. maerl bed comparison 
 

 When comparing a dead Crepidula bed with a maerl bed, which both are 

physical ecosystem engineers, no difference in the trophic structure was found. This 

means that both species exhibited complex food web and that the habitat 

structuration rather than the identity of the species may explain web structure. 

However, these two beds were likely different in their trophic functioning. The 

nitrogen range was significantly higher in the maerl bed whereas the carbon range 

was significantly higher in the dead Crepidula bed. Moreover, a clear 13C 

enrichment in the maerl bed community was noticeable compared to the dead 

Crepidula bed (~2 ‰). This can be attributed to the greater importance of benthic 

microalgae attached to the maerl thalli (Qui-Minet et al., 2018), since maërl bed is 

shallower than Crepidula bed and receives therefore a higher irradiance (Ní 

Longphuirt et al., 2007). The trophic importance of this microphytobenthos has 

already been suggested for this maerl bed (Grall et al., 2006). The higher trophic 
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role of this benthic food source in the maerl bed could lead to lower carbon range 

observed for the consumers.  
 

5. Conclusion  
 

 According to the trophic position hypothesis, invasive species may alter 

food web structures differently depending on their trophic position (Byrnes et al., 

2007; Thomsen et al., 2014). The increase of dominance of those species can lead to 

the homogenization of the ecosystem’s structure by reducing food-web complexity 

(Ozersky et al., 2012). In the same way, a large amount of organic matter provided 

by a source can lead to food web homogenization (Nordstrom and Bonsdorff, 2017, 

Quillien et al., 2016). In the case of Crepidula fornicata, its large dominance as 

well as its intense filtering activity and its low assimilation efficiency (Shumway et 

al., 2014) likely redirect a large amount of energy and material from the water 

column to the benthic compartment (Chauvaud et al., 2000; Ehrhold et al., 1998). 

The functional groups are impacted by this flux of organic matter differently 

according to their functional traits. Due to the cascading effect across trophic levels, 

secondary consumers were the most impacted, with lower trophic niche width, 

lower trophic diversity, higher redundancy and more trophic evenness. Conversely, 

endofauna, which relies on surface and subsurface organic matter, was less 

impacted due to the fact that their trophic requirements are usually already-

processed organic matter. Alternatively, filter-feeders and grazers, although having 

limited movement, were able to cope with the homogenization effect of C. fornicata 

thanks to their food sorting mechanisms. However, this effect is likely to be 

seasonal due high organic matter supply during spring bloom, since we did not see 

major changes during winter. Benthic coastal habitats play a key role in nursery 

function (Able, 2005; Beck et al., 2005; Kritzer et al., 2016). As suggested by 

Arbach Leloup et al. (2008), C. fornicata is a trophic dead-end and drastically limits 

energy transfer towards higher trophic levels. Through food web homogenization, 

the slipper limpet may affect the trophic niche of higher consumers not sampled in 

this study such as demersal fishes (Le Pape et al., 2004, Quillien et al., 2016).  

 As it is well recognized that maerl beds promote benthic invertebrate 

diversity and harbor complex food web structure (Grall, 2002; Grall et al., 2006), it 

is surprising that an invasive species, at a ‘dead’ state, exhibits similar food web 

complexity. These results showed that biogenic structure can shape food web 
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structure, whatever the identity of the ecosystem engineer, and suggest that habitat 

structuration of C. fornicata shells may limits the detrimental effect through organic 

enrichment of food web structure. Considering the population dynamic of C. 

fornicata in the bay of Brest and its recent decline, the effect of shell accumulations 

raised the question about the long term effect of dead Crepidula bed for the 

ecosystem functioning of the bay of Brest. 
 

6. Supplementary materials 
 

 
Supplementary Figure 44: Size frequency distribution of Crepidula fornicata in the four sampled stations. 

 

Supplementary Table 17: p-value from Kolmogorov-Smirnoff tests between pairs of the four sampled 
stations. 
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Supplementary Table 18: Crepidula biomass and Crepidula shell weight in the four sampled stations 
(mean ± SD g per 0.1m-2, n = 3). KW represents result from Kruskal-Wallis test. 

 

 

 

 

Station Crepidula biomass Crepidula shell weight

S1 626 ± 124 1307 ± 188
S2 300 ± 117 1377 ± 232
S3 28 ± 9 1628 ± 60
S4 4 ± 4 1387 ± 267

KW p  < 0.05 ns
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 L’objectif de cette thèse était d’approfondir les connaissances sur l’écologie 

trophique de l’espèce Crepidula fornicata et de déterminer si sa niche trophique 

pouvait contribuer au succès de cette espèce invasive en lui conférant un avantage 

par rapport aux autres suspensivores. Il s’agissait en particulier de quantifier 

l’importance trophique d’un compartiment négligé en milieu côtier subtidal : le 

microphytobenthos (MPB). En choisissant comme modèle la crépidule et l’habitat 

particulier qu’elle crée, nous voulions examiner les interactions potentielles avec ce 

MPB subtidal. Ce travail de thèse met donc en avant autant la qualité d’ingénieur de 

l’écosystème de la crépidule que son statut d’espèce invasive. Cette thèse était par 

ailleurs motivée par le fait que des données isotopiques préliminaires, obtenues 

pour la crépidule en rade de Brest, suggéraient une contribution potentiellement 

importante du MPB au régime alimentaire de cette espèce. La science n’étant pas 

avare en surprise, nous avons ensuite constaté que la présence insoupçonnée de 

carbonates dans le pied de la crépidule engendrait un biais analytique sur les 

mesures isotopiques et par conséquent une surestimation du rôle trophique du MPB. 

Utilisant une double approche d’expérimentation ex situ et de prélèvements in situ, 

ainsi que des outils complémentaires d’écologie trophique tels que l’imagerie 

hyper-spectrale, les acides gras, les pigments, les isotopes stables ou encore les 

traits biologiques des espèces, nous avons contribué à redéfinir la niche trophique 

de cette espèce et à mieux comprendre le fonctionnement de cet habitat. La 

synthèse de ces résultats, leur analyse critique ainsi que les perspectives de ce 

travail sont présentées dans cette dernière partie. 

I – Crépidule, carbonates et questionnements 

 Au cours du siècle dernier, certaines espèces, par leur place dans l’arbre du 

vivant ou par leur biologie, ont pris une place considérable en qualité de modèle 

biologique. C’est le cas de la crépidule, qui constitue un modèle pour l’étude du 

développement des Spiralia (Henry et al., 2016), des traits d’histoire de vie (Padilla 

et al., 2011), ou encore de l’hermaphrodisme successif (Broquet et al., 2015). En 

outre, par sa propension à proliférer, elle est devenue une espèce invasive 

emblématique, dont bon nombre d’impact associés ont été étudiés (Thielges et al., 

2003 ; Stiger-Pouvreau et Thouzeau, 2015). Le propre des modèles biologiques est 

néanmoins de regorger d’inconnues. Pour preuve, la mise au jour de la présence de 
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sphérules carbonatées dans les tissus de la crépidule a modifié le cheminement de 

cette thèse. 

Spécificités des tissus de crépidule 

 De l’ordre de 30 µm de diamètre, ces sphérules sont visibles à l’œil nu, 

semblent présentes dans tout l’organisme, et sont particulièrement abondantes dans 

le pied. Ces sphérules sont elles-mêmes constituées de plus petites billes d’environ 

1 µm de diamètre (Figure 45C et 45D). Une analyse au microscope électronique à 

balayage élémentaire a permis de mettre en évidence la composition chimique de 

ces sphérules. Elles sont composées de carbonates de calcium et de magnésium 

(Figure 45A-D). Le rapport entre ces deux éléments est de 0,2 (Figure 45E) et 

montre donc une nette dominance du magnésium. Cependant, le diffractogramme 

réalisé par rayons X semble lui ne pas détecter la minéralogie de ces sphérules 

(Figure 45F). Après plusieurs essais infructueux, il semble que les quantités 

analysées soient trop faibles comparées à la masse de tissu, ou que la minéralogie 

soit trop fine. 

 Cette présence de sphérules en abondance est d’autant plus inattendue 

qu’elle semble faire exception chez les gastéropodes marins. En effet, la rétention 

du calcium par les gastéropodes est bien connue en milieu terrestre pour faire face à 

la rareté de cet élément dans le milieu (Fournier et al., 1984 ; Kapur et Gibson, 

1968), ce qui n’est pas le cas en milieu marin. Quelques rares études ont montré la 

présence de sphérules carbonatées chez cinq espèces de gastéropode, mais elles sont 

situées plutôt dans la glande digestive (Mason et Nott, 1981 ; Nott et Nicolaidou, 

1989). L’hypothèse avancée dans ces études est la détoxification contre les métaux 

lourds, ce qui ne semble pas aberrant pour notre site d’étude lorsqu’on sait que la 

rade de Brest présente un des plus fort taux de métaux lourds des côtes françaises 

(Réseau d’Observation de la Contamination Chimique : 

https://wwz.ifremer.fr/lerpc/Activites-et-Missions/Surveillance/ROCCH). 

Cependant, le fait que nous observons ces sphérules dans les crépidules de plusieurs 

façades maritimes (rade de Brest, baie de Bourgneuf, baie du Mont Saint-Michel) 

ainsi que sur plusieurs photographies de C. fornicata provenant d’autres régions 

(publiées dans des articles scientifiques ; par ex : Schumway et al., 2014), nous 

laisse penser que la détoxification n’est pas la cause première.   
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Figure 45 : Microscopie électronique à balayage élémentaire à l’échelle du tissu (A-B) et à l’échelle d’une 

sphérule (C-D). Spectre élémentaire montrant la composition atomique des sphérules (E). 
Diffractogramme à rayon X pour analyser la cristallographie des sphérules (F). 

Nous avons plutôt attribué la présence de ces sphérules au comportement grégaire 

de l’espèce et à son changement de mobilité ontogénique. Une étude antérieure sur 

une autre espèce de crépidule (Crepidula fecunda) a montré un changement 

histologique dans le pied (Chapparo et al., 1998). Parallèlement au changement de 

mobilité se développait un nouveau type de mucocyte dans le pied des individus 

analysés. Plus intéressant encore, les auteurs font mention d’une masse granulaire à 

l’intérieur de ces cellules. Sachant que le calcium est un produit impliqué dans la 

production de mucus (Rao et Golbert, 1968), et que la crépidule produit de fortes 
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quantités de mucus pour se nourrir et pour se fixer, l’hypothèse la plus probable est 

que ces sphérules résultent de son mode de vie et sa production de mucus. Enfin, 

nous avons aussi mis en évidence que la production de mucus au niveau du pied de 

cette espèce avait un effet sur la coquille support, qui se matérialise par un dépôt de 

calcaire nettement visible au niveau de l’empreinte du pied. Il est clair que la 

présence de ces carbonates pose question et mérite de plus amples investigations. 

Etant constituées de calcium mais également de magnésium, ces sphérules sont-

elles bien liées à la synthèse de mucus ? Si oui, est-ce un simple déchet du 

métabolisme ? Ont-elles aussi un rôle dans la détoxification ou la production 

coquillère ? Une autre question qui vient à l’idée est : si le mode de vie particulier 

de la crépidule explique en partie la présence de ces sphérules, sont-elles présentes 

chez des espèces qui adoptent un comportement similaire ? Pour l’avoir observé sur 

des coupes histologiques, il semble que Calyptraea chinensis (espèce de la même 

famille que la crépidule) possède elle aussi des sphérules, alors que la patelle 

Patella vulgata en est dépourvue.  

 Cela nous amène à la conclusion méthodologique de ce chapitre, c’est-à-dire 

notre mise en garde concernant la préparation des échantillons de tissus en vue 

d’analyses isotopiques. La dissection reste une étape importante qui doit se faire 

avec une connaissance suffisante de l’histologie des organismes étudiés. Il est 

recommandé d’effectuer de simples tests préalables, tel que le « champagne test » 

(c-à-d l’apparition d’une effervescence dans une solution d’acide chlorhydrique) 

préconisé par Schlacher et Connelly (2014), pour éviter la contamination 

d’échantillons par des carbonates. Qu’ils soient associés au calcium ou au 

magnésium, les carbonates proviennent du carbone inorganique dissout du milieu 

environnant et n’ont donc aucun lien avec la nourriture de la crépidule (Schlacher et 

Connelly, 2014). La valeur de δ13C des carbonates étant proche de 0 ‰ (Sackett et 

Moore, 1966), même une légère fraction biaise considérablement le δ13C du tissus, 

un des traceurs de matière organique les plus utilisés en écologie trophique 

(McCutchan et al., 2003, encadré méthode n°2). Dans le cas de la crépidule, la 

différence entre un échantillon avec et sans carbonates intra-tissulaire est en 

moyenne de 2 ‰ pour des individus adultes. La plupart des études publiées ayant 

utilisé le δ13C de la crépidule se base sur des individus adultes et ne mentionne pas 

que ces carbonates ont été retirés ; c’est pourquoi l’hypothèse de l’assimilation 
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d’une source enrichie en 13C, comme le microphytobenthos, par la crépidule s’est 

posée. 

Implications pour le cheminement de la thèse 

 La mise au jour de ces sphérules, et du biais qu’elles engendrent en termes 

d’analyse isotopique a donc nécessité un recadrage partiel de la thèse, modifiant 

notre hypothèse de départ sur l’assimilation du MPB par la crépidule. En effet, 

l’idée selon laquelle un organisme est enrichi en 13C est liée à une source qui serait 

elle aussi enrichie en cet isotope lourd. En milieu côtier, où les processus 

isotopiques régissant les signatures de la matière organique et des producteurs 

primaires sont bien connus (Fry, 2006), un enrichissement en 13C pour un 

organisme filtreur est souvent associé à l’assimilation de microalgues benthiques 

(France, 1995 ; Miller et al., 1996 ; Riera et Richard, 1996). La signature de la 

crépidule plus enrichie que celle des autres suspensivores, à l’exception de certains 

bivalves tels que la coquille Saint-Jacques (Richard, 2005), est justement ce qui a 

motivé ce travail de thèse. Sachant que des crépidules intertidales dont le régime 

alimentaire était constitué en partie de diatomées benthiques montraient le même 

enrichissement en 13C, il était donc probable que les crépidules subtidales assimilent 

également du MPB. Ceci s’ajoute à des études récentes qui montrent ou suggèrent 

une contribution sous-estimée du MPB pour le fonctionnement des réseaux 

trophiques subtidaux (Evrard et al., 2010 ; 2012 ; Grall et al., 2006 ; Rigolet et al., 

2014). Enfin, les travaux réalisés en rade de Brest sur ce compartiment 

microphytobenthique offraient une base de travail intéressante. Le biais isotopique 

associé à ces carbonates correspond à environ 2 ‰ pour des individus adultes 

couramment échantillonnés (longueur droite ~30 mm). Une fois corrigée, la 

signature de la crépidule la replace parmi de nombreuses espèces de suspensivores 

se nourrissant a priori principalement du phytoplancton de la colonne d’eau 

(Decottignies et al., 2007a) et la fait apparaître à nouveau comme un compétiteur 

potentiel vis-à-vis de ces autres suspensivores. La proportion de microphytobenthos 

dans le régime alimentaire de la crépidule devenait donc a priori beaucoup moins 

importante. En corrigeant les valeurs isotopiques des données de la figure 6 

(introduction), les crépidules ont désormais des valeurs de δ13C plus proches de 

celle de la MOP, ce qui suggère en effet une contribution moins importante du MPB 
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dans leur régime alimentaire (Figure 46). Seules deux études n’ont pas été corrigés 

car les échantillons avaient fait l’objet d’une acidification, et présentaient donc des 

valeurs correctes. Cet artefact pris en compte, il convenait donc de redéfinir la niche 

de cette espèce, ainsi que son lien présumé avec le MPB subtidal. 

 
Figure 46 : Valeurs isotopiques de δ13C et δ15N de Crepidula fornicata et deux sources potentielles de 
matière organique (matière organique particulaire (MOP) et microphytobenthos (MPB)) issues de la 
littérature. 1 : Grall et al., 2006 ; 2 : Riera et al., 2002 ; 3 : Riera, 2007 ; 4 : Dubois et al., 2014 ; 5 : 
Sauriau et al., 2002 ; 6 : Decottignies et al., 2007a ; 7 : Lefebvre et al., 2009 ; 8 : Richard, 2005 ; 9 : 
Guérin, 2004. Pour les références 1, 2, 5, 6, 7, 8, 9, une correction a été appliquée à l’aide du modèle 

proposé dans le chapitre 2 sur les données obtenues sans acidification. 

II – Écologie trophique associée aux bancs de crépidules 

Analyse expérimentale de la stimulation du 

microphytobenthos subtidal 

 Le MPB rassemble l’ensemble des microorganismes photosynthétiques qui 

se développent à la surface d’un substrat. Il est étroitement associé à des bactéries et 

des protistes hétérotrophes, le tout étant englobé dans une matrice 

d’exopolysaccharides (EPS). Tout ce microcosme compose le biofilm. Le chapitre 1 

de cette thèse visait à comprendre comment la crépidule, ingénieur de son 
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écosystème, influait sur le MPB en milieu subtidal. L’objectif était de découpler 

l’effet autogénique (physique) et l’effet allogénique (biologique) de la crépidule. 

L’hypothèse de ce travail était que l’activité biologique de la crépidule, par 

l’intermédiaire d’une augmentation des flux de nutriments à l’interface eau-

sédiment, conduisait à une augmentation de la croissance du MPB.  

 Pour tester cette hypothèse de fertilisation, une expérience en milieu 

contrôlé a été mise en place. Du sédiment collecté in situ, tamisé et homogénéisé a 

servi de substrat pour chaque mésocosme, et un banc miniature de crépidules 

(mortes ou vivantes) a été recréé au centre de chacun d’entre eux. La biomasse de 

MPB dans chaque mésocosme a été mesurée à 7 occasions durant les 10 jours 

d’expérimentation à l’aide d’une caméra hyper-spectrale. Des prélèvements de 

sédiment ont été réalisés à t0 et tfinal pour quantifier les carbohydrates, les protéines 

et les bactéries hétérotrophes du sédiment. Dans une première partie, la 

comparaison entre un sédiment témoin, un banc mort et un banc vivant de crépidule 

a permis de montrer un effet physique sur la stimulation du MPB du sédiment à 

l’intérieur du banc de crépidule (control vs. banc mort). Cet effet était néanmoins 

deux fois moins important que l’effet biologique de la crépidule seul (banc mort vs. 

banc vivant). Nous n’avons pas noté de synergie entre les effets physique et 

biologique de la crépidule (control vs. banc vivant). Dans une seconde partie, 

l’étendue spatiale de l’effet biologique a été évaluée en comparant un banc mort et 

un banc vivant sur trois zones d’intérêts (la surface des coquilles de crépidule, 

l’intérieur et l’extérieur du banc). Cette partie a mis en évidence un effet plus fort 

de l’activité biologique de la crépidule sur les coquilles, un effet nul à l’extérieur du 

banc, et un effet intermédiaire au sein du banc. Compte tenu de la stimulation plus 

forte sur les coquilles, et de la distribution du MPB autour des chaînes de 

crépidules, nous avons suggéré que la source de stimulation était probablement 

davantage liée à l’excrétion dissoute (ammonium) des crépidules plutôt qu’à 

l’excrétion particulaire (biodéposition). L’origine de la stimulation (dissoute vs. 

particulaire) et l’importance relative de ces deux processus est susceptible de varier 

en fonction de l’échelle de temps considérée. En effet,  les crépidules n’ont pas été 

nourries pendant les 10 jours de notre expérimentation et n’ont donc produit des 

biodépots que durant les 2-3 premiers jours. Il est donc probable que l’apport de 

nutriments lié à la reminéralisation des biodépots soit sous-estimé sur une échelle 

de temps si courte. Il est également important de noter que d’autres processus sont 
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susceptibles d’influencer le MPB à proximité des chaînes de crépidule tels que la 

bioturbation des individus sur la chaîne ou encore la production de mucus associée 

à la filtration. Enfin, l’analyse des carbohydrates, protéines et bactéries 

hétérotrophes n’a pas montré de différence entre les traitements. Ceci peut 

s’expliquer par la technique d’échantillonnage. Alors que l’imagerie hyper-spectrale 

échantillonne les 300 premiers µm du sédiment, les carottages effectués pour les 3 

paramètres l’ont été sur 1 cm de profondeur. Il est donc vraisemblable qu’un 

éventuel effet de la crépidule sur un ou plusieurs de ces 3 paramètres limité à la 

surface du sédiment ait pu être dilué par la quantité de sédiment échantillonnée. 

 Dans ce chapitre, nous avons donc montré que la crépidule pouvait stimuler 

le MPB subtidal, avec un effet biologique plus fort que l’effet physique seul. De 

plus, nous avons mis en évidence plusieurs indices suggérant l’importance de 

l’excrétion dissoute dans ce processus de fertilisation à l’échelle de notre 

expérimentation.  

Quantification in situ du microphytobenthos subtidal 

 Dans le but de confirmer nos résultats expérimentaux, un suivi in situ a été 

réalisé au printemps (février - avril) pour quantifier la biomasse et la composition 

de la matière organique particulaire (MOP) sur un banc de crépidules vivantes. 

Trois marqueurs ont été utilisés (pigments, isotopes stables et acides gras) sur trois 

compartiments : le biofilm présent sur les chaînes de crépidules vivantes, le 

sédiment de surface pouvant être remis en suspension, et la colonne d’eau au-dessus 

du banc de crépidules. Ces résultats sont présentés dans l´article 3 de cette thèse.  

 L’utilisation conjointe des trois biomarqueurs a permis de bien discriminer 

ces 3 sources de MOP. Les faibles valeurs de δ13C (- 25 ‰) indiquent que la MOP 

pélagique est influencée par les apports de l’Elorn. En effet, la signature moyenne 

de la MOP marine de la rade est de -22.3 ± 1.2 ‰ et celle de la MOP de l’Elorn en 

amont est de 27.5 ± 1.2 ‰. Les biomasses de chlorophylle a mesurées sur notre site 

d’étude sont étonnamment élevées (5-18 µg L-1) comparé avec la MOP marine en 

période de bloom (4-6 µg L-1) et suggèrent un apport de nutriment élevé par ce 

fleuve. La MOP re-suspendue est composée de matière organique de diverses 

origines. La présence de pheopigments, de bactéries et de traces de plantes 

vasculaires suggère une quantité importante de matière détritique. Cependant, les 
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forts ratios d’acides gras (AG) polyinsaturés sur saturés indiquent que cette matière 

organique possède une bonne qualité nutritive, avec la présence notable d’AG 

biomarqueurs de diatomées. Bien que les biomasses de chlorophylle a y soit faibles 

(1-2 mg m-2), la concentration de fucoxanthine est plus élevée (2-8 mg m-2) et le 

ratio fucoxanthine sur chlorophylle a indique une nette dominance de diatomées 

composant la communauté comparé à la MOP de la colonne d’eau et au biofilm. 

Ces forts taux de fucoxanthine, laquelle est connue pour être un pigment absorbant 

les faibles longueurs d’ondes, indiquent également une forte photo-acclimatation de 

ces diatomées, ce qui est justifié par l’intensité lumineuse très faible relevée sur la 

zone (0.01 % de la lumière incidente). Enfin, le biofilm montre une signature très 

spécifique, que ce soit en termes d’AG, d’isotopes et de pigments. En effet, les 

marqueurs lipidiques indiquent une très forte concentration d’AG saturés 

(spécifiquement 16:0 et 18:0). Les AG et les pigments indiquent une communauté 

photosynthétique également présente en forte concentration, appartenant aux algues 

vertes en majorité et aux diatomées. Enfin, le biofilm se différencie aussi par un fort 

enrichissement en 15N, supérieur de 2,5 ‰ par rapport aux deux autres 

compartiments. 

 Ces résultats montrent que le MPB est bien présent sur un banc de 

crépidules vivantes, avec une forte photo-acclimatation dans cet habitat turbide. Les 

fortes valeurs de MPB à la surface des coquilles de crépidule comparées au 

sédiment adjacent confirment nos résultats expérimentaux, à savoir une meilleure 

croissance du MPB sur les coquilles de crépidules vivantes. Ceci peut être relié aux 

fortes valeurs de δ15N mesurées sur les coquilles, qui suggèrent que le MPB pourrait 

assimiler une source d’azote spécifique provenant de l’activité biologique de la 

crépidule (par exemple les produits d’excrétion dissouts). Une fois l’environnement 

trophique de la crépidule caractérisé, il s’agissait de déterminer la contribution du 

MPB et des autres sources de matière organique au régime de cette espèce.  

Relations trophiques intraspécifiques chez la crépidule 

 Comme détaillé en introduction, la crépidule est une espèce au mode de vie 

particulier, dont les traits d’histoire de vie diffèrent de ceux de la majorité des 

espèces d’invertébrés benthiques. Au cours de la vie de la crépidule, un changement 

de sexe s’effectue parallèlement à un changement de mobilité : les jeunes mâles 
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mobiles se sédentarisant devenant des mâles sessiles puis des femelles sessiles. 

Sans capacité de déplacement, les adultes sessiles filtrent l’eau pour se nourrir. A 

l’inverse, les individus mobiles sur un substrat - à l’image de la majorité des 

gastéropodes consommateurs primaires - peuvent potentiellement brouter le substrat 

tout en maintenant une capacité de filtration. Ce comportement a été mis en 

évidence chez C. fecunda, autre espèce de crépidule présentant les mêmes 

changements ontogéniques (Navarro et Chaparro, 2002). Comprendre la 

ségrégation de niche chez la crépidule entre les différents stades ontogéniques 

semblait pertinent au regard du grégarisme et des fortes biomasses de l’espèce dans 

les habitats colonisés (jusqu’à 6 kg m-², en poids frais). Par ailleurs, suite aux 

résultats du chapitre 2, il était important de reconsidérer la niche des adultes, dont 

les mesures isotopiques passées avaient pu conduire à des interprétations biaisées. 

L’hypothèse testée dans le chapitre 3 porte ainsi sur les changements ontogéniques 

de la crépidule et leur conséquences sur une différenciation du régime trophique des 

individus mâles et mobiles capables de brouter le substrat et des individus sessiles 

filtrant la MOP en suspension. 

 La double approche isotopes – AG a été conclusive dans ce chapitre. Alors 

que les isotopes n’ont pas permis de mettre en évidence un changement de régime 

trophique pour des raisons liées à la physiologie des stades étudiés (c-à-d., 

différence d’incorporation et de fractionnement en fonction du taux de croissance), 

ils ont tout de même permis de montrer une plus grande variabilité des sources 

assimilées pour le stade mâle mobile que pour les stades sessiles (mâle ou femelle). 

Cette niche trophique élargie chez les individus jeunes est interprétée comme le 

résultat d’une diversité de sources plus importante, que l’on peut expliquer par la 

mobilité de ces individus. Les AG montrent une plus grande différenciation entre 

les stades ontogéniques. En plus d’une variabilité inter-individus plus élevée, on 

observe également une plus grande variabilité temporelle entre les stades qu’avec 

les isotopes. Parmi les trois stades, les mâles mobiles montrent la plus grande 

variabilité, les femelles sessiles la plus petite et les mâles sessiles une variabilité 

intermédiaire. Cette variabilité traduit d’importants changements physiologiques 

d’allocations des ressources. Alors que les jeunes mâles encore immatures utilisent 

la majorité de leur réserve pour la croissance somatique et pour leur déplacement, 

les mâles adultes partagent leurs ressources entre la fabrication de gamètes et la 

croissance somatique. Les femelles adultes accordent une part importante de leur 
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réserve à la gamétogenèse, au développement des embryons et à leur incubation. 

Malgré ces variations liées à des mécanismes physiologiques, il reste possible de 

tirer des conclusions sur le régime trophique sachant que les lipides neutres sont 

représentatifs de la nourriture assimilée, et que les compositions en AG des sources 

de matière organique potentiellement assimilées ont été mesurées. Les individus 

sessiles, mâle et femelles, montre un régime trophique basé sur de la matière 

organique particulaire du sédiment remise en suspension. Au sein de ce pool 

composé à la fois de détritus, de bactéries mais également de diatomées, la 

crépidule apparait comme un filtreur opportuniste assimilant du matériel détritique, 

des bactéries, des diatomées et des flagellés. Les individus mâles et mobiles 

montrent un découplage temporel dans leur composition en AG. La contribution 

majoritaire d’AG saturés explique la singularité des deux premières dates 

d’échantillonnage. Ce type d’AG est souvent considéré comme une source peu 

nutritive mais à forte valeur énergétique, et peut refléter un régime alimentaire de 

faible qualité. Cependant, les sources échantillonnées, et notamment le biofilm, 

montrent les plus fortes concentrations d’AG et une composition faite notamment 

d’AG saturés. Les individus mobiles ont accès à cette ressource et il est donc 

probable qu’ils assimilent du biofilm en broutant le substrat. Pour les deux dernières 

dates, on note une augmentation de la contribution des AG polyinsaturés au régime 

alimentaire des jeunes mâles. Celle-ci peut être liée à l’augmentation de la 

contribution en PUFA dans les ressources consommées, à une accumulation avec le 

développement sexuel, ou à un à régime trophique utilisant le broutage et la 

filtration, en lien avec la diversification des sources de nourriture.  

 Ce chapitre a donc permis de mettre en évidence le broutage potentiel des 

jeunes mâles mobiles sur un biofilm présent sur le dos des adultes, avec une 

intensité plus marquée en hiver. Deuxièmement, il a permis de reconsidérer la niche 

trophique de la crépidule adulte, ainsi qualifiée d’opportuniste car elle assimile 

majoritairement de la matière organique particulaire benthique remise en 

suspension constituée de bactéries, de diatomées et de flagellés. La caractérisation 

des interactions trophiques de la crépidule avec ses compétiteurs potentiels au sein 

de son habitat devient dès lors possible. 
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Relations trophiques interspécifiques au sein des 

suspensivores 

 La diversité au sein d’un mode trophique est appelée diversité horizontale, 

par opposition à la diversité verticale qui s’intéresse à la diversité entre les niveaux 

trophiques. Comme l’a montré le chapitre 4, les modes de vie et d’alimentation des 

organismes suspensivores sont très variés. En effet, les 5 espèces étudiées possèdent 

chacune une niche trophique distincte (Figure 47). Encore une fois, il est intéressant 

de noter que l’utilisation conjointe de deux marqueurs trophiques (isotopes et acides 

gras) a permis de mettre en évidence le non-recoupement des niches trophiques : 

alors que les isotopes et les acides gras permettent de discriminer respectivement 3 

ou 4 niches trophiques lorsqu’ils sont considérés indépendamment, l’utilisation 

conjointe des deux marqueurs a révélé en réalité 5 niches trophiques distinctes. En 

nous intéressant aux traits biologiques des espèces spécifiquement impliqués dans 

leur niche trophique (habitat privilégié, capacité de rétention, organes de sélection, 

capacité de déplacement sur le fond), il s’est avéré que ces traits expliquaient de 

manière cohérente ce que l’on pouvait déduire des marqueurs trophiques.  

 
Figure 47 : Habitat à crépidules illustrant les espèces de suspensivores étudiés. 
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 En effet, les espèces avec les plus fortes capacités de sélection montrent les 

plus faibles variations temporelles et les niches trophiques les plus étroites, comme 

cela a pu être montré pour d’autres assemblages de suspensivores (Dubois et 

Colombo, 2014). C’est le cas du pétoncle noir, Chlamys varia, qui est non 

seulement capable de sélectionner sa nourriture mais aussi son micro-habitat. Cette 

sélection se reflète par un régime trophique riche en AG polyinsaturés basé sur des 

diatomées et des résidus de macroalgues vertes. Comparativement, l’huître plate, 

Ostrea edulis, présente également un fort taux d’AG polyinsaturés mais une plus 

grande variation inter-individuelle et une contribution moins élevée d’AG 

biomarqueurs de macroalgues vertes et de diatomées. Ceci s’explique par son 

incapacité à se mouvoir et à sélectionner un micro-habitat. Une huître peut par 

exemple être partiellement enfouie dans le sédiment sans pouvoir modifier cette 

position. De plus, ces organes de sélection ne permettent pas de sélection des 

particules de grandes tailles, tels que des fragments de macroalgues qui sont écartés 

lors d’un tri pré-ingestif (Beninger et al., 2004 ; Cognie et al., 2001). C. varia et O. 

edulis ont par ailleurs des signatures isotopiques très proches qui suggèrent une 

alimentation constituée essentiellement de matière organique du sédiment remise en 

suspension.  En ce qui concerne les deux espèces de Calyptraeidae, Crepidula 

fornicata et Calyptraea chinensis, les AG indiquent une nourriture globalement 

similaire basée sur des bactéries, des diatomées et des flagellés. En lien avec le 

compartiment bactérien, ces deux espèces montrent des rapports entre AG 

polyinsaturés et AG saturés plus faibles que les autres espèces, indiquant une 

nourriture de moins bonne qualité. Ceci s’explique par leur proximité avec 

l’interface eau-sédiment et par leur capacité de mobilité, nulle pour la crépidule et 

faible pour C. chinensis. De plus, ces espèces n’ont pas ou très peu de capacité de 

sélection des particules ; elles sont donc opportunistes et assimilent ce qui est à leur 

portée. Néanmoins, C. chinensis se différencie par un net appauvrissement en 15N 

comparé à la crépidule (de près de 4 ‰), ce qui dépasse les valeurs attendues pour 

un niveau trophique. Encore une fois, cela peut s’expliquer par le micro-habitat de 

cette espèce. En effet, C. chinensis affectionne l’intérieur des coquilles mortes de C. 

fornicata qui est très peu exposé à l’hydrodynamisme. Les individus sont donc 

proches de la couche limite de fond, où des conditions biogéochimiques 

particulières peuvent exister. En effet, les crépidules modifient les flux 

biogéochimiques à l’interface eau-sédiment, modifient et stimulent la respiration 
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des microorganismes et favorisent l’anoxie du sédiment. Dans ces conditions, il est 

probable que des bactéries dénitrifiantes, connues pour appauvrir le sédiment en 
15N, puisse participer à la source d’azote assimilée par C. chinensis. Pour finir, le 

cirripède Austrominius modestus est un crustacé sessile qui vit également de 

manière associée aux crépidules dans cet habitat (c-à-d., fixé sur la face convexe 

des coquilles, exposée au courant). Cette espèce montre une forte variabilité 

temporelle, passant de l’omnivorie en hiver avec une forte contribution de matériel 

détritique, à un régime composé de diatomées au début du printemps. Ceci 

s’explique par des organes d’alimentation incapables de sélection et de tri : son 

régime alimentaire reflète donc ce qui est disponible dans son environnement. Ses 

valeurs enrichies en 13C et en 15N semblent corrélées à l’omnivorie de cette espèce. 

 Une conclusion majeure de ce chapitre est que la crépidule n’est pas un 

compétiteur potentiel pour les autres espèces suspensivores représentatives de cet 

habitat. Au contraire, les sources de matières organiques disponibles permettent une 

forte diversification des régimes trophiques, potentiellement sous l’influence de la 

crépidule. Ce qui est vrai à l’échelle d’un groupe trophique ne l’est pas toujours à 

l’échelle d’une communauté benthique entière. L’étape suivante était donc 

d’analyser la structure du réseau trophique associé aux crépidules à l’échelle de la 

communauté, prenant en compte les autres consommateurs primaires (brouteurs, 

déposivores de surface et de sub-surface) et les consommateurs secondaires 

(carnivores, omnivores, nécrophages). 

Relations trophiques interspécifiques au sein de la 

communauté 

 Les différences observées entre les niches trophiques de la crépidule et 

celles des principales espèces de suspensivores associées invitent à l’examen de 

l’ensemble du réseau trophique. Les fortes biomasses de crépidules induisent une 

biodéposition importante, ce qui enrichit le milieu en matière organique et qui peut 

être à l’origine d’une simplification du réseau trophique. De plus, la présence de 

coquilles, qui persistent après la mort des individus, est également susceptible de 

modifier la structure du réseau trophique. Ces questions sont abordées dans le 

chapitre 5. 
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 L’effet biologique de la crépidule sur le réseau trophique a été étudié en 

comparant un banc mort de crépidules (effet autogénique) à un banc vivant (effet 

auto et allogénique). Un échantillonnage exhaustif de la communauté associée à ces 

deux types de bancs a été réalisé. Deux saisons contrastées en termes d’apport de 

matière organique par la colonne d’eau ont été choisi, hiver (faible) et été (fort). 

Des indices calculés sur la base des signatures isotopiques des espèces présentes ont 

permis de quantifier certains aspects de la structure du réseau trophique (étendue, 

diversité, redondance et régularité trophique au sein de la niche). Pour comprendre 

l’effet de la crépidule à différents niveaux dans le réseau trophique, les espèces ont 

été regroupées en fonction de traits fonctionnels se rapportant à leur écologie 

trophique (mode trophique, habitat privilégié, mobilité, bioturbation). Les indices 

ont donc été calculés à deux niveaux : communauté et groupe tropho-fonctionnel. 

L’analyse à l’échelle de la communauté a montré une influence de la crépidule 

vivante en été seulement. Les résultats indiquent que la diversité et la taille de la 

niche trophique de la communauté diminue en présence de crépidules vivantes, 

alors que la régularité augmente. Ces résultats suggèrent que la crépidule agit 

comme un filtre environnemental sur le fonctionnement trophique de son habitat. 

Lors d’une période de fort apport en matière organique allochtone (ex : 

efflorescence printanière), la crépidule intensifie le couplage bentho-pelagique, ce 

qui tend à enrichir l’habitat en matière organique. Ceci tend à homogénéiser les 

sources à la base du réseau trophique. L’effet de cette homogénéisation est 

néanmoins variable selon les 3 groupes tropho-fonctionnels définis. Le groupe 

composé par les consommateurs primaires endogés, définit par des capacités de 

mouvements limitées et se nourrissant de matière organique sur/dans le sédiment 

sont peu impactés par l’effet de la crépidule. Ceci s’explique par leur nourriture qui 

se compose d’une matière qui a déjà subi des processus de reminéralisation et qui 

montre donc moins de variation temporelle. Les suspensivores et les brouteurs qui 

composent le deuxième groupe, ont peu/pas de capacités de mouvement et 

appartiennent à l’épifaune. Ce groupe est affecté dans une moindre mesure car il 

présente une taille de niche et une diversité trophique moins importante sur un banc 

vivant de crépidules, mais pas de différence de redondance avec un banc mort. 

L’impact de la crépidule sur ce groupe est atténué grâce aux capacités de sélection 

et de tri de ce groupe d’espèce. Enfin, le dernier groupe tropho-fonctionnel 

regroupe les consommateurs secondaires, libres et mobiles. Ce groupe est plus 
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affecté par la modification à la base du réseau trophique. L’effet cascade le long de 

la chaîne trophique entraine une diminution de la taille de la niche de ce groupe, 

une diminution de la diversité et une augmentation de la redondance. 

 La seconde comparaison de ce chapitre, entre un banc de maërl et un banc 

de crépidules mortes, visait à comprendre l’effet physique spécifique d’une espèce 

ingénieur sur la structure du réseau trophique. En effet, les coquilles de crépidule 

ainsi que le maërl sont considérés comme des ingénieurs autogéniques de 

l’écosystème. Pour le maërl, les données proviennent de la littérature et en 

particulier d’une étude menée en rade de Brest, avec toutefois un effort 

d’échantillonnage moins important (Grall et al., 2006) ; c’est pourquoi seule 

l’analyse à l’échelle de la communauté a été réalisée. Les résultats ne montrent pas 

de différence en termes de taille de niche, de diversité ou encore de redondance 

trophique. Bien que similaire d’un point de vue structure, le fonctionnement semble 

différent. En effet, les sources d’azote et de carbone sont significativement 

différentes entre les deux types de bancs, avec plus de diversité dans les sources de 

carbone pour le banc de crépidules mortes et plus de diversité dans les sources 

d’azote pour le banc de maerl. 

 Par cette double comparaison, ce chapitre a montré que la crépidule tendait à 

homogénéiser le réseau trophique lorsque les apports en matière organique 

allochtone sont important (ex : efflorescence printanière). L’effet est néanmoins 

différent selon le groupe trophique des espèces, avec un effet particulièrement fort 

pour les consommateurs secondaires. D’autres part, nous avons montré que bien 

que différent en terme de fonctionnement, un banc de crépidule mort montre une 

structure de réseau trophique aussi complexe que celle d’un banc de maërl, 

démontrant l’effet structurant de la crépidule même en phase de déclin. 

III – Le MPB subtidal : un jardin encore secret  

Des conditions du milieu particulières 

« Réalisme » de l’approche expérimentale 
 

 Dans le chapitre 1 de cette thèse, nous souhaitions démontrer 

expérimentalement comment la crépidule, en tant qu’ingénieur de l’écosystème, 

pouvait stimuler la croissance des producteurs primaires benthiques 
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microscopiques, notamment le microphytobenthos (MPB). L’intérêt de l’approche 

expérimentale ex situ réside dans le contrôle d’un ou de plusieurs facteurs de 

manière à quantifier leur importance relative ainsi que les relations qui les lient (ex : 

synergie, inhibition). Il est néanmoins important de considérer le potentiel effet des 

facteurs non pris en compte. Lors de notre expérience, les paramètres abiotiques de 

température, lumière et hydrodynamisme n’ont pas varié. La température et la 

lumière reproduisaient des conditions hivernales retrouvées en rade de Brest sur 

notre site de suivi (estuaire de l’Elorn) et étaient donc potentiellement limitantes 

pour le MPB. Une température froide, en agissant sur le métabolisme, tend à 

ralentir la croissance des microalgues (Bernard et Rémond, 2012). La lumière est un 

élément particulièrement critique pour les organismes photosynthétiques, tant en 

quantité qu’en qualité. En travaillant sur un habitat subtidal, il était nécessaire de 

prendre en compte une lumière réaliste pour le développement du MPB. Nous 

avons donc mis en place un éclairage reproduisant l’intensité et le spectre lumineux 

qui caractérise notre site d’étude à 10 m de profondeur. Pour une raison technique, 

il s’est avéré qu’une plage de longueur d’onde autour de 480 nm était quasi absente 

du spectre fournit par l’éclairage (Supplementary Figure 17). Néanmoins, cela ne 

semble pas avoir influencé nos résultats pour deux raisons. La première est que les 

pics d’absorption des pigments majoritaires étaient présents sur le spectre pour la 

profondeur donnée (fucoxanthine : 450-60 nm, chlorophylle a : 665-675 nm). 

Deuxièmement, la plage de longueur d’onde située autour de 480 nm ne correspond 

pas à un pic d’absorbance pour le MPB intertidal (Méléder, 2003). 

L’hydrodynamisme est un facteur primordial, car il contribue à déstructurer le 

biofilm à l’interface eau-sédiment. Bien que le milieu subtidal soit considéré 

comme plus stable et moins stressant d’un point de vue abiotique que le milieu 

intertidal (Little et al., 2009 ; Moran, 1999), les forts courants de marée dans la rade 

de Brest entrainent une remise en suspension des fonds meubles à chaque marée 

(Beudin, 2014).  

 Pour ce qui est des facteurs biotiques, le sédiment a été tamisé sur 500 µm. 

Le but était d’enlever la macrofaune susceptible d’induire une variabilité importante 

et non contrôlable sur la biomasse de MPB, par l’intermédiaire de deux processus 

antagonistes ; le broutage, qui diminue la biomasse (Miller et al., 1996), et la 

bioturbation du sédiment, qui peut stimuler la production primaire (Kristensen et 

al., 2012). En modifiant l’interface eau-sédiment par leurs terriers, leurs 
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mouvements dans la matrice sédimentaire ou la fabrication de tubes, la macrofaune 

modifient les flux de nutriments qui seront utilisés par le MPB (Braeckman et al., 

2010 ; Lohrer et al., 2004). La méiofaune (63 µm – 1 mm) joue également ce rôle 

dans le sédiment (Bonaglia et al., 2014) mais il n’est pas possible de la supprimer 

(par exemple en la congelant ou en la brûlant) sans dénaturer complètement le 

substrat. En supprimant la macrofaune seule, on autorise donc que ces processus se 

réalisent par le seul biais de la méiofaune. Cependant, la petite taille et les fortes 

abondances d’individus de ce compartiment permettent une répartition homogène 

au sein des mésocosmes en début d’expérimentation. Il est donc peu probable que la 

méiofaune ait induit une forte variabilité dans notre expérience, nous permettant 

ainsi de mesurer l’effet de la crépidule seule lors de cette expérimentation. 

Examiner l’effet de la crépidule sur le compartiment méiofaunique était l’un des 

objectifs de ce travail. Nous souhaitions relier l’évolution de la distribution spatiale 

de la méiofaune avec celle de la biomasse microphytobenthique (Blanchard, 1990 ; 

Danovaro et al., 2001). Par manque de temps, ces échantillons n’ont pas été traités. 

L’étude de la diversité de la méiofaune étant très chronophage, avec une résolution 

taxonomique faible du fait d’un manque de spécialistes, ce compartiment reste 

souvent sous-estimé alors que son rôle n’est pourtant plus à démontrer 

(Schratzberger et Ingels, 2018). 

 Les faibles températures et irradiances utilisées (représentatives de 

conditions hivernales), ainsi que l’absence de bioturbation ont pu être des 

conditions limitant le développement du MPB dans notre expérience. Elles sont 

donc susceptibles d’avoir sous-estimé le potentiel de stimulation du MPB par la 

crépidule. Cependant, il est probable que l’absence d’autres facteurs tels que 

l’hydrodynamisme ou le broutage ait au contraire surestimé ce potentiel de 

stimulation. Bien que les mesures présentées dans le chapitre 3 confirment 

l’importance du métabolisme de la crépidule sur le biofilm des coquilles, une 

comparaison in situ des biomasses de MPB entre un banc vivant de crépidule et un 

sédiment comparable sans crépidules permettrait de valider notre hypothèse de 

stimulation. 

 Une autre question relative à notre expérimentation est la représentativité de 

notre condition « contrôle ». En effet, le sédiment collecté in situ a été échantillonné 

dans un banc de crépidule très dense (> 2000 ind m-2) et riche en matière organique 

(~10 %). Lors de la préparation du sédiment, il est possible que l’homogénéisation, 



SYNTHÈSE & DISCUSSION GÉNÉRALE 

169 
 

la dilution et l’oxygénation aient modifié sa biogéochimie, avec pour effet 

l’augmentation des flux de nutriments venant du sédiment (Na et al., 2008). Bien 

que nous n’ayons pas mesuré ces flux, la croissance homogène du MPB dans notre 

condition « contrôle » (c.-à-d. sans crépidules) supporte l’hypothèse d’un apport en 

nutriments. On peut donc considérer que le sédiment utilisé dans notre condition 

« contrôle » était déjà influencé par la présence de crépidules depuis un certain 

temps (plus de 30 ans de colonisation à cet endroit). En effet, la crépidule est 

connue pour homogénéiser le sédiment sur lequel elle se développe, et le rendre 

plus riche en vase et en matière organique (Ehrhold et al., 1998). Nos conclusions 

ne sont donc valables que pour un stade invasif avancé, où la crépidule a déjà 

transformé son habitat. Il aurait donc été intéressant de tester un autre sédiment 

« contrôle » représentant un substrat à un stade précoce d’invasion de la crépidule 

(par exemple les fonds sableux de la baie de Saint-Brieuc, en bordure de l’habitat à 

crépidule). Les sédiments sableux ont généralement des teneurs en matière 

organique plus faibles que les sédiments vaseux et une communauté 

microphytobenthique différente. Il est donc probable que l’influence de la crépidule 

soit dépendante du substrat présent. 
 

Influence de la lumière sur l’estimation des biomasses de MPB 
 

 Le MPB des milieux meubles subtidaux est beaucoup moins étudié que son 

homologue intertidal. La colonne d’eau permanente ne permet pas d’échantillonner 

ni d’isoler de manière précise le MPB (Laviale et al., 2015), et son rôle écologique 

est probablement sous-estimé (Cahoon, 1999 ; Cahoon, 2017 ; MacIntyre et al., 

1996). Il est donc intéressant de confronter nos résultats à ceux obtenus en zone 

intertidale. Au cours du suivi in situ des sources de matière organique présenté dans 

le chapitre 3, nous avons mesuré la biomasse des pigments par HPLC. La matière 

remise en suspension, qui représente une fraction du sédiment de surface, présentait 

des teneurs en chlorophylle a de l’ordre de 2-4 mg m-2, et le biofilm des valeurs de 

5-15 mg m-2, ce qui parait assez faible comparé aux valeurs de 30-50 mg m-2 

observées sur une vasière intertidale à la même saison (Méléder, 2003). La lumière 

est un élément fondamental pour le développement du MPB. La quantité mais 

également la qualité de la lumière influencent le contenu pigmentaire des cellules 

(Barnett, 2013 ; Serôdio et al., 2012 ; Van Leewe et al., 2008) et donc l’estimation 

de leur biomasse. Nous avons montré sur notre site d’étude que malgré une intensité 
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lumineuse très faible, correspondant à moins de 0.1 % de la lumière incidente 

(Figure 33), le MPB était présent et montrait une forte photo-acclimatation grâce à 

la présence de pigments accessoires tels que la fucoxanthine. Ce pigment 

permettant de capter l’énergie lumineuse à de faibles longueurs d’ondes (Post et al., 

1984), présentait des biomasses 4 à 8 fois supérieures à celle de la chlorophylle a. 

Le ratio fucoxanthine / chlorophylle a variait de 2 à 4 dans le MPB du sédiment sur 

notre site d’étude, ce qui est 10 fois supérieur au ratio mesuré sur le MPB intertidal 

(Méléder, 2003). Comparer des milieux avec des conditions de lumière très 

différentes sur la base de la seule chlorophylle a peut donc engendrer une sous-

estimation de la biomasse de MPB, que ce soit pour des comparaisons intertidale-

subtidale, inter-sites subtidaux (Riau-Gobin et al., 1998, Ní Longphuirt et al., 2007) 

ou sédiment-colonne d’eau (Chatterjee et al., 2013). A l’image des fortes 

différences entre le MPB des coquilles de crépidules vivantes et le sédiment dans 

notre étude, la non prise en compte du type de substrat biogénique (ex : mollusques, 

brin de maërl) peut également conduire à une sous-estimation de la biomasse du 

MPB. Ceci pourrait expliquer que lors d’une évaluation spatiale de la biomasse de 

MPB dans les sédiments de la rade de Brest, les valeurs les plus faibles aient été 

mesurées sur les habitats à crépidules alors que ces coquilles abritent un biofilm 

important de diatomées benthiques (Ní Longphuirt et al., 2007 ; chapitres  1 et 3) 

(Figure 48).  

 
Figure 48 : Photographies au microscope électronique à balayage de diatomées épiphytes présentes à la 
surface d’une coquille de Crepidula fornicata échantillonnée à 5 m de profondeur dans la rade de Brest 
(A) (Ní Longpuhirt et al., 2007) et à la surface d’une coquille de Crepidula fornicata provenant de notre 
expérimentation ex situ (B-E). 

Quid de la mixotrophie en milieu subtidal ? 
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 Il semble qu’un autre processus soit sous-évalué dans ces milieux faiblement 

lumineux : la mixotrophie. La mixotrophie est la capacité d’un organisme à 

effectuer soit l’autotrophie (synthèse de matière organique par photosynthèse ou 

chimiosynthèse) soit l’hétérotrophie (synthèse de matière organique à partir de 

l’oxydation de matière organique). Lorsque la lumière ne permet plus l’autotrophie 

(limite inférieure de la zone photique fixée à 1 % de la lumière incidente), 

l’utilisation de substrat organique devient une source de synthèse de matière 

organique. Cette mixotrophie est bien connue chez le plancton et notamment chez 

les dinoflagellés, mais les connaissances actuelles laissent supposer qu’un grand 

nombre de clades d’algues en sont potentiellement capables (Burkholder et al., 

2008). Les diatomées en général, et les diatomées benthiques plus particulièrement, 

ont déjà fait l’objet d’études à ce sujet (Glud et al., 2002 ; Levin, 1976 ; 1978 ; 

Sundbäck et Grinéli, 1988). Il a été démontré qu’en absence de lumière, les souches 

testées répondaient à l’ajout de matière organique dissoute pour leur croissance 

(Tuchman et al., 2006), et que les souches les plus aptes à l’hétérotrophie 

provenaient de substrats vaseux riches en matière organique (Admiraal et al., 1979). 

Bien que de récentes études commencent à démontrer l’importance de ce 

phénomène, celles-ci se limitent encore au milieu intertidal (Jauffrais et al., 2015). 

Même si ce type de processus n’a pas été testé dans notre approche expérimentale, 

il est clair qu’a des intensités lumineuses si faibles et avec des taux de matière 

organique élevés, la mixotrophie est probable (Rigolet et al., 2014).  

Rôle trophique du MPB subtidal 

Portée des résultats 
 

 Les mesures effectuées durant cette thèse (chapitres 3 et 4) ont été réalisées 

en periode de pré-éfflorescence phytoplanctonique. Elles n’ont pas permises 

d’observer toute la dynamique saisonnière du régime trophique de la crépidule et 

des autres suspensivores. Ci-dessous sont présentés des résultats préliminaires d’un 

suivi spatio-temporel effectué en 2016 dans la rade de Brest (Figure 49). Deux sites 

d’étude (Elorn/Lanvéoc, voir Figure 7) à deux dates contrastées en termes de 

production primaire (pré/post efflorescence phytoplanctonique printanière) ont été 

échantillonées. L’objectif était de caractériser le régime trophique de la crépidule, 

du pétoncle noir (C. varia) et d’un crustacé cirripède (A. modestus), en lien avec les 
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sources de matière organique (matière organique particulaire (MOP) de la colonne 

d’eau et biofilm de substrats artificiels). Les sources et les consommateurs ont été 

analysés selon le protocole décrit au chapitre 4. 

 
Figure 49 : Valeurs de δ13C et δ15N obtenues pour trois suspensivores à deux saisons (pré/post-
efflorescence) et pour deux sites (Elorn/Lanvéoc). Deux sources de matière organique sont représentées 
d’après leur surface d’ellipse (Jackson et al., 2011). La matière organique particulaire (MOP) prélevée 
lors de l’efflorescence (Mars) est également représentée.  

Ces résultats montrent que les sources de matière organique sont bien différenciées. 

La MOP est appauvrie en 13C et ses valeurs de d13C ne recoupent pas celles du 

biofilm récolté sur les substrats artificiels, qui est par ailleurs dominé par des 

diatomées benthiques (Marchais, 2014 ; pers. obs.). La matière organique 

sédimentée n’a pas pu être mesurée pour des raisons techniques lors de 

l’échantillonnage (prélèvements à la benne). La MOP figurée en violet a été 

échantillonnée le jour où le maximum de chlorophylle a a été mesuré (3,2 µ.L-1, 

SOMLIT, http://somlit.epoc.u-bordeaux1.fr/). L’enrichissement observé en δ13C 

durant une efflorescence est classique et dû à la compétition des cellules 

phytoplanctoniques pour le carbone inorganique dissous (Rau et al., 1989 ; Gu et 

al., 2006). La différence de d13C  entre le MPB subtidal et intertidal (Figure 6) peut 

également s’expliquer par leur source de carbone inorganique dissous. En effet, il 

est probable que la limitation en zone intertidale soit beaucoup plus importante car 

le MPB est régulièrement émergé et il n’y a alors pas de renouvellement par l’eau 

sus-jacente (Vieira et al., 2016). Ces résultats semblent en accord avec ceux de 

Marchais (2014) obtenus sur un biofilm sur le même type de plaques immergées 

dans la rade de Brest. En ce qui concerne les consommateurs, les valeurs 

isotopiques des crépidules et des pétoncles sont supérieures de 3-5 ‰ par rapport à 

celles de la MOP et de 1-2 ‰ par rapport à celle du MPB. Ces espèces sont donc 
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susceptibles d’assimiler une part non négligeable de MPB, comme démontré au 

chapitre 4. Les valeurs de δ15N chez le crustacé cirripède sont plus élevées que 

celles des autres suspensivores, appuyant les résultats du chapitre 4. En avril, on 

observe un enrichissement de 2 à 1 ‰ en 13C en fonction des espèces. Ce décalage 

semble suivre celui de la MOP après l’efflorescence phytoplanctonique qui a lieu 1 

mois plus tôt. Ceci montre que le phytoplancton est bien assimilé par les 

consommateurs benthiques lorsque les biomasses sont fortes dans la colonne d’eau. 

Enfin, la comparaison Elorn – Lanvéoc laisse supposer que l’enrichissement est 

plus fort sur le site Lanvéoc suite à l’efflorescence. Bien que faible et avec un 

échantillonnage restreint, cette différence pourrait être la conséquence d’une 

contribution benthique moins importante sur ce site comparé au site Elorn.  
 

“There is no harm in having too much” (Majdi et al., 2018) 
 

 Dans ce travail de thèse, il a été possible d’apporter plusieurs réponses grâce 

à la complémentarité des marqueurs utilisés (isotopes stables, acides gras, 

pigments). Dans une synthèse récente sur l’écologie trophique, Majdi et al. (2018) 

font le point sur les outils à la disposition des chercheurs dans cette discipline. Ils 

arrivent à la conclusion qu’en dépit du grand nombre d’outils (moléculaires, 

biochimiques, visuels, numériques, …), l’utilisation conjointe de plusieurs d’entre 

d’eux reste assez rare, alors qu’elle permettrait une meilleure compréhension des 

systèmes étudiés. Ici, l’objectif a souvent été de mettre en évidence le régime 

trophique d’espèces microphages, la MOP étant la source de nourriture privilégiée 

des espèces suspensivores, comme la crépidule. Le fait qu’elle soit diffuse dans le 

milieu, microscopique, et composée d’organismes appartenant à des règnes et à des 

embranchements différents complique sérieusement sa caractérisation dans le 

régime alimentaire d’une espèce. Bien que nous ayons tenté au cours de cette thèse 

de coupler plusieurs outils, il est important d’en rappeler ici les principales limites 

et de réfléchir aux améliorations possibles. 
 

 Isotopes stables 

 

 Comme présenté succinctement dans l’encadré « méthode n°2 », le principe 

de l’utilisation des isotopes stables en écologie repose sur le fait qu’un 

fractionnement prévisible s’opère entre une source et son consommateur (DeNiro et 

Epstein, 1978 ; McCutchan et al., 2003). Ce caractère prévisible du fractionnement 
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est aussi un problème récurrent en écologie trophique (Martinez del Rio et al., 

2009). A grande échelle, en comparant différents milieux (aquatique, terrestre, 

marin), les valeurs montrent une certaine constance chez les consommateurs 

primaires (1,3 ± 0,3 ‰ pour le δ13C et 2,2 ± 0,3 ‰ pour le δ15N, McCutchan et al., 

2003). Cependant, des études plus spécifiques montrent aussi de fortes variations en 

fonction de l’espèce, de la source utilisée, du tissu analysé, de la croissance, ou 

encore de la maturation sexuelle (Yokohama et al., 2008 ; Blanchet-Aurigny et al., 

2012b ; Lefebvre et Dubois, 2016). C’est probablement ces facteurs physiologiques 

qui expliquent en grande partie les valeurs isotopiques mesurées pour les différents 

stades ontogéniques de la crépidule dans le chapitre 3 (voir discussion). La 

spécificité des données expérimentales -et en particulier le fait que la nourriture 

fournie est souvent de haute qualité nutritive (ex : phytoplancton de culture) alors 

que dans le milieu naturel, les espèces tirent une part de leur énergie de matière 

moins labile- posent le problème de l’application directe des mesures de laboratoire 

au contexte du terrain. Une dizaine d’année après que Gannes et al., (1997) aient 

incité les chercheurs à plus d’expérimentations en laboratoire pour comprendre les 

mécanismes à l’œuvre derrière l’incorporation et le fractionnement isotopique, 

Martinez del Rio et al., (2009) constataient que seulement 7 % des études étaient 

réalisées en laboratoire par rapport aux applications terrain (Martinez del Rio et al., 

2009). Ils notaient également que beaucoup restait à faire malgré les progrès 

accomplis, et indiquaient les voies à suivre suivantes : 1) une meilleure prise en 

compte de l’acheminement et du remodelage des molécules et des isotopes qu’elles 

contiennent (“isotopic routing”), 2) le développement de modèles à plusieurs 

compartiments (ex : tissus de structures vs. tissus de réserves) pour comprendre la 

dynamique de l’incorporation des isotopes, et 3) une meilleure compréhension du 

fractionnement isotopique, que ce soit pour l’estimation du niveau trophique ou 

l’utilisation des modèles de mélange. 

 Depuis, certains ont tenté de lier l’isotopie au métabolisme, couplant mesure 

de croissance et théorie métabolique (« Dynamic Energy Bugdet theory») pour 

mieux comprendre les mécanismes qui déterminent le taux d’incorporation 

isotopique et le fractionnement dans les tissus (Emmery et al., 2011 ; Lefebvre et 

Dubois, 2016 ; Pecquerie et al., 2010). Malheureusement, ces résultats sont encore 

peu utilisés, d’abord parce que ces approches nécessitent des données 

supplémentaires liées à la croissance ou la physiologie des organismes, et ensuite 
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parce qu’elles font appel à des compétences numériques spécifiques. D’autres ont 

amélioré l’utilisation des modèles de mélanges en incorporant une variabilité 

supplémentaire dans la définition des sources potentielles, dans l’estimation du 

fractionnement, dans l’implémentation de nouveaux modèles statistiques de type 

bayésien, et en proposant des règles de bonnes conduites sur leur utilisation 

(Jackson et al., 2011 ; Phillips et al., 2014). Cependant, ces efforts ne règlent pas le 

problème de fond qu’est la caractérisation des sources pures et le fractionnement 

isotopique. D’autres enfin, bousculent les croyances et les dogmes établis. Ainsi, 

Nadon et al. (2006) montrent que des organismes, prélevés dans une zone côtière 

avec des valeurs de δ13C élevées, et donc censés avoir assimilés une source enrichie 

en 13C (source benthique) gardaient ce même enrichissement après avoir passé 

plusieurs mois dans la colonne d’eau, au large, sans aucune contribution benthique 

possible. Cette étude n’est pas isolée et d’autres sont résumées par Grippo et al. 

(2011). Souvent associées à des profondeurs où la production benthique est a priori 

négligeable, ces études observent un enrichissement en 13C de 2-6 ‰ des 

invertébrés benthiques comparé à la MOP de la colonne d’eau (Kharlamenko et al., 

2008 ; Le Loc’h et al., 2008 ; Sherwood et Rose, 2005). Une des raisons serait la 

dégradation du phytoplancton le long de la colonne d’eau ainsi que des processus de 

reminéralisation de la matière à l’interface eau-sédiment. Dans ce travail de thèse, 

nous avons quantifié la biomasse des producteurs primaires benthiques, et montré 

que celle-ci n’était pas négligeable et qu’elle contribuait au régime trophique de 

certaines espèces de suspensivores. De plus, la hauteur de la colonne d’eau étant 

très faible sur notre site d’étude (~10 m), l’hypothèse d’un enrichissement du 

phytoplancton pendant sa sédimentation semble très peu probable. Il est cependant 

très clair que notre connaissance des processus d’enrichissement de la matière 

organique et des consommateurs benthiques mérite plus d’investigations. Ceci met 

également en évidence le manque de références de sources pures sur le terrain en ce 

qui concerne la MOP pour confirmer certaines interprétations. Par exemple, les 

mesures de microphytobenthos intertidal s’étendent de -11 à -19 ‰ pour le δ13C et 

de 4 à 9 ‰ pour le δ15N sur seulement 6 études réalisées sur la façade Manche – 

Atlantique (Figure 6). Le niveau de « pureté » de l’échantillon de MPB, la condition 

physiologique du MPB et la valeur isotopique du carbone inorganique dissout ou 

même les différences interspécifiques qui pourraient exister à l’intérieur même du 

MPB sont probablement responsables de ces variations isotopiques. Les études qui 
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s’intéressent à caractériser finement la MOP sont rares (Lammers et al., 2017 ; 

Lienart et al., 2017 ; 2018 ; Savoye et al., 2003), et sont surtout  minoritaires 

comparé aux études qui les utilisent. Bien que des patrons isotopiques puissent être 

observés à grandes échelles, la plupart des études ont lieu à l’échelle d’une baie ou 

d’un estuaire et sont donc soumises à ces variations. Dans ces conditions, il reste 

toujours délicat d’utiliser les valeurs de sources d’autres études pour par exemple 

implémenter un modèle de mélange. 

 Une alternative au problème de fractionnement est l’analyse isotopique de 

composés spécifiques (Larsen et al., 2009 ; Mac Mahon et al., 2013). Par exemple, 

certains acides aminés essentiels ne sont théoriquement pas sujets au 

fractionnement, et il est possible d’utiliser plusieurs d’entre eux conjointement pour 

renforcer la contribution d’une source trophique à un consommateur (analyse 

discriminante). Encore très peu utilisé en France, cet outil est pourtant utilisé en 

routine aux Etats-Unis depuis une petite dizaine d’année et semble prometteuse. Au 

cours de la thèse, nous avons pu profiter d’un développement méthodologique de la 

plateforme d’analyse isotopique et lipidique (Mathieu-Resuge, 2018) pour effectuer 

des tests d’analyses isotopiques de composés spécifiques, non pas sur des acides 

aminés mais sur des acides gras. Les données sont actuellement en cours d’analyse 

et n’ont pas été intégrées à ce manuscrit. Bien que certaines études aient démontré 

l’intérêt de cette approche pour caractériser par exemple des diatomées d’origines 

benthiques et pélagiques sur la base du δ13C d’un AG biomarqueur de diatomées 

(Budge et al., 2008), il semble néanmoins que le fractionnement très variable des 

AG pose problème lors de l’interprétation. 

 Enfin, expliquer des processus aussi complexes que ceux à l’œuvre dans un 

réseau trophique en utilisant seulement une donnée bi-variée (δ13C et δ15N) est une 

approche intégratrice certes, mais elle réduit parfois aussi les interprétations 

écologiques. En revanche, ce n’est pas le cas des acides gras qui montrent une forte 

diversité mais dont l’interprétation est parfois délicate. 
 

 Acides gras 

 

 L’utilisation des acides gras (AG) en écologie trophique repose sur deux 

constats. Le premier est que la synthèse des AG est limitée chez les consommateurs, 

surtout en ce qui concerne les AG dits essentiels (AG polyinsaturés à longue 
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chaîne). Le second est que certains d’entre eux peuvent être spécifiques d’un groupe 

d’organismes. Les limites de ces deux constats sont rappelées ici. 

 Parmi la grande diversité d’AG identifiables, certains sont ubiquistes et se 

retrouvent chez tous les êtres vivants, et d’autres sont plus spécifiques. Ces derniers 

sont donc utilisés comme biomarqueurs dans les consommateurs. Cependant, la 

spécificité d’un biomarqueur peut dépendre de la zone d’étude (tropicale, tempérée, 

polaire), de la présence ou non d’autres AG, des sources de matière organique 

disponibles dans le milieu (macroalgues, terrestres), etc. Dans le cas de la MOP, 

pour les mêmes raisons évoquées précédemment pour l’isotopie, il est difficile de la 

caractériser avec certitude sans coupler différents types de biomarqueurs. En effet, 

certains AG peuvent avoir plusieurs assignations. Par exemple, le 18:4n-3 est 

présenté comme un biomarqueur de prymnesiophytes (Zhukova et Aizdaicher, 

1995), de dinoflagellés (Napolitano et al., 1997) mais également de macroalgues 

vertes (Fleurence et al., 1994) et brunes (Fleurence et al., 1994, Kelly et 

Schleibling, 2012). Le 18:1n-9 peut être considéré comme un biomarqueur de 

dinoflagellés (Napolitano et al., 1997), de copépodes ou plus vaguement de matériel 

animal (Dalsgaard et al., 2003). Le 18:1n-7, souvent présent chez les bactéries 

(Zhukova et al., 1992), est également très abondant chez certaines macroalgues 

vertes (Fleurence et al., 1994). Le 18:2n-6 et le 18:3n-3, quant à eux, sont des 

biomarqueurs de macroalgues vertes mais également de plantes vasculaires (Kelly 

et Schleibling, 2012). le 16:1n-7, qui est un biomarqueur typique de diatomées 

(Dunstan et al., 1994 ; Napolitano et al., 1997) peut aussi être présent chez des 

bactéries (Haack et al., 1994). Le 22:6n-3 est caractéristique des dinoflagellés 

(Zhukova et Aizdaicher, 1995), mais aussi des cryptophytes (Parrish et al., 1995, 

Zhukova et Aizdaicher, 1995). Par conséquent, il paraît évident que dans les 

écosystèmes côtiers où toutes ces sources de matière organique sont susceptibles de 

se retrouver dans la MOP, il est important i) de multiplier les biomarqueurs (ex : 

isotopes, pigments, stérols, etc.) pour identifier correctement ces sources et ii) de 

procéder à des vérifications de terrains telles que l’observation microscopique 

(Parrish et al., 1995 ; Napolitano et al., 1997, Lavaud et al., 2018) ou les analyses 

moléculaires (Majdi et al., 2018). 
 

 Imagerie hyper-spectrale 
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 L’imagerie hyper-spectrale nous a permis de quantifier la biomasse de MPB 

dans l’espace et dans le temps, en condition expérimentale. Très peu utilisée en 

écologie trophique, cette technique mérite d’être explorée, par exemple pour étudier 

les relations trophiques entre gastéropodes brouteurs de biofilm et d’algues 

encroûtantes. Grâce à cet outil, il est possible de quantifier la biomasse et la surface 

broutée à une échelle submillimétrique, mais aussi de déterminer la nature de 

l’algue broutée (algue verte, brune ou rouge). Coupler ces données à des mesures de 

croissance des brouteurs, d’analyses biométriques de radula (type, taille) ou encore 

d’occupation de l’espace donnerait probablement de nouvelles informations sur les 

relations trophiques entre sources potentielles et brouteurs. A l’image des 

ingénieurs de l’écosystème qui stimulent le MPB, il a été démontré que le mucus 

laissé par les brouteurs stimulait le biofilm et les algues encroûtantes (Peduzzi et 

Herndl, 1991 ; Davies et Beckwith, 1999). Dans le cas de la patelle, qui montre un 

comportement singulier de « homing » (Cook et al., 1969), la spatialisation de la 

biomasse des producteurs primaires benthiques pourrait aider à la compréhension 

sur son utilisation de l’habitat et des ressources. Cette technique d’imagerie est non 

invasive et fournit de grandes quantités de données qui peuvent être exploitées avec 

un traitement automatisé, autorisant une grande réplication. Pour des raisons 

techniques et pratiques, son déploiement est plus aisé à l’échelle d’un mésocosme 

ex situ, mais des initiatives in situ commencent à apparaître (Chennu et al.,  2013 ; 

2017). 
 

Quantification directe du MPB dans le régime trophique de la crépidule 
 

 Nous avons montré grâce aux isotopes stables et aux acides gras que le MPB 

participait au régime trophique de la crépidule ainsi qu’a plusieurs espèces de 

suspensivores partageant son habitat. En revanche, ces biomarqueurs trophiques 

représentent une preuve indirecte de l’assimilation du MPB. Un moyen efficace 

direct pour démontrer qualitativement qu’une source est assimilée par un 

consommateur est le marquage isotopique (Middleburg et al., 2000 ; Oakes et al., 

2012 ; 2016). En effet, modifier le ratio isotopique d’une source par ajout d’un 

isotope lourd en surabondance dans le milieu permet de suivre son assimilation 

quelques heures après son ingestion (Hermann et al., 2000). Cependant, supposer 

qu’un filtreur puisse avoir accès à du MPB qui par définition vit à la surface du 

sédiment implique nécessairement une remise en suspension. Cela implique deux 
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choses : reproduire l’hydrodynamisme in situ, et reproduire un biofilm ayant les 

mêmes qualités cohésives. La remise en suspension étant intimement liée à la 

cohésion du sédiment, les deux paramètres doivent être réalistes. Widdows et al. 

(1998) ont mis au point un modèle réduit de canal hydrodynamique faisant varier la 

force du courant et utilisant des carottes de sédiment prélevées in situ, ce qui permet 

de ne pas déstructurer le biofilm. En utilisant un isotope marqué auquel le 

microphytobenthos aurait accès, il serait donc possible de vérifier notre hypothèse 

sur son assimilation par la crépidule. Un double marquage du MPB des crépidules 

et du MPB du sédiment permettrait de confirmer à la fois le broutage des mâles 

mobiles, et l’utilisation du MPB du sédiment remis en suspension par toutes les 

classes d’âges grâce à la filtration. Cette expérimentation a été envisagé mais n’as 

pas pu être réalisée faute de temps.  

IV – Impact à long terme sur l’écosystème de la rade de 

Brest  

La crépidule en voie de disparition ? 

 Le dernier suivi du réseau benthique (www.rebent.org, données non 

publiées) sectoriel effectué en 2013 a montré que la crépidule avait nettement 

régressé dans tout le bassin sud de la rade de Brest, de la baie de Roscanvel au 

chenal de l’Aulne. Bien que de nombreuses explications soient possibles (maladie, 

prédation, densité-dépendance, pollution), le fait que seul le bassin sud soit touché 

et que cet effet semble plus important dans l’embouchure de l’Aulne suggère un 

effet des apports de cette rivière. Pour expliquer certaines différences 

phénotypiques (taille, fécondité, indice de condition) des crépidules au sud-est de la 

rade, Richard (2005) évoquait des conditions du milieu plus contraignantes et 

voyaient ces différences phénotypiques comme une plasticité de cette espèce 

invasive pour coloniser tous types d’environnements. Néanmoins, on sait d’après 

Coum (1979) que l’installation des crépidules s’est faite initialement dans l’Aulne. 

Il semble donc peu probable que l’espèce ait choisi comme site d’implantation une 

zone ou les conditions ne seraient pas des plus favorables. Pour vérifier cela, il 

serait intéressant de comparer la structure de taille des crépidules pour le secteur de 

l’Aulne au cours de sa colonisation grâce aux données recueillies successivement 
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par Coum (1979), Guérin (2004) et Richard (2005). Une autre hypothèse 

brièvement développée dans le travail de thèse de Richard (2005) est la possible 

contamination par des métaux lourds provenant d’anciennes mines de plomb 

argentifère présentes sur le bassin versant de l’Aulne. La difficulté pour établir un 

tel lien réside dans la grande spécificité de l’effet d’un métal sur un organisme. Par 

exemple, l’huître C. gigas et le pétoncle M. varia accumulent l’argent contrairement 

à la moule M. edulis, en revanche seul M. varia est négativement affecté (Meteyer 

et al., 1990). Il faut donc des études très spécifiques pour répondre à ce type 

d’interrogation. On peut néanmoins mentionner que l’argent est un élément connu 

pour avoir des effets négatifs sur la reproduction et la croissance de la crépidule 

(Calabrese, 1981 ; Nelson et al., 1983). Le plomb, quant à lui, est connu pour être 

toxique quelque soit la dose et affecte toutes les espèces (Zhang et al., 2010). Le 

saturnisme, effet bien connu de l’intoxication au plomb, résulte en une taille 

anormalement petite des organismes et à des troubles de la digestion. Ces effets 

peuvent corroborent le phénotype décrit par Richard (2005) sur les crépidules du 

sud-est de la rade, c’est-à-dire des individus de tailles réduites, des indices de 

conditions et une fécondité plus faible. De plus, le suivi annuel du ROCCH (Réseau 

d’Observation de la Contamination Chimique) montre une augmentation drastique 

de la teneur en plomb entre 2000 et 2014 dans les tissus des huîtres aux abords de 

l’Aulne, comparées aux huîtres de l’Elorn, ce qui montre bien une modification du 

milieu depuis une quinzaine d’année dans cette zone. Bien que la mine soit fermée 

depuis près de 100 ans, de fortes pluies conjuguées à des changements de pratiques 

du sol sur le bassin versant peuvent conduire à un relargage de métaux lourds et à 

un lessivage dans le bassin versant de l’Aulne. Egalement, des travaux sur cette 

rivière tels que des levées de barrages, dragages ou modifications d’écluses peuvent 

contribuer à remobiliser des polluants jusqu’alors séquestrés dans des sédiments 

anciens. Ménesguen et al. (2018a) ont montré à l’aide d’un modèle 

hydrodynamique, qu’un traceur tel qu’un polluant métallique provenant de l’Aulne 

auquel une mortalité sur la crépidule était appliquée conduisait à une distribution 

spatiale proche de celle actuellement observée dans la rade. Enfin, la 

sclérochronologie couplée à des analyses fines de métaux traces a permis de suivre 

l’incorporation de ces derniers, et notamment le plomb, dans des coquilles d’huître 

plates provenant du sud-est de la rade de Brest (Cariou et al., 2017). De surcroit, il 

semble que cette incorporation soit corrélée positivement avec le débit de l’Aulne, 
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ce qui suggère fortement que le plomb provienne de cette rivière et que de fortes 

crues augmentent sa concentration dans l’eau et les sédiments. En remontant le 

temps grâce aux archives sur les débits de l’Aulne, on pourrait espérer apporter des 

éléments de réponse sur la présence de plomb en plus ou moins grande 

concentration dans le milieu durant les années d’expansion de la crépidules. Des 

projets sont en cours dans la rade de Brest (par exemple MODELISM) pour mieux 

évaluer la biodisponibilité des métaux lourds dans les différents compartiments 

(faune benthique, eau, sédiment) ainsi que les potentielles conséquences pour 

l’écosystème de la rade de Brest. 

L’envahisseur part, les coquilles restent 

 Le résultat du déclin massif de cette espèce ingénieur entraine le retour à un 

sédiment plus sableux et potentiellement moins riche en matière organique, mais 

qui garde une structure biogénique grâce aux amoncellements de coquilles mortes. 

A l’échelle du réseau trophique, son impact biologique (par exemple 

l’enrichissement en matière organique) semble avoir un effet uniquement lors d’une 

arrivée allochtone de matière organique (efflorescence de phytoplancton). Au 

contraire, la comparaison de la structure trophique d’un banc de maërl à celui d’un 

banc de crépidules mortes suggère que la diversité des niches trophiques sont 

comparables. Cette observation est d’autant plus intéressante que le maërl est 

considéré comme un habitat remarquable abritant une macrofaune benthique très 

diversifiée et un réseau trophique complexe (Grall 2002 ; Grall et al., 2006). 

 Une étude parallèle aux travaux présentés dans ce manuscrit a démontré 

qu’un banc mort de crépidules abritait une diversité spécifique significativement 

plus importante qu’un banc vivant (index de Shannon), et une forte abondance et 

dominance d’espèces opportunistes associée aux crépidules vivantes (index de 

Piélou). La richesse spécifique (nombre d’espèces) présentait des valeurs élevées 

(29-59 espèces pour 0,1 m-2), sans qu’aucune différence significative n’ait été 

observée entre les deux types de bancs. D’autres études ont également rapporté une 

augmentation de la richesse spécifique en présence de crépidules (mortes et/ou 

vivantes) comparé à un substrat nu (Barnes et al., 1973 ; de Montaudoin et Sauriau, 

1999 ; REBENT sectoriel 2013, données non publiées ; Reynaud, 2013).  
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 La structure fonctionnelle, analysée ici par le biais des traits biologiques de 

la faune associée (Figure 50) montre également des différences contrastées entre les 

effets physiques et biologiques du caractère ingénieur de la crépidule. Le long du 

gradient de quantité de crépidules (vivantes ou mortes), la plus forte équitabilité 

entre les fréquences des 4 groupes fonctionnels coïncide avec un niveau de 

complexité de l’habitat caractérisé par une grande abondance de coquilles mortes 

(effet physique) et une quasi-absence de crépidule vivante (effet biologique  et 

enrichissement en MO en particulier). La diversité fonctionnelle semble donc 

maximisée sur un banc mort dense comparé à un banc vivant de crépidule. Ces 

résultats semblent confirmer nos résultats du chapitre 5 où l’enrichissement 

saisonnier en matière organique diminue la diversité trophique au sein du réseau 

trophique. Il semble donc que la crépidule, à l’échelle de la communauté, affecte à 

la fois la diversité structurelle et le fonctionnement trophique.  

 
Figure 50 : Evolution des fréquences de 4 groupes fonctionnels en fonction du poids total de crépidules 
(mortes + vivantes), schématisée d’après les données de Vallée (2016). La part des crépidules vivantes est 
représentée de manière qualitative sur l’axe des abscisses. L’axe pointillé matérialise la séparation entre 
les échantillons ne contenant que des crépidules mortes (coquilles vides) et ceux contenant à la fois des 
crépidules vivantes et mortes. Le profil de traits biologiques des groupes fonctionnels est synthétisé dans 
la légende. MO : matière organique. 

V – Espèces invasives et ingénieurs, pour ou contre ? 

Une vision anthropocentrée de la nature 

 Les espèces invasives sont des moteurs de changement de diversité et de 

composition d’assemblages d’espèces (Bax et al., 2003 ; Molnar et al., 2008 ; Sax et 

al., 2007). Il est en pratique impossible d’éradiquer une espèce invasive installée, 
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surtout en milieu marin où la dispersion est facilitée par rapport au milieu terrestre. 

Néanmoins, il semble que l’impact négatif de ces espèces en milieu marin ne soit 

pas si évident (Thomsen et al., 2011). Les qualificatifs de « positif » ou « négatif » 

sont d’ailleurs assez souvent subjectifs car ils dépendent du point de vue de celui 

qui les exprime (scientifiques, gestionnaires, pêcheurs, ONG environnementale, 

etc). Dans une revue sur les impacts des espèces invasives en milieu marin en 

Europe, Katsanekavis et al. (2014) montrent que sur 87 espèces, 17 seulement ont 

un impact négatif avéré, 7 un impact seulement positif et 63 un double impact. Sur 

ces 87 espèces, 49 étaient des ingénieurs de l’écosystème. Les auteurs pointent le 

fait que ces espèces souffrent d’une mauvaise perception, au-delà du fait qu’elles 

pourraient avoir des effets positifs et fournir un moyen de compréhension 

supplémentaire d’un écosystème (Brown et Sax, 2004).  

La facilitation comme aide à l’interprétation 

 A cause de cette perception négative des espèces invasives, certains 

concepts écologiques ont tardés à être intégrés dans les études d’ « impact » de ces 

espèces, limitant notre compréhension des mécanismes qui lient une espèce 

invasive au fonctionnement de l’écosystème dans lequel elle se développe 

(Rodriguez, 2006). La facilitation prévoit que la présence d’une espèce peu 

améliorer l’existence d’une autre, sans qu’il n’y ait de bénéfice réciproque 

(Bertness et al., 1997 ; Bruno et al., 2003). Il s’applique particulièrement aux 

ingénieurs de l’écosystème présents dans des milieux contraignants d’un point de 

vue abiotique (ex : zone intertidale) ou biotique (ex : forte compétition) (Bertness et 

al., 1999 ; Jones, 2017 ; Wright et al., 2017 ; 2018). On peut définir trois processus 

par lesquels une espèce invasive peut faciliter une espèce native : facilitation 

nouvelle, de substitution, et indirect (Rodriguez, 2006). Dans le premier cas, 

l’espèce invasive fournie une ressource non présente par ailleurs pour une espèce 

native : c’est le cas par exemple de l’espèce invasive Gracillaria vermiculophylla 

qui va complexifier les vasières, permettre l’installation d’une épifaune non 

présente par ailleurs, et alimenter le réseaux trophique indirectement par la voir 

détritique (Davoult et al., 2017). Dans le second cas, l’espèce invasive remplace une 

espèce native mais joue le même rôle fonctionnel : c’est le cas de l’huître invasive 

Magallena gigas qui montre les mêmes densités et diversités d’organismes que 
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l’habitat fournit par l’espèce native Ostrea edulis (Zwerchke et al., 2018). Enfin 

dans un dernier cas, l’espèce invasive facilite une espèce native en modifiant une 

relation trophique. C’est le cas de la crépidule qui par exemple diminue la prédation 

des moules par les étoiles de mer (Thielges et al., 2006).  

Une décision difficile 

 Le concept de facilitation appliqué aux espèces invasives et ingénieurs a des 

implications importantes en termes de gestion des écosystèmes, laquelle débouche 

parfois sur des tentatives d’éradication de ces espèces et de restauration des espèces 

natives (Rodriguez, 2006). Bien que le contexte environnemental et les différences 

fonctionnelles entre espèces invasives et espèces natives doivent être prises en 

compte, certaines de ces espèces peuvent avoir un rôle à jouer dans nos écosystèmes 

(Bouma et al., 2009 ; Padilla, 2010). Des questions relatives à la restauration 

d’écosystèmes dégradés et d’utilisation d’espèces ingénieur mais invasives comme 

facilitateur font actuellement débat au sein de la communauté scientifique. Par 

exemple le cas de l’algue rouge invasive Gracillaria vermiculophylla. Alors que 

certains auteurs montrent une amélioration de plusieurs fonction de l’écosystème par 

cette espèce (Ramus et al., 2017 ; Thomsen et al., 2018), certains mettent en garde 

contre la promotion de telle espèce (Byers et Sotka, 2018 ; Sotka et Byers, 2018). 

 Les mêmes questions se sont posées pour la crépidule. Au départ, cette espèce 

était uniquement vue comme un envahisseur à combattre, un compétiteur spatial et 

trophique pour les espèces suspensivores autochtones exploitées (à commencer par la 

coquille Saint-Jacques). L’espèce était impopulaire auprès d’une majorité d’acteurs 

du milieu marin et a fait l’objet de plusieurs tentatives d’éradication. Puis, face aux 

efflorescences de microalgues toxiques (des dinoflagellés en particulier) en rade de 

Brest, les scientifiques ont suggéré au contraire de maintenir cette espèce, en 

avançant que son rôle dans la pompe biologique à silice contrôlait ces efflorescences 

(Ragueneau et al., 2002). Aujourd’hui nous montrons que cet habitat semble propice 

à certaines espèces d’intérêt commercial comme le pétoncle et l’huître plate, qui font 

par ailleurs l’objet de tentatives de réimplantation dans la rade. Toute aussi 

importante, la communauté de macrofaune associée aux habitats à crépidule est 

diversifiée et supporte un réseau trophique complexe hors période d’efflorescence, où 

la production primaire benthique pourrait être stimulée. Enfin, la crépidule laisse 
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après sa mort un habitat coquillé complexe qui montre également une forte diversité 

structurelle et un fonctionnement trophique proche d’un habitat remarquable comme 

le maërl. Longtemps décrié, également mal comprise, la crépidule a-t-elle aujourd’hui 

sa place dans les habitats benthiques ? Une fois la dynamique de prolifération 

enraillée, ne constitue-t-elle pas un habitat de choix ? 
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Titre : Ecologie trophique de l’espèce ingénieur Crepidula fornicata, et implications pour le 

fonctionnement de son habitat. 

Mots clés : Isotopes stables, acides gras, imagerie hyperspectrale, microphytobenthos, rade de 

Brest 

Résumé : La crépidule (Crepidula fornicata) est une 
espèce invasive des côtes européennes. Hermaphrodite 
protandre, cette espèce grégaire forme des chaines 
d’individus qui s’accumulent en forte densité sur les fonds. 
Longtemps considérée comme un envahisseur néfaste, la 
crépidule est aussi un ingénieur de l’écosystème, modifiant 
physiquement et biologiquement son habitat. Elle constitue 
un modèle biologique pour étudier comment les espèces 
invasives et ingénieurs peuvent structurer et modifier 
l’écosystème qu’elles colonisent. Dans le cadre de cette 
thèse, ces effets ont été examinés à travers le 
fonctionnement trophique des habitats à crépidules, en lien 
notamment avec la production primaire benthique. Il a été 
mis en évidence expérimentalement une stimulation du 
microphytobenthos (MPB) subtidal grâce à l’activité 
biologique de la crépidule. La niche trophique de C. 
fornicata a été redéfinie suite à la découverte de la 
présence de sphérules de carbonates dans ses tissus, 
surestimant la contribution du MPB dans son régime 
alimentaire. L’utilisation de différents marqueurs  
trophiques (pigments, acides gras, isotopes) a révélé que 

les jeunes individus mobiles étaient susceptibles de 
brouter le MPB associé au biofilm présent sur les 
coquilles. Les adultes sessiles, sont des filtreurs 
opportunistes, où la matière détritique mais aussi du MPB 
contribuent à leur régime alimentaire. L’analyse de 
différents suspensivores inféodés à cet habitat, a 
démontré que la crépidule n’était pas un compétiteur 
trophique pour des espèces commercialement 
importantes (pétoncle noir et huître plate) dû à leurs 
mécanismes de sélection trophique. À l’échelle du réseau 
trophique, la crépidule en très forte densité peut conduire 
à une homogénéisation du réseau trophique global dû à 
l’enrichissement en matière organique. Au contraire, un 
banc mort de crépidules montre une complexité trophique 
similaire à celle d’un banc de maërl, écosystème à forte 
biodiversité. Cette thèse, en plus d’avoir caractérisé le 
fonctionnement trophique des bancs de crépidules, 
montre qu’une espèce invasive, en facilitant certains 
compartiments biologiques (MPB, suspensivores), peut 
contribuer à la richesse d’un écosystème comme celui la 
rade de Brest. 

 

Title: Trophic ecology of the engineer species Crepidula fornicata, and implications for its habitat 

functioning. 

Keywords: stable isotopes, fatty acids, hyperspectral imaging, microphytobenthos, Bay of Brest 

Abstract:  The slipper limpet (Crepidula fornicata) is an 
invasive species of European coasts. Protandric 
hermaphrodite, this gregarious species forms individuals' 
stacks which accumulate in high density on bottom. For a 
long time considered as a detrimental invader, the slipper 
limpet is also an ecosystem engineer, modifying its habitat 
both physically and biologically. It is model to study how 
invasive and engineer species can structure and modify the 
ecosystem that they colonize. In this Ph.D. thesis, these 
effects have been examined through the trophic functioning 
of habitats colonized by the slipper limpet, with a special 
reference to the primary benthic production. Experimental 
stimulation of subtidal microphytobenthos (MPB) has been 
demonstrated by the biological activity of the slipper limpet. 
The trophic niche of C. fornicata has been redefined 
following the discovery of the presence of carbonate 
spherules in its tissues, overestimating the contribution of 
MPB in its diet. Several trophic markers use (pigments, fatty  

acids, isotopes)revealed that young motile individuals were 
likely to graze the MPB associated to shell biofilm. Sessile 
adults, were likely opportunistic filter-feeders, where 
detritus but also MPB contribute to their trophic diet. The 
analysis of several filter-feeders inhabiting Crepidula beds 
has demonstrated that the slipper limpet was not a trophic 
competitor for commercially important species (black 
scallop and flat oyster) due to their trophic sorting 
mechanisms. At the food web scale, the high density of 
slipper limpet can lead to a homogenization of the global 
food web due to organic matter enrichment. Dead 
Crepidula bed showed trophic complexity similar to maerl 
bed, which is a high biodiverse ecosystem. This thesis, in 
addition to characterize the trophic functioning of Crepidula 
beds, shows that an invasive species, in facilitating 
different biological compartments (MPB, filter-feeders), can 
contribute to the ecosystem richness such as the Bay of 
Brest. 

 


