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Sclérochronologie à Saint-Pierre et Miquelon: De l’échelle sub-horaire aux 

reconstructions environnementales multi-décennales 

Résumé 

Les écosystèmes côtiers sont exposés aux changements climatiques globaux 
entraînant des modifications de leur structure et de leur fonctionnement. Cependant, nous 
disposons de peu d’information sur la variabilité de leurs propriétés physiques avant 1950, 
principalement à cause de l'absence de mesures in situ à long terme. Les parties dures des 
organismes marins longévifs ont le potentiel d'étendre les observations instrumentales, à 
différentes échelles spatiales et temporelles, afin d'améliorer notre compréhension des 
processus environnementaux passés. 

Cette thèse de doctorat a pour cadre Saint-Pierre & Miquelon (SPM), un petit archipel 
situé à la confluence de grands courants océaniques marquant la frontière entre les gyres 
subtropicaux et subpolaires de l'Atlantique Nord. Outre sa position clé à l’échelle mondiale 
comme indicateur de l'évolution du climat, des spécificités locales induisent une dynamique 
très particulière. Le changement bathymétrique se produisant au nord-ouest de l'île de 
Miquelon génère la propagation anticyclonique d'une onde interne côtière piégée autour de 
cet archipel. Ce phénomène local conduit, au cours de la période stratifiée, à la génération 
des plus importantes oscillations thermiques (d’une amplitude pouvant atteindre 11,5°C) 
quotidiennes (25,8 h) jamais observées, quelle qu’en soit la fréquence, sur un plateau 
continental stratifié d’une latitude moyenne. 

Ce travail est basé sur l’analyse des structures calcifiées d’organismes marins locaux, 
afin de mieux comprendre la variabilité environnementale passée à ces deux échelles. Tout 
d’abord, il convenait de s’approprier différentes méthodes sclérochronologiques. Cette étape 
a été réalisée à travers l’étude de Spisula solidissima (Chapitre 1). Puis, les variations 
océanographiques à grandes échelles des dernières décennies ont été étudiées en utilisant le 
bivalve et l’algue calcaire présentant les plus longues périodes de croissance connues à ce 
jour, Arctica islandica (Chapitre 2) et Clathromorphum compactum (Chapitre 3), 
respectivement. Les relations observées entre les enregistrements sclérochronologiques issus 
de ces deux modèles biologiques et plusieurs types de données environnementales acquises 
à différentes échelles géographiques, nous ont permis de mieux décrire la variabilité 
océanographique à grande échelle ainsi que ses impacts sur la dynamique des écosystèmes 
infralittoraux de SPM. Enfin, les effets des oscillations locales de température à haute 
fréquence (25,8 h) ont été suivis à l'aide des informations sclérochimiques contenues dans la 
coquille de Placopecten magellanicus (Chapitre 4), une espèce de bivalve présentant une 
croissance coquillère extrêmement rapide (500 µm / jour). 

Cette étude a, in fine, mis en avant la position privilégiée de SPM pour étudier la 
variabilité océanographique, les réponses biologiques de différentes espèces benthiques et la 
dynamique des écosystèmes côtiers, à différentes échelles de temps (de celle de la marée aux 
165 dernières années) et d'espace (de celle de l'archipel à celle de l’Atlantique Nord). 

 

Mots clefs : Sclérochronologie, Changement climatique, Atlantique Nord, proxies 
environnementaux, Océanographie, Saint-Pierre et Miquelon 



 
 

Sclerochronological approaches in Saint-Pierre & Miquelon: from sub-

hourly to multidecadal environmental reconstructions 

Abstract 

Coastal ecosystems are exposed to global climate change leading to modifications of 
their structure and functioning. However, little is known about the variability of their physical 
properties before 1950, mainly because of the lack of long-term instrumental measurements. 
The hard parts of long-lived marine biota hold the potential to extend instrumentally derived 
observations, at different temporal and spatial resolutions, in order to enhance our 
understanding of past environmental processes. 

 

This PhD dissertation takes place on Saint-Pierre & Miquelon (SPM), a small 
archipelago at the confluence of major oceanic currents marking the boundary between the 
North Atlantic Ocean subtropical and subpolar gyres. In addition to its global key position, the 
abrupt bathymetric change occurring in the North West of Miquelon Island generates the anti-
cyclonic propagation of a tidal coastal trapped wave around this archipelago. This local 
phenomenon, leads during the stratified period to the largest (up to 11.5°C amplitude) daily 
(25.8 h) temperature oscillations ever observed-at any frequency-on a stratified mid latitude 
continental shelf. 

 

This work is based on the analyses of local marine biota hard parts to gain insights 
about past environmental variability at these two scales. First, I have learned different 
sclerochronological methods through Spisula solidissima study (Chapter 1). Global and multi-
decadal time scales were reached using the longest lived bivalve known to date Arctica 
islandica (Chapter 2), and Clathromorphum compactum a newly discovered long-lived 
coralline alga (Chapter 3). The relationships observed at SPM between A. islandica and C. 
compactum sclerochronological records and different geographical scales environmental 
datasets yield details about past large-scale oceanographic variability and ecosystem 
dynamics. Local, high-frequency (25.8 h) temperature oscillations were tracked using 
sclerochronological information contained in Placopecten magellanicus (Chapter 4) a fast 
growing (ca. 500 µm / day) bivalve species.  

 

This study points out the relevant position of this archipelago for studying multiple 
scale oceanographic variability, biological responses and ecosystem dynamics facing global 
changes. 

 

Keywords: Sclerochronology, Climate change, North Atlantic, environmental proxies, 
Labrador Current, Saint-Pierre and Miquelon, Coastal Trapped Wave. 
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Introduction 

Ce manuscrit rassemble la majorité des travaux de recherche effectués durant mon doctorat. 

Tous sont centrés sur les réponses d’invertébrés benthiques aux variations 

environnementales et leur aptitude à les enregistrer. Le choix du site d’étude et des modèles 

biologiques a été conditionné par notre volonté de considérer simultanément différentes 

échelles spatiales et temporelles. Cela a été fait pour plusieurs raisons essentielles, définies 

en amont de notre discipline initiale qu’est l’écologie marine. 

Les changements climatiques globaux et l’océan 

Connaître le climat pour en comprendre les effets est un défi auquel les sociétés humaines se 

sont attelées depuis longtemps. Étant donné son influence, sur la température de l’air, les 

principaux cycles biogéochimiques dont celui de l’eau, la végétation et une multitude d’autres 

variables qui déterminent la qualité de notre environnement, il est aisé d’en identifier 

l’importance pour la survie de nos sociétés. Or, depuis le début de l’ère industrielle, les 

activités humaines modifient drastiquement le climat, notamment à travers les émissions de 

gaz à effet de serre et d’aérosols dans l’atmosphère (Hartmann et al., 2013). Les 

manifestations de ces changements globaux sont visibles autour du monde et affectent de 

nombreuses composantes de nos sociétés. Celles-ci peuvent-être environnementales mais 

aussi socio-économiques et même géopolitiques (Jeandel & Mosseri, 2011). 

Le système climatique comprend cinq grandes enveloppes (compartiments) : l’atmosphère, 

l’hydrosphère, la cryosphère, la lithosphère et la biosphère, qui interagissent entre elles via 

plusieurs types d’échanges. Depuis quelques dizaines d’années d’importants progrès ont été 

réalisés en météorologie de concert avec l’océanographie. Ces travaux ont permis une 

compréhension plus fine des composantes physiques du système climatique. L’étude de 

l’atmosphère se base sur les observations du réseau mondial des stations météorologiques 

mis en place à la fin du 19ème siècle par l’Organisation Mondiale de la Météorologie. En 

revanche, les observations et études océanographiques sont plus contemporaines. En effet, 

jusqu’au début des années 1960, l’océan était considéré comme un milieu passif répondant 

au forçage de l’atmosphère. Aujourd’hui, on sait au contraire que l’océan est une composante 

essentielle du système climatique, qu’il module à différentes échelles, de par sa nature et ses 

interactions avec l’atmosphère. Ces interactions peuvent être quantifiées et leurs évolutions 
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prédites à travers le développement de modèles numériques basés sur les équations de la 

dynamique des fluides.  

Actuellement, les principaux modèles couplés océan/atmosphère destinés à prévoir les 

changements environnementaux futurs ont des résolutions spatiales relativement faibles de 

l’ordre de la centaine de kilomètres (Flato et al., 2013). Ce type de modélisation peut alors 

affecter la représentation de phénomènes régionaux ayant une influence majeure sur les 

projections climatiques futures (Stock et al., 2011). C’est notamment le cas dans l’Atlantique 

Nord-Ouest, en particulier sur le plateau continental Nord-Américain où les modèles 

climatiques globaux possèdent un biais chaud en matière de représentation des températures 

de surface de l’océan (Wang et al., 2014). Connu sous le nom de « Gulf Stream separation 

problem » (Dengg et al., 1996) ce biais continu à exister dans de nombreux modèles 

climatiques globaux ayant une trop faible résolution spatiale de la composante océanique 

(Bryan et al., 2007). On comprend alors l’intérêt d’étudier le passé hydrologique de cette 

région pour en comprendre la dynamique et ainsi réussir à en affiner la modélisation. Il 

convient donc de revenir à la distribution des masses d’eau et à la nature des courants de 

l’Atlantique nord.  

Circulation océanique de l’Atlantique Nord 

L’Océan Atlantique Nord contribue à la régulation du climat mondial à travers son rôle majeur 

dans la circulation thermohaline globale (Fig. 1) (Broeker, 1991). Les eaux de surface chaudes 

et salées venant des tropiques sont transportées vers le nord, elles se refroidissent alors peu 

à peu par le transfert de chaleur vers l’atmosphère. Cette perte de chaleur va alors entrainer 

une augmentation de la densité de ces eaux tropicales qui vont couler par convection. Les 

eaux profondes arctiques résultant de ce mélange vont ensuite alimenter un courant froid et 

profond se dirigeant vers le sud. Bien qu’induite principalement par ces changements de 

température des eaux de surface, la salinité joue également un rôle dans ce phénomène de 

convection. En effet, les eaux tropicales plus salées sont également plus denses que les eaux 

polaires dont les salinités sont moins élevées. 
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Figure 1 : Schéma de la circulation océanique thermohaline globale. Les courants chauds de 

surface sont représentés en rouge et ceux de fond plus froids en bleu. Les principaux sites de 

convection sont indiqués par des cercles plus clairs (Source : IPCC). 

La circulation des eaux de surface dans l’Atlantique Nord est principalement contrôlée par les 

vents qui entrainent mécaniquement l’eau dans leurs mouvements. Ces forçages 

atmosphériques interviennent dans les 500 premiers mètres de la colonne d’eau et donnent 

naissance à de grands systèmes océaniques que sont les gyres subtropical et subpolaire. Le 

gyre subtropical est un vaste tourbillon qui entraine les eaux de surface dans le sens 

anticyclonique (sens des aiguilles d'une montre) aux basses latitudes. Tandis que le gyre 

subpolaire circule dans le sens cyclonique aux hautes latitudes (Fig. 2). 

Plus précisément, la circulation océanique de l’Atlantique Nord commence à l’ouest par le 

courant Nord Atlantique (NAC). Le NAC est l’extension vers le Nord-Est du Gulf Stream. La 

branche principale du NAC traverse la ride médio Atlantique vers 53°N (Schott et al., 2004). 

Une partie du NAC descend vers le Sud-Est pour alimenter le gyre subtropical, tandis que 

l’autre partie alimente le gyre subpolaire et les mers nordiques en bifurquant respectivement 

vers le Nord-Ouest et le Nord-Est. La branche alimentant le gyre subpolaire rejoint le courant 

d’Irminger sur le flanc Ouest de la dorsale de Reykjanes (Bower et al., 2002). Le courant 

d’Irminger rejoint la Mer du Labrador en longeant les côtes Groenlandaises. Ces eaux sont 
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entrainées par le courant Ouest Groenlandais qui circule de manière cyclonique en suivant la 

bathymétrie de la Mer du Labrador (Cury et al., 2002). Le long des côtes de Terre-Neuve et 

Labrador, depuis le détroit d’Hudson jusqu’au Sud des Grands Bancs de Terre-Neuve, circule 

le courant du Labrador. Il transporte les eaux froides et peu salées de la baie de Baffin ainsi 

qu’une partie des eaux plus salées du courant Ouest Groenlandais du Nord vers le Sud (Lazier 

& Wright, 1993 ; Han et al., 2008). Sa structure spatiale et son évolution sont très complexes. 

Il est composé de deux branches principales. La plus importante est la branche offshore qui 

s’écoule, vers le sud, sur la bordure Est du talus continental des côtes du Labrador et de l'Est 

de Terre Neuve pour rejoindre le NAC complétant ainsi la boucle du gyre subpolaire. La 

branche inshore, dont le volume transporté est dix fois plus faible que celui de la branche 

offshore, s’écoule sur le plateau continental des côtes de Terre-Neuve et Labrador (Lazier & 

Wright, 1993).  

 

Figure 2 : Schéma de la circulation océanique dans l'Atlantique Nord. Les principaux 

acronymes utilisés sont les suivants : courant Nord Atlantique (NAC), courant d'Irminger (IC), 

Courants Est et Ouest du Groenland (respectivement EGC et WGC) et courant du Labrador 

(LC). (Source : Figure 1 de Daniault et al., 2016) 
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Ce système n’est bien entendu pas statique et varie de manière saisonnière et interannuelle 

dans son intensité. À une échelle interannuelle, la circulation océanique de l’Atlantique Nord 

varie en fonction de deux composantes majeures (Penduff et al., 2011) : une première 

composante intrinsèque due au caractère turbulent de l’océan et une seconde forcée, induite 

par la variabilité atmosphérique. 

Dans l’Atlantique Nord le mode de variabilité atmosphérique dominant est l’Oscillation Nord 

Atlantique (NAO) (Hurrell, 1995). La NAO est un indice représentant des oscillations de 

pressions entre l’anticyclone des Açores et la dépression d’Islande (Hurrell, 1995). Un 

affaiblissement de ces deux systèmes est associé à un indice NAO négatif (Fig. 3). Au contraire, 

un creusement de la dépression d’Islande associé à un gonflement de l’anticyclone des Açores 

correspond à une phase positive de la NAO. Celle-ci s’accompagne d’une augmentation de 

l’intensité des vents d’Ouest entre 40°N et 60°N et d’un renforcement des alizés dans les 

subtropiques (Fig. 3). Cette oscillation est en général plus forte pendant les mois d’hiver 

durant lesquels la dynamique atmosphérique est exacerbée. 

 

Figure 3 : Représentations graphiques des phases positive (A) et négative (B) de la NAO 

(Source : Figure 9 de Wanner et al., 2001).  

À la différence de la NAO qui est un forçage atmosphérique, l’oscillation pluri décennale 

Atlantique (AMO) est un indice représentant des variations de la température des eaux de 



7 
 

surface de l’Atlantique Nord entre l’équateur et 70°N. L’AMO varie en fonction de plusieurs 

composantes, une première endogène liée aux fluctuations de la circulation thermohaline 

globale relatives aux transports de glace de mer et d’eau douce en provenance de l’Arctique 

(Dima & Lohmann, 2007). L’AMO inclut également une seconde composante due aux forçages 

exogènes anthropiques tels que les émissions de gaz à effet de serre et d’aérosols (Booth et 

al., 2012). Quelles que soient l’origine des différentes composantes de l’AMO, ses fluctuations 

sont associées à de nombreux phénomènes climatiques (Knight et al., 2006). 

De plus en plus d’études s’intéressent donc aux interactions Océan/Atmosphère en 

confrontant l’évolution de ces deux indices (AMO/NAO). La majorité de celles-ci suggèrent 

que l’AMO et la NAO hivernale sont corrélés négativement (e.g. Gastineau et al., 2013 ; 

Msadek et al., 2011) et que les phases positives de l’AMO diminuent la circulation 

atmosphérique dans l’Atlantique Nord et donc la NAO (Hakkinen et al., 2011). 

Il convient ici de noter que si cette variabilité à grande échelle est susceptible d’impacter des 

écosystèmes hauturiers, elle affecte également l'environnement côtier. 

Les oscillations thermiques à l’interface eau/sédiment 

Des oscillations thermiques à l’interface eau/sédiment ont déjà été observées dans de 

nombreuses zones côtières. Celles-ci ont majoritairement lieu dans des environnements 

stratifiés et possèdent un large spectre harmonique haute-fréquence qui va de quelques 

heures à plusieurs jours (Leichter et al., 2012 ; Mihanovic et al., 2009 ; Mihanovic et al., 2014 ; 

Wall et al., 2012 ; Wang et al., 2007). Dans les régions côtières de la plupart des plateaux 

continentaux, les oscillations thermiques à l’interface eau/sédiment sont généralement 

faibles, de l'ordre de quelques degrés. Les plus fortes ont été observées au niveau du front de 

marée du Banc Georges où elles peuvent atteindre 7°C à 60m avec une fréquence semi-diurne 

(Guida et al., 2013) et (ii) sur les côtes Californiennes où des oscillations de 6°C ont lieu de 

manière diurne et semi-diurne à 15 m de profondeur (Pineda, 1994). 

Plusieurs facteurs, tels que les marées et les vents ont été proposés pour expliquer ces 

observations, en fonction de la stratification, de la fréquence de ces oscillations et de la 

latitude (force de Coriolis). La majorité des oscillations périodiques a été attribuée à la marée, 

majoritairement semi diurne sur le plateaux continentaux bien qu'en certaines régions (côte 

de l'Oregon, NW Ecosse,...), les ondes diurnes puissent dominer et se confondre avec les effets 
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des brises marines quotidiennes (Cudaback & McPhee-Shaw, 2009 ; Mihanovic et al., 2006 ; 

Orlic et al., 2013). Aux latitudes moyennes, les oscillations diurnes sont sous-inertielles (la 

période diurne ~24h est supérieure à la période d'inertie ~17h par 47°N). Différentes théories 

montrent que ces oscillations ne peuvent se propager librement. Elles sont piégées par la 

topographie, peuvent générer de forts courants diurnes et ne peuvent se propager qu'en 

laissant la côte sur leur droite dans l'hémisphère nord. Il s'agit alors d'ondes côtières piégées 

(CTW) qui apparaissent généralement dans les zones où la topographie est accidentée. De 

plus, lorsque la zone d'intérêt présente des contours topographiques fermés, comme c’est le 

cas pour un mont sous-marin ou une île, cela peut entrainer une amplification des CTW 

(Huthnance, 1974 ; Mihanovic et al., 2009 ; Mihanovic et al., 2014). 

Saint-Pierre et Miquelon à l’interface de ces deux échelles 

Dans ce contexte, Saint-Pierre et Miquelon (SPM) (Fig. 4) se situe sur le plateau continental 

Nord-Américain et à l'intersection des courants du Gulf Stream et du Labrador qui jouent un 

rôle clef dans la circulation Nord Atlantique décrite précédemment. Cependant, à notre 

connaissance, cet archipel n’a jamais fait l'objet d'étude océanographique spécifique. Ce n’est 

que très récemment que des suivis environnementaux locaux, dédiés à l’aquaculture, ont 

permis de mettre en évidence la présence d’oscillations thermiques quotidiennes supérieures 

à 10°C à proximité du fond pendant l’été. 

 

Figure 4 : Situation géographique de l'archipel de Saint-Pierre et Miquelon (Source : Poitevin 

et al., 2018). 
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À SPM la colonne d’eau est stratifiée uniquement en été. Les températures de surface sont 

aux alentours de 2°C au milieu du printemps puis vont se réchauffer jusqu’à atteindre leur 

maximum autour de 15°C à la fin de l’été pour ensuite redescendre vers 8°C à la mi-novembre. 

Les températures de fond présentent quant à elles des variations hautes fréquences dont 

l’amplitude augmente en même temps que les températures de surface. Pendant les deux 

premières semaines de septembre, l’amplitude de ces oscillations est la plus forte avec un 

maximum de 11.5°C à 60m et 9.5°C à 30m le 7 septembre 2011 (Fig. 5).  

 

Figure 5 : (a)-Séries de mesures de 2011 présentant les températures à 6m sous la surface 

(courbes bleu et verte) et à 5m au-dessus du fond (courbes rouge et noire) aux stations 30m 

et 60m, respectivement, situées à la sortie de la rade de Miquelon. (b)-Zoom sur les deux 

premières semaines de septembre 2011 (grisées en (a)) avec en plus un enregistrement des 

températures 16m au-dessus du fond (mab) à la station 30m (courbe jaune). (c)-Analyse 

spectrale des températures de fond du 1er au 15 août 2011à 30m (courbe rouge) et 60m 

(courbe noire). (d)-Analyse spectrale du niveau de la mer pendant la même période. (Source : 

Lazure et al., 2018) 
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Une analyse spectrale a permis d’identifier les fréquences dominantes de ces oscillations 

thermiques (Fig. 5). Celle qui influence principalement ces variations est de 0.93 cycle par jour 

(cpd) soit 25.82 h ce qui correspond à la fréquence de l’onde de marée O1. La seconde est de 

1 cpd et correspond à l’onde K1 tandis que l’onde M2 (1.93 cpd) qui influence principalement 

les niveaux a beaucoup moins d’importance sur la régulation des oscillations thermiques. La 

marée semble donc être à l’origine de ces variations périodiques de température dans la 

colonne d’eau à SPM, le vent jouant un rôle certainement très secondaire. La génération de 

ce phénomène à SPM peut s’expliquer par la présence, sur la pente continentale du plateau 

de Terre Neuve, d’une onde côtière de plateau de mode 1 (Han, 2000 ; Wright & Xu, 2004 ; Xu 

& Loder, 2004). Le changement bathymétrique brutal qui se produit au Nord-Ouest de l’île de 

Miquelon affecte probablement la propagation de cette onde. Ce changement pourrait alors 

aboutir à la propagation dans le sens horaire d’une onde côtière piégée autour de l’archipel. 

SPM pourrait ainsi être résonnant à la période O1, avec un mode azimutal 2 (ce qui correspond 

à deux longueurs d'onde le long du périmètre de SPM) et un mode cross-shore 1 (Lazure et 

al., 2018). Ces observations sont assez similaires à celles déjà rapportées sur le Banc de Rockall 

(Huthnance, 1974) et autour de l’île de Latsovo en mer Adriatique (Mihanovic et al., 2014) à 

la différence près qu'autour de l'archipel de SPM, l'amplitude des oscillations de température 

près du fond est largement supérieure. Néanmoins d’autres mécanismes sont susceptibles 

d’affecter la propagation de ces ondes, tels que : des changements de stratification, des 

forçages atmosphériques, ou encore des spécificités bathymétriques.  

L’apport de la sclérochronologie 

C’est dans ce contexte hydroclimatique complexe, où la variabilité des circulations 

atmosphériques et océanographiques se superposent à des oscillations locales diurnes que 

nous plaçons ce travail sclérochronologique. En effet, les reconstructions hydroclimatiques à 

SPM aux deux échelles spatiales (de la dizaine de centimètres au bassin Nord Atlantique) et 

temporelles (de l’heure au siècle) considérées précédemment, nous permettraient de calibrer 

de nouveaux outils sclérochronologique et de mieux comprendre le fonctionnement passé de 

cet écosystème afin d’en anticiper l’évolution future en fonction des différents scenarios de 

l'évolution du climat envisagés par le GIEC. 
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Reposant sur l’étude des profils de croissance et des propriétés physico-chimiques des 

structures calcifiées bio-construites des organismes, la sclérochronologie (du Grec skleros : 

dur ; khronos : temps ; logos : parole) offre des informations, sur l’autoécologie des 

organismes étudiés, sur l’environnement passé dans lequel ils ont vécu et dans certains cas 

sur l’usage fait de ces organismes par les sociétés humaines passées. Les principales 

caractéristiques qui rendent les mollusques bivalves particulièrement intéressants pour ce 

type d’études sont, en plus du caractère pérenne de leurs exosquelette et de leur apparition 

au cambrien il y a 500 millions d’années : (a) leurs larges répartitions géographiques ; (b) la 

diversité de leurs modes de vie ; (c) le caractère périodique de leur croissance et le 

synchronisme de celle-ci entre les individus d’une même population ; (d) l’extraordinaire 

longévité de certaines espèces et (e) le caractère emblématiques de leurs coquilles pour les 

sociétés humaines passées. 

Au cours de leur vie, les mollusques bivalves croissent par incréments successifs en précipitant 

du carbonate de calcium (CaCO3) le long de la marge ventrale de leurs coquilles. Cette 

croissance coquillière n’est pas linéaire et ralentie ou cesse à intervalles réguliers. C’est lors 

de ces périodes que de la matière organique s’accumule au niveau de la zone d’accrétion 

coquillière, formant des lignes appelées lignes de croissance (Fig. 6) (Clark, 1974 ; Checa, 

2000). Ces lignes de croissance se forment à des échelles temporelles sub-journalières à 

annuelles (Schöne & Surge, 2012) et sont le résultat d’une combinaison de facteurs 

physiologiques et environnementaux (e.g. Lutz & Rhoads, 1980 ; Steinhardt et al., 2016). On 

appelle « incrément de croissance » la portion de coquille contenue entre deux de ces lignes 

(Fig. 6) et leurs largeurs reflètent différents taux de croissance qui sont calculés en utilisant 

des outils mathématiques issus d’études dendrochronologiques. 
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Figure 6 : Coupe suivant l'axe de croissance maximale d'un spécimen d'Arctica islandica 

collecté à SPM en 2016 (ce travail). La ligne jaune indique la trajectoire sur laquelle les lignes 

de croissance ont été placées (points rouges). Les segments verts correspondent à quelques 

exemples d’incréments de croissance mesurés associés à une année. 

Il est admis que pendant les périodes de l’année où les conditions environnementales sont en 

adéquation avec les besoins physiologiques de l’espèce étudiée, le taux de croissance de celle-

ci est plus important qu’en période de stress métabolique (Schöne, 2008). Ainsi dès lors que 

les exigences physiologiques d’une espèce sont connues et que l’on peut associer une date 

précise à un incrément de croissance (date de récolte d’un individu vivant). Ces variations de 

croissance peuvent nous renseigner sur les conditions environnementales passées. 

Cependant, la croissance des bivalves ne dépend pas seulement des conditions 

environnementales mais aussi de l’ontogénie (Schöne, 2008). En effet, leur taux de croissance 

diminue de manière exponentielle tout au long de leur vie en suivant une trajectoire propre à 

chaque espèce (e.g., Peharda et al., 2012) et à chaque individu (e.g., Witbaard et al., 1997). 

Cette décroissance peut être soustraite aux autres informations en comparant les mesures 

brutes d’incréments à des valeurs théoriques issues de différents modèles mathématiques. 

Ces modèles peuvent avoir des fondements biologiques comme les équations de von 

Bertalanffy (von Bertalanffy, 1938) ou être purement théoriques comme des splines cubiques 

(Schöne et al., 2003). Une fois cette tendance retirée, les taux de croissance ainsi obtenus sont 

à même de fournir des informations sur des phénomènes environnementaux passés qui ont 

eu lieu ces dernières décennies (Ramsay et al., 2000; Strom et al., 2005; Brocas et al., 2013), 

siècles (Wanamaker et al., 2008 ; Reynolds et al., 2013 ; Bonitz et al., 2018) ou millénaires 

lorsque des chronologies de croissances d’individus fossiles chevauchent celles de coquilles 

contemporaines (Butler et al., 2013; Holland et al., 2014). 
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Les lectures de croissance peuvent également servir de cadres temporels lors de la réalisation 

d’analyses géochimiques de la coquille. En effet, après une phase de calibration, la 

composition isotopique et élémentaire des coquilles va pouvoir nous renseigner sur différents 

paramètres environnementaux passés tels que : la température et la salinité (e.g. Carré et al., 

2005 ; Wanamaker et al., 2008 ; Jolivet et al., 2015,Reynolds et al., 2017), la production 

primaire (e.g. Thébault et al., 2009 ; Barats et al., 2009 ; Thébault & Chauvaud, 2013) et 

différents types de pollutions (e.g. Carriker et al., 1980, Vander Putten et al., 2000 ; Gillikin et 

al., 2005 ; Dunca et al., 2009 ; Holland et al., 2014). Concernant la température, plusieurs 

études ont essayé d’utiliser la composition en éléments traces des coquilles (Sr/Ca, Mg/Ca) 

pour reconstruire des variations passées de ce paramètre (e.g. Hart & Blusztajn, 1998; Gillikin 

et al., 2005; Schöne, 2008). Or, les variations des ratios Sr/Ca et Mg/Ca dans la coquille 

dépendent aussi de l’espèce étudiée (Freitas et al., 2008), de l’organisation cristallographique 

de la coquille (Surge & Walker, 2006; Schöne et al., 2013) et donc du taux de croissance 

(Lorrain et al., 2005) et de l’ontogénie (Freitas et al., 2005). La température peut également 

être reconstruite grâce à la composition en δ18O de la coquille (e.g Dorman & Gill, 1959; Arthur 

et al., 1983; Steuber, 1996) qui est relativement proche de celle du milieu dans lequel celle-ci 

a été minéralisée (Mook & Vogel, 1968; Grossman & Ku, 1986; Lécuyer et al., 2012). Ainsi, 

contrairement aux ratios élément/calcium, la composition en isotopes de l’oxygène de la 

coquille n’est pratiquement pas influencée par la physiologie de l’animal (e.g., Goodwin et al., 

2001; Surge et al., 2001; Schöne et al., 2004). Cependant, estimer des paléotempératures à 

partir de valeurs isotopiques de l'oxygène d’une coquille peut également être complexe car 

celles-ci nous renseignent simultanément sur, la signature isotopique de la masse d’eau, la 

température et la salinité. Par conséquent, il est possible d’estimer correctement les 

températures passées que si le δ18O du milieu est connu et la salinité constante ou elle aussi 

connue, ce qui est rarement le cas. 

Dans le cadre de cette thèse, nous avons cherché à croiser des informations 

sclérochronologiques issues d’une algue calcaire encroûtante et de plusieurs espèces de 

bivalves toutes présentes à SPM et ayant différentes spécificités écologiques. Le choix des 

espèces, outre l’homogénéité de lieu, était conditionné par la double contrainte d’une 

reconstruction paléoenvironnmentale sur des fréquences variables et d’une nécessité de 

validation croisée des résultats obtenus.  
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Les différentes espèces étudiées 

Arctica islandica 

Le quahog nordique (Arctica islandica) dont la hauteur coquillière peut être supérieure à 

10 cm est l’un des plus grands bivalves de l’Atlantique Nord (Fig. 7). C’est également l’espèce 

animale non coloniale présentant la plus longue période de croissance connue à ce jour, avec 

un individu islandais dont l’âge a été estimé à 507 ans (Butler et al., 2013). On retrouve ces 

animaux fouisseurs dans des sédiments meubles plus ou moins grossiers (Lutz et al., 1981) de 

la zone intertidale (Lutz et al., 1981) jusqu’à des profondeurs supérieures à 500m (Nicol, 1951). 

C’est une espèce poïkilotherme dont le spectre de tolérance thermique est compris entre 1 et 

16°C. Cependant, des individus matures sexuellement peuvent tolérer des températures 

supérieures à 20°C (Loosanoff, 1953) ce qui n’est pas le cas des larves dont le développement 

est optimal entre 13 et 15°C (Lutz et al., 1982). Dans ces conditions le développement larvaire 

ne dure que 32 jours tandis qu’entre 8.5 et 10°C celui-ci dure 55 jours (Lutz et al., 1981). A. 

islandica est également une espèce euryhaline et supporte des salinités comprises entre 22 et 

35 PSU (Winter, 1969). Toutes ces spécificités expliquent la large distribution biogéographique 

d’A. islandica sur les bords Est et Ouest de l’Atlantique Nord. On trouve donc cette espèce sur 

la façade Est des côtes américaines de la Caroline du Nord (USA) aux côtes Sud de Terre-Neuve 

(Canada), ainsi que sur les côtes Européennes de la Norvège jusqu’au Golfe de Gascogne en 

incluant, les îles Britanniques, Féroé, Shetland, l’Islande et le Svalbard (Dahlgren et al., 2000).  
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Figure 7 : Photo in situ d’A. islandica à Saint-Pierre et Miquelon (Source : E. Amice/CNRS). 

Clathromorphum compactum 

L’algue rouge encroûtante (Clathromorphum compactum) a une structure filamenteuse 

classique commune à la plupart des rhodophycées. Ses filaments cellulaires, comme ceux des 

différentes espèces du genre Clathromorphum, fusionnent entre eux au sein d’une matrice de 

calcite magnésienne (Adey et al., 2013). Ces algues calcaires se développent sur les fonds 

rocheux arctiques et subarctiques (Fig. 8), de l’Atlantique et du Pacifique, entre 0 et 40 m de 

profondeur (Adey et al., 2013). La répartition géographique de cette espèce s’étend alors du 

Nord-Est de l’île d’Hokkaido (Japon) jusqu’au milieu du Golf du Maine (USA) (Adey et al., 2008). 

La croissance annuelle de cette algue est constante au cours du temps, relativement lente et 

majoritairement dépendante de la température et de la lumière (Adey et al., 2013). Celle-ci 

est comprise entre 300 et 400 µm d’épaisseur par an autour des îles Aléoutiennes mais peut 

être inférieure à 100 µm en Arctique (Adey et al., 2013). Pour se reproduire cette algue forme 

des structures reproductrices non calcifiées qui sont appelées conceptacles. Celles-ci peuvent 

être dispersées ou réparties de manière dense sur la surface du tissu périthallial. Ces 

structures reproductrices commencent leur développement au début de l’automne 

indépendamment de la latitude où elles se trouvent (Adey et al., 2013). Elles se développent 
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vers le haut et restent enfoui dans ce tissu contenant du carbonate jusqu'à leurs maturités 

(Adey, 1965). Ces végétaux se reproduisent tout au long de leur vie et peuvent atteindre une 

longévité supérieure à 600 ans (Halfar, et al., 2013).  

Figure 8 : Photo illustrant le prélèvement d’un spécimen de C. compactum à Saint-Pierre et 

Miquelon (Source : E. Amice/CNRS). 

Spisula solidissima 

La mactre de l’Atlantique (Spisula solidissima) est le plus grand bivalve de l’Atlantique Nord-

Ouest (Fig. 9). Celui-ci peut atteindre la taille maximale de 226 mm et vivre jusqu’à 37 ans 

(Ropes & Jearld, 1987). Son aire de distribution s’étend de la baie de Gaspé dans le golfe du 

Saint-Laurent (Canada) au Cap Hatteras en Caroline du Nord (USA) (Bousfield, 1964). Ce 

bivalve fouisseur affectionne particulièrement les substrats meubles composés de sable 

moyen homogène (Dames & Moore, 1993) mais peut aussi se développer dans des sédiments 

fins (MacKenzie et al., 1985) ou limoneux (Meyer et al., 1981). L’habitat de la mactre s’étend 

de la limite supérieure de l'infralittoral jusqu’à 128 m (Jones et al., 1983). Cependant, les plus 

fortes concentrations sont observées dans des zones présentant un fort hydrodynamisme 

entre 8 et 66 m de profondeur (Fay et al., 1983). Le spectre de tolérance thermique de cette 

espèce s’étend de 0 à 28°C (Spruck et al., 1995) à des salinités toujours supérieures à 28 PSU 
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(Cargnelli et al., 1999). La croissance de S. solidissima est plus rapide au printemps et au début 

d’été pendant la phase d’augmentation des températures puis diminue de la fin de l’été à 

l’automne (Jones et al., 1983). La mactre de l’Atlantique est également relativement sensible 

à l’hypoxie. Dans le New Jersey des épisodes hypoxiques sévères (< 3 ppm) ont déjà conduit à 

des mortalités massives (Weinberg & Helser, 1996). L’âge de maturité sexuelle de cette espèce 

varie fortement en fonction de la zone géographique. Dans le New-Jersey (USA) certains 

auteurs affirment que S. solidissima est mature à partir de 3 mois, soit une taille de 5mm 

(Chintala & Grassle, 1995). En revanche, autours de l’île du Prince Édouard (Canada) la 

reproduction intervient seulement à partir de 4 ans et à une taille comprise entre 80 et 95 mm 

(Sephton & Bryan, 1990). 

 

Figure 9 : Photo de S. solidissima à Martinique Beach (Source : M. Kira, P. Olivia, V. Ryan) 

Placopecten magellanicus 

Le pétoncle géant (Placopecten magellanicus) (Fig. 10) est un mollusque bivalve dont la taille 

maximale peut atteindre 211 mm et dont la longévité peut être supérieure à 20 ans (Packer 
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et al., 1999). Son aire de distribution s’étend de la côte Nord du golfe du Saint-Laurent 

(Canada) au Cap Hatteras en Caroline du Nord (USA) (Packer et al., 1999). Ce bivalve épigé est 

capable de se développer sur différents types de substrats meubles ou durs, même si les fonds 

composés de graviers et de galets semblent les plus adaptés (Thouzeau et al., 1991). On trouve 

le pétoncle géant à des profondeurs comprises entre 2 et 384 m (Naidu & Anderson, 1984 ; 

Merrill, 1959), même si la majorité des populations exploitées se trouvent à des profondeurs 

comprises entre 18 et 110m (Packer et al., 1999). Les pétoncles peuvent être confrontés à des 

températures comprises entre -2 et 20°C, la croissance de cette espèce est possible entre 8 et 

18°C avec un optimum autour de 13.5°C (MPO, 2011). La gamme de salinité supportée par 

cette espèce varie de 16.5 à 35 PSU (Packer et al., 1999). Le cycle de vie de P. magellanicus est 

relativement complexe et comporte d’importantes spécificités associées à chacun de ces 

stades. Ces animaux sont gonochoriques et matures sexuellement à partir de l’âge de 3 ans (> 

60 mm). La reproduction intervient alors à la fin de l’été entre la fin du mois d’août et le début 

du mois de septembre. Les deux stades larvaires (trochophore et véligère) du pétoncle géant 

sont pélagiques et durent un peu plus d’un mois (Posgay, 1982). Cette durée n’est 

qu’indicative et varie en fonction de la température du milieu dans lequel les larves se 

développent. Les larves deviennent ensuite benthiques au stade pédivéligère et sécrètent un 

byssus pour se fixer à un substrat dur (Culliney, 1974). À partir de leur deuxième année de 

croissance (5-12 mm), les juvéniles se détachent et deviennent relativement mobiles jusqu’à 

atteindre une taille de 80 mm (Caddy, 1968). Durant cette période les juvéniles peuvent nager 

activement et se déplacer de 10 à 100 m par jour (Kenchington et al., 1991) et même couvrir 

des distances de 0,5 km (Parsons et al., 1992) à près de 10 km par année (Melvin et al., 1985). 
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Figure 10 : Photo in situ de P. magellanicus à Saint-Pierre et Miquelon (Source : E. 

Amice/CNRS). 

Objectifs et structure de la thèse 

En résumé, notre étude se déroule dans un écosystème où les connaissances scientifiques 

sont contrastées voir paradoxales. 

D’un point de vue global, nous savons que SPM se situe à la croisée des principales masses 

d’eaux intervenant dans la circulation des eaux de surface de l’Atlantique Nord. En revanche, 

comme le soulignent Wu et ses collaborateurs (2012), la circulation océanique autour de SPM 

et du chenal Laurentien est mal connue, en raison de sa situation en bordure des principaux 

modèles de circulation océanique de la région (Grands Bancs de Terre-Neuve, Plateau néo-

écossais et Golfe du Saint-Laurent). De plus, les mesures environnementales y sont 

relativement contemporaines et ne remontent que très rarement avant 1950. Même si, Petrie 

& Anderson (1983) supposent que les eaux de SPM sont probablement issues d'un mélange 

d’eaux des courants du Labrador, du Gulf Stream et du Golfe du Saint-Laurent. L’identification 

de celles-ci et la quantification de leurs influences sur l’hydrodynamisme de SPM restent donc 

des questions ouvertes. Cette méconnaissance de l’hydrodynamisme local induit également 
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des incertitudes concernant les variabilités passé et futur du climat à l’échelle mondiale. Cela 

s’illustre particulièrement lorsque l’on compare les résultats de différents modèles couplés 

océan/atmosphère (e.g. Danabasoglu et al., 2013). En effet, les difficultés associées à la 

représentation des courants marins de l’Atlantique Nord-Ouest sont à l’origine de biais 

récurrents dans les projections climatiques futures (Wang et al., 2014). 

Localement, les températures de surface (0-20 m) montrent un cycle saisonnier d'une 

amplitude d'une quinzaine de degrés caractéristique des latitudes moyennes (Miquelon se 

situe à la latitude de Nantes). En revanche, les températures de fond (20 m - 80 m) sont 

affectées par de très fortes oscillations qui s'amplifient à mesure que les températures de 

surface augmentent. Ces oscillations peuvent atteindre une dizaine de degrés et présentent 

une période dominante diurne, qui correspond à celle de l'onde de marée O1 (25,8 h), tandis 

que les variations de hauteur d'eau sont semi-diurnes, en bonne conformité avec les 

constantes harmoniques de marée calculées par le SHOM. 

Dans ce contexte, la mise en évidence de la variabilité environnementale passée à ces deux 

échelles temporelles prend alors tout son sens. Pour cela, nous utiliserons des outils 

sclérochronologiques en les appliquant à différentes espèces animale et végétale. Les choix 

de celles-ci seront dictés par la résolution des informations environnementales passées que 

nous désirons et les spécificités biologiques de celles-ci. Pour étudier des variations 

environnementales sur de longues périodes temporelles nous utiliserons des coquilles du plus 

vieil animal non colonial connu à ce jour : Arctica islandica. Les structures calcifiées bio-

construites d’une algue coloniale encroûtante Clathromorphum compactum pouvant se 

développer pendant plusieurs siècles seront également étudiées. Puis, pour accéder à des 

informations environnementales passées à l’échelle sub-journalière, nous étudierons des 

animaux présentant une très forte croissance coquillière : Spisula solidissima et Placopecten 

magellanicus. 

Les résultats de ce travail seront alors présentés au sein de différents chapitres : 

Le premier sera majoritairement méthodologique et concernera S. solidissima. Ainsi, après 

avoir identifié la périodicité de formation des stries de croissance de cette espèce grâce à des 

mesures de δ18O dans la couche externe de sa coquille, les taux de croissance annuels de 

différentes parties de ce bivalve (chondrophore, couche externe et ligament) seront calculés 
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afin d’en comparer la dynamique de croissance. Pour finir, ces résultats seront mis en 

perspective avec ceux d’autres populations de S. solidissima au sein de son aire de répartition 

géographique afin de placer celle de SPM dans un contexte spatio-temporel. 

Le second s’intéressera à l’application de ces techniques sclérochronologiques à une espèce 

longévive, A. islandica, présente à SPM. Dans ce chapitre nous allons décrire les liens pouvant 

exister entre la variabilité de croissance annuelle d’A. islandica à SPM depuis 1850 et plusieurs 

variables environnementales mesurées à différentes échelles : globales, régionales et locales. 

Ces résultats nous permettront alors de mieux comprendre l’hydrodynamisme passé de cet 

archipel et d’évaluer la pertinence de ce site pour étudier des variations hydroclimatiques et 

écosystémiques sur de longues périodes et à l’échelle globale. 

Le troisième chapitre visera à étudier le potentiel sclérochronologique d’une algue calcaire 

encroûtante à Saint-Pierre et Miquelon. Ce travail comportera plusieurs volets. Le premier 

sera méthodologique et visera à développer une méthode permettant d’effectuer des lectures 

directes de croissance sur cet organisme. Pour valider cette méthode et engager une réflexion 

sur la variabilité intra-individuelle de la répartition des éléments traces au sein de ce végétal, 

un travail microchimique sera également réalisé. Ces résultats sclérochronologique obtenus 

sur des organismes longévifs d’un autre niveau trophique qu’A. islandica seront enfin mis en 

perspectives avec les variations environnementales passées. 

Le dernier chapitre aura pour but d’utiliser la variabilité haute fréquence des températures de 

fond autour de SPM pour identifier l’aptitude de P. magellanicus à enregistrer des 

informations environnementales sub-journalières dans sa coquille. Pour cela nous avons 

développé une technique d’ablation laser femto seconde couplée à un spectromètre de masse 

à plasma induit (LA-ICPMS) pour analyser les éléments traces contenus dans la matrice 

coquillière de P. magellanicus tous les 10 µm. 

Ce manuscrit s’achèvera sur une dernière partie ayant pour but de synthétiser les principaux 

résultats de ce travail et d’engager une réflexion autour des perspectives ouvertes par celui—

ci. 
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Ligament, hinge, and shell cross-sections of the Atlantic 

surfclam (Spisula solidissima): Promising marine 

environmental archives in NE North America 

Contexte et résumé de l’étude 

Ce premier chapitre présente une étude sclérochronologique portant sur Spisula solidissima. 

Ce travail a été pour moi l’occasion de m’approprier et de mettre en place des méthodes 

sclérochronologiques qui constitueront la base des chapitres suivants. Cette partie est donc 

majoritairement méthodologique et constitue une étape essentielle au sein de mon projet 

doctoral. 

Cette première étude concerne la Mactre de l’Atlantique (S. solidissima), une espèce d’intérêt 

commercial des eaux nord-américaines particulièrement sensible aux changements 

climatiques. En effet, de récentes études ont déjà démontré des modifications de son aire de 

répartition (plusieurs centaines de kilomètres) et de sa dynamique de croissance, en réponse 

à l'augmentation des températures de fond, de l’eutrophisation des zones côtières et de 

l'activité de pêche. Un des moyens de reconstruire la dynamique de ces changements passés, 

au sein des individus de cette espèce, passe par la réalisation d’études sclérochronologiques 

de leurs coquilles. Ces études peuvent concerner leurs compositions élémentaire et 

isotopique mais nécessitent au préalable d’en étudier la croissance. La croissance des 

organismes représente une variable qui intègre de multiples facteurs physico-chimiques et 

biologiques. Elle constitue donc une variable intégrative idéale pour suivre l’impact des 

changements environnementaux, des dernières décennies, sur différentes populations de S. 

solidissama le long d’un gradient géographique. Il convient de noter que l’analyse de la 

croissance de cette espèce est complexe car, (i) la présence de marques surnuméraires, (ii) 

l’érosion de la couche externe vers la charnière et (iii) les contraintes techniques liées à la 

préparation des coquilles, en perturbent la détermination. La présente étude propose une 

méthode alternative pour décrire la croissance annuelle de S. solidissima. 

Pour ce faire, nous avons analysé 27 coquilles de S. solidissima prélevées à Saint-Pierre et 

Miquelon (SPM). Pour valider la périodicité annuelle des stries de croissance de cette espèce 

à SPM, nous avons analysé la composition isotopique (δ18Oshell) de la couche externe de deux 
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coquilles. Les valeurs maximales de δ18Oshell étant concomitantes aux stries de croissances 

observées dans chacun des spécimens analysés, nous pouvons alors affirmer la périodicité 

annuelle de ces stries et leur occurrence pendant l’hiver à SPM. La taille des incréments de 

croissance visibles dans la couche externe des valves, ceux du chondrophore et enfin ceux du 

resilium, de tous les individus, ont ensuite été mesurés et leurs indices de croissance 

standardisés (SGI) ont été comparés. De fortes corrélations positives et significatives ont alors 

été trouvées entre ces trois chronologies de SGI (p < 0,001; 0,55 <𝜏 < 0,68). Cela confirme que 

les lignes de croissance observées dans le ligament fournissent une nouvelle méthode pour 

déterminer l'âge et le taux de croissance de S. solidissima. Les croissances mesurées lors de 

cette étude ont également été comparés à celles d’autres populations, dans le cadre d’une 

approche biogéographique replaçant les performances de croissance de S. solidissima à Saint-

Pierre et Miquelon, d’abord dans un contexte régional puis dans un contexte de changement 

global. 
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Abstract 

The Atlantic surfclam (Spisula solidissima) is a commercially important species in North 

American waters, undergoing biological and ecological shifts. These are attributed, in part, to 

environmental modifications in its habitat and driven by climate change. Investigation of shell 

growth patterns, trace elements, and isotopic compositions require an examination of growth 

lines and increments preserved in biogenic carbonates. However, growth pattern analysis of 

S. solidissima is challenging due to multiple disturbance lines caused by environmental stress, 

erosion in umbonal shell regions, and constraints related to sample size and preparation 

techniques. The present study proposes an alternative method for describing chronology. 

First, we analyzed growth patterns using growth lines within the shell and hinge. To validate 

the assumption of annual periodicity of growth line formation, we analyzed the oxygen 

isotope composition of the outer shell layer of two specimens (46°54'20"N; 56°18'58"W). 

Maximum δ18Oshell values occurred at the exact same location as internal growth lines in both 

specimens, confirming that they are formed annually and that growth ceases during winter. 

Next, we used growth increment width data to build a standardized growth index (SGI) time-

series (25-year chronology) for each of the three parts of the shell. Highly significant 

correlations were found between the three SGI chronologies (p < 0.001; 0.55 < 𝜏 < 0.68) of all 

specimens. Thus, ligament growth lines provide a new method of determining ontogenetic 

age and growth rate in S. solidissima. In a biogeographic approach, the shell growth 

performance of S. solidissima in Saint-Pierre and Miquelon was compared to those in other 

populations along its distribution range in order to place this population in a temporal and 

regional context. 

 

Keywords:  

Spisula solidissima, mollusk ligament, growth comparisons, sclerochronology, Saint-Pierre and 

Miquelon. 

Poitevin P, Thébault J, Schöne BR, Jolivet A, Lazure P, Chauvaud L (2018) Ligament, hinge, and 

shell cross-sections of the Atlantic surfclam (Spisula solidissima): Promising marine 

environmental archives in NE North America. Plos One, 13(6), e0199212. 
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Introduction 

The Atlantic surfclam (Spisula solidissima) is the largest bivalve in the western North Atlantic, 

reaching a maximum length of 226 mm (commercial minimum size: 120 mm in USA and 90 

mm in Canada) and longevity of 37 years in the Middle Atlantic Bight population [1]. S. 

solidissima is a commercially important species in Canada and the US Exclusive Economic Zone 

(EEZ). The US fishery represents nearly 75% of Atlantic surfclam global landings between 1965 

and 2011. In 2011, approximately 20 000 tons of Atlantic surfclam meats were landed, 93% of 

which came from the US EEZ, corresponding to nominal revenues of $29 million, making this 

fishery one of the most valuable single species fisheries in the US [2]. 

S. solidissima is a good example of a commercially important species undergoing biological 

and ecological changes that have been attributed to increased bottom water temperature, 

fishery activity, or a combination of both [3-4-5-6-7-8]. These changes are measured within 

the accretionary hard parts of the clam [9-10-11]. Shell growth, a variable that integrates 

multiple physical and biological factors, represents an integrative approach to monitor the 

impact of environmental changes in S. solidissima populations along a geographic gradient 

during the last few decades [7-12-13-14]. 

Previous studies have reported that S. solidissima is an aragonitic bivalve [15] that forms one 

growth line per year during fall [9]. Based on this observation, different methods have been 

used to measure growth rates in Atlantic surfclam shells, including the size distribution of 

single cohorts [16], analysis of growth increments following mark-and-recapture experiments 

using different labeling techniques [17], external shell growth line measurements [18], 

internal growth line analysis in shell cross-sections [1], and elemental and stable oxygen 

isotope analyses [19-20-21]. However, disturbance rings caused by storms, thermal stress, 

predators, diseases, spawning, gonad development, and dredging are often indistinguishable 

from (periodic) annual growth lines, leading to unreliable results [9-22]. Further limitations 

occur in older specimens, in which it is sometimes a bit more difficult to resolve the most 

recently formed growth lines and the umbonal region may be eroded. In addition, the cutting, 

polishing, and examination procedures are considered to be time-consuming [19]. In order to 

resolve some of these problems, [19] proposed another method for determining the age and 

growth rate using internal growth lines preserved in the chondrophore, a structure that is 
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particularly well developed in members of the Mactridae family. This method, which was 

improved by Ropes [23-24], is still used every 2-3 years on surfclams sampled in the framework 

of the NEFSC clam surveys [2]. Although this method has solved the problems related to outer 

shell layer degradation and time required, the problems related to disturbance lines persist 

[24]. 

The present study analyzed growth lines present in the outer layer of the shell and the 

chondrophore and compared them to those readily observed in the internal ligament 

(resilium) of Atlantic surfclam shells. A strong relationship has been identified between growth 

patterns in the shell and ligament in several bivalve species, including Placopecten 

magellanicus, Pedum spondyloideum, Radiolites angeoides, and Crassostrea gigas [25-26-27-

28-29]. S. solidissima has two physically separated ligaments: a small external uncalcified 

ligament (tensilium) and a larger internal partially calcified ligament (resilium) attached to the 

chondrophore [30]. In the rest of this article the hinge ligament refers to the elastic part 

composed of oriented aragonite crystals in a protein matrix that connects the shell valves 

dorsally (resilium). Our study focused on S. solidissima from Saint-Pierre and Miquelon (SPM), 

one of the northernmost populations along the eastern coast of North America. Despite the 

relevance of investigating the growth dynamics of a given species close to the limits of its 

ecological distribution, to the best of our knowledge, no investigation has yet been conducted 

on S. solidissima in SPM. Moreover, the SPM archipelago is free of any commercial and 

recreational surfclam exploitation. Thus, the objectives of this study were to gain insights into 

the seasonal dynamics of S. solidissima shell growth cessation in SPM using oxygen isotope 

thermometry in the outer shell layer, compare the growth lines present in the outer layer of 

the shell, the chondrophore, and the resilium (Fig 1), and give SPM population growth results 

a temporal and regional perspective. 
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Figure 1: 3D representation of the general structure of the shell and hinge ligament of S. 

solidissima. The outer shell layer (A - red) and chondrophore (B - yellow) of the right valve, 

as well as the right half of the hinge ligament (C - green), are sectioned along the axis of 

maximal growth (from the umbo to the ventral margin). White arrows are placed at the 

locations of annual lines in the outer shell layer. These three structures are associated with 

the corresponding photomosaic, all of which were obtained from the same individual. 

 

Materials & Methods 

Sampling  

Twenty-seven S. solidissima specimens (shell length ranging from 130 to 171 mm) were 

analyzed in the present study. They were collected alive at a depth of 0 - 5 m by scuba diving 

along the southeastern shore of Miquelon-Langlade sandy isthmus (46°54'20"N; 56°18'58"W) 

in November 2015 (site A on Fig 2). The habitat at the sampling station consisted of compacted 

and stable fine sand. Soft tissues, except the hinge ligament, were removed from the live-

collected shells immediately after collection. All specimens were carefully cleaned with 

freshwater to remove adherent sediment and biological tissues. 
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Figure 2: Map of Saint-Pierre and Miquelon and neighboring countries. (A) Location of the S. 

solidissima sampling site. (B and C) The two temperature and pressure monitoring sites. (D) 

The vertical salinity profile site. 

 

Environmental monitoring 

Two multi-parameter probes measuring temperature and pressure every 15 minutes were 

deployed at a depth of 5 m on two ropes moored at a water depth of 30 m and 60 m, 

respectively, at Miquelon Bay outlet (sites B and C on Fig 2, respectively). A daily average 

temperature was calculated for the periods 12/07/2010 (day/month/year)-29/11/2010 and 

15/06/2011-03/11/2011. Vertical profiles of salinity from a CTD cast run at site D (Fig 2) were 

performed at water depth of 0-40 m on 04/08/2010, 15/09/2010, 04/10/2010, and 

16/11/2010. Measurements were taken at 10 s intervals. We assessed the mean salinity at 

this time of the year between 0 and 5 m. 

Sample preparation and image analysis  

After removal of the ligament, the right valves were embedded in a thin layer of metal epoxy 

resin (Araldite Metal, Huntsman Advanced Materials) along the axis of maximal growth, from 

the umbo to the ventral margin. These reinforced parts of the shells were cut using a robust 

tile saw. Thick cross-sections were then embedded in a polyester mounting resin (SODY 33, 
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ESCIL) to prevent cracking during sectioning. A thin cross-section (2 mm thickness) was cut 

along the axis of maximum growth using a low-speed precision saw (Struers, Secotom 10; 

rotation speed 500 rpm; feed rate 200 μm s−1) equipped with a 600-µm-thick diamond-coated 

blade continuously cooled by deionized water. Thin sections were carefully ground on a 

rotating polishing table (Struers, TegraPol-35) with a sequence of 800, 1200, 2500, and 4000 

grit wet-table carborundum paper, followed by polishing with 3-µm diamond liquid (Struers) 

to remove any saw marks. Cross-sections were ultrasonically cleaned with deionized water 

between each grinding or polishing step to remove residual abrasive material. 

To study the ligament growth lines, the right half of dry hinge ligaments were embedded in a 

polyester mounting resin (SODY 33, ESCIL). A 2-mm cross-section was cut along the axis of 

maximum growth using a low-speed precision saw (Struers-Isotom 50; rotation speed 500 

rpm; feed rate 100 μm s−1) equipped with a 400-µm-thick diamond-coated blade continuously 

cooled by deionized water. No additional treatment was performed on these sections. 

Shell and ligament sections were imaged under reflected light (Zeiss, KL 2500 LCD) using an 

AxioCam MRc5 installed on a Zeiss Lumar.V12 stereomicroscope equipped with a motorized 

stage (Fig 1). The outer shell layer sections were photographed under 10x magnification, 

chondrophores and ligaments under 25x magnification. Photomosaics were constructed using 

AxioVision 4.9.1 software (Zeiss). The width of each growth increment was measured digitally 

using the image processing and analysis software Image J (NIH Image). 

Isotopic validation of annual banding 

Seawater oxygen isotope composition is controlled by the balance between evaporation and 

precipitation. Due to their offshore island status, SPM is not subjected to major riverine inputs 

and associated variations in salinity. Moreover, the calcium carbonate phase of most bivalve 

mollusks is in oxygen isotope equilibrium with the ambient seawater and not affected by the 

physiology of the animal [31]. Given that annual variations in salinity are very limited and 

seawater temperature has a broad annual range at SPM, δ18O variations in S. solidissima shells 

are expected to reflect the annual seawater temperature cycle. Thus, shell oxygen isotope-

derived water temperature estimates were used to reconstruct the growth dynamics of S. 

solidissima.  
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Two S. solidissima specimens, S-SPM4-06112015-2 and S-SPM4-06112015-16 (hereafter 

referred to as shell #2 and #16, respectively), with a maximum shell length of 130 mm and 140 

mm, respectively, were analyzed between their third and fourth year of growth in calendar 

years 2010 and 2011. These two specimens were selected because they were the youngest in 

our shell collection, with the exact same age. Shell aragonite samples were collected from 

thick cross-sections using an automated high-resolution micro-sampling device (MicroMill, 

New Wave Research) equipped with a 300-µm conical drill bit (model H71.104.003, Gebr. 

Brasseler GmbH & Co. KG). Between 32 and 47 samples were drilled from each annual growth 

increment with an average distance between successive samples of 500 µm. A total of 165 

discrete aragonite samples weighing 59-100 µg were collected. All samples were analyzed on 

a Thermo Finnigan MAT 253 continuous flow—isotope ratio mass spectrometer coupled to a 

GasBench II at the Institute of Geosciences of the University of Mainz (Germany). Stable 

oxygen isotope ratios were reported relative to the Vienna Pee-Dee Belemnite (VPDB) 

standard based on a NBS-19 calibrated IVA Carrara marble (δ18O = –1.91‰). The internal 

precision, based on eight injections per sample, was 0.04‰. The long-term accuracy (external 

precision) of the mass spectrometer based on 421 NBS-19 measurements over 1.5 years was 

better than 0.04‰. For reasons described by Füllenbach et al. [32], the shell δ18O values were 

not corrected for the different acid fractionation factors of the samples (aragonite) and 

standards (calcite). 

In order to relate δ18O to past temperatures, we used a fractionation equation written by 

Grossman and Ku [33] and calibrated for biogenic aragonite, to which we applied the small 

modification required for δ18Oseawater described by Sharp [34]: 

 

𝑇(°𝐶) = 20.6 − 4.34 × (δ18Oaragonite − (δ18Oseawater − 0.27)) 

 

The temperature range covered by this equation (2.6-22.0°C) is consistent with the seawater 

temperature measured at SPM during the main growing season for S. solidissima. This paleo-

temperature equation was also used by Ivany et al. [21] in the last study addressing S. 

solidissima δ18Oshell composition. As δ18Oseawater has not yet been measured at the sampling 

site, we used an average and constant δ18Oseawater value of -1.66‰ VSMOW calculated using 
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an equation determined by LeGrande and Schmidt [35] for the North Atlantic and an annual 

average salinity of 31.49 ± 0.03 measured at a water depth of 0-5 m during the growing season. 

We calculated error propagation in our estimation of seawater temperature (reconstructed 

from δ18Oshell variations), considering (1) uncertainty (1σ) of the mass spec measurements, (2) 

1σ of the slope of the δ18Oseawater/S equation, (3) 1σ of the intercept of the δ18Oseawater /S 

equation, and (4) 1σ of the salinity variations in the area (cf. fig 4). The resulting uncertainty 

is ± 0.75 °C. 

Sclerochronological analysis  

The main objective of the sclerochronological analysis was to compare the growth rates of the 

three anatomical parts. Similar to other bivalves, the growth rate of S. solidissima varies from 

year to year and exponentially decreases throughout ontogeny. This ontogenetic trend can be 

mathematically estimated by a growth equation. In the present study, the generalized von 

Bertalanffy growth function (gVBGF) was chosen because of its biological meaning [36]. The 

growth model was fitted to size-at-age data for each anatomical part of the 27 individuals 

using the following equation: 

𝐿(𝑝)𝑡 = 𝐿(𝑝)∞ ∗ (1 − 𝑒−𝐾(𝑡−𝑡0))
𝐷

 

Where L(p)t is the predicted shell length (in mm) at time t (in years), L(p)∞ is the length reached 

after an infinite time of growth (in mm), K is the Brody growth constant defining the "speed" 

of growth (per year), t0 is the theoretical age at which the size would be zero (in years), and D 

determines the shape of the curve (more or less sigmoid). In order to remove this ontogenetic 

trend, growth indices (GIs) were calculated for each year and each anatomical part of each 

individual by dividing the measured increment width by the predicted increment width [31] 

as follows:  

  



45 
 

𝐺𝐼𝑡 =  
𝐿𝑡+1 − 𝐿𝑡

𝐿(𝑝)𝑡+1 − 𝐿(𝑝)𝑡
 

Where GIt is the growth index at t (in years), Lt+1 – Lt is the measured shell increment at t, and 

L(p)t+1 – L(p)t is the predicted shell increment length at the same time t. Individual time-series 

of GI were then standardized as follows [31]: 

𝑆𝐺𝐼𝑡 =
𝐺𝐼𝑡 − 𝜇

𝜎
 

Where µ is the average of all GI values and σ the standard deviation. The standardized growth 

index (SGI) is a dimensionless measure of how growth deviates from the predicted trend. 

Positive values represent greater than expected growth, whereas negative values represent 

less than expected growth. Finally, the mean SGI and standard error were calculated for each 

year and each anatomical part to create three SGI chronologies. 

Statistical analysis 

The robustness of the three SGI chronologies was tested. A frequently used assessment of the 

robustness of composite chronologies is the expressed population signal (EPS) [37], which is 

expressed as: 

𝐸𝑃𝑆 =
𝑛 ∗ 𝑅𝑏𝑎𝑟

(𝑛 ∗ 𝑅𝑏𝑎𝑟 + (1 − 𝑅𝑏𝑎𝑟))
 

Where Rbar is the average of all correlations between pairs of SGI chronologies and n is the 

number of specimens used to construct the stacked chronology. EPS > 0.85 indicates that the 

variance of a single SGI chronology sufficiently expresses the common variance of all SGI 

series. 

To measure the ordinal association between two anatomical parts (chondrophore – external 

layer; external layer – ligament; ligament – chondrophore), the Kendal rank coefficient 

correlations of the SGI chronologies were calculated. All statistical analyses were performed 

using R statistical analysis software [38]. 

Regional growth comparison 

A specialized von Bertalanffy growth function (sVBGF) for S. solidissima at SPM was applied to 

532 size-at-age data pairs of the external layer using the following equation: 
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𝐿(𝑝)𝑡 = 𝐿(𝑝)∞ ∗ (1 − 𝑒−𝐾(𝑡−𝑡0)) 

As age versus size relationships are always given in the literature in terms of age at a given 

shell length using sVBGF, we converted our curvilinear shell height data to shell length data 

before applying the same growth model. This conversion was achieved using the average 

curvilinear height:length ratio (0.92) of all 27 surfclams used in this study [19].  

A direct comparison of growth patterns calculated in previous studies using the two 

parameters L(p)∞ and K may be mathematically feasible, but is not biologically consistent, as 

K negatively correlates with L(p)∞. Pauly [39] was the first to develop the concept of overall 

growth performance (OGP) to make individual growth comparable. Pauly and Munro [40] later 

introduced a closely related index of OGP (Φ') that is derived from the sVBGF as follows: 

ϕ′ = log 𝐾 + 2 log(0.1 ∗ 𝐿(𝑝)∞) 

Where L(p)∞ is in mm and K given per year. 

Finally, we compared the growth parameters and OGP index of the SPM population to those 

of other populations along a latitudinal gradient from the Gulf of St. Lawrence in Canada 

(Prince Edward Island [41] - Northumberland Straight [42] - Magdalen Islands [43-44] to the 

Northeast coast of the USA (Southern New England, New Jersey, Delmarva [45-46]). 

Results 

Environmental monitoring 

Seawater temperatures recorded in 2010 and 2011 revealed a strong seasonal pattern, 

ranging from 0.95°C (28/03/2011) to 17.85°C (29/08/2010). We clearly saw two different 

thermal profiles in 2010 and 2011 (Fig 3). Higher temperatures were observed in 2010, 

especially during the temperature increase phase. Between mid-July (15/07) and early 

September (04/09), we observed an average daily difference of 1.7°C between the two years. 

This difference was less obvious during the second part of the year (05/09 until 04/11), with 

the average daily temperature of 2010 being only 0.4°C warmer than during 2011. 
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Figure 3: Seawater temperature variation at Miquelon Bay outlet. Measurements were 

made at a depth of 5 m on ropes moored at 30 m (grey curves) and 60 m (black curves). 

Values are presented as daily means during two periods from 10/07/2010 to 31/10/2010 

and from 01/07/2011 to 31/10/2011. 

Mean salinity at a depth of 0-5 m was calculated from 85 measurements recorded between 

the beginning of August 2010 and the middle of November 2010 near the S. solidissima 

collection site and found to be 31.49 ± 0.03 (Fig 4). 
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Figure 4: Salinity measured along a vertical profile at a water depth of 0-40 m on 

04/08/2010, 15/09/2010, 04/10/2010, and 16/11/2010. The circled points are those 

between 0 and 5m which were used to calculate the mean salinity used to reconstruct the 

δ18Oseawater. 

Oxygen isotope composition of shells  

The oxygen isotope profiles obtained from the third and fourth year of growth (2010 and 

2011) of shells #2 and #16 were characterized by distinct seasonal variations in δ18Oshell. 

Maximum δ18Oshell values occurred at the exact same position in both specimens, i.e., at major 

growth lines (Fig 5), confirming that they are formed annually and that shell growth ceases 

during the winter. The δ18Oshell values fluctuated around a mean of ≈ 0‰. The largest δ18Oshell 

amplitudes of 3.35‰ and 3.18‰ were observed in 2010. This amplitude decreased 

considerably in 2011 to a low of 2.40‰ and 2.30‰ (Fig 5).  
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Figure 5: Comparison of δ18Oshell (black) and the reconstructed temperature (grey) for two 

S. solidissima shells. Shells #2 and #16 were sampled from the end of the second year of life 

toward the beginning of the fifth year. Vertical lines placed under the arrows indicate the 

position of shell growth lines. 

Seawater temperatures calculated from the δ18Oshell values were between 4.7°C and 20.5°C. 

These temperatures agree with instrumentally recorded temperatures. Moreover, the 

observed cyclicality is consistent with the position of the annual growth lines (Fig 5). In all 

studied years for both specimens, annual growth lines were formed when the temperature 

was very close to the seasonal minimum. However, there were some differences between the 

two specimens. Despite similar shapes of the reconstructed temperature curves, in 2010, shell 

#16 recorded higher temperatures (20.5°C) than shell #2 (18.5°C). This offset falls within the 

uncertainty of temperature reconstruction and is therefore likely not significant. As sampling 

spots for isotope analysis were evenly spaced, the number of δ18Oshell measurements during 

the phases of temperature increase and decrease provides a semi-quantitative estimate of 

the seasonal shell growth rate. In three of four cycles, the growth rate was higher during the 

summer than during the fall (Fig 5), with the only exception occurring in 2011 (shell #16).  

Sclerochronological analysis  

All subsequent results were calculated under the assumption of annual growth line formation, 

as confirmed by δ18O analysis. Growth analyses were performed on 27 individuals with 

ontogenetic ages of 8 to 27 based on annual increment counts in the three anatomical parts: 

the outer shell layer, the resilium, and the chondrophore.  

The mean annual SGI values and standard errors are shown in Fig 6. Before 1998, the EPS 

values of all anatomical parts remained below the critical threshold of 0.85. Therefore, the 
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stacked SGI chronologies were robust only during the period 1998-2014 (sample depth > 16 

shells). 

 

Figure 6: SGIs and EPS values. A) Mean annual SGI and associated standard errors calculated 

from 27 live-collected S. solidissima during the period 1989-2014. B) Expressed population 

signal (EPS) values associated with each anatomical part SGI series. 

  



51 
 

Pairwise correlations calculated on SGI time-series were significant (p < 0.001) between the 

external layer and chondrophore (τ = 0.68), between the ligament and chondrophore (τ = 

0.65), and between the external layer and ligament (τ = 0.55).The three SGI curves follow the 

same zigzag pattern, with an alternation of high and low values approximately every second 

year, which is very clear after the calendar year 2000 (Fig 6). The mean annual SGI varied 

considerably over the 25-year period, ranging from a minimum of -1.37 in 2014 to a maximum 

of 2.36 in 2013. The highest mean annual SGI variations were observed for the external shell 

layer. Notably, inter-annual SGI variations increased after 2005 and were at a maximum 

between 2013 and 2014 (Fig 6). 

Regional growth comparisons 

According to the specialized von Bertalanffy growth function applied to growth data from the 

SPM population, L(p)∞ was 163.5 mm, K 0.18, and t0 0.77 (Table 1). Even if this growth function 

fits this size-at-age dataset almost perfectly (R² = 0.96), important variations in growth rates 

were observed between individuals. The growth dynamics of the SPM S. solidissima 

population are particularly close to those of Northumberland Straight [42], making it closer to 

Canadian populations. A distinct difference exists between US and Canadian surfclam 

populations in terms of growth dynamics (Fig 7). 

 

Figure 7: sVBGF curves in the last study from each geographic zone (details in Table 1). 
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The growth constant K is higher in the US than in Canada or at SPM except for GSL 1990 (Fig 

8). Thus, American surfclams reach the asymptotic phase of shell growth faster than the 

Canadian or SPM populations. Regarding the L∞, the only population that differs from the 

others is from Magdalen Islands, with a L∞ value 2 or 3 cm lower than the others (Table 1).  

The OGP index (ɸ’) was lower for the three Canadian populations (~1.65), slightly increased 

at SPM, and reached a maximum value of 1.9 on the coast of southern New England. ɸ’ 

decreased to approximately 1.7 close to the southern limit of the distribution area of S. 

solidissima (Fig 8).  

 

 

Figure 8: L∞/100, K and Overall growth performance (ɸ’) calculated using the sVBGF 

parameters of the last study from each geographic zone (details in Table 1). 
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Site Year L∞ K ɸ’ Method Reference 

GSL (Magdalen Islands) 1986 133 0.2 1.55  Gendron 1988 [43] 

GSL (Magdalen Islands) 2012-2013 145 0.21 1.64 Chondrophore and/or outer shell layer Brulotte 2016 [44] 

GSL (N-Prince Edward Island) 1984 142.1 0.21 1.63 Chondrophore Sephton and Bryan 1990 [41] 

GSL (Northumberland Straight) 1981 172.2 0.15 1.65 Shell growth ring measurement following Kerswill 1944 [18] Roberts 1981 [42] 

GSL (Northumberland Straight) 1984 141 0.27 1.73 Chondrophore Sephton and Bryan 1990 [41] 

Saint-Pierre and Miquelon 2015 163.5 0.18 1.69 Outer shell layer Present study 

Southern New England 1980 166.5 0.3 1.93 Chondrophore Weinberg and Helser 1996 [45] 

Southern New England 1989-1992 165.4 0.31 1.90 Chondrophore Weinberg and Helser 1996 [45] 

Southern New England 2007-2012 162 0.3 1.89 Chondrophore Chute et al. 2016 [46] 

New Jersey 1980 170.8 0.25 1.87 Chondrophore Weinberg and Helser 1996 [45] 

New Jersey 1989-1992 163.7 0.22 1.76 Chondrophore Weinberg and Helser 1996 [45] 

New Jersey 2007-2012 158.5 0.22 1.74 Chondrophore Chute et al. 2016 [46] 

Delmarva 1980 171 0.26 1.87 Chondrophore Weinberg and Helser 1996 [45] 

Delmarva 1989-1992 164 0.18 1.68 Chondrophore Weinberg and Helser 1996 [45] 

Delmarva 2007-2012 153 0.22 1.71 Chondrophore Chute et al. 2016 [46] 

Table 1: Specialized von Bertalanffy growth parameters (L∞, K) and overall growth performance index (ɸ’) from various studies on S. 

solidissima shell growth along the northeastern American coast, from the Gulf of St. Lawrence (GSL, Canada) to Delmarva (USA). 
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Discussion 

Isotopic validation of annual banding 

The two isotopic profiles obtained from the third and fourth years of growth (2010-2011) of 

two S. solidissima shells from SPM agreed well with each other. The correspondence between 

the dark growth lines and δ18Oshell maxima confirms the findings in previous studies [9-19] 

reporting that S. solidissima forms annual shell growth increments during the warmest 

months. Sea surface temperature measurements (top 5 m of the water column) showed that 

2010 was a bit warmer than 2011, which was reflected by higher δ18Oshell amplitude in the 

shells of both specimens. In the absence of δ18Oseawater data from the sampling site, we used a 

constant δ18Oseawater value of -1.66‰. This value was calculated using the equation from 

LeGrande and Schmidt [35] for the North Atlantic basin and an average salinity of 31.49, which 

was measured at SPM in the upper 5 m of the water column between August and November 

2010. Reconstructed seawater temperatures were 4.7°C to 20.5°C. According to these results, 

there is an offset of a few degrees between measured and reconstructed temperature 

maxima. This offset can be explained by a difference in the thermal profiles between the 

localities at which the measurements were made, or by a difference in the δ18Oseawater value. 

Combined with the instrumental measurements of seawater temperature, these results allow 

us to determine the growing season of S. solidissima during its third and fourth years of growth 

at SPM. Because the reconstructed temperature minimum occurred only once in the 

chronologies (in shell #2: 4.7°C during winter 2009/2010) and >90% of shell growth occurred 

when the seawater temperature was >8°C, we can assume that the main growing season 

during the third and fourth year of life occurred between the end of June and the end of 

October. For comparison, Ivany et al. [21] showed that, during the third year of growth, S. 

solidissima from New Jersey grew for 72.3% of the year, i.e., the growing season was almost 

twice as long as at SPM (for a comparable annual growth of slightly over 20 mm in both cases). 

Similar observations have been made for pectinid bivalves of various species living in 

contrasting environments. For example, Heilmayer et al. [47] accumulated strong empirical 

evidence that a lower metabolic rate, a measure of the energy consumed by vital functions, 

including the maintenance and production of gametes, in colder environments reduces the 

energy cost of maintenance. Thus, a larger fraction of metabolic energy can be allocated to 



55 
 

growth-enhancing levels of growth performance and efficiency at lower temperatures. 

Moreover, except for shell #16 in 2011, oxygen isotope analyses revealed that shell growth at 

SPM occurs most rapidly during the first half of the year, between the beginning of July and 

the end of August. This finding is consistent with those of Jones et al. [9] and Ivany et al. [21], 

who also used stable oxygen isotopes and noted that growth of S. solidissima in New Jersey 

occurs most rapidly in spring and early summer, slowly in late summer, and extremely slowly 

or is non-existent in winter. The slowly decreasing δ18Oshell values for the earliest part of each 

increment could reflect the spring phytoplankton bloom when the increase in temperature is 

still small. The slowing of shell growth observed during fall could be associated with a 

metabolic strategy of S. solidissima; the energy assimilated by an organism during fall could 

be preferentially allocated to energy reserves for winter rather than shell production. To 

confirm this hypothesis, field studies are needed on phytoplankton dynamics and the 

physiology of S. solidissima. The growth anomaly observed during the phase of temperature 

increase in 2011 for shell #16 could be explained by an individual event, such as predation or 

disease. This is consistent with the presence of a disturbance line within this annual increment. 

Moreover, at the collection site we clearly observed the presence of many S. solidissima 

predators [13], such as naticid snails (Euspira heros), sea stars (Asterias spp.), and crabs 

(Cancer irroratus). 

Sclerochronological analysis  

Analysis of the oxygen isotope composition of the outer shell layer of S. solidissima was useful 

to obtain insights into the seasonal timing of the growth line and increment formation. We 

also noted the occasional presence of disturbance lines in the outer shell layer (e.g., in shell 

#16 during summer 2011). The growth increment analysis in thin sections was also challenging 

due to erosion of the umbonal shell regions and constraints related to sample size and 

preparation techniques. This led us to investigate whether dark lines observed on the 

chondrophore and ligament cross-sections can provide an alternative record of the life-history 

traits of S. solidissima. Growth lines were used to calculate mean annual SGI values for each 

anatomical part studied. All pairwise correlations performed on these three SGI series were 

significant, suggesting that growth lines form annually in the external layer, chondrophore, 

and ligament of S. solidissima. Although the interest of using thin chondrophore sections for 

age and growth rate studies was highlighted previously for this species [46], we noted here 
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that this hard part also exhibits disturbance lines. Growth lines in the resilium seem to be less 

ambiguous to read because of higher contrast (Fig 1). Moreover, identifying and counting 

growth lines in the ligament is straightforward and allowed us to save time, as no additional 

grinding or polishing was required. Another advantage of using ligament cross-sections is the 

composition of this archive, i.e., aragonitic crystals embedded in an organic matrix, making it 

less prone to breakage than other shell parts composed mainly of calcium carbonate. Although 

micrometer-scale chemical studies of the hinge ligament have not yet been conducted, we 

can assume that the composition of this archive could lead to the development of new proxies. 

SGI time-series of all specimens and anatomical parts of S. solidissima with overlapping 

lifespans exhibited a high degree of running similarity, i.e., relative changes in annual shell 

growth were similar among different specimens and anatomical parts. The standardized 

growth record of S. solidissima at SPM shows that growth was greater than expected during 

the years 2008, 2010, 2012, and 2013, whereas growth was less than expected in 2000, 2005, 

and 2014.  

In the present study, we found that 2010 was warmer than 2011. This is especially true during 

the first half of the growing season, which seems to be the most important period of growth 

for S. solidissima at SPM and other localities [9-21]. This observation suggests that higher 

temperatures during summer are favorable for the growth of S. solidissima at SPM, which is 

expected for a species at the northern limit of its distribution area. However, during 2014, 

which was not reported to have an unusually cold summer, the shell grew slower than 

expected, suggesting that the annual shell growth of S. solidissima is governed by a 

combination of different external drivers and not only by seawater temperature. Additional 

environmental factors governing shell growth may include food quality and quantity [45-7], 

temperature [49], salinity [49], and dissolved oxygen [45]. More detailed instrumental records 

of such environmental factors would be useful for better understanding the drivers of changed 

in shell growth at SPM. 
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Regional growth comparisons 

Growth is not uniform in the different settings in which S. solidissima is distributed. Such 

differences were observed previously along the east coast of the US [46]. Our study compared 

the shell growth of SPM populations with that of populations from the US and Canadian coasts 

to identify potential differences. The SPM population has some similarities with Canadian 

populations with regard to the parameters K and ɸ’. Slower growth (K) observed in two from 

three Canadian and SPM populations may be controlled, at least in part, by the environment. 

The environmental conditions are actually less favorable for growth in the northern and 

southern limits of the geographic range of S. solidissima, and previous studies have reported 

slower shell growth in southern populations [46]. Other possible sources of regional growth 

variation are genetic differences, as the only regional population with a distinctive genetic 

makeup comes from the Gulf of St. Lawrence [50]. All Canadian populations, differs from the 

others by low L∞ values. In terms of environmental conditions, SPM and the Canadian 

populations do not differ much. A major difference between these two sites is the historic 

surfclam fishery which occur in Canada, whereas the SPM archipelago is free of any S. 

solidissima exploitation. The low L∞ values observed for the Canadian surfclams may be at 

least partially induced by fishery activities because the largest specimens were preferentially 

removed from the population [51]. 

Other interesting features are the ontogenetic age and maximum shell length of inshore SPM 

surfclams used here. According to previous studies, S. solidissima tends to be smaller in size 

and to have a shorter lifespan in inshore populations. These trends have been attributed to 

high population density, differences in annual mean temperature, and more extreme 

temperature and salinity regimes [19-52-49]. However, based on the ages and sizes observed 

in this study, this does not seem to be the case at SPM, most likely due to its geographic 

position at the northern limit of the geographical distribution area of this species. This 

localization probably limits stresses related to high temperatures during summer. Moreover, 

the offshore position of SPM and the absence of major freshwater influx limit stress related 

to variations in salinity. 
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Conclusions 

This study demonstrates that surfclams from SPM have annual shell growth increments. In 

addition, S. solidissima shell growth at that site mostly occurs over a 4-month period between 

the end of June and the end of October. The three different methods used to investigate shell 

growth suggest that growth lines appear to form on a periodic annual basis in the outer shell 

layer, chondrophore, and ligament of S. solidissima. This suggests that ligament cross-sections 

can provide an accurate estimate of age and growth, which is less ambiguous to read and 

requires less preparation time than the chondrophore and outer shell layer. The SGI 

chronologies vary greatly between years, and these variations have been more important 

since 2005. However, these results are challenging to interpret because suitable data on the 

environment and physiology of this species are lacking. Finally, from a regional perspective, 

this population is interesting because of its geographic setting at the Gulf of Saint Lawrence 

outlet and due to the absence of commercial and recreational fisheries. 
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Growth response of Arctica islandica to North Atlantic 

oceanographic conditions since 1850 

Contexte et résumé de l’étude 

Ce deuxième chapitre utilise une partie des techniques sclérochronologiques mises en place 

lors du chapitre précédent, en les appliquant au bivalve présentant la plus longue période de 

croissance connu à ce jour. Nous nous intéresserons au sein de ce chapitre aux liens pouvant 

exister entre la variabilité de la croissance d’A. islandica à Saint-Pierre et Miquelon (SPM) 

depuis 1850 et plusieurs variables environnementales mesurées à différentes échelles : 

globales, régionales et locales afin de mieux comprendre l’hydrodynamisme passé de cet 

archipel. 

Pour ce faire, nous avons utilisé les coquilles de trente-deux individus d’A. islandica prélevés 

vivants à SPM. La taille des incréments a été mesurée dans la couche externe des valves de 

chacun des individus, puis la tendance ontogénique associée a été retirée grâce à un modèle 

de croissance dynamique, que nous avons développé, basé sur l’équation générale de von 

Bertalanffy. La fiabilité statistique de cette chronologie de croissance, a ensuite été vérifiée à 

l’aide des différents indicateurs présentés dans le chapitre précédent. Ce signal de croissance 

populationnel a ensuite été comparé à des indices climatiques globaux tels que l’AMO, la NAO 

et l’indice SPG. Des corrélations significatives entre les variations de ces mesures de 

croissances et celles de ces indices ont alors été identifiées. D’un point de vue spatial, de fortes 

corrélations positives entre les variations de croissance d’A. islandica et les températures de 

surface (0-100m) au sein du Gyre Sub-Polaire (SPG) ont également été mises en lumière. Nous 

avons alors cherché des explications, locales et régionales, pouvant lier les réponses 

biologiques de ces organismes à SPM avec ces indices très généraux. Des corrélations ont alors 

été mises en évidence entre les informations enregistrées au sein des coquilles d’A. islandica 

et : (i) la température et la salinité (Station 27) de la branche côtière du courant du Labrador, 

(ii) la couverture de glace de mer le long des côtes Terre-Neuviennes, (iii) le transport vers 

l’Ouest du courant du Labrador offshore au sud des Grands Bancs, (iv) la dynamique du Shelf 

Slope Front au sud de l’archipel ainsi qu’avec (v) les mesures satellitaires de chlorophylle a à 

SPM. Ces principaux résultats nous ont finalement permis d’identifier clairement des masses 

d’eau qui influencent l’hydrodynamisme de SPM. D’un point de vue écosystémique, nous 
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disposons maintenant d’une description plus fine des conditions hydroclimatiques passées 

associées aux variations de croissance d’A. islandica à SPM. Ce travail a également pointé du 

doigt des difficultés liées à l’absence totale d’observations récurrentes de plusieurs 

paramètres physiques et biologiques dans les eaux côtières de SPM. 

  



69 
 

Growth response of Arctica islandica to 

North Atlantic oceanographic conditions since 1850 

Pierre Poitevin1*, Julien Thébault1, Valentin Siebert1, Sébastien Donnet2, Justine Doré1, 

Laurent Chauvaud1, Pascal Lazure3 

 

1 Université de Bretagne Occidentale, Laboratoire des Sciences de l'Environnement Marin 

(UMR6539 UBO/CNRS/IRD/Ifremer), 29280 Plouzané, France 

2 Fisheries and Oceans Canada, Northwest Atlantic Fisheries Centre (NAFC), 80 East White Hills 

Road, St. John’s, NL, Canada, A1C 5X1 

3 Ifremer, Laboratoire d'Océanographie Physique et Spatiale (UMR6523 

CNRS/Ifremer/IRD/UBO), 29280 Plouzané, France 

 

Email addresses: 

Pierre Poitevin: pierre.poitevin@univ-brest.fr 

Julien Thébault: julien.thebault@univ-brest.fr 

Valentin Siebert: siebert.valentin@gmail.com 

Sébastien Donnet: sebastien.donnet@dfo-mpo.gc.ca 

Justine Doré: justine.dore@univ-brest.fr 

Laurent Chauvaud: laurent.chauvaud@univ-brest.fr 

Pascal Lazure: pascal.lazure@ifremer.fr 

 

Corresponding author: 

Pierre Poitevin 

Université de Bretagne Occidentale 

Institut Universitaire Européen de la Mer 

Laboratoire des Sciences de l'Environnement Marin (UMR6539 UBO/CNRS/IRD/Ifremer) 

F-29280 Plouzané 

 

Tel: +33 2 90 91 55 78 

Fax: +33 2 98 49 86 45 

file:///C:/Users/marion/Desktop/pierre.poitevin@univ-brest.fr
mailto:julien.thebault@univ-brest.fr
file:///C:/Users/marion/Desktop/siebert.valentin@gmail.com
file:///C:/Users/marion/Desktop/sebastien.donnet@dfo-mpo.gc.ca
mailto:laurent.chauvaud@univ-brest.fr
mailto:pascal.lazure@ifremer.fr


70 
 

Abstract 

The Northwest Atlantic is a key region with an essential role in global climate regulation, 

redistributing heat and influencing the carbon cycle. However, little is known about its 

variability before 1950, mainly because of the lack of long-term instrumental measurements. 

The hard parts of long-lived marine biota hold the potential to extend instrumentally derived 

observation by several decades or centuries and enhance our understanding of global climate 

processes. Here we investigate the effects of local, regional, and large-scale climate variability 

on the marine bivalve, Arctica islandica (Linnaeus 1767) from Saint-Pierre & Miquelon (SPM). 

This archipelago lies at the boundary zone between the cold Labrador Current in the north 

and the warm Gulf Stream waters to the south. This study presents the northernmost 

statistically robust A. islandica growth chronology (1850–2015) from the Western North 

Atlantic and its potential as an environmental proxy record for past climatic and hydrographic 

variabilities at different time and geographical scales. The chronology correlates significantly 

and positively with the Atlantic Multidecadal Oscillation (AMO; N=142, r=0.34, p<0.05) and 

negatively with the North Atlantic Oscillation (NAO; N=66, r=-0.36, p<0.05), two global climatic 

indices. The North Atlantic spatial pattern of correlation shows significant (p<0.05) and 

positive correlations of 0–100-m temperatures from 1950 with A. islandica growth in SPM 

encompassing the Sub-Polar Gyre area. These global-scale relationships are refined and the 

mechanisms leading to them explained by comparing A. islandica growth chronology to 

regional environmental datasets such as the Shelf Slope Front position, Tail of Grand Bank 

Transport, and Station 27 temperature and salinity. These relationships between the A. 

islandica shell growth record at SPM and environmental datasets covering different 

geographical scales yield details about SPM hydrodynamics. Moreover, these findings confirm 

the key role of this archipelago for studying large-scale hydrographic variability and ecosystem 

dynamics facing global changes. 

Keywords: 

Arctica islandica, Paleoecology, North Atlantic, Sub Polar Gyre, Labrador Current, Growth 

Chronology, Bivalve, Coastal. 
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Introduction 

Over the past few decades, the earth’s climate system has undergone deep and rapid changes. 

The oceans and their interaction with the atmosphere have become a focal point of climate 

studies because of the ocean’s role in ongoing global warming. The subpolar North Atlantic is 

one of the most climate-relevant regions of the ocean for observing these interactions (Rhein 

et al., 2011) because it is the starting point of the Atlantic Meridional Overtuning Circulation. 

Southern Newfoundland’s coast and the Saint-Pierre & Miquelon (SPM) region lie at the 

confluence of the main oceanographic currents ruling the North Atlantic Basin hydrodynamics 

(the Gulf Stream and Labrador Current [LC]). However, despite its importance, the physical 

flow dynamics of this region is poorly understood (e.g., Wu et al., 2012). This gap exists mainly 

because of the lack of long-term environmental records in this area, where they are sparse 

and spatiotemporally incomplete before the mid-20th century (Halfar et al., 2011). 

Proxy data allow us to generate such records retrospectively. In boreal and temperate regions, 

most paleoenvironmental reconstructions are based on terrestrial proxies. However, such 

data do not necessarily reflect marine environmental conditions. In the oceanic realm, analysis 

of the carbonate hard structures of long-lived marine species could potentially extend 

instrument-derived observations by several decades or centuries. As recent studies have 

demonstrated (e.g., Butler et al., 2013; Bonitz et al., 2018; Schöne et al., 2005a, Wanamaker 

et al., 2012; Witbaard et al., 1997), shells of the bivalve mollusc Arctica islandica (Linnaeus, 

1767) hold this potential. The main assets of this species are (i) its wide geographic repartition 

across the North Atlantic in the upper 500 m (Nicol, 1951), and (ii) its extraordinary longevity, 

with a maximum recorded age of 507 years (Butler et al., 2013). 

Like other molluscs, this species contains distinct annual growth increments in its shell (Jones, 

1980; Schöne, 2013). The width of the growth increments is defined by annual growth lines 

formed during certain periods of the year associated with reduced growth rates (Dunca et al., 

2009). With this periodic banding, each increment can be placed in a temporal context. 

Moreover, if the date of a specific growth increment is known (the date of death, for instance), 

it becomes possible to assign precise calendar dates to an entire shell record. Annual 

increment size generally results from interactions between the environment and organism 

physiology (Lutz & Rhoads, 1980, for a review). Although genetic factors can influence 
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ontogenetic growth trends and other fitness-related traits (David et al., 1995), year-to-year 

variability is mainly caused by external factors (Marchitto et al., 2000). These external factors 

have often been related to environmental variables such as food availability (e.g., Ballesta-

Artero et al., 2017; Witbaard et al., 1997) or water temperature (e.g., Butler et al., 2010; Marali 

& Schöne, 2015). However, assigning growth patterns to any single environmental variable or 

to a combination is challenging because of their interactions, which may also vary in time and 

space (Butler et al., 2013). Based on synchronous changes in shell growth and a common 

response to environmental fluctuations, increment width time series of specimens with 

overlapping lifespans can be combined to build composite or master chronologies (e.g., Bonitz 

et al., 2018; Schöne et al., 2005a, Wanamaker et al., 2012; Witbaard et al., 1997). These 

annually resolved and exactly dated paleorecords can cover centuries and provide information 

about the common environmental variables that influenced the growth of this species in 

different locations.  

This study focuses on SPM to present the northernmost A. islandica growth chronology (1850–

2015) from the Western North Atlantic and its potential as an environmental proxy record for 

past climatic and hydrographic variabilities. The objectives of this study were to (i) determine 

if synchronous changes in shell growth among specimens from surface waters (<15 m) allow 

construction of a statistically robust composite chronology, and (ii) test whether A. islandica 

shell growth variability can serve as a tool for estimating past environmental variability in SPM 

and in a broader spatial context. 

Materials & Methods 

Sample collection 

Thirty-two A. islandica specimens were analysed. All of them were live collected at 14–15 m 

depth by scuba diving along the southeastern shore of the Miquelon-Langlade sandy isthmus 

(46°54'08"N; 56°16'86"W) in September 2016 (Fig. 1). 
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Figure 1: (A) Major features of the regional surface circulation (inspired by Fig.1 in Fratantoni 

& McCartney, 2009) and main location names. The cold inner and outer LCs are in blue; Gulf 

Stream and North Atlantic currents are in red. In green is historical hydrographic Station 27 

(Stn 27). The main acronyms corresponding to location names are as follows: NL – 

Newfoundland; SPB – Saint-Pierre Bank; GSL – Gulf of Saint-Lawrence; AC – Avalon Channel; 

and GB – Grand Banks. (B) Sampling location of A. islandica (red dot). 

The habitat at the sampling station was homogeneous and consisted of compacted and stable 

fine sand. Soft tissues were removed from the live-collected shells immediately after 

collection. All specimens were carefully cleaned with freshwater to remove adherent 

sediment and biological tissues before sample preparation. 

Sample preparation 

For each shell, a section roughly 2–3-cm in width was cut using a robust tile saw from the 

hinge through to the ventral margin encapsulating the apex of the umbo and the axis of 

maximum growth. The cut section was embedded in a polyester mounting resin (SODY 33, 

ESCIL) to prevent cracking during sectioning. A thin cross-section (2 mm thick) was cut along 

the axis of maximum growth using a low-speed precision saw (Struers, Secotom 10; rotation 

speed 500 rpm; feed rate 200 μm s−1) equipped with a 600-μm-thick diamond-coated blade 
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continuously cooled by deionized water. Thin sections were carefully ground on a rotating 

polishing table (Struers, TegraPol-35) with a sequence of 800, 1200, 2500, and 4000 grit wet-

table carborundum paper, followed by polishing with 3-μm diamond liquid (Struers) to 

remove any saw marks. Cross-sections were ultrasonically cleaned with deionized water 

between each grinding or polishing step to remove residual abrasive material. 

The polished shell sections were then etched in a Mutvei’s solution (Schöne et al., 2005b) for 

45 minutes at room temperature, soaked in a deionized water bath, and left to air dry before 

imaging. Treatment with Mutvei’s solution results in a three-dimensional display of growth 

patterns and reveals clear annual growth lines. 

Shell sections were photographed under reflected light (Carl Zeiss, KL 2500 LCD) using an 

AxioCam MRC 5 installed on a Carl Zeiss SteREO Lumar.V12 stereomicroscope equipped with 

a motorized stage, under 25× magnification. Photomosaics were constructed using AxioVision 

4.9.1 software (Carl Zeiss). Annual growth increment widths were measured digitally in the 

outer shell layer (Schone et al., 2005a) to the nearest 1 µm (Fig. 2) using the image processing 

and analysis software Image J (NIH Image). Each growth increment was assigned to a particular 

year starting from the ventral margin of the shell, yielding a time series of increment width for 

each individual. 

 

Figure 2: A. islandica growth patterns. (A) Outer shell surface of an A. islandica left valve and 

its axis of maximum growth along which thin cross sections were cut. (B) Photomosaic of a 

cross-section stained by Mutvei’s solution. The yellow line corresponds to the trajectory on 

which annual growth lines (red dots) were placed and growth increments measured (green 

lines). 
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Chronology construction 

To isolate environmental signals from time series of increment width, ontogenetic age trends 

were individually removed. This ontogenetic trend can be estimated mathematically by a 

growth equation. In the present study, a dynamic optimized model deriving the generalized 

von Bertalanffy growth function (von Bertalanffy, 1938) was fitted to each measured 

increment width time series. This code was written with Scilab 6.0.0, free and open source 

software (distributed under CeCILL license - GPL compatible) developed by Scilab Enterprises 

(2012) and is available upon request. 

Growth indices (GIs) were then calculated for each year and each individual by dividing 

the measured increment width by the predicted increment width (Schöne, 2013), as follows:  

𝐺𝐼𝑡 =  
𝐿𝑡+1 − 𝐿𝑡

𝐿(𝑝)𝑡+1 − 𝐿(𝑝)𝑡
 

Where GIt is the growth index at t (in years), Lt+1 – Lt is the measured shell increment at t, and 

L(p)t+1 – L(p)t is the predicted shell increment length at the same time t. Individual time-series 

of GI were then standardized as follows (Schöne, 2013): 

𝑆𝐺𝐼𝑡 =
𝐺𝐼𝑡 − 𝜇

𝜎
 

Where µ is the average of all GI values and σ the standard deviation. The standardized GI (SGI) 

is a dimensionless measure of how growth deviates from the predicted trend. Positive values 

represent greater than expected growth, whereas negative values represent less than 

expected growth. The robustness of the SGI chronology was tested. A frequently used 

assessment of the robustness of composite chronologies is the expressed population signal 

(EPS) (Wigley et al., 1984), which is given as: 

𝐸𝑃𝑆 =
𝑛 ∗ 𝑅𝑏𝑎𝑟

(𝑛 ∗ 𝑅𝑏𝑎𝑟 + (1 − 𝑅𝑏𝑎𝑟))
 

Where Rbar is the average of all correlations between pairs of SGI chronologies and n is the 

number of specimens used to construct the stacked chronology. EPS > 0.85 indicates that the 

variance of a single SGI chronology sufficiently expresses the common variance of all SGI 

series. All these analyses were carried out using COFECHA (Grissino-Mayer, 2001) and the R 

package dplR (Bunn, 2008). 
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Environmental datasets 

The SGI master chronology was compared with annual climatic indices reflecting climate and 

ocean dynamics over the North Atlantic Ocean on a decadal or multi-decadal time scale: the 

Atlantic Meridional Oscillation (AMO) (Schlessinger & Ramankutty, 1994), the North Atlantic 

Oscillation (NAO) (Hurrell, 1995), and the Sub-Polar Gyre (SPG) index (Hakkinen & Rhines, 

2004). 

The AMO is an index reflecting sea surface temperature variations in the North Atlantic. The 

dataset used in this study extends from 1870 to 2010 and is available at 

http://www.cgd.ucar.edu/cas/catalog/climind/AMO.html. 

The NAO is the difference in atmospheric pressure between Acores high pressures and 

Icelandic low pressures, which drive the westerlies. Several datasets on NAO are available and 

can differ significantly (even in the last decades) depending on the atmospheric data used 

(mainly their location) and their treatments. In this study, we used three datasets: 

 - The DFO (Canada) dataset covers 1895–2017 on a yearly basis and is available at: 

http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/nao-oan-

eng.htm 

- CRU (University of East Anglia) from 1821 to present, now on a monthly and yearly 

basis and available at: 

https://crudata.uea.ac.uk/cru/data/nao/index.htm 

- NCEP reanalysis of NOAA from 1950 to present on a monthly basis, available at: 

ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/nao_index.tim 

The SPG time series used in this study came from Berx and Payne (2017) and spans 1992–2016 

on a monthly basis; it is available at: https://data.marine.gov.scot/dataset/sub-polar-gyre-

index.  

To assess the spatial correlation between SGI and North Atlantic hydrology, we used the 

gridded objective analysis of world ocean temperature and salinity (averaged from the surface 

to 100 m) of the UK Met Office Hadley centre EN4.2.1 (Good et al., 2013, with bias corrections 

from Levitus et al., 2009). This dataset has a spatial resolution of 1°, 42 vertical levels, and a 

http://www.cgd.ucar.edu/cas/catalog/climind/AMO.html
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/nao-oan-eng.htm
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/nao-oan-eng.htm
https://crudata.uea.ac.uk/cru/data/nao/index.htm
ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/nao_index.tim
https://data.marine.gov.scot/dataset/sub-polar-gyre-index.
https://data.marine.gov.scot/dataset/sub-polar-gyre-index.
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monthly time step, and extends from 1900 to present. We decided to use only the last 66 

years (1950–2015) because of the larger uncertainties of environmental measurements during 

the first half of the 20th century. These data are available at: 

https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html#l09_analyses. 

To test the effect of regional and local environmental conditions on shell growth, the master 

chronology was also compared to regional environmental datasets (Fig. 1). 

Instrumental temperature and salinity measurements were obtained from oceanographic 

Station 27 (surface to 175 m; 47.55°N, 52.583°W). This historical hydrographic station located 

7 km off St. John’s Harbour in the Avalon channel provides more than 50 years of in situ 

measurements of surface ocean parameters in monthly sampling resolution. Station 27 data 

are available from June 1946 onwards. However, because of data gaps in the years 1946–1949 

(more than 4 measurements/year missing), only data from 1950 onwards were used in this 

study. 

The SGI data were also compared to LC volume transport along the Tail of Grand Bank (TGB) 

at several transects from 1992 to 2013 (Han & Li, 2008), which are available at:  

http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/labrador/transport-

eng.htm. 

The long-known Shelf Slope Front (SSF), which lies between cold fresh shelf water and warm 

slope water at the South (Gatien, 1976), was also used. The latitudinal position of the SSF was 

digitized from 1973 to present, between -65°W and -50°W at each 1° of longitude from sea 

surface temperature–based analysis charts of the Bedford institute, available at: 

http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/gulf-golfe/slope-

plateau-eng.htm. 

The DFO ice coverage surface over the Newfoundland shelf (in km2) from 1963–2016, reported 

on a monthly basis, is available at: http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-

pmza/climat/ice-glace/coverage-couverture-eng.htm. 

Finally, to reveal the potential relationships between shell growth and local phytoplankton 

dynamics, SGI master chronology was compared to monthly satellite chlorophyll a 

measurements (1998–2015). The data were downloaded from the GlobColour website 

(http://hermes.acri.fr) and are weighted monthly averages of single-sensor products 

https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html%23l09_analyses.
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/labrador/transport-eng.htm
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/labrador/transport-eng.htm
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/gulf-golfe/slope-plateau-eng.htm
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/gulf-golfe/slope-plateau-eng.htm
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/ice-glace/coverage-couverture-eng.htm.
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/ice-glace/coverage-couverture-eng.htm.
http://hermes.acri.fr)/
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(SeaWiFS/MERIS/MODIS/VIIRSN merged chlorophyll concentrations) over the area 46.6–

47.3°N / 56.0–56.6°W (i.e., waters surrounding the SPM archipelago within ca. 30 km). 

Statistics 

For comparisons between the master chronology and environmental datasets, the Pearson 

correlation was used and, in some cases, the Spearman rho correlation. The commonly used 

p value of 0.05 was chosen as the threshold value for significance of the correlations. 

Results 

Chronology construction 

The shell-based growth records of the 32 live-collected A. islandica specimens from surface 

waters (<15 m) of SPM covered the time interval from 1850 to 2015 (Fig. 3). The shortest and 

longest time series that were used to build the master chronology were 41 and 166 years, 

respectively. The average length of these 32 time series was 106.94 years (1σ=33.39), and 23 

were longer than 100 years. Shells had strongly synchronous detrended growth patterns 

among individuals, with wide increments between 1915 and 1955 and narrow increments 

from 1981 to 2015. Correlations between each detrended time series and the average of 

others were all positive and statistically significant (p<0.05), with a mean of 0.537 (series 

intercorrelation). Average mean sensitivity calculated according to Eq. 2 in Biondi and Qeadan 

(2008) was 0.270. Since 1889 and until 2015, running EPS values (15-year windows with 8-year 

overlaps) largely remained above the critical threshold of 0.85 (Wigley et al., 1984) (Fig. 3). 

  



79 
 

 

Figure 3: SPM SGI master chronology (grey curve) from A. islandica and its 10-year running 

mean (red curve). EPS values (blue curve) from the master chronology computed in 15-year 

running windows with arbitrary EPS threshold value 0.85 (green line) above which the master 

chronology is statistically robust. 

Shell growth variability and environmental data 

Correlation with global climatic indices (AMO, NAO, SPG) 

The correlation between SGI (10-year running mean) and AMO dataset from the UCAR series 

(1870–2011) was significant (N=142, r=0.34, p<0.05) and remained constant even with time 

lags of 1 to 2 years. The same correlation applied to a truncated SGI (10-year running mean) 

time series (1948–2015) was stronger (N=68, r=0.67, p<0.05). Weak negative correlations 

were found between SGI master chronology and short NAO time series (1950–2015) from the 

NCEP (N=66, r=-0.36, p<0.05), UK (N=66, r=-0.28, p<0.05), and DFO (N=66, r=-0.36, p<0.05) 

datasets. A. islandica SGI chronology was negatively correlated (N=24, r=-0.56, p<0.05) with 

the annual SPG index from Berx and Payne (2017) over the period 1992–2015. 
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Correlation with spatial datasets  

The spatial correlations between A. islandica SGI chronology and monthly near surface 

(average between surface and 100 m) temperature and salinity, from the UK Met Office 

Hadley centre EN4.2.1, are represented in Figure 4 for mid-winter (February), mid-spring 

(May), mid-summer (August), and mid-fall (November). Given the spatial heterogeneities of 

the environmental observations in the first half of the 20th century, the correlations were 

calculated only for the last 66 years (1950–2015). The most striking features were the strong 

positive correlations with temperature, which cover a large area in the NE of Newfoundland 

and south of Greenland, encompassing the Labrador and Irminger seas (Fig. 4). This area 

broadly delineates the SPG. Positive correlations between GI and near surface salinities were 

patchier with less geographical extent and concentrated east of Newfoundland. 

 

 

Figure 4: Spatial Pearson correlations between A. islandica SGI and detrended monthly near 

surface (0–100 m) temperature and salinity, from the UK Met Office Hadley centre EN4.2.1, 

represented for (A) mid-winter (February), (B) mid-spring (May), (C) midsummer (August), and 

(D) mid-fall (November). Only significant (p<0.05) correlation coefficients above 0.3 are 

represented. 
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The average latitudinal position of the SSF is between 42–43°N, and this latitude at each 

degree of longitude varies with season and year. At each longitude from 50 to 65°W, a time 

series of the monthly latitude of the SSF (with a minimum of three observations per month) is 

correlated with SGI. Correlations between growth rate and SSF latitudinal position were 

always negative and often significant (Fig. 5). Between 60 and 50W, strong negative 

correlations occurred during the previous fall (October, November, and December) and spring 

(April, May, and June) to a lesser extent. 

 

Figure 5: Significant correlations (p<0.05) between growth rate and SSF latitudinal position 

August (Y-1) and June (Y). 

Correlation with regional environmental datasets 

The SPG western flank consists of the LC, which includes two branches, a main offshore 

branch and a smaller inshore one (Matthews, 1914; Smith et al., 1937). Station 27 located in 

the Avalon channel within the LC inshore branch provides the longest time series in this area. 

Correlations between SGI chronology and Station 27 (temperature and salinity) time series 

have been sought at each level monthly from 1950 to 2015 (Fig. 6). Strong positive correlations 

were observed between shell growth and Station 27 temperature during January and February 

at all bathymetric levels and almost all year long below 120 m. Correlations with salinity were 
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weaker but also significant in January and October at almost all bathymetric levels and near 

the bottom during spring. 

Figure 6: Correlations between GI and Station 27 temperature (A) and salinity (B) time series 

at each level (in m) for each month (p>0.05 are not displayed). 

A key point for LC observation is the TGB where westward transport (Sv) of the offshore LC 

branch along the slope has been calculated from 1992 to 2013. Strong positive correlations 

between shell GI and winter transport at TGB were found (N=22, r=0.45, p<0.05) and (N=22, 

r=0.64, p<0.05) when the series were linearly detrended (Fig. 7). 

 

Figure 7: The blue curve represents detrended westward transport in February (in Sv, denoted 

Tail of GB on Fig. 1). The black curve corresponds to an A. islandica detrended growth rate. 
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Using sea ice cover monthly data over the Newfoundland shelf, a significant negative 

correlation with the master chronology was found for the last 53 years of observation. The 

average correlation from January to June is (N=53, r=-0.4, p<10-3), with a maximum in February 

(N=53, r=-0.46, p<10-3) and minimum in June (r=-0.34).  

Finally, shell growth was positively correlated (N=18, r=0.52, p<0.05) with mean local 

chlorophyll a concentration from April to October over the period 1998–2015. 

Discussion 

Chronology 

Synchronous growth determination within a population is key to evaluating if individuals are 

consistently responding to common external factors (Douglas, 1920; Mette et al., 2016). This 

study demonstrated that shell growth of contemporaneous individuals of A. islandica from 

SPM shallow waters (<15 m) was highly synchronous based on EPS, the criterion for signal 

strength. According to Wigley et al. (1984), EPS values >0.85 indicate that the growth signal in 

a chronology sufficiently represents the whole population signal. In our study, EPS values were 

>0.85 from 1889 to 2015 (Fig. 3). Moreover, series inter-correlation (0.537) and mean 

sensitivity (0.270) were fully comparable with those observed in other fish, bivalve, and tree 

species (e.g., Black et al., 2005; Helama et al., 2007). In addition, the potential application of 

this chronology for paleo-environmental research is enhanced because the specimens came 

from the upper few meters of the ocean in an excellent site for capturing changes in North 

Atlantic climate and oceanography (Pearce et al., 2013). SPM lies in the boundary zone 

between the North Atlantic subpolar and subtropical gyres, an important site of water mixing 

(e.g., Sheldon et al., 2016) and one of the most rapidly warming areas on earth (Belkin, 2009). 

For these reasons, this region seems to be perfect for studying past environmental variations 

in the uppermost ca. 20 m of the ocean, which directly interacts with the atmosphere and 

controls weather and climate phenomena (Wanner et al., 2001). To our knowledge, this A. 

islandica growth chronology is the northernmost and shallowest of the Western North 

Atlantic.  
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Correlations with environmental parameters  

The strength of the common growth signal expressed by A. islandica from SPM indicated that 

our SGI chronology was expressing environmental variability. Several studies have shown that 

A. islandica growth is predominantly governed by temperature and food quantity and quality 

(Ballesta-Artero et al., 2017; Butler et al., 2010; Marali & Schöne, 2015; Witbaard et al., 1997). 

They also reveal that local temperature explains less shell growth variability than food supply 

and quality (see Schöne, 2013, for a review). The A. islandica optimal temperature is around 

13–15°C. This species is a shallow infaunal filter feeder (Cargnelli et al., 1999) that mainly 

consumes phytoplankton and organics detritus (Morton, 2011). In terms of food quality, A. 

islandica individuals are described as “real gourmets which feed on the most recent organic 

matter only” (Erlenkeuser, 1976). The lack of long-term instrumental records of primary 

production dynamics makes it difficult to relate past shell growth to food supply. Two studies 

using copepod abundance time series have indirectly demonstrated the importance of food 

supply for A. islandica growth (Wanamaker et al., 2009; Witbaard et al., 2003). Other authors 

have suggested studying correlations between growth and other environmental variables that 

are an indirect reflection of phytoplankton production in the surface water (Butler et al., 2013; 

Schöne, 2013). Therefore, our goal was to identify the environmental drivers that can explain 

the inter-annual to inter-decadal variations in the A. islandica GI over the last 160 years in 

SPM. Our approach uses environmental datasets sourced from observations as much as 

possible because climatic indices arising from coupled climate models are rarely successful in 

accurate reproduction of large spatial scale climatic indexes (Pyrina et al., 2017).  

First, we sought correlations of A. islandica growth in SPM with AMO and NAO indices. These 

two large-scale climatic drivers strongly influence marine ecosystem structure (e.g., Carroll et 

al., 2014) at decadal or multi-decadal time scales. At SPM, the AMO was significantly and 

positively correlated with SGI, while the NAO negatively related with A. islandica growth. 

These results indicate that part of the growth variability may be explained by low-frequency 

climate variations. The positive relationship between SGI and AMO, which is the average of 

near surface temperature over the North Atlantic from America to Europe (Kerr, 2005), seems 

to indicate that AMO warm phases correspond with A. islandica enhanced growth in SPM. 

However, SGI and NAO showed a negative correlation which indicates that NAO negative 

phases correspond with enhanced shell growth in SPM. This finding is consistent with Peings 
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and Magnusdottir’s (2014) results for the negative phase of the NAO, showing that it yields 

more frequent positive AMO. In this region, the positive phase of the NAO (stronger difference 

in atmospheric pressure) induces stronger northwesterly winds, enhancing deep convection 

in the Labrador Sea, and sea ice cover over the Newfoundland shelf (Wanner et al., 2001). 

Positive NAO phases have also been shown to strengthen the LC offshore branch (Han et al., 

2010; Han et al., 2014) and the SPG circulation (Rhein et al. 2011) as well as to cool the North 

Atlantic surface water in turn contributing to a negative AMO index (Visbeck et al., 2013; 

Wanner et al. 2001) and A. islandica negative growth in SPM. 

This result seems to be confirmed by positive spatial correlations between A. islandica SGI 

from SPM and temperature within the SPG extent (Fig. 4), suggesting that a warmer SPG 

correlates with enhanced growth rates of A. islandica in SPM. This finding led us to further 

explore SPG dynamics and its influence on water properties around SPM. The significant 

negative correlation observed between SPG index and A. islandica growth rates in SPM seems 

to have the same implications as temperature spatial correlations and raises the question of 

SPG dynamics. The SPG western flank consists of the LC. The LC flows toward the equator and 

carries cold and less saline water of Arctic origin along the Labrador slope and Grand Banks 

and extends to the Scotian shelf, finally affecting the whole Middle Atlantic Bight (e.g., 

Chapman & Beardsley, 1989) (Fig.1). The spatiotemporal structure of the LC along the 

Labrador coast and over the Grand Banks is complex. On the Newfoundland shelf, it has two 

branches: a main offshore branch flowing south and feeding the SPG, and a much smaller 

inshore branch (10 times smaller flow rates) that flows over the Labrador shelf and spreads 

along the Newfoundland coast over the Grand Banks (e.g., Han et al., 2014; Lazier & Wright, 

1993; Matthews, 1914; Petrie & Anderson, 1983; Smith et al., 1937; Wang et al., 2015). In 

terms of nutrients, the LC transports Arctic water particularly rich in nitrate, phosphate, and 

especially silicate to subpolar regions (Hàtùn et al., 2017; Torres-Valdes et al., 2013). In the 

subpolar North Atlantic, silicate is the main limiting nutrient for diatom growth (Allen et al., 

2005), which seems to be an important food source for A. islandica. For example, Witbaard 

(1996) linked the period of A. islandica low growth rates with a period of low diatom 

abundance in Fladen Ground. Even if the silicate concentration of the LC offshore branch 

seems to relate positively to SPG strength (Hàtùn et al., 2017), this pattern is not necessarily 

present for the LC inner branch, which may influence the SPM region more significantly. Gulf 
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Stream water and Saint Lawrence Gulf water could also influence SPM hydrodynamics (Petrie 

& Anderson, 1983). 

This possibility led us to investigate the LC inner branch dynamics and its influence on A. 

islandica growth in SPM. On the northern Newfoundland shelf, around 48°30-49°30 N, a 

sizeable portion of this inner branch strongly bifurcates to the east joining the offshore, shelf 

break, branch (Wang et al., 2015; Wu et al., 2012). Southward, the inshore branch water 

transport along the Avalon Peninsula weakens and flows westward along the Newfoundland 

coast. Over the Grand Banks, between the two main branches, the flow is rather weak, 

generally flowing southeast-ward and is not fully understood (Brickman et al., 2016; Han et 

al., 2008; Petrie & Anderson, 1983; Urrego-Blanco & Sheng, 2014). The positive correlations 

between A. islandica SGI and winter temperature and salinity at different bathymetric levels 

in Station 27 (the oldest, regularly monitored site of the LC inshore branch off eastern 

Newfoundland, situated southward on the inshore branch bifurcation) seem to confirm that 

a warmer LC inshore branch during winter associated to a period of higher LC transport (Wang 

et al., 2015), enhances A. islandica growth in SPM. The correlation time lag between Station 

27 environmental parameters and A. islandica SGI in SPM could be explained by current speed 

and the distance between Station 27 and SPM. SPM is about 400 km; assuming a mean current 

speed of 10 cm/s, as shown by (Han et al., 2008; Wang et al., 2015), some part of this water 

could spread into the SPM region about 2 months later in March or April, at the time of the 

first spring bloom. 

The Grand Bank circulation remains to be addressed. This circulation could affect the SPM 

region under certain conditions (Peterson et al., 2017; Petrie & Drinkwater, 1993). A part of 

the offshore branch of LC that follows the continental slope retroflexes to the east, joining the 

North Atlantic Current (Fig. 1) before reaching the tail end of the Grand Banks (Fratantoni & 

McCartney, 2009). The remaining LC branch flows westward after the tail of Grand Banks at 

about 15 to 25 cm/s along the shelf break (Petrie & Anderson, 1983). It then turns northward, 

toward Cabot Strait and may spread around the SPM region. These observations are 

corroborated by Urrego-Blanco and Sheng (2014) in a modelling study showing that this 

northward flow affects the eastern side of the Laurentian channel. This transport at the Grand 

Bank tail was calculated for 1992 to 2013 and found to correlate positively with A. islandica 

SGI (Fig. 7). This result seems to indicate that A. islandica growth in SPM increases with 
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westward volume transport. This current bringing nutrient rich water from the LC (Hàtùn et 

al., 2017; Torres-Valdes et al., 2013) toward the SPM region and through the Laurentian 

Channel (Urrego-Blanco & Sheng, 2014). Offering further evidence of the role of this route is 

the latitudinal location of the SSF south of the Newfoundland shelf, around 43°N (Fig. 4). In 

this region, the SSF lies between cold fresh shelf water and warm slope water at the South 

(Gatien, 1976). The monthly mean position of SSF as a function of longitude south of SPM 

(between 55–60° W) is around 43°N (about 4° off the SPM region). At a northward speed over 

the western part of the Grand Banks and in the eastern Laurentian channel of 2 cm/s to 20 

cm/s (Greenberg & Petrie, 1988; Urrego-Blanco & Sheng, 2014), the transit time between the 

front and SPM region will vary from 20 to 200 days. This pattern justifies assessing the 

correlation between growth rate and SSF position with negative lag of 0 to 1 year (SSF position 

leads). Correlations between A. islandica growth and SSF positions were always negative, 

meaning that a northward shift of warm slope water leads to decreased A. islandica shell 

growth in SPM.  

The positive correlation between shell growth and westward transport and negative 

correlation between shell growth and northward extension of the SSF finds an explanation in 

the recent study of Peterson et al. (2017). They showed that “SSF is the surface expression of 

the southwestward extension of the Labrador Current” and suggest that the more the LC flows 

west, the more A. islandica grows. However, this notion could have led to conflicting 

correlations with NAO, which is positively correlated with the offshore branch of LC but 

negatively correlated with shell growth. The findings of Han et al. (2014) clear this 

inconsistency. They demonstrated that a North–South shift (between Labrador and Nova 

Scotia shelf breaks) of the LC and a weakening of the offshore LC leads to increased westward 

transport at the Grand Bank Tail. As a result, the positive and negative phases of NAO lead 

respectively to increased and decreased offshore LC transport along the northeast 

Newfoundland shelf break, decreased and increased westward transport of the Grand Bank 

Tail, northward and southward shifts of the SSF, and finally decreased and increased shell 

growth (Fig. 8). 
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Figure 8: Maps illustrating the environmental scenarios associated with negative (A) and 

positive (B) growth of A. islandica at SPM. 
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Do Clathromorphum compactum growth patterns and 

geochemical composition archive Saint-Pierre & Miquelon 

environmental variabilities? 

Contexte et résumé de l’étude 

Ce troisième chapitre utilise des résultats acquis dans le cadre du stage de Master 2 de 

Valentin Siebert que j’ai dirigé entre janvier et juin 2018. Le choix, d’explorer les possibilités 

offertes par l’étude sclérochronologique de Clathromorphum compactum à Saint-Pierre et 

Miquelon, a été induit par deux principales raisons. Outre son importante longévité reportée 

par différentes études, nous avons décidé de travailler sur ce modèle biologique largement 

représenté à SPM afin de nous affranchir de la tendance ontogénique observée chez A. 

islandica (cf Chapitre 2). De plus, le fait d’étudier la variabilité environnementale passée 

inscrite dans une espèce d’un autre niveau trophique (ici producteur primaire) doit permettre 

de valider nos premières observations et d’obtenir une vision plus complète de l’hydroclimat 

à SPM. 

Nous avons alors décidé, d’entamer un travail méthodologique visant à mettre en place un 

protocole de lecture directe des colonies de C. compactum en utilisant, comme pour les 

coquilles d’A. islandica, du bleu de Mutvei. Des stries de croissance ont ainsi pu être mises en 

évidence. Puis des analyses géochimiques ont été effectuées afin de valider la périodicité 

annuelle de ces stries. Nous avons ensuite évalué la variabilité, intra-spécimen des 

informations contenues dans ces structures bio-construites, en étudiant la croissance et la 

composition en éléments traces de plusieurs portions de différents individus. 

Cette étude confirme la possibilité d’étudier la croissance de C. compactum en la mesurant de 

manière directe grâce à une coloration préalable au bleu de Mutvei. Cette méthode, mise au 

point pendant cette thèse permet maintenant de s’affranchir des mesures géochimiques 

coûteuses, jusque-là utilisées, pour accéder à cette mesure chez C. compactum. Cette avancée 

doit permettre d’augmenter la profondeur d’échantillonnage des futures études relatives à la 

croissance de cette espèce et ainsi renforcer la valeur paléoenvironnementale des signaux 

contenus dans celle-ci. 
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Finalement, ce troisième chapitre permet de présenter les relations statistiques liant les 

enregistrements sclérochronologiques de C. compactum à SPM et plusieurs variables 

environnementales mesurées à différentes échelles : globales, régionales et locales. Ce travail 

confirme les conclusions relatives à l’étude menée précédemment sur A. islandica. 
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Abstract 

Records of ocean/atmosphere dynamics over the past centuries are essential to understand 

processes driving climate variability. This is particularly true for the Northwest Atlantic, a key 

region with regard to global climate. Over the past decade, rhodoliths have been increasingly 

used as environmental and climatic archives in the marine realm. Whereas many studies have 

focused on environmental information recorded in geochemical properties of the coralline 

algae carbonate structure, e.g., to reconstruct sea surface temperature, less attention has 

been paid to the use of annual growth increment widths as an environmental proxy. Here, we 

investigate the possibility to extract climate and environmental information from annual 

growth patterns of the coralline red algae, Clathromorphum compactum, from Saint-Pierre & 

Miquelon (SPM), an archipelago situated close to the confluence of the warm Gulf Stream and 

the cold Labrador Current. However, analysis of C. compactum growth is challenging due to 

difficulties in resolving the annual banding pattern. Identification of these growth patterns is 

usually based on geochemical data of hard structure (e.g., annual variations of structural 

Mg/Ca allow indirect measurements of increment width). These methods are expensive and 

therefore prevent from analyzing a large number of specimens that would be representative 

of the entire population. For this reason, we enhanced the growth line readability by staining 

polished sections with Mutvei’s Solution. Geochemical analyses were also carried out in order 

to validate the assumption that growth lines observed after staining were formed on an 

annual basis. Furthermore, growth patterns and trace element composition were investigated 

on multiple axes of several rhodoliths in order to assess the intra-specimen variability. This 

study confirms that it is possible to measure annual increment width of Mutvei-stained 

coralline red algae directly, without using expensive geochemical methods. Moreover, 

relationships between the C. compactum sclerochronological records from SPM and 

environmental datasets covering different geographical scales confirm the findings related to 

A. islandica growth records.  

Keywords: 

Sclerochronology, North Atlantic, Climate change, Growth, Environmental proxies, 

Clathromorphum compactum, rhodholith, Saint-Pierre & Miquelon. 
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Introduction 

The Northwest Atlantic Ocean is a key region with respect to climate variability as it represents 

the starting point of the Atlantic Meridional Overturning Circulation (AMOC) which is an 

important and active component of the climate system (Rahmstorf, 2003). Southern 

Newfoundland’s coast and the Saint-Pierre & Miquelon (SPM) region lie at the confluence of 

the main oceanographic currents ruling the North Atlantic Basin. However, despite its 

importance, the physical flow dynamics of this region is poorly understood (Wu et al., 2012). 

This gap exists mainly because of the lack of long-term environmental records in this area, 

where they are sparse and spatiotemporally incomplete before the mid-20th century (Halfar 

et al., 2011). 

 

Figure 1: (A) Major features of the regional surface circulation (inspired by Fig.1 in Fratantoni 

& McCartney, 2009) and main location names. The cold inner and outer LCs are in blue; Gulf 

Stream and North Atlantic currents are in red. In green is historical hydrographic Station 27 

(Stn 27). The main acronyms corresponding to location names are as follows: NL – 

Newfoundland; SPB – Saint-Pierre Bank; GSL – Gulf of Saint-Lawrence; AC – Avalon Channel; 

and GB – Grand Banks. (B) Sampling location of Clathromorphum compactum (red dot). 
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In this context of climate change, models are proposed in order to predict climate variations. 

Nonetheless, these predictions are mostly based on present climate observations on one side 

and on climate variability over the past centuries on the other side. For this reason, records of 

past ocean/atmosphere dynamics in recent centuries are essential to understand processes 

driving climate variability 

In the oceanic realm, carbonate hard structures of long-lived marine species hold the potential 

to extend instrument-derived observations by several decades or centuries. While multi-

centennial reconstructions of tropical marine hydrodynamics have been generated since the 

1990’s (e.g. Dunbar et al., 1994; Saenger et al., 2009), long term records of environmental 

conditions in higher latitude oceans are relatively scarce and sparse. In the North Atlantic 

Ocean, geochemical approaches and growth analyses of the bivalve Arctica islandica supply 

the bulk of annual to subannual resolution extra-tropical marine climate data for near-surface 

water masses (Schöne, 2013 for a review). While growth increment widths of long-lived 

bivalves have resulted in numerous climate reconstructions (e.g., Wanamaker et al., 2008; 

Butler et al., 2013), environmental interpretation of growth increment time-series is complex 

because of growth ontogenetic trend (Goodwin et al., 2009). Raw growth increment time-

series must therefore be detrended with mathematical functions (e.g. spline, negative 

exponential) that can potentially remove low-frequency climate oscillations. 

In an attempt to overcome some of these issues, a few studies focused on the use of coralline 

red algae as archives of environmental and climatic variatibility in oceans (e.g., Kamenos et 

al., 2008; Williams et al., 2011, Halfar et al., 2011). In the northwest Atlantic Ocean, the species 

Clathromorphum compactum (Kjellman) Foslie 1898 (Rhodophyta; Hapalidiaceae) forms clear 

annual growth increments which pave the way towards sclerochronological investigations 

(Moberly, 1968). First, C. compactum colonies shows a fairly constant growth rate throughout 

its lifespan and is not subject to an ontogenetic growth trend (Halfar et al., 2011). Thus, there 

is no loss of data accuracy in the youngest portions of the algae. Then, its extreme longevity 

(> 600 years; (Halfar et al., 2013)) allows very long reconstructions. According to previous 

studies, growth lines are formed during late winter/early spring (Moberly, 1968) due to a 

cessation in colony development between January and April (Halfar et al., 2008; Halfar et al., 

2011) resulting in changes between two morphological structures: (i) small cells with dense 

calcified walls (growth line) and (ii) large cells with thinner less calcified walls (increment) 
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(Adey, 1965; Moberly, 1968). Finally, thanks to the wide distribution of C. compactum around 

the Arctic and Sub-Arctic (in North Atlantic and North Pacific Oceans) (Hetzinger et al., 2011; 

Adey et al., 2013), paleo environmental reconstructions are possible at a large spatial scale. 

Since 1950, past environmental variability has been investigated using the geochemistry of 

Clathromorphum spp. calcite skeleton (e.g. Chave, 1954; Williams et al., 2018). For example, 

variations in magnesium concentrations of long-lived coralline algae carbonate structure 

record ambient seawater temperature over time (Moberly, 1968), while barium content 

brings information about variations in salinity (Hetzinger et al., 2011, Hetzinger et al., 2013) 

or river runoffs (Chan et al., 2011). However, most of these geochemical analyses are 

expensive.  

Even if some studies successfully related growth patterns of C. compactum with SST 

fluctuations (e.g., Chave, 1954; Halfar et al., 2008), less attention has been paid to use 

rhodoliths growth increment widths as a proxy for sea water temperature. The reason for that 

lies in the difficulty in identifying annual growth lines with optical or scanning electron 

microscopy (Halfar et al., 2011). In addition, the presence of spherical non-calcified 

reproduction structures, called conceptacles, can also affect growth line readability. These 

latest have a global size that can reach the increment width value and are formed during 

winter season, when rhodolith colonies stop their growth (Moberly, 1968). So far, increment 

width is mostly measured indirectly through the analysis of annual Mg/Ca ratio cycles in the 

rhodolith hard parts (Hetzinger et al., 2011). However, the cost of these geochemical tools 

limits our ability to analyse a large amount of specimens. This financial statement raises the 

questions of sample size and population representativeness, two crucial aspects of growth 

dynamics sclerochronological studies. In this context, Sletten et al., 2017 focused on these 

issues, and try to develop a cheaper tool based on growth lines staining. For instance, Alizarin 

Red has been used to stain growth patterns of Phymatolithon calcareum and Lithothamnion 

sp. which have naturally more visible growth lines in comparison with Clathromorphum spp. 

(Kamenos et al., 2008; Sletten et al., 2017). Since a decade, another simple technique is 

frequently used to highlight growth structures in many different taxa (bivalve molluscs, 

gastropods, barnacles, corals, sclerosponges, fish otoliths, cephalopods and whale’s tympanic 

bulla). This so-called Mutvei's solution combines gentle etching, preservation of water soluble 

and insoluble components of the organic matrix and differential staining of soluble organics 
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in a single preparation step (Schöne et al., 2005). Nevertheless, this technique has never been 

tested on rhodoliths. However, given Mutvei’s solution properties, and C. compactum 

morphological structure, this technique may be effective to enhance growth lines visibility. 

This study focuses on C. compactum colonies from Saint-Pierre and Miquelon. Based on these 

previous observations, several objectives drove this study. The first one was to perform a 

population scale growth analysis via direct increment widths measurements using Muvei’s 

solution staining. This included growth patterns reproducibility within individuals (along the 

greatest number of reading axes) and population growth signal analysis with statistic 

indicators calculation. The second one focused on C. compactum geochemical analyses. Such 

as growth lines, we verified intra and inter specimens trace elements distribution along 

multiple LA-ICP-MS transects. Furthermore, trace element signals were compared to growth 

lines position. Finally, correlations between C. compactum data (growth data or geochemical 

data) from SPM were compared to large and local scales environmental data sets. 

Materials & Methods 

Sampling 

Forty two C. compactum specimens were analysed in the present study. All of them were 

randomly live collected from hard substrate at a depth of 14 m by scuba diving along the north 

coast of Saint-Pierre island (46°49'03.3”N, 56°09'54.6”W) the 5th of September 2017. As the 

42 colonies come from the same location and depth (14m), they all experienced the same 

environmental conditions. Each colony was measured, weighed and photographed to keep 

track of their global morphology before starting preparations. 

Sample preparation 

Three cutting axis were defined on each colony, parallel to the direction of growth (red lines 

in Figure 2). Colonies were cut along these axes using a low-speed precision saw (Struers, 

Accutom 50; rotation speed 800 rpm, feed rate 100µm.s-1) equipped with a diamond-coated 

blade (thickness: 400 µm) continuously cooled by deionized water. The first cutting axis was 

defined to go through the center of the colony and thick sections (2mm) were then cut on 

both sides of this central axis. One will be used for the growth measurements (slice n°1 on 

Figure 2) and the other one for micro-chemical analyses (slice n°3 on Figure 2). The two other 
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cutting axes were only used for micro-chemical analyses (slices n°2 and n°4 on Figure 2) in 

order to assess intra-colony variability of trace element distribution. The distance between 

adjacent cutting axes was variable depending on the size of the colony but never exceeded 6 

mm. 

Figure 2: Example of the three cutting axis location performed on each studied rhodoliths (red 

lines) in a side view (A) and on a top view (B). Thick blue line corresponds to the 2mm thick 

section stained and used for the growth analyses (n°1). The three other white lines correspond 

to uncoloured slices intended for geochemical analyses (n° 2, 3, 4). On those photographs, 

distances between each cutting axis were overstated, in order to enhance figure readability. 

These sections were mounted on glass microscope slides and carefully grounded on a rotating 

polishing table (Struers, TegraPol-35) with a sequence of 1200 and 2400 grit wet-table 

carborundum paper, followed by polishing with 3-μm and 1-µm diamond liquid (Struers). 

These cross-sections were ultrasonically cleaned with deionized water between each grinding 

or polishing step to remove residual abrasive material. 

The polished cross-sections (slice n°1 on Figure 2) were then etched in a Mutvei’s solution 

(Schöne et al., 2005) for 45 minutes at 40°C, soaked in a deionized water bath, and left to air 

dry before imaging. Treatment with Mutvei’s solution results in a three-dimensional display 

of growth patterns and reveals clear annual growth lines (Figure 3). 
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Figure 3: C. compactum internal growth patterns after Mutvei’s solution. The yellow lines (A) 

correspond to the trajectory on which annual growth lines (yellow dots) were placed and 

growth increments measured (B). Black arrows represent the direction of growth (A, B). SEM 

photograph of one growth line after Mutvei's solution treatment (C). 

Growth analyses 

Increment width measurements 

Stained sections were imaged under reflected light (Zeiss, KL 2500 LCD) using an AxioCam 

MRc5 installed on a Zeiss Lumar.V12 stereomicroscope equipped with a motorized stage. 

Photomosaics were constructed using AxioVision 4.9.1 software (Zeiss). The width of all 

growth increment was measured digitally using the image processing and analysis software 

ImageJ (NIH Image), from the outer edge of the rhodolith (living portion) to the center (base 

of the colony, attached to the substrate). In order to assess intra-colony variability, growth 

rates were measured along several transects (Fig. 3) on slices n°1 (Fig. 2). The number of 
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transects depended on the global size and morphology of each plant. As all rhodoliths were 

live-collected, the last visible increment corresponds to the year of their collection (2017). 

In order to measure ordinal association between all transects of the same colony, Spearman’s 

rank correlations of increment width measurements were calculated using R software (R Core 

Team, 2018). If one transect significantly differed from others (p>0.05), it was removed from 

the growth analysis dataset.  

Growth population signal analyses and statistic indicators  

To see if a common growth signal could be observed between the different C. compactum 

colonies, growth indices (GIs) were calculated for each year and colony by dividing the 

measured increment width (Lt+1 – Lt ) by a predicted increment width (L(p)t+1-L(p)t). Given that 

C. compactum is a colonial species, we assumed that there is no ontogenetic decreasing trend 

in annual growth rate throughout lifetime, and that under constant environmental conditions, 

the annual predicted increment width (L(p)t+1-L(p)t) should be identical from the base to the 

top of the colony. Therefore, this value was defined individually as the arithmetic mean of the 

increment width values obtained on the different transects. 

𝐺𝐼𝑡 =  
𝐿𝑡+1 − 𝐿𝑡

𝐿(𝑝)𝑡+1 − 𝐿(𝑝)𝑡
 

Individual time-series of GI were then standardized as follows (Schöne, 2013): 

𝑆𝐺𝐼𝑡 =
𝐺𝐼𝑡 − 𝜇

𝜎
 

Where µ is the average and σ the standard deviation of all GI values. The standardized GI (SGI) 

is a dimensionless measure of how growth deviates from the predicted trend. Positive values 

represent greater than expected growth, whereas negative values represent less than 

expected growth. The robustness of the SGI chronology was tested.  
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A frequently used assessment of the robustness of composite chronologies is the expressed 

population signal (EPS) (Wigley et al., 1984), which is given as: 

𝐸𝑃𝑆 =
𝑛 ∗ 𝑅𝑏𝑎𝑟

(𝑛 ∗ 𝑅𝑏𝑎𝑟 + (1 − 𝑅𝑏𝑎𝑟))
 

Where Rbar is the average of all correlations between pairs of SGI chronologies and n is the 

number of specimens used to construct the stacked chronology. EPS > 0.85 indicates that the 

variance of a single SGI chronology sufficiently expresses the common variance of all SGI 

series. All these analyses were carried out using COFECHA (Grissino-Mayer, 2001) and the R 

package dplR (Bunn, 2008). 

Trace element analyses  

Element-to-calcium ratios were analyzed on cross-sections n°2, n°3 and n°4 using LA-ICP-MS 

at the Pôle Spectrométrie Océan (European Institute for Marine Studies, Plouzané, France). A 

Thermo Scientific XSERIES 2 quadrupole inductively coupled plasma mass spectrometer (ICP-

MS) coupled to a 193 nm laser ablation system (COMPexPro 102, Coherent Inc.) were used 

with parameters listed in Table 1. 

Table 1: Summary of laser mass spectrometer settings. 

Laser energy densities 15 J/cm² 

Pulse rate 10 Hz 

Spot size 120µm 

Scan speed ~ 5µm/s 

Gas carrier Helium (He) 

Gas carrier flow 250 mL/min 

 

During acquisition, signal intensities (counts per second = cps) were recorded for 25Mg, 43Ca, 

55Mn and 137Ba. The intensity of the isotope of interest was systematically normalized against 

the 43Ca signal (internal standard) in order to correct for laser beam energy drift, focus 
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variation at the sample surface, and ICP-MS detection drift. The glass reference material NIST 

SRM 612 was used as a calibration standard with the values of GeoReM database (Jochum et 

al., 2005). Finally, the detection limits of elements were: Mg = 9.03 µmol/mol, Mn = 0.61 

µmol/mol, Ba = 0.08 µmol/mol.  

As the laser moved on the cross-section surface at 5 µm/s and the ICP-MS saved data every 

2.28 s, the spatial resolution of these analyses was ca. 11.4 µm. 

Three colonies were selected for trace element analyses based on their size and the density 

and position of conceptacles. Three cross-sections were cut in each of these three colonies 

(Fig. 2) and three LA-ICP-MS transects were analysed on each cross-section along the direction 

of growth from the base to the top of the colony (Fig. 4). Before and after each transect, three 

external standard runs were performed. 

Figure 4: Example of laser transects locations within one slice over the three for one colony. 

The laser transect position will be approximately the same within the two others cut sections 

for the specimen. 

The results were processed with the R package: ElementR (Sirot et al., 2017). This package 

automatically calculates concentration ratios for each element, after calculation of the ICP-

MS blank level and drift.  
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Once geochemical analyses were done, each cross-section was stained with Mutvei’s solution 

in order to assign calendar dates to geochemical data. Given that the number of data points 

per year was different between transects, elemental ratios were mathematically re-sampled 

using AnalySeries 2.0 (Paillard et al., 1996) in order to allow a better comparison of the data. 

To this end, intra-annual geochemical measurements were fitted with a cubic spline and the 

curve re-sampled at 40 regular intervals in order to have exactly 40 data points in each annual 

increment, in any transect, cross-section, or colony. 

Comparison with environmental time-series  

The SGI master-chronology was finally compared with different indices reflecting 

climate and ocean dynamics over the north-west Atlantic Ocean: North Atlantic Oscillation 

index (NAO) (Hurrell et al., 2001), Arctic Oscillation index (AO) (Thompson & Wallace, 1998), 

Atlantic Multidecadal Oscillation (AMO) (Knight et al., 2006) and Sub-Polar Gyre index (SPG) 

(Berx & Payne, 2017). Spearman correlations were used to check for the existence of 

statistically significant relationships between these annual indices and the SGI master-

chronology. Furthermore, large-scale seawater temperature effects on rhodolith growth were 

assessed from spatial correlation maps using KNMI Climate Explorer 

(https://climexp.knmi.nl/) and ocean mean temperature data (0-100 meters layer, NOAA-

NODC). 

As the incorporation of trace elements in the rhodolith skeleton likely results from 

variations in more specific and local environmental conditions, Mg/Ca ratios will be compared 

with recorded surface water temperatures from the monitoring Station n°27 (Fig.1) and with 

NOAA_ERSST_v4 satellite-based SST values extracted from a 200 km² area around Saint-

Pierre. Furthermore, a calibration was performed between this last database and Mg/Ca ratio 

distribution in order to observe whether magnesium is included in the same way through the 

three studied specimens regarding the SST variations. For this purpose, linear regressions 

were drawn and the equation slopes obtained for the three specimens were compared using 

a Student test. Ba/Ca ratio, were compared with recorded surface salinity values from Station 

27 (Fig. 1) and with the Labrador Current transport along the Tail of Grand Bank (Fig. 1) at 

several transects from 1992 to 2013 which are available at: http://www.meds-sdmm.dfo-

mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/labrador/transport-eng.htm. 

https://climexp.knmi.nl/
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/labrador/transport-eng.htm
http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-pmza/climat/labrador/transport-eng.htm
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Results 

Growth analyses 

Mutvei’s solution staining  

Treatment with Mutvei’s solution results in a coloured three-dimensional display of growth 

patterns and reveals clear annual growth lines (Fig. 3). An alternating pattern of thin dark lines 

and wide light-colored areas was observed, corresponding respectively to growth lines and 

increments (Fig. 3B). Beyond this differential staining, Mutvei’s solution treatment has 

another consequence, creating a ditch-like pattern of ca. 10 µm depth where growth lines 

stand (Fig. 3C). 

Intra-specimen variability in growth rate 

The number of transect used on slice n°1 (Fig. 2) for increment width measurements differed 

between colonies, ranging from 2 to 8. Because of conceptacle density or grazing tracks, 

accurate counting and measurement of annual increments was performed on seven colonies 

only. Spearman’s rank correlation coefficients were calculated between pairs of transects 

covering the same time period within one colony. Variability in increment widths could exist, 

but was not observed on all measured specimens (Fig. 5).  

 

Figure 5: Intra individual variability of annual increment widths over the seven specimens. 

Values in boxes are Spearman’s correlation coefficients, barred ones correspond to a non-

significant relationship between pairs of reading transects (p-value > 0.05). The indicated 

dates correspond to the periods when correlations were performed. 
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In each colony, most increment width time-series obtained from these 2 to 8 transects were 

significantly correlated to each other. Nevertheless, some transects were significantly 

different: n°4 in colonies CC2 and CC7, n°4/8/9 in colony CC13, and n°1 in colony CC29 (Fig. 5). 

These transects were discarded from the dataset. 

Population-scale growth signal and chronology construction  

Based on the arithmetic mean of annual growth increment widths of all 7 colonies, the average 

annual growth rate over their lifetime was 260 µm ± 59 µm with a chronology going back to 

1970 (Fig. 6A). The inter-series correlation coefficient calculated on the 7 individual SGI 

chronologies was 0.34. The mean annual SGI values and EPS are shown in Figure 6. The EPS 

values remained below the critical threshold of 0.85 throughout the entire chronology, 

showing that the common growth signal expressed by the population was rather weak. The 

SGI varied considerably over the entire chronology, ranging from a minimum of -1.3 in 1993 

to a maximum of 2.2 in 2003. Globally, SGI values seem to be mostly negative between 1970 

and 1998 to become positive until 2014 (Fig. 6B). 

Figure 6: Lifespans of the seven C. compactum specimens used for growth analyses. SGI 

master chronology (grey curve) from  C. compactum and its 10-year running mean 

(red curve). EPS values (blue curve) from the master chronology computed in 10 -

year running windows with the arbitrary EPS threshold value 0.85 (green line).  

Environmental comparison 

Growth signal presented on Figure 6B was compared to NOAA-NODC 0-100m ocean mean 

temperature (3-month averages) using KNMI climate explorer. Whatever the season, a 
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significant positive correlation was highlighted between rhodolith growth dynamics and SST 

in the North Atlantic basin (Fig. 7), specifically within the subpolar gyre extent. 

C. compactum SGI master-chronology was significantly correlated with the annual SPG index 

(N=25, r=-0.56, p<0.05) and with the AMO index (N=46; r= 0.51, p<0.05). On the other hand, 

any significant correlations were found between C. compactum SGI and the two other 

atmospheric indices, respectively AO and NAO.  

Figure 7: Spatial correlations between C. compactum SGI and ocean seasonal mean 

temperatures between 0-100m (data from the UK Met Office Hadley centre EN4.2.1) using 

KNMI climate explorer. Only significant (p<0.05) correlation coefficients above 0.3 are 

displayed. 

Trace elements analyses 

Trace elements distribution vs growth lines 

Once the LA-ICP-MS transects were stained, it was possible to assign calendar dates to 

geochemical data (Fig. 8A). Figure 8B shows typical element-to-calcium time-series. The 

overall shape of these profiles, obtained on 1 of the 9 transects ablated in colony CC25, is 
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representative of the other 26 transects. Mg/Ca ratio variations followed a cyclic annual 

pattern with maximum values close to the centre of the growth increments and minimum 

values at or close to the growth lines (Fig. 8B). Ba/Ca ratio also showed a cyclic annual pattern, 

a bit more noisy and inversely correlated with Mg/Ca variations (r=-0.31, p<0.05). Maximum 

Ba/Ca values usually appeared close to growth lines, while minimum values occurred in the 

middle of the increments. 

 

Figure 8: Image of the reading (yellow line and points) process after LA-ICPMS analysis to 

identify growth lines positions (A). The wider mark on the right of the laser transect 

correspond to a landmark made in order to identify the desired location of the laser transect 

before the manipulation. Typical trace elements signal for one LA-ICPMS transect, vertical red 

lines correspond to growth lines positions. 
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Mn/Ca pattern was different to Mg/Ca and Ba/Ca ones and without apparent cyclicity. In 

addition, a trend to higher Mn/Ca values appeared during the last ten years of growth for each 

colony. The element-to-calcium time-series of the 26 other transects (Fig. 9) could be 

described in the same way (at least for magnesium and barium) as their overall shapes look 

like the ones presented on Figure 8. 

 

Figure 9: Average values of Mg/Ca (A) and Ba/Ca (B) variations over time for the three studied 

specimens (bold lines). Light coloured lines represent the nine transects performed on each 

specimen. Examples of two annual cycles are displayed on the top left for Mg/Ca (A) and Ba/Ca 

(B). 



117 
 

Intra/inter-specimen trace elements distribution 

Years were bounded according to Mg/Ca ratios and re-sampled using AnalySeries software, in 

order to represent each annual period of growth with the same number of values (40). 

Spearman’s rank correlation coefficients were calculated for each colony and each element in 

order to compare pairs of transects (Fig. 10). Whatever the colony, Mg/Ca time-series were 

all significantly correlated, with only one exception (transects n°3 and n°4 on colony CC29). 

That was also the case for Ba/Ca time-series in which 32 out of 36 pairs of transects were 

significantly correlated. For Mn/Ca ratios, a stronger variability between transects was 

observed for CC9 and CC29, but not for CC25 in which all transects were significantly 

correlated (Fig. 10A).  

Given the high intra-colony reproducibility of Mg/Ca and Ba/Ca time-series, average values 

were calculated for these two elements, for each colony (Fig. 9). Nevertheless, doing the same 

thing for Mn/Ca values would not be correct because of intra specimen variability, except for 

CC25 specimen. 

CC25 specimen has higher average Mg/Ca values than the two other colonies (CC25: Mg/Ca ~ 

200 000 µmol/mol; CC9 and CC29: Mg/Ca ~ 150 000 µmol/mol) (Fig. 9A). Despite this offset, 

highly significant Spearman’s correlations were found between CC9 and CC25 (r=0.78; 

p<0.001), between CC29 and CC25 (r=0.77; p<0.001), and between CC9 and CC29 (r=0.79; p 

<0.001) (Fig. 10B). 

Regarding Barium, highly significant Spearman’s correlations were also observed between 

Ba/Ca time-series of the three colonies (r=0.67; p<0.001 between CC9 and CC25 / r=0.69; 

p<0.001 between CC25 and CC29 / r=0.65; p<0.001 between CC9 and CC29) (Fig. 10B).  
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Figure 10: Spearman's correlation coefficients between pairs of transects for each colony and 

Element/Ca ratios (A). Barred ones correspond to non-significant relationships (p>0.05). 

Mg/Ca and Ba/Ca mean standardized values (red line: CC9 / green line: CC25 / blue line: CC29) 

representing inter-specimen variability (B). 
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Intra-specimen variabilities of Mn/Ca time-series were higher than Mg/Ca and Ba/Ca ones. 

Nevertheless, CC25 presented a low intra-specimen variability compared to CC9 and CC29 (Fig. 

10A). Mean values of Mn/Ca were then calculated for this specimen (Fig. 11). 

Figure 11: Average Mn/Ca values (bold green line) over time, calculated upon the 9 

geochemical transect (light colored green lines) performed on CC25. Year separation (vertical 

dashed black lines) is based on Mg/Ca annual cycles. 

This curve follows a cyclic annual pattern, reaching their annual maxima close to each growth 

lines (Fig. 11). An overall increase of mean Mn/Ca values started around 2010 (i.e., in the 

youngest portion of this colony). 

 

Environmental comparisons 

Magnesium vs SST 

Mg/Ca variations within rhodolith carbonate structures follow local satellite-based SST 

variations (Fig. 12A). Indeed, a significant linear relationship occurred between Mg/Ca and SST 

for three colonies (r²>0.50; p<0.05). One calibration equation was then generated for each 

colony, and their slopes were compared. In the absence of significant differences between 

these slopes (T=0.55; df=683; p<0.05 between CC9 and CC25 / T=0.70; df=761; p<0.05 

between CC25 and CC29 / T=0.17; df=778; p<0.05 between CC9 and CC29), a general 

temperature equation, representative of the three C. compactum specimens, was calibrated 

(Fig. 12B).  
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Figure 12: Evolution of Mg/Ca values recorded on rhodoliths and satellite-based SST extracted 

from a 200 km² area around Saint-Pierre (A) and (B) linear regression between those two 

parameters for CC29. 

Similarly, a significant positive correlation was found between Mg/Ca and SST values 

measured in Station 27 (r=0.75; p<0.001). 

Barium vs salinity and Labrador Current transport 

Significant positive correlations were found between Ba/Ca values and Tail of Grand Bank 

Labrador Current transport over the period 1993-2017 (r=0.33; p<0.05). Ba/Ca values were 

also significantly correlated with surface salinities recorded in Station 27 (r=0.31, p<0.05). 

Discussion 

Growth line marking and population growth signal  

To our knowledge, this is the first sclerochronological growth study of C. compactum based 

on direct increment width measurements. It is also the first time that C. compactum 

composite growth chronology was statistically evaluated using dendrochronological derived 

tools (Cook & Kairiukstis, 2013). Therefore, our results would be compared with other studies 

focused on other biotas. 

Mutvei’s solution staining  

This study demonstrated that Mutvei’s solution staining was a good method to reveal annual 

growth lines on C. compactum carbonate structures (with protein colouring and digging 

effects) (Fig. 3). The main advantages of this technique are: (i) its low cost and (ii) its execution 

speed compared to micro-chemical analysis and data processing in order to extract growth 

signals. In addition, Mutvei’s solution may also yield important clues to C. compactum growth 
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and biomineralization processes and could lead to new results regarding to micro-chemical 

analyses. First of all, we showed that growth lines were more strongly stained than growth 

increments, confirming that C. compactum growth was faster in summer (larger less calcified 

cells) than in winter (smaller more calcified cells) (Moberly, 1968; Halfar et al., 2008). Although 

it has been proved by Schöne et al. (2017), that Mutvei’s solution treatment does not affect 

stable isotopes analysis, it still needs to be demonstrate for trace elements. That is why we 

decided to apply our staining process on geochemically analysed slices after LA-ICPMS 

measurements. Nonetheless, some disadvantages still remain. We observed that some 

portions of few growth lines (considering the entire slice surface) disappear. This could be due 

to local morphological differences inducing a differential staining, or to micro-grazing tracks 

altering superficial growth marks. In addition, growth lines were not clearly visible where 

conceptacles were numerous and dense. This justifies to achieve growth reading along 

multiple transects and to take the whole slice into account during this measurement process. 

Rhodoliths growth signal and statistical indicators  

Average vertical growth rates of all specimens were found to be 260 µm per year. This is 

consistent with C. compactum growth rates from the Northwest Atlantic (Adey et al., 2013). 

Synchronous growth determination within a population is a key to evaluate if individuals are 

consistently responding to common external factors (Douglas, 1920). That is why the seven 

specimens’ growth signals were compared. On one side, the inter-series correlation of 0.34 is 

comparable with significant chronologies built using tree rings (Black et al. 2010). Though, it 

is lower than the values usually obtained with several other biotas (e.g. Butler et al., 2013; 

Wilde & Maxwell, 2018). On the other hand, the EPS values from this study are relatively low 

and never exceed the threshold of 0.85. This is probably due to the weakness of our sample 

depth (7 specimens). Indeed, other studies with similar inter-series correlation values usually 

use more than 20 specimens to complete their growth chronologies (Black et al., 2010). We 

do not manage to increase our sample depth because of the limited number of colonies 

collected in SPM in 2017. However, other sclerochronological studies using Arctica islandica 

from SPM (Chapter 2) allowed the construction of a significant A. islandica growth master-

chronology (with EPS values above 0.85) from ca. 1870 with 32 specimens. This significant 

growth signal of A. islandica was compared to this rhodoliths growth chronology (Fig. 6B). A 

significant positive relationship was found between A. islandica and C. compactum growth 
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patterns in SPM (N=53, r=0.31, p<0.05). This last observation promotes the idea of starting a 

multiple and diverse environmental proxies approach in SPM. The main advantage of this kind 

of approach is that each archive records climate variability from its unique “perspective” of 

habitat, location, life history, or trophic level such that their combination yields a more holistic 

perspective of the past than any data set could provide on its own (Black et al., 2009). 

However, we must increase C. compactum sample depth before starting this type of study to 

be sure of encrusting algae population growth response. 

Indeed, C. compactum specimens were subject to important grazing activities by sea urchins 

(Steneck, 1986) making most of them unreadable for growth or ageing analyses. Usually, these 

grazing tracks are easily observable after the first cutting step. However, a slight grazing could 

reduce the increment size in certain portions of the slice and make some growth lines invisible 

leading to unreliable growth results. Light conditions could also affect growth rates (Adey, 

1970). Light can vary at a very local scale according to sample position and shading provided 

by macroalgal cover. These external factors affecting rhodoliths growth are not necessarily 

stable on multidecadal time scale. These inter-specimens local shading signals can be limited 

by averaging multiple time series from different sites around SPM archipelago. Intra 

specimens growth variability, mostly related to grazing, can be restricted by multiple growth 

transect measurements. 

Geochemical information within specimen  

First of all, we will discuss the way that our chemical analyses were performed. Higher Mg/Ca 

values for the specimen CC25 are undoubtedly due to machine drift. Indeed, more than 15 

days elapsed between CC25 and CC9-CC29 trace elements analyses. Furthermore, the choice 

of calcium as internal standard does not seem be correct. Regarding to growth lines and 

increments morphological structures Ca does not seem to be constant in rhodoliths carbonate 

structure. Thus, express rhodoliths micro chemical results as element to calcium ratios could 

affect them. But nowadays, there is no alternative solution to fix this issue. 

Rhodoliths geochemical information has been used for environmental reconstruction since 

the middle of 20th century (Chave, 1954). Rhodoliths form high Mg-calcite matrix (Moberly, 

1968) where the amount of magnesium is affected by environmental conditions (Halfar et al., 

2000, Kamenos et al., 2008). Warmer temperatures result in a higher incorporation of 
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magnesium into the skeleton compared to the colder winter temperatures creating 

alternating bands of high and low magnesium. Nonetheless, to our knowledge any 

investigations about trace elements distribution within coralline algae specimens have been 

conducted to date. Authors usually compare at most four LA-ICP-MS transects in order to 

confirm data repeatability (Halfar et al., 2011; Hetzinger et al., 2013, Hetzinger et al., 2018). 

However, in order to be considered as environmental proxy, trace elements need to be 

homogeneously distributed within specimens. Magnesium and barium are homogeneously 

distributed in our samples. These two elements are included in the same way in C. compactum 

carbonate matrix regardless of colony portion, confirming their environmental proxies’ status. 

In addition, growth lines positions reported from photomosaics and magnesium chemical 

measurements are consistent. For example, one Mg cycle occur between two observed 

growth-lines leading to the conclusion of its annual periodicity. However, minimum values of 

some Mg/Ca cycle does not always correspond to observed growth line, a lag can occur 

between them. This mismatch can be associated to lines pointing mistakes or to laser digging 

effects. Nevertheless, it appears that C. Compactum growth measurements using Mg/Ca 

variation is an effective method despite its high financial cost. This study tends to prove that 

direct growth measurements after Mutvei’s solution staining were equally effective and less 

expensive. All advantages of this new method should allow us to extend C. compactum growth 

readings to more specimens and carry out population growth studies. Regarding Ba/Ca, we 

also highlighted the annual basis of barium distribution within rhodoliths carbonate matrix in 

Saint-Pierre & Miquelon. 

Furthermore, Mg/Ca values were calibrated with local SST temperature (Fig. 12). The 

relationship between these two parameters was investigated in other studies (e.g., Chave, 

1954; Halfar et al., 2007) using several rhodoliths genus. In comparison to Clathromorphum 

nereostatum, another rhodolith species from North-Pacific (Hetzinger et al., 2009), it seems 

that magnesium incorporation within C. compactum carbonate matrix is more temperature 

dependent. 

To our knowledge, this is the first time that Mn/Ca ratio was measured in C. compactum. 

Stronger intra specimen distribution variability occurs in this alga for Mn/Ca ratio in contrast 

to Mg/Ca and Ba/Ca (Figure 10A). Nonetheless, this trait does not apply to all measured 

specimens. For example in CC25 Mn/Ca maximum values are regularly associated to growth 
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lines (Figure 11) and could be explained by C. compactum growth. That is why it might be 

interesting to perform other manganese measurements from new C. compactum specimens 

to enhance our understanding of its incorporation dynamic. For now, it is not possible to use 

manganese as an environmental proxy in this species.  

In order to calibrate these geochemical tools, it could be interesting to deploy a marine 

environmental observatory in SPM during a couple of years. 

Correlations with environmental parameters  

Even if C. compactum EPS values never exceed the threshold of 0.85, the good inter-series 

correlation led us to investigate relationships between C. compactum growth and 

environmental variability. 

First, we sought correlations between C. compactum growth in SPM and large-scale 

climatic indices (AMO and NAO). These two drivers strongly influence marine ecosystem 

structure (e.g., Carroll et al., 2014) at decadal or multi-decadal time scales. At SPM, the AMO 

was significantly and positively correlated with SGI, while the NAO was not correlated with C. 

compactum growth. These results indicate that part of C. compactum growth variability may 

be explained by near surface temperature over the North Atlantic. This result is consistent 

with positive spatial correlations between C. compactum SGI from SPM and temperature 

within the Sub Polar Gyre (SPG) extent (Fig. 7). These highlights led us to further explore SPG 

dynamics and its influence on water properties around SPM. The significant negative 

correlation observed between SPG index and C. compactum growth rates in SPM seems to 

have the same implications as temperature spatial correlations and raises questions about the 

SPG dynamics.  

The SPG western flank mainly consists of the Labrador Current (LC). The LC flows toward 

the equator and carries cold and less saline water of Arctic origin along the Labrador slope and 

Grand Banks and extends to the Scotian shelf, finally affecting the whole Middle Atlantic Bight 

(e.g., Chapman & Beardsley, 1989) (Fig. 1). The spatiotemporal structure of the LC along the 

Labrador coast and over the Grand Banks is complex. On the Newfoundland shelf, it has two 

branches: a main offshore branch flowing south and feeding the SPG, and a much smaller 

inshore branch (10 times smaller flow rates) that flows over the Labrador shelf and spreads 

along the Newfoundland coast over the Grand Banks. This possibility led us to investigate the 
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LC inner branch dynamics and its influence on C.compactum in SPM. Station 27 located in the 

Avalon channel within the LC inshore branch provides the longest SST and SSS time series in 

this area. Strong positive correlations were found between magnesium and barium 

concentrations in C. compactum calcified structures from SPM and, respectively Station 27 

SST and SSS. Hetzinger et al., (2013) found the same significant relationships between C. 

compactum Ba/Ca coming from Eastern Newfoundland coastal waters (also influenced by LC 

inner branch) and Station 27 salinity. 

The Grand Bank circulation remains to be addressed. This circulation could affect the 

SPM region under certain conditions (Peterson et al., 2017; Petrie & Drinkwater, 1993). A part 

of the offshore branch of LC that follows the continental slope retroflexes to the east, joining 

the North Atlantic Current (Fig. 1) before reaching the tail end of the Grand Banks (Fratantoni 

& McCartney, 2009). The remaining LC branch flows westward after the tail of Grand Banks 

and turns northward, toward Cabot Strait and may spread around the SPM region (Petrie & 

Anderson, 1983; Urrego-Blanco & Sheng, 2014). This transport at the tail end of Grand Bank 

was calculated for 1992 to 2013 and found to correlate positively with SPM C. compactum 

Ba/Ca variations. 

Our results point the same direction as those obtained with A. islandica (Chapter 2) and 

tend to confirm the relevance of scientific researches carried out along SPM to study large-

scale oceanographic variability and ecosystem dynamics facing global changes. 
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A new ultra-high resolution method developed to track 

trace elements variations in Placopecten magellanicus 

associated to large diurnal bottom temperature oscillations 

Contexte et résumé de l’étude 

Rappelons ici que l’une de caractéristiques majeures de SPM est la présence, en période 

estivale (stratifiée), d’une oscillation diurne de la thermocline. L'objectif principal de ce 

quatrième chapitre est de déterminer si Placopecten magellanicus peut être considéré comme 

une archive environnementale enregistrant, dans sa coquille, les variations de son 

environnement direct à haute fréquence (25,82 h). Le choix de cette espèce a été basé sur 

deux principaux critères : (i) sa présence sur notre site d’étude le long d’un gradient 

bathymétrique allant de 5 m à 80 m, (ii) son fort taux de croissance (plusieurs centimètres) 

notamment pendant l’été lorsque l’amplitude de ces oscillations thermiques quotidiennes est 

la plus importante. 

Les compositions en éléments traces (Ba, Mg, U) de deux fragments de P. magellanicus, issus 

de deux sites présentant des conditions thermiques haute-fréquences contrastées en période 

stratifiée, ont alors été comparées. Pour ce faire, nous avons développé une nouvelle 

méthode d’analyses LA-ICPMS à ultra haute résolution, permettant de quantifier la 

composition en éléments traces des coquilles de P. magellanicus avec une résolution spatiale 

de 10 µm. Afin de limiter les effets liés à l’ontogénie lors de la comparaison des signatures 

élémentaires des deux coquilles sélectionnées, nous avons choisi d’analyser, la même année 

calendaire (2015) correspondant à la troisième année de croissance des individus prélevés.  

Des signaux communs ont alors été observés entre la composition en baryum des deux 

coquilles analysées. De plus, en comparant ces signaux avec la dynamique de la concentration 

en chlorophylle a autour de l’archipel la même année. Nous pouvons suggérer l’existence d’un 

lien entre la dynamique de la biomasse phytoplanctonique à SPM et l'incorporation de baryum 

dans les coquilles de P. magellanicus. En revanche, les signatures Mg/Ca contrastées au sein 

des deux coquilles ainsi que leurs ressemblances avec les profils thermiques de ces deux 

profondeurs, suggèrent l’existence d’un lien entre l’incorporation de cet élément dans la 

coquille de P. magellanicus et la température. 
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Concernant l’uranium mesuré dans ces deux coquilles, les signatures élémentaires sont 

également contrastées entre les deux sites. À 10 m, aucune tendance ne semble caractériser 

les séries de mesures effectuées. Cependant, à 30 m, les variations de la concentration en 

uranium mesurées dans la coquille semblent synchrones (cohérentes) avec les variations de 

la concentration en magnésium. Cette observation suggère que l’incorporation de l’uranium 

au sein de la coquille de 30 m est également liée aux oscillations thermiques hautes 

fréquences. En revanche, pour ce qui est du site de 10 m, la disponibilité de l’uranium dans 

l’environnement pourrait être affectée par d’autres paramètres environnementaux. 

En termes d'interprétation des données, ces résultats confirment également un réel besoin 

d'informations complémentaires sur : (i) la dynamique de la croissance et la physiologie de P. 

magellanicus, (ii) l’enregistrement récurent à haute fréquence de plusieurs variables 

environnementales le long d’un gradient bathymétrique. 
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Abstract 

Saint-Pierre & Miquelon (SPM) is a small archipelago where instrumental measures based on 

water column velocity and temperature profiles compiled comprehensive evidence for strong 

near-diurnal (25.82 h) current and bottom temperature oscillations (up to 11.5°C) which is 

possibly the largest ever observed — at any frequency — on a stratified mid-latitude 

continental shelf. The main objective of our study was to identify if P. magellanicus can record 

on its shell these high frequency environmental variations. To this end, we have tried to 

identify proxies for water temperature and food availability through development of a new 

ultra-high resolution LA-ICPMS analyses method capable of resolving shell surface elemental 

composition with a 10 µm resolution. This method was applied on two shell fragments, both 

representing the third year of growth and 2015 annual growth period, respectively coming 

from two environmentally contrasted sites, more (30 m depth) or less (10 m depth) affected 

by high frequency thermal oscillations. Our results strongly suggest a relationship between 

phytoplankton biomass and barium incorporation into P. magellanicus shells at both sites. 

Even if P. magellanicus might present a physiological control of magnesium incorporation, the 

shape of the two Mg/Ca profiles seems to illustrate that temperature also exerts a control on 

magnesium incorporation in P. magellanicus shells from SPM. While U/Ca and Mg/Ca profiles 

show a strong positive correlation for 30 m site shell, suggesting that uranium incorporation 

in P. magellanicus shell is at least partially temperature dependent. The absence of such 

correlation for 10 m site shell suggests differences in uranium environmental availability or in 

P. magellanicus biomineralization between these two sites. The resolution of this new 

analytical method raises questions about such data interpretation related to P. magellanicus 

growth dynamics and physiology or individual scale based environmental measurements. 

 

Keywords: 

Ultra-high resolution LA-ICPMS; Placopecten magellanicus; shell chemistry; trace elements; 

environmental change; bivalve; environmental proxies; North Atlantic; Saint-Pierre and 

Miquelon; Coastal Trapped Wave. 
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Introduction 

Saint-Pierre & Miquelon (SPM) is a small archipelago at the confluence of major oceanic 

currents marking the boundary between the North Atlantic Ocean subtropical and subpolar 

gyres. However, SPM archipelago hydrodynamics is poorly known and its physic observations 

(sensor deployments) only began very recently. In this context, instrumental measurements 

based on water column velocity and temperature profiles compiled comprehensive evidence 

for strong near-diurnal (25.82 h) current and bottom temperature oscillations (up to 11.5°C) 

from July to October between 10 and 80m depth. This feature is possibly the largest ever 

observed — at any frequency — on a stratified mid-latitude continental shelf (Lazure et al., 

2018). The extremely variable physical nature of this sub-tidal environment associated with 

temperate and subarctic assemblages (habitats) represents a true ecological paradox, making 

of this site a relevant place to study benthic organism responses to chronic thermal variations. 

Biogenic carbonate with recognizable periodic growth bands, such as bivalve molluscs, can 

incorporate minor and trace elements into their shells in amounts depending on their 

concentrations in the environment and on the physical and biological properties of the 

surrounding seawater. However, bivalve shell biomineralization is a complex process, subject 

to strong physiological and kinetic effects related to metabolism, growth rates, ontogenetic 

age, shell mineralogy, crystal fabrics and organic matrix (e.g. Carré et al., 2006; Freitas et al., 

2008; Freitas et al., 2009; Freitas et al., 2016; Klein et al., 1996; Lazareth et al., 2013; Lorens 

& Bender, 1977; Schöne et al., 2013; Shirai et al., 2014). Owing to their wide geographic 

distribution, economic importance, rapid growth rates, and the presence of annual growth 

lines on their shell, pectinid bivalves (aka. scallops) offer good opportunities for documenting 

past environmental conditions (Chauvaud et al., 1998). The occurrence of a clearly visible 

annual banding pattern on the upper valve of the Atlantic sea scallop, Placopecten 

magellanicus (Chute et al., 2012), and the presence of this species in SPM over a wide 

bathymetric gradient (5 to 80m), make this species a good candidate to track high-frequency 

past environmental changes - reflected as variations in the shell geochemical properties – at 

extremely high temporal resolution. 

Spatially-resolved geochemical analysis of biogenic carbonates deposited between two 

accurately dated growth lines can be performed with a wide set of methods, such as laser 
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ablation inductively coupled mass spectrometry (LA-ICPMS), secondary ion mass 

spectrometry ((nano)SIMS) or electron micro probe analyzer (EMPA). Because of its potential 

for rapid and accurate high-resolution in situ trace element analysis at relatively low cost and 

minimal sample preparation requirements, LA-ICPMS has become a routine analytical tool in 

a wide area of research applications (Warter & Müller, 2017). 

As bivalve growth rates have often been related to environmental variables such as food 

availability or water temperature (Ballesta-Artero et al., 2017; Butler et al., 2010; Marali & 

Schöne, 2015; Witbaard et al., 1997) and because of the importance of these two parameters 

to track environmental and ecological changes, we then understand the interest to track and 

calibrate elemental proxy records of these two variables. For example, some authors 

proposed that magnesium to calcium ratios (Mg/Ca) can be used to record water temperature 

(Ullmann et al., 2013, Bougeois et al., 2014), while there are many reports of strong vital 

effects in bivalve shells for this element (Lorrain et al., 2005, Wanamaker et al., 2008, Surge & 

Lohmann, 2008). Uranium to calcium ratio (U/Ca) has also been suggested as a proxy for 

temperature in shallow water corals (Min et al., 1995; Shen & Dunbar, 1995) and in planktonic 

foraminiferal carbonates (Yu et al., 2008). Some authors also found a pH effect on U/Ca ratios 

in both inorganic aragonite and calcite (Kitano & Oomori, 1971; Chung & Swart, 1990). Indeed, 

U/Ca ratios in calcium carbonate are negatively correlated with pH and [CO3
2−] because in 

aqueous solutions the carbonate ion complexes with the uranyl ion (UO2
2+) at higher pH 

(Langmuir, 1978), therefore less uranium is available to be incorporated in shell carbonate. 

However U/Ca ratio on mollusc shells has rarely been studied (Gilikin & Dehairs, 2012). Barium 

to calcium ratios (Ba/Ca) profiles in bivalve shells are typically characterized by a flat 

background signal interrupted by sharp peaks. Many authors suggested synchronization 

between these peaks and phytoplankton blooms (e.g. Elliot et al., 2009; Lazareth et al., 2003; 

Stecher et al., 1996; Thébault et al., 2009; Vander Putten et al., 2000). Building on the work of 

Stecher & Kogut (1999), Thébault et al. (2009) proposed two main hypotheses to explain the 

peaks: (1) ingestion of barite originating from assemblages of recently dead diatoms or (2) 

adsorption of barium onto iron oxyhydroxides associated with diatoms frustules. Background 

level of Ba/Ca ratios in bivalve shells has also been suggested to be linked with salinity (Gillikin 

et al., 2006, 2008). 
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The main objective of our study was to identify whether the calcitic shell of P. magellanicus 

can record the high frequency (25.8 h) environmental variations observed in Saint-Pierre & 

Miquelon. To this end, we developed a new ultra-high resolution LA-ICPMS analytical method 

in order to investigate skeletal trace element concentrations with a 10-µm resolution. 

Materials & Methods 

Sample collection 

Two live P. magellanicus were collected in September 2016 from Saint-Pierre Bay (Saint-Pierre 

& Miquelon – NW Atlantic) respectively at 10 m and 30 m depth (Fig. 1). Both individuals were 

in their fourth year of growth. The deepest location consisted in a homogeneous substrate, 

made of compacted and stable fine sand. At the shallowest one, the substrate was more 

heterogeneous and consisted of a mixture of gravels, pebbles and rocks with a seaweed cover. 

Soft tissues were removed immediately after collection. Both shells were carefully cleaned 

with freshwater to remove adherent sediment and biological tissues before sample 

preparation 

 

Figure 1: Satellite image of P. magellanicus sampling locations (red dots) in Saint-Pierre Bay. 

Environmental monitoring 



142 
 

Annual thermal profiles at 10 m and 30 m discussed later were derived from Lazure et al., 

(2018) study. To refine our vision of thermal variations on the two collection sites (Fig. 1), 

three multi-parameter probes measuring temperature and pressure every 5 minutes were 

deployed at 8 m, 12 m and 30 m depth, between 28/08/2017 and 15/09/2017. The 2015 

monthly satellite chlorophyll a measurements were downloaded from the GlobColour website 

(http://hermes.acri.fr) and are weighted monthly averages of single-sensor products 

(SeaWiFS/MERIS/MODIS/VIIRSN merged chlorophyll concentrations) over the area 46.6–

47.3°N / 56.0–56.6°W (i.e., waters surrounding the SPM archipelago within ca. 30 km). 

Sample preparation 

All micro-chemical analyses were performed on P. magellanicus upper valves. Indeed, the 

lower valves might have been contaminated as a result of a prolonged contact with the 

sediment. For each individual, a fragment of shell of ca. 3.5 cm x 1 cm was cut with a diamond 

saw, including the axis of maximal growth (Fig. 2). 

 

Figure 2: Example of one P. magellanicus fragment used for LA-ICPMS analyses. White arrows 

indicate annual shell growth lines positions defining 2015 increment. 

All ultra-high resolution LA-ICPMS analyses were performed one these two shell portions. 

These fragments represent, for each individual, the third year of growth corresponding to 

2015 annual growth periods. The outer shell layer was ultrasonically cleaned with deionized 

water in order to remove organic matter and sediment particles. In addition, before LA-ICPMS 

analyses, the outer shell layer of each sample was chemically cleaned with a 15 seconds acetic 

acid (10 %) bath, soaked in deionized water during 10 seconds, and left to air dry in LA-ICPMS 

clean room. 

Ultra-high resolution fs-LA-ICPMS analysis 

http://hermes.acri.fr)/
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Each ICPMS measurement point represents an ablation transect with a 1-mm long arcuate 

trajectory, parallel to the ventral margin, made by fast round trips of a 10 µm laser spot (Fig. 3). 

Each transects were bonded in order to analyse the whole “2015 annual period of growth” for 

the two individuals. The area, covered by a 1000*10 µm transect is equivalent to the area 

covered by a 110 µm diameter round spot. A UV high-repetition-rate femtosecond laser 

ablation (fs-LA) system (Nexeya SA, Canejan, France) was employed (Pulse duration: 360fs; 

wavelength: 257 nm). 

 

Figure 3: Post ablation picture of a 1.5 mm P. magellanicus section showing ca. 150 

femtosecond laser ablation transects (A). Zoom on a small fraction of them, with five white 

arrows pointing one ablation transect (B). 
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Outer shell layers were analysed for Mg/Ca, Ba/Ca and U/Ca ratios on a High Resolution 

(Thermo Scientific, USA) inductively coupled plasma quadrupole mass spectrometer (HR-ICP-

MS). A helium gas stream carried ablated material to the HR-ICP-MS (carrier gas flow rate 0.68 

L.min-1). Elemental ratios were quantified by monitoring 43Ca, 24Mg, 138Ba and 238U. Calcium 

was used as an internal standard to improve the reliability of the concentration measurement 

(Campana, 1999). Elements were standardized to calcium based on the stoichiometry of 

calcium carbonate (388 000 μgCa.g-1 outer shell layer) (Brown & Severin, 2009): Mg/Ca (µg.g-

1), Ba/Ca (μg.g-1) and U/Ca (µg.g-1). Quantification of trace elements in shells was achieved by 

external calibration using both carbonate pellets (Barats et al., 2007) and 2 NIST glass 

standards (610, 612) to ensure the best accuracy. The calibration was done with each standard 

three times before and after each session with the laser to account for drifting during the day. 

The limits of detection (μg.g-1 in shells) achieved in this study were as follows: 24Mg, 0.08, 

138Ba, 0.01 and 238U, 0.002. They were based on a 3σ criterion, where σ is the standard 

deviation of the mean blank count for each isotope. All the elemental concentrations in the 

outer shell layer were above the detection limits. 

 

Results 

Environmental parameters:  

Around 10 m depth, the temperature varied from 2 °C in May to a maximum of 16 °C in early 

September and then decreased to 8 °C in November. At this depth seawater temperature 

presents a classic seasonal cycle (Lazure et al., 2018) with cold water intrusions (Fig. 4). During 

the first two weeks of September at 8 m and 12 m in Saint-Pierre Bay, temperature showed 

high-frequency variations with cold water incursions leading to 4°C (8m) to 6°C (12m) 

amplitudes (Fig. 4). Along these two weeks, temperatures were 70% of the time above 12 °C 

(Fig. 4). 

  



145 
 

 

Figure 4: First two weeks of September 2017 time series of seawater temperatures at 8 m and 

12m depth (blue and black respectively) (top graphic). Percentile distribution of these 

temperatures at 8 m and 12m depth (blue and black respectively).  

At 30 m depth, the temperature annual profile was radically different. Seawater temperature 

baseline is mainly cold over the year, showing low seasonal amplitudes (Lazure et al., 2018). 

However, during the stratified period temperatures showed high-frequency variations whose 

amplitude increased with sea-surface temperature. During the first two weeks of September 

(Fig. 5), oscillations were the largest in term of amplitude, reaching nearly 10°C. Temperatures 

were 80% of the time below 8 °C (Fig. 5). 

  



146 
 

 

Figure 5: First two weeks of September 2017 time series of seawater temperatures at 30m 

depth (top graphic). Percentile distribution of these temperatures during these two weeks. 

Monthly mean satellite chlorophyll a concentrations ranged from 0.46 to 1.22 mg.m-3 (Fig. 6). 

The annual time-series exhibited a background level around 0.7 mg.m-3, with one major peak 

in April - May 2015.  
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Figure 6: Monthly satellite equivalent chlorophyll a (mg.m-3) measurements over 2015. 

Ba/Ca ratio profiles in the shell  carbonates  

Outer shell layer Ba/Ca ratios ranged from 0.61 to 15.71 µg.g-1 at 10 m and from 0.43 to 12.54 

µg.g-1 at 30 m (Fig. 7). 

Figure 7: Ba/Ca (µg.g-1) series at 10 m (red curve) and 30 m (black curve). Vertical lines placed 

under the arrows indicate the position of winter shell growth lines. 
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Both series have the same profile with one major peak occurring respectively 370 µm and 830 

µm after the “winter 2014/2015” growth line. The main Ba/Ca peak covers 1370 µm and 2220 

µm of shell at 10 and 30m, respectively. A secondary smaller Ba/Ca peak occurred immediately 

after the first one, covering respectively 1230 and 1160 µm at 10 and 30 m. Ba/Ca baseline 

was the similar for the two time series (ca. 1.5 µg.g-1). 

Mg/Ca ratio profiles 

Outer shell layer Mg/Ca ratios ranged from 232 to 1408 µg.g-1 at 10 m and from 233 to 1495 

µg.g-1 at 30 m (Fig. 8). At 10 m, Mg/Ca profile followed a sinusoidal pattern with stronger high-

frequency variations between 15 000 and 25 000 µm (decreasing phase, Figure 8). 

 

Figure 8 : Mg/Ca (µg.g-1) series at 10 m (red curve) and 30 m (black curve). Vertical lines 

placed under the arrows indicate the position of shell growth lines. 

However, at 30 m depth, Mg/Ca profile was radically different with a globally flat profile 

between the two growth lines and high frequency variations mainly between 15000 and 

25000 µm.  
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U/Ca ratio profiles 

Outer shell layer U/Ca ratios ranged from 0.003 to 0.16 µg.g-1 at 10 m and from 0.004 to 0.36 

µg.g-1 at 30 m (Fig. 9). At 10 m, U/Ca time series had a relatively flat pattern with high-

frequency variations all along the profile. However, at 30 m depth, U/Ca profile was close to 

Mg/Ca one. This prompted us to represent them on the same graph. 

 

Figure 9: U/Ca (µg.g-1) series at 10 m (red curve) and 30 m (black curve). Vertical lines placed 

under the arrows indicate the position of shell growth lines. 

U/Ca and Mg/Ca comparison at 30m depth: 

At 30 m depth, U/Ca and Mg/Ca profiles presented a strong positive correlation (N = 3135, r = 

0.62, p < 0.001) (Fig. 10). A closer examination of this relationship on a shorter time window 

(i.e. three high frequency cycles, between 22400 µm and 24250 µm) revealed an even stronger 

correlation (N=186, r=0.77, p<0.001).  
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Figure 10: U/Ca (µg.g-1) (blue curve) and Mg/Ca (µg.g-1) (orange curve) series at 30 m. Vertical 

lines placed under the arrows indicate the position of shell growth lines. The graph bellow 

represents a close-up on three peaks (black box upper graph). 

Discussion 

This paper presents the first chemical analyzes performed on P. magellanicus shells. Given to 

the temporal resolution (25.82 h) of the environmental phenomena we wanted to track, it 

was necessary to develop a new analytical method. Our novel approach using ultra-high 

resolution fs-LA-ICPMS enables trace element analyses in bivalve shells with a 10-µm 

resolution. This study gave us first insights about P. magellanicus ability to record high-

frequency environmental variations within is shell. 

Barium 

The high degree of similarity between the two Ba/Ca profiles suggests that the occurrence of 

Ba/Ca peaks was controlled by one or multiple common environmental factors. The pattern 

of these two Ba/Ca profiles is similar to those observed in cross sections of other bivalve 
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species (e.g., Gillikin et al., 2008; Stecher et al. 1996; Vander Putten et al., 2000). This confirms 

the hypothesis which suggests that the choice of analyzing the shell surface or the outer shell 

layer in cross sections do not have significant influence on Ba/Ca records in shells. In this 

section, we will discuss several hypotheses to explain temporal variability of Ba/Ca in P. 

magellanicus shell. Background levels of Ba:Ca time-series in bivalve shells have been 

suggested to record salinity variations (e.g. Gillikin et al., 2006). There is generally a linear 

inverse relationship between seawater salinity and dissolved barium concentrations (Coffey 

et al., 1997; Gillikin et al., 2006). However, variability in seawater dissolved barium 

concentrations as a source for the Ba/Ca peaks in P. magellanicus from Saint-Pierre & 

Miquelon is highly unlikely. Indeed, Saint-Pierre & Miquelon islands, due to their offshore 

status, are not subject to major riverine inputs and associated variations in salinity (Poitevin 

et al., 2018). Salinity usually ranges from 31.3 to 32.2 PSU (see Fig.4 in Poitevin et al., 2018) 

without a clear seasonal trend and, therefore, cannot explain Ba/Ca peaks measured in the 

shells. Many authors suggested a close relationship between these Ba/Ca peaks and 

phytoplankton blooms (e.g. Elliot et al., 2009; Lazareth et al., 2003; Stecher et al., 1996; 

Thébault et al., 2009; Vander Putten et al., 2000). In our study, the high similarity of 

chlorophyll a concentration (Fig. 6) and Ba/Ca (Fig. 7) profiles strongly suggest a relationship 

between phytoplankton biomass and barium incorporation into P. magellanicus shells. 

Indeed, the occurrence of this bloom, in May 2015, seems to be consistent with the starting 

of P. magellanicus annual growth from other Canadian regions (Chute et al. 2012; Kleinman 

et al., 1996). Elevated levels of suspended barite (BaSO4), have been suggested to be linked 

with oceanic diatoms primary productivity (Dehairs et al., 1991). Most of the barium released 

by diatoms after a bloom is labile and only a minor fraction eventually forms barite crystals 

(Ganeshram et al., 2003). Therefore, if labile barium, either in phytoplankton or released into 

the dissolved phase, was the cause of the Ba/Ca peaks, these peaks should form near the end 

of the bloom or very shortly thereafter (Gillikin et al., 2008). Considering the absence of daily 

growth lines in P. magellanicus, we cannot conclude about chlorophyll a and Ba/Ca peaks 

timing. Finally, the two Ba/Ca profiles exhibited a double peak, with a first large amplitude 

one and a smaller second peak. This observation has also been made in P. maximus Ba/Ca 

profiles (Gillikin et al., 2008). One explanation for this double peak proposed in this study is 

based on Ganeshram et al. (2003). They found that barite formation can take several weeks 

to reach its maximum after the beginning of phytoplankton decay. Barite may be formed at 
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the sediment surface and be ingested by P. magellanicus several weeks after the 

phytoplankton bloom ends.  

These observations on Ba:Ca incorporation in P. magellanicus shell from Saint-Pierre & 

Miquelon suggest a real need for complementary information related to local P. magellanicus 

growth dynamics and physiology. It would also be crucial to get insights about the nature and 

the quantity of benthic and pelagic primary production over the year and along a bathymetric 

gradient. 

Magnesium 

In bivalve shells, the relationship between seawater temperature and Mg/Ca ratio is still 

subject to controversy. Some authors proposed that Mg/Ca ratios can be used to record water 

temperature (e.g., Bougeois et al., 2014; Lazareth et al., 2003; Mouchi et al., 2013; Surge & 

Lohmann, 2008; Ullmann et al., 2013), while there are many reports of strong vital effects in 

bivalve shells for this element (e.g., Elliot et al., 2009; Lorrain et al., 2005, Wanamaker et al., 

2008,). In this study, we can hardly discuss the importance of vital effects on trace elements 

incorporation into P. magellanicus shell. Indeed, our analyses were only carried out on one 

year of growth (ontogenetic and calendar) and one individual per site. The only thing we can 

say about physiological control of Mg incorporation in P. magellanicus shell is based on Mg/Ca 

level. In this study, the mean Mg/Ca ratio (~500 µg.g-1 corresponding to ~2mmol.mol-1) of the 

calcitic outer shell layer of P. magellanicus corresponds to a low value compared to other 

calcitic shells of mollusks (Lazareth et al., 2007 and references therein). Given the absence of 

sclerochemical studies about trace element incorporation in P. magellanicus shells, we can 

only try to explain these low Mg concentrations relying on studies based on other calcitic 

bivalves with low Mg/Ca concentrations. Lorens and Bender (1977) suggested that Mytilus 

edulis biologically regulates the amount of Mg entering the extra pallial fluid to produce low-

Mg calcite. Perhaps a similar process occurs in P. magellanicus suggesting a physiological 

control of Mg incorporation that could obscure Mg/Ca signal and seawater temperature 

relationship. This confirms the need for additional investigations on biomineralization, e.g. 

through experiments in controlled environments, in order to better understand trace 

elements incorporation in P. magellanicus shell. However, the shape of the two Mg/Ca profiles 

tends to highlight kind of a temperature control on magnesium incorporation in our shells. At 

10 m, the sinusoidal pattern of Mg/Ca ratio may reflect the seasonal seawater temperature 
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annual cycle at 10 m depth. While at 30 m, the Mg/Ca profile presents a relatively flat baseline 

with high-frequency variations that could mirror the seawater seasonal temperature trend, 

namely showing low seasonal amplitudes with high-frequency variations (Lazure et al., 2018). 

Other studies also point to the non-systematic relationship between Mg/Ca ratio and SST. 

From a one year study of M. edulis growth, Vander Putten et al. (2000) observed a positive 

correlation between Mg/Ca and SST only during spring. Small-scale variations in Mg 

concentrations in M. edulis calcite have also been shown to derive from Mg being 

concentrated along the margins of calcite prisms (Rosenberg et al., 2001). Indeed, the absence 

of intra-annual growth lines on the P. magellanicus shell is problematic to convert distances 

into time. That is why; enhancing our knowledge on P. magellanicus growth dynamics along 

this bathymetric gradient in Saint-Pierre & Miquelon would help us to decipher physiological 

and environmental effects on trace element incorporation in P. magellanicus shell calcite. In 

addition, the lack of high frequency environmental data limits our ability to fully interpret our 

results and confirms the interest to set up a high frequency observatory along this bathymetric 

gradient. 

Uranium 

In our study, U/Ca and Mg/Ca profiles show a strong positive correlation in shells collected at 

30 m. However, this is not the case for the shallowest shell for which no significant correlation 

could be found. These results suggest that (i) environmental uranium availability for P. 

magellanicus are not the same between the two sites and/or (ii) that physiological differences 

between P. magellanicus from 10 m and 30 m sites could lead to differential incorporation of 

uranium in shells. 

Since (i) we do not have information about P. magellanicus physiological differences between 

these two depths, and (ii) only one study previously investigated U/Ca ratio as a potential 

paleo environmental proxy in bivalve shells (Gilikin & Dehairs, 2012), it seems difficult to draw 

conclusions about the kind of processes influencing uranium incorporation in P. magellanicus 

shells.  

To our knowledge, U/Ca ratio as a paleo environmental proxy has only been studied once in 

mollusc shell. In this study, Gilikin and Dehairs (2012) tried to investigate U/Ca in Saxidomus 

gigantea shell as a potential acidification proxy. The authors conclude that U/Ca may not 
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reflect environmental variability and could not be considered as a paleo-pH proxy (Gilikin & 

Dehairs, 2012). Considering our study purpose and resolution, it seems difficult to conclude 

about U/Ca as a potential acidification proxy in P. magellanicus shell, especially as we do not 

have pH measurements on our study sites. Uranium-to-calcium ratios have also been 

suggested as a proxy for temperature in shallow water corals (e.g., Min et al., 1995; Shen & 

Dunbar, 1995) and in planktonic foraminiferal carbonates (e.g., Yu et al., 2008). In our study, 

the positive correlation between U/Ca and Mg/Ca profiles in the shell collected at 30 m would 

support this hypothesis. However, this correlation does not hold anymore at 10 m, suggesting 

that variations in uranium bioavailability differ between our two sites. Indeed, microorganisms 

have the ability to adsorb radionuclides/metals through extracellular binding involving 

physical adsorption, ion exchange, complexation and precipitation (Acharya et al., 2009). They 

also sequester the metal ions by passive/active transport to the interior of the cell, followed 

by its accumulation. Microbial cells have been shown to reduce, oxidize, adsorb, accumulate 

and precipitate uranium (Fredrickson et al., 1999; Macaskie et al., 2000). That’s why 

differences in microbial communities between the two sites, related to the nature of the 

habitat or to depth, could lead to changes in environmental uranium availability and finally to 

shell U/Ca ratios. 

Conclusion 

From an analytical point of view, it would be interesting to continue this study by applying this 

new analytical technique to more individuals. This would allow us to discuss about inter-

individual variability within those two sites. Moreover, combining this approach with nano-

SIMS δ18O measurements (temperature proxy) would help us to get insights about the 

temperature control of Mg and U incorporation in shells. 

In term of data interpretation, these results also confirm a real need for complementary 

information. Some of them should be related to P. magellanicus growth dynamics and 

physiology. Others must concern multiple high frequency environmental data continuously 

recorded at an individual scale within those two sites. 
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Discussion générale : 

Ce travail de thèse est construit sur un socle de connaissances démontrant les spécificités 

hydrodynamiques de l’archipel de SPM à différentes échelles spatiales et temporelles. 

L’objectif central de ce travail était alors d’en quantifier l’influence sur différents organismes 

pour en reconstruire leurs variabilités passées. Pour ce faire, nous avons utilisé plusieurs outils 

sclérochronologiques appliqués à différentes archives biogéniques. Le choix des modèles 

biologiques a été motivé à la fois par la résolution temporelle des informations 

environnementales passées que nous cherchions à obtenir ainsi que par l’emprise 

biogéographique du modèle biologique candidat. Pour ce faire, nous avons développé une 

approche pluridisciplinaire spécifique à chacune de ces échelles. La première était centrée sur 

l’étude des variations de croissance d’espèces longévives tels que A. islandica et C. 

compactum, et sur les informations environnementales passées enregistrées au sein des 

pièces calcifiées de celles-ci. Une réflexion intégrant des problématiques d’océanographie 

physique, de modélisation mathématique et d’autoécologie associées à des variations 

environnementales ont alors été engagées. La seconde partie concernait l’étude 

biogéochimique haute résolution des coquilles de P. magellanicus pour en identifier la 

capacité à enregistrer des informations environnementales à une échelle sub-journalière. Ce 

travail, a lui aussi nécessité une réflexion associant : mesures environnementales in situ à 

hautes résolutions, réponses éthologiques et biologiques ainsi que du développement de 

méthode d’ablation laser ultra-haute résolution associée à des techniques d’analyses 

biogéochimiques (Notons que notre tentative de comparaison de méthodes analytiques en 

chimie élémentaire à échouer lors de l’arrêt du nano SIM de Pau). 

Cette démarche pluridisciplinaire a permis d’apporter de nombreux éléments de réponses 

relatifs à la variabilité des conditions environnementales passées de l’archipel de Saint-Pierre 

et Miquelon et du bassin Nord Atlantique aux différentes échelles de temps considérées (de 

l’heure au siècle). Elle a également soulevé différentes questions propres à la 

sclérochronologie et à son intégration au sein d’autres champs disciplinaires. 

Suivi des variations environnementales à grande échelle 

Cette partie traite principalement des variations de croissance d’A. islandica, de S. solidissima 

et de C. compactum à SPM (Chapitres 1, 2 et 3). Nous avons décidé d’échantillonner ces trois 
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espèces subtidales à une profondeur inférieure ou égale à 15m pour nous situer au plus 

proche de l’interface océan atmosphère et tenter de nous affranchir le plus possible des 

oscillations thermiques quotidiennes observées en période estivale autour de l’archipel. 

Retenir ces trois espèces pour étudier la variabilité interannuelle d’une réponse biologique 

(croissance annuelle) à des forçages hydroclimatiques comportait plusieurs avantages. En 

effet, la croissance est un processus biologique fondamental, alimenté par une multitude de 

facteurs intrinsèque (intra-individuel) et extrinsèque (environnementaux) qui sous-tendent 

des problématiques individuelles, populationnelles et écosystémiques. 

Synthèse des principaux résultats : 

Les travaux réalisés sur A. islandica et C. compactum ont mis en relation des réponses 

biologiques avec plusieurs variables environnementales mesurées à différentes échelles : 

globales, régionales et locales. Des corrélations significatives entre ces mesures de croissances 

et des indices climatiques globaux tels que l’AMO, la NAO et l’indice SPG ont alors été 

identifiées. D’un point de vue spatial, de fortes corrélations positives entre ces chronologies 

de croissance et les températures de surface (0-100m) au sein du Gyre Sub-Polaire (SPG) ont 

également été trouvées. Au vu de ces résultats globaux, nous avons alors cherché des 

explications locales pouvant lier les réponses biologiques de ces organismes à ces variables 

très générales. La difficulté identifiée ici est liée à l’absence totale d’observations récurrentes 

de plusieurs paramètres physiques et biologique dans les eaux côtières de SPM. Toutefois, des 

corrélations ont pu être mises en évidence entre les informations enregistrées au sein des 

structures carbonatées de ces deux organismes avec : (i) la température et la salinité (Station 

27) de la branche côtière du courant du Labrador, (ii) la couverture de glace de mer le long 

des côtes Terre-Neuviennes, (iii) le transport vers l’Ouest du courant du Labrador offshore au 

sud des Grands Bancs ainsi qu’avec (iv) la dynamique du Shelf Slope Front au sud de l’archipel. 

De façon non exhaustive, ces principaux résultats nous ont finalement permis d’identifier 

clairement des masses d’eau influençant l’hydrodynamisme de SPM. D’un point de vue 

écosystémique, nous disposons maintenant d’une description plus fine des conditions 

hydroclimatiques associées aux variations de croissance d’A. islandica et de C. compactum à 

SPM sur une période passée relativement longue (166 ans). Pour finir, cette première 

approche nous a permis d’évaluer la pertinence du choix de ce site pour étudier des variations 

hydroclimatiques et écosystémiques sur de longues périodes et à l’échelle globale. Ce dernier 
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constat a participé à l’obtention pour SPM, très récemment, du label de Site d’Étude en 

Écologie Globale (SEEG) attribué par l’Institut Écologie et Environnement du CNRS (INEE). 

Nous pouvons également mettre en perspective ces résultats en les comparants avec les 

variations de croissance de S. solidissima (Chapitre 1) à SPM. Il convient de rappeler que cette 

étude avait comme objectif, dans le cadre de ce travail doctoral, de m’approprier des 

méthodes sclérochronologiques. De plus, compte tenu de la longévité bien moins importante 

de S. solidissima par rapport aux deux espèces citées précédemment. Nous avions choisi de 

ne pas faire d’interprétations éco-environnementales des chronologies de SGI de S. 

solidissima à SPM. Il semble à présent intéressant de comparer les chronologies d’indices de 

croissance de cette espèce et d’A. islandica. Une forte corrélation positive (N = 17, r = 0.81, 

p < 0.05) a ainsi été mise en évidence entre ces deux séries de mesures entre 1998 et 2014, 

période commune pendant laquelle ces deux chronologies de croissance étaient 

statistiquement robustes (EPS > 0.85). Ce résultat complémentaire, renforce donc 

l’interprétation faite précédemment en y apportant une vision issue d’un modèle biologique 

de même niveau trophique qu’A. islandica, partageant le même type d’habitat et dont les sites 

de prélèvement sont éloignés de seulement quelques centaines de mètres. Ce constat 

renforce donc les considérations établies précédemment entre la variabilité des conditions 

environnementales à Saint-Pierre et Miquelon et la croissance d’A. islandica en y apportant 

une vision indépendante issue de mesures de croissances coquillières faites 

extemporanément sur une autre espèce de bivalve. 

Réflexions associées à l’étude sclérochronologique de la croissance des 

bivalves :  

Ce travail a également permis d’entamer différentes réflexions associées à l’étude de la 

croissance des bivalves.  

La première réflexion est relative à la trajectoire de croissance des mollusques bivalves et à 

leur forme. Il est largement acquis au sein de la communauté scientifique que les mesures 

d’incréments de croissance sont faites sur des coupes perpendiculaires à une valve et suivant 

l’axe de croissance maximale de l’espèce étudiée. Or, comme l’a démontré D’Arcy Thompson 

dans son livre « On Growth and Form » en 1917 la trajectoire de croissance des bivalves est 

curviligne. Ainsi, il serait intéressant de travailler sur un modèle de forme, spécifique à chaque 
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espèce, permettant d’ajuster les mesures faites individuellement le long d’une coupe 

« droite ». L’importance de ce biais peut cependant être discutée à travers nos travaux menés 

sur différentes parties de la coquille (ligament, chondrophore et couche externe) de S. 

solidissima. Ces trois archives, issues des mêmes individus, étant affectées différemment par 

ces contraintes de forme, présentent pourtant des indices de croissances standardisées 

relativement proches. Cependant, une quantification précise de ce biais, entreprise au sein du 

groupe BeBEST, semble nécessaire pour aboutir à une interprétation environnementale plus 

robuste de ce type de donnée.  

La remarque suivante concerne l’extraction des signaux environnementaux à partir des 

mesures brutes d’incréments de croissance faites sur l’exosquelette des bivalves. La 

déconvolution des signaux hydroclimatiques, au sein d’une série de données incluant le 

développement d’un organisme, impose de retirer la tendance ontogénique de ces séries en 

y appliquant un modèle de croissance. Cette phase appelée « detrending » s’appuie encore 

aujourd’hui sur des méthodes développées à des fins dendrochronologiques. Or, comme nous 

l’avons indiqué précédemment, la dynamique de croissance d’un arbre ou d’un bivalve ne sont 

évidemment pas identiques y compris d’un point de vue géométrique. Actuellement, cette 

tendance liée à la biologie de l’animal est majoritairement retirée grâce à l’utilisation de 

modèles mathématiques purement théoriques comme des splines cubiques (e.g., Schöne et 

al., 2003). L’utilisation de ce type d’ajustement nous pousse à nous interroger sur la nature 

des informations retirées de nos mesures brutes d’incréments de croissance. Concrètement, 

retire-t-on des informations environnementales à basses et moyennes fréquences en plus de 

celles liées à l’ontogénie de l’animal ? Quelques études (e.g., Royer et al., 2013) essaient de 

répondre à ces questions en utilisant des modèles de « detrending » ayant un fondement 

biologique, comme les équations de von Bertalanffy (von Bertalanffy, 1938). Dans le cas d’A. 

islandica, la présente étude a montré que l’utilisation de ce type d’équation n’est pas 

satisfaisante. En effet, nos séries de mesures d’incréments de croissance couvrent 

régulièrement des périodes supérieures à 100 ans et le nombre de variables associées aux 

équations de von Bertalanffy n’est jamais supérieur à 4, ce qui est insuffisant pour modéliser 

correctement une trajectoire de croissance contenant autant de points. Le choix a donc été 

fait de développer un modèle de croissance dynamique reposant sur l’équation générale de 
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von Bertalanffy dérivée à plusieurs reprises et permettant de ne plus être limité par le nombre 

de variable d’ajustement de celle-ci (Chapitre 2). 

Perspectives 

Cette partie propose un inventaire non exhaustif de travaux déjà entamés, ou non, pouvant 

compléter les études déjà exposées précédemment. 

Les travaux réalisés dans ces 3 chapitres mériteraient d’être compilés et éventuellement 

amendés par un volet dendrochronologique qui renforcerait le lien entre océan et 

atmosphère. Cela semble réalisable, grâce à la présence sur l’archipel de la seule forêt boréale 

française (Fig. 1) qui abrite différentes espèces d’arbres longévives et dont l’intérêt 

dendrochronologique n’est plus à démontrer. C’est notamment le cas de Picea glauca, Picea 

mariana et Abies balsamea (e.g., Drake et al., 2010 ; Krause, 1997 ; McGuire et al., 2008 ; Szeic 

& MacDonald, 1996 ; Tardif et al., 2008). 

 

Figure 1 : Photographie illustrant la présence d’une forêt boréale à Saint-Pierre et Miquelon 

(©Benjamin Deroche, Saint-Pierre-et-Miquelon, Août 2017). 
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L’intérêt principal de ce genre d’étude intégrant différents types d’archives (terrestres et 

marines) dans un site particulier est d’obtenir une vision plus complète et précise de la 

variabilité environnementale passée de celui-ci. En effet, chacune de ces espèces enregistre 

des conditions environnementales passées qui lui sont propres (atmosphère, océan) et qui 

dépendent de son niveau taxonomique, trophique et des caractéristiques du site dans lequel 

elle a été prélevée (Black et al., 2009). La combinaison de toutes ces informations issues de 

plusieurs types d’archives devrait permettre d’avoir une vision plus holistique de la variabilité 

environnementale passée à SPM et à terme, d'offrir la possibilité d’en prédire l’évolution. 

Des travaux concernant le lien entre ces observations à grande échelle et les oscillations 

thermiques liées à l’onde côtière de marée piégée autour de SPM ont déjà été initiés et 

mériteraient d’être poursuivis. En effet, une étude de croissance similaire à celle présentée 

dans le second chapitre de cette thèse a été réalisée sur des A. islandica collectés à 24m. Les 

chronologies des indices de croissance standardisés des individus collectés dans ces deux sites 

ne sont pas exactement identiques (Fig. 2). 

 

Figure 2 : Chronologie des indices de croissance standardisées (SGI) à 14 m (A) et 24m (B) d’A. 

islandica à SPM. La courbe bleue représente l’indicateur statistique (EPS) et la ligne verte le 

seuil de 0.85 au-dessus duquel le signal de croissance exprimé peut être considéré comme 

commun inter-individuellement.  
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Or, lorsque l’on réalise une analyse spectrale du signal de croissance d’A. islandica obtenu à 

24m un pic significatif ayant une fréquence comprise entre 17.5 et 20 ans ressort clairement. 

Cette observation, suggère une possible influence relative aux changements d’inclinaison de 

l’orbite lunaire à l’équateur qui varie entre 18.3° et 28.6° sur une période de 18,6 ans appelée 

"cycle nodal" (Lisitzin, 1974 ; Ray, 2007). 

 

Figure 3 : Analyse spectrale des croissances standardisées à 24m en cycle par an (cpy). 

De la même manière que les cycles vives eaux-mortes eaux modulent les courants maximum 

et le mélange vertical de la colonne d’eau, le cycle nodal serait également susceptible de faire 

varier ce mélange avec une période de 18,6 ans. L'une des particularités de ce cycle est sa 

capacité à moduler les ondes diurnes d'environ 15% (O1 (± 19%) et K1 (± 11%)) alors que sa 

modulation des ondes semi diurnes est de l'ordre de 3% (Ray, 2007). Cependant, la mise en 

évidence de ce cycle requiert de longues séries temporelles de mesure in situ qui sont 

rarement disponibles. C’est pourquoi, de nombreuses publications suggérant l'évidence de ce 
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cycle ont été remises en cause (Ray, 2007). Néanmoins, quelques séries temporelles existent 

telles que les mesures journalières de la température de la mer au pied des phares des côtes 

de la Colombie Britannique (Sud-Ouest du Canada) depuis les années 1920. Dans cette région 

proche de l'Oregon, les courants diurnes sont forts et traduisent la présence d'ondes côtières 

piégées (CTW) de même nature qu'à SPM. Loder & Garrett (1978) ont ainsi apporté la 

première preuve de l'existence de ce cycle qui se manifeste par des températures plus froides 

quand les courants sont maximaux à cause du mélange plus important sur la colonne d'eau. 

Ce constat nous a alors poussés à nous interroger sur l’impact de ce cycle nodal sur la 

production primaire des sites soumis aux oscillations thermiques diurnes à hautes fréquences 

autours de SPM. L’analyse spectrale des valeurs d’incréments de croissance standardisés d’A. 

islandica à 24m, nous montre effectivement un pic correspondant à cette période de 18,6 ans. 

Le mécanisme sous-jacent pourrait être lié à un accroissement du mélange qui favoriserait 

directement (transfert) ou indirectement (pompage de nutriments) la production primaire et 

la croissance de ces bivalves. Ces premières analyses prometteuses méritent d'être affinées 

mais il pourrait s'agir de la première mise en évidence d'un cycle à 18,6 ans imprimé dans un 

organisme marin. 

Suivi des variations environnementales à l’échelle sub-horaire 

Cette partie traite principalement des variations microchimiques enregistrées dans la coquille 

de Placopecten magellanicus à SPM (Chapitre 4). Nous avons décidé de prélever cette espèce 

à 10 m et 30 m de profondeur afin d’en comparer la composition en éléments traces au sein 

de deux sites plus ou moins affectés par les oscillations thermiques quotidiennes observées 

en période estivale autour de cet archipel. La décision faite d’étudier la composition en 

élément traces de P. magellanicus repose sur plusieurs raisons. Certaines sont d’ordre 

biologique et concernent sa présence à SPM le long d’un gradient bathymétrique allant de 5 

m à 80 m ainsi que son fort taux de croissance (plusieurs centimètres) notamment lorsque 

l’amplitude des oscillations thermiques quotidiennes est la plus importante. L’autre est 

analytique et concerne le coût financier relativement faible des analyses La-ICPMS. Cette 

étude nous a alors permis d’obtenir une première vision relative aux informations contenues 

dans la coquille de cette espèce au sein de deux sites présentant des conditions 

environnementales contrastées, avant d’effectuer d’autres analyses plus coûteuse. 
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Synthèse des principaux résultats  

L'objectif principal de ce travail était de déterminer si P. magellanicus pouvait enregistrer dans 

sa coquille les variations environnementales à haute fréquence (25,8 h) observées à SPM. Pour 

ce faire, nous avons développé une nouvelle méthode d’analyses LA-ICPMS à ultra haute 

résolution, permettant de quantifier la composition en éléments traces des coquilles de P. 

magellanicus avec un pas d’échantillonnage de 10 µm. Cette méthode a été appliquée à deux 

fragments de coquille provenant de deux sites plus (30 m de profondeur) ou moins (10 m de 

profondeur) affectés par les oscillations thermiques haute fréquence (25,8h). Afin de limiter 

les effets liés à l’ontogénie sur la composition élémentaire des coquilles sélectionnées, les 

deux fragments comparés représentaient la même année calendaire (2015) correspondant à 

la troisième année de croissance des individus prélevés.  

Des signaux communs ont alors été observés concernant la composition en baryum des deux 

coquilles. De plus, la similarité existante entre la dynamique de la concentration en 

chlorophylle a autour de l’archipel pendant l’année 2015 et la « signature » des profils de 

baryum dosés dans les coquilles suggère l’existence d’un lien entre la biomasse 

phytoplanctonique et l'incorporation de baryum dans les coquilles de P. magellanicus.  

En revanche, les signatures Mg/Ca contrastées observées au sein des deux coquilles suggèrent 

l’existence d’un lien entre l’incorporation de cet élément dans la coquille de P. magellanicus 

et la température. En effet, à 10 m, le caractère sinusoïdal du signal de magnésium mesuré 

dans la coquille, semble cohérent avec la signature thermique observée à cette profondeur 

autour de SPM. De même, à 30 m, la concentration en magnésium dans la coquille suit une 

ligne de base relativement plate avec des variations haute-fréquences qui semblent suivre la 

signature thermique observée à la même profondeur. 

Concernant l’uranium mesuré dans ces deux coquilles, les signatures élémentaires sont 

également contrastées entre les deux sites. À 10 m, aucune tendance ne semble ressortir des 

mesures effectuées. Cependant, à 30 m, les mesures d’uranium faites dans la coquille 

semblent cohérentes avec les variations de la concentration en magnésium. Cette observation 

suggère que l’incorporation de l’uranium au sein de la coquille de 30 m est également liée aux 

oscillations thermiques hautes fréquences. En revanche, pour ce qui est du site de 10 m, la 

disponibilité de l’uranium dans l’environnement semble affectée par d’autres paramètres. 



172 
 

Réflexions associées à cette étude sclérochronologique haute fréquence  

Ce travail a permis d’entamer différentes réflexions autour : (i) de la méthode mise en place 

pour mesurer les variations sclérochimiques au sein de de la coquille de Placopecten 

magellanicus à SPM ; (ii) et de l’interprétation des résultats obtenus. 

D'un point de vue analytique, il serait intéressant de poursuivre ce travail en appliquant cette 

technique analytique à davantage d'individus. Cela nous permettrait de discuter de la 

variabilité interindividuelle au sein de ces deux sites et donc de valider nos hypothèses, voire 

de travailler sur l’hétérogénéité spatiale des signaux enregistrés dans les valves de ces 

mollusques. De plus, combiner cette approche avec des mesures nano-SIMS de δ18O pourrait 

nous aider à interpréter la dépendance thermique de l’incorporation du magnésium et de 

l’uranium au sein de la coquille de P. magellanicus. Cette approche avait, bien entendu, été 

programmée lors de ce travail de thèse, la contingence en a voulu autrement. 

En termes d'interprétation des données, ces résultats confirment également un réel besoin 

d'informations complémentaires. Certaines d'entre elles sont liées à la dynamique de la 

croissance et à la physiologie de P. magellanicus. D'autres concernent l’enregistrement 

récurrent à haute fréquence de différentes données environnementales à une échelle 

individuelle au sein de ces deux sites. Ces travaux ont également ouvert une réflexion 

écosystémique descriptive (e.g., assemblages faunistiques) et fonctionnelle (e.g., trophique), 

relative aux spécificités environnementales mises en avant par ces travaux de doctorat. 

Perspectives 

Comme pour la partie précédente, les paragraphes suivants vont proposer un inventaire non 

exhaustif de travaux déjà entamés, ou non, pouvant compléter les études à haute-fréquence 

déjà exposées précédemment. 

Un premier travail, visant à mesurer le plus finement possible les variations 

environnementales associées à ces oscillations thermiques journalières (25.8 h), a déjà été 

initié en 2017. Au cours de celui-ci, nous souhaitions quantifier, à l’échelle de quelques mètres 

carrés, l’influence de ces oscillations thermiques récurrentes sur différents paramètres 

environnementaux. Nous avons alors installé des instruments mesurant à haute fréquence : 

la température, la conductivité de l’eau de mer, la concentration en oxygène, mais également 

la taille et le déplacement des particules, le courant à différentes échelles et la concentration 
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en chlorophylle a. Ce travail était couplé à des observations haute-fréquences (25 Hz) des 

mouvements valvaires de P. magellanicus par accélérométrie (Fig. 4). 

 

Figure 4 : Photo in situ d’un ADCP et d’un ADV placés au-dessus d’un P. magellanicus équipé 

d’un accéléromètre (Source : E. Amice/CNRS). 

Le choix a été fait de mesurer l’activité valvaire de ce bivalve, par accélérométrie, car cette 

variable constitue l’un des premiers niveaux de réponse d’un organisme. Celle-ci intègre 

également un grand nombre d’informations, tout en restant non intrusive et non invasive. Les 

premiers résultats montrent qu’il n’y a pas de corrélation significative entre les mouvements 

valvaires des individus instrumentés en 2017 et les variations thermiques mesurées 

simultanément à 30 m (Fig. 5). Ces résultats nous amènent à nous interroger sur la pertinence 

de l’outil « accéléromètre » pour mesurer l’activité valvaire de P. magellanicus. Ces résultats 

posent également des questions relatives à l’adaptation et à l’adaptabilité des organismes 

ectothermes sub-tidaux de SPM soumis à ces contraintes thermiques quotidiennes. 
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Figure 5 : Mesures de la température et de la pression à 30m, du 30 août au 7 septembre 2017 

en rade de Saint-Pierre. Le dernier graphique représente la somme des 3 vecteurs 

d’accélération mesurés sur un P. magellanicus équipé d’un accéléromètre pendant la même 

période et sur le même site. 

Dans ce contexte, la forte abondance individuelle, associée à l’absence de réponses valvaires 

de P. magellanicus à ces oscillations thermiques répétées, de même que la présence d’une 

espèce longévive telle qu’A. islandica dans un milieu aussi variable, sont assez paradoxales. En 

effet, dans le reste de son aire de répartition, la stabilité de l’environnement et un faible taux 

de production d’espèces réactives de l’oxygène ont été avancées comme des raisons 

expliquant la longévité de cette espèce (Ungvari et al., 2011). Ainsi, il est probable que les 

populations peuplant cette zone thermiquement ultra-variable mettent en œuvre des 

mécanismes originaux leur permettant de supporter ces conditions. Par exemple, chez P. 

magellanicus, la synthèse d’HSP (« heat shock proteins »), suite à une augmentation de 

température en laboratoire (10°C à 20°C), n’est mesurée qu’au bout de 24h (Brun et al., 2008). 



175 
 

Cette réponse semble inadaptée dans le cas de stress thermiques aigus et répétés à haute 

fréquence. Il est donc possible que des mécanismes différents des réponses « classiques » 

soient mis en place suite à un choc thermique d’une ampleur égale à ceux survenant à SPM. 

Dans le cadre de cette étude, des prélèvements ont déjà été effectués et des analyses sont 

actuellement en cours (collaboration Labex Mer de l’IUEM) pour étudier les mécanismes 

adaptatifs et/ou d’acclimatation, potentiellement originaux mis en œuvre par A. islandica et 

P. magellanicus pour perdurer dans cet environnement unique. Ces prélèvements ont été 

effectués sur des animaux subissant ou non des oscillations thermiques. Concernant les 

individus prélevés dans des sites thermiquement ultra variables, un échantillonnage a été 

réalisé avant et après l’oscillation. Pour ce faire, nous avons au cours de ce travail doctoral, 

développé une méthode associant, en plongée, dissection et fixation RNA Later (Fig. 6). Nous 

attendons les résultats propres à la transcriptomique, protéomique et lipidomique. 

 

Figure 6 : Photo d’une fixation au RNA Later suite à des dissections sous-marines d’A. islandica 

à 25m (Source : E. Amice/CNRS). 

Les premières informations dont nous disposons concernent la génétique des individus. Pour 

ce faire, des marqueurs neutres (SNPs) d’A. islandica (2189 SNPs) et P. magellanicus (3924 

SNPs), prélevés à des profondeurs plus (24 m et 30 m) ou moins (8 m ,12 m et 14 m) affectées 
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par les oscillations thermiques haute fréquences (25,8 h), ont été comparés. 30 individus de 

P. magellanicus ont respectivement été prélevés à chacune des trois profondeurs suivantes : 

8 m, 12 m, et 30 m. Il convient de rappeler que chacun de ces points d’échantillonnages sont 

distant de moins d’1 km entre eux. De même, 30 individus d’A. islandica ont respectivement 

été prélevés à 14 m et 24m au sein de deux sites distants d’environ 5 km. L’indice FST mesurant 

le degré de différenciation entre des populations a alors été calculé pour chacune des espèces. 

Concernant A. islandica, la différenciation génétique était significative (FST = 0.003, p < 0.001) 

entre les individus provenant des deux profondeurs. En ce qui concerne P.magellanicus, les 

FST estimés ne sont significativement différents que pour les individus issus du site de 30m (FST 

= [0.002-0.003], p < 0.001). Les résultats de l’analyse multivariée (Jombart et al., 2010) faite, 

sur chaque espèce, pour comparer la structure génétique des différents groupes d’individus 

entre eux (Fig. 7) semblent nous inviter à la même conclusion. 

 

Figure 7 : Graphiques de densité du premier axe de la DACP (Jombart et al., 2010) montrant 

pour, A. islandica et P. magellanicus, la séparation entre les échantillons issus d’individus 

soumis (IL24 et VFR30) ou non (PSP8, VFR12 et IL14) à des oscillations thermiques 

quotidiennes (25.8 h). 

Ces résultats semblent refléter une pression de sélection contrastée, et indiquer une 

structuration génétique de ces deux espèces de bivalves le long d’un gradient bathymétrique 

à SPM. Cette observation, faite à une échelle spatiale incroyablement faible (< 1 km pour 

P. magellanicus ; < 5 km pour A. islandica), semble inédite. De plus, ces premiers résultats 
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nous permettent d’avoir une première vision, sur deux espèces aux cycles vitaux contrastés, 

du rôle évolutif des mécanismes de résistance à ces ondes thermiques chroniques. Ce premier 

travail pose alors une multitude de question. À savoir, quels sont les processus moléculaires, 

au niveau du transcriptome et du protéome, mis en jeu face à ces changements thermiques ? 

La composition lipidique des membranes cellulaires joue-t-elle un rôle dans la réponse des 

organismes à ces variations de température ? Si oui, quels sont les composés impliqués ? Les 

réponses observées aux différentes échelles d’organisation (transcriptomique, protéomique 

et lipidomique) ont-elles une valeur adaptative ? 

Autant d’interrogations qui confirment l’intérêt d’une approche intégrative multi-échelle 

relative à l’auto-écologie des organismes ectothermes sub-tidaux le long d’un gradient 

bathymétrique à SPM. 
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Abstract: Coastal ecosystems are exposed to global 
climate change leading to modifications of their 
structure and functioning. However, little is known 
about their environmental variability before 1950. The 
hard parts of long-lived marine biota hold the potential 
to extend instrumentally derived observations, at 
different temporal and spatial resolutions, in order to 
enhance our understanding of past environmental 
processes. 
This PhD dissertation takes place on Saint-Pierre & 

Miquelon (SPM), a small archipelago at the confluence 
of major oceanic currents marking the boundary 
between the North Atlantic Ocean subtropical and 
subpolar gyres. In addition to its global key position, a 
local phenomenon, leads, during the stratified period, 
to the largest (up to 12°C amplitude) daily (25.8 h) 

temperature oscillations ever observed-at any 
frequency-on a stratified mid latitude continental shelf. 
This work is based on calcified structures of local 
marine organism analyses, to gain insights about past 
environmental variability at these two scales. The 
relationships observed between the 
sclerochronological records from these different 
marine biota and several environmental dataset, 
allowed us to highlight the relevant position of SPM 
for studying multiple scale oceanographic variability, 
biological responses of different benthic species and 
the dynamics of coastal ecosystems, at different time 
scales (from the tide to the last 165 years) and space 
scales (from SPM archipelago to North Atlantic 
Ocean). 

Titre :   Sclérochronologie à Saint-Pierre et Miquelon : De l’échelle sub-horaire aux reconstructions multi-
décennales 

Mots clés :  Sclérochronologie, Changement climatique, Atlantique Nord, Proxies environnementaux, 
Océanographie, Saint-Pierre et Miquelon 

Résumé : Les écosystèmes côtiers sont exposés aux 
changements climatiques entraînant des modifications 
de leur structure et de leur fonctionnement. 
Cependant, nous disposons de peu d’information sur 
la variabilité de leurs propriétés environnementales 
avant 1950. Les parties dures des organismes marins 
ont le potentiel d'étendre les observations 
instrumentales, à différentes échelles spatiales et 
temporelles, afin d'améliorer notre compréhension des 
processus environnementaux passés 
Cette thèse de doctorat a pour cadre Saint-Pierre & 

Miquelon (SPM), un petit archipel situé à la confluence 
de grands courants océaniques marquant la frontière 
entre les gyres subtropicaux et subpolaires de 
l'Atlantique Nord. Outre sa position clé à l’échelle 
mondiale comme indicateur de l'évolution du climat, 
des spécificités locales induisent une  dynamique très 
particulière conduisant, lors de la période stratifiée, 

à la génération des plus importantes oscillations 
thermiques quotidiennes jamais observées. 
 Ce travail est basé sur l’analyse des structures 
calcifiées d’organismes marins locaux, afin de mieux 
comprendre la variabilité environnementale passée à 
ces deux échelles. Les relations observées entre les 
enregistrements sclérochronologiques issus des 
différents modèles biologiques étudiés dans cette 
thèse et plusieurs types de données 
environnementales, nous ont permis de mettre en 
avant la position privilégiée de SPM pour étudier la 
variabilité océanographique, les réponses biologiques 
de différentes espèces benthiques et la dynamique 
des écosystèmes côtiers, à différentes échelles de 
temps (de la marée aux 165 dernières années) et 
d'espace (de celle de l'archipel à celle de l’Atlantique 
Nord). 
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