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RÉSUMÉ GÉNÉRAL 

La productivité primaire océanique joue un rôle important dans les processus 
d'échange du carbone entre l'océan et l'atmosphère. Elle constitue une contribution 
majeure à la séquestration du CO2 atmosphérique, l'un des principaux gaz à effet de 
serre. La reconstitution de la paléoproductivité à partir de séquences sédimentaires 
marines peut donc fournir des réponses à de nombreuses questions concernant les 
mécanismes impliqués dans les changements climatiques. Elle peut être extrêmement 
utile dans le domaine de la modélisation biogéochimique puisqu'elle permet de 
comprendre les mécanismes contrôlant la production, l'exportation et l'enfouissement 
du carbone à long terme. Cependant, l'estimation quantitative de la paléoproductivité 
à partir de séquences sédimentaires marines constitue un défi qui ne pourra être relevé 
que par le développement de traceurs qui ne sont pas affectés par les différents 
processus de dégradation et de dissolution dans la colonne d'eau et dans le sédiment. 

L'objectif principal de cette thèse est de développer un traceur micropaléontologiqùe 
pour des reconstitutions quantitatives de la paléoproductivité. Il s'agit des kystes de 
dinoflagellés (ou dinokystes) qui, grâce à leur extrême résistance à la dissolution et 
leur abondance dans le sédiment, constituent un outil extrêmement important dans le 
domaine de la paléocéanographie à l'échelle du quaternaire. Nous avons exploré, 
dans le cadre de ce travail, le potentiel des kystes de dinoflagellés préservés dans les 
sédiments comme traceurs quantitatifs des paramètres hydrographiques et de la 
paléoproductivité marine. Nous avons choisi d'étudier leur distribution dans les 
sédiments de surface de l 'hémisphère nord en relation avec les conditions 
hydrographiques et trophiques du milieu. Le but est d'évaluer la contribution des 
conditions trophiques au contrôle de la distribution des assemblages des dinokystes 
dans le sédiment. Notre étude a été réalisée selon trois volets. 

Le premier volet a consisté en l'analyse d'échantillons de sédiments de surface 
prélevés dans le Golfe d'Alaska et le long des marges nord-est américaines, qui se 
caractérisent par un gradient de productivité associé aux upwellings. Ce volet visait à 
comprendre la distribution des dinokystes le long d'un gradient de productivité et 
d'upwelling dans un contexte océanique et néritique. Le deuxième volet consistait en 
l'analyse d'échantillons de sédiments de surface répartis dans les milieux estuariens 
et côtiers de la Colombie Britarmique. Il visait à illustrer la distribution des 
assemblages dans un milieu très productif, influencés à la fois par des apports en 
éléments nutritifs d'origine naturelles (upwelling) et anthropique. Enfin, le troisième 
volet est une compilation de données palynologique, hydrographiques et de 
productivité primaire de 1171 sites dans 1'hémisphère nord pour développer une base 
de données de référence hémisphérique à des fins de reconstitutions de la productivité 
par la méthode des meilleurs analogues modernes. 
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Dans le Pacifique du Nord-est, l'étude palynologique de 76 échantillons de sédiments 
de surface provenant des milieux néritiques et océanique a permis de montrer que les 
taxons liés à une productivité hétérotrophe dominent les assemblages des zones 
côtières influencées par l'upwelling alors que les sites associés au zones oligotrophes 
océaniques sont dominés par les taxons autotrophes. Les analyses multivariées 
démontrent que, dans ce secteur, la distribution des assemblages de dinokystes est 
liée essentiellement à la productivité primaire et à l'intensité de l'upwelling. Elles 
démontrent également l'existence de liens avec la température hivernale qui, à une 
échelle régionale n'est pas affectée par l'upwelling contrairement à la température 
estivale qui est uniformisée sous l'effet de l'upwelling saisonnier. 

Dans les milieux estuariens de la Colombie Britannique, incluant le détroit de 
Géorgie (GS) et les inlets d'Effingham (EFF), de Seymour et de Belize (SB), 
l'analyse de 60 échantillons de sédiment de surface montre que les taxons autotrophes 
dominent les assemblages dans les zones de productivité primaire relativement élevée 
(EFF et SB) alors que les protopéridiniales et les gymnodiniales, associés à une 
productivité hétérotrophe dominent les assemblages du détroit de Géorgie où la 
productivité est moindre. Les analyses multivariées montrent que la distribution des 
assemblages est significativement liée à la productivité primaire, la température de 
l'eau de surface et la concentration de silice pendant le printemps. Dans le détroit de 
Géorgie, les analyses de redondance montrent que la distance par rapport à la côte, la 
distance par rapport au port de Vancouver, la salinité de l'eau de surface, la 
concentration en phosphate et la productivité durant le printemps constituent les 
paramètres les plus déterminants. Par ailleurs, dans le panache du fleuve Fraser, les 
zones près du port de Vancouver, caractérisées par des apports continentaux élevés, 
une productivité printanière élevée et une stratification accrue sont marquées par 
l'abondance de Pentapharsodinium dalei alors que tous les protopéridiniales et les 
gymnodiniales dominent les assemblages des zones distales associées à une masse 
d'eau constituée par un mélange des eaux douces provenant du fleuve Fraser et des 
eaux salées issues de l'upwelling. Dans ce contexte, il est probable que la 
stratification des masses d'eau joue un rôle important, qu'il est toutefois difficile de 
quantifier. Des tests de validation utilisant la méthode des analogues modernes 
démontrent que les assemblages de dinokystes peuvent être utilisés pour reconstituer 
d'une manière quantitative la productivité primaire, la température et la salinité de 
surface à une échelle régionale. 

À l'échelle de l'hémisphère nord, une base de données de référence de sédiments 
modernes a été utilisée pour explorer le potentiel des assemblages de dinokystes 
comme traceurs de productivité primaire. La base de données inclut 1171 sites 
provenant de l'Atlantique Nord (n = 483), de l'Océan Arctique (n = 401) et du 
Pacifique Nord (n = 287). Pour établir des liens entre les assemblages de dinokystes 
et la proquctivité, nous avons utilisé deux jeux de données de productivité moderne 
issues de deux programmes d'observation de la couleur de la chlorophylle par 
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satellite. L'une représentant une moyenne des mesures effectuées entre 1978 et 1989 
(CZCS) et l'autre, une moyenne de données correspondant à la période de 2002 à 
2005 (MÜDIS). Des analyses canoniques de correspondance ont été effectuées avec 
62 taxons et huit paramètres environnementaux (température saisonnière et salinité 
saisonnière de l'eau de surface, couvert de glace de mer et productivité primaire 
saisonnière et annuelle). Les résultats montrent une relation étroite entre les 
assemblages et la productivité primaire notamment dans l'Atlantique Nord, dans le 
Pacifique Nord et à l'échelle hémisphérique. Toutefois, cette relation n'est pas la 
même dans tous les bassins de l'hémisphère nord. Des tests de validation (régressions 
linéaires entre les valeurs observées et estimées), en utilisant la méthode des meilleurs 
analogues, montrent des coefficients de corrélation généralement > 0,9 et des 
précisions de reconstitution de ± 11-25 %, selon la base de données de productivité 
utilisée. De telles précisions montrent que la productivité peut être reconstituée avec 
une erreur inférieure à la différence entre les données de productivité instrumentales 
de MüDIS et de CZCS: 

L'ensemble des résultats de notre étude met en évidence l'intérêt des kystes de 
dinoflagellés pour reconstituer quantitativement la productivité primaire à l'échelle 
du quaternaire. 

Mots clés : kystes de dinoflagellés, paléoproductivité, reconstitution quantitative, 
Pacifique du Nord-est, Hémisphère Nord. 



INTRODUCTION GÉNÉRALE 

La productivité primaire océanique compte pour à peu près 50% de la productivité 

totale de la biosphère (e.g., Field et aL, 1998). Les plus récentes estimations de la 

productivité primaire océanique sont de l'ordre de 45-60 Gt C an- 1 (Longhurst et aL, 

1995; Antoine et aL, 1996; Field et al., 1998; Gregg et aL, 2003). Généralement 80 à 

90% de cette production est recyclée dans la couche euphotique, notamment par la 

respiration bactérienne. Le reste est exporté (~6-16 Gt C an- I
) vers l'océan profond 

sous forme de carbone organique particulaire, de carbone organique dissous et de 

carbonate de calcium. Finalement, une petite fraction de la production primaire (~0,2 

Gt C an- I
) s'enfouit dans le sédiment et représente un puits de carbone. La 

séquestration du carbone dans l'océan, associée à ('activité biologique marine, a été 

souvent considérée comme un paramètre ayant joué un rôle significatif sur les 

fluctuations du CO2 atmosphérique pendant les périodes glaciaires-interglaciaires du 

Quaternaire (e.g., Sarnthein et al., 1988; Berger et al., 1989; Thunell et Sauter, 1992; 

Brink et al., 1995; Schneider et Muller, 1995; Sigman et Boyle, 2000). 

Depuis le développement de la méthode de 14C pour évaluer la production primaire 

océanique par Steemann Nielsen (1952), .plusieurs milliers de mesures de productivité 

ont été effectuées dans les océans aux fins d'estimation de la productivité océanique 

globale. Les compilations de ces mesures ont permis la publication d'un certain 

nombre de travaux qui ont fournis des estimations très différentes les unes des autres, 

allant de 20 à 45 GT C an- 1 (cf. Sundquist, 1985). Citons par exemple les estimations 

de 23 Gt C an- I par Koblentz-Mishke et al. (1970), de 27 Gt C an- 1 par Walsh et al. 

(1988) et de 29,6 GT C an- I par Berger (1989). Tous ces travaux se sont basé sur un 

grand nombre d'extrapolations et sont limités par une couverture spatiale et 

temporelle incomplète. Les premières estimations de la chlorophylle océanique par 

satellite ont été réalisées par le programme Coastal Zone Color Scanner (CZCS) de la 
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NASA entre 1978 et 1989. L'utilisation des données de chlorophylle issues de ce 

programme au début des années 1990s a rendu possible des estimations de la 

productivité océanique basées sur de meilleures couvertures spatiales. Ainsi, Antoine 

et al. (1996) et Behrenfeld et Falkowski (1997) ont développé des méthodes 

d'intégrations pour la quantification de la productivité primaire à partir de données 

satellitaires. Ces nouvelles données ont permis des estimations de la productivité 

marine comprises entre 45 et 53 Gt C an- I (Longhurst et al., 1995; Antoine et al., 

1996; Field et al., 1998). Le programme CZCS permet de prendre en considération la 

quasi-totalité des régions océaniques et fournit des mesures pour toutes les saisons. 

Cependant des faiblesses demeurent en ce qui concerne les hautes latitudes, les 

régions côtières et les régions caractérisées par un couvert nuageux persistant. En 

effet, plusieurs études ont montré que CZCS sous-estime les concentrations de 

chlorophylle océanique (e.g., Thomas et al., 2001; Gregg et Conkright, 2002; 

Davenport et al., 2002 ; Gregg et al., 2003). En revanche, le programme "Sea-viewing 

Wide Field-of-view Sensor" (SeaWIFS), lancé en 1997 et le programme MODerate 

resolution Imaging Spectroradiometer (MOOIS), lancé en 2000 permettent une 

couverture de l'océan global presque complète et des estimations plus détaillées et 

plus fiables de la chlorophylle (cf. Werdeli et al., 2003). 

L'estimation de la productivité primaire océanique a permit aux modélisateurs de 

quantifier les processus de transport du carbone dans la colonne d'eau (Najjar et al., 

1992; Six et Maier-Reimer, 1996; Lampitt et Antia, 1997; Palmer et Totterdell, 2001; 

Ito et al., 2005) et de son transfert entre l'océan et l'atmosphère (e.g., Schimel et al., 

1995; Sarmiento et Le Quéré, 1996; Six et Maier-Reimer, 1996). La reconstitution de 

la productivité passée peut donc contribuer à retracer l'histoire des échanges de CO2 

entre l'océan et l'atmosphère et offre l'opportunité d'évaluer la contribution de la 

pompe biologique aux changements climatiques et océanographiques. La 

paléoproductivité est, en effet, un paramètre nécessaire pour les modèles physiques 
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et biogéochimiques qui visent à évaluer la variabilité passée du cycle de carbone en 

relation avec les changements climatiques: 

Parmi les traceurs de la paléoproductivité, les microfossiles préservés dans les 

sédiments ont été largement utilisés par les paléocéanographes, notamment avec les 

développements méthodologiques impliquant les fonctions de transfert (e.g. Imbrie et 

Kipp, 1971) qui ont transfOlmé la paléoceanographie d'une science qualitative, ou 

semi-quantitative, à une science quantitative. Les données de productivité primaire 

issues du programme CZCS ont été souvent utilisées pour développer des fonctions 

de transfert utilisant les assemblages de foraminifères ou de coccolites pour des fins 

de reconstitutions quantitatives de la paléoproductivité à partir de carottes 

sédimentaires dans l'océan Indien (Beaufort et al., 1997, 1999, 2001; Cayre et al., 

1999; Schulte et Bard, 2003; Ivanova et al., 2003), l'Océan Atlantique (Hemiksson, 

2000; Davenport et al., 2002) et l'Océan Pacifique (Loubere, 1999, 2002; Beaufort et 

al., 2001). D'autres traceurs géochimiques de la paléproductivité ont été développés 

ces dernières décennies (cf. Sarnthein et al., 1988; Dymond et al., 1992; Francois et 

al., 1995; Fischer et Wefer, 1999; Mackensen et al., 2000; Eagle et al., 2003 ; Lazarus 

et al., 2006; Bradtmiller et al., 2006). Cependant, plusieurs de ces traceurs 

géochimiques (e.g., carbone organique, CaC03, baryum, rapport Th/Pa, composition 

isotopique de carbone) et biologiques (e.g., microfossiles de nature minérale, 

biomarqueurs) sont difficilement utilisables à cause des processus de transport, de 

sédimentation et de dégradations biogéochimiques dans la colonne d'eau et dans le 

sédiment (Dymond et al., 1992; Nelson et al., 1995; McCorkle et al., 1995; Francois 

et al., 1995; 2004; Paytan et al, 1996; Meyers, 1997; Rühlemann, 1999; Klump ét al., 

2000 ; Gallinari et al., 2002; Eagle et Paytan, 2006). 

Le travail de cette thèse présente le potentiel et les avantages des kystes organiques 

de dinoflagellés (ou dinokystes), préservés dans le sédiment, comme outil 

micropaléontologique de reconstitution de la productivité primaire, aussi bien dans 
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les milieux océaniques et néritiques que dans les systèmes côtiers et estuariens. C'est 

donc, dans l'optique d'une meilleure connaissance des paramètres régissant la 

distribution des dinokystes dans les sédiments de surface dans l' hémisphère nord en 

générale et dans le Pacifique du Nord-est en particulier que se place mon travail de 

thèse. Mon objectif principal est de développer une base de données de référence des 

dinokystes et de vérifier que ces traceurs, composés de matière organique réfractaire, 

peuvent servir comme outil de reconstitution quantitative de la productivité primaire. 

Les kystes de dinoflagelJés 

Les dinoflagellés sont des protistes algaires appartenant à la division des 

Dinoflagellata (ou Pyrrophyta) et à la classe des Dinophyceae. [Is constituent des 

microorganismes à mode de nutrition le plus souvent autotrophe mais un grand 

nombre d'entre eux peuvent être hétérotrophes et certains mixotrophes. Les 

dinoflagellés constituent également l'un des trois groupes majeurs du phytoplancton 

marin (avec les coccolithophores et les diatomées), responsable de la production 

primaire océanique. 

Les dinoflagellés ont la particularité de produire, durant leur cycle biologique, des 

kystes qui constituent un stade de dormance suite à la reproduction sexuée (e.g., Wall 

et Dale, 1968; Taylor, 1987). Les kystes d'environ 15 à 20% des dinoflagellés sont 

constitués d'une membrane organique (sporo-pollénine) extrêmement résistante et 

fossilisable et présentent un intérêt particulier en micropaléontologie puisqu'ils ne 

sont pas affectés par la dissolution comme les microfossiles à test minéral. Depuis 

l'essor de la paléocéanographie moderne, une attention particul ière a été accordée aux 

kystes de dinoflagellés comme traceur paléocéanographique dans tous les domaines 

océaniques, depuis les zones tropicales jusqu'aux zones polaires. Leur utilisation en 

paléocéanographie permet de s'affranchir des problèmes de dégradation de la matière 
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organique durant les processus de sédimentation (e.g., Meyers, 1997) et de la 

dissolution du CaC03 et de la silice biogénique dans la colonne d'eau (e.g., Archer et 

aL, 1989; Nelson et al., 1995; Gehlen et al., 2005). De nombreux travaux traitant de la 

distribution des dinokystes dans les sédiments de surface ont permis de démontrer 

que les dinokystes constituent d'excellents traceurs des paramètres hydrographiques 

de surface, en particulier de la température, la salinité et la durée saisonnière du 

couvert de glace de mer, et ce dans les moyennes et hautes latitudes de l'océan 

Atlantique (e.g., Marret, 1994; de Vernal et al., 1997,2001,2005; Rochon et al., 

1999; Marret et al., 2004), dans les moyennes et hautes latitudes des l'océan Indien 

(Marret et de Vernal, 1997; Zonneveld, 1997), ainsi que dans les milieux arctiques et 

subarctique (Matthiessen, 1995; de Vernal et al., 2001, 2005; Radi et al., 2001). Par 

ailleurs, certaines études ont montré que les dinokystes peuvent également donner 

une estimation de l'intensité des upwellings côtiers (Powell et al., 1990, Lewis et al., 

1990; Dale, 1996; Zonneveld, 1997; Zonneveld et al., 2001) et être de bons traceurs 

de productivité primaire tel que démontré dans les zones côtières des marges 

scandinaves (Dale et Fjellsa, 1994; Thorsen et Dale, 1997; Dale, 2001) et à l'échelle 

de l'Atlantique Nord (Devillers et de Vernal, 2000). En général, les kystes de 

dinoflagellés hétérotrophes sont de plus en plus considérés comme traceurs indirects 

de la productivité primaires (e.g., Zonneveld et al., 2001; Sangiorgi et al., 2002). 

Cependant la réponse des différents taxons de dinokystes aux conditions 

environnementales particulières ainsi que la façon dont ils témoignent des conditions 

du milieu peuvent différer d'une région à une autre (Matsuoka, 1999; Pospelova et 

aL, 2002). Dans les domaines estuariens et côtiers, les assemblages de dinokystes 

peuvent refléter l'état d'eutrophisation du milieu (Dale, 1996, 2001; Thorsen et Dale, 

1997 ; Dale et al., 1999; Matsuoka, 1999; Pospelova et al., 2002, 2004, 2005). 

Dans le Pacifique, toutefois, hormis quelques rare travaux réalisés dans les marges 

japonaises par Matsuoka (1985, 1987, 1992, 1999) dans la mer Jaune et la mer de 

Chine (Cho et Matsuoka, 2001), dans la mer de Béring (Radi et al., 2001) et dans le 
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fjord d'Effingham, sur la marge ouest de l'île de Vancouver (Kumar et Patterson, 

2002), nos connaissances sur la distribution et la taxinomie des dinokystes restent très 

limitées. 

Le Pacifique du Nord-est - Contexte régional 

Les grandes fluctuations des conditions hydrographiques dans le Pacifique Nord sont 

liées à la position et à l'intensité de l'anticyclone du Pacifique Nord et de la 

dépression des Aléoutiennes qui contrôlent la circulation océanique locale (Huyer, 

1983; Trenberth et Hurrell, 1994; Mock et aL, 1998; Miller et Schneider, 2000). Une 

forte intensité du cyclone des Aléoutiennes combinée au ralentissement de 

l'anticyclone du Pacifique Nord sont responsables de l'affaiblissement du courant de 

Californie induisant des eaux superficielles plus chaudes et pauvres en éléments 

nutritifs (Mantua et aL, J997). Il en résulte une réduction importante de la production 

primaire et secondaire (e.g., Roemmich et McGowan, 1995; Tanasichuk, 1998). Par 

contre, l'affaiblissement de la dépression des Aléoutiennes, son déplacement vers le 

Nord-ouest et l'intensification de l'anticyclone du Pacifique Nord induisent lin 

courant de Californie plus vigoureux, favorisant ainsi l'upwelling côtier qui se traduit 

par une production marine plus importante (Mantua et aL, 1997; Mackas et al., 2001; 

Peterson et Schwing, 2003). Ces variations dans l'intensité de l'upwelling semblent 

contrôler les stocks de poissons à intérêt commercial dans les eaux côtières du 

Pacifique Nord-oriental (Baumgartner et al., 1992; Beamish et Bouillon, 1993; 

Glavin, 1996; O'Connell et Tunnicliffe, 2001; Oallimore, 2001) et seraient marquées 

par des oscillations décennales appelées POO (Pacific Oecadal Oscillations; War et 

Thomson, 1991; Polovina et al., 1995; Mantua et al., 1997; Hare et Mantua, 2000; 

Pierce et al., 2001). Toutefois, l'évolution à moyen ou à long terme (de 101 à 104 ans) 

de ces variations est encore mal connue. Finney et al. (2002) et Tunnicliffe et al. 



7 

(2001) ont montré que les variations dans le stock de poissons sur les 2000 dernières 

armées dans le Pacifique du Nord-Est seraient liées aux changements dans le système 

atmosphère-océan associé à la migration des deux cellules atmosphériques. En plus 

des variations naturelles, l'envirormement côtier et estuarien de la Colombie 

Britarmique a été largement perturbé par le développement industriel et 

l'augmentation des populations humaines (e.g., Key, 1989; Mackas et Harrison, 

1997), ce qui a eu une incidence directe sur la productivité marine incluant le 

phytoplancton, les mollusques et le stock de poissons à intérêt commercial. Les eaux 

usées provenant des égouts municipaux, des industries papetières et minières, du, 

lessivage des terres agricoles et des stations d'épuration constituent la principale 

source de pollution marine en Colombie britarmique (Lorimer, 1984; Key, 1989; 

Mackas et Harrison, 1997; Rideout et al., 2000). Les milieux estuariens de l'île de 

Vancouver se caractérisent, par une large gamme de concentration en chlorophylle 

durant la période estivale avec des valeurs de 1-3 j..lg ri au sud du détroit de Géorgie 

et de 10-20 j..lg ri dans l'estuaire du Fraser. Les concentrations en nitrates+nitrites y 

varient entre 18 et 27 ~ et la concentration en oxygène dissous dans l'eau profonde 

peut atteindre 1,5 ml ri . De telles valeurs sont proches des valeurs seuils d'une 

eutrophisation élevée selon le "NOAA's Estuarine Eutrophication SUl-vey" (Bricker 

et al., 1999). 

Les enrichissements en substances nutritives azotées et phosphorées induisent, en 

général, une modification de la composition du phytoplancton, qui se caractérise alors 

par la dominance des dinoflagellés par rapport aux diatomées. En plus, les milieux 

marins côtiers se caractérisent par des conditions hydrodynamiques particulières 

telles que la proximité des panaches fluviaux, la stratification thermique ou haline des 

eaux et l'absence de turbulence qui confère au milieu une stabilité verticale favorable 

au développement des blooms de dinoflagellés. Ces conditions contribuent souvent à 

la prolifération de taxons opportunistes toxiques responsables des marées rouges 
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(Paer!, 1988; Livingston, 2001; ICES, 2002; Varekamp et al., 2003). Le long des 

marges orientales des océans Atlantique et Pacifique, ces blooms coïncidents en 

général avec une baisse de l'intensité de l'upwelling et une augmentation de la 

température de l'eau. Le réchauffement global qui agit sur la circulation 

atmosphérique et océanique contribue à l'amplification de tels phénomènes (Cloem et 

al., 2005). 

Le Pacifique du Nord-Est représente donc un domaine océanographique unique, avec 

des zones de haute productivité le long de la côte ouest américaine influencée par des 

upwellings saisonniers. Cette situation exceptionnelle permet de mieux appréhender 

les variations spatiales de la composition des assemblages de dinokystes en relation 

avec la productivité primaire. L'étude de la distribution des kystes de dinoflagellés 

dans les milieux estuariens de la Colombie Britannique qui se caractérisent par des 

apports considérables en éléments nutritifs à la fois d'origine naturelle (upwelling) et 

anthropiques (rejets urbain et industriels) permet de voir si les assemblages de 

dinokystes préservés dans le sédiment peuvent aider à distinguer l'influence naturelle 

et anthropique sur l'écosystème marin côtier de cette région. 

Objectifs 

Dans ce contexte, soit celui des marges orientales du Pacifique, les objectifs 

principaux de cette thèse sont: 

(1) faire l'inventaire de la distribution des kystes de dinoflagellés dans les sédiments 

de surface du Pacifique du Nord-Est incluant les milieux océaniques, néritiques et 

estuariens, 
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(2) décrire la variabilité spatiale des assemblages le long de gradients de paramètres 

physico-chimiques et trophiques des eaux de surface. L'étude des sédiments 

estuariens de la Colombie Britannique permettrait d'évaluer les effets de la pollution 

anthropogénique sur les populations de dinokystes. Cette étude nous offre également 

l'opportunité d'aborder quelques questions sur la taxinomie et les affinités 

écologiques de certains taxa de dinokystes et de les comparer avec d'autres régions 

polluées comme les fjords norvégiens, le milieu côtier de Massachusetts et le port de 

Tokyo (Dale et al., 1999; Matsuoka, 1999; Pospelova et al., 2002), 

(3) définir, à l'aide de traitements statistiques (différentes analyses multivariées), des 

liens entre les assemblages de dinokystes et les conditions du milieu, soit les 

conditions hydrographiques, la concentration en éléments nutritifs, la concentration 

en chlorophylle, la productivité primaire et l'intensité des upwellings. Le but est de 

voir si les assemblages de dinokystes dans le sédiment peuvent enregistrer la 

productivité primaire et l'intensité de l'upwelling indépendamment des paramètres 

hydrographiques, 

(4) évaluer la validité et la robustesse de fonctions de transfert se basant sur les 

assemblages de dinokystes pour reconstituer la paléoproductivité. 

Pour répondre à ces objectifs, un total de 165 échantillons de sédiments de surface du 

Pacifique du Nord-est a fait l'objet de traitements et d'analyses palynologiques dans le 

cadre de ce travail. 76 de ces échantillons proviennent des milieux océaniques et 

néritiques incluant le golfe d'Alaska et les marges ouest américaines, 60 échantillons 

proviennent des milieux estuariens de la Colombie Britannique incluant le détroit de 

Géorgie et les fjords d'Effingham et de Seyour-Belize et 30 échantillons proviennent 

des milieux côtiers du golfe de Tehuantepec au large du Mexique et du golfe de 

Californie (Baie de la Paz). Les résultats sont reportés dans les deux premiers 
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chapitres de cette thèse. Des résultats additionnel d'ordre taxinomiques concernant la 

particularité de certains taxons, ainsi que la description d'une nouvelles espèce, 

observée notamment dans le golfe de Californie et le golfe de Tehuantepec, seront 

soumis sous peu pour publication dans la revue "Palynology". Enfin, des 

compilations de données modernes de productivité et de de données palynologiques 

de 1171 échantillons de sédiments de surface ont été réalisées pour définir des liens 

entres les assemblages de dinokystes et la productivité primaire à l'échelle de 

l' hémisphère nord et tester les fonctions de transfert basées sur la méthode des 

meilleurs analogues (Overpeck et al., 1985; Guiot, 1990). 
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DINOCYST DISTRIBUTION IN SURFACE SEDIMENTS FROM THE
 

NORTHEASTERN PACIFIC MARGIN (40-60 ON) IN RELATION TO
 

HYDROGRAPHIC CONDITIONS, PRODUCTIVITY AND UPWELLING
 

Taoufik Radi1 and Anne de Vernal l 

IGEOTOP, Uqam, C. P. 8888, succ. Centre ville, Montréal (Qc). H3C 3P8 Canada 

Fax: 5149873635 

Article publié en 2004 dans la revue Review of Palaeobotany and Palynology, 

volume 128, 169-193. 



Résumé 

Soixante seize échantillons de sédiments de surface provenant des marges nord-. 
occidentales américaines, entre 40 0 N et 60oN, ont fait l'objet d'analyses pour leur 
contenu palynologique. Le but est d'établir des liens entre la distribution régionale 
des assemblages de dinokystes et les conditions environnementales (température et 
salinité des eaux de surface, productivité primaire et upwelling). Les résultats 
illustrent des concentrations de dinokystes pouvant atteindre 34 000 kystes cm·3

, 

notamment dans les zones néritiques et une diversité taxinomique relativement 
élevée, avec trente deux taxons identifiés. Les assemblages incluent des kystes des 
dinoflagellés autotrophes et hétérotrophes. Brigantedinium spp. accompagné par 
d'autres taxons hétérotrophes comme Votadinium spp., Quinquecuspis concreta, 
Trinovantedinium variabile et Lejeunecysta spp. domine les assemblages des zones 
côtières influencées par l'upwelling saisonnier. Les sites océaniques sont dominés par 
les taxons autotrophes, représentés principalement par Operculodinium 
centrocarpum, Pyxidinopsis reticulata, Nematosphaeropsis labyrinthus et 
lmpagidinium aculeatum vers le Sud, et par 0. centrocarpum, Pentapharsodinium 
dalei, Spiniferites ramosus et Spiniferites elongatus dans le Golfe d'Alaska. L'analyse 
en composantes principales montre que la distribution régionale des assemblages de 
dinokystes est liée essentiellement à la productivité primaire, à l'intensité de 
l'upwelling et à la température de surface en hiver. 

Mots clés: Pacifique du Nord-Est, productivité, upwelling, dinokystes. 



Abstract 

Seventy-six surface marine sediment samples from the northwest margin of North 
America, between 400 N and 60oN, were analysed for their palynological content in 
order to document the regional distribution of dinocyst assemblages and their 
relationships with environmental conditions (sea-surface temperature and salinity, 
productivity and upwelling). The results illustrate a high concentration of dinocysts, 
notably in the neritic area (up to 34 000 cysts cm-3

) and a relatively high species 
diversity with thirty-two taxa identified. The assemblages include cysts of both 
autotrophic and heterotrophic species. Brigantedinium spp. accompanied by other 
heterotrophic taxa such as Votadinium spp., Quinquecuspis concreta, 
Trinovantedinium variabile and Lejeunecysta spp. dominate in the nearshore areas 
influenced by seasonal upwelling. The offshore sites are dominated by autotrophic 
taxa represented mainly by Operculodinium centrocarpum, Pyxidinopsis reticulata, 
Nematosphaeropsis labyrinthus and lmpagidinium aculeatum in the south, and by O. 
centrocarpum, Pentapharsodinium da lei, Spiniferites ramosus and Spiniferites 
elongatus in the Gulf of Alaska. Principal component analysis demonstrates that the 
regional distribution of dinocyst assemblages is controlled by the primary 
productivity and upwelling, and by the winter temperature gradient. 

Keywords: northeastern Pacific, productivity, upweIling, dinocyst assemblages. 



1.1 Introduction 

During the last decades, the growing interest in climate and environmental changes 

has motivated many studies aiming at documenting short- to long-term oceanic 

variations. The organic-walled dinoflagellate cysts (or dinocysts), which are generally 

well preserved in marine sediments, have been revealed to be a good proxy for the 

reconstruction of hydrographical changes at a millelU1ial scale. In the northern North 

Atlantic and adjacent seas, it has been shown that close relationships link the dinocyst 

assemblages and sea-surface temperature (SST), salinity, and seasonal duration of 

sea-ice coyer (e.g., Turon, 1984; Matthiessen, 1995; Rochon et al., 1999; de Vernal et 

al., 1994, 1997, 2001). Sorne re1ationships with primary productivity and nutrients 

have also been reported to exist in the northern North Atlantic (Devillers and de 

Vernal, 2000) and in coastal areas of the Scandinavian margins (Dale and Fjellsa, 

1994; Thorsen and Dale, 1997; Dale, 2001). In contrast to the North Atlantic (which 

has been intensively studied with regard to modern and Quaternary dinocyst 

assemblages), the modern distribution of dinocysts in the northern North Pacifie is 

still poody documented. The few studies of modern dinocyst assemblages that are 

available concern the coastal zones of Japan (Matsuoka, 1985, 1987, 1992, 1999), the 

Yellow Sea and East China Sea (Cho and Matsuoka, 2001), the coastal zones of 

British Columbia (Kumar and Patterson, 2001; Mudie et al., 2002) and the Bering Sea 

(Radi et al., 2001). 

Here, we report on the dinocyst content of seventy-six surface sediment samples, 

collected from 400N to 600 N and from 124°W to 1500 W (Fig.1 and Table 1). The 

results permit further documentation of the recent distribution of dinocysts in the 

northeastern Pacific. One of the aims of this study is to determine whether the 

regional environmental conditions, i.e. temperature, salinity, seasonality, productivity 

and upwelling, govern the distribution of dinoflagellate cysts. Given the context of 
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seasonal upwelling along the west coast of North America, special attention has been 

given to the relationship between the distribution of dinocysts, productivity and 

upwelling. Dinocysts have been shown to be good tracers of upwelling (Powell et al., 

1990; Lewis et al., 1990; Dale, 1996; Zonneveld, 1997a, 1997b, Zonneveld et al., 

1997, 2001). The ultimate goal of this study is to contribute to the establishment of a 

modem data set for the North Pacifie suitable for quantitative reconstructions of past 

sea-surface conditions, which could include upwelling and productivity, in addition to 

hydrographical parameters. 

1.2 Method 

1.2.1 Sampling and laboratory procedure 

The seventy-six surface sediment samples were collected either by gravity coring or 

box coring (cf. Table 1). Sediments were sub-sampled from the Oregon State 

University (OSU) archives, between 0 and 3 cm down in the core and prepared for 

palynological analysis following the standard procedure of the micropaleontological 

laboratory at GEOTOP (cf. de Vernal et al., 1999) as summarised below. 

Two to five cm3 of wet sediment were sieved at 10 and 106 /lm in order to remove 

coarse sand, fine silt and clay particles. The 10-106 /lm fraction was treated with Hel 

(10%) and HF (49%) to dissolve carbonate and silica particles. The residue was 

ultimately sieved at 10 /lm and mounted between a slide and coyer slide in glycerine 

gel. Dinocysts were identified and sy~tematically counted using a transmitted light 

microscope at 250x to 1000x magnification. The concentration of dinocysts was 

evaluated using the marker-grain method (Matthews, 1969), which yields results 

accurate to about 90% for a 0.95 confidence interval (de Vernal et al., 1987). In most 

samples, more than 300 cysts were identified, with the exception of offshore samples 
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BB311-36, BB311-29, BB311-S0, Y70-4-60 and W9009A-30, in which less than 100 

specimens were counted (Table 1). 

1.2.2 Nomenclature of dinoflagellate cysts 

The taxonomical nomenclature of dinocyst used here conforms to that presented in 

Radi et al. (2001) after Rochon et al. (1999). The assemblages also include cysts we 

attribute to Echinidinium granulatum (Plate 1), which was described by Zonneveld 

(1997a). The specimens we observed in our samples are similar to those from the 

Arabian Sea as illustrated in Zonneveld (1997a) with clear granulate cell wall, 

acuminate and hollow processes. However, in our material, the archeopyle was very 

difficult to observe because of badly oriented specimens. Thus, we refer these 

specimens to "cf. E. granulatum". Three specimens probably belonging to 

Echinidinium, but not to E. granulatum, were also encountered in sample TT68-18. 

These specimens are small and spherical with non-tabular and acuminate processes 

(25-30 /lm of central body diameter, S /lm of processes length; Plate 1). They were 

excluded from statistical analysis due to their rare occurrence. Brownish specimens 

surrounded by apical and antapical homs belonging to protoperidiniales, for which 

determination at the genus leve1 was difficult due to poor preservation and/or 

orientation are grouped under the label "undifferentiated Protoperidinioids". Sorne 

taxa were grouped because of morphological convergence and/or difficulties in 

seeing the archeopyle, e.g. Brigantedini1fm spp. which include Brigantedinium 

simplex and Brigantedinium cariacoense. Spiniferites elongatus, Spiniferites frigidus 

and Rottnestia amphicavata are grouped under Spiniferites elongatus s.l. (cf. Rochon 

et al., 1999). Operculodinium centrocarpum s.l. includes all the morphotypes 

described in de Vernal et al. (2001) and Radi et al. (2001). 
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1.2.3 Statistical methods 

Multivariate analyses were performed using the principal comp6nents analysis (PCA) 

software of Guiot and Goeury (1996). The PCA is a commonly used technique for 

studies dealing with variations of environmental parameters and their influence upon 

animal or vegetal populations. We chose PCA because it is a method of ordination, 

which yields projections according to a limited number of orthogonal axes (principal 

components) and therefore permits us to distinguish grouping of samples that may be 

related to particular environmental conditions. For data treatment, the percentages of 

dinocysts were ln-transformed in order to increase the weight of the taxa with low 

percentages, which generally have narrow ecological preferences, and to diminish the 

importance ofubiquitous taxa, whichoften dominate the assemblages. 

1.2.4 Hydrographical data 

The temperature and salinity data of surface water (water depth = 0 m) were compiled 

from the data set of the National Oceanographie Data Center (NODC, 1994), which 

includes data collected between 1930 and 1994. Compilation was made to calculate 

mean values for aIl measurements available within one degree square. Productivity 

data are from Antoine et al. (1996) and were estimated from satellite observations of 

the chlorophyll distribution. The upwelling index (UI) used here is from the Pacifie 

Fisheries Environmental Laboratory (PFEL) of the National Oceanographie and 

Atmospheric administration (NOAA). The calculation of UI is based upon the 

offshore Elanan transport due to geostrophic wind stress, which is derived from 

surface atmospheric pressure fields. The mass transport of the surface water is 90° to 

the right of the wind direction in the Northem Hemisphere. Elanan transports are 

_resolved into components parallel and normal to the local coastline orientation. The 



18 

magnitude of the offshore component is considered to be an index of the amount of 

upwelled water. UI in PFEL's data set is represented in term of m3 
S-I per 100 m of 

coastline and includes six-hourly and monthly data from 1967 to 2001. More 

information is available from the PFEL web site (http://www.pfeg.noaa.gov/index.html). 

1.3 Oceanographie settings 

1.3.1 Atmospheric circulation 

Atmospheric circulation in the northeastem Pacific is characterized by the 

anticyclonic North Pacific high and the cyclonic Gulf of Alaska-Aleutian low

pressure cells (Thomson, 1981; Rienecker and Ehret, 1988; Trenberthand Hurrell, 

1994; Mock et al., 1998). In winter, the strong intensity of the Aleutian low generates 

cyclonic winds, which dominate from auturnn to early spring. The antlcyclonic North 

Pacific high occurs all the year, but its intensity is highest in summer, thus generating 

anticyclonic wind. As a consequence, the dominant winds originate from the west in 

winter and from the northwest in summer. 

1.3.2 Surface water circulation 

The configuration of wind contributes to the formation of the Alaska and Califomia 

currents, which are derived respectively from the Subarctic and North Pacifie currents 

(Huyer, 1983; Mock et al., 1998; Fig. 1). Along the Califomia and Oregon coasts, 

strong summer wind from the northwest results in offshore Ekman transport. As a 

consequence, upwelling of cold nutrient-rich water occurs along the eastem margin of 
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the North Pacifie as far north as Vancouver Island (Thomson,i981; Ruyer, 1983). 

Upwelling shows a pronounced seasonal cycle and occurs from April to September. It 

is stronger in the northem part of the Califomian CUITent and decreases towards the 

north. No upwelling occurs along the coast of the Gulf of Alaska (Fig. 2). 

1.3.3 Productivity 

A wide range of bio1ogical production rates characterize the study area. The open 

ocean sites are characterized by low productivity «100 gC m-2 yr-l), whereas the 

coasta1 areas record primary productivity up to 500 gC m-2 yr-l (Antoine et al., 1996), 

the highest values being recorded in seasonal upwelling areas along the British 

Columbia and Califomia coasts (Figs. 2 and 3). In these regions there are two major 

blooms of phytop1ankton during the year: the spring bloom, which is principally 

associated with diatoms, and the summer to late summer bloom resulting from mixed 

phytoplankton growth including dinoflagellates (Thomson, 1981). These two blooms 

typically occur from April to June and from June to September, respectively (Fig. 4). 

1.3.4 Temperature and salinity 

Except in the Gulf of Alaska, which is characterized by relatively cold water, the 

eastem margin of the North Pacifie is occupied by temperate waters. In the study 

area, sea-surface temperature (SST) ranges between 4 and Il.4°C in winter, with a 

decreasing gradient from the south to the north. In summer, SST ranges from 12 to 

19°C (Fig. 5) with an east to west gradient, i.e. with colder water along the coastal 

areas (Thomson 1981) as a result of seasonal upwelling (Fig. 3). 
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Mean annual salinity is relatively low in the northeastem Pacifie since precipitation 

exceeds evaporation. As a result, the water colurnn is characterized by a strong 

stratification with a sharp halocline (Warren, 1983). In the study area, salinity ranges 

from 31 to 33 in August, with the exception of three sites (SUSP5-02, SUSP5-05, 

Y7409-02) close to Kenai Peninsula and the Columbia River end member, which are 

marked by a very low salinity (Fig. 5). 

1.4 Dinoflagellate cyst distribution 

The dinocyst concentration in surface sediment samples ranges from 200 to 34 000 

cysts cm-3 (Fig. 6 and Table 1) with the highest values observed in the neritic areas. 

Offshore areas show relatively low concentrations and low species richness. In 

general, heterotrophic-related taxa are dominant in the coastal zone. They include 

protoperidiniales (Brigantedinium spp., Quinquecuspis concreta, Votadinium spp., 

Lejeunecysta spp., Selenopemphix spp.) as weIl as gymnodiniales (cysts of Polykrikos 

kofoidii). Autotrophic-related taxa such as Operculodinium centrocarpum, 

Nematosphaeropsis labyrinthus, Pyxidinopsis reticulata and Impagidinium aculeatum 

mainly occur in the offshore area (Fig. 7; Plates 1 and 2). 

Results of the PCA show that the two first principal components represent 

respectively 80.4 and 7.1 % of the variance (Fig. 8). Each of the other components 

explains less than 3% of the variance and they are therefore considered to represent a 

non-significant part of variation in the assemblages. 
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Ali the heterotrophic-related taxa, inc1uding protoperidiniales and gymnodiniales 

taxa, are ordinated on the negative side of the first principal component axis (PC 1), 

whereas most gonyaulacales taxa (0. centrocarpum, Nematosphaeropsis labyrinthus, 

Irnpagidinium aculeatum and I. pallidum) are ordinated on the positive side (Fig. 8). 

The PC1 values show a distal-proximal gradient with very high values at nearshore 

sites along the west coast of America (Fig. 9a). The second principal component 

(PC2) illustrates an opposition between temperate taxa (Impagidinium strialatum, I. 

sphaericum, I. paradoxum, [ patulum, I. aculeatum and Spiniferites mirabilis) and 

cold-water or ubiquitous taxa (Spiniferiles elongatus, S. ramosus, Spiniferites spp. 

and cysts of Pentapharsodinium dalei; Fig. 8). PC2 illustrates a latitudinal gradient 

showing the highest values in the Gulf of Alaska (Fig. 9b). 

Based on the relative abundance of taxa and the results of the PCA, five assemblage 

zones are defined (Figs. 6-10): 

Assemblage zone l occurs in the Gulf of Alaska where the surface water is marked by 

a low temperature of about 4°C in February and 10°C in August. Dinocyst 

concentrations are variable from 145 to 13 500 cysts cm-3
. The assemblage 

composition in this zone is dominated by Brigantedinium spp., Spiniferites ramosus, 

S. elongatus, Spiniferites spp., cysts of Pentapharsodinium dalei and Operculodinium 

centrocarpum. It is also characterized by high PC2 values (Fig. la). This assemblage 

is similarto the modem one in the southem Bering Sea (Radi et al., 2001) with 

respect to species composition arid relative abundance of taxa, except for the lack of 

Nematosphaeropsis labyrinthus, which occurs only in the Gulf of Alaska. 

Assemblage zone II occurs in the coastal zones of Vancouver Island, where primary 

productivity is high because of coastal upwelling. Dinocyst concentration (up to 
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34000 cysts cm-3
) and specles richness are high. The assemblage shows sorne 

similarities to lower-Iatitude assemblages from the Atlantic Ocean, such as the coastal 

zones of the Gulf of Guinea (Marret, 1994). This assemblage is characterized by the 

dominance of Brigantedinium spp. and other protoperidinian heterotrophic taxa. It is 

marked by negative scores of PCI. This assemblage is comparable to the one 

described from surface sediment samples collected in Effingham Inlel, along the 

Vancouver Island coast (Kumar and Patterson, 2001) and in the Strait of Georgia 

(Guilbault et al., 2003). 

Assemblage zone III corresponds to the open ocean domain at middle latitudes where 

primary productivity is low «180 gC m-2yr-l). Dinocyst concentration in this zone is 

relatively low (300-9000 cysts cm-3
). The assemblage includes most species found in 

the Atlantic Ocean at the same latitude (cf. Rochon et al., 1999). It is characterized by 

the dominance of the autotrophic taxa Operculodinium centrocarpum, 

Nematosphaeropsis labyrinthus and Pyxidinopsis reticulata. This assemblage is 

distinguished on the basis of positive PCI values. 

Assemblage zone IV is associated with the coastal zone off North Califomia and 

Oregon, where there is a high productivity related to upwelling. The assemblage is 

largely dominated by Brigantedinium spp. and other heterotrophic taxa. PCI shows 

negative scores and the overall assemblage is comparable to that of assemblage zone 

II. However, assemblage N is distinguished by PCI values that are slightly less 

negative than for assemblage zone II, and by the occurrence of warm taxa such as 

Impagidinium paradoxum and 1. aculeatum, which relate to relatively warm sea

surface conditions. 

Finally, assemblage zone V corresponds to the open ocean domain in the southem 

part of the study area. Dinocyst concentrations are low «1300 cysts cm-3
) and the 
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assemblage is dominated by Operculodinium centrocarpum (reaching up to 80% of 

the sum) and Impagidinium aculeatum (up to 30%), which are accompanied by 1. 

patulum and 1. paradoxum also showing relatively high percentages. This assemblage 

zone is distinguished by positive PCI scores and negative PC2 scores. 

1.5 Discussion 

1.5.1 Relationships between dinocyst assemblages and environmental conditions 

In order to explore the relationships between the distribution of dinocysts and the 

selected oceanographie parameters, a matrix of correlation was developed (see Table 

2). On the whole, there is no strong correlation between individual taxa percentages 

and the selected hydrographie parameters. Nevertheless, Spiniferites elongatus shows 

a negative relationship with the February SST, whereas Impagidinium aculeatum 

seems to be positively related to August SST. A stronger relationship apparently 

exists between some of the taxa and the productivity: Brigantedinium spp., 

Quinquecuspis concreta, Islandinium minutum, Votadinium spp., Selenopemphix spp. 

and cysts of Polykrilws kofoidii are positively linked with productivity, and there is a 

significant correlation between the total percentage of heterotrophic taxa and the 

primary productivity (R = 0.76) or the upwelling intensity (R = 0.80; cf. Fig. Il). 

Moreover the assemblages, as quantified through principal component analysis, show 

a very strong relationship between PCI and productivity (R = -0.88) and the total 

percentages of heterotrophic taxa (R = 0.91; Fig. 12). Although more equivocal, there 

seems to be a link between the mean UI in summer (June to September) and PCI 

(Fig. 13). 
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The PC2 distribution shows a latitudinal pattern in dinocyst assemblages (Fig. 9b). It 

seems to be explained by sea-surface conditions in winter as illustrated by the 

significant correlation between the PC2 and the February SST (R = -0.79; Fig. 14). In 

contrast, no clear relationship can be shown between August SST and the dinocyst 

assemblages or PC2, likely because the upwelling during summer, which is stronger 

in the south, results in limited gradient oftemperature over the study area (see Fig. 6). 

The small range of sea-surface salinity in the study area does not permit us to 

illustrate accurately the relationship between the salinity and the dinocyst 

assemblages. 

1.5.2 Dinocysttaxa and assemblages versus upwelling 

Dinocyst assemblages dominated by cysts of heterotrophic taxa, notably cysts of 

Protoperidinium species, have been reported in various low-latitude upwelling zones 

characterized by high productivity and nutrient availability. They include the Gulf of 

Guinea (Marret, 1994), the Benguela upwelling region (Zonneveld et al., 2001), the 

Arabian Sea (Zonneveld, 1997a, 1997b; Zonneveld et al., 1997), the Peruvian coast 

(Lewis et al., 1990, Powell et al., 1990), and the Iberian west coast (Sprangers et al., 

2004). The dominance of heterotrophic taxa was also reported from high-latitudes 

environments such as the eastern margin of Greenland (Rochon et al., 1999) and the 

high-productivity area of the north water polynya that is related to upwelling (Hamel 

et al., 2002). In all cases, the abundance of heterotrophic-related taxa is most likely 

the result of food availability, notably diatoms (Jacobson and Anderson, 1986) 

whereas the low production of autotrophic dinoflagellates could be related to 

competition with the blooming diatom populations. In the North Pacific Ocean, the 

spring bloom of diatoms likely constitutes the major source of food for heterotrophic 

dinoflagellates. 
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Although the heterotrophic taxa dominance seems to be a common characteristic of 

upwelling iegions, the assemblages of the northeastem Pacifie upwelling zone 

(assemblage zones II and IV) show sorne particularities: 

The northeastem Pacifie assemblages differ from those of other high-latitude 

upwelling and polynyas (Rochon et al., 1999; Hamel et al., 2002) by their high 

species richness amongst protoperidiniales, with significant occurrences of 

Votadinium spp., Lejeunecysta spp., Quinquecuspis concreta and Echinidinium 

granulatum (Fig. 7; Plate 1). 

Lingulodinium machaerophorum is totally absent from the northeastem Pacifie, 

although it is a common to dominant taxon in most if not aIl upwelling areas of low 

to middle latitudes such as the African west coast (Marret, 1994; Zonneveld et al., 

2001), the northwest Iberian coast (Sprangers et al., 2004), the Arabian Sea 

(Zonneveld, 1997a, 1997b; Zonneveld et al., 1997) and the Peruvian coast (Lewis et 

al., 1990). 

The cyst of Polykrikos kofoidii, which eharacterizes upwelling zones of the 

northeastem Pacifie (up to 8%), records high percentages in other upwelling zones 

from the Atlantic Ocean (Marret, 1994; Zonneveld et al., 2001) and oceurs in other 

areas of the North Pacifie, such as the southeastem Bering Sea (Radi et al., 2001) and 

the coastal zones of Japan (Matsuoka, 1985, 1987; Matsuoka and Cho, 2000). 

However, in the Pacifie, it was not observed in the Peruvian upwelling zone (Lewis et 

al., 1990). 
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1.6 Conclusion 

The results of this study provide new information on the regional distribution of 

dinocyst assemblages and their relationships with environmental conditions in the 

northeastern Pacific. Productivity largely linked to seasonal upwelling constitutes the 

major parameter control1ing the distribution pattern of dinocyst assemblages on a 

regional scale. In particular, the increase in relative abundance of heterotrophic taxa 

in the coastal zones appears c10sely related to prey availability (diatoms), which is the 

result of high primary productivity. In addition, the distribution pattern of dinocyst 

assemblages fol1ows a latitudinal gradient that illustrates the importance of winter 

sea-surface temperature. 

On this basis, the results of this study- can be used together with results of previous 

work reporting on the dinocyst assemblages in Bering Sea (Radi et al., 2001) and the 

coastal areas of British Columbia (Kumar and Patterson, 2002) in order to establish a 

reference dinocyst database for the northern North Pacific Ocean. Such a database 

could eventually be used to reconstruct quantitatively sea-surface conditions 

including productivity in the northern Pacific, thus contributing to extend the 

potential of dinocysts assemblages as environmental tracers. 

1.7 Acknowledgements 

We are grateful to the Oregon State University for access to samples (NSF grant 

OCE97-12024) and to B. Conard for the subsampling of core tops. We are also 

grateful to 1. McKay and F. Marret for the critical reading of the earlier manuscript. 



27 

We thank 1. Powell and D. Hemandez-Becerril for the review of the manuscript. The 

Natural Science and Engineering Council (NSERC) of Canada have suppolied this 

research, notably through the Climate System History and Dynamics (CSHD) project. 



28 

1.8 References 

Antoine, D., André, J.M., Morel, A, 1996. Oceanic primary production. 2. 
Estimation at global scale from satellite (costal zone colour scanner) chlorophyll. 
Global Biogeochemical Cycles 10; 57-69. 

Cho, B.-J., Matsuoka, K., 2001. Distribution of dinoflagellate cysts in surface 
sediments from the Yellow Sea and East China Sea. Marine Micropaleontology 42, 
103-123. 

Dale, B., Fjellsa, A, 1994. Dinoflagellate cysts as paleoproductivity indicators: state 
of the art, potential and limits. ln: Zalm, R., Pedersen, T., Kaminski, M., Labeyrie, L. 
(Eds.), Carbon cycling in the glacial Ocean: constrains on the ocean's role in global 
change. Berlin, Springer-Verlag, 521-537. 

Dale, B., 1996. Dinoflagellate cysts ecology: modelling and geological applications. 
In: Jansonius, l, McGregor, D. (Eds.), Palynology: principles and applications. The 
American Association of Stratigraphie Palynologists Foundation. Salt Lake City, 
1249-1276. 

Dale, B., 2001. Marine dinoflagellate cysts as indicators of eutrophication and 
industrial pollution: a discussion. The Science of the Total Envirorunent 264, 235
240. 

de Vernal, A., Larouche, A., Richard, P.J.B., 1987. Evaluation of palynomorph 
concentrations: do the aliquot and the marker-grain methods yield comparable 
results? Pollen et Spores 29, 291-304. 

de Vernal, A, Turon, 1-L., Guiot, l, 1994. Dinoflagellate cyst distribution in high
latitude marine envirorunents and quantitative reconstruction of sea-surface salinity, 
temperature, and seasonality. Canadian Journal of Earth Sciences 31, 48-62. 

de Vernal, A, Rochon, A, Turon, 1-L., Matthiessen, l, 1997. Organic-walled 
dinoflagellate cysts: palynological tracers of sea-surface conditions in middle to high 
latitude marine envirorunents. Geobios 30, 905-920. 

de Vernal, A, Henry, M., Bilodeau, G., 1999. Technique de préparation et d'analyse 
en micropaléontologie. Unpublished report, Les Cahiers du GEOTOP, Université du 
Québec à Montréal 3, 41 pp. 

de Vernal, A., Henry, M., Matthiessen, J., Mudie, P.J., Rochon, A, Boessenkool, K., 
Eynaud, F., Gf0sfjeld, K., Guiot, l, Hamel, D., Harland, R., Head, M.J., Kunz



29 

Pimmg, M., Levac, E., Loucheur, V., Peyron, O., Pospelova, V., Radi, T., Turon, J.
L., Voronina E., 2001. Dinocyst assemblages as tracer ofsea-surface conditions in the 
nOlthern North Atlantic, Arctic and sub-Arctic seas: the "n = 677" database and 
derived transfer functions. Journal of Quaternary Science 16,681-698. 

Devillers, R., de Vernal, A, 2000. Distribution of dinocysts in surface sediments of 
the northern North Atlantic in relation with nutrients and productivity in surface 
waters. Marine Geology 166, 103-124. 

Guilbault, J.P., Barrie, lV., Konway, K., Lapointe, M., Radi, T., 2003. 
Paleoenvironments associated with the deglaciation process in the Strait of Georgia, 
off British Columbia: microfaunal and microfloral evidence. Quaternary Science 
Reviews 22,839-857. 

Guiot, J., Goeury, c., 1996. PPPbase, a software for statistical analysis of 
paleoecological data. Dendrochronologia 14,295-300. 

Hamel D., de Vernal, A, Hillaire-Marcel, C., Gosselin, M., 2002. Organic-walled 
microfossils and geochemical tracers: sedimentary indicators of productivity change 
in the North Water and northern Baffin Bay (high Arctic) during the last centuries. 
Deep Sea Research II 49,5277-5295. 

Huyer, A, 1983. Coastal upwelling in the California current system. Progress ln 

Oceanography 12, 259-284. 

Jacobson, D., Anderson, D., 1986. Thecate heterotrophic dinoflagellates: Feeding 
behaviour and mechanics. Journal of Phycology 22, 249-258. 

Kumar, A, Patterson, T., 2002. Dinoflagellate cyst assemblages from Effingham 
Inlet, Vancouver Island, British Columbia, Canada. Palaeogeography, 
Palaeoclimatology, Palaeoecology 180, 187-206. 

Lewis, l, Dodge, lD., Powell, Al, 1990. Quaternary dinoflagellate cysts from the 
upwelling system offshore Pern, Hole 686B, ODP Leg 112. In Suess, E., von Huene, 
R., et al. (eds.), Proceeding of the Ocean Drilling Program. Scientific Results 112, 
323-327. 

Marret, F., 1994. Distribution of dinoflagellate cysts in recent marine sediments from 
the east Equatorial Atlantic (Gulf of Guinea). Review of Palaeobotany and 
Palynology 84, 1-22. 



30 

Matsuoka, K., 1985. Organic-walled dinoflagellate cysts from surface sediments of 
Nagasaki Bay and Senzaki Bay, West Japan. Bulletin of the Faculty of Liberal Arts, 
Nagasaki University 25, (2), 21-115. 

Matsuoka, K., 1987. Organic-walled dinoflagellate cysts from surface sediments of 
Akkeshi Bay and Lake Saroma, North Japan. Bulletin of the Faculty of Liberal Arts, 
Nagasaki University 28, (1), 35-123. 

Matsuoka, K., 1992. Species diversity of modem dinoflagellate cysts in surface 
sediments around the Japanese islands. In: Head, M.J.; Wrellll, J.H. (eds.), Neogene 
and Quaternary dinoflagellate cysts and acritarchs. American Association of 
Stratigraphie Palynologists Foundation, Dallas, TX, pp. 33-53. 

Matsuoka, K., 1999. Eutrophication process recorded in dinoflagellate cyst 
assemblages - a case of Yokohama Port, Tokyo Bay, Japan. The Science of the Total 
Environment 231, 17-35. 

Matsuoka, K., Cho, H.J., 2000. Morphological variation in cyst of gymnodinialean 
dinoflagellate Polykrikos. Micropaleontology 46,360-364. 

Matthews, J., 1969. The assessment of a method for the determination of absolute 
pollen frequencies. New Phytologist 68,161-166. 

Matthiessen, J., 1995. Distribution patterns of dinoflagellate cysts and other organic
walled microfossils in recent Norwegian-Greenland Sea sediments. Marine 
Micropaleontology 24,307-334. 

Mock, C.J., Bartlein, P.J., Anderson, P.M., 1998. Atmospheric circulation patterns 
and spatial climatic variations in Beringia. International Journal of Climatology 10, 
1085-1104. 

Mudie, P.J., Rochon, A., Levac, E., 2002. Palynological records ofred tide-producing 
species in Canada: past trends and implications for the future. Palaeogeography, 
Palaeoclimatology, Palaeoecology 180, 159-186. 

NODC, 1994. World Ocean Atlas. National Oceanic and Atmospheric 
Administration, Boulder, Colorado, CD-ROM data set. 

Powell, AJ., Dodge, J.D., Lewis, J., 1990. Late Neogene to Pleistocene palynological 
facies of the Peruvian continental margin upwelling, Leg 112. In Suess, E., von 
Ruene, R., et al. (eds.), Proceeding of the Ocean Drilling Program. Scientific Results 
112,297-321. 



31 

Radi, T., de Vernal, A., Peyron, O., 2001. Relationships between dinocyst 
assemblages in surface sediments and hydrographie conditions in the Bering and 
Chukchi seas. Journal of Quaternary Science 16,667-680. 

Rienecker, M., Ehret, L., 1988. Wind stress curl variability over the North Pacifie 
from the comprehensive Ocean-Atmosphere data set. Journal of Geophysical 
Research 96, 5069-5077. 

Rochon, A., de Vernal, A., Turon, l-L., Matthiessen, J., Head, M.J., 1999. 
Distribution of dinoflagellate cysts in surface sediments from the North Atlantic 
Ocean and adjacent seas in relation to sea-surface parameters. Arnerican Association 
of Stratigraphie Palynologists, Contribution Series 35, 152 pp. 

Sprangers, M., Dammers, N., Brinkhuis, H., van Weering, T.e.E., Lotter, A.F., 2004. 
Modem organic walled dinoflagellate cyst distribution offshore NW Iberia; tracing 
the upwelling system. Review ofPalaeobotany and Palynology 128,97-106. 

Thomson, R.E., 1981. Oceanography of the British Columbia coast. Canadian Special 
Publication of Fisheries and Aquatic Sciences, Ottawa, ON, 56, 291 pp. 

Thorsen, T.A., Dale, B., 1997. Dinoflagellate cysts as indicators of pollution and past 
climate in a Norwegian fjord. The Holocene 7,433-446. 

Trenberth, K.E., Hurrell, J.W., 1994. Decadal atmosphere-ocean variations ln the 
Pacifie. Climate Dynamics 9,303-319. 

Turon, l-L. 1984. Le palynoplancton dans l'environnement actuel de l'Atlantique 
nord-oriental. Évolution climatique et hydrologique depuis le dernier maximum 
glaciaire. Mémoire de l'Institut de Géologie du bassin d'Aquitaine, Bordeaux, 17, 
313 pp. 

Warren, B.A., 1983. Why is no deep water formed in the North Pacifie? Journal of 
Marine Research 41,327-347. 

Zonneveld, K., 1997a. New species of organic walled dinoflagellate cysts from 
modem sediments of the Arabian Sea (Indian Ocean). Review of Paleobotany and 
palynology 97,319-337. 

Zonneveld, K., 1997b. Dinoflagellate cyst distribution in surface sediments from the 
Arabian Sea (northwestern Indian Ocean) in relation to temperature and salinity 
gradients in the upper water column. Deep-Sea Research II 6-7, 1411-1443. 



32 

Zonneveld, K., Ganssen G., Troelstra, S., Versteegh, G.J.M., Visscher, H., 1997. 
Mechanisms forcing abrupt fluctuations of the Indian Ocean summer monsoon during 
the last deglaciation. Quatemary Science Reviews 16, 187-201. 

Zonneveld, K., Hoek, R.P, Brinkhuis, H., Willems, H., 2001. Geographical 
distribution of organic-walled dinoflagellate cysts in surficial sediments of the 
Benguela upwelling region and their relationship to upper ocean conditions. Progress 
in Oceanography 48, 25-75. 



33 

1.9 Figure captions 

Figurel. Location map ofstudy sites (dots). The alTOWS indicate the mean pathway of 

the surface currents. Isobaths indicate water depth at 200 and 1000 meters. 

Figure 2. Seasonal change in productivity and upwel1ing index (UI) at selected 

coastal sites. Productivity data are from Antoine et al. (1996). The UI data are from 

the PFEL data set of NOAA (http://www.pfeg.noaa.gov/index.html). UI data 

represent mean values calculated from 1967 to 2001. UI is expressed in teITn of 

m3 S·I per 100 m of coastline. 

Figure 3. Sea-surface temperature in August plotted against annual pnmary 

productivity. Black dots indicate sites with low temperature and high productivity, 

which corresponds to upwel1ing situation. 

Figure 4. Seasonal variation ln primary productivity (Antoine et al., 1996) and 

temperature (NODC, 1994) at selected sites. Black arrows indicate the spring bloom 

and white arrows indicate the summer to late summer bloom. AP = Annual primary 

productivity in term of gC m'z yr-I. 

Figure 5. Relationship between sea-surface temperature in August, sea-surface 

temperature in February and sea-surface salinity in August. Black dots indicate sites 

characterized by fresh water input and thus by particularly low salinity. 

Figure 6. Diagram illustrating the percentages of al1 dinocyst taxa except 

Bitectatodinium tepikiense and Echinidinium spp., which occur only occasionally. On 

the right of the diagram are indicated the total cyst concentration, the two first 
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principal components (PCI and PC2) which respectively represent 80.4% and 7.1 % 

of the variance, the sea-surface temperature and the primary productivity. 

Figure 7. Maps showing the percentages of dinocyst taxa in the northeastern Pacifie. 

Figure 8. Ordination of each taxon based on the two first principal component axes. 

The white diamonds represent cysts of autotrophic taxa and the black diamonds, cysts 

of heterotrophic taxa. 

Figure 9. Maps showing the geographical distribution ofPCl and PC2 values. 

Figure 10. Definition of dinocyst assemblages according to PCI and PC2. PCI 

permits the separation of neritic and oceanic areas, whereas PC2 exhibits a latitudinal 

gradient. 

Figure Il. Relationship between the percentages of heterotrophic taxa and 

productivity and mean UI in summer (average over June, July, August and 

September). Only coastal sites, where a UI can be generated, are represented. The 

coefficients of correlations were calculated based on a logarithmic relationship. 

Figure 12. Relationship between PCI and the annual primary productivity and the 

percentages of heterotrophic taxa. The coefficient of correlation was calculated based 

on a logarithmic curve (PCI versus Productivity) and a linear relationship (PCI 

versus heterotrophic taxa percentages). 

Figure 13. Relationship between the summer UI and PC 1. Only coastal sites, where a 

UI can be generated, are represented. The coefficient of correlation was calculated 

based ori a linear relationship. 
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Figure 14. Relationship between PC2 and productivity. The coefficient of correlation 

is calculated after a linear regression. 

1.10 Table captions 

Table 1. Sampling site location, sea surface temperature and salinity (NODC, 1994), 

annual productivity (Antoine et al, 1996), dinocyst concentrations and values for the 

two first principal components PC1 and PC2. 

Table 2. Matrix of cOlTelation between dinocyst assemblages and taxa and selected 

oceanographie parameters. The correlations are based on linear or logaritl:unic 

(Asterisks) relationship. 

1.11 Plate captions 

Plate 1. Scale bar is 10 Ilm. Sample number is followed by the England Finder 

coordinates. 

1-3, cf. Echinidinium granulatum. 1-2, W8809A-3, LA312-4. 3, W8809A-53, F52/2 

4-6, Echinidinium spp. 4, W8809A-53, B50/3. 5-6, TT68-18, H1912. 

7-9, Cysts of Protoperidinium americanum. TT68-18, B55. 7, apical view showing 

apical surface and archeopyle. 8, antapical surface. 9, optical section showing outer 

wall. 

10, Votadinium calvum. TT68-18, E25/1. 

Il, Votadinium spinosum. Y7409-2, T50/1-3. 
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12, Quinquecuspis concreta. TT68-18, D18/3. Dorsal view showing striations on the
 

wall surface.
 

13, Selenopemphis quanta. Y74-1-8, 139/l.
 

14-15, Cyst of Polykrikos kofoidii. TT68-18. 14, E55/3. 15, C39/4.
 

Plate 2. Seale bar is 10 ~m. Sample number is followed by the England Finder
 

eoordinates.
 

1-3, Impagidinium strialatum. Y74-1-8, F47/3. l, Ventral view. 2, dorsal view. 3, rnid
 

foeus.
 

4, Impagidinium aculeatum. 7407-4, S39. 

5, Spiniferites mirabilis. TT49-22, L16/2. 

6, Nematosphaeropsis labyrinthus. TT53-005, Q17. 

7-9, Cyst of Pentapharsodinium dalei. W8808A-3, B12/4. 7, Ventral view. 8, dorsal 

view. 9, mid foeus. 

10-11, Operculodinium centrocarpum. W8809A-3, F12/4. 10, Dorsal surface 

showing areheopyle. Il, mid foeus. 

12, Pyxidinopsis reticulata. TT39-17, E30. 
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Figure 4 
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Figure 5 
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Figure 7 

Brigantedinium spp. Quinquecuspis concreta 

• 4106% • 
• 2104% 

• <2% 

Is/andinium minutum Is/andinium? cezare 

.6108% 
• 4106% • 1.5103% 
e 2104% • < 1.5% 
o <2% 

Selenopemphix quanta Selenopemphix nephroides 

6108% 
• 4106%4106% • 2104% • 

• 2104% • <2% 
• <2% 



44 

Figure 7 - continued 
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Figure 7 - continued 
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Figure 7 - continued 
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Figure 7 - continued 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure Il 
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Figure 12 
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Figure 13 
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Table 1 

Site Laboratory Cortng Latitude Longitude Water Temperature Temperature Salinity Dinocysts Dinocyst Annual PCI PC2 
number device depth Febru.ry August August coun! concentration prOdltctivity 80.4 % of the 7.1 % of the 

(m) Cc) Cc) (cysts cm") (gC m·l yr") variance variance 
SUSP5-05 1592-4 Gravity 59·40.98'N 148·34.98W 110 4.3 13.4 29.0 246 2821 195.0 0.84 3.93 
SUSP5-02 1592·3 Gravity 59'33,30'N 147·18.48'W 190 4.5 14.1 29.8 322 5704 194.1 ·1.25 1.38 
Y70·<l-51 159<1-4 Gravily 59·04.98'N 143"40.20'W 3650 4.6 13.7 32.0 301 1053 165.3 -1.46 2.71 
SU453-80ct 1592-1 GravilY 59·02.40'N 150·00.00'W 198 4.3 12.6 31.5 174 1810 222.1 ·2.21 2.11 
SUSP5-15 1592-5 Gravity 55'41.22'N 153·57.00'W 1590 4.2 11.9 32.3 51 13510 167.4 -2.46 1.73 
Y70·3-48 159<1-3 Gravily 58·07.80'N 141·40.92'W 3636 4.1 14.5 32.2 39 10460 146.2 1.25 3.39 
Y70-2-42 15942+1737-6 GravilY 5T48.12'N 138·23.40'W 2912 5.4 14.1 31.9 277 5810 203.5 0.01 2.84 
Y70-2-40 149<1-1 Gr.vilY 56·30.18'N 143'52.62'W 3827 5.0 12.6 32.5 137 415 100.1 1.81 3.77 
TT053-04 1531-1 Gravity 56·11.52'N 136·26.40'W 2575 5.9 14.0 32.2 134 5716 188.7 0.32 3.70 
TT053·05 1531-2 Gravity 55·18.00'N l38'06.18'W 2997 5.7 12.3 32.5 322 975 132.2 2.50 2.94 
TT053-06 1531-3 Gravit y 54·58.98'N 136-07.50'W 2760 6.1 13.7 32.2 51 2696 137.6 1.37 2.98 
TT053-07 1531-4 Gravily 54'51.18'N 137'53.58'W 3139 5.6 12.5 32.5 148 9179 133.0 -0.86 1.90 
Y70-4-60 1588-4 Gravit y 51·37.98'N 139·12.18'W 3707 6.1 14.2 32.5 149 145 107.7 1.50 1.05 
JT96-0Imc2 1183-1 Mullicore 48·45.97'N 125"30.02'W 115 8.1 15.1 31.7 141 7142 415.6 -8.03 -2.17 
OA057-22 1591·6 GravilY 48·21.30'N 124·08.40'W 311 7.5 12.3 30.9 238 1126 260.2 -4.01 -0.32 
Y7409-02 1639-6+1588-5 GravilY 46'12.18'N 124'14.52'W 79 9.6 15.0 24.1 315 1057 512.2 -6.62 -1.05 
W7905A·142 1533-5 Gravity 44'30.00'N 124·54.00'W 456 9.5 14.0 32.0 302 6717 230.8 -5.78 -1.33 
TT068-18 1740-5 Gravity 47"22.98'N 124·54.78'W 1240 8.9 15.2 31.9 353 33563 304.1 -5.76 -2.11 
JT96-06mc2 1183-4 Mullicore 48·58.73'N 126·52.68'W 721 8.1 15.2 31.9 412 5472 300.6 -5.86 0.00 
JT96-09mc3 1177-5 Mullicore 48·54.72'N 126·53.40'W 920 8.1 15.2 31.9 303 8732 300.6 -5.89 -0.95 
JT96-02bc 1183-6 Box 49'13.07'N 127' 18.61 'W 1340 7.8 14.9 31.8 302 10149 254.4 -4.94 -0.44 
TT090-38 1532-5 Gravity 47·56.10'N 125"21.30'W 752 8.8 14.0 31.9 333 10477 231.1 -4.67 0.28 
TT090-35 1532-3 Gravity 48·10.98'N 125·46.20'W 963 8.5 14.1 31.8 228 10540 289.3 -3.72 0.52 
TT090-41 1532-6 Gravity 47·36.12'N 125·45.48'W 1444 '8.9 15.7 31.8 344 3835 172.4 -3.42 -0.90 
TT090-36 1532-4 Gravity 48·12.60'N 125·41.10'W 569 8.4 13.2 31.8 651 8595 289.3 -3.09 1.62 
TT090·10 1532-1 Gravity 48ï8.12'N 126·03.30'W 1013 8.5 14.2 31.9 323 11795 241.2 -2.61 0.03 
W8909A-2 1539-2 Box 44"40.32'N 125·16.80'W 2050 9.5 15.5 31.7 368 3299 164.5 ·2.54 -1.47 
TT039-12 1592-6 Gravity 49·23.82'N 128·08.40'W 2341 8.3 15.0 32.0 327 10206 237.5 -2.32 1.16 
TT039-11 1586-3 Gravity 49·00.78'N 127·46.02'W 2480 8.0 15.1 32.0 319 3995 214.2 ·1.98 0.44 
W7905A·J09 1533-3 Gravit y 46·18.00'N 125·06.90'W 1670 9.1 15.8 31.3 306 8899 172.2 -2.20 0.95 
TT090-33 1532-2 Gravity 48·05.88'N 126·01.02'W 1474 8.5 14.3 31.9 314 3873 206.0 -1.56 1.01 
W7905A-lll 1533-4 Gravity 46·17.70'N 125·36.78'W 2286 9.3 16.7 31.8 312 6510 129.8 -2.51 0.35 
TT039-15 1587-2 Gravit y 49·12.60'N 129ï4.58'W 2396 7.9 15.6 32.1 320 11736 144.2 -2.95 0.82 
TT039-19 1587-4 Gravit y 48·23.40'N 127·09.18'W 2555 8.6 15.3 32.0 319 5038 178.0 0.13 1.42 
W8908A-3 1659-3 Gravily 45"13.08'N 125·34.50'W 2649 9.7 16.5 31.6 296 15880 134.4 0.38 1.77 
TT039-26 1588-1 Gravity 4T48.00'N 127'07.32'W 2520 8.6 15.8 32.0 301 7608 148.2 0.82 1.23 
TT063·20 1531-5 Gravity 47"56.88'N 126'16,32'W 1838 8.6 15.2 31.9 304 1139 176.5 2.17 2.66 
TT039-21 1740-4 Gravity 48·03.78'N 128·03.42'W 2575 8.4 15.9 32.1 297 998 128.1 3.01 0.13 
TT039-18 1593-1 Gravity 48'26.22'N 129-52.20'W 2765 7.5 15.8 32.2 337 3001 111.7 2.93 1.65 
TT039-05 1587-1 Gravity 46·43.20'N 127'32.52'W 2665 8.6 17.0 32.0 130 6136 112.8 3.54 -0.01 
Y6908-5A 1659·1+1593-5 Gravity 46·39.12'N 129·07.98'W 2600 9.0 16.7 32.4 342 9281 103.1 3.11 0.24 
TT039-17 1740-3 Gravit y 48ï3.80'N 130·01.80'W 2793 7.1 15.8 32.3 309 346 105.9 3.55 0.39 
TT039-22 1587-6 Gravity 47'35.22'N 129'30.42'W 2566 8.5 16.3 32.4 330 5630 104.8 3.65 0.88 
BB311-14 1659-4+1589-2 Gravity 44·07.02'N 127"58.98'W 2835 9.7 17.4 31.7 335 7797 89.4 3.88 0.02 
TT031-11 
W7605B-9 

1586-6 
1533-1 

Gravity 
Gravily 

47·01.98'N 
44·16.80'N 

131"09.48'W 
129"39.30'W 

3056 
3208 

8.2 
9.3 

16.8 
17.2 

32.6 
32.5 

317 
317 

2742 
3734 

92.6 
101.1 

3.62 
3.87 

0.37 

-0.32 

VI 
+>



Table 1 - continued 

Site Laboratory Coring Latitude Longitude Water Temperature Temperature SaliDity Dinocysts Dinocyst ADnual PCI PC2 
number device depth February AUgust August count concentration productivity 80.4 % of the 7.1 % of the 

(m) Cc) ('C) (cysts cm-') (gC m·l yr-I) variance variance 

W8506A-1 1538-1 Gravity 44'43.80'N 130"09.42'W 2623 9.8 17.4 32.6 313 4662 100.1 3.45 0.76 

BB311-50 1736-6 Gravity 45'07.20'N 130'55.50'W 2853 10.1 17.0 32.6 311 315 84.3 3.76 -0.83 
BB311·49 1591-4 Gravily 44'52.98'N 131"40.02'W 3603 9.7 16.8 32.6 382 2378 82.0 3.57 -0.29 
TT017·01 1586·4 Gravity 46"39.78'N ·134'16.02'W 3909 8.8 17.3 32.5 365 496 87.8 3.77 0.51 
BB311·26 1589-4 Gravity 40"48.48'N 124"33.00'W 530 10.4 12.1 33.1 323 5363 300.1 -4.12 -1.58 
W7905A-J60 1540-5 Gravity 43'09.90'N 125"05.22'W 1476 10.1 J3.6 32.8 269 2449 210.1 -2.93 -0.81 
W7905A-156 1533-6 Gravity 43'40.08'N 125'19.20'W 1987 10.0 14.3 32.3 316 6304 170.6 ·2.73 -1.57 
W7905A-158 1540-6 Gravity 43'10.08'N 125"24.18'W 3174 10.1 14.3 32.6 321 4047 175.5 -2.34 -1.63 
W8909A-8 1539-4 Gravity 42'11.88'N 125ï2.30'W 2440 10.6 13.5 33.1 136 2483 254.6 -1.17 0.23 
W8809A-53 1539-1 + 1740-6 Gravity 42'44.70'N 126'15.48'W 2408 9.7 16.0 32.5 353 3420 156.9 -3.58 -3.19 
Y74,1·08 1659·4+ 1594-5 Gravity 40'25.32'N 125"31.02'W 2943 11.0 13.8 32.8 336 3048 211.3 ·1.03 -2.04 
W8809A-13 1536·5 Gravity 41'49.98'N 126'OO.OO'W 3079 10.5 15.2 32.5 329 2686 156.0 -0.32 -0.99 
W8508AA-9 1538-2 Gravily 43'01.80'N 126"34.68'W 3092 10.0 16.2 32.0 316 2633 134.2 ·0.40 -1.52 
W8809A-4 1538-6 Gravity 42"05.22'N 126"36.00'W 3389 JO.6 16.2 31.8 303 2375 147.0 ·0.36 -0.83 
BB311·29 1589·5+1639-4 Gravity 40"06.00'N 126'\0.50'W 3840 11.2 15.6 32.7 302 1283 170.8 1.34 -2.74 
Y6910·2A 1660·3+1593-6 Gravity 41"16.02'N 127"01.02'W 2615 10.8 15.7 32.5 322 8428 128.4 1.66 -0.92 
W7710A-10 1533-2 Gravily 40'59.52'N 127"48.30'W 2707 10.9 16.7 32.5 67 4220 112.2 1.95 -0.53 
W9009A-22 1539-5 Box 42"09.12'N 127"34.38'W 2848 10.9 17.1 31.9 415 1557 109.3 2.50 -0.29 
W8809A·26 1536-6 Gravity 42"12.78'N 128·00.42'W 3034 10.8 17.2 31.9 322 669 99.1 2.74 -0.78 
BB311-17 1589-3 Gravity 43"33.00'N 128"45.00'W 3347 10.5 17.5 31.1 218 8459 106.7 -1.01 0.87 
7407 Y-4 1589·1 +1660-1 Gravity 43'34.98'N 129'13.68'W 3271 10.8 17.6 32.7 148 1932 98.5 3.35 -0.69 
BB311·36 1737·1 Gravity 42"17.22'N 129'37.02'W 3155 10.3 17.6 32.7 382 306 86.8 4.01 -2.47 
W8809A-29 1538-3 Gravity 41'48.18'N 129"00.30'W 3288 10.4 17.3 32.7 247 1007 91.2 3.96 -2.71 

BB311-39 1591-1 Gravity 42'58.98'N 130·24.48'W 3475 10.9 17.7 32.6 56 1271 86.8 3.95 ·1.14 
BB311-40 1737·5 Gravity 42'39.48'N 131·07.02'W 3530 10.8 19.3 32.8 304 906 91.9 3.82 -3.27 
BB311-43 1737-4 Gravity 43"31.50'N 131"34.02'W 3475 10.5 17.5 32.8 174 567 99.7 3.90 -1.32 

W8909A-57 1539-3 Gravity 41'34.98'N 130"37.02'W 3330 11.4 18.0 32.8 182 534 86.5 3.95 ·1.87 
W8809A-33 1538·4 Gravity 41'28.62'N 131'13.20'W 3589 11.7 18.4 32.8 239 481 84.8 4.83 -3.90 
W9009A-30 1539·6 Box 41"31.32'N 132"02.52'W 3715 11.1 18.2 32.9 173 327 83.9 3.77 -3.05 

W8809A-38 1538·5 Gravity 41"04.68'N 134"39.30'W 3928 11.4 18.4 33.1 369 233 76.6 4.12 -2.67 

Vl
 
Vl
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Table 2 

Temperature 
February 

Temperature 
Augusl 

Salinity 
August 

Produetivity Upwelling 
index PCI PC2 

PCI 0.20 0.59 0.38 -0.88* -0.63 1 10"5 

PC2 -0.79 0.52 0.19 002 -076 10.5 1 
Helerotrophic taxa percentages -0.07 -0.60 -0.30 0.76* 0.80* -091 -0.05 
Operculodinium cenlrocarpum sI. 0.14 0.61 0.22 -0.61 -0.54 0.75 0.03 
Pyxidinopsis reliculala 0.3 0.49 0.25 -0.55 -0.11 0.65 -0.17 
Cysl of Penlapharsodinium dalel -0.21 -0.29 -0.06 0.08 -0.5 -0.18 0.29 
Nemalosphaeropsis labyrinlhus -0.29 0.03 0.13 -0.39 -0.45 0.5 0.4 
Splniferites ramosus -0.52 -0.27 -0.06 0.06 -0.49 -0.01 0.55 
Spiniferites elongalus sI. -0.62 -0.38 -0.14 -0.02 -0.57 0.05 0.64 
Spiniferltes mirabilis 0.34 0.27 0.04 -0.15 0.08 -0.01 -0.32 
Spiniferiles spp. -0.43 -0.34 -0.18 0.21 -0.36 -0.2 0.5 
lmpagidinlum aculea1um 0.49 0.65 0.3 -0.47 0.46 0.59 -0.53 
lmpagidinium pallilum 0.34 0.36 0.18 -0.24 0.42 0.29 -0.36 
lmpagidillium paradoxum 0.34 0.42 0.19 -0.3 0.07 0.35 -0.4 
lmpagidinium sphaericum 0.3 0.36 0.16 -0.24 0 0.33 -0.34 
lmpagidinium pallidum -0.12 0.12 0.17 -0.41 -0.33 0.45 0.2 
Brlganledinium spp. -0.06 -0.61 -0.26 0.65 0.66 -0.83 -0.07 
lslandinium minutum 0.04 -0.24 -0.37 0.76 0.45 -0.76 -0.25 
Selenopemphlx nephroides -0.01 -0.32 -0.29 0.59 0.38 -0.68 -0.19 
Selenopemphix quanta -0.06 -0.33 -0.23 0.58 0.31 -0.68 -0.09 
QuilUfuecuspis concrela -0.09 -0.29 -0.13 0.67 0.59 -0.73 -0.15 
Lejeunecysla sabrina 0.06 -0.15 -0.45 0.45 -0.03 -0.4 -0.03 
Lejeullecysla oliva -0.04 -0.27 -0.25 0.47 0.05 -0.49 -0.02 
Voladinium calvum 0.01 0.14 -0.41 0.67 0.24 -0.66 -0.21 
Voladillillm splnosum 0.38 0.24 -0.22 0.63 0.76 -0.64 0.23 
Cysl of Proloperidinium americanum 0.01 -0.03 0 0.31 -0.02 -0.35 -0.23 
Undi fferencialed Proloperidinioids -0.18 -0.43 -0.38 0.75 0.34 -0.85 -0.09 
Cysl of Polykrikos kOfoidii -0.19 -0.32 -0.24 0.53 0.15 -0.59 -0.15 
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Résumé 

Des analyses palynologiques de 60 échantillons de sédiments de surface des milieux 
estuariens de la Colombie Britannique, incluant le détroit de Géorgie (GS) et les 
inlets d'Effingham (EFF), de Seymour et de Belize (SB), ont été effectuées pour 
illustrer la distribution des kystes de dinoflagellés et leur relation avec les conditions 
hydrographiques, la productivité primaire et la concentration en éléments nutritifs 
dans les eaux de surface. EFF et SB sont caractérisés par la dominance des taxons 
autotrophes, notamment Operculodinium centrocarpum alors que les 
protopéridiniales et les gymnodiniales, associés à une productivité hétérotrophe, 
dominent les assemblages du GS. Les analyses multivariées montrent que cette 
distribution est liée à la productivité primaire, la température et la concentration en 
silice pendant le printemps. L'abondance des taxons hétérotrophes dans les inlets 
d'EFF et de SB est associée à une productivité primaire élevée et à de faibles 
températures estivales, illustrant l'upwelling côtier. Les taxons hétérotrophes qui 
caractérisent le GS semblent liés à une productivité moindre, une température estivale 
élevée et des concentrations élevées en silice durant le printemps. Les analyses 
multivariées, efféctuées uniquement sur les échantillons du GS, montrent que la 
distance par rapport à la côte, la distance par rapport au port de Vancouver, la 
température, la concentration en phosphate et la productivité primaire durant le 
printemps, constituent les paramètres les plus déterminants. Les taxons autotrophes 
sont plus abondants dans les sites côtiers peu profonds. Toutefois, le long d'un 
gradient de productivité et de salinité, Spiniferites ramosus et Pentapharsodinium 
dalei semblent inversement corrélés. En effet, P. dalei et particulièrement abondant 
dans le panache du fleuve Fraser, aux alentours du port de Vancouver, près des côtes 
densément peuplées de la Colombie Britannique où l'apport continental et la 
productivité printanière sont élevées alors que la salinité y est très faible. S. ramosus 
montre son abondance maximale dans les marges ouest du GS. Les protopéridiniales 
et les gymnodiniales dominent les assemblages des zones distales dans le centre et le 
sud du GS. Ces zones sont associées à une masse d'eau constituée par un mélange des 
eaux douces provenant du fleuve Fraser et des eaux salées issues de l'upwelling. La 
relation entre les assemblages de dinokystes et la productivité primaire dans ces zones 
estuariennes diffère des zones néritiques et océaniques où l'abondance des taxons 
hétérotrophes est souvent associée à des upwellings intenses et à une productivité 
élevée. Les résultas des tests de validation basés sur la méthode des analogues 
modernes suggèrent que les assemblages de d inokystes peuvent être utilisés pour 
reconstituer la productivité primaire, à l'instar de la température et de la salinité de 
surface. 

Mots clés: dinokystes, estuaires, Colombie Britannique, productivité, température de 
surface, salinité de surface, nutriments. 



Abstract 

Palynological analyses of 60 surface sediment samples from estuarine environments 
near Vancouver Island, inc!uding the Georgia Strait (GS) and the Effingham (EFF) 
and the Seymour-Belize (SB) Inlets were performed in order to document the 
distribution of dinoflagellate cyst assemblages and their relationship to hydrographic 
conditions, productivity and nutrient concentrations. We tested transfer functions 
using the analogue method, and suggest that dinocyst assemblages can be used to 
reconstruct productivity, temperature and salinity. The EFF and SB Inlets are 
characterized by a dominance of autotrophic taxa, particularly Operculodinium 
centrocarpum, whereas the Protoperidinioid and gymnodinial heterotrophic taxa such 
as Quinquecuspis concreta and Brigantedinium spp. dominate the assemblages of the 
GS. Multivariate analysis shows that this distribution is closely linked to primary 
productivity, sea surface temperature (SST) and spring silica concentration. The 
abundance of autotrophic taxa in the EFF and SB Inlets is associated with high 
primary productivity and low summer SST, indicating summer upwelling of coastal 
British Columbia, whereas the heterotrophic taxa that characterize the GS 
assemblages are related to low productivity, high summer SST and high silica 
concentration during spring. Multivariate analysis shows that the most important 
environmental parameters related to dinocyst distribution in the restricted embayment 
of the GS, are distance to shore, distance to Vancouver Harbor, spring sea surface 
salinity (SSS), spring phosphate concentration and spring productivity. The 
autotrophic taxa are generally more common in coastal and shallow waters, but 
Spiniferites ramosus and Pentapharsodinium dalei show an opposite correlation to 
spring productivity and salinity. P. dalei is particularly abundant around Vancouver 
Harbor, near highly urbanized shores and within the Fraser River plume, where 
salinity is low and spring productivity and continental runoff are high. S. ramosus 
show its highest abundance on the western coast of GS. Protoperidinioid and 
gymnodinial cysts characterize distal zones within the central and southern GS that 
are associated with a mixture of brackish waters coming from the Fraser River and 
deep upwelling waters entering the GS via Juan de Fuca Strait. The relationship 
between dinoflagellate cyst assemblages and primary productivity in these estuarine 
systems differs from that in oceanic and outer neritic zones, where the abundance of 
heterotrophic taxa is commonly associated with upwelling and high productivity. 

Keywords: dinoflagellate cysts, estuaries, British Columbia, productivity, sea

surface temperature, sea-surface salinity, nutrients. 



2.1 Introduction 

Estuaries act as nutrient traps, receiving high organic and inorganic inputs from 

rivers, resulting in high primary productivity. Globally, estuarine systems have been 

the focus of research programs aimed at understanding the relationships between their 

physical environments and their biota, as weIl as anthropogenic influences on both 

(e.g., Bricker et al., 1999). 

Severa1 papers on the relationships between dinoflagellate cysts (dinocysts) and 

environmental conditions published in the last decade highlight the potential for 

dinocyst assemblages in surface sediment to serve ~s proxies of anthropogenic 

eutrophication (e.g., Thorsen and Dale, 1997; Dale, 1996, 2001; Dale et al., 1999; 

Matsuoka, 1999; Pospelova et al., 2002, 2004, 2005). A high relative abundance of 

Lingulodinium machaerophorum and Selenopemphix quanta has been associated with 

eutrophication' in estuarine and coastal ecosystems (e.g., Saetre et al., 1997; Dale et 

al., 1999, 2002; Sangiorgi and Donders, 2004), but these species respond inversely to 

anthropogenic eutrophication in sorne particular estuaries. For instance, their relative 

abundances increase with eutrophication in the shallow estuaries of Massachusetts 

(Pospelova et al., 2002) but decrease with eutrophication in Tokyo Bay (Matsuoka, 

1999). Thus, the interpretation of specifie ecological requirements is not indisputable. 

In coastal upwelling zones, an increase in relative abundance of Protoperidinioid 

heterotrophic cysts is often interpreted as the result of an increase in primary 

productivity and upwelling intensity (Lewis, 1990; Marret, 1994; Zonneveld, 1997a; 

Zonneveld et al., 1997; 2001; Dale et al, 2002; Radi and de Vernal, 2004; Pospelova 

et al., 2006), however this interpretation cannot be extrapolated to estuarine systems 

(Pospelova et al., 2002). 

In this study we documented the re1ationships between modem sediment dinocyst 

assemblages and parameters such as sea surface temperature (SST), sea surface 
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salinity (SSS), primary productivity and nutrient concentrations in the Georgia Strait 

(GS) and the Seymour-Belize (SB) and Effingham (EFF) Inlets (Fig. 1, Table 1), 

British Columbia (Canada). These estuaries are characterized by high primary 

productivity (>260 gC m-2 yr-l) that sustains commercial fisheries (Ware and 

Thomson, 1991; Beamish and Bouillon, 1993; Robinson and Ware, 1999; Beamish et 

al., 1999; Mackas et aL, 2001). The three studied areas have different oceanographie 

settings and are characterized by different mechanisms of nutrient enrichment. The 

nitrogen budget for GS is influenced by mixing due to estuarine and tidal currents. 

The natural nitrogen input from upwelling is about ten times higher than the 

anthropogenic input via the Fraser River (Harrison et al., 1994; Mackas and 

Harrison., 1997). However, inlets and fjords that have low flushing rates and/or are 

adjacent to urban centers, such as Burrard Inlet, are sensitive to anthropogenic 

nutrient input (Kay, 1989; West et al., 1994; Schmitt et al., 1994; Harrrison et al., 

1994; Mackas and Harrison, 1997). SB and EFF Inlets are not subj ected to any 

significant anthropogenic nutrient input (Thomson, 1981). 

Documenting the distribution of dinocysts in these estuaries provides an opportunity 

to discriminate between oceanic and terrestrial influences, and between natural and 

anthropogenic nutrient enrichment on dinocyst production, which can eventually 

provide a basis for paleoceanographic reconstructions in near-shore Quaternary 

sediments. The ultimate goal of this work is to establish a modem data set of dinocyst 

assemblages to reconstruct quantitatively environmental parameters in estuarine 

systems by using the modem analogue method (e.g. Guiot, 1990; de Vernal et al., 

2001). 
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2.2 Regional setting 

2.2.1 Seymour-Belize and Effingham Inlets 

The SB and EFF Tnlets are wide fjords located on the southwestem coast of 

Vancouver Island and the mainland of British Columbia, respectively, and directly 

connected to the Pacific Ocean (Fig. 1). Both inlets are similar in their oceanographie 

characteristics and fairly typical examples of most BC fjords, which are directly 

influenced by ocean waters. The maximum water depth recorded in the SB and EFF 

Inlets is about 350 and 210 m respectively. The inlets are partially mixed estuaries, 

due to active tidal action and relatively low continental runoff. The oceanographie 

regime of the northeastern Pacific, linked to the atmospheric circulation pattern of the 

North Pacific, constitutes the main control on their oceanographic setting. The North 

Pacific summer high-pressure atmospheric cell results in strong northerly winds, 

which in combination with the strong, southerly flowing Califomia CUITent enhanees 

Ekman transport of surface waters, producing strong upwelling. The upwelling 

intensity can reach 20 to 40 m3 
S-I per km of coastline from July through September 

(NOAA; http://www.pfeg.noaa.gov/index.html), and its influence can be seen in the 

distribution of temperature, salinity and productivity (Fig. 2). This seasonal upwelling 

is the principal mechanism providing nutrients to the inlets and coastal zones of Be 

(Thomson, 1981; Thomson et al., 1989; Mantua et al. 1997; Thomson and Gower, 

1998). Inlets have high primary productivity, low surface water temperatures and 

high salinity during summer (Fig. 3). 

The low population density and low levels of agricultural activity. in addition to 

limited runoff «14 m3 
S-l) in the EFF and SB Inlets (Pickard, 1963) probably result 

in a minimal impact of human activity on nutrient inputs (Thomson, 1981). 
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Bottom waters in both inlets are subject to anoxie to hypoxic conditions, with oxygen 

concentration below 1.8 ml ri, thus limiting benthic fauna and resulting in the 

preservation oflaminated sediments (Patterson et al., 2000). 

2.2.2 Georgia Strait 

Georgia Strait represents a semi-enclosed, broad, shallow basin (222 km long; 28 km 

wide, 6900 km2 approx. area), which separates Vancouver Island from the mainland 

of BC (Fig. 1). Average and maximum water depths are 155 m and 420 m 

respectively (Thomson, 1981). Its shores are the most densely populated region of BC 

(75% of total), with three million inhabitants (Statisti.cs Canada; 

http://www.statcan.ca). The GS has intensive shipping traffic as the most used marine 

channel in Be. Urban development, with its associated industrial and commercial 

activities, contributes significantly to marine environmental degradation (Key, 1989; 

Mackas and Harrison, 1997). For instance, inputs from rivers, sewage, groundwater 

discharges and atmospheric deposition amount to ~285 t N dai 1 (Yin et al., 1995; 

Mackas and Harrison, 1997) and nutrient concentrations are high (Fig. 4). Enhanced 

productivity results in chlorophyll concentrations reaching as high as 20 flg rI in the 

Fraser plume. Primary productivity in GS ranges from 260 to 290 gC mo2 
yr'i on 

average, as derived from satellite observations (Antoine et al., 1996). The GS has 

noticeable gradients of nutrient concentrations, due to the Fraser River input and 

exchanges with the open ocean, mainly through the southem passage. The Southem 

GS is characterized by higher nutrient concentrations during the winter (Fig. 4), lower 

ones in the summer, probably because of nutrient uptake by phytoplankton. Dissolved 

oxygen concentration in the bottom waters ranges between 1.5 and 3 ml ri (Fig 5). 

The Fraser River drains approximately 25% of BC and contributes 75% of the 

freshwater flowing into the GS. Its annual flow is about 140 km3
, i.e. ~ 11,000 m3 

S·l 
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during summer (June-July) and ~ 1000 mJ 
S-l during winter (February-March), 

averaging 4400 mJ 
S-1 (Mosher and Thomson, 2002). The Fraser River also delivers 

about 10 to 30x109kg yr-l ofparticulate matter (Johannessen et al., 2003). 

Dissolved and particu1ate organic carbon are mainly derived from in situ primary 

production (855x106 kg yr-l) and the Fraser River discharge (550x106 kg yr-l), while 

other rivers (200x10G kg yr-'), and anthropogenic sources (120x10G kg yr-I) account 

for less (Johannessen et al., 2003). 

The water column is highly stratified, especially within the brackish plume of the 

Fraser River (Figs. 5 and 6). The freshwater influx in the central and southern parts of 

the GS is characterized by a classical tv/o layers estuarine exchange with the open 

ocean. The upper layer is less than about 50 m thick and is characterized by strong 

seasona1 and latitudina1 variation in SST (13 to 16°C in August, 6 to 7°C in February; 

Fig. 2). In the lower layer, temperatures are about 8 to 9.5°C over the entire basin 

(Fig. 5), and are nearly uniform throughout the year (Thomson, 1981; Masson, 2006). 

Brackish-low salinity upper waters circulate toward the Strait of Juan de Fuca, 

whereas deep ocean water circu1ates northwards (Thomson, 1981; LeBlond, 1983; 

Paw10wicz and Farmer, 1998; Fig. 7). This pattern is enhanced during the summer by 

the Fraser River freshet and intensive upwelling, but can be modified by tidal mixing 

and tidal streams (Thomson, 1981; LeBlond et al., 1991; Marinone and Pond, 1996). 

In spring and summer, the Fraser River freshet forrns a strong brackish layer over a 

large area of the GS (Fig. 6), creating a stable stratification in combination with 

increased air temperature. Summer upwelling occurs along the Northeastern Pacifie 

margin and Juan de Fuca Strait, and coId upwelled waters reach the southern part of 

the GS where they mix with brackish Fraser River water (Fig. 7). Currents, 

hydrographie conditions, and nutrient concentrations show considerable seasonal and 

inter-annual fluctuations (Masson and Cummins, 2000; Masson, 2002), but the inter
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armual or inter-decadal variability has only a small effect on phytoplankton 

communities and productivity in the study area (Li et al., 2000). 

2.3 Materials and Methods 

2.3.1 Sampling and laboratory treatments 

All samples (Fig. 1; Table 1) were taken from the upper few centimetres of gravity or 

box cores, which were collected during various cruises onboard the Canadian Coast 

Guard Ships (CCGS) Victor or John P. Tully (see Table 1). Sedimentation rates 

generally range from 0.5 to 2 cm yr-l, but can reach as much as 10 cm yr-l in the 

Fraser delta (Evoy et al., 1993; Hart et al., 1998; Patterson et al., 2000). We therefore 

assumed that the surface sediment samples represented about five years of deposition 

or 1ess, and thus "modern" conditions. 

Samp1es for palynological treatments were processed at the Centre de recherche en 

géochimie et en géodynamique (GEOTOP) of the Université du Québec à Montréal 

(UQAM) using standard procedures (de Vernal et al., 1999). Five cm3 of wet 

sediment was sieved to remove coarse silt, sand (106 /lm sieve) and clay particles (10 

/lm sieve). To dissolve carbonate and silica particles, the 10-106 /lm fraction was 

treated with warm (~40°C) HCl (10%) and HF (49%). HCl digestion lasted no longer 

than 20 min to avoid degradation of sensitive taxa. The residue was sieved at 10 /lm 

and mounted between a slide and coyer slide in glycerin gel. Dinocysts were 

identified and counted using light microscopy at 250x to 1000x. More than 200 cysts 

were identified and counted in most samples (Table 1). Cyst concentrations, per gram 

of dry weight sediment (cysts g-l), were assessed using the marker grain method 

(Mathews, 1969). 
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2.3.2 Dinoflagellate cysts nomenclature 

The taxonomical nomenclature follows Rochon et al. (1999), Head et al. (2001), and 

Pospelova and Head (2002). The assemblages include cysts of Polykrikos kofoidii, 

described by Morey-Gains and Ruse (1980), Matsuoka (1987) and Matsuoka and Cho 

(2000). Additional remarks upon northern and northeastern Pacifie specimens are 

given in Radi et al. (2001) and Radi and de Vernal (2004), with illustrations. The 

original descriptions from Zonneveld (l997b), Zonneveld and Jurkschat (1999) and 

Head (2002) were used to identify Echinidinium species and Bitectatodinium 

spongium. Many specimens belonging to the Protoperidiniales were grouped into 

'Protoperidinioid' due to the difficulty in identifying at species or genus level. 

Brigantedinium simplex and Brigantedinium cariacoence are grouped into 

Brigantedinium spp. because archeopyles were often not observed due to orientation. 

Rare specimens of the 0. centrocarpum-morphotype short processes (de Vernal et al., 

2001) were observed and were grouped with O. centrocarpum. Only rare specimens 

of Impagidinium paradoxum, Nematosphaeropsis labyrinthus, Spiniferites mirabilis, 

Operculudium janduchenei, Echinidinium zonneveldiae and Islandinium 

brevispinosum were observed, and excluded from the statistical analysis. 

2.3.3 Sources of environmental data 

Sea surface temperature, sea surface salinity, nutrient concentrations and chlorophyll 

data (0 m) were obtained from the World Ocean Atlas 2001 CD-ROM (WOA01) of 

the National Oceanographie Data Center (NODC, 2001; http://www.nodc.noaa.gov/O 

C5/WOA01/pr_woa01.html). CD-ROM documentation, as well as data statistics, 

analyses and compilation of the in situ measurements made until 2001 are 

documented in Conkright et al. (2002a, 2002b), Stephens et al. (2002) and Boyer et 

al. (2002). Productivity levels were estimated using the algorithms developed by 
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Antoine et al. (1996) and Antoine and Morel (1996) based on chlorophyll 

concentration provided by satellite observations (Coastal Zone Color Scanner, 

CZCS). The relationship between radiance and marine photosynthesis is given in 

Morel (1978,1991). Primary productivity in the productive layer was computed from 

the integrated chlorophyll content of the water column and the photosynthetically 

active radiation (cf. Antoine et al., 1996; Antoine and Morel, 1996). In the GS, 

additional nutrient data were compiled from measurements made between 2002 and 

2005 trough the S.trait of Georgia Ecosystem Modeling (STRATOGEM) project 

(http://www.stratogem.ubc.caldata.html). Monthly and seasonal averages were 

calculated for all parameters cited above. However, in sorne cases, the measurement 

locations are not the same as our sites, so we interpolated that data using the Maplnfo 

program and the "Inverse Distance Weighting" (IDW) teclmique 

(http://extranet.mapinfo.com). 

2.3.4 Multivariate analyses 

Statistical analyses were done using CANOCO for Windows 4.0. (ter Braak and 

Smilauer, 1998). Because of heterogeneity in the distribution of our sampling sites, 

two data sets were defined for multivariate analysis: data set DSl includes all samples 

of GS, and the EFF and SB Inlets (60 samples and 25 taxa), while data set DS2 

includes only GS samples (40 samples and 25 taxa). In order to test the nature of 

variability of dinocyst assemblages, Detrended Correspondence Analyses (DCA) 

were done on both data sets. The length of the first gradient, which is given in 

standard deviation (S.D.) units, is 1.99 and 1.43 for DS 1 and DS2 respectively (Table 

2), indicates that dinocyst percentages show linear variation within the study area, 

conditions that are suitable for indirect analyses (Principal Component Analysis, 

PCA) or direct analyses (Redundancy Analysis, RDA), which is the linear equivalent 

of Canonical Correspondence Analysis (Jongman et al., 1995; ter Braak and 
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Smilauer, 1998). RDA allows us to extract the most significant synthetic gradient 

from field data on dinocyst communities and environmental variables. 

RDA was performed on the DS 1 and DS2 data sets with all environmental parameters 

available. For DS 1, 21 environmental variables were used, including seasonal sea 

surface temperature (SST) and salinity (SSS), seasonality of temperature and salinity 

(difference between winter and summer), seasonal and annual primary productivity, 

phosphate and nitrate concentrations during spring, silica concentration during spring 

and summer, chlorophyll concentration during summer and water depth. For DS2, 

phosphate, nitrate and silica data were available for all seasons. Distance from the 

shore and distance from Vancouver Harbor were also added to the RDA analyses. AU 

dinocyst and environmental data used in these analyses are included in Appendice A, 

which can be found, in the online version, at doi:10.lüI6/j.marmicro.2ü06.0Ü2. 

Forward selection was used to reduce the set of variables to a smaller set sufficient to 

explain variation in species composition. The environmental variables were ranked by 

importance on the basis of the fit for each separate variable as the only environmental 

variable (marginal effect), and on the basis of the fit that each separate variable gave 

in conjunction with the variables already selected (conditional effect). The statistical 

significance of each variable was tested using a Monte Carlo permutation test under 

the null model with 199 random permutations. Environmental variables were deemed 

significantly related to the species data when P-value was less than 0.05. 



71 

2.3.5 Transfer functions and validation exercises 

In order to evaluate the potential to reconstruct SST, SSS and productivity, from data 

on the dinocyst assemblage, transfer functions were tested using the multiple 

regression technique (MRT) and the modem analogue technique (MAT). 

The MRT-based transfer function was made usmg JMP 5.1 software 

(http://www.jmpin.com). For the MAT, fossil assemblages were compared with a 

database of modem assemblages in order to find the best analogues according to the 

coefficient of similarity. The environmental values corresponding to the best 

analogues were then weighted by this coefficient to reconstruct paleoenvironments 

(see Overpeck et al., 1985; Guiot 1990). Validation tests were made using the 3PBase 

software (Guiot and Goeury, 1996; http://www.imep-cnrs.com/pages/3pbase.htrn). 

Evaluation of the adequacy of each approach was made by comparing reconstructed 

and observed values using the Jackknife (or leave-one-out) method, where estimates 

are obtained by removing one site from the calibration data set. Each estimate was 

thus based on n-1 observations (cf. Efron and Gong, 1983). Accuracy of the approach 

was assessed by the coefficient of correlation between estimated and observed values, 

and the standard deviation of the difference between reconstructed and observed 

values, which is the equivalent of the Root Mean Square Errar (RMSE). 

2.4 ResuUs 

2.4.1 Dinocyst concentration and assemblages 

Palynomorphs in general and dinocysts in particular, were abundant and weil 

preserved. In the GS, dinocyst concentrations varied between 400 and 13,000 cysts 

g.l, with an average of 3154 cysts g-l. Such concentrations are comparable to values 
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observed in sorne European (e.g., Dale et aL, 1999; Harland et .a1., 2004a, 2004b) and 

North American (Pospelova et al., 2004, 2005) estuaries, but are low in comparison 

to values for the EFF and SB Inlets which were commonly higher than 25,000 cysts 

g-I, and up to as much as 137,000 cysts g-I in the EFF Inlet (Table 1). 

Dinocyst assemblages in ail samples were characterized by relatively high species 

diversity, witha total of 35 taxa identified and systematically counted (Fig. 8). The 

EFF and SB Inlets were characterized by similar associations, with dominance of 0. 

centrocarpum, whereas the GS was characterized by the dominance of heterotrophic 

Protoperidinioid taxa such as Q. concreta and Brigantedinium spp. In the GS sorne 

taxa, e.g. P. dalei and Spiniferites ramosus showed positive or negative gradients in 

relative abundance from Vancouver Harbor to offshore (Figs. 8 and 9). 

2.4.2 Multivariate analyses 

The results of forward selection (Tables 3 and 4) showed environmental variables 

ranked by their importance when analyzed separately (marginal effect) or in 

conjunction with other variables (conditional effect). The importance of variables 

according to their eigenvalues was not the same for the marginal and conditional 

effects due to co-variability. For example, in the DS 1 (Table 3), summer chlorophyll 

had a higher eigenvalue when analyzed singly (À.=0.28) than when analyzed with 

other parameters (A=0.02) because a large part of the chlor()phyl1 effect can be 

explained by summer productivity. The conditional effect of chlorophyll was thus 

ordered tenth with A=0.02 and P-value = 0.18 (Table 3). Gnly variables with 

statistically significant P-values «0.05) Were selected. The RDA ordination diagrams 

for DS 1 and DS2 are shown in figures 10 and Il. 

The results ofthe RDA (DS1; Fig. 10; Tables 2 and 3) show that the first ordination 

axis, explaining 31.2 % of the variance, is significantly and positively correlated with 
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annual and summer primary productivity, winter temperature and autumn salinity, 

and negatively conelated with water depth, summer temperature and dissolved silica 

concentration in spring and summer. The distribution of species along the first axis 

shows that autotrophic taxa, particularly 0. centrocarpum, are ordinated on the 

positive side, whereas Q. concreta, Brigantedinium spp. and other heterotrophic 

Protoperidinioid cysts are ordinated on the negative side. The second axis explaining 

6.4 % of the variance, shows opposite ordinations of P. dalei and S. ramosus, and is 

not clearly correlated with any environmental variable (Fig. 10). 

For the DS2 data set (only GS samples), results of the RDA show that only seven of 

the 34 environrnental variables tested are statistically significant (P<0.05; Fig. Il, 

Table 4). The first ordination axis (23.8% of the species data variance), which mainly 

separates autotrophic from heterotrophic Protoperidinioid taxa, is negatively 

correlated with the distance from the shore. Silica concentration during summer and 

water depth show a significant relationship with the first ordination axis but the 

coefficient of cone1ation is relatively low (Table 4, Fig. Il). AlI autotrophic taxa, 

including 0. centrocarpum, P. dalei and S. ramosus, are ordinated positively along 

axis 1 (Fig. 11), with highest abundances in shalIow, coastal stations. Heterotrophic 

Protoperidinioid taxa, such as Q. concreta, Selenopemphix nephroides, 

Selenopemphix quanta and Polykrikos kofoidii are ordinated negatively along axis 1, 

with their highest abundances in areas of southem and central GS far from shore. The 

second ordination axis (15.4% of the variance), which separates P. dalei and S. 

ramosus, is positively correlated with spring productivity (Fig. Il) and negatively 

correlated with distance to Vancouver Harbor, SSS and phosphate concentration 

during spring. The relative abundance of different taxa, along with the RDA axes 

scores, allow us to distinguish Huee assemblages in the GS (Figs. 8, Il and 12): 

Assemblage zone 1 is characterized by relatively low cyst concentrations, ranging 

from 240 to 1700 cysts g-l (average = 974 cysts g-l). These assemblages are 
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characterized by high percentages of P. dalei (up to 30 %). RDA axes 1 and 2 show 

positive values. This assemblage zone seems to be related to urbanization, and is 

associated with the Fraser River Plume. 

Assemblage zone 2 is characterized by a slightly higher cyst concentration, with an 

average of ~ 1800 cysts g-l. Q. concreta, Brigantedinium spp. and other 

protoperidinial cysts dominate the assemblages. The first ordination axis shows 

negative scores. This zone is associated with the central and southem OS, and thus 

perhaps influenced by upwelled oceanic water during summer. 

Assemblage zone 3 is characterized by high dinocyst concentrations (up to 13,000 

cysts g-l), high percentages of S. ramosus (40% at station V53), 0. centrocarpum, S. 

elongatus and Spiniferiles spp. Percentages of Q. concreta and Brigantedinium spp. 

are relatively low. The second ordination axis shows negative scores. Assemblage 

zone 3 is associated with the westem side of the OS, i.e., not affected by the direct 

influence of Fraser River. 

2.4.3 Evaluation of transfer function for estimating SST, SSS and productivity 

Results of cross-validation exerClses done with DS 1 by the modem analogue 

technique (Fig. 13) represent reconstructions versus observations for SST, SSS and 

productivity, the most important parameters associated with dinocyst distribution in 

GS, EFF and SB Inlets (see Figs. 10 and Il). Although the number of modem 

samples used is limited (60 samp1es), this exercise yields a relatively good correlation 

(r2 >0.86) and low RMSE (Table 5). In order to test the reliability of the approaches 

further, we eross-validated using a larger data set by adding sites representative of 

neritie and oceanie domains of the northeastem Pacifie, between 40 to 500 N (data 

from Radi and de Vemal, 2004) for a total of 123 sites (Fig. 14). This data set is 
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therefore representative of a domain with wider ranges of environmental variables 

(Table 6). 

In order to verify co-variation between all parameters, we did a PCA upon aH 

environmental variables listed in table 6. Nutrient and chlorophyll concentrations 

were significantly correlated with SST or SSS (Fig. 15). Seasonal SSS and winter 

SST also showed co-variation, mostly due to the relative influence of upwelling that 

determines the stratification of upper waters, and thus the salinity and thermal inertia 

at the surface. Nevertheless, both the winter SST and SSS were reconstructed. We 

considered only primary productivity, SST and SSS parameters for further 

reconstructions (Fig. 16). 

Overall, the modem analogue technique (MAT) and the multiple regression technique 

(MRT) yielded comparable reconstructions with both DS 1 (n=60) and the large data 

set (n=123), but the coefficient of correlation between reconstructed and observed 

values was higher, and the RMSE was lower, when using the MAT for SST and SSS 

(Table 5). AIso, reconstruction of the primary productivity with MAT was more 

aceurate than that made with MRT, especially when using the larger data set (n=123) 

as shown by the RMSE values (Table 5). 

2.5 Discussion 

2.5.1 Composition of assemblages 

Dinocyst assemblages of estuarine environments of BC are characterized by the 

absence of open ocean taxa such as Pyxidinopsis reticulata and Impagidinium 

species, which are cornmon in the 110rtheastern Pacifie margins (Radi and de Vernal, 

2004). In general, our assemblages resemble those from coastal zones of eastern and 
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westem North Atlantic (e.g., Harland et al., 2004a, 2004b; Pospelova et al., 2005), 

but the GS and the EFF-SB Inlets are differentiated by the occurrence of 

Echinidinium species and the absence ofL. machaerophorum. 

Echinidinium spp. are rarely reported at middle to high latitudes in the North Atlantic, 

but are frequent in warm environments such as the northern Arabian Sea and along 

West African margins, where they are associated with high nutrient input (Zonneveld, 

1997b; Zonneveld and Brummer, 2000; Susek et al., 2005). Echinidinium spp. are 

found (up to 5%) in most of the samples (see Fig. 8) from EFF, SB and GS, which 

indicates that these species are not restricted to warm environments, but are related to 

high productivity in areas with or without upwelling (see also Targarona et al., 1999; 

Vink et al., 2000; Zonneveld et al., 2001). 

2.5.2 Dinocyst concentrations and distribution versus environmental parameters 

In sorne estuarine systems, such as the Oslo Fjord (Norway), an increase in dinocyst 

concentration, along with an increase in relative abundance of the autotrophic taxon 

L. machaerophorum have been interpreted as indicating high anthropogenic nutrient 

input, or eutrophication (Dale and Fjelsa, 1994; Dale et al., 1999). In Yokohama Port, 

an increase ofdinocyst concentration combined with an increase of heterotrophic taxa 

is also interpreted as indicating eutrophication (Matsuoka, 1999). Low concentrations 

of dinocysts, combined with dominant heterotrophic taxa indicate industrial pollution 

within Frier Fjord in south-westem Norway (Sretre et al., 1997). Sretre et al. (1997) 

argued that the increase in heterotrophic taxa reflected food availability (e.g. 

diatoms), which fosters heterotrophic dinoflagellates, or reduced light penetration in 

the water column that discriminates against autotrophic taxa. The response of 

assemblages may therefore differ from one region to another, depending upon the 

exact form of eutrophication (see Dale, 1999 and Matsuoka, 2001 for a discussion). 
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The GS, which is more strongly affected by human activities than the EFF and SB 

Inlets, has lower concentrations and higher percentages of heterotrophic dinocysts, 

quite similar to the Frier Fjord (Sretre et al., 1997). 

Overall, the relationship between primary productivity or nutrient concentration and 

dinocyst concentration has not yet been clearly established quantitatively in oceanic 

or estuarine domains. Nevertheless, in many upwelling zones, cysts of heterotrophic 

species dominate the assemblages (e.g. Lewis et al., 1992; Dale et al., 2002; Radi and 

de Vernal, 2004). On this basis, Kumar and Patterson (2002) linked the increase in 

relative abundance of heterotrophic taxa in the outer basin of the EFF Inlet to high 

nutrient input due to upwelling. Our results show that the high productivity area of 

the EFF and SB Inlets is characterized by high dinocyst concentrations (Table 1), but 

not necessarily by high percentages of heterotrophic Protoperidinioid taxa (Fig. 8). 

This observation is important, because it illustrates the existence of relationships 

between dinocyst distribution and productivity in estuarine systems, which differs 

from that of marginal oceanic upwelling areas as documented previously (Marret, 

1994; Zonneveld, 1997a; Zonneveld et a1., 1997; 2001; Dale et al., 2002; Radi and de 

Vernal.,2004). 

Axis 1 of the RDA carried out on DS 1, which separates GS (low scores) from EFF

SB (high scores; Fig. 10), corresponds to two distinct regimes of nutrient enrichment 

and productivity. The EFF and SB Inlets face the open ocean and may thus be more 

influenced by regional coasta1 processes, including the intense summer upwelling. 

This configuration, together with low continental runoff, results in relatively high 

SSS and low summer SST, in addition to high productivity. The opposite ordination 

of autotrophic and heterotrophic taxa along axis 1 il1ustrates that there is a high 

relative abundance of heterotrophic Protoperidinioid taxa at the lower productivity 

sites. Both silica concentration (during spring and summer) and heterotrophic taxa are 

ordinated a10ng the negative side of this axis, corresponding to the GS domain. This 
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suggests that heterotrophic dinoflagellates in GS produce more cysts during spring 

and summer, when brackish water from the Fraser River and upwelled water from the 

open ocean are strongly mixed in the upper layers, resulting in relatively high SST 

and high silica concentration. This interpretation assumes that the increase In 

heterotrophic Protopridinioid cysts could be supported. by the spring bloom of 

diatoms, which are prey for heterotrophic dinoflagellates (Jacbson and Anderson, 

1986; Gaines and Elbrachter, 1986) andusually bloom earlier than other 

phytoplankton groups (Harrison et al., 1983; Li et al., 2000). This shows that the 

Autotrophic/Heterotrophic ratio caIUlot be used without qualification as productivity 

or upwelling signal. 

In coastal waters, upwelling and productivity often represent two covariant 

parameters that caIUlot be dissociated, but estuarine systems adjacent to upwelling 

cells, such as the GS, are characterized by two sources of nutrients (upwelling and 

continental runoff) and a large gradient in salinity (17 to 27). This gradient makes it 

possible to separate the influence of nutrients brought in by upwelling from that of 

nuttients brought in by continental runoff over a region characterized by a nearly 

uniform primary productivity. The abundance of autotrophic taxa in assemblages 

zones 1 and 3 within the GS is more likely related to coastal and shallow 

environments, where continental runoff and water column stratification are strong, 

especially within the area of the Fraser River plume (see Figs. 5, 6 and 7), as 

supported by the RDA showing a negative correlation between axis 1 and the distance 

to the shore and water depth (Fig. Il). The increase in percentage of heterotrophic 

taxa (assemblage zone 2; Figs. Il and 12) in the central and southem part of GS is 

more likely associated with deeper and less stratified waters, as illustrated by the 

ordination of both distance to the shore and water depth on the negative side of the 

axis 1. Both axes 1 and 2 are negatively correlated with SSS and phosphate 

concentrations during spring, indicating that assemblage zone 2 may be associated 

with relatively high SSS and phosphate concentration during spring, and high silicate 
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concentration during summer (Fig. Il), from surface waters consisting of brackish 

water mixed with saline upwelled water. 

High percentages (up to 30%) of P. dalei in the Fraser River plume and close to 

Vancouver Harbor characterize assemblage zone 1 (Figs. Il and 12). This species has 

been recorded to be abundant in fjords and estuarine environments adjacent to the 

North Atlantic (Dale, 1976, 1977; Nehring, 1997; Persson et al., 2000), and is a 

common component of the spring phytoplankton bloom in Norwegian and Swedish 

fjords (Dale, 1977; Harland et al., 2004a). Little is known about the eco1ogica1 

affinities of this taxon in estuarine systems, but Harland et al. (2004b) suggested that 

it is opportunistic in zones of high anthropogenic nutrient inputs. Our results show 

that low salinity and high spring productivity, corresponding to the beginning of fresh 

water input in the Burrard Inlet (Vancouver Harbor), seem to be the most favorable 

for this taxon. The highly significant correlation between axis 2 and distance to 

Vancouver Harbor (Fig. Il), which represents the most densely populated region, 

suggests that human activity may strongly influence dinocyst distribution, but we do 

not find a positive correlation between nutrient concentrations and axis 2. This is 

probably because the largest source of nutrients in GS cornes from the Pacifie Ocean 

through Juan de Fuca Strait during upwelling season (Mackas and Harrison, 1997). 

Phosphate concentration during spring, silica concentration during summer and 

heterotrophic taxa show the same negative ordination along axes 1 and 2 (Fig. Il), 

illustrating the high phosphate and silica concentrations and high percentages of 

heterotrophic taxa far from Vancouver Harbor (Fig. Il). The negative correlation 

between silica concentration and axes 1 and 2 probably illustrates the influence of 

upwelling upon dinocyst assemblages, as silica is not abundant in anthropogenic 

effluents (sewage or agricultural runoff) as are nitrate and phosphate (cf. Anderson et 

al., 2002). Nitrate loading by human activity does certainly influence dinocyst 

distribution by favoring autotrophic taxa near Vancouver Harbor, but this signal is 

not easy to detect because of the high nutrient inputs from upwelling. Thus, we 
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assume that this signal is encoded in salinity. Finally, the dominance of gonyaulacales 

at the mouth of the Fraser River and the higher abundance of protoperidinials at sites 

distal from the river seems to be typical of environments influenced by both 

upwelling and high river discharge, as documented for assemblages of the Congo 

River plume and the upwelling region of East Africa (Dale et al. ,2002). 

2.5.3 Quantitative approaches for the reconstruction of sea-surface parameters 

The composition of dinocyst assemblages along the coast of BC is closely associated 

with environmental parameters, especially SST, SSS and productivity. Therefore, it 

should be possible to use assemblage information in paleoceanographical 

reconstruction. Validation exercises done on the DS 1 data set' illustrate the identity of 

assemblages and their significance in terms of environmental conditions (Figure 13), 

and demonstrate the accuracy of the approaches on a regional scale, especially when 

using the modem analogue technique (Table 5). -Modem analogue technique is also 

reliable for reconstructions of sea surface conditions when using a larger data set (i.e. 

the n=123 data set). A less accurate reconstruction with multiple regressions 

technique is probably due to the fact that this approach is based on the assumption of 

a linear species-environment response, which does not apply here. Annual primary 

productivity is reconstructed with a coefficient of correlation (r2
) of 0.90 and a root 

mean square error (RMSE) of ±28 gC m-2 
yr-l (Fig. 16), close to the standard 

deviation of values estimated using chlorophyll data, i.e. ±17% (Antoine and Morel, 

1996). SST couId be reconstructed with a reasonable degree of accuracy within the 

range of inter-annual variability (r2 = 0.85, RMSE = ±0.60 oC for winter SST; r2 = 

0.72, RMSE = ±0.72 oC for surnmer SST; Fig. 16). The standard deviation of 

measured SST for each month varies between ±0.7 and ±1.2°C in winter and between 

±1.5 and ±2.8°C in summer, depending upon site location (NODC, 2001), indicating 

that variability of SST is close to the RMSE of our validation tests. The 
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reconstruction of salinity shows a larger scatter, with RMSEs of about ±0.87 and 

±1.98 for winter and summer respectively (Fig. 16). The scatter is larger in thelow 

salinity range influenced by continental runoff. Nevertheless, the RMSEs are lower 

than the standard deviations ofmeasured salinity, which vary between ±3.31 and ±5.7 

in winter and between ±4.62 and±9.90 in summer (NODC, 2001). This extremely 

high variability in SSS is probably related to the variable influence of upwelling 

intensity and freshwater input from the Fraser River. 

2.6 Conclusion 

Dinocyst distribution in the estuarine systems of BC shows diversified assemblages 

with distinct associations. The highly productive EFF and SB Inlets are characterized 

by dominant autotrophic taxa, whereas GS assemblages are dominated by 

heterotrophic taxa. GS assemblages also show variation corresponding to spring 

productivity and the salinity gradient. In the GS, the autotrophic taxa, including P. 

dalà, S. ramosus and 0. centrocarpum, apparently characterize coastal stratified 

water under the influence of continental runoff, whereas the heterotrophic 

Protoperidinioid taxa are common in areas influenced by upwelled marine waters. In 

addition, high percentages of P. dalei close to Vancouver Harbor in the GS could be 

associated with the proximity to the highly urbanized shore, but also to freshwater 

input via the Fraser River during spring, which causes an increase in productivity. 

Our results provide evidence that there is a strong relationship between productivity, 

SST and SSS, and dinocyst distribution in surface sediments of estuarine systems of 

the northeastem Pacific. 
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2.9 Figure captions 

Figure 1. Map of study area showing sampling site locations (dots) within EFF, SB 

and GS (A). Arrows indicate main summer surface circulation pattern. Regional 

surface circulation pattern for the GS is shown in (B) where grey arrows indicate 

circulation of brackish Fraser River water, mixing with saline oceanic water from 

Juan de Fuca Strait and discovery Pass. Isolines of equal mean tidal range are 

indicated in (C) (compiled from Barker, 1974; Thomson, 1981 and Thomson et al., 

1989) 

Figure 2. SST, SSS and productivity distributions in the coastal waters of BC. 

February and August SST and SSS data are from The World Ocean Atlas (2001). 

Productivity data are from Antoine et al. (1996) based on satellite observation of the 

chlorophyll yielded by the CZCS program. 

Figure 3. Summer SSS plotted against summer SST, winter SST and summer 

productivity in the GS (diamonds), SB Inlets (squares) and EFF Inlet (circles). 

Figure 4. Winter and summer distribution maps of nitrate, phosphate and silica 

concentrations in the surface water of the GS. Data are from STRATOGEM (Strait of 

Georgia Ecosystem Modeling project; http://www.stratogem.ubc.ca/data.html) and 

the World Ocean Atlas (2001). 

Figure 5. Average distribution of temperature (a) and dissolved oxygen (b) in the 

water column along the Georgia Strait and Juan de Fuca Strait. Data are from Masson 

(2006) and represent average of measurements made between 1999 and 2003 at 20 

stations. 
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Figure 6. Satellite images of suspended sediment in the Georgia Strait, from the 

AVHRR (Very High Resolution Radiometer) aboard a NOAA weather satellite, 

showing the extent of the Fraser River plume in February, May and August 2002. The 

images are from the Fisheries and Oceans Canada - Pacifie Region web site 

(http://www-sci.pac.dfo-mpo.gc.ca/osap/data/default_e.htm). 

Figure 7. Diagram showing the basic physical mechanisms of water circulation in the 

Georgia Strait and Juan de Fuca Strait. Grey arrows represent upwelled water coming 

from Juan de Fuca Strait and mixing with brackish Fraser River water in the central 

and southem parts of the Georgia Strait (adapted from Thomson, 1981) 

Figure 8. Percentages diagram of dinocyst taxa (except Operculodinium janduchenei, 

Impagidinium paradoxum and Islandinium brevispinosum, which only occur in very 

low numbers). 

Figure 9. Percentage distributions of the most important taxa in the GS, according to 

their ordination upon the first RDA axis (Operculodinium centrocarpum and 

Quinquecuspis concreta) and the second RDA axis (Pentapharsodinium dalei and 

Spiniferites ramosus) 

Figure 10. RDA results of EFF, SB and GS data (i.e. DSl) showing ordination of 

species and environmental variables on axes 1 and 2 (respectively 31.2 % and 6.4 % 

of species data variance). Only statistically significant environmental variables 

(P<O.OS) are displayed. Bottom panel illustrates the sample scores of the two 

ordination axes. 

Figure Il. RDA results of GS data (i.e. DS2) showing ordination of species and 

environmental variables on axes 1 and 2 (respectively 23.8 % and 15.4 % of species 

data variance). Only statistically significant environmental variables (P<O.OS) are 
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displayed. Dist. shore = distance from the shore, Dist. Van. Harbor = distance from 

Vancouver Harbor, Spring PO = phosphate concentration during spring. Bottom 

panel illustrates sample scores of the two ordination axes and the definition of 

assemblage zones 1, 2 and 3. 

Figure 12. Map of the distribution of assemblage zones 1,2 and 3 within the GS. 

Figure 13. Results of the validation exercise for the reconstruction of temperature, 

salinity and productivity using the modern analogue technique. Data set DS 1 (n = 60) 

includes EFF-SB Inlets and the GS. Because of the small size of the data set, only 

three analogues were retained for the reconstructions. 

Figure 14. Map of site locations of the large data set (n = 123) used for the validation 

exercise. This data set includes, in addition to EFF-SB Inlets and GS, 63 sites 

offshore of BC spalU1ing coastal and oceanic domains (data from Radi and de Vernal, 

2004). Fil1ed circles correspond to data from Radi and de Vernal (2004) and open 

circles indicate data from this study. 

Figure 15. Results of Principal Components Analysis (PCA) carried out on the 

environmental variables in the n = 123 data set. The two axes represent respectively 

61.8% and 23.4% of the total variance. Note that dinocyst data are excluded from this 

analysis, which al10ws us to identify the environmental variables that may co-vary 

and therefore al10ws us to select adequately the parameters that are to be used during 

reconstructions. The matrix of correlation coefficients. (bottom) is based on linear 

relationships between the environmental parameters used in this PCA. 

Figure 16. Results of the validation exercise for the reconstruction of temperature, 

salinity and productivity for the data set n=123, using the modern analogue technique. 
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Because of the small size of the data set, only 3 analogues were retained for the 

reconstructions. 

2.10 Table captions 

Table 1. List of sample sites with location, water depth, total cysts counted and cyst 

concentration. Samples of SB Inlets (SB 1 to SB10) are from cores collected during 

summer 2003 onboard the CCGS Victor. Samples of the GS, labeled "T" and "V", 

were collected during the CCGS John P. Tully and CCGS Victor cruises in summers 

1992 and 2002. Samples of EFF Inlet (EF8 to EF27) were collected during the CCGS 

John P. Tully cruise in summer 1997. 

Table 2. Results of ordination by Detrended Correspondence Analysis (DCA) and 

Redundancy Analysis (RDA) of DS 1 and DS2 data sets, showing eigenvalues, 

variance of species data and species-environment relationships for the first two axes. 

Table 3. Importance ranking of environmental variables by their marginal and 

conditional effects on dinocystsdistribution in the GS, EFF and SB Inlets (DS 1), as 

obtained by forward selection. À is the eigenvalue explained by environmental 

variable. P-value is the significance level of the conditional effect, as obtained by 

Monte Carlo permutation test under the null model with 199 random permutations. 

Table 4. Importance ranking of environmental variables by their marginal and 

conditional effects on dinocysts distribution in the GS (DS2), as obtained by forward 

selection. À is the eigenvalue explained by environrnental variable, P-value is the 

significance level of the conditional effect, as obtained by Monte Carlo permutation 

test under the null model with 199 random permutations. 
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Table 5. Root Mean Square Error (RMSE) and the coefficient ofcorrelation between 

observed and estimated values (r2
) of the environmental variables tested by the cross

validation exercises using modem analogue technique (MAT) and multiple regression 

technique (MRT). The small data set (DS 1+DS2) includes EFF-SB Inlets and GS 

alone, whereas the large data set (n=123) includes, in addition to EFF-SB Inlets and 

GS, 63 sites offshore BC sparming coastaland oceanic domains (data from Radi and 

de Vernal, 2004). 

Table 6. Mean seasonal SST, SSS (NODC, 2001), chlorophyll and nutrient 

concentrations (NODC, 2001; STRATOGEM, 2005) and armual primary productivity 

(Antoine et al,. 1996) of surface water of estuarine sites (Seymour-Belize Inlets, 

Georgia Strait and Effingham Inlet) and oceanic sites (OSU 1 to 75) 
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Figure 12
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Figure 14 
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Figure 15 
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Figure 16 
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Table 1 

Stalion Walerdeplh Laboralory 
number Latilude Longilude (m) number Counl cysts g.1 

SB-IO 51.20 -127.35 164 1908-4 109 34955 
SB-07 51.17 -127.04 151 1908-3 188 66391 
SB-06 51.17 -126.95 131 1908-2 147 25037 
SB-OI 51.04 -126.72 241 1907-5 325 8617 
SB-03 51.02 -126.71 241 1907-6 239 29568 
SB-04 51.01 -126.71 211 1908-1 246 5J 918 
T-l35 49.29 -123.16 13 1873 -5 103 549 
V-30 49.30 -123.19 25 1912 -6 130 1060 
V·25 49.31 -123.22 54 1912 -5 152 1114 
T·138 49.31 -123.23 54 1862 -3 88 922 
T-140 49.32 -123.29 129 1873 -6 125 833 
V·38 49.33 -123.29 125 1913 -2 68 677 
T-143 49.32 -123.35 184 1874 -1 316 1693 
T-148 49.33 -123.47 257 1862 ·4 150 1680 
T-159 49.29 -123.31 107 1874 -2 112 577 
T-5 49.23 -123.30 96 1871 -2 172 1369 
T·IO 49.26 -123.29 66 1871 -3 104 243 
T-129 49.28 -123.47 178 1873 -4 210 1172 
T·161 49.29 -123.38 251 1874 -3 240 1421 
T-1 49.19 -123.31 100 1871 -1 183 1377 
T-38 49.24 -123.37 241 1872 -1 216 1429 
T-50 49.25 -123.44 256 1872 -2 354 1355 
T-126 49.24 ·123.47 310 1873 -3 287 2781 
T-51 49.23 -123.44 302 1872 -3 323 3014 
T-52 49.22 -123.45 302 1872 -4 210 1342 
T-36 49.21 -123.37 243 1861 -4 259 2719 
T-34 49.20 -123.43 289 1871 -6 346 2870 
T-22 49.18 -123.37 217 1871 -5 322 2226 
T-20 49.14 -123.38 167 1871 -4 225 2031 
T-29 49.12 -123.44 288 1861 -3 244 1937 
T-117 49.15 -123.50 335 1873 -2 315 2030 
T-84 49.09 -123.34 136 1873 -1 78 423 
T-168 49.00 -123.34 211 1862 -5 139 1910 
T-86 48.89 -123.05 155 1861 -6 43 512 
T-97 48.93 -123.06 128 1862 -2 79 483 
T-I72 48.88 -123.24 198 1862 -6 137 2013 
T-90 48.84 -123.10 200 1862 -1 134 2977 
V-47 49.37 -123.75 192 1913 -4 225 1947 
V-58 49.17 -123.71 210 1915 -3 270 3894 
V-53 49.21 -123.75 164 1915 ·1 225 13 156 
V-57 49.18 -123.78 200 1915 -2 291 6099 
V-64 49.12 ·123.63 2JO 1915 -6 318 1719 
V-68 49.12 -123.57 265 1916 -2 225 1663 
V-66 49.14 -123.56 265 1916 ·1 240 2073 
T-169 49.01 -123.47 228 1874 -5 197 1024 
V-73 48.91 -123.32 150 1916 -4 240 1303 
EF8 49.09 -125.18 58 1563 -5 228 49710 
EF9 49.09 -125.18 59 1563 -6 305 91837 
Ero10 49.09 -125.18 62 1564 -1 133 42347 
EFl1 49.09 -125.18 64 1564 -2 250 64 208 
EFI2 49.08 -125.17 66 1564 -3 176 44943 
EFI3 49.07 -125.16 105 1564 -4 293 73536 
EFI4 49.07 -125.15 121 1564 -5 233 58409 
EF15 49.06 -125.15 51 1564 -6 308 105151 
EFI6 49.06 -125.15 55 1567 -1 328 17277 
EF24 49.05 -125.16 123 1567 -3 305 37301 
EF26 49.05 -125.15 108 1567 -4 317 137054 
EF18 49.05 -125.16 22 1567 ·2 144 10679 
EF28 49.02 -125.16 135 1567 -6 325 84878 
EF27 49.02 -125.16 115 1567 ·5 337 125351 
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Table 2 

Analysis
 
Eigenvalues
 

DCA Lengths of gradient 
Cwn. percentage variance of species data 

Multivariate analysis adoplcd
 
Eigenvalues
 
Species-cnvironment correlations
 

RDA Cumulative percenlage variance 
of species data 
of species-env ironment relation 

DS 1 (60samples, 25 ta.,,) 
Axis 1 Axis 2 Total inertia 
0.42 0.50 1.031 
1.99 1.83 
41.4 55.8 

RDA Wilh 21 environrnentale variables 
0.31 0.065 1.000 
0.97 0.875 

31.2 37.6 
51.1 61.6 

DS2 (40 samples, 25 taxa) 
Axis 1 Axis 2 Total Ulertia 
0.21 0.14 0.736 
1.43 1.70 
28.6 48.1 

RDA wilh 34 environmentale variables 
0.24 0.15 1.000 
0.92 0.86 

23.8 39.2 
47.8 78.7 
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Table 3 

Marginal Effects Conditional Effects 
Variable À Variable À P -value 
Summer productivity 0.28 Summer productivity 0.28 0.005 
Annual productivity 0.28 WinterSST 0.05 0.005 
Summer cWorophyli-a 0.27 Autumn SSS 0.05 0.005 
Winter SST 0.26 Summer SST 0.03 0.005 
Spring silica 0.25 Water deptll 0.03 0.005 
Spring SSS 0.24 Annual productivity 0.02 0.005 
Summer SSS 0.24 Summer Silica 0.02 0.025 
AutumnSSS 0.23 Spring Silica 0.02 0.040 
Winter SSS 0.22 Autumn productivity 0.01 0.050 
Spring productivity 0.22 Sununer chlorophyll-a 0.02 0.180 
SST seasonality 0.20 Winter productivity 0.01 0.110 
Winter productivity 0.19 Autunm SST 0.01 0.410 
AutumnSST 0.19 Spring SSS 0.01 0.275 
SSS seasonality 0.17 Spring SST 0.01 0.555 
Autumn productivity 0.16 Spring phosphate 0.01 0.185 
Water depth 0.15 Spring productivity 0.01 0.560 
Summer SST 0.13 Sununer SSS 0.01 0.780 
Spring SST 0.08 Spring nitrate 0.01 0.835 
Summer silica 0.07 Winter SSS 0.00 0.950 
Spring phosphate 0.06 
Spring nitrate 0.02 
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Table 4 

Marginal Effects Conditional Effects (GS, n=40) 
Variable À Variable À P-value 
Distance to the shore 0.15 Distance to the shore 0.15 0.005 
Spring productivity 0.14 Dist. Van. Harbor 0.14 0.005 
Surruner productivity 0.14 Summer silica 0.06 0.005 
Annual productivity 0.13 Water depth 0.04 0.005 
Winter productivity 0.13 Spring productivity 0.04 0.025 
Dist. Van. Harbor 0.13 Spring SSS 0.04 0.005 
Auturnn SSS 0.13 Spring phosphate 0.03 0.045 
Winter SSS 0.12 Spring SST 0.02 0.165 
Spring SSS 0.11 Spring nitrate 0.02 0.28 
Surruner SSS O. ]] Sununer nitrate 0.01 0445 
Water depth 0.10 Auturnn SST 0.02 0.125 
Autumn productivity 010 Spring silica 0.02 0.35 
SSS seasonality 0.10 Winter phosphate 0.02 0.35 
Spring phosphate 0.09 SST seasonality 0.01 0455 
Winter clùorophyll-a 0.09 AutumnSSS 0.02 0.335 
Winter SST 0.08 Winter SST 0.02 0.205 
Autumn silica 0.07 Spring chlorophyll-a 0.02 0.215 
Spring silica 0.07 Sununer SSS 0.01 0.325 
SST seasonality 0.07 Sununer productivity 0.02 0.275 
Surruner phosphate 0.07 Sununer phosphate 0.02 0.16 
Surruner SST 0.06 Winter chlorophyll-a 0.02 0.365 
auturnn phosphate 0.06 Annual productivity 0.01 0.39 
Spring SST 0.06 Winte productivity 0.02 0.27 
Winter silica 0.05 Autumn silica 0.02 0.275 
Autumn nitrate 0.05 Winter SSS 0.01 0.795 
Winter nitrate 0.05 Winter silica 0.02 0.23 
Spring nitrate 0.05 Winter nitrate 0.01 0.68 
Spring chlorophyll-a 0.05 Autumn chlorophyll-a 0.01 0.615 
Winter phosphate 0.05 Autumn phosphate 0.01 0.605 
Surruner chlorophyll-a 0.04 Autumn productivity 0.01 0.62 
Automn SST 0.04 Sununer chlorophyll-a 0.01 0.84 
Summer nitrate 0.03 
Summer silica 0.03 
Auturnn clùorophyll-a 0.02 



Table 5 

DSI (n = 60) Large data set (n = 123) 
MAT MRT MAT MRT 

r' RMSEP r' RMSEP r' RMSEP r' RMSEP 

Winter SST 0.96 0.12·C 0.91 0.22·C 0.8S 0.60 'c 0.88 0.6S'C 

Surnmer SST 0.87 0.42·C 0.81 0.67'C 0.72 O.72'C 0.73 0.8S·C 

WinterSSS 0.95 0.45 0.93 0.75 0.93 0.874 0.92 1.09 

Surnmer SSS 0.88 1.33 0.91 1.52 0.89 1.977 0.94 1.80 

Annual primary productivity 0.95 9.91 gC m" 0.9S 12.36 gC m-' 0.90 27.97 gC m-' 0.83 44.47 gC mol 

...... ...... 
00 



Table 6 

Winter Summer Annual Spring Spring Summer Spring Slunmer Summer 
Station SST Winter SST Summer productivity nitrate phodphate phosphate si1ica silica chlorophyll 
number Longitude Latitude Cc) SSS Cc) SSS (gC m 2 yr") (IiM) _ (IiM) (IiM) _wM) wM) (lig r') 
SB·10 -127.35 51.20 7.43 30.63 11.40 27.66 296.86 1.00 1.00 1.00 12.00 33.00 3.98 
SB-07 -127.04 51.17 7.28 30.42 11.34 26.06 331.94 4.00 1.00 1.00 12.00 33.00 4.47 
SB-06 -126.95 51.17 7.22 30.28 11.17 25.10 331.94 3.00 1.02 1.02 12.10 33.00 4.47 
SB-01 -126.72 51.04 7.07 30.28 12.16 21.40 328.12 3.00 1.27 1.27 12.10 33.00 6.87 
SB-03 -126.71 51.02 7.10 30.30 12.12 21.48 328.12 3.00 1.27 1.27 12.10 33.00 6.87 
SB-04 -126.71 51.01 7.11 30.39 11.92 21.16 328.12 3.00 1.28 1.28 12.10 33.00 6.08 
T-135 -123.16 49.29 6.80 24.25 15.22 16.41 296.73 10.76 1.03 0.58 28.61 26.28 2.50 
V-30 -123.19 49.30 6.80 24.27 15.28 16.71 296.73 10.81 1.02 0.58 28.40 26.08 2.50 
V-25 -123.22 49.31 6.83 24.50 15.31 17.42 296.73 10.89 1.03 0.58 28.86 25.94 2.50 
T-138 -123.23 49.31 6.84 24.55 15.32 17.50 296.73 10.89 1.03 0.58 28.86 25.94 2.50 
T-140 -123.29 49.32 6.83 24.62 15.37 17.77 290.34 11.15 1.10 0.59 29.08 25.47 2.50 
V-38 -123.29 49.33 6.83 24.61 15.38 17.73 290.34 11.15 1.10 0.59 29.08 25.47 2.52 
T·143 -123.35 49.32 6.84 24.74 15.41 18.12 290.34 11.75 1.19 0.60 29.29 25.14 2.53 
T-148 -123.47 49.33 6.84 24.84 15.44 18.40 287.89 10.69 1.02 0.62 23.03 24.12 2.83 
T-159 -123.31 49.29 6.85 24.74 15.32 17.81 290.34 Il.44 1.18 0.57 30.48 25.56 2.50 
T-5 -123.30 49.23 6.86 24.84 15.23 18.09 259.84 10.93 1.13 0.54 30.95 26.31 2.43 
T-10 -123.29 49.26 6.85 24.76 15.27 17.85 259.84 11.10 1.12 0.56 30.22 25.93 2.45 
T-129 -123.47 49.28 6.85 24.94 15.38 18.40 287.89 12.31 1.22 0.60 26.24 24.39 2.82 
T-161 -123.38 49.29 6.85 24.89 15.38 18.28 290.34 14.09 1.49 0.58 33.21 25.12 2.53 
T-1 -123.31 49.19 6.87 24.93 15.07 18.85 259.84 10.43 0.89 0.51 30.52 27.01 2.41 
T-38 -123.37 49.24 6.86 24.96 15.32 18.45 259.84 11.50 1.47 0.55 33.84 25.10 2.48 
T-50 -123.44 49.25 6.86 24.98 15.33 18.47 264.80 12.13 1.21 0.58 27.64 24.85 2.46 
T-126 -123.47 49.24 6.85 24.98 15.32 18.55 264.80 12.06 1.16 0.56 24.54 24.53 2.78 
T-51 ·123.44 49.23 6.86 25.03 15.29 18.61 264.80 12.13 1.12 0.56 26.26 24.85 2.44 
T-52 -123.45 49.22 6.86 25.05 15.20 18.96 264.80 10.61 0.88 0.55 18.31 24.52 2.44 
T-36 -123.37 49.21 6.86 25.04 15.18 18.98 259.84 8.74 1.29 0.53 32.77 25.18 2.45 
T-34 ·123.43 49.20 6.87 25.08 15.17 19.04 264.80 9.33 0.84 0.52 24.27 24.98 2.40 
T-22 -123.37 49.18 6.87 25.09 15.13 19.29 259.84 9.65 0.66 0.49 30.38 27.06 2.45 
T-20 -123.38 49.14 6.90 25.44 15.12 19.99 259.84 9.20 0.74 0.43 30.48 30.94 2.45 
T-29 -123.44 49.12 6.91 25.48 15.11 20.29 261.96 5.60 0.60 0.46 27.98 26.77 2.40 
T-117 ' -123.50 49.15 6.88 25.32 15.14 19.94 261.96 4.91 0.600.48 17.11 21.46 2.74 

T-84 -123.34 49.09 6.91 25.45 15.07 20.26 258.42 10.09 0.79 0.36 36.85 36.00 2.47 

T-168 -123.34 49.00 6.98 25.63 14.75 21.58 258.42 14.32 1.89 0.45 31.34 30.15 1.91 
T-86 -123.05 48.89 7.05 26.17 14.10 21.84 281.18 13.08 1.20 0.52 28.50 29.44 2.82 
T-97 -123.06 48.93 7.00 25.58 14.20 21.41 287.33 13.04 1.23 0.52 28.17 29.20 2.54 
T-I72 -123.24 48.88 7.06 26.48 14.39 22.37 262.00 14.62 0.96 0.41 23.76 29.63 2.35 
T-90 -123.10 48.84 7.05 26.58 14.00 22.44 262.00 13.04 1.11 0.52 27.97 29.29 2.35 

,...... 
,...... 
\Cl 



Table 6 - continued 

Winter Swnrner Annual Spring Spring Swnrner Spring Swnmer Swnrner 
Station SST Winter SST Swnmer Productivity nitrate phosphate phosphate silica silica chlorophyll 
nurnber Longitude Latitude CC) SSS ('C) SSS (gC m·2 Yr"') (pM) (pM) (fLM) (fLM) (fLM) (fLg 1") 

V-47 -123.75 49.37 6.73 25.98 15.72 18.56 286.68 8.10 0.83 0.81 19.61 25.06 2.63 
V-58 -123.71 49.17 6.81 26.37 15.34 19.70 264.41 8.41 1.01 0.65 20.33 23.94 2.58 
V-53 -123.75 49.21 6.78 26.21 15.46 19.21 264.41 9.32 0.93 0.54 20.55 25.19 2.66 
V-57 -123.78 49.18 6.75 26.15 15.41 19.48 262.00 8.90 0.94 0.69 20.70 24.01 2.64 
V-64 -123.63 49.12 6.88 25.43 15.17 20.26 261.74 6.91 0.59 0.61 22.05 24.63 2.69 
V-68 -123.57 49.12 6.89 25.33 15.15 20.25 261.96 5.57 0.47 0.46 23.81 25.53 2.72 
V-66 -123.56 49.14 6.88 25.30 15.16 19.99 261.96 5.57 0.41 0.53 25.14 25.69 2.74 
T-169 -123.47 49.01 6.96 25.61 14.80 21.63 260.21 11.47 1.14 0.42 30.42 30.34 2.08 
V-73 -123.32 48.91 7.02 26.17 14.58 21.99 258.11 13.60 0.89 0.46 22.85 29.20 2.37 
EF8 -125.18 49.09 8.17 29.04 13.98 27.36 361.46 1.10 0.58 1.07 12.47 25.92 8.28 
EF9 -125.18 49.09 8.17 29.04 13.98 27.36 361.46 1.10 0.58 1.07 12.47 25.92 8.28 
EFIO -125.18 49.09 8.17 29.07 13.98 27.36 361.46 1.10 0.58 1.07 12.47 25.92' 8.28 
EFll -125.18 49.09 8.15 29.01 13.98 27.36 361.46 1.10 0.58 1.07 12.47 25.92 8.28 
EF12 -125.18 49.09 8.15 29.01 13.98 27.36 361.46 1.10 0.58 1.07 12.47 25.92 8.28 
EF13 -125.16 49.07 8.17 29.16 13.87 27.60 361.46 1.10 0.63 0.89 12.49 25.92 8.68 
EF14 -125.16 49.07 8.17 29.18 13 .85 27.63 361.46 1.10 0.64 0.92 12.49 26.22 8.68 
EFI5 -125.15 49.06 8.17 29.21 13.78 27.76 361.46 1.10 0.67 0.92 13.42 26.22 8.69 
EFI6 -125.15 49.06 8.17 29.21 13.78 27.76 361.46 1.10 0.67 0.92 13.42 26.22 8.70 
EF24 -125.16 49.05 8.23 29.42 13.63 27.99 361.46 Il.45 0.73 0.89 14.14 25.92 8.52 
EF26 -125.15 49.05 8.22 29.35 13.63 27.96 361.46 Il.45 0.73 0.92 14.14 26.22 8.52 
EF18 -125.16 49.05 8.22 29.41 13.63 27.98 361.46 Il.45 0.73 0.92 14.14 26.22 8.52 
EF28 -125.16 49.02 8.27 29.55 12.75 28.40 361.46 Il.45 0.77 0.93 14.91 24.77 8.24 
EF27 -125.16 49.02 8.27 29.55 12.75 28.37 361.46 Il.45 0.77 0.94 14.91 25.00 8.45 
OSUI -129.23 43.58 10.68 32.61 17.11 32.00 96.04 1.01 0.54 0.52 3.43 2.17 1.01 
OSU2 -127.98 44.12 9.86 32.59 16.4J 32.06 101.17 0.85 0.78 0.40 1.50 2.20 1.92 
OSU3 -128.75' 43.55 10.48 32.62 16.79 31. 75 99.32 1.07 0.54 0.41 3.49 3.33 1.32 
OSU4 -124.55 40.81 10.72 32.46 12.59 33.21 311.63 8.86 1.20 0.72 13.87 11.80 5.86 
OSU5 -126.18 40.10 Il.26 32.65 15.70 32.64 162.57 3.36 0.56 0.51 6.79 2.00 3.21 
OSU6 -129.62 42.29 10.34 32.67 17.23 32.61 93.29 0.05 0.45 0.50 2.00 2.32 1.46 
OSU7 -130.41 42.98 10.81 32.66 17.25 32.58 91.81 0.02 0.50 0.49 2.00 1.94 1.17 
OSU8 -131.12 42.66 10.86 32.80 17.66 32.74 90.92 0.95 0.49 0.54 2.96 1.50 1.26 
OSU9 -131.57 43.53 10.58 32.78 17.01 32.71 96.31 1.20 0.52 0.46 3.47 1.00 1.15 
OSU10 -131.67 44.88 9.94 32.73 16.70 32.59 82.74 0.00 0.42 0.47 1.50 4.00 1.05 
OSUll -130.93 45.12 10.06 32.62 16.55 32.59 86.47 1.53 0.67 0.47 6.50 4.00 1.02 
OSU12 -124.14 48.36 7.64 28.79 12.41 30.43 235.58 10.61 1.39 1.91 25.64 34.19 3.39 
OSU17 -134.27 46.63 9.05 32.52 15.24 32.57 89.77 7.00 0.63 0.66 11.00 7.05 0.02 
OSU18 -131.16 47.03 8.53 3263 15.99 32.47 92.36 0.20 0.92 0.74 10.88 4.67 0.26 

OSUI9 -127.54 46.72 8.72 32.50 16.29 32.14 110.18 1.13 0.66 0.40 4.89 4.46 0.13 
OSU20 -127.77 49.01 8.30 32.30 14.59 32.06 215.66 0.55 0.66 0.45 11.19 10.55 2.07 

~  

OSU21 -128.14 49.40 8.47 32.29 J4.04 32.08 228.88 0.35 0.47 0.43 14.38 1211 2.83 N 
0 
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Table 6 - continued 

Winter Summer Annual Spring Spring Summer Spring Summer Summer 
Station 
number Longitude Latitude 

SST 
(oC) 

Winter 
SSS 

SST 
(oC) 

Summer 
SSS 

Productivity 
(ge m-' yr·ll 

nitrate 
(fJJ\.1) 

phosphate 
(flM) 

phosphate 
(pM) 

silica 
ifu\.1) 

silica 
(pM) 

chlorophyll 
(P8 1") 

OSU22 -129.24 49.21 7.99 32.39 15.21 32.10 144.82 2.47 0.71 0.41 5.96 2.50 0.27 
OSU23 -130.03 48.23 7.58 32.51 15.33 32.18 104 .52 2.96 0.80 0.67 7.74 5.00 1.51 
OSU24 -129.87 48.44 7.70 32.45 15.31 32.20 107.61 3.12 0.81 0.63 7.83 5.82 1.48 
OSU25 -127.15 48.39 8.49 32.27 14.71 32.01 185.79 0.55 0.59 0.44 6.59 3.86 1.73 
OSU26 -128.06 48.06 8.18 32.38 15.35 32.05 141.26 1.60 0.70 0.52 5.00 5.33 2.16 
OSU27 -129.51 47.59 8.17 32.55 15.10 32.31 100.10 4.38 0.89 0.66 6.50 3.50 1.30 
OSU28 -127.12 47.80 8.58 32.39 15.23 32.02 ISO .48 1.53 0.63 0.41 7.00 5.50 1.67 
OSU33 -126.27 47.95 8.65 32.29 14.76 31.95 201.22 0.77 0.67 0.50 9.41 10.90 3.00 
OSU34 -124.91 47.38 9.40 30.87 14.87 31.66 287.81 0.81 0.55 0.55 13.67 7.77 1.58 
OSU35 -126.06 48.30 8.55 31.78 13.84 31.86 276.37 0.75 0.62 0.61 8.73 13.60 3.78 
OSU36 ·126.02 48.10 8.56 32.06 14.09 31.92 230.17 0.57 0.. 67 0.57 9.95 13.47 3.88 
OSU37 -125.77 48.18 8.57 31.82 13 .67 31.89 266.57 0.50 0.69 0.79 9.84 16.21 4.26 
OSU38 -125 .69 48.21 8.43 31.77 13.11 31.88 274.87 2.80 0.73 0.87 Il.07 17.93 4.10 
OSU39 -125.36 47.94 8.76 31.92 13.81 31.96 274.87 1.73 0.66 0.89 10.07 18.29 3.79 
OSU40 -125.76 47.60 9.18 32.31 15.25 31.93 191.69 0.62 0.69 0.55 8.64 8.11 1.56 
OSU41 -129.66 44.28 10.31 32.55 16.59 32.58 95.64 1.18 0.52 0.47 3.55 1.79 0.08 
OSU42 -127.81 40.99 10.95 32.72 16.55 32.48 115.26 3.50 0.45 0.44. 6.00 2.00 2.38 
OSU43 -125.12 46.30 9.74 31.09 15.70 31.17 200.33 0.63 0.48 0.42 14.20 11.53 3.04 
OSU44 -125.61 46.30 9.80 32.28 16.25 31.84 145.96 0.51 0.53 0.40 7.27 3.96 2.79 
OSU45 -124.90 44.50 9.59 32.28 14.26 31.71 226.96 1.43 0.50 0.44 8.45 8.58 3.95 
OSU46 -125.32 43.67 9.94 32.55 14.76 31.98 196.48 0.18 0.48 0.57 5.00 6.00 2.95 
OSU47 -125.40 43.17 10.00 32.56 14.57 32.15 212.96 0.24 0.56 0.53 4.10 6.20 2.07 
OSU48 -125.09 43.17 10.08 32.41 13.94 32.42 241.66 0.26 0.56 0.62 3.75 10.29 2.11 
OSU49 -130.16 44.73 10.16 32.58 16.44 32.57 96.75 1.33 0.43 0.49 3.00 1.00 0.50 
OSU50 -126.58 43.03 10.07 32.58 16.08 31.89 145.14 0.75 0.47 0.45 2.00 3.50 2.36 
OSU51 -126.00 41.83 10.66 32.64 15.07 32.38 169.27 3.18 0.59 0.40 5.98 4.50 1.95 
OSU52 -128.01 42.21 10.93 32.71 16.67 32.18 104.57 1.75 0.46 0.43 4.49 3.00 2.05 
OSU53 -129.01 41.80 10.33 32.65 16.88 32.62 93.09 0.05 0.51 0.46 2.50 2.00 1.80 
OSU54 -131.22 41.48 11.75 32.82 17.55 32.86 88.84 1.69 0.39 0.40 3.41 1.57 1.42 
OSU55 -134.66 41.08 12.62 32.81 18.10 33.06 79.28 0.13 0.37 0.48 4.63 2.61 0.06 
OSU56 -126.60 42.09 10.72 32.66 15.85 32.18 149.89 2.33 0.56 0.37 4.58 4.00 2.26 
OSU57 -126.26 42.75 10.22 32.60 15.35 32.35 163.94 1.00 0.48 0.58 1.00 2.50 2.20 
OSU58 -125.58 45.22 9.73 32.20 16.38 31. 66 149.55 0.23 0.52 0.33 7.88 5.41 0.32 
OSU59 -125.28 44.67 9.66 32.45 15.48 31.40 174.18 0.64 0.44 0.37 7.38 6.69 3.92 
OSU60 -130.62 41.58 Il.53 32.80 17.13 32.85 89.69 2.00 0.46 0.44 3.36 1.00 1.51 
OSU61 -125.21 42.20 10.64 32.57 13.44 32.88 254.88 8.00 0.64 0.64 12.00 5.45 0.40 
OSU62 -127.57 42.15 11.01 32.68 16.46 32.2 J 114.51 1.47 0.55 0.37 4.83 3.00 2.23 
OSU63 -132.04 41.52 11.35 32.90 17.61 32.92 87.27 1.51 0.26 0.45 3.00 2.01 1.25 
OSU64 -129.13 46.65 9.12 32.55 15.72 32.32 100.32 2.55 0.72 0.63 6.00 4.27 0.18 

OSU65 -127.02 41.27 Il.07 32.70 15.70 32.55 134.16 3.50 0.45 0.39 6.00 2.50 2.50 
OSU70 -125.52 40.42 11.11 32.69 14.16 32.83 212.39 4.49 0.50 0.82 8.25 2.00 3.87 
OSU72 -125.50 48.77 8.32 30.71 12.97 30.14 373.63 4.27 0.70 0.81 14.67 22.49 5.91 
OSU73 
OSU74 

-126.89 
-126.88 

48.91 
48.98 

8.59 
8.58 

31.91 
31.88 

14.16 
14.11 

31.92 
31.91 

255.83 
273.06 

1.52 
1.52 

0.68 
0.68 

0.57 
0.57 

9.73 
9.73 

12.74 
12.74 

2.73 
2.73 

,...... 
N 

OSU75 -127.31 49.22 8.49 31.97 14.08 31.96 263.85 1.22 0.67 0.54 10.56 12.11 2.54 ,...... 
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Résumé 

Une base de données de référence de sédiments modernes a été utilisée pour explorer 
l'utilisation potentielle des assemblages de dinokystes préservés dans les sédiments 
comme traceurs de productivité primaire. La base de données inclut 1171 sites 
provenant de l'Atlantique Nord (n = 483), de l'océan Arctique (n = 401) et du 
Pacifique Nord (n = 287). Nous avons compilé deux jeux de données de productivité 
primaire moderne, issues d'observations satellitaires de la chlorophylle: (1) les 
données du programme Coastal Zone Color Scanner (CZCS) qui représentent L1ne 
moyenne des mesures effectuées entre 1978 et 1989 et (2) les données du programme 
MODerate resolution Imaging Spectroradiometer (MOOIS) qui représentent des 
données correspondant à la période entre 2002 et 2005. Nous avons utilisé des 
Analyses Canoniques de Correspondances (ACq avec 62 taxons de dinokystes et 
huit paramètres environnementaux (la salinité d'hiver et d'été, la température d'hiver 
et d'été, le couvert de glace de mer, la productivité primaire estivale, hivernale et 
annuelle). Les résultats de l'ACC montrent que la productivité primaire est un 
paramètre déterminant des assemblages de dinokystes à l'échelle de l'Atlantique 
Nord, du Pacifique Nord et à l'échelle hémisphérique. Dans le Pacifique, la relation 
entre la productivité et la distribution des dinokystes est particulièrement élevée. Des 
tests de validation, basés sur la méthode des analogues modernes, ont été effectués 
afin d'évaluer le potentiel des dinokystes comme traceurs quantitatifs de 
paléoproductivité. Les résultats montrent qu'à l'exception de l'océan Arctique, qui est 
caractérisé généralement par de faibles productivités, la productivité peut être 
reconstituée avec une erreur de ± 11-25 %, selon la base de données de productivité 
utilisée. La meilleure performance est obtenue pour la reconstitution de la 
productivité hivernale en utilisant les données de MOOIS. Dans tous les cas, les 
erreurs de prédiction issues des tests de validation sont inférieures à la différence 
entre les données de productivité de MODIS et de CZCS. La reconstitution à partir 
d'une carotte sédimentaire prélevée dans le Nord-Ouest de l'Atlantique Nord (HU 91
045-094) montre une grande variabilité de la productivité durant les derniers 25 000 
ans. Les reconstitutions suggèrent de faibles productivités durant l'intervalle 
glaciaire, notamment durant les événements d'Heinrich et le Dryas Récent (100 gC 
m-2 an-') et une productivité élevée au début de l'Holocène (350 gC m-2 an- I

). 

Mots clés : kystes de dinoflagelIés, paléoproductivité, reconstitution quantitative, 
hémisphère nord. 



Abstract 

In order to explore the potential of dinocyst assemblages in marine sediment as a 
proxy for primary productivity, we analyzed a reference "modern" database including 
1171 sites from the North Atlantic Ocean (n = 483), the Arctic Ocean (n = 401) and 
the North Pacifie Ocean (n = 287). We compiled two sets of primary productivity 
data derived from satellite observations: (l) The dataset from the Coastal Zone Color 
SCaImer (CZCS) program applied to observations from 1978 to 1989 and (2) the data 
set from the MODerate resolution Imaging Spectroradiometer (MODIS) program 
using observations from 2002 to 2005. We performed canonical correspondence 
analysis (CCA) on a data matrix that included 62 dinocyst taxa and eight sea-surface 
parameters (winter and summer salinity, winter and summer temperature, sea-ice 
cover, summer, winter and annual primary productivity). CCA results show that 
primary productivity is a determinant parameter of dinocyst assemblages (including 
both phototrophic and heterotrophic taxa) in the North Atlantic, North Pacific, and at 
hemispheric scale. In the North Pacific, the relationship between productivity and 
dinocyst assemblages is particularly strong. We tested the modern analogue technique 
to reconstruct productivity using the North Atlantic, North Pacific, Arctic and 
hemispheric dinocyst datasets. With the exception of the Arctic Ocean alone, which is 
characterized by overall low productivity, productivity can be estimated with an 
accuracy (Root Mean Square Errol' = RMSE) of ± 11-25%. The best performance is 
obtained for reconstruction of winter productivity from the MODIS data. It is 
noteworthy that the RMSE for ail estimated productivity parameters is narrower than 
the mean differences between productivity data derived from the MODIS and CZCS 
datasets. Therefore, we conclude that dinocysts can be used to reconstruct 
productivity with an accuracy equivalent to that of primary productivity estimated 
from satellite observations. Application of the approach in a sedimentary core from 
the northwest North Atlantic (core HU 91-045-094) revealed large amplitude 
variations of productivity over the last 25 000 years. The use of both MODIS and 
CZCS datasets indicate generally low productivity during the glacial stage, especially 
during the Younger Dryas and Heinrich events, with annual productivity of 1ess than 
100 gC m,2. The reconstructions also suggest higher productivity during the early 
Holocene, especially based on the MODIS data that suggest annual values of up to 
350 gC m,2. 

Keywords: dinoflagellate cysts, paleoproductivity, quantitative reconstruction, 
Northern Hemisphere. 



3.1 Introduction 

The rising atmospheric concentration of the greenhouse gas CO2 is a source of 

concern, and exchange of the gas between ocean and atmosphere remains poorly 

quantified. It is generally thought that the biological pump and oceanic primary 

productivity play a determinant role on global carbon budget, at time scales ranging 

from millennia to millions of years (e.g., Knox and McElroy, 1984; Sarmiento and 

Toggweiler, 1984; Barnola et al., 1987; Sarnthein et al., 1988; Berger et al., 1989; 

Ikeda and Takija, 2002). In the modern ocean, photosynthetic carbon fixation by 

marine phytoplankton is about 45-63 Ot C y{l, and accounts for roughly half the 

global biospheric productivity (Field et al., 1998; Behrenfeld et al., 2001). About 

30% of this carbon is exported below the euphotic zone and ~0.4% is buried in 

sediment. At the scales of the last millennia to the last several millions of years, 

organic carbon accumulation rates and tracers of production such as barium suggest 

large variation in the amplitude of biological productivity (e.g., Lyle et al., 1988; 

Pedersen et al., 1988, 1991; Mix, 1989; Sarnthein et al., 1992; Paytan and Kastner, 

1996). However, whereas the measurement of buried carbon is relatively easy, the 

evaluation of past productivity is still a challenge. 

In order to evaluate past productivity quantitatively, several approaches have been 

used (Muller et al., 1983; Sarnthein, 1988, Berger at al., 1989; Meyers, 1997; Wefer 

et al., 1999; Fischer et al., 2000). Organic carbon content in sediment has commonly 

been used as index of paleoproductivity, based on empirical relationships between 

fluxes or percentages of total organic carbon in sediment and net primary productivity 

(Muller and Suess, 1979; Muller et al., 1983; Sarnthein et al., 1988; Berger et al., 

1989), leading to regional transfer functions (Muller et al., 1983; Sarnthein et al., 

1988, 1992; Fischer et al., 2000). However, the use of organic carbon for estimating 

paleoproductivity is limited both by oxidation through the water column, and 

degradation in the sediment (Meyers, 1997; Rühlemann, 1999). Even in anoxie 
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sediment, the concentration of organic carbon declines exponentially with depth in 

the sediment suggesting that degradation can occurs despite favourable conditions of 

preservation (e.g., Emerson and Hedges, 1988,2003). 

Other prOXles of paleoproductivity are based on remams of planktic or benthic 

organisms such as foraminiferal tests, diatom frustules or coccoliths (see Berger et al., 

1989; Wefer et al., 1999 and Fischer and Wefer, 1999 for an overview). The use of 

microfossils as paleoproductivity proxies is based on the isotopie or chemical 

composition of their calcareous tests (0 l3C, Cd/Ca), opal abundance (e.g., Mackensen 

et al., 2000; Lazarus et al., 2006), or on the relative abundances of species (e.g., 

Loubere, 1991, 1994, 1999,2002; Abrantes et al., 1994; Naidu and Malmgren, 1996; 

Beaufort et al., 1997, 1999, 2001; Loubere and Fariduddin, 1999; Almogi-Labin et 

al., 2000; Vénec-Peyré and Caulet, 2000). However, microfossil remains composed 

of CaC03 are subjected to dissolution in deep water under high pC02 conditions due 

to poor ventilation. Biogenic remains composed of opal are also subject to dissolution 

because of undersaturation of marine water with respect to dissolved silicon (Nelson 

et al., 1995; Gallinari et al., 2002). Accumulation rates of opal have been used to infer 

productivity but biases due to abiotic sources of silica (terrigenous, volcanic) and 

dissolution often result in equivocal data (e.g., Ragueneau et al., 2000). The LlO l3C 

(deep versus surface water) as inferred from planktonic and benthic foraminifera that 

has been used as a productivity index (Shackleton et al., 1983) is also equivocal 

because it may responds to vertical mixing of water masses in addition to 

productivity and because dissolution seems to remove D C preferentially from benthic 

foraminifer tests (McCorkle et al., 1995). Moreover, benthic foraminifera show 

marked interspecific differences and vital effects. To overcome the problem linked to 

dissolution, sorne abiotic proxies were used, including the total sedimentary barium 

(Dyrnond et al., 1992; François et al., 1995; Dyrnond and Collier, 1996; Jeandel et al., 

2000; Eagle et al., 2003) or the isotopie composition of thorium and protactinium 

(e.g., Bradtmiller et al., 2006), but these geochemical proxies have other limitations 
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dues to their physical and chemical behaviours, notably in upwelling areas or near 

hydrotherrnal vents (Von Breymann et al., 1992; Dymond et al., 1992; François et al., 

1995, 2004; Paytan et al, 1996; Klump et al., 2000). Finally, on the basis of ocean 

productivity estimates from space (Antoine et al., 1996; Behrenfeld and Falkowski, 

1997), it has been possible to calibrate a few regional datasets to develop transfer 

functions for reconstructing paleoproductivity using assemblages of foraminifera 

(Loubere, 1996, 1999, 2002; Loubere and Fariduddin, 1999; Cayre et al., 1999; 

Ivanova et al., 2003) or coccoliths (Beaufort et aL, 1997,1999,2001). 

Here, we are exploring a micropaleontological approach for quantifying past 

. productivity on the basis of dinoflagellate cyst assemblages. Many dinoflagellate 

species (about 20%) produce fossilisable organic-walled cysts (=dinocysts) during 

their biological cycle in relation with sexual reproduction (e.g., Wall and Dale, 1968; 

Dale, 1983; Taylor, 1987). The wall cysts are mostly composed of a condensed 

macromo1ecular structure that is predominantly aromatic and aliphatic in composition 

(e.g., Kokinos et al., 1998). Due to this chemical composition, the cysts are extremely 

resistant to dissolution in the sediment unlike siliceous or carbonate remains. The 

development of the modem dinocyst database has perrnitted illustration of close 

relationships between dinocyst distribution and sea-surface parameters such as 

temperature, salinity or sea-ice coyer (e.g., de Vernal et al., 1997, 2001, 2005; 

Rochon et al., 1999). Relationships between cyst fluxes or assemblages and primary 

productivity or upwelling intensity have been also documented from North Atlantic 

data sets (Dale and Fjelsa, 1994; Marret, 1994; Devillers and de Vernal, 2000), North 

Pacific (Radi and de Vernal, 2004; Radi et al., 2007; Pospelova et al., in press) and 

the northern Indian Ocean (Zonneveld, 1997a). 

In this paper we use an updated hemispheric data set "n = 1171" of modem samples 

from the North Atlantic, Arctic and North Pacific oceans (Fig. 1; de Vernal et al., 
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1997, 2001, 2005), in order to explore empirically the relationship of dinocyst 

assemblages and primary productivity. 

3.2 Methodology 

3.2.1 ])inocyst data bases 

The dinocyst data used in this work result from palynological analysis performed in 

1171 surface sediment samples after standardization of procedures for palynological 

preparations (de Vernal et al., 2005), which exclude the use of oxidation techniques 

to avoid selective degradation of more sensitive cyst taxa such as those produced by 

protoperidiniales (cf. Marret, 1993). Samples are from the North Atlantic Ocean and 

adjacent seas (n = 483), the Arctic Ocean and sub-arctic seas (n = 401) and the North 

Pacific Ocean including estuarine environrnents of British Columbia.and California 

(n = 287), as illustrated in figure 1. This dataset constitutes an update of the "n = 940" 

dataset (cf. de Vernal et al., 2005). It includes additional samples from the North 

Atlantic, the St. Lawrence Estuary, Hudson Bay (Ladouceur, 2007), Beaufort Sea 

(Richerol and Rochon, submitted) and the northeastern Pacific Ocean (Kielt, 2007; 

Radi et al., 2007; Pospelova et al., in press). Surface samples were collected in the 

upperrnost 1 or 2 cm ofbox or gravity cores. They represent a few tens to thousand of 

years depending upon sedimentation rates and mixing due to bioturbation. Dinocyst 

data are archived at GEOTOP (http:/www.geotop.uqam.ca). 

The taxonomy of dinocysts used here conforrns to that presented in Zonneveld 

(1997b), Zonneveld and Jurkschat (1999), Rochon et al. (1999), de Vernal et al. 

(2001), Head et al., (2001, 2006), Radi et al., (2001, 2007), Head (2002) Pospelova 

and Head (2002) and Radi and de Vernal (2004). A total of 74 dinocyst taxa were 

identified, of which 38 are related to a phototrophic productivity and 36 to an 
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heterotrophic productivity (cf. Table 1). The phototrophic dinoflageUates contribute 

with other primary producers (mostly diatoms and coccolithophorids) to the marine 

primary productivity (e.g., Parsons et al., 1984) whereas heterotrophic ones are 

reported to be dependant of diatoms by feeding on them (Jacobson and Anderson, 

1986; Gaines and Elbrachter, 1986). The list of aU taxa and corresponding 

abbreviations is presented in table 1. After grouping, 62 taxa were used for statistical 

analysis and cross-validations tests. Among the taxa, 41 occur in both North Atlantic 

Ocean and North Pacifie Ocean (see Table 1). A few appear exc1usive of the North 

Pacifie (cf. Echinidinium delicatum, Echinidinium aculeatum and Bitectatodinium 

spongium) in the "n=1171" database. However, they are reported to occur in sorne 

upwelling zones such as the Arabian Sea and southwestem African margin 

(Zonneveld, 1997a, 1997b; Zonneveld and Jurkschat, 1999; Zonneveld and Brummer, 

2000; Marret and Zonneveld, 2003). Polykrikos cf. kofoidii seems to be endemic in 

the North Pacifie Ocean smce no occurrences are known elsewhere. 

Trinovantedinium variabile characterizes northeastem Pacifie margms and is not 

recorded in the modem North Atlantic and Arctic Oceans, but it was reported to occur 

in the Miocene and Pliocene sediments of southem North Sea (e.g., Louwye et al., 

2004, 2007). In our database, Xandarodinium xanthum, cysts of Gymnodinium 

catenatum and Gymnodinium nolleri are present only in the Northern Atlantic but 

they are reported also in the China Sea and coastal environrnents of Japan (Matsuoka, 

1987; Cho and Matsuoka, 2001; Marret and Zonneveld, 2003; Wang et al., 2004). 

Spiniferites ramosus type granosus is exc1usively recorded in the Mediterranean Sea. 

In modem sediments, Achomosphaera spp. is only recorded from the North Atlantic 

Ocean. Finally the Arctic and quadrangular morphotypes of Polykrikos sp. and 

Echinidinium karaense seem to be characteristic of the Arctic and subarctic zones. 
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3.2.2 Hydrographie and produetivity data 

3.2.2.1 Hydrographie data 

Sea-surface temperature (SST) and salinity (SSS) data were compiled from the World 

Ocean Atlas (WOA, 2001). Mean summer and winter SST and SSS were defined 

with a radius of 30 nautical miles around each station. Sea-ice coyer data are 

compiled after data spanning 1954-2000 as provided by the National Snow and Ice 

Data Center (NSIDC) in Boulder. We used the number of months per year with more 

than 50% sea-ice concentration that correlates with the annual concentration (cf. de 

Vernal et al., 2001). The ranges of SST, SSS and sea-ice coyer for the North Atlantic, 

North Pacific and Arctic databases are presented in Table 2. 

3.2.2.2 Produetivity data 

In this paper, we used two productivity datasets resulting from satellite observation of 

water properties of the oceans. The first one is from estimates using the Laboratoire 

de Physique et Chimie Marine (LPCM) model, based on chlorophyll concentration as 

weIl as physical properties of the water column provided by satellite observations of 

the Coastal Zone Color Scanner (CZCS) program (Antoine et al., 1996; Antoine and 

Morel, 1996). The CZCS program was developed by NASA and launched on the 

Nimbus 7 satellite in October 1978. During its 8 years lifetime (i.e. from October 

1978 to June 1986), CZCS acquired several tens of thousands of images of the ocean 

surface. Primary productivity was estimated with a spatial resolution of 1/60 of 

latitude by 1160 of longitude. Original Productivity data in Hierarchical Data Format 

(HDF) are available at: http://marine.rutgers.edu/opp/Database/Database2.html. The 

second dataset comprises productivity data calculated with the Vertical Generalized 

Production Model (VGPM) described by Behrenfe1d and Falkowski (1997) using the 
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2002-2005 chlorophyll data provided by the MODerate resolution Irnaging 

Spectroradiometer (MODIS) program. MODIS was launched by NASA in June 2000 

and was designed for a 6 year life time. Computed productivity data are archived as 

MODIS Ocean level 4 primary productivity birmed products (Level 4 data collection) 

with 4.63 km spatial resolution. The files in this data collection are stored in HDF in 

the MODIS web site (http://daac.gsfc.nasa.gov). 

The LPCM and VGPM are both using bio-optical properties to estimate the carbon 

uptake by photosynthesis in relation to solar radiance, day length in addition to 

physical properties of water column including temperature, turbulence and euphotic 

depth. However, productivity in some coastal areas may be overestimated by both 

sensors due the effect of colored dissolved organic matter (Morel, 1978, 1991). The 

effect of water temperature and photosynthesis is computed differently with each 

model, as described by Antoine and Morel (1996) and Behrenfeld and Falkowski 

(1997), respectively. 

At sites with no available productivity data, simple interpolation techniques were 

used. Most of the interpolated data are located in the Arctic Ocean where productivity 

is very low, sometimes below detection levels. Monthly productivity data derived 

from both CZCS and MODIS sensors were compiled from original databases and the 

seasonal and armual distribution of productivity over the Northern Hemisphere is 

presented in Figure 2. The data used in this study are archived at UQAM using a 

relational data.base management system, built using an SQL Server. 

Comparison between CZCS-derived and MODIS-derived productivity data show 

considerable discrepancies, with generally higher productivity values yielded by 

MODIS (Fig. 3). The difference of productivity values between the two sensors can 

reach as much as 200 g C m-2 seasonally and 600 g C m-2 armually in sorne regions 

(Fig. 3). The largest difference occurs in areas of mid- and high-latitudes, such as the 
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Baltic Sea and around lceland. Nevertheless, the spatial heterogeneity in primary 

productivity is comparable with both sensors, which show high productivity in 

coastal and upwelling regions and generally low productivities in the Arctic region 

(Figs. 2-3). 

The LPCM and VGPM algorithms used to generate productivity values can explain 

the discrepancies between the CZCS and MüDIS data, but only to some extent. The 

global estimates of productivity using the same chlorophyll data yield very close 

values, with slightly lower estimates with VGPM (43.5 Gt C yr-I) than LCPM (46.9 

Gt C yr-l; Antoine et al., 1996; Behrenfeld and Falkowski, 1997). These values are 

close to those from other models using the same chlorophyll data (i.e. 50.2 Gt C yr-I; 

cf. Longhurst et al., 1995). Although the different methods yield consistent global 

annual productivity estimates ranging between 43.5 and 50.2 Gt C, they result in 

important regional differences. In particular, with respect to the global productivity, 

the LPCM data show a larger contribution of the Pacific Ocean than the North 

Atlantic and Arctic oceans. 

This discrepancy is possibly also related to the difference in the CZCS and MODIS 

data acquisition processes. It has been demonstrated that CZCS underestimated 

chlorophyll concentrations due to the data sparseness and to the poor data quality of 

Polar Regions and coastal zones (e.g., Gregg and Conkright, 2001; Thomas, 2001; 

Conkright and Gregg, 2003; Werdeli et al., 2003). Difference in productivity between 

the 1980s and the 2000s could also explain the difference in the CZCS and MODIS 

datasets although there is debate about this. Based on satellite and in situ 

measurements, Gregg and Conkright (2002) showed that spatial distributions and 

seasonal variabilities in ocean chlorophyll were roughly similar from 1979 to 2000, 

and Gregg et al. (2003) suggested that annual primary productivity in the ocean has 

even declined (more than 6%) since the early 1980's, notably in the northem high 

latitudes due to higher SST and lower atmospheric iron deposition. However, a more 
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recent study by Antoine et al. (2005) suggests in contrast that global productivity 

between the 1980s and the 2000s increased by about 20%. 

3.2.3 Statistical treatment and transfer function 

In order to explore the relationship between dinocyst assemblages and productivity at 

different basin scales, the "n = 1171" data set was split into three sub-datasets defined 

as follows (Fig. 1): 

(1) The Arctic data set includes 401 sites and 37 taxa. Tt represents the domain 

located north of the Arctic Polar Circle (i.e. between 66 and 82°N). 

(2) The North Atlantic data set includes 483 sites and 53 taxa. Tt represents the North 

Atlantic Ocean (between 28 and 66°N) including the Mediterranean Sea, Hudson 

Bay, Gulf and Estuary of St. Lawrence and Norwegian Fjords. 

(3) The North Pacific dataset includes 287 sites and 55 taxa. This dataset represents 

the domain located between 14 and 66 oN in the northeastem Pacifie. Tt includes also 

the Bering Sea and estuarine regions of British Columbia and Califomia. 

For each data set, detrended correspondence analyses (DCA) were used to identify 

the type of function between assemblages and environmental variables (ter Braak and 

Smilauer, 1998). Here, the results show unimodal type function, which makes 

traditional 1inear-based multivariate methods, such as Partial Least Squares (PLS) or 

Principal Component Analyses (PCA) unsuitable (Jongman et al., 1995; ter Braak 

and Smilauer, 1998). Therefore, we have used Canonical Correspondence Analysis 

(CCA) which is the most suitable multivariate analysis since it implies unimodal 

responses of taxa to environmental influences (Jongman et al., 1995). CCA is a 
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constrained ordination method build on the method of weighted averagmg of 

indicator species and on the ordination method of correspondence analysis (CA; Hill, 

1974, ter Braak and Verdonschot, 1995). It provides a general framework for 

estimation and statistical testing of the effects of environmental variables (Gauch, 

1982; Jongman et al., 1995). In contrast to CA, CCA allows environmental data to be 

incorporated into the analysis. By coupling the two datasets (species and 

environment) CCA extracts from the environmental variables synthetic gradients 

(ordination axes) that maximize the separation among species. Thus, the axes of the 

final ordination are restricted to the linear combinations of environmental variables, 

rathel' than simply reflecting dimensions of the greatest variability in the species data 

as is the case for the CA. In this way these two data sets (species and environment) 

are directly related (ter Braak, 1986). The canonical coefficients, from which the 

canonical scores of each variable are calculated, constitute standardized canonical 

weights of species and environmental variables and illustrate the contribution of each 

variable to the canonical axes. The species, represented by their statistical weight 

along each axis, as well as the signs and relative magnitude of intra-set correlations 

(correlation coefficients between the environmental variables and the ordination axes) 

allow inferring the relative importance of each environmental variable for the 

prediction of taxa composition. 

Eleven environmental variables (winter and summer SST and SSS, sea-lce cover, 

winter, summer and annual MüDIS and CZCS productivity) were used in these 

analyses. In order to test the significance of each variable and to avoid variables that 

are highly inter-correlated, the CCA analysis for all data sets was performed using 

manual forward selection option by applying 199 Monte Carlo randomizations. The 

importance of environmental variables is given by the amount of variance they 

explain: Their significances are deterrnined by the P-value generated from Monte 

Carlo tests. Forward selection option allows ranking environmental variables in their 

importance for deterrnining the taxa composition (ter Braak and Verdonschot, 1995). 
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In a first step, CCA was applied with each variable as the only variable and 

eigenvalue and p-value for this variable are obtained. Each environrnental variable is 

thus ranked by its marginal effect, which is defined on the basis of the fit of each 

variable taken individuaIly. In a second step, the best variable is selected and aIl other 

variables are ranked according to their conditional effect, which is defined on the 

basis of the fit of each individual variable in conjunction with the variable already 

selected. During the forward selection, environmental variables resulting in variance 

inflation factor (VIF) higher than 10 are assumed to be significantly correlated to 

other variables already selected (Montgomery and Peck, 1982; ter Braak and 

Smilauer, 1998). In general, high VIFs indicate multicollinearity among the 

environrnental variables. If the VIF of a variable is higher than 20, the variable is 

almost perfectly correlated with the other variables and therefore its interpretation is 

not relevant (ter Braak, 1986). 

The dinocyst data are ln-transformed in order to increase the weight of 

accompanying taxa that usually have narrower tolerance to environrnental variables 

than ubiquitous taxa that often dominate the assemblages. Because of their different 

units, environrnental variables are transformed within the CCA analyses such that 

each variable has a mean of zero and standard deviation of one. 

For reconstruction purposes, we used the modern analogue technique (MAT). The 

method is based on calculation of an algebraic distance (coefficient of dissimilarity or 

squared chord distance) between fossil and modern assemblages. Every fossil 

assemblage is compared with modern ones in the reference database in order to find 

the best possible analogues. The productivity values of the best analogues according 

to the coefficient of dissimilarity are then weighted by this coefficient to reconstruct 

paleoproductivity. The background of the technique is reported in Overpeck et al. 

(1985) and Guiot (1990). Additional remarks concerning the approach are given in de 

Vernal et al. (2001,2005). The advantage of the MAT is that there is no assumption 
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of quantitative relationships between assemblages and reconstructed parameters as is 

the case with calibration techniques (e.g., Guiot and de Vernal, 2007). In order to 

assess the accuracy of MAT for reconstlUcting productivity, cross-validation tests 

were perforrned using the leave-one-out or Jackknife method (cf. Efron and Gong, 

1986). Estimated values were then compared to instrumental ones. The accuracy of 

the approach is assessed by the coefficient of correlation between estimated and 

observed values, and the root mean square error (RMSE) which is the standard 

deviation of the residuals between reconstructed and observed values. 

Finally, reconstruction of past productivity is made using the Pleistocene-Holocene 

record of core HU 91-045-94 from the NorthwestNorth Atlantic (50 0 12'N - 45°41'W; 

3448 fi water depth). This core is weIl dated and has been intensively studied for 

paleoceanographic purposes (e.g., Hillaire-Marcel et al., 1994; Stoner et al., 1998; de 

Vernal et al., 2000; HiIlaire-Marcel and Bilodeau, 2000; Solignac et al., 2004; de 

Vernal and HiIlaire-Marcel, 2006). 

3.3 Results of CCA analyses - relationsbip between assemblages and productivity 

3.3.1 Arctic Ocean 

Figure 4 shows the CCA results when considering the Arctic Ocean alone (n = 401). 

The first two axes explain 29.5 % of the taxa variance, and 78.8 % of the canonical 

variance. The positioning of the environmental parameters in figure 4 show that the 

first CCA axis, which explains 22.7 % of the taxa variance, is positively correlated 

with sea-ice coyer (R = 0.68; Fig. 4). Summer SST, winter SST and annual 

productivity seem to play a role as illustrated by their negative correlation with CCA 

axis 1 (R= -0.68, R = -0.56, R = -0.54 respectively). Sorne heterotrophic taxa such as 

Brigantedinium spp., Islandiniun minutum, Islandinium? cezare, Polykrikos kofoidii 
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and the Arctic morphotype of Polykrikos sp. are ordinated on the positive side of axis 

1, whereas all other taxa are ordinated in the negative side. Summer SSS and winter 

productivity show opposite correlation with CCA axis 2, which explains 6.8 % of the 

taxa variance (Fig. 4). This axis is characterized by the strong ordination of 

Impagidinium pallidum and Nematosphaeropsis labyrinthus in the positive side and 

Impagidinium paradoxum, Votadinium calvum and Pyxidinopsis reticulata in the 

negative side. 

3.3.2 North Atlantic Ocean 

The CCA of the North Atlantic data set (n = 483) shows that the two CCA axes 

explain 2).1 % of the dinocyst dataset variance and 64 % of the canonical variance. 

The best linear combination of environmental variables that describes the sample 

position along each axis is defined by the canonical coefficient (Fig. 5, Table 3). CCA 

axis 1 is strongly correlated with winter SST (R = 0.92), summer SST (R = 0.80), 

winter SSS (R = 0.77) and summer SSS (R = 0.78). The CCA axis 1 represents a 

gradient of SST with cold taxa such as Echinidinium karaense and Islandinium 

minutum ordinated negatively whereas warm taxa such as Polysphaeridium zoharyi 

are ordinated positively. This illustrates that hydrographical parameters constitute the 

most deterrninant parameters of the dinocyst distribution as proposed in a number of 

publications (for example, see de Vernal et al., 1994, 1997, 2001; Rochon et al., 

1999). Nevertheless, the CCA axis 1 is also significantly correlated with summer 

productivity (R = -0.66). Annual productivity is the variable withhighest correlation 

with CCA axis 2 (R = 0.29). That axis explains 5.3% of the dinocyst variance and 

14.7 % of the canonical variance (Fig. 5). It is of note that Axis 2 represents a 

gradient that separates heterotrophic taxa (positive scores) from phototrophic ones 

(negative scores), thus illustrating a positive correlation between heterotrophic taxa 

such as Selenopemphix quanta or Protoperidinium americanum and productivity 
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(Fig. 5). The positive relationship between S. quanta and productivity in the North 

Atlantic Ocean was previously reported by Dale and Fjelsa (1994) and Devillers and 

de Vernal (2000). 

3.3.3 North Pacifie Ocean 

In the North Pacific Ocean (n = 287), the two first CCA axes explain 29.7 % of the 

variance in the dinocyst data set and 66.5 % of the canonical variance. The CCA axis 

1 (17.8 % of the taxa variance and 39.8 % of the canonical variance) is strongly 

correlated with winter and summer SST (R = 0.83 and 0.80 respectively) and winter 

productivity (R = 0.68). These three parameters best describe the score of spectra 

along this axis (Fig. 6 and Table 3). The second CCA axis explains 11.9 % of the 

total variance in the dinocyst dataset and 26.7 % of the canonical variance. As 

indicated by their canonical coefficients, summer and annual productivity (R = 0.67 

and R = 0.60) constitute the greatest contribution to the score of spectra along this 

axis (Fig. 6, Table 3), although winter and summer SSS (R = -0.49 and R = -0.48) 

also contribute to the canonical variance. Several heterotrophic and phototrophic taxa 

have significant relationships with CCA axis 2 (Fig. 6). The highest CCA axis 1 

scores characterize heterotrophic taxa such as Polykrikos schwartzii, Islandinium 

minutum, Lejeunecyta spp., Votadinium calvum, V spinosum, Quinquecuspis 

concreta and Trùiovantedinium variabile, whereas the negative scores along the CCA 

axis 2 correspond to phototrophic taxa exclusively. Impagidinium species together 

with Pyxidinopsis reticulata and Nematosphaeropsis labyrinthus have the lowest 

weight (Fig. 6). The results illustrate that productivity is playing a major role in the 

dinocyst distribution in the North Pacifie Ocean as documented previously from 

regional data sets (Radi and de Vernal 2004; Radi et al., 2007; Pospelova et al., in 

press). 
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3.3.4 Northern Hemisphere 

When the entire Northem Hemisphere is analyzed as a who le (n = 1171), SST seems 

to be the most determinant parameter since it is strongly correlated with the first 

ordination axis that explains 12.6 % of the variance (R = 0.92 for winter SST and R = 

0.89 for summer SST; Fig. 7). Cold taxa such as Polykrikos sp.-Arctic morphotype, 1. 

minutum and E. karaense are strongly ordinated together with sea-ice cover in the 

negative side of axis whereas the warrn taxa such as Lingulodinium 

machaerophorum, Impagidinium strialatum, Spiniferites ramosus cf. granosus, 

Polysphaeridium zoharyi and Bitectatodinium spongium have the highest score along 

the CCA axis 1. Results show also that the two first ordination axes separate taxa in 

distinct groups with most of the heterotrophic taxa being positively correlated with 

both axes (Fig. 7A). This is the case of Echinidinium aculeatum, E. granulatum, E. 

delicatum, Islandinium brevispinosum, T variabile, Q. concreta and Votadinium 

spinosum (shaded zone of Fig. 7A). Winter and annual productivity are also 

positively correlated with CCA axes 1 and 2. Figure 7B also illustrates that the three 

oceans constitute three different domains with respect to assemblages in relation to 

hydrographie and productivity conditions. These domains, however, forrn continuums 

and share overlapped areas. 

3.4 Discussion 

3.4.1 Significance and co-variability of hydrographie parameters and 

productivity 

In order to explore the statistical significance of each parameter (SST, SSS, sea-ice 

and productivity) and its relative importance with respect to the dinocyst assemblage 
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distribution, forward selection and Monte Carlo pennutation test were applied to all 

data sets (Table 3). The results show that the most detenninant parameters are not the 

same from one ocean to another, but that productivity plays an important role. In the 

North Atlantic Ocean, seasonal and annual productivities weight roughly the same (À 

= 0.06 to O.OS), but less than SST and sea-ice coyer. In the North Pacific Ocean, 

winter SST and annual productivity represent the two most important parameters with 

the highest eigenvalues according to the conditional effect (À = 0.35 and 0.20 

respectively). Finally, at the scale of the Northem Hemisphere, winter productivity is 

ranked 3rd (À = 0.31) after winter and summer SSTs (Table 3). 

On the whole, productivity does not co-vary with SST, SSS or sea-ice coyer (see 

figures 4 to 7). However, the variance inflation factor (VIF) suggests that summer 

productivity may co-vary with summer SST at the scale of the Arctic Ocean (Table 

3). In the North Atlantic dataset, winter, summer and annual productivities do not 

show any significant co-variation (VIF < la), but winter SSS may co-vary with 

summer SST. In the North Pacific dataset, winter productivity, summer SST and SSS 

may be considered as co-variants according to their VIF although they show P-values 

< 0.05. The North Pacific sites analyzed correspond to a strong gradient of summer 

and annual productivity due to seasonal upwelling along the coasts. Here, VIF shows 

that winter productivity co-varies with winter SST (see also Fig. 6). In the Northem 

Hemisphere dataset, only summer productivity generates a VIF> la. This is due to 

the fact that summer productivity is inversely correlated with summer SSS (Fig. 7), 

which is probably due to the weight of coastal and estuarine sites characterized by 

extremely high productivity and low salinity related to riverine nutrient and fresh 

water inputs. 
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3.4.2 The use of dinocysts for quantitative reconstructions of paleoproductivity 

The hemispheric dinocyst database analyzed here encompasses a wide range of 

primary productivity conditions from regions with extremely low productivity in 

Arctic areas with nearly permanent ice coyer, to very high productivity upwelling 

zones and estuaries. 

CCA results demonstrate close relationships between productivity and dinocyst 

assemblages at basin or hemispheric scales. On these grounds, dinocysts can be used 

as paleoproductivity tracers. However, the relationship between productivity and a 

given taxon may differ from one ocean to another. For example, S. quanta and P. 

americanum correlate with annual productivity in the North Atlantic Ocean, whereas 

Q. concreta, V calvum and V spinosum show strong relation with annual 

productivity in the North Pacific Ocean and 1. minutum appears more characteristic of 

high productivity in the Arctic Ocean (Figs. 4-6). The results show that a taxon may 

show specific response to productivity depending upon areas of the world considered, 

as previously illustrated by Zonneveld (1997b) in the Indian Ocean, Zonneveld et al. 

(2001 b) for the southwestem African margins, Pospelova et al. (2002, 2005) along 

the eastem Arnerican margins and Radi et al. (2007) for the British Columbia 

margins. The difference in assemblages from one ocean to another and the non 

uniforrn re1ationship between relative abundances of a given taxon and productivity 

can be related to several factors. They include a response different depending upon 

the combination of the various hydrographic parameters (sea-ice, salinity, 

temperature, seasonality, notably) as suggested by the regionalism of CCA results, in 

addition to possible endemism of sorne taxa and possible existence of cryptic species 

having similar morphology but dissimilar genetic and ecologic affinities. Given the 

generally higher dissolved oxygen concentration in bottom waters of North Atlantic 

than Pacific Ocean due to better ventilation, one may question the potential effect of 

selective degradation (cf. Zormeveld et al., 2001 a) in the North Atlantic. However, 
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the taxa showing the strongest relationships with productivity in the North Pacifie, 

North Atlantic or the Arctic Ocean are all belonging to the order of protoperidiniales 

and are among the most sensitive taxa with respect to oxidation. Therefore, although 

sorne selective degradation cannot be totally ruled out, there is no evidence from the 

data set presented here that it is a parameter invalidating the relationship between 

productivity and dinocyst assemblages. 

The regionalism in the distribution of taxa suggests we should be cautious with 

interpretation based on the presence-absence, or on the relative abundance of marker 

species. Transfer functions based on linear or modal relationships between a single 

species or a combination of species using calibration techniques can be misleading 

since such relationships vary depending upon the spatial domain considered. 

Therefore, the use of modem analogue technique (MAT) is probably the most 

adequate since it provides a reconstruction based on the degree of similarity between 

modem and fossil spectra and simply assumes that identical assemblages are likely to 

occur under identical conditions. Another advantage of MAT is the possibility to 

reconstruct a combination of parameters simultaneously. MAT and the leave-one-out 

technique were thus performed with both MODIS and CZCS datasets. 

3.4.3 Accuracy of reconstructions based on MAT 

The reconstruction is based on the selection of the five analogues having the lowest 

distances with the analyzed spectra of the database. In order to avoid no analogue 

situations, analogues are selected only if their distance is lower than a threshold value 

above which the analogy between spectra is considered insignificant (see de Vernal et 

al., 2001, 2005; Guiot and de Vernal, 2007). The reconstruction is based on the 

number of analogues being :s 5. Here, for the "n = 1171" database, the mean distance 

between randomly taken pairs of spectra is 148.11 ± 70.89 and the threshold adopted 
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is thus 77.22. The assessment of the quality of analogues by their distance (Fig. 8) 

illustrates that 1.8 % of sites have poor modem analogues (distance> 50), and that 

88.3 % of sites have analogues with distance < 30. This exercise points to sorne 

weaknesses of the modem database, in particular for areas of sparse coverage and 

regions characterized by high species diversity and heterogeneity in assemblages, 

such as along the margins of western America, Mexico, and the Iberic peninsula. 

Results of cross-validation tests using the leaving-one-out technique indicate 

reasonably good estimates of productivity especially for North Atlantic and North 

Pacific Oceans with coefficients of correlation between observed and estimated 

values greater than 0.90 for most parameters (Figs. 9-11). The accuracy of estimates 

seems lower in the Arctic Ocean, which is characterized by low productivity. The 

coefficient of correlation between estimated and observed values is higher when 

using MODIS data than the CZCS dataset, which could be due to a wider range of 

productivity values. Similarly, the absolute values of the RMSE of CZCS data are 

lower due to lower values of productivity. 

The validation test with the Northern Hemisphere database shows that annual and 

seasonal productivity can be reconstructed, using MODIS data, with an accuracy of 

±11.5 gC m-2 or 20.4 % for winter, ±23.l gC m-2 or 25.5 % for summer and ±54.9 gC 

m-2 or 17.8 % for annual productivity (Table 4; Fig. Il). It is noteworthy that the 

RMSEs for aU estimated productivity parameters (winter, summer and annual 

productivity) are lower than the difference between MODIS and CZCS data. The 

standard deviation of this difference is used here as an index of the accuracy of 

instrumentally derived values of modem productivity (Table 4). Comparison between 

anomalies from dinocyst-based reconstruction (observed minus reconstructed values 

using MODIS data) and the difference between CZCS and MüDIS modem data (Fig. 

12) shows that regions with low accuracy of reconstructions correspond alsa ta large 

discrepancies between CZCS and MODIS data. In sorne cases, these regions are also 

characterized by poor analogue situations for a few spectra (cf. Fig. 8). Therefore, a 
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large part of the error in estimates is probably dUe to uncertainty in the actual modem 

productivity data, and could also be due, for sorne regions, to poorly documented 

dinocyst assemblages. 

3.5 Example of application: core HU 91-045-094 

An example of paleoproductivity reconstruction is shown here for the last 25 000 

years in the northwestern North Atlantic (data from core HU 91-045-94; Fig. 1). This 

core has been studied with detail and stratigraphical data could be found notably in 

Hillaire-Marcel et al. (1994, 2001) and Hillaire-Marcel and Bilodeau (2000). 

Palynological data and dinocyst assemblages have been published by de Vernal et al. 

(2000). 

In order to assess the affinity of down core assemblages with those of the Northem 

Hemispheric modem database (n = 1171), we performed correspondence analysis 

(CA) from a matrix including dinocyst data of both the "n = 1171" and the core 

analyzed. The position of core assemblages in the overlapping zone between the 

North Atlantic, Arctic and North Pacifie oceans (Fig. 13) indicates that the spectra of 

core HU 91-045-94 have affinities with the modem ones of the different oceans 

(Arctic, North Atlantic and North Pacifie). The ordination of core samples along CA 

axes 1 and 2 suggests also that dinocyst variability during the last 25 ka in this area 

reflects an oscillation between Arctic-type conditions with high sea-ice coyer and low 

productivity (low axis 1 scores and high axis 2 scores) and North Atlantic-type 

conditions with low sea-ice coyer and high productivity (high axis 1 scores and low 

axis 2 scores). As discussed earlier in the text, CCA axis 1 (the canonical equivalent 

of CA axis 1) is positively correlated with winter productivity (R = 0.72), whereas 

CCA axis 2 illustrates salinity rather than productivity (see Fig. 7). CCA axis 3 

explains only a small part of the variance of the dinocyst assemblages (5.3 % of the 
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taxa variance and 16.4 % of the canonical variance), but it also emphasize the 

importance of summer and annual productivity on the overall distribution (Fig. 7D). 

The downcore variation in dinocyst taxa percentages together with the scores of the 

three first CA axes is shown in Figure 14. This variation expresses the dominance of 

N. labyrinthus, Operculodinium centrocarpum, Brigantedinium spp. and 1. minutum. 

A1though Brigantedinium spp. dominate the assemblages of sorne productive zones in 

middle to low latitudes of the Northern Hemisphere (Marret, 1994; Radi and de 

. Vernal, 2004), its quasi-exclusive dominance in the high latitudes could resu1t from 

harsh sea-surface conditions with an extensive sea-ice coyer (Rochon et al., 1999; de 

Vernal et al., 2000). As inferred from CA scores (Fig. 14), the last glacial maximum 

(LGM), the Younger Dryas (YD) and the Heinrich events 1 and 2 (Hl and H2) are 

characterized by low CA axis 1 scores and high CA axis 3 scores suggesting low 

productivity. After the YD, low CA axis 3 and relatively higher CA axis 1 scores 

show a transition to more productive environmental conditions. 

Core HU 91-045-094 is characterized by sedimentation rates of about ~20 cm ka- I 

and relatively high organic carbon (Corg) contents (Fig. 15). However, Corg may 

represent terrigenous inputs in addition to marine productivity. High fluxes of 

reworked palynomorphs together with pollen and spores suggest that terrigenous 

inputs contribute significantly to the total Corg at that site during the glacial episode. 

Corg alone is therefore a poor tracer of past productivity in this context. CaC03 also 

derives from both detrital input originating from the Hudson Bay terrains, and 

biogenic materials (coccoliths, foraminiferal tests). The contribution of detrital 

CaC03 to the site is well illustrated in Heinrich layers (Fig. 15). The isotopic 

composition (S l3C) of the mesopelagic foraminifer (Neogloboquadrina pachyderma

left coiling) has been interpreted as a proxy for ventilation in the North Atlantic (e.g., 

Duplessy, 1978; Labeyrie and Duplessy, 1985) and it can not be used here as 

paleoproductivity tracer. 



146 

Hillaire-Marcel et al. (1994) showed that microfossil fluxes at this site are 

characterized by a high variability during the last 25 ka, illustrating low fluxes during 

the glacial periods and high productivity after 12 ka. This high productivity is 

illustrated by increase of about four orders of magnitude for diatoms, three orders of 

magnitudes for coccoliths and one order of magnitude for dinocysts. This extremely 

high variation in microfossil fluxes is due in part to dissolution and can not be 

transferred quantitatively in term ofprimary productivity. 

Here, the modem analogue technique IS applied to dinocyst data to permit 

reconstruction of important changes in productivity. It suggests generally high 

productivity during Holocene and lower productivity during the glacial episode, 

which is consistent with micropaleontolical flux data (cf. Hillaire-Marcel et al., 

1994). The transition from isotopic stage 2 to the Holocene, between 11.5 and 7 ka 

cal. BP is marked particularly by very high productivity (250 - 350 gC m-2 yea(l). 

Low productivity «100 g C m-2 yea(l) is recorded during the LGM, the YD, Hl and 

H2 (Fig. 16). In general, our reconstructions for the glacial episode are consistent 

with micropaleontological data from core HU 91-045-94 as well as with qualitative 

estimates of past productivity in the North Atlantic using benthic and planktic 

foraminifera (Thomas et al., 1995; Rasmussen et al., 2002). The reconstructions we 

present, however, include a few peaks of high productivity during the glacial time. 

These peaks probably illustrate sea-ice edge conditions favourable for phytoplankton 

blooming as in modem polar and subpolar marine environments (Wilson et al., 1986; 

Niebauer et al., 1995; Stabino et al., 1998). The particularly high productivity 

reconstructed after II.5 ka is a feature that is not depicted by all micropaleontological 

proxies but it seems consistent with the fluxes of dinocysts and organic linings of 

benthic foraminifers (Fig. 15). The amplitude of reconstructed changes differs 

significantly depending upon the reference productivity dataset. Our productivity 

reconstructions based on MODIS data for the LGM are consistent with North Atlantic 
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Ocean productivity simulated by a coupled climate-ecosystem model (Schmittner, 

2005) under hypothesized conditions of reduced Atlantic Meridional Overtuming (as 

during the LGM). 

3.6 Conclusion 

Primary productivity is a challenge to measure in the modem ocean and a fortiori to 

reconstruct in the past ocean. Here, we have shown that productivity is a determinant 

parameter on the distribution of dinocyst assemblages. The fact that different trophic 

levels are present within dinoflagellate populations seems to facilitate development of 

a better integrated picture of productivity. On these grounds, transfer functions can be 

used to infer past productivity from dinocyst assemblages. However, calibration 

techniques should be avoided because the relation between dinocyst assemblages and 

productivity is not the same from one basin to another and, therefore, can not be 

transferred into equations unequivocally. The modem analogue approach seems 

appropriate, especially since we may use a large reference modem database of 

dinocysts representative of a wide range of productivity conditions. Despite 

weaknesses for regions with low density of reference points, the "n=1171" dinocyst 

database can be used to reconstruct productivity with a reasonable accuracy of about 

± 15 %. Validation exercises using the modem analogue technique indicate that 

reconstructions of seasonal and annual productivity can be obtained from dinocysts, 

with an error of prediction lower than the difference between available modern 

productivity datasets (CZCS and MODIS). Both seasonal and alli1ual productivity can 

be reconstructed in the North Atlantic dataset since these parameters appear 

independent of ail others, which is not the case for the North Pacific, where winter 

productivity can not be interpreted independently from winter SST due to the co

variability of the two parameters. 
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Paleoproductivity reconstructed usmg a core from the Northwest North Atlantic 

il1ustrates low production during glacial time and higher productivity during the 

Holocene. This reconstruction is consistent with other available data. However, the 

range of variation differs significantly depending upon the modern productivity 

reference dataset used, likely because the difference in estimation of chlorophyl1 by 

CZCS and MüDIS programs (Antoine et al., 2005). Cross-validation tests show that 

MüDIS data are best reconstructed. Past productivity estimates using MüDIS data 

are also more consistent with present and past productivity simulated using coupled 

models (Schmittner, 2005). 

According to these results, we conclude that dinocyst assemblages can be used as 

quantitative paleoproductivity proxy using the modern analogue teclmique. 

3.7 Acknowledgments 

We thank L. Levesque for teclmical computer assistance m downloading and 

compiling the estimates of MüDIS ocean productivity. We are grateful to the NASA 

Goddard Earth Sciences Distributed Active Archive Center (GES DAAC) for making 

CZCS and MüDIS data available to the user community. This study is a contribution 

to the Polar Climate Stability Network supported by the Canadian Foundation for 

Climate and Atmospheric Sciences. Financial support from the Natural Sciences and 

Engineering Research Council (NSERC) of Canada and from the Fonds de la 

Recherche sur la Nature et les Technologies (FQRNT) of Québec is also 

acknowledged. We are grateful to the reviewers of the Journal and to Thomas 

Pedersen and Laurent Londeix for their constructive comments on the original 

manuscript. 



149 

3.8 References 

Abrantes, F., Winn, K., Samthein, M., 1994. Late Quatemary paleoproductivity 
variations in the NE and equatorial Atlantic: diatom and Corg evidence. In: Zahn, R., 
Pedersen, T.F., Kaminski, M.A., Labeyrie, L. (Eds.), Carbon Cycling in the Glacial 
Ocean: Constraints on the Ocean's Role in Global Change. Springer-Verlag, Berlin, 
425-439. 

Almogi-Labin, A., Schmiedl, G., Hemleben, c., Siman-Tov, R., Segl, M., Meischner, 
D., 2000. The influence of the NE winter monsoon on productivity changes in the 
Gulf of Aden, NW Arabian Sea, during the last 530 ka as recorded by foraminifera. 
Marine Micropaleontology 40,295-319. 

Antoine, D., Morel, A, 1996. Oceanic primary production. 1. Adaptation of a 
spectral light photosynthesis model in view of application to satellite chlorophyll 
observations. Global Biogeochemical Cycles 10,43-55. 

Antoine, D., André, lM., Morel, A, 1996. Oceanic primary production. 2. 
Estimation at global scale from satellite (costal zone colour scanner) chlorophyll. 
Global Biogeochemical Cycles 10, 57-69. 

Antoine, D., Morel, A, Howard, R.G., Banzon, V.F., Evans, R.H., 2005. Bridging 
ocean color observation of the 1980s and 2000s in sem'ch oflong-telID trends. Joumal 
of Geophysical Research 110, C06009, doi: 10.1 029/2004JC002620. 

Bamola, J.M., Raynaud, D., Korotkevich, YS., and Lorius, C., 1987. Vostok ice core 
provides 160,000-year record of atmospheric CO2. Nature 329, 408-414. 

Beaufort, L., Lancelot, Y, Camberlin, P., Cayre, O., Bassinot, F., Labeyrie, L., 1997. 
Insolation cycles as a major control of equatorial Indian Ocean primary production. 
Science 278, 1451-1454. 

Beaufort, L., Bassinot, F., Vincent, E., 1999. Primary production response to orbitally 
induced variations of the southem oscillations in the Equatorial Indian Ocean. In 
Abrantes, F., Mix, AC. (Eds.), Reconstructing Ocean History: A Window into the 
Future, Kluwer AcademiclPlenum Publishers, New York, 245-272. 

Beaufort, L., de Gabriel-Thoron, T., Mix, A, Pisias, N., 2001. ENSO-Iike forcing on 
oceanic primary production during the late Pleistocene. Science 293, 2440-2444. 

Behrenfeld, M.J., Falkowski, P.G., 1997. Photosynthetic rates derived from satellite
based chlorophyll concentration. Limnologyand Oceanography 42, 1-20. 



150 

Behrenfeld, M.J., Randerson, lT., McClain, C.R., Feldman, G.C., Los, S.O., Tucker, 
C.l, Falkowski, P.G., Field, C.B., Froin, R., Esuas, W.E., Kolber, D.D., Pollack, 
N.H., 2001. Biospheric primary production during an ENSO transition. Science 291, 
2594-2597. 

Berger, W.H., Smetacek, V.S., Wefer, G., 1989. Ocean productivity and 
paleoproductivity - An overview. In: Berger, W.H., Smetacek, V.S., Wefer, G. (Eds.), 
Productivity of the Ocean: Present and Past. Life Sciences Research Report 14, 
Chichester, 1-34. 

Bradtmiller, L.L, Anderson, R.F., Fleisher, M.Q., Burckle, L.H., 2006. Diatom 
productivity in the equatorial Pacific Ocean from the last glacial period to the present: 
A test of the silicic acid leakage hypothesis. Paleoceanography 21, PA420 1, 
doi: 10.1029/2006 PAOO 1282. 

Cayre, O., Beaufort, L., Vincent, E., 1999. Paleoproductivity in the equatorial Indian 
Ocean for the last 260,000 yrs: A transfert function based on planktonic foraminifera. 
Quatemary Science Reviews 18, 839-857. 

Cho, H.-l, Matsuoka, K., 2001. Distribution of dinoflagellate cysts in surface 
sediments from the Yellow Sea and East China Sea. Marine Micropaleontology 42, 
103-123. 

Conkright, M.E., Gregg, W.W., 2003. Comparison of global chlorophyll 
climatologies: In situ, CZCS, Blended in situ-CZCS and SeaWiFS. International 
Journal of Remote Sensing 24,969-991. 

Dale, B., 1983. Dinofagellate resting cysts: 'Benthic planktona. In: Fryxell, G.A. 
(Ed.), Survival strategy of the algae, Cambridge University Press, Cambridge, 69
136. 

Dale, B., Fjellsa, A., 1994. Dinoflagellate cysts as paleoproductivity indicators: state 
of the art, potential and limits. In: Zahn, R., Pedersen, T., Kaminski, M., Labeyrie, L. 
(Eds.), Carbon cycling in the glacial Ocean: constrains on the ocean's role in global 
change. Berlin, Springer-Verlag, 521-537. 

de Vernal, A., Hillaire-Marcel, C., 2006. Provincialism in trends and high frequency 
changes in the northwest North Atlantic during the Holocene. Golobal and Planeray 
Change 54, 263-290. 

de Vernal, A., Turon, J.-L., Guiot, J., 1994. Dinoflagellate cyst distribution in high 
latitude marine environments and quantitative reconstruction of sea-surface salinity, 
temperature, and seasonality. Canadian Journal of Earth Sciences 31, 48-62. 



ISI
 

de Vernal, A., Rochon, A., Turon, J.-L., Matthiessen, J., 1997. Organic-walled 
dinoflagellate cysts: palynological tracers of sea-surface conditions in middle to high 
latitude marine environments. Geobios 30, 90S-920. 

de Vernal, A., Hillaire-Marcel, c., Turon, J.-L., Matthiessen, J., 2000. Reconstruction 
of sea-surface conditions in the northern North Atlantic during the last glacial 
maximum based on dinocyst assemblages. Canadian Journal of Earth Sciences 37, 
725-7S0. 

de Vernal, A., Henry, M., Matthiessen, J., Mudie, P.J., Rochon, A., Boessenkool, K., 
Eynaud, F., Gf0sfjeld, K., Guiot, 1., Hamel, D., Harland, R., Head, M.J., Kunz
Pirrung, M., Levac, E., Loucheur, V., Peyron, O., Pospelova, V., Radi, T., Turon, J.
L., Voronina E., 2001. Dinocyst assemblages as tracer of sea-surface conditions in the 
northern North Atlantic, Arctic and sub-Arctic seas: the un = 677" database and 
derived transfer functions. Journal of Quaternary Science 16,681-698. 

de Vernal, A., Eynaud, F., Henry, M., Hillaire-Marcel, c., Londeix, L., Mangin, S., 
Matthiessen, J., Marret, F., Radi, T., Rochon, A., Solignac, S., Turon, J.-L., 200S. 
Reconstruction of sea-surface conditions at middle to high latitudes of the Northern 
Hemisphere during the Last Glacial Maximum (LGM) based on dinoflagellate cyst 
assemblages. Quaternary Science Reviews 24, 897-924. 

Devillers, R., de Vernal, A., 2000. Distribution of dinocysts in surface sediments of 
the northem North Atlantic in relation with nutrients and productivity in surface 
waters. Marine Geology 166,103-124. 

Duplessy, J.c., 1978. Isotope studies. In: Gribbin, J. (Ed.), Climate Change. 
Cambridge University Press, 47-67. 

Dymond, J., Collier, R., 1996. Particulate barium fluxes and their relationships to 
biological productivity. Deep Sea Research Part II 43,1283-1308. 

Dymond, J., Suess, E., Lyle, M., 1992. Barium in deep-sea sediment: a geochemical 
proxy for paleoproductivity. Paleoceanography 7, 163-181. 

Eagle, M., Paytan, A., Arrigo, K.R., van Dijken, G., Murray, R.W., 2003. A 
comparison between excess barium and barite as indicators of carbon export. 
Paleoceanography 18, doi:l0.1029/2002PA000793. 

Efron, B., Gong, c., 1983. A Leisurely Look at the Bootstrap, the Jackknife, and 
Cross validation. The American Statistician 37,36-48. 



152 

Emerson, S., Hedges, J., 1988. Processes controlling the organic carbon content of 
open ocean sediments. Paleoceanography 3, 621-634. 

Emerson, S., Hedges, J., 2003. Sediment Diagenesis and Benthic Flux. In: Holland, 
H.D., Turekian, K.K. (Eds.), Treatise on Geochemistry, vol. 6. Elsevier-Pergamon, 
Oxford, 293-319. 

Field, c.B., Behrenfeld, MJ., Randerson lT., Falkowski, P., 1998. Primary 
Production of the biosphere: Integrating Terrestrial and Oceanic Components. 
Science 281, 237-240. 

Fischer, G., Wefer, G. (Eds.)., 1999. Use ofProxies in Paleoceanography: Examples 
from the South Atlantic. Springer-Verlag Berlin, 735 pp. 

Fischer, V, Ratmeyer, V., Wefer, G., 2000. Organic carbon fluxes in the Atlantic and 
southem ocean: relationship to primary production compiled from satellite radiometer 
data. Deep-SeaResearch Part II 47, 1961-1997. 

François, R., Honjo, S., Manganini, S., Ravizza, G., 1995. Biogenic barium fluxes to 
the deep sea: implications for paleoproductivity reconstructions. Global 
Biogeochemical Cycles 9, 289-303. 

François, R., Frank, Van der Loeff, M.M.R., Bacon, M.B., 2004. 230Th normalization: 
AIl essential tool for interpreting sedimentary fluxes during the late Quaternary. 
Paleoceanography 19, PA1018, doi:10.1029/2003PA000939. 

Gaines, G., Elbrachter, M., 1986. Heterotrophic nutrition. In: Taylor, FJ.R., (Ed.), 
The Biology of Dinoflagellates. Oxford: Blackwell Scientific Publications, 224-268. 

Gallinari, M., Ragueneau, O., Corrin, L., DeMaster. DJ., Tréguer, P., 2002. The 
importance ofwater column processes on the dissolution properties ofbiogenic silica 
in deep-sea sediments. 1. Solubility. Geochimica et Cosmochimica Acta 66, 2701
2717. 

Gauch, H.G., 1982. Multivariate analysis ln community ecology. Cambridge 
University Press, Cambridge. 298 pp. 

Gregg, W.W., Conkright, M.E., 2001. Global seasonal climatologies of ocean 
chlorophyll: Blending in situ and satellite data for the Coastal Zone Color ScalU1er 
era. Joumal of Geophysical Research 106, 2499-2515. 

Gregg, W.W., Conkright, M.E., 2002. Decadal changes in global ocean chlorophyll. 
Geophysical Research Letters 29, doi:10.102912002GL014689. 



153 

Gregg W.W., Conkright, M.E., Ginoux, P., O'Reilly, J.E., Casey, N.W., 2003. Ocean 
primary production and climate: Global decadal changes. Geophysical Research 
Letters 30, doi: 10.1029/2003GLOI6889. 

Guiot, J., 1990. Methods and programs of statlstlcs for paleoclimatology and 
paleoecology. In: Guiot, J., Labeyrie, L. (Eds.), Quantification des changements 
climatiques: méthode et programmes. Institut National des Sciences de l'Univers 
(INSU-France), Monographie No 1, Paris. 

Guiot, J., de Vernal, A., 2007. Transfer functions - Methods for quantitative 
paleoceanography based on microfossils. In: Hillaire-Marcelle, C., de Vernal, A. 
(Eds.). Late Cenozoic paleoceanography, volume 1. Elsevier, 523-566. 

Head, M.J., 2002. Echinidinium zonneveldiae sp. nov., a dinoflagellate cyst from the 
Late Pleistocene of the Baltic Sea, northern Europe. Journal of Micropalaeontology 
21, 169-173. 

Head, M.J., Harland, R., Matthiessen, J., 2001. Cold marine indicators of the late 
quaternary: the new dinoflagellate cyst genus Islandinium and related morphotypes. 
Journal of Quaternary Science 16, 621-636. 

Head, M.J., Lewis, J., de Vernal, A., 2006. The cyst of the calcareous Dinoflagellate 
Scrippsiella trifida: Resolving the fossil record of its organic wall with that of 
Alexandrium tamarense. Journal ofPaleontology 80, 1-18. 

Hill, M.O., 1974. Correspondence analysis: a neglected multivariate method. Applied 
Statistics 23, 340-354. 

Hillaire-Marcel, C., Bilodeau, G., 2000. Instabilities in the Labrador Sea water mass 
structure during the last climatic cycle. Canadian Journal of Earth Sciences 37, 795
809. 

Hillaire-Marcel, c., de Vernal, A., Lucotte, M., Mucci, A., Bilodeau, G., Rochon, A., 
Vallières, S., Wu, G., 1994. Productivté et flux de carbone dans la mer du Labrador 
au cours des derniers 40000 ans. Canadian Journal of Earth Science 31, 139-158. 

Hillaire-Marcel, C., de Vernal, A., Candon, L., Bilodeau, G., Stoner, J., 2001. 
Changes of potential density gradients in the Northwestern North Atlantic during the 
Last climatic cycle based on a multiproxy approach. In: Seidov, D. (Ed.), The Oceans 
and Rapid Climate Changes: Past, Present and Future. Geophysical Monograph 
Series 126,83-100. 



154 

Ikeda, T., Tajika, E., 2002. Carbon cycling and climate change during the last glacial 
cycle inferred from the isotope records using an ocean biogeochemical carbon cycle 
model. Global and Planetary Change 35, 131-141. 

Ivanova, E., Schiebel, R., Singh, A.D., Schmiedl, G., Niebler, H.-S., Hemleben, C., 
2003. Primary production in the Arabian Sea during the last 135 000 years. 
Palaeogeography, Palaeoclimatology, Palaeoecology 197, 61-82. 

Jacobson, D., Anderson, D., 1986. Thecate heterotrophic dinoflagellates: Feeding 
behaviour and mechanics. Journal ofPhycology 22,249-258. 

Jeandel, e., Tachikawa, K., Bory, A., Dehairs, F., 2000. Biogenic barium in 
suspended and trapped material as a tracer of export production in the tropical NE 
Atlantic EUMELI sites. Marine Chemistry 71,125-142. 

Jongrnan, R.H.G., ter Braak, C.lF., Van Tongeren, O.F.R. (Eds.), 1995. Data 
analysis in community and landscape ecology. Cambrige University Press, 
Cambridge, 299 pp. 

Kielt, lF., 2007. Distribution des assemblages palynologiques et microfaunistiques le 
long des côtes ouest mexicaines. Ms Thesis, Université du Québec à Montréal. 
Montreal. 

Klump, l, Hebbeln, D., Wefer, G., 2000. The impact of sediment provenance on 
barium-based productivity estimates. Marine Geology 169, 259-271. 

Kokinos, J.P., Eglinton, T.I., Goni, M.A., Boon, lJ., Martoglio, P.A., Anderson, 
D.M., 1998. Characterization of a highly resistant biomacromolecular material in the 
cell wall of a marine dinoflagellate resting cyst. Organic Geochemistry 28,265-288. 

Knox, F., McElroy, M.B., 1984. Changes in atmospheric carbon dioxide: influence of 
the marine biota at high latitude. Journal of Geophysical Research 89, 4629-4637 

Labeyrie, L., Duplessy, J.e., 1985. Change in the oceanic l3c/l2eratio during the 1ast 
140,000 years: High latitude surface water records. Palaeogeography, 
Palaeoclimatology, Palaeoecology 50, 217-240. 

Ladouceur, S., 2007. Évaluation des changements hydrographiques de la Baie 
d'Hudson et du Bassin de Foxe au cours des derniers siècles à partir de traceurs 
palynologiques et micropaléontologiques. Ms Thesis, Université du Québec à 
Montréal, Montreal. 



155 

Lazarus, D., Bittniok, B, Diester-Haass, L., Meyers, P., Billups, K., 2006. 
Comparison of radiolarian and sedimentologic paleoproductivity proxies in the latest 
Miocene-Recent Benguela Upwelling System. Marine Micropaleontology 60, 269
294. 

Longhurst, A., Sathyendranath, S., Platt, T., Caverhill, c., 1995. An estimate of 
global primary production in the Ocean from satellite radiometer data. Journal of 
Plankton Research 17, 1245-1271. 

Loubere, P., 1991. Deep-sea benthic foraminiferal assemblage response to a surface 
ocean productivity gradient: A test. Paleoceanography 6, 193-204. 

Loubere, P., 1994. Quantitative estimation of surface ocean productivity and bottom 
water oxygen concentration using benthic forarninifera. Paleoceanography 9, 723
737. 

Loubere, P., 1996. The surface ocean productivity and bottom water oxygen signaIs 
in deep water benthic foraminiferal assemblages. Marine Micropaleontology 28,247
261. 

Loubere, P., 1999. A multiproxy reconstruction of biological productivity and 
oceanography in the eastern equatorial Pacifie for the past 30,000 years. Marine 
micropaleontology 37, 173-198. 

Loubere, P., 2002. Remote vs. local control of changes in eastem equatorial Pacific 
bioproductivity from the Last Glacial Maximum to Present. Global and Planetary 
Changes 35, 113-126. 

Loubere, P., Fariduddin, M., 1999. Quantitative estimation of global patterns of 
surface Ocean biological productivity and its seasonal variation timescales from 
centuries to millennia. Global Biogeochemical Cycles 13, 115-133. 

Louwye, S., Head, M.J., De Schepper, S., 2004. Dinoflagellate cyst stratigraphy and 
palaeoecology of the Pliocene in northem Belgium, southern North Sea Basin. 
Geological Magazine 141, 353-378. 

Louwye, S., De Schepper, S., Laga, P., Vandenberghe, N., 2007. Upper Miocene of 
the southem North Sea Basin (northern Belgium): a palaeoenvironmental and 
stratigraphica1 reconstruction using dinoflagellate cysts. Geological Magazine 144, 
33-52. 



156 

Lyle, M., MUlTaY, D.W., Finney, B.P., Dymond, J., Robbins, J.M., Brooksforce, K., 
1988. The record of late Pleistocene biogenic sedimentation in the eastem tropical 
Pacifie Ocean. Paleoceanography 3,39-59. 

Mackensen A, Schumacher S., Radke J, Schmidt, D.N., 2000. Microhabitat 
preferences and stable carbon isotopes of endobenthic foraminifera: clue to 
quantitative reconstruction of oceanic new production? Marine Micropaleontology 
40,233-258. 

Marret, F., 1993. Les effets de l'acétolyse sur les assemblages de kystes de 
dinoflagellés, Palynosciences 2, 267-272. 

Marret, F., 1994. Distribution of dinoflagellate cysts in recent marine sediments from 
the east Equatorial Atlantic (Gulf of Guinea). Review of Palaeobotany and 
Palynology 84, 1-22. 

Marret, F., Zonneveld, K.A.F., 2003. Atlas of modem organic-walled dinoflagellate 
cyst distribution. Review ofPalaeobotany and Palynology 125,1-200. 

Matsuoka, K., 1987. Organic-walled dinoflagellate cysts from surface sediments of 
Akkeshi Bay and Lake Saroma, NOlth Japan. Bulletin of the Faculty of Liberal Arts, 
Nagasaki University, 28,35-123. 

McCorkle, D.C., Martin, P.A, Lea, D.W., Klinkhammer, G.P., 1995. Evidence of a 
dissolution effect on benthic foraminiferal shell chemistry: 013C, Cd/Ca, Ba/Ca, and 
Sr/Ca results from the Ontong Java Plateau. Paleoceanography 10,699-714. 

Meyers, P.A, 1997. Organic geochemical proxies of paleoceanographic, 
paleolimnologic, and paleoclimatic processes. Organic Geochemistry 27,213-250. 

Mix, AC., 1989. Influence of productivity variations on long-term atmospheric CO2 . 

Nature 337, 541-544. 

Montogomery, D.C., Peck, E.A, 1982. Introduction to Linear Regression Analysis. 
Jolm Wiley and Sons, New York, 504 pp. 

Morel, A, 1978. Available, usable and stored radiant energy in relation to marine 
photosynthesis. Deep Sea Research 25,673-688. 

Morel, A, 1991. Light and marine photosynthesis: a spectral model with geochemical 
implications. Progress in Oceanography 26, 263-306. 



157 

Muller, P.J., Suess, E., 1979. Productivity, sedimentation rate, and sedimentary 
organic matter. Deep Sea Research 26,1347-1362. 

Muller, P.J., Erlenkeuser, H., Von Grafenstein, R., 1983. Glacial-interglacial cycles in 
oceanic productivity inferred from organic carbon contents in eastem north Atlantic 
sediment cores. In: Thiede, J., Suess, E. (eds), Coastal upwelling, its sediment record, 
Part B: Sedimentary records of ancient coastal upwelling. Plenum press, New York, 
65-398. 

Naidu, P.D., Malmgren, B.A., 1996., A high-resolution record of late Quatemary 
upwelling along the Oman Margin, Arabian Sea based on planctonic foraminifera. 
Paleoceanography 11,129-140. 

Nelson, D.M., Tréguer, P., Brzezinski, M.A., Leynaert, A., Quéguiner, B., 1995. 
Production and dissolution of biogenic silica in the ocean: Revised global estimates, 
comparison with regional data and relationship with biogenic sedimentation. Global 
Biogeochemical Cycles 9, 359-372. 

Niebauer, H.J., Alexander, V.A, Henrichs, S., 1995. Physical and biological 
oceanographic interaction in the Spring Bloom at the Bering Sea marginal ice edge 
zone. Journal of Geophysical Research 95,22229-22242. 

Overpeck, J., Webb, T., Prentice, Le, 1985. Quantitative interpretation of fossil 
pollen spectra: dissimilarity coefficients and the method of modem analogs. 
Quaternary Research 23,87-108. 

Parsons, T.R., Takahashi, M., Hargrave, B., 1984. Biological orgamc processes. 
Pergamon Press, Oxford, UK, 330 pp. 

Paytan, A., Kastner, M., 1996. Benthic Ba fluxes in the central equatorial Pacific, 
implications for the oceanic Ba cycle. Earth and Planetary Science Letter 142, 439
450. 

Paytan, A., Kastner, M., Chavez, F.P., 1996. Glacial to interglacial fluctuation in 
productivity in the equatorial Pacific as indicated by marine Barite. Science 274, 
1355-1357. 

Pedersen, T.F., Pickering, M., Vogel, lS., Southon, lN., Nelson, D.E., 1988. The 
response of benthic foraminifera to productivity cycles in the eastern equatorial 
Pacific: Faunal and geochemical constraints on glacial bottom water oxygen levels. 
Paleoceanography 3,157-168. 



158 

Pedersen, T.F., Nielsen, B., Pickering, M., 1991. The timing of Late Quaternary 
productivity pulses in the Panama Basin and implications for atmospheric CO2. 

Paleoceanography 6,657-677. 

Pospelova, V., Head, MJ., 2002. Islandinium brevispinoswn sp. nov. 
(Dinoflagellata), a new organic-walled dinoflagellate cyst from modern estuarine 
sediments of New England (USA). Journal ofPhycology 38, 593-601. 

Pospelova, V., Chmura, G.L., Boothman, W.S., Latimer, J.S., 2002. Dinoflagellate 
cyst records and human disturbance in two neighboring estuaries, New Bedford 
Harbor and Apponagansett Bay, Massachusetts (USA). The Science of the Total 
Environrnent 298, 81-102. 

Pospelova, V., Chmura, G.L., Boothman, W., Latimer, J.S., 2005. Spatial distribution 
of modern dinoflagellate cysts in polluted estuarine sediments from Buzzards Bay 
(Massachusetts, USA) embayments. Marine Ecology Progress Series 292, 23-40. 

Pospelova, V., de Vernal, A, Pedersen, T.F., 2008. Distribution of dinoflagellate 
cysts in surface sediments from the northeastern Pacifie (43-25°N) in relation to sea
surface temperature, salinity, productivity and coastal upwelling. Marine 
Micropaleontology, in press. 

Radi, T., de Vernal, A., 2004. Dinocyst distribution in surface sediments from the 
northeastern Pacifie margin (40-60 ON) in relation to hydrographie conditions, 
productivity and upwelling. Review ofPalaeobotany and Palynology 128,169-193. 

Radi, T., de Vernal, A, Peyron, O., 2001. Relationships between dinocyst 
assemblages in surface sediments and hydrographie conditions in the Bering and 
Chukchi seas. Journal of Quaternary Science 16,667-680. 

Radi, T., Pospelova, V., de Vernal, A, Barrie, J.V., 2007. Dinoflagellate cysts as 
indicators of water quality and productivity in British Columbia estuarine 
environrnents. Marine Micropaleontology 62, 269-297. 

Ragueneau, O., Tréguer, P., Leynaert, A., Anderson, R.F., Brzezinski, M.A, 
DeMaster, DJ., Dugdale, R.C., Dymond, 1., Fischer, G., François, R., Heinze, c., 
Maier-Reimer, E., Martin-Jézéquel, v., Nelson, D.M., Quéguiner, B., 2000. A 
review of the Si cycle in the modem ocean: Recent progress and missing gaps in the 
application of biogenic opal as a paleoproductivity proxy. Global Planet Change 26, 
317-365. 



159 

Rasmussen, T.L., Thomson, E., Trolestra, S.R, Kuijpers, A., Prins, M.A., 2002. 
Millenial-scal glacial variability versus Holocene stability: changes in planktic and 
benthic foraminiferal faunas and ocean circulation in the North Atlantic during the 
last 60,000 years. Marine Micropaleontology 47, 143-176. 

Richerol, T., Rochon, A. Decadal-scale sea ice history of the Mackenzie Trough 
(Beaufort Sea, Canada) over the last 300 years based on dinocyst data. Marine 
Micropaleontology, submitted. 

Rochon, A., de Vernal, A., Turon, 1.-L., Matthiessen, 1., Head, M.J., 1999. 
Distribution of dinoflagellate cysts in surface sediments from the North Atlantic 
Ocean and adjacent seas in relation to sea-surface parameters. American Association 
of Stratigraphic Palynologists, Contribution Series 35, 152 pp. 

Rühlemann, c., Müller, P.J., Schneider, RR, 1999. Organic carbon and carbonate as 
paleoproductivity proxies: Examples from high and low productivity areas of the 
Tropical Atlantic. In: Fischer, G., Wefer, G., (Eds.), Use of proxies in 
Paleoceanography: examples from the South Atlantic. Springer-Verlag, Berlin, 315
344. 

Sanniento J.L, Toggweiler, J.R., 1984. A new model for the role of the oceans in 
detennining atmospheric pC02 . Nature 308, 621-624. 

Sarnthein, M., Duplessy, J.-C., Fontugue, M.R., 1988. Global variations of surface 
ocean productivity in low and mid latitudes: influence on CO2 reservoirs of the deep 
ocean and atmosphere during the last 21 000 years. Paleoceanography 3,361-399. 

Sarnthein, M., Pflaumann, u., Ross, R, Tiedemann, R, Winn, K., 1992. Transfer 
functions to reconstruct ocean palaeoproductivity: a comparison. In: Summerhayes, 
c.P., Prell, W.L., Emeis, K.c. (Eds.), Upwelling Systems: Evolution since the early 
Miocene. Geological Society Special Publication 64, London, 411-427. 

Schmittner, A., 2005. Decline of the marine ecosystem caused by a reduction in the 
Atlantic overturning circulation. Nature 434,628-633. 

Shackleton, N.J., Hall, M.A., Line, J., Cang, S., 1983. Carbon isotope data in core 
V19-30 (Carnegie Ridge, south of the Panama Basin) confinn reduced carbon dioxide 
concentration in the ice age atmosphere. Nature 306, 319-322. 

Solignac, S., de Vernal, A., Biliaire-Marcei, C., 2004. Holocene sea surface 
conditions in the North Atlantic - contrasted trends and regimes between the eastern 
and western sectors (Labrador Sea vs. Iceland Basin). Quaternary Science Reviews 
23,319-334. 



160 

Stabino, PJ., Schumacher, R.F., Davis, R.F., Napp, lM., 1998. Under-ice 
observations of water column temperature, salinity and spring phytoplankton 
dynamics: Eastern Bering Sea shelf Journal of Marine Research 56, 239-255. 

Stoner, lS., ChalU1ell, J.E.T., Hillaire-Marcel, c., 1998. A 200 ka geomagnetic 
chronostratigraphy for the Labrador Sea: Indirect correlation of sediment record to 
SPECMAP. Earth and Planetary Science letters 159, 165-181. 

Taylor, FJ.R., (Ed.), 1987. The biology of dinoflagellates. Botanical Monographs 21, 
Blackwell Scientific Publications, Oxford, 785 pp. 

ter Braak, CJ.F., 1986. Canonical correspondence analysis: a new eigenvector 
teclmique for multivariate direct gradient analysis. Ecology 67, 1167-1179. 

ter Braak, CJ.F., Smilauer, P., 1998. Canoco reference manual and user's guide to 
Canoco for Windows, software for canonical community ordination (version 4). 
Centre for Biometry, Wageningen, 351 pp. 

ter Braak, CJ.F., Verdonschot, P.F.M., 1995. Canonical correspondence analysis and 
related multivariate methods in aquatic ecology. Aquatic Sciences 57, 255-289. 

Thomas, E., Booth, L., Maslin, M., Shackleton, NJ., 1995. Northeastern Atlantic 
benthic foraminifera during the last 45 000 years: Changes in productivity seen from 
the bottom up. Paleoceanography 10, 545-562. 

Thomas, A.C., Carr, M.-E., Strub, P.T., 2001. Chlorophyll variability in Eastern 
Boundary Currents. Geophysical Research Letters 28, 3421-3424. 

Vénec-Peyré, M.-T., Caulet, l-P., 2000. Paleoproductivity changes in the upwelling 
system of Socotra (Somali Basin, NW Indian Ocean) during the last 72,000 years: 
evidence from biological signatures. Marine Micropaleontology 40, 321-344. 

Von Breymann, M.T., Emeis, K.C., Suess, E., 1992. Water depth and diagenetic 
constraints on the use of barium as a paleoproductivity indicator. In: Summerhayes, 
C.P., Prell, W.L., Emeis, K.c. (Eds.), Upwelling Systems: Evolution since the Early 
Miocene. Geological Society of London, special publication 64,273-284. 

Wall, D., Dale, B., 1968. Modem dinofagellate cysts and evolution of the 
Peridiniales. Micropaleontology 14, 265-304. 

Wang, Z., Matsuoka, M., Qi, Y, Chen, l, 2004. Dinoflagellate cysts in recent 
sediments from Chinese coastal waters. Marine Ecology 25, 4, 289-3 Il. 



161 

Wefer, G., Berger, W.H., Bijma, J., Fischer, G., 1999. Clues to Ocean History: a brief 
overview of proxies. In: Fischer, G., Wefer, G. (Eds.), Use of Proxies in 
Paleoceanography: Examples from the South Atlantic. Springer-Verlag, Berlin, 1-68. 

Werdeli, P.J., Bailey, S., Fargion, G., Pietras, C., Knobelspiesse, K., Feldman, G., 
McClain, C., 2003. Unique data repository facilitates ocean color satellite validation. 
EOS Transactions 84, 38, p. 377. 

Wilson, D.L., Smith, W.O., Nelson, D.M., 1986. Phytoplankton bloom dynamics of 
the western Ross Sea ice edge. 1. Primary productivity and specifie production. Deep 
Sea Research 33,1375-1387. 

World Ocean Atlas, 2001. CD-ROMs data set, National Oceanographie Data Center, 
Silver Spring, MD. 

Zonneveld, rc.A.F., 1997a. Dinoflagellate cyst distribution in surface sediments from 
the Arabian Sea (northwestern Indian Ocean) in relation to temperature and salinity 
gradients in the upper water colurnn. Deep-Sea Research II 6-7, 1411-1443. 

Zonneveld, KA.F., 1997b. New species of organic walled dinoflagellate cysts from 
modem sediments of the Arabian Sea (Indian Ocean). Review of Palaeobotany and 
palynology 97,319-337. 

Zonneveld, K.A.F., Jurkschat, T., 1999. Bitectatodinium spongium (Zonneveld, 1997) 
Zonneveld and Jurkschat, comb. nov. from modem sediments and sediment trap 
samples of the Arabian Sea (northwestem Indian Ocean): taxonomy and ecological 
affinity. Review ofPalaeobotany and Palynology 106,153-169. 

Zonneveld, K.A.F., Brummer, G.J.A., 2000. Palaeoecological significance, transport 
and preservation of organic-walled dinoflagellate cysts in the Somali Basin, NW 
Arabian Sea. Deep Sea Research II, 47, 2229-2256. 

Zonneveld, K.A.F., Versteegh, G.J.M., de Lange, G.J., 2001a. Palaeoproductivity and 
post-depositional aerobic organic matter decay reflected by dinoflagellate cyst 
assemblages of the Eastern Mediterranean SI sapropel. Marine Geology 172, 181
195. 

Zonneveld, K.A.F., Hoek, R.P, Brinkhuis, H., Willems, H., 2001b. Geographical 
distribution of organic-walled dinoflagellate cysts in surficial sediments of the 
Benguela upwelling region and their relationship to upper ocean conditions. Progress 
in Oceanography 48,25-75. 



162 

3.9 Figure captions 

Figure 1: Location of surface sediment (core-top) samples in the "n=1171" reference 

dinocyst database. It constitutes an update of the "n=940" (de Vernal et al., 2005) and 

includes additional sites from St. Lawrence estuary, Hudson Bay (Ladouceur, 2007), 

Arctic Ocean (Richerol and Rochon, submitted), and Northeastern Pacific (Kielt, 

2007; Radi et al., 2007; Pospelova et al., in press). 

Figure 2: Seasona1 and annual distribution maps of primary productivity based on 

satellite observations of chlorophyll. The CZCS productivity is from the LPCM 

model (Antoine et al., 1996) based on CZCS ocean color data averaging from 1979 to 

1986. The MODIS productivity is from the VGPM model (Behrenfeld and 

Falkowseki, 1997) based on MODIS ocean color data averaging from 2002 to 20005. 

Figure 3: Maps showing the difference between MODIS and CZCS data (cf. figure 

2). 

Figure 4: Results of CCA analysis applied to the Arctic dataset. A, ordination 

diagram of the dinocyst taxa (open dots, see Table 1 for abbreviations), represented 

by their niche center a10ng axes 1 and 2. Environmental variables (arrows) are 

displayed by their correlation with the axes (direction of arrows) and by their 

importance in explaining the dinocyst distribution (length of arrows). They have been 

standardized to a mean of 0 and a standard deviation of 1 in order to remove 

arbitrariness in the units and make the canonical coefficients comparable among each 

other. W_SST, winter sea surface temperature; S_SST, summer sea surface 

temperature; W_SSS, winter sea surface salinity; S_SSS, summer sea surface salinity; 

ICE, duration of sea-ice coyer; W_MODIS, winter productivity; S_MODIS, summer 

productivity; A_MODIS, annual productivity (according to MODIS data). Ordination 

of seasonal and anrmal productivity of CZCS data are not shawn because they are 
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strongly correlated to MODIS ones. Dashed arrows represent the variable which may 

co-vary with other parameters as judged by the variance inflation factor (VIF, cf. 

CCA analysis). B, eigenvalues, species-environment correlation and variance of 

species data and species-envirorunent relationship for the 4 first ordination axes. C, 

Correlation matrix between environrnental parameters and the first 4 ordination axes. 

Figure 5: Results of CCA analysis applied to the North Atlantic dataset; A, Diagram 

showing the ordination of the dinocyst taxa and environmental variables along the 

two first axes (see figure 4A for legend); B, eigenvalues, species-enviromnent 

correlation and variance of species data and species-environment relationship for the 

four first ordination axes; C, Correlation matrix between environmental parameters 

and the first four ordination axes. 

Figure 6: Results of CCA analysis applied to the North Pacifie dataset. See legend of 

figure 5 for more explanation. 

Figure 7: Results of CCA analysis applied to the Northem Hemisphere dataset; A, 

Diagram showing the ordination of the dinocyst taxa and environrnental variables 

along the two first axes (see figure 4A for legend). The shaded zone point out a grolip 

of heterotrophic taxa that are positively correlated with CCA axes 1 and 2; B, 

Samples CCA axes 1 and 2 scores; C, eigenvalues, species-environment correlation 

and variance of species data and species-environment relationship for the four first 

ordination axes; D, Correlation matrix between environmental patameters and the 

first four ordination axes. 

Figure 8: Map showing the distribution of the minImUm distance of the closest 

analogue in the case of the "n=1171" database. This distance gives information about 

the quality of analogues and reconstructions. Note that the threshold for acceptable 
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analogue is 77.22. Numbers and percentages of sites corresponding to distance ranges 

are shown in parenthesis. 

Figure 9: Results of cross-validation tests using the leave-one-out technique for the 

North Atlantic dataset. MAT was applied with both CZCS and MODIS data by a 

non-constrained selection of the best 5 analogues. The estimated versus observed 

values of seasonal and annual productivity and their respective coefficient of 

cOlTelations and RMSEs are also shown. Note that scale differs according to the 

season and the modem productivity data set. 

Figure 10: Results of cross-validation tests using the leave-one-out technique for the 

North Pacific dataset. See legend of figure 9 for more explanation. 

Figure Il: Results of cross-validation tests using the leave-one-out technique for the 

Northem Hemisphere "n=1171" dataset. See legend of figure 9 for more explanation. 

Figure 12: Maps showing anomalies from dinocyst-based reconstruction (difference 

between observed and estimated) using annual and seasonal MODIS data (left panel) 

and the annual and seasonal differences between CZCS and MüDIS modem data 

(right panel). 

Figure 13: Northem Hemisphere and Core HU 91-045-094 samples scores of the two 

first ordination axes as generated by cOlTespondence analysis. 

Figure 14: Percentages of main dinocyst taxa and sample scores of CA axes 1,2 and 

3 in core HU91-045-094. 

Figure 15: Geochemical and micropaleontological data of core HU 91-045-094. 

Reworked palynomorphs, pollen and spores, dinocysts and organic linings of benthic 
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foraminifers are presented by their fluxes (number cm-2 kil). Isotopic data and the 

chronology are from Hillaire-Marcel and Bilodeau (2000). Geochemical and 

micropaleontological data were reported by Hillaire-Marcel et al. (1994) and de 

Vernal et al. (2000). LGM, Last Glacial Maximum interval; YD, Younger Dryas; Hl 

and H2, Heimich events 1 and 2. 

Figure 16: Reconstruction of paleoproductivity for the last 25 000 years from 

dinocyst data in core HU 91-045-094 based on MAT and using the "n = 1171" 

dinocyst database. We used both MODIS productivity data (solid line) and CZCS 

data (doted tine). LGM, Last Glacial Maximum interval; YD, Younger Dryas; Hl and 

H2, Heinrich events 1 and 2. 

3.10 Table captions 

Table 1: List of dinocyst taxa used in this study with abbreviations, occurrences and 

percentage ranges. The heterotrophic taxa are marked by asterisks (*). 

Table 2: Table summarizing the ranges of SST, SSS and sea-ice coyer for the North 

Atlantic, North Pacific and Arctic databases. 

Table 3: Results of forward selection and Monte Carlo permutation test for the Arctic, 

North Atlantic, North Pacific and the Northern Hemisphere datasets. À is the 

eigenvalue explained by environmental variable. It represents the weighted 

contribution of each parameter. Note that P-value is lower than 0.05 for aB 

parameters illustrating a significant relationships with dinocyst assemblages. 

Asterisks indicate parameters having VIF value>10, and are thus considered to co

vary with other parameters. 
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Table 4: Table summarizing the coefficient of correlations between observed and 

estimated values and the RMSE (accuracy of reconstruction), as obtained from the 

cross-validation test with the Northem Hemispheric dataset using both CZCS and 

MODIS data. The standard deviation of the residual between MODIS and CZCS data 

is shown for comparison with RMSE yielded by cross-validation tests. 
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Figure 3 
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Figure 4 
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Figure 5 

North Atlantic (n = 483) 
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Figure 6 

North Pacifie (n = 287) 
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Figure 7 

Northern Hemisphere (n =1171) 
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North Atlantic (n =483) 
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Figure 10 
North Pacifie (n =287) 
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Figure 11 

Northern Hemisphere (n = 1171) 
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Figure 12 
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Figure 13 
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Figure 15 
Core HU 91-045-094 
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Figure 16 
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Table 1 
Tax.a name 

Achomosphnera s-pp. 

Alaxiodiniul7f choane 

BiteClatodinium spongium 

BileClalodinium repikiellS€ 

BriSallledillium cariacoense


BrigaIHedinium simplex·
 

Briganudinium spp.·
 

CyslA'
 

Cysl of cf. Scrippsieila tri/ILia
 

Cysl of Pentapharsodinium dalel
 

Cysl of Polykrifws cf kofoidii"
 

Cysl of Polyltrikcs lu>foidii·
 

Cysl of Po/ykrikos sch'MUCZU·
 

Cyst of Polykrikos spp.- Arctic morpholype •
 

Cysl of PolykTifws spp.- quadrangular morpholypc'"
 

Cysl ofProloperi(/inium anr,eriCtlllum"
 

Cys( of Protoperidinium nudum'-


Dubridiniwn spp,·
 

EchinidifÛum acufMlum· 

&hinidinium karaeflSe" 

Echùtldinium delicolunt· 

&hinldinium gronwalum'" 

Echinidinium spp.· 

Gymnodinium cate1lillUlfl· 

GymMdinillJ11 IIOUerit. 

fmpagidinium aeulealum 

Impagidinlum palUd/1ft1 

"[mpagfdlnium paralioxum 

Im/XJsidinium palulum 

ImpagJdinium plicalum 

Impagldlnium sphaericunJ 

/mpagidlnlum spp. 

Impagidinillm stn'alalu.m 

Impagidinium Yelorum 

Islandinfllnl brr:Ylspino.rum

Islandil/ium minutum

l.rlandlnium? cesare

Lejeunecysla o/iya

Lejeunecysta .rabrina

LejeunecysliJ spp.

LinguJodinium machaerophorum 

Nemato.rphaeropsi.r labyrinlllus 

O. cenfrocarpum sensu Wall &DaJe J966-shortprocesses 

OpercuJodinium cenfroCOJpum sensu Wall & Dale 1966 

Opercu/odinium cenlTocarpum-Arctic morpholype 

Opercu/odinium cenlTocarpum· morphotypc cezare 

OpercuJodinium cf.janduchenei 

Operculodintum fsraeliallUm 

Polysphaeridium zoharyi 

Protoperidinloids " 

Protoperidinium str:llatum" 

Pyxidinopsis reticulala 

QuinqueCU.1pis concreta· 

Se/enopemplux nepllroides· 

Se/enopcmphi:r. quanliJ· 

Spiniferites belerius 

Spiniferiles belllorii 

Spiflifer/les bulloideu.s 

Spinifuiles deliœlus 

Spifliferttes elongalus 

Spifliferiles[rlgldus 

Spiniferilts /mus 

Spiniferiles membrafli1CellS 

Spiniferilts mirabili.r-llyperacanlhu.r 

SpinJferiles ramosus 

Spinifericts ramosus type granosus 

Sp;ru'lerilts spp. 

Stelladiniwn sp." 

TeClallXiinium pe/lirunl 

Trinovantedinium app/anatum" 

TrinoYantedittium variabile" 

Votadinium ca/vunl" 

Votadinium spinosum" 

Xandarodinium mn/hum-

Abbrevîation 

ACHO 

ATAX 

BSPO 

BTEP 

BCAR 

BSIM 

BSPP 

CYSA 

ALEX 

PDAL 

PCFK 

PKOF 

PSCH 

PARC 

PQUA 

PAME 

PNUD 

DUBR 

MCU 

EKAR 

EDEL 

EORA 

ESPP 

OCAT 

ONOL 

IACU 

!PAL 

IPAR 

!PAT 

!PL! 

ISPH 

ISPP 

ISTR 

lVEL 

IBRE 

JMIN 

IMIC 

LOU 

LSAB 

LSSP 

LMAC 

NLAB 

OCSS 

OCEN 

OARC 

OCEl 

OIAN 

OISR 

PZOH 

PERl 

PSTE 

PRIT 

QCON 

SNEP 

SQUA 

SBEL 

SBEN 

SBUL 

SDEL 

SELO 

SFRI 

SLAZ 

SMEM 

SMIR 

SRAM 

SORA 
sspp 

STSP 

TPEL 

TAPP 

TVAR 

VCAL 

VSPI 

XAND 

Notes	 Occunence 

Atlanûc 

Arctic, Aliantic, Pacific 

Pacific 

Arctic, AtlanLic, Pacific 

Groupcd wilh Brigontedirtiwn spp.	 Arctic, Atlantic, Pacific 

Grouped \vith Brigontedinium spp.	 Arcûe, AtlanLie, Pacifie 

Arctic, Atlantic, Pacific 

Pacific 

Arctic, Atlantic~ Paci fic 

Arctie, Atlanûc, Pacific 

Pacifie 

Arctic, Atlantic, Pacifie 

Arctic, Atlantic, Pacific 

Arcoc, Atlanûc 

Grouped with cyst of Polykrikos spp..Arctic morphotypc Arctie, Atlantic 

AccLie, AtlanLic, Pacific 

Grouped wilh S. quatlla Arctic, Atlantic, Pacific 

Atlantic, Pacific 

Pacific 

ArcUc, Atlantic 

Pacific 

Atlanùc, Paci fic 

Acctic, Atlantic, PaciGe 

Atlantic 

Atlantic 

Atlantic, Pacific 

Arctic, Atlantic, Pacifie 

Acctic, Atlantic~ Pacifie 

Arctic, Atlantic, Pacific 

Atlantic, Pacific 

Arctîc, Atlantic, Pacific 

Arctic, Atlantic, Pacific 

AtJantic, Pacifi\' 

Atlantic, Pacific 

Atlantic, Paci6c 

Arctic, Atlantic, Pacifie 

Arctic, Atlantic, Pacifie 

Grouped with Lejeunecy.rra spp. Arctîc, Atlantic, Pacific 

Orouped with Lejeunecysla spp. Atlantic, PaciGc 

ArcLic~ Atlantic, Pacifie 

Acctic, Atlantic, Pacific 

ArcUc, Atlantic, Pacific 

Orouped with O. cenlTQccvpum sensu Wall & DaJc 1966 Arctic, Atlantic, Pacific 

Arctic, Atlanûc, Paci fic 

Orouped wilh O. cenlroccvpflm sensu Wall & DaJc 1966 Arctic, Atlantic, Pacific 

Orouped with 0. cenlrocarpum sensu Wall & Dale 1966 Arctic, Atlantic, Pacifie 

Arctic, Atlantic, Pacifie 

Atlantic, Pacifie 

Atlantic, Pacific 

Arctic, Atlantic, Pacific 

Atlantic, Pacific 

Arctic, AtJantie, Pacific 

Arctic, Atlantic, Pacifie 

Arctic, Aliantic, Pacific 

Arctic, Atlantic, Pacifie 

Orouped witl\ S. membranaceus	 Aretie, Atlantic, Pacifie 

Atlantic, Pacific 

Orouped \Vith S. ramosus	 Arctie, Atlantic, Pacific 

Acctic, Atlantic, Pacific 

Arctic, Atlantic, Pacifie 
Orouped with S. elongatus Arctie, Atlantic, Pacifie 

Arcùc, Atlantic 

Arctic, Atlantic, Pacifie 

Arcuc, Atlantic, Pacific 

Arctic, Atlantic, Pacific 

Atlantic 

Arctie, Atlantic, Pacific 

Pacific 

Atlantic, Pacifie 

Arctic, Atlantic, Pacifie 

Pacific 

Arctic, Atlantic, Pacific 

Atlantic, Pacifie 

Atlantic 

Percentagc range 

0-5.26 

0-3.38 

0-62.5 

0-30 

0-97.25 

0-4.9 

0- 17.15 

0-95.89 

0- 13.19 

0-15.79 

0-77.19 

0-14.82 

0-16.34 

0-15.99 

0- 19.87 

0-8.33 

0-11.52 

0-21.72 

0-31.19 

0-48.98 

0-0.74 

0-80 

0-39.58 

0- 13.65 

0-27.21 

0-3.77 

0- 8.77 

0-6.52 

0-24.83 

0-2,38 

0-0.79 

0-96,83 

0-32.26 

0-2.36 

0-80.2 

0-71.54 

0-9052 

0-3.45 

0-12.81 

0-40.48 

0-16.62 
0-26.52 

0-60.78 

0-30.12 

0-9.09 

0-21.52 

0-10.87 

0-57.77 

0-47.99 

0-2.2 

0-23.38 

0-77 

0-57.33 

0-5.73 

0-23.97 

0-1.3 

0-1.73 

0-20.24 

0- 1.36 

0-2.8 

0-3.39 

0-0.88 



Table 2 

Winter SST CC) Summer SST CC) Winter SSS Summer SSS Sea ice cover (months yr -1) 
North Atlantic -1.6 to 18.5 0.7 to 26 14.5 to 38 20.6 to 38.2 oto 8.8 

North Pacific -1.7 to 27.8 6.7 to 30.5 23.11 to 35.4 16.4 to 35.9 oto 4.7 
Arctic -2.1 to 6.7 -1.8 to 11.3 6.2 to41.5 6.7 to 35.1 oto 12 

,...... 

+>. 
00 
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Table 3 

Arctic 
Marginal Effects Conditional Effects 
Variable À Variable À P-value 
Sea ice 0.33 Sea ice 0.33 0.005 
S_SST 0.33 W_MüDID 0.13 0.005 
W_SST 0.23 W_SSS 0.08 0.005 
A_MümS 0.21 S_SST 0.06 0.005 
W_SSS 0.21 W_SST 0.05 0.005 
S_MümS* 0.15 A_MümS 0.03 0.005 
S_SSS 0.12 S_SSS 0.02 0.005 
W MümS 0.10 S MümS* 0.02 0.005 

North Atlantic 
Marginal Effects Conditional Effects 
Variable À Variable À P-value 
W_SST OA4 W_SST OA4 0.005 
S_SST 0.35 Sea ice 0.10 0.005 
S_SSS 0.34 S_SST 0.08 0.005 
W_SSS* 0.33 W_MümS 0.08 0.005 
S_MüDIS 0.26 S---.MüDIS 0.07 0.005 
Seaice 0.19 A_Müms 0.06 0.005 
W_MüDIS 0.18 S_SSS 0.03 0.005 
A MümS 0.14 W SSS* 0.01 0.010 

North Pacifie 
Marginal Effeets Conditional Effects 
Variable À Variable À P-value 
W_SST 0.35 W_SST 0.35 0.005 
S_SST* 0.33 A_MümS 0.20 0.005 
W_MüDIS* 0.24 Sea ice 0.\0 0.005 
S_MüDIS 0.21 S_MüDIS 0.07 0.005 
A_MümS 0.20 S_SST* 0.08 0.005 
W_SSS 0.16 W_SSS 0.03 0.005 
S_SSS* 0.14 W_MüDIS* 0.02 0.005 
Seaice 0.11 S SSS* 001 0.025 

Northern Hemisphere 
Marginal Effects Conditional Effects 
Variable À Variable À P-value 
W_SST OAO W_SST OAO 0.005 
S_SST 0.38 Sea ice 0.19 0.005 
W_MüDIS 0.31 A_MümS 0.17 0.005 
Sea ice 0.30 S_SST 0.09 0.005 
W_SSS 0.20 W_SSS 0.04 0.005 
A_MümS 0.20 W_MüDIS 0.03 0.005 
S_SSS 0.19 S_MüDIS* 0.03 0.005 
S MüDIS* 0.15 S SSS 0.02 0.005 



Table 4 

Coefficient of correlation between Standard deviation (accuracy of 
observed and estimated values RMSE (accuracy of reconstruction) intrumenta! measurements) 

with CZCS data with MODIS data with CZCS data with MOD/S data (residual, MODIS-CZCS) 

value in gC rri2 % value in gC fi -2 % value in gC m2 % 

Winter 
productivity 

0.93 0.96 6.22 25.11 11.52 20.4 26.77 47.4 

Summer 
productivity 

0.86 0.89 13.01 24.44 23.1 25.47 35.44 3908 

Aonual 
productivity 

0.89 0.92 34.16 21.51 54.97 17.85 87.5 28.4 

0\ 
00 



CONCLUSION GÉNÉRALE 

En jouant un rôle extrêmement important sur les échanges du CO2 entre l'atmosphère 

et l'océan, la productivité primaire océanique constitue un paramètre clef dans les 

processus biogéochimique qui contrôlent le système climatique global (e.g. Boyd et 

Doney, 2002; Bopp et aL, 2003; !to et al., 2005). Elle est toutefois complexe, étant 

liée aux courants océaniques, à la turbulence, aux apports fluviatiles et aux mélanges 

verticaux (upwelling) qui influencent les conditions hydrographiques et la 

distribution des éléments nutritifs. 

Pendant les trois dernières décennies, les estimations de la productivité primaire par 

des observations sateIIitaires des océans ont permis d'étudier les variations de la 

productivité en relation avec les changements climatiques (cf. Gregg et Conkright, 

2002; Gregg et al., 2003; Antoine et al., 2005). À [a lumière de ces nouvelles 

données, issues notamment des programmes Sea-viewing Wide Field-of-view Sensor 

(SeaWifs) et Moderate Resolution Imaging Spectroradiometer (MODIS) de la NASA, 

Behrenfeld et al. (2006) et Behrenfeld et Siegel (2007) ont démontré que la 

productivité primaire océanique globale est très bien corrélée avec les événements 

climatiques globaux comme par exemple les oscillations australes d'El Nifio (ENSO). 

Ils ont montré également que la productivité globale de l'océan a diminué de 190 Tg 

C an- I entre 1999 et 2006. Cette variation a été associée à la variabilité climatique 

globale qui s'est caractérisée par une augmentation de la température et une 

diminution de j'intensité des upweIIings accompagnée par une stratification accrue 

des masses d'eau dans les basses latitudes. Des simulations à partir des modèles 

couplés Océan-Atmosphère selon un scénario de doublement des concentrations du 

CO2 atmosphérique suggèrent également un réchauffement global qui 

s'accompagnerait d'une diminution de productivité et de j'intensité des upwellings et 

une augmentation de la stratification (Bopp et al., 2001). À l'échelle du dernier cycle 
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climatique, des dOlUlées géochimiques et de modélisation suggèrent une relation 

directe entre la productivité primaire et la ventilation de l'océan global (Toggweiler, 

1999; Sigman et Boyle, 2000 ; Galbraith et al., 2007). Enfin, à l'échelle du dernier 

million d'années, des données de carbone organique dans le sédiment ainsi que 

d'autre traceurs comme le baryum suggèrent une grande variation dans l'amplitude de 

la productivité biologique (Lyle et al.., 1988; Pedersen et al., 1988, 1991; Mix, 1989; 

Samthein et al., 1992; Paytan et Kastner, 1996). Toutefois, la reconstitution 

quantitative de la paléoproductivité à partir de séquences sédimentaires demeure une 

tache extrêmement difficile et délicate. En effet, l'utilisation du contenu en carbone 

organique dans le sédiment comme traceur de productivité (Muller et Suess, 1979; 

Muller et al., 1983; Samthein et al., 1988; Berger et al., 1989; Fischer et al., 2000) est 

limitée notamment par l'oxydation de la matière organique dans la colonne d'eau et 

dans le sédiment (Emerson et Hedges, 1988,2003; Meyers, 1997; RühlemalUl, 1999). 

Les microfossiles calcaires ou siliceux (e.g., tests de foraminifères et de diatomées) 

ont été largement utilisés comme traceurs qualitatifs ou quantitatifs de la 

paléoproductivité, soit en utilisant les compositions chimiques ou isotopiques des 

tests (Mackensen et al., 2000; Lazarus et al., 2006) ou les proportions relatives des 

taxons dans les assemblages de foraminifères (Loubere, 1996,1999,2002; Loubere et 

Fariduddin, 1999; Cayre et al., 1999; Ivanova et al., 2003) ou de coccolithes 

(Beaufort et al., 1997, 1999,2001). Cependant, les microfossiles composés de CaC03 

peuvent être dissous sous des conditions de pC02 élevée en raison d'une ventilation 

limée des masses d'eau. Les microfossiles siliceux sont également sensibles à la 

dissolution à cause de la sous-saturation de l'eau en silice (Nelson et al., 1995; 

Gallinari et al., 2002). Par ailleurs, la silice biogénique dans le sédiment est 

influencée, en plus de la dissolution, par des sources terrigènes et volcaniques 

(Ragueneau et al., 2000). D'autre traceurs géochimiques ont été développées tel le 

baryum biogénique (Dyrnond et al., 1992; François et al., 1995; Dyrnond et Collier, 

1996; Jeandel et al., 2000; Eaigle et al., 2003) ou la composition isotopique du 

thorium et du protactinium (Bradtmiller et al., 2006), mais ces traceurs ont d'autres 
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limitations dues à notamment à leurs comportements physique et chimique dans les 

zones d'upwelling ou près des sources hydrothermales (Von Breymann et aL, 1992; 

Dymond et aL, 1992; François et aL, 1995, 2004; Paytan et aL, 1996; Klump et aL, 

2000). D'une façon générale, l'état de nos connaissances actuelles sur les différents 

traceurs de la productivité dans les archives sédimentaires marines laisse envisager 

qu'il est pertinent, sinon nécessaire de développer de nouvelles approches et de 

nouveaux traceurs si l'on veut aborder le sujet de la paléoproductivité océanique 

comme paramètre clef dans les processus biogéochimique qui contrôlent système 

climatique global. 

Dans le cadre de cette thèse, nous avons choisi d'explorer le potentiel des kystes de 

dinoflagellés comme traceurs quantitatifs de la productivité primaire. En effet, les 

dinoflagellés constituent, avec les diatomées et les coccolithophores, les principaux 

producteurs primaires des océans (Parsons et aL, 1983) et ont la particularité d'inclure 

des espèces autotrophes et hétérotrophes. Ils représentent ainsi à la fois une image 

directe de la productivité via les espèces autotrophes et une image indirecte via [es 

espèces hétérotrophes. En outre, les dinoflagellés occupent tous les milieux marins, 

allant des zones équatoriales aux zones polaires et des milieux estuariens aux mi 1ieux 

océaniques. Finalement, les composés aromatiques qui entrent dans la composition 

chimique des dinokystes permettent une meilleure préservation dans le sédiment 

contrairement aux microfossiles siliceux ou carbonatés. 

Nous avons utilisé différentes approches et méthodes pour tester la validité et la 

robustesse des reconstitutions obtenues par les dinokystes. Les relations entre les 

assemblages et la productivité ont été évaluées par des analyses multivariées incluant 

les analyses en composantes principales (peA), les analyses de redondance (RDA), 

les analyses de correspondance (CA) ou les analyses canoniques des correspondances 

(CCA). Des tests de permutations de Monte-Carlo ont été également effectuées pour 

évaluer le poids statistique de chaque relation et pour détecter d'éventuelles co
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variabilités entres les paramètres hydrographiques et la productivité (cf. Gauch, 1982; 

longman et al., 1995). Enfin, le degré de validité et l'erreur des reconstitutions par la 

méthode des meilleurs analogues modernes (MAT) ou par la méthode des régressions 

multiples (MRT) ont été obtenues en utilisant des validations selon la méthode de 

lackknife (cf. Efron and Gong, 1983). 

Grâce à ces traitements statistiques, nous avons exploré les relations entre la 

productivité et la distribution des assemblages de dinokystes dans les sédiments de 

surface à différentes échelles spatiales dans le Pacifique du Nord-est et dans 

l'hémisphère nord. À toutes ces échelles spatiales, nos résultats démontrent que la 

productivité primaire constitue un paramètre déterminant de la distribution des 

assemblages de dinokystes, que ce soit à une échelle régionale dans les milieux 

néritiques et océaniques le long des côtes ouest américaines (cf. Chapitre 1), ou dans 

les milieux estuariens de la Colombie Britannique (cf. Chapitre II). Toutefois, la 

relation entre les assemblages et la productivité diffère de celle illustrée pour les 

zones néritiques et océaniques. Les résultats d'analyses de sédiments estuariens 

suggèrent que les assemblages de dinokystes peuvent également servir comme 

traceurs de l'enrichissement en éléments nutritifs d'origine naturelle (upwelling) ou 

anthropique (pollution marine). 

À l'échelle des régions estuariennes, néritiques et océanique du Pacifique du Nord

est, notre étude a permis de dresser un patron détaillé de la distribution des dinokystes 

dans les sédiments de surface en contribuant à améliorer nos connaissance sur les 

particularité morphologiques et les affinités écologiques de certains taxons dans cette 

région jusqu'alors très peu étudiée de point de vue palynologique. Le Pacifique du 

nord-est se caractérise en effet par des assemblages très différents de ceux de 

l'Atlantique à des latitudes équivalentes. Certaines espèces semblent exclusives au 

Pacifique comme par exemple Polykrikos cf. kofoidii et Stelladinium sp. Le taxon 

Polykrikos cf. kofoidi se singularise par une petite taille et des processus plus 
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nombreux et relativement courts comparativement à P. kofoidii. Par ailleurs, 

Stelladinium sp. présente une morphologie proche de celle de Stelladinium stellatum 

mais diffère de celle-ci par la présence de bifurcations à la terminaison des processus 

le long du cingulum. Les sédiments du Pacifique du Nord-est se caractérisent 

également par la présence de plusieurs espèces connues uniquement dans la mer 

d'Arabie et dans l'océan austral mais qui n'ont jamais été observées dans les 

sédiments modernes de l'Atlantique Nord. Il s'agit de Bitectatodinium spongium, 

Echinidinium aculeatum, Echinidinium granulatum, Echinidinium delicatum et 

Echinidinium zonneveldiae. Nous avons démontré également un régionalisme dans 

les affinités écologiques des différents taxons. Par exemple P. dalei est 1ié à 

l'influence du fleuve Fraser dans l'environnement restreint du détroit de Géorgie (cf. 

Chapitre Il) alors qu'il est considéré comme associé à la glace de mer dans la Mer de 

Béring (Radi et al., 2001). La relation entre un taxon particulier et la productivité peut 

varier également entre l'Atlantique et le Pacifique (cf. Chapitre Ill). Ces différences 

pourraient résulter des différences dans les propriétés physico-chimiques des masses 

d'eau des deux océans (conditions hydrographiques, stratification, courants). Elle 

pourrait résulter également des adaptations phénotypiques des différentes espèces aux 

océans Atlantique et Pacifique et/ou de l'existence des espèces cryptiques ayant un 

même phénotype mais des génotypes et des préférences écologiques différents. Dans 

cette optique, des analyses génétiques des spécimens du Pacifique appartenant à 

Polyla-ikos, Echinidinium et Islandinium seraient d'une grande utilité. 

Depuis plus d'une décennie, le développement d'une base de données des 

assemblages de dinokystes dans l'hémisphère nord a rendu possible l'utilisation des 

dinokystes comme outil de reconstitutions quantitatives des conditions 

hydrographiques à l'échelle du quaternaire (cf. de Vernal et al., 2001, 2005). Nous 

avons amélioré la base de données par nos travaux sur l'Océan Pacifique (près de 165 

sites représentatifs des milieux océaniques, néritiques et estuariens). La base de 

données compte actuellement 1171 sites répartis dans 1'Atlantique Nord, l'Océan 
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Arctique et le Pacifique Nord. L'intégration des données du Pacifique Nord a permis 

d'elargir la gamme de conditions de productivité représentée dans la base de données, 

allant de valeurs extrêmement élevées dans les zones d'upwelling le long des marges 

ouest américaines à des valeurs extrêmement faibles dans les zones arctiques. Les 

analyses statistiques effectuées sur des régions et sur ['ensemble de cette nouvelle 

base de données démontrent que le signal de la productivité primaire est bien 

enregistré dans les assemblages de dinokystes, autorisant ainsi l'utilisation des 

fonctions de transfert. Toutefois, les méthodes basées sur des calibrations sont 

inadéquates puisque la relation entre les assemblages et la productivité n'est pas la 

même d'un bassin à un autre et d'un océan à un autre. Ici nous avons privilégié 

l'utilisation de la méthode des meilleurs analogues modernes (MAT; Overpeck et al., 

1985; Guiot 1990). MAT permet d'éviter les problèmes liés aux régionalismes des 

assemblages puisque la reconstitution se base uniquement sur le degré de 

ressemblance entre les assemblages fossiles et les assemblages modernes plutôt que 

sur une équation liant les assemblages et la productivité comme c'est le cas pour les 

méthodes basées sur des bases de données de cal ibrations (e.g., MRT; PLS, WA

PLS). À l'échelle de l'Atlantique Nord, du Pacifique Nord et de l'ensemble de 

l'hémisphère nord, l'utilisation de la méthode des analogues modernes livre des 

résultats convaincants, avec des coefficients de corrélation (R) entre les valeurs 

estimées et mesurées supérieurs à 0,9. Cet exercice montre également que les 

reconstitutions de la productivité saisonnière et annuelle peuvent être obtenues avec 

une erreur de prédiction inférieure à la différence entre les données de productivités 

modernes issues des observations satellitaires de la chlorophylle. À l'échelle de 

l 'hémisphère nord et de l'Atlantique Nord, les productivités saisonnière et annueJJe 

semblent indépendantes des paramètres hydrographiques. Toutefois, en ce qui 

concerne le Pacifique Nord, la productivité hivernale ne peut être interprétée 

indépendamment de la température de l'eau de surface en raison de la co-variabilité 

de ces deux paramètres. 
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Sur ces bases, nous pouvons conclure que les assemblages de dinokystes dans les 

séries sédimentaires peuvent être utilisés comme traceurs quantitatifs de la 

paléoproductivité en se basant sur la méthode des analogues modernes. Toutefois, 

l'exploration d'autres méthodes comme celle basée sur des surfaces de réponse (cf. 

Revised Analogue Methode, RAM) ou celle des réseaux neuronaux serait pertinente 

afin de vérifier la portée des reconstitutions effectuées par la méthode des analogues 

modernes. Une approche multi-proxy, intégrant par exemple des traceurs 

micropaléontologiques et géochimiques serait également très intéressante pour 

évaluer le potentiel des dinokystes comme traceur privilégié de la productivité. 

L'analyse d'une carotte sédimentaire prélevée dans le Nord-ouest de l'Atlantique 

montre que les assemblages du dernier maximum glaciaire sont dominés par 

Brigantedinium spp. qui est associés aux zones de productivité élevée dans le 

Pacifique Nord. Toutefois, la reconstitution de la productivité illustre une faible 

productivité pendant l'épisode glaciaire et une productivité plus élevée pendant 

l'Holocène. En effet, les assemblages glaciaires ont plus d'analogues modernes dans 

l'océan Arctique que dans le Pacifique. De ce fait, ces résultats illustrent bien la 

robustesse de la méthode utilisée, notamment dans les hautes latitudes et met en 

évidence la nécessité de travailler avec une base de données de référence 

hémisphérique plutôt qu'avec une base de données régionale. La basse productivité 

pendant le dernier maximum glaciaire a été également signalée sur des bases 

quai itatives en util isant des données micropaléontologiques (e.g., Thomas et al., 

1995 ; Rasmussen et al., 2002; Nave et al., 2007) ou quantitatives en utilisant la 

modélisation biogéochimique (e.g., Schmittner, 2005). 

Enfin, Bien que la base de données hémisphérique présentée ici soit représentative 

d'une large gamme de conditions de productivité dans les océans Atlantique, 

Pacifique et Arctique. Le régionalisme de la relation entre la distribution des 

dinokystes et la productivité souligne la pertinence de compléter cette base de 
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données notamment par des sites représentatifs du Pacifique du Nord-Ouest, du Golfe 

d'Alaska et des moyennes et basses latitudes des océans Atlantique et Pacifique. 
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Abstract 

The Strait of Goorgia is situated between Vancouver Island and the western Canadian mainland. Il was deglaciated quickly, 
around 12,500 14C yr BP, by in situ downwastiog. The subsequent marine invasion has left g1acimarine sediments with forarninifers, 
diatoms and dinocysts characterizing successive paleoenvironments reeogoizàble basinwide. The first paleoenvironmeilt represents 
near-ice conditions under the influence of tbe turbid mellwater plume marked by low algal productivily and few foramioifers. mostly 
Elphidium excavatum. Just oIT the plwne, the second eoviroomenl shows a peak of Nonionellina labradoriea possibly resultïng from 
an observed sudden iocrease in diatom numbers, mostly ice-dweUing fonns implying a long annuai sea-iœ cover. Further away, 
Cassidulina reniforme increases, N_ labradoriea dccreases wlùle other calcareous foraminifer species colonize the area; there are fewer 
ice diatoms, more marine planktonic diatoms and dinocysts become more abundant. FinaUy, arter 12,000 14C yr BP~ calcareous 
foraminifers are graduaUy replaced because of dissolution of calcium carbonate by a low-diversity arenaœous assemblage_ At the 
same time, abundant planktonic diatoms and dinocysts indicate wanner surface temperalure. The succession of fossils and 
environments compares weU with modem, horizontal, oIT-glacier successions observed in fjords of the European Arctic. 
Crown Copyright © 2003 Published by Elsevier Science Lld. Ail rights reserved. 

1. Introduction	 Recently, the Geological Survey of Canada has 
undertaken the "Georgia Strail Geohazard Initiative" 

Until recenlly, inlerprelation of deglacial foraminifer project, one of whose objectives is to map the distribu
faunas was rather approximate due 10 a poor knowledge tion of different seafloor types in the Strait of Georgia, a 
of modem equivalent environments which, unfortu sound situated between Vancouver Island and the west 
nately, are few (ex.: Elverh<j>i el al., 1980). Hald and coast of Canada (Fig. 1)_ In addition to seismÏC lines, 
Korsun (1997) and Korsun and Hald (1998,2000) have piston cores have been collected, ~f which 12 yielded 
made significant advances in that field thaliks 10 careful biostratigraphic information about the deglaciation 
study of near-ice foraminifer faunas in Novaya Zemlya (fable 1). In this study, wc report microfaunal and 
and Svalbard, European Arctic, Their results have been microfioral evidence that characlerizes the paleoenvir
very useful for the interpretation of our assemblages. By onments in the Strait of Georgia during the last 
combining benthic foraminifer results with information deglaciation. 
supplied by planktOIùc organisms (diatoms and dino
cysts) we have improved the reliability of paleoenviron
mental interpretalion. 2. Physical setting and deglaciation of the Strait of 

Georiia 

'Corre5ponding author. Tel.: +1-514-331-9695. 
The Strait of Georgia stretches for approximateLyE-mail address:jean-pierre.guilbault@sympatico.ca 

(J.-P. Guilbaull). . 220 km in a NW-SE direction between Vancouver Island 
URL: b.ltp://www.elsevier.com/loeale/quascirev.	 and the mainland; the overall width varies from 25 to 

0277-3791/03/$-'5ee front maller Crown Copyright © 2003 Publi5hed by Elsevier Scienœ Lld. AlI righls reserved. 
doi: 10.10 16/S0277-3791 (02)00252-4 
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Fig. 1. Location of Strait of Georgia on the west coasl of Canada and location of COTes in Strait ·of Gcorgi<i. 

55 km. The average depth of the Strait of Georgia is which is where most of our cores come from. The strait 
155 fi and the deepest point is 420 m (Thomson, 1981). connects with the open sea in the south fust through the 
Large areas oCthe strait lie at depths of IOo-250m, Gulf Islands and San Juan Islands and then through the 
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Table 1 
Latitude, longitude and water depth of core. examined for t1ùs study 

Core FormaI designation of core Bathymelrie depth of core (m) Penelration (m) Latilude (N) Longitude (W) 

6 ruLOOA006 2&1 

2gA TUL97B028 231 
2gB TULooA02~ 7\ 

30 TUL97BOJO 170 

32 ruL97B032 195 

35 TUL97B035 244 

41 ruL97B041 1&6 

5& TUL92A058 178 
62 TUL97B062 100 

64 WL97B064 102 

70 ruL9m070 153 

71 ruL97B071 119 

Stcait of Juan de Fuca (Fig. 1). Bottom topography in 
the Gulf/San Juan Islands area is complex but mostly 
shallower than 100 m, except for narrow, deep channels. 
The sh.allowest point along the main channel is at 140m 
·depth. This rnay be seen as a siu between the Strait of 
Juan de Fuca and the Strait of Georgia,but since it is 
about 3 km wide, it does not constitute a major conduit 
for ocean water. In the north, the Strait of Georgia 
connects with the open shelf of Queen Charlotte Sound 
through four narrow channels will sill depths of 40m or 
less save for one at 90m. 

The strait is surrounded by mountains, those on the 
mainland being the highest. The mainland· coast is 
dissected by deep silled fjords extending far inIand. The 
Fraser River enters the southem end of the Strait, and 
drains a large part of southem and central British 
Columbia. The Fraser River delta is a thick pile of 
sediment wrnch began aeeumulating about 8000-10,000 
14C yrBP (Clague, 1994). The delta's bottomset beds 
gradually covered an important area in the southem 
part of the strait, so that it is now impossible to core for 
sediments of the early deglaCiaI period. 

Modem circulation in the Strait of Georgia is 
characteristic of a partially mixed estuary with moder
ately stroog tidal currents (2.6-3.4 m range), seasonally 
varying stratification and late summer deep-water 
density intrusions (LeBlond, 1983; Crean and Ages, 
1971; Thomson, 1994). The oceanography of the Strait 
of Georgia can be broadly divided into two layers, 
above and below 50 m (fable 2). Temperatures are 
seasonally variable "above 50 m but vary little under-. 
neath. In the northern strait (fexada Island and north), 
sali1Ùties vary little through the year, even in surface 
waters. In soùthem areas influenced by the Fraser River 
rUDoff, surface salinities vary considerably. This runolT 
reaches a maximum of 10,000 m3/s duriog the spring 
fresbet and a minimum of around 1000m3/s in late 
wioter. The Fraser River accounts for aqout 80% orthe 
mean annual freshwater discharge of 4400 m3/s into the 
Strait of Georgia (Mosher and Thomson, 2002). This 

5.26 49° 41.76' 124' 40.91' 
1.65 49° 36.41' 124' 30.46'
2.43 49° 23.201' 124° 31.609' 
0.36 49° 36.41' 124° 25.77' 
5.54 49' 23.40' 124° 22.45' 
3.24 49° 22.24' 124' 03.18' 
5.\2 49' 40.96' 124° 38.50' 
6.75 49° 28.30' 124° 36.75' 
0.95 49° 49.09' 124' 58.43' 
2.31 49' 50.&6' 125' 01.57' 
2.21 49' 55.53' 124' 54.00' 
5.65 49' 53.72' 124' 51.59' 

fre,snwlitel" influx thell develops the estuarine component 
of circulation in the southem strait that is characterized 
by a oet outilow of low-salinity water toward Strait of 

'~J~~n de Fuca in the upper layer « 50m depth) and a 
net northward infiow of high-salinity water in the 
underlYtng portion of the water column that reaches 
the Strait ot Georiia in late summer (Mosher and 
ThQmson, 2002). The influence of ocean water corning 
through .the northem channels is limited to the northern 
strait, beyond our northemmost core. 

During the last glacial maximum, the Cordilleran Ice 
Sheet extended over the Strait of Georgia and the whole 
of Vancouver Island. Ice flowing SE-ward along the axis 
of the Strait of Georgia was joined by ice coming out of 
the Fraser Valley and !hen divided into two tongues, one 
following Juan de Fuca Strait toward the ocean and the 
other going southward into the Puget Sound. The ice 
reached its southemmost extent around 16,900 calendric 
years BP (porter and Swanson, 1998) or approximately 
14,000 14C yr BP. The earliest post-glacial dates from 
the Victoria and the Vancouver mas are not older than 
12,700-12,800 14C yr BP (James et al., 2002). Deglacia
tion of the Strait of Georgia seems to have taken place 
through in situ downwasting instead of northward 
retreat of a grounded ice front. The arguments in favor 
of downwasting are the Iirniledamount of ice-rafted 
debris (lRD) and the absence of iceberg furrows and 
morainic ridges marking ice front positions on the floor 
of the strait (Barrie and Conway, 2002). In addition, 

- multibeam swatb bathymetry in the southern Strait of 
Georgia has recently shown possible eskers, kettles and 
kames (Geological Survey of Canada, unpublished 
results). Similar downwasting features have been re
ported on land around the edgc of the basin by Fyles 
(1963). 

The post-glacial marine limit around the Strait of 
Georgia (Dethier et al., 1995; Clague and James, 2002; 
James et aL, 2002) indicates tbat the sites of our deep 
cores, now at 200m, were at 350m depth around 12,500 
14C yr BP. 



214
 

842 J.·P. Gui/bault el al. 1 Qflorerj.ary Science Re"ielVs 22 (2003) 839-857 

Table 2 
Seasonal variations of lemperatures and sa!inities in the Strail of Georgia (dala from ThomsoD, 1981) 

Dcptb (m) 

Max Min 

Temperature (oC)
--------'---------

Salinily (0/-) 

Max Min 

Northem Stroil (Texadu Island and ~rt") 
0-50 1>-20 (carly Aug) 
> 50 8-10 

Souchern Strait 
0-50 1>-20 (early Aug) 

~ (Feb-Mar) 
8-10 

~ (Feb-Mar) 

27-29 
31.0 (winler) 

29.5 Oak winler) 

27-29 
30.5 (summer) 

< 15 Oate May) 
8-10> 50 8-10 

3. Lithostratigraphic setting 

By comparing seismic and core data., Barrie and 
Conway (2000, 2002) developed a six-facies lithostraû
graphie framework for the Quaternary sediments of the 
Strait of Georgia: . 

(1) Thick,	 stratified pre-glacial sediments probabLy 
deposited in front of the advancing late Wisconsi
nan glacier. . 

(2) Late Wisconsinan tiIl. 
(3) lee-proximal	 lithofacies composed of clay, sand 

laminae and occasional sand beds. The laminae 
have likely been deposited by turbidity currents. 
This lithofacies has probably accuinuJated close to 
the iee-wate"r interface, within the reach of the 
turbid meltwater plume. 

(4) Iee-distal facies composed predoIIÙnantly	 of mas
sive gray silty clay, often bioturbated and contain
ing sorne iee rafted debris (lRD). There is usually' a 
non-bioturbated interval at the base of this unit 
whereas. the !RD do not extend to the top. The 
lower part of thislithofacies contains many shells 
dated from 12,000 to 12,500 14C yr BP. Il is usually 
thinner than Lithofacies 3. 

(5) Post-glacimarine (UHolocene" in	 Barrie and Cou
way, 2000, 2002) olive to olive-gray marine muds, 
bioturbated, richer in organic matter than the 
underlying facies, but poorer in shelIs. The reduc
tion in glacial rock fiour (clay) marks the end of the 
glacimarine influenee in the basin. Relationship 
with the Fraserllood day (Conway et al., 2001) 
indicates that deposition of this facies probably 
began shortly before io,OOO 14C yr BP. 

(6) Post-g1acirnarine	 ("Holoeene") sands are gray 
to olive-gray sands present above the glacial c1ays 
in cores collected ·at depths less than IOOm. 

4. Material and methods 

or the 12 piston cores considered here (Table 1); 
nine include the whole succession from the modem 
through the Holoçenc and the ice-distal massive cIays t~ 

31.0 (wintcr) 30.5 (summer) 

the ice-proximal laminated cIays. One core (28A) 
lacks only the Holocene and two others (32 and 70) 
do not r~ach the contact between the massive c1ays and 
the lammated cIays. Lale Wisconsinan till has been 
identified in two cores (6 and 62). The 12 cores come 
from depths varying from 71 to 281 m; they vary in 
~ength from 40 to 670 cm. The sarnpling space is 
\rregular but averages about 40 cm. A total of 74 
foraminiferal samples, 24 dia tom and Il dinoflagellate 
cyst sampies were collected and analyzed from the 
larninated facies up into the base of the post-glacimarine 
sediments. 

Most foraminifer samples represented 2-3 cm of core 
length and 15-25 cm). In sediments expected to yield few 
specimens (Iaminated clays), up to 45 cm3 were collectcd. 
Wet sarnples were sieved through a 63 Ilm sieve. 
Fora~inifers were concentrated in a heavy liquid 
(denslty: 1.9). When necessary, the coneentrated fossil 
residue was split into aliquots with a microsplitter until a 
fraction manageable for counting was obtained. The 
numbers ofspecimens per cm3 given in the distribution 
charts are thus extrapolations. For samples in which 
counts of ca. 500 or less were obtained, ail specimens 
were counted. 

Many samples yielded such large numbers of diatoms 
lhat forarninifers could not be seen. Excess diatoms were 
removed by first spreading the coneentrated residue over 
a counting tray. The tray was then tumed upside down 
and ~~ked upon so that heavier grains (including 
fo ramnufers) felI down, wherea.s diatoms remained 
stu~k by stat.ic elcctricity': This procedure was repeated 
unttl most dJatoms were removed and ail foraminifers 
visible. We believe that negligible bias is introduced by 
this method. . 
~or diatom analysis, 2em) samples were collected, of 

w.hich 1~ of dry sediment per sample was weighed and 
dIiuted ID 50ml of distilled water in a glass jar. An 
average of 0.2-D.5 ml was mounted for microscopie 
analys\s o~ glass slides, using Norland Optical Adhesive 
as embeddmg medium. Apparently barren sampies were 
further processed using gravity settling in order to 
fu:ther concentrate the diatQffiS. For cach sample. a 
ITUOImum of 300 valves was counted, wheu possible, 
along random transect lines. 
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Both the resling spores and the vegetative cells are We will compare our microfossil zones to a succession 
included in the computation of diatom percentages and of sedimentary evenls whicb tend to oceur a1ways inlhe 
concentrations. Diatom concentrations are given in same order, from bottom to top (Table 3): the end of the 
number of frustules per gram of dry sediment. They laminated clay facies, the fust bioturbation, the last 
were calculated from sampie density and number of IRD, the change in sediment color from gray to olive
counted valves per known subsample volume. gray and the increase in grain size from silty clay to 

For palynological analysis, 5 cm 3 of sediment were mud. The last two events may occur in any order. 
sieved at 10 and 120 Ilm to remove coarse sand and fine From boltom to top, the biofacies are: 
silt and clay particles. The ID-1201lm fraclion was 

(1) "scallered calcareous foraminifers": This designates
treated with Hel (10%) and HF (49%) to dissolve 

assemblages where only statistically insignificaot 
carbonate and silica particles. The residue was ulti

numbers ( < 50) of common calcareous glacimarine
mately sieYeG at 10 Ilm and mounted between a slide and 

foramilÙfers can be found, only in the lower parts of 
coyer slide in glycerin gel. The concentration of 

cores. The numbers are too smal1 to allow for
palynomorphs was evaluated using the marker-grains 

defining a biofacies quantitatively, but it is con
method (Matthews, 1969). In most of 1he samples, more 

venient to group them for discussion purposes.
than 300 dinocysts were identified. The taxonomie 

These assemblages oceur mosUy in the laminated
nomenclature of dinocysts used here conforrns to that 

·c1ay; oruy a few have been seen at the base of the
presented in Radi et al. (2001). Specimens belonging to '. 

non-Iaminated clay above, especially in core 35.
Protoperidiniales, for which deterrnination at the genus 

(2) Elphidium excavatum-Quinqueloculina stalkeri: The
level was diflicult due to the orientation and/or 

major species are E. excavalUm and E. foraminoswn.
preservation, were grouped under the label "protoper

Q. stalkeri is less numerous than the two elphidüds.
idinioids". 

A few specimens of other glacimarine .JJPecies 
usually oceur but species diversity and total 
populalion are always low. Biofacies 2 oceurs in a 

5.	 Results patchy way, in-between samples yielding only 
scattered calcareous forarninifers. Only four sam

5.1.	 Foraminifers pIes with more than 50 specimens have been found, 
tbree in the laminated facies and one in the massive 

In al!, 76 benthonic taxa were recorded from the clay above, before the first bioturbation (Table 3). 
glacimarine deposits (online appendix). Only six plank One sample at the base of core 58 (666cm, Fig. i) 
tonie specimens were encountered; they were not does not quite qualify for this biofacies, being 
identified. composed of E. foraminosum and Q. akneriana. We 

A succession of live foraminiferal biofacies and Iwo will. nevertheless consider that, being a miliolid, the 
subfacies can be recognized in the Strail of Georgia last species is equivalent to Q. slalkeri and cOllSider 
cores; this·· succession is the same everywhere in the thesample as "?E. excavatum-Q. slalkerC'. Many or" 
region of sludy. One late additional biofacies occurs in the E. excaualum specimens in Biofacies 2 have a 
one core only. None of the cores show ail the biofacies characteristic morphology found nowhere e[;se in 
and subfacies; one biofacies or another may be missing our material, save occasionally at the very begin
mostly because of the wide sample spacing, but the . oing of Biofacies 3; they are thus useful marlcers. 
biofacies a1ways occur in the same order. Their umbilical area, instead of showi3g a 

Table 3 
Occurrence of biofacies in function of scdimentolog;c cbacacleristics 

.Sedimentologic The E.exeavatumlQ. The N. llIb.-.doriu The carly C. rctllformc The late C. rcniformc The E. advena Assemblages Votiith 
cbaracleristics stalke:ri ' biofacies biofacies occurs. biofacics occurs bio(acies octun hiofacies occurs no calcarcous 

occurs foraminifera oo:cur 
Beforeb . ARer Be fore After BcCore ARet' Bcfore Aftc:r 

lncrcase in grain ln SCOrtS 9 

~~:~:ese&menl ~ 9 ',~" . " .. :~,:c:~'}'L'}' 
Fi (SI biOIUlbalion 

Last laminac x:~ .:;;::..;,/j', ~,;. 
'' ~ 

7 1 9 

5 

5 

Occurences: Number of cores where lhe biofacies oceurs, regardless of Ihe number of samples in eacb core.
 
Inlerval of maximum occurrence is higblighled.
 
'Includes Ibe?E excaualllmlQ. stalkeri sample al 666crn iD core 58.
 
b"Before": slarting from lhe base of tbe core.
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Table 4 
Radiocarbon dates on ,heUs ex.tracLed from SLrait of Georgia cores. Dates are eonected for an 800 years reservoir effect based on the eorrecLioDs of 
Southon el al. (1990) 

Laboratory Cart: Depth in Lithologie Corrected radioearbon Dated material Foraminifcr biofaeies 
number core (cm) unit age (yr BP) 

LLNL33802 58 402 ID 12.020±60 

LLNL33803 58 670 Il' 12.470±60 
LLNL51003 28A 55 IP 12,380±50 
LLNL51004 30 19 IP 12.340±50 
LLNL52091 71 118 IP 12.310±60 
TO-9315 6 104 ID Il.700±80 
TO-9325 28n 97 ID 12.090±IOO 
TO-9326 28B 151 IP 12.340±90 

Laboratories: LLNL = Lawrence Livermore National Laboratorics; TO = 

distal. 

prominent boss, is slightly depressed and partly or 
totally filled with papillae. The above-mentioned 
?E. excavalum-Q. slalkeri sample is dated at 
l2,470±60 14C yr BP (Table 4). 

(3)	 Nonionellina labradorica: This biofacies is charac-
terized by the highest percentage of N. labradoriea 
in the succession and by the occasional abundance 
of N. cf. turgida and N. diyilala. E. foraminosum 
and E exeavatum are highly variable. Cassidulina 
reniforme is a major species but it is less abu.iJ.dant 
than the sum of Nonionella and Nonionellina. Q. 
stalkeri is commonly present but never accounts for 
more than 10% orthe assemblage. Diversilies are 
low and assemblages are often limited to the species 
already mentioned. Biofacies 3 occurs at the base of 
the massive clay, mostly hefore the fust bioturba
tion. Tbere· are two radiocarbon dates on tbis 
biofacies: 12,340±50 and l2,340±90 14C yr BP 
(Table 4). 

(4)	 Cassidulina reniforme: C. reniforme is abundant and 
in most samples dominant, usually accounting for 
more than 50% of the fauna. The rest is composed 
of a larger number of species than Biofacies 3 and 
can he roughly subdivided into two successive 
subfacies: a N. labradoriea-rich. early C. reniforme 
subfacies below and a N. labradoriea-poor, late C. 
reniforme subfacies above. The abundant N. labra
doriea of the early part constitute the waning side of 
the N. labradoriea peak of Biofacies J. We set the 
limit between Biofacies 3 and 4 at the point where 
C. reniforme becomes more abundant than N. 
labradoriep; tbis last species is never again more 
abundant than C reniforme ex:cept in core 6. 
Nonionella cf. turgida and N. digitata are generally 
few in Biofacies 4 save in core 28B (Fig. 3) where 
the sarilple at 97 cm is considered "early C. 
reniforme" on the basis of ils abundance in N. 
digitala. In the late C. reniforme subfacies, the 
combined percentage of lslandiella helenae and 
Euuvigerina juneea is usually greater than that of 
N. labradoriea. These two species rarely ex.ceed 10% 

Rhabdus reclius Undiff. C reniforme 
Nueu/ana lassa "'tE. excalJutumlQ. slalkeri 
Yoldia Ihrocineformis Early C. reniforme 
Ya/dia ml1rlyria N. labradarica 
Macoma Iipara Early C. renifarme 
Shell Late C reniforme 
Shell Eady C. reniforme 
Nuculana minuta N. labradarica 

University of Toronto; Lithologie umts: Il' = Ice prox.imal. ID = Iœ 

individually. From one core 10 the nex.t, E. 
exeavalum and E. foraminosum may vary from rare 
te abundant; we have found no c1ear trend in their 
distribution within Biofacies 3 and 4. Q. stalkeri 
may he present in the lowermost sample of 
Biofacies 4 but is otherwise absent. 

Arenaceous species fust appear in statistically 
significant numbers only in the C. reniforme 
biol'àcies. The species composition is the same as 
in BÎofacies S. They may appear early or late or at 
the end of the biofacies and rapidly grow in 
numben until they account for 50% or mor:e of 
the assemblage; this is the limit arbitrarily set 
hetween the C. reniforme and the E. advena 
biofacies. Most cornmonly. arenaceous fOrfiS de
velop in the late C. reniforme subfacies. 

Three dates on the early C. reniforme subfucies 
range from 12,000 10 12.300 14C yr BP, one 
"undiITerentiated" C. reniforme date is 
12,090± 100 14C yr BP and one late C. reni/orme 
date is Il,700±80 14C yr BP (Table 4). 

(5) Eggere/la advena: The dominant species is Eggerella 
advena and it is accompanied by Reeurooides 
turbinatus and Spiropleelammina biformis. Lepido
deuterammina oehraeea and Troehammina sp. 2 may 
occur in moderate numbers but their distribution is 
irregular and often they are absenLA sample is 
included in the E. advena biofaèies if its arenacœous 
population is more than 50% of the total. Going up 
a given core, the arenaceous population may ell.œed 
50%, then be less, then ex:ceed 50% agailL The 
calcareous species are often absent; when present, 
their numbers are often too small to give statisti
cally significant percentages. When abundant, the 
major calcareous· species is C. reniforme, folll:owed 
by E. exeavalum, E. foraminosum, 1. helenare, E. 
juncea and N. Jabradoris:a, that is. by the major 
species of the late C. reniforme subfacies. 

The high proportion of arenaceous forms coin
cides with the change in sediment colour and{m the 
passage from glacial clay to marine mud at t~ end 
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Fig. 3. Distribution of foraminifers in core 28B. 

of the glacimarine phase. We have no radiocarbon Mostly dorninated by Fragilariopsis cylindrus and 
date onthis biofacies. chaetoceros spp., it is also characterized by 

(6)	 E. excavatum: This undated biofacies is present in Thalassiosira antarccica resting spores (in both 
only two samples in the upper part of core 28B cores 35 and 41), Stephanodiscus cf. halllzschii and 
(Fig. 3). The dominant species (no'more than 50%) CycloCel/a stel/igerina (in core 41, Fig. 4) and 
is E. excavacum; other major species are E. Endyccia spp. (in core 58). Predominance of the 
foraminoswn and Stainforthia feylingi while N. ice species F cylindrus in this dia tom assemblage 
labradorica, Epistominella viCrea, Buccella frigida indicates extended winter sea-ice conditions. The 
and 1. helenae occur in lesser numbers. The number relative abundance in core 41 of the brackish, salty 
of species in both samples is high, respectively 17 water tolerant C. sce/ligerina (Germain, 1981), could 
and 20. The foraminifers in these samples are imply a short seasonai iee--free period, during wbich 
poorly preserved, being encrusted by a powdery cold low-salinity surface waters would have sup
deposit that tends to conceal their features; there ported a brief phytoplankton bloom. The same sort 
fore, an important proportion (20 and 30%) of the of phytoplankton bloom in cold waters and higher 
material is indeterminable. There is no suggestion of salinity is suggested by the presence of the marine 
dissolution. species Endyctia spp. in core 58. 

(2)	 Abundanc marine plankconics wich few ice diacoms 
( AMI): This diatom unit is observed in cores 32.

5.2. DiaCbms 
58, 70 (Fig.5) and 71 (Fig. 6). The assemblage 
associated with this unit is defined by the abun

Twenty-four subsamples collected from Strait of 
dance of the marine planktonic species Chaetoceros;

Georgia cores 32, 35, 41, 58, 70 and 71 were selected 
spp., Thalassiosira eccencrica and Thalassiosira

for diatom analysis. A total of 56 taxa in 36 genera were 
lepcopus, with fewer Thalassionema niCzschioides. It

identified (ontine appendix). Diatoms were generaUy 
is	 also characterized by the presence of two

weil preserved and their concentrations commonly 
important cold marine planktonic species: Thalasvaried aroiïiid 2 and 4 x 106 frustulesjg dry sedünent. 
siosira nordenskioeldii and Thalassiosira anCarctica. 

We identi.fied four diatom units that describe paleoen
resting spores (except for core 58). ThalassiosiraviroIUIlental variations. The definition of.these units is 
nordenskioeldii is usually found in water tempera

given here, starting with the oldest, along with a brief 
ture lower than 5°C, and together with T anCarcticŒ

paleoecologic interpretation w'hich will be referred to in 
resting spores, they were described in the Beringthe next section (Paleoecologic discussion): 
Sea as a typical cold water assemblage of an ice

(1)	 High-ice diacom concentrations (HW): Thisdiatom margin productivüy by Sancetta et al. (1985)_ 
unit was described in ail cores except 32 and 70. The presence in this assemblage of the sea-ice: 
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Fig. 5. Distribution of diatoms and. foraminifers in core 70. 

diatoms F. cylindrus and Porosira g/acia/is (except high seasonal variability wilh high productivity in 

for core 71) also implies rather long winter sea-ice relatively c6ld water with a lîmited sea-ice cover 

conditions. As a group, this assemblage suggests a during the winter season. 
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(3)	 Abundant marine planktonics (AM): This unit is 5.3. Dinoflagellate cysts 
present in all cores except 32. Characterized by 
the abundance of Chaetoceros spp., T. eccentrica, The II dinocyst sampies (Fig. 7) came from only two 
Thalassiosira pacifica and T. leptopus, it is cores: 41 and 71 (online appendix). Ali the taxa 
also composed of minor amounts of T. encountered are listed in the text below. At the base of 
nitzschioides, Thalassiosira decipiens, Coscinodiscus both cores, the dinocyst distribution shows low con
cf. radiatus and Tabularia fasciculata (except for centration and low species diversity. Operculodinium 
cores 70 and 71, where T. fasciculata is absent). centrocarpum and Brigantedinium spp. constitute the 
In core 41, T. decipiens and T. fasciculata are dominant taxa. Pollen grains andforaminifer linings 
more abundant in this unit. Both T. decipiens also record low concentrations. ln both cores, the fust 
(Sancetta, 1981) and T. fasciculata (Snoeijs, 1993) sam pie at the base is marked by a very high autotrophj 
prefer to grow in rather lower salinities. This marine heterotroph ratio of about 2.5, O. centrocarpum being 
planktonic diatom assemblage suggests a warmer the autotrophic-related taxon, and in both cores also, 
sea surface temperature than the previous AMI the second sample is characterized by a very low «0.5) 
unit. value of the same ratio. 

(4)	 Abundant marine planktonics with T. nitzschioides Higher in the sequence, there is a considerable 
(AMT): This diatom unit is present in cores 41,58 increase in the dinocyst concentration and species 
and 70. Mainly composed bf T nitzschioides, T. diversity. The assemblages remain dorninated by O. 

eccentrica and Chaetoceros spp, there are also sorne centrocarpum and Brigantedinium spp., but lslandinium 
other characteristic marine planktonic species such spp., Selenopernphix spp., Protoperidiniurn americanum, 
as: T. leptopus, Coscinodiscus asteromphalus, CosciQuinquecuspis concreta and protoperidinoids record 
nodiscus divisus; T. pacifica and Endyctia spp. This signilicant percentages. The other accompallying taxa 
diatom assemblage is sin:li.lar to the preceding AM which occur in low percentages are Votadinium spino
unit, but with a significantly increased number of T. sum, Lejeunecysta spp., the cyst of Polykrikos kofoidii, 
nitzschioides. This last species is an indicator of late Spiniferites elongatus, Spiniferiles ramosus and Penta
spring and summer productivity and prefers to pharsodinium dalei. The density of pollen grains 
grow in somewhat warmer and saline oceanic (exclusive of reworked specimens) also increases in the 
water (Sancetta, 1981). Diatom assemblage for .. upper part of the cores. 
this unit then defines warmer and saline surface ln core 71, the number of forarninifer linings, very low 
water environment suggesting a wanning gradient in the lirst two samples, increases gradually afterwards 
upcore.	 and peaks at the top of the sampled core. In core 41, the 
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number of linings increases abruptly at the trnrd sample 6.1. "Scatlered ca/careous Joram iniJers" 
and stays high aftenvards. 

The preservation of foraminifçr tests does not clearly 
indicate reworking by ice transport and the virtual 

6.	 Paleoecological discussion absence of species of temperate affinity does Dot al10w 
the conclusion of resedimentation from pre-glacial 

We interpret the paleoenviroriments represented by marine deposits. There is no obvious trace of dissolution 
benthic. foraminifers, and by (mostly) planktonic dia on the tests. Diatoms are absent except for a few 
toms and dinocysts, and then relate these assemblages to indeterminable fragments, suggesting no productivity, 
the sedimentologic events. Since the biofacies bound which agree.s with an origin underneath a meltwater 
aries do· not necessarily coincide between each group, plume. Korsun and Hald (1998, 2000) report a virtual 
the interpretation will be centered on the foraminifer absence of phytoplankton biornass close to "active" ice 
succession, whose sampling is the most extensive, and fronts. They also report reduced phytoplankton close ta 
other evidence will he brought in to enrich the quieter ice fronts. Near active ice fronts, they observe a 
discussion. small number of living calcareous benthic foraminifers 
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in an Allogromiina-dominated assemblage; after post
mortem destruction of the latter, the leHover assemblage 
would be comparable to our "scaltered calcareous" 
assemblages. In summary, the fossil evidence agrees with 
the sedimentology (Barrie and Conway, 2000) and is 
compatible with a near-ice, ·meltwater plume-influenced 
environrnent. 

6.2. E. excavalum-Q. Slalkeri biofades 

TIùs early biofacies occurs in the laminated clay or 
at the base of the massive clay, before the development 
of bioturbation (Table 3). Il can he observed far below 
the top of the laminated clay, such as in core 41 (Fig. 4). 
It is the equivalent of the E. excavaLUm-Q. slalkeri 
fauna thatKorsun and Hald (1998, 2000; Fig. 8) 
report from under the meltwater plume in Novaya 
Zemlya and Svalbard, in salinities of 34%0. It is not a . 
low-salinity indicator. Relative sea level must have 
been close to the maximum values giveo eartier, Le., 
120 m above present in the Gulf Islands, ocean 
water must have had comparatively easy access, 
and bot tom salinity must have been higher than the 
present maximum of 31 %0. Biofacies 2 indicates very low 
food supply, compatible with very low surface produc
tivity due to high water turbidity. One major faunal 
difference between our assemblages and those of Korsun 
and Hald (1998, 2000) is the abundaoce of E. 
foraminosum : this species is absent from the modem 
Atlantic Ocean. In the absence of good modem evidence 
about its living requirements and based 00 its morpho
logie resemblance with E. excavalum, we win assume 
that itis as tolerant and undemanding as this last 
species. The most diagnostic species, despite its relatively 
low nurnbers, is Q. slalkeri because, contrary to the 
immensely widespread E. excavalum, it tends to 
concentrate in the near-ice biofacies. Recent observa
tions by Korsun and Raid (pers. comm., 2001) suggest 
that Q. s/at.keri lives on a non-algal diet, possibly 
bacteria. TIùs makes it less dependent on local surface 
productivity. In the absence of modem data\ and on the 
basis of its distribution, we will assume that the Q. 
akneriana in core 58 have the same ecology as Q. slalkeri 
and that the above discussion applies to the sample 
at 666 cm. 

The sand laminations are probably the result of 
turbidity currents. Their distribution does oot necessa~ 

rily coincide· with that of the surface plume. The fact 
that in sorne cores the "scaltered ca1careous" and the 
E. excava/um-Q. stalkeri facies extend above the 
laminations is not in contradiction with the above 
interpretation. Because of sampling methods, Korsun 
and Hald (1998, 2000) could not confirrn whether or not 
their E. excavalum-Q. slalkeri facies occurred in a 
laminated, non-bioturbated clay facies, but Korsunet al. 
(1995) did report the presence of the E. excavaLUm-C. 

reniforme-Q. s/alkeri assemblage in a near-ice laminated 
facies in a NovayaZemlya fjord. 

Cores with early deglacial E. excavalum-dominated 
assemblages are reported on by Osterman (1984) from 
Frobisher Bay, Baffin Island, by Polyak and Mikhailov 
(1996) from the SE Barents Sea and by Scott et al. 
(1989) from the Atlantic coastal shelf of Canada. The 
last authors concluded to the Iùgh paleosalinily of these 
assemblages on the basis of stable isotopes. 

We examined only one sample for diatom~ from the 
E. excavalum-Q. slalkeri biofacies (core 71, Fig. 6): .it is 
barren of diatoms as other samples from the laminated 
clay. This is consistent with an origin from under the 
meltwater plume. Il explains the dominance of tropru
cally undemanding (or bacteriovorous) forarninifer 
species. The same level in core 71 has becn investigated 
for dinocysts: the number of specimens is very low and 

. ,taxa,related to autotrophic productivity (0. cenlrocar.

. .. pum) largely dominate. Heterotrophs are known to 
consume diatonis and their low numbers are thus not 
surprising.. Hamel et al., (2002) observe, in the Dorthern 
Baffin Bay polynia; where dia tom populations are 
apundant, dominant Protopcridiniales in the dinocyst 
assemblages, whereas at the margin of the low diatoro 
produc1ivi ty zone, 0. cenlrocarpum dominates. 

6.3. N. labradorica biofacies 

The N. labradorica biofacies occurs only after the end 
of the sand laminations, more often before thim after the 
fust bioturbation and always before the last lRD, when 
these are present (Table 3). Even though strongly 
influenced by melting ice, it must indicate a sudden 
increase in productivity because it usually contains a 
much larger number of forarninifers than the underlying 
levels. This is the fust biofacies 10 give an indication of 
salinity: N. labradorica is known to live only at salinities 
greater Ihan 30%0 (Cedhagen, 1991; Korsun and Raid, 
2000; Polyak et al., 2002). In the deep waters of the 
deglacial Strait of Georgia, salinity probably f"emained 
high even close to the melting ice, the fresh meltwater 
rernaining at the surface. 

The N. labradorica biofacies isthe first to contain 
dia toms. The fust dia tom population is largcly com
prised of ice-dwelling species (F cylindrus and P. 
glacialis). Tweoty-seven to 72% of the flora is àccounted 
for by these two species, which suggests an extended sea
ice cover for most of the year. The low numbers of the 
cold-sensitive T nilzschioides and the relatively high 
proportion of the specifically cold-water fOnDS T. 
an/arc/ica resting spores and T nordenskioeldii agree 
with the ice·diatoms in suggesting very cold conditions. 

In core 71, the dinocysts assemblages of the N. 
labradorica biofacies are characterized by low diversity 
and the dominance of Brigan/edinium spp., suggesting 
cold conditions. An increase in Protoperidiniale cysts, 
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known to feed on dia toms, is eKpected at a level where 
there are abundant diatoms. In core 41 (at 262 cm; 
Fig. 4), the N. IÇlbradorica biofacies coincides with a 
dominance of O. cenlrocarpum. Diatoms were not 
sampled at tms level but the ice-diatom flora usually 
associated witb the N. labradorica biofacies occurs at 
246 cm, with ihe early C. reniforme subfacies. Condi
tions at 262cm may have been at the mnge between 
near-ice and ice-distal, and diatom numbers may have 
been small. 

N. labradorica is known to sequester algal chloro
plasts in its cytoplasro (Cedhagen, 1991; Bernhard an,d 
Bowser, 1999). This has been observed in specimens 
exposed to dysoKia/anoxia and appears to heJp survival 
under these conditions. It is not known wbat advantage 
the foraminifer gains from tms association but at the 
deptb whero it lives, and because it is a burrower,. 
photosynthesis is probably not a factor (Bernhard and 
Bowser,' 1999; Bernhard, pers. comm., 2002). In the N. 
labradorica biofacies, we observe 200,000 to more than 2 
million diatoms per cm 3, which is considerable, whereas 
the underlying biofacies conlained none. The sediment 
shows no dear mark of anoxia such as black sulfide 
specks, but there could have been anoxia helow the 
sedimentfwater interface nonetheless, considering the 
still rather fast sedimentation and the fréquent absence 

of bioturbation. The N. labradorica peak could thus be a 
direct result of the sudden diatom bloom, although the 
more stable bottom conditions (no more lurbidity 
currents) may have played a part. Observations by 
Korsun and Hald (2000) in a Svalbard fjord suggest a 
dependency of N. labradorica on early spring algal 
bloom. They found that C. reniforme thrived doser ta 
the glacier than N. labradorica, under the more distal 
part of the me1twater plume (Fig. 8); this differs from 
our vertical succession where C. reniforme peaks in the 
.ice-dîstal lithofacies, after N. labradorica. On the coast 
of British Columbia, with Ekman current-induced 
upweUing carrying nUlrient-rich deep water up the 
Strait of Juan de Fuca and generating high productivity, 
conditions must have been created very early on that 
were favorable to any organism dependent on algal 

.b'oorns. In addition, the presence of melting ice must 
. have created locally an estuarine circulation that caused 

an upwelling of nutrienl-rich saline waters. The sub
sequent upcore decline ofN. labradorica while diatoms 
still· increase and dinocysts begin to bloom could he 
e~plained by more intense bioturbatian, hence bettcr 
aeration, which would favor other species. 

The late pcaks of N. labradorica reported by Hald and 
Vorren (1987) off northern Norway and by Polyak and 
Mikhailov (1996) in the SE Barents Sea seem to 

A) Novaya Zemlya and Svalbard fjords after Korsun and Hald (1999, 2000) 

low alg31 productivily high algal produclivity 

turbid meltwaler plume 

glacier 
Reophax + 
Cribrostomo;des 

. ~ Beginning of abundance of a given species. The species may be present la lhe left of this. 

B) Strait of Georgia composite succession _, \3~!'!?rt<-_",:" . ..... ~ 
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Fig. 8. (a) Distribution of major foraroinifer species in front of active glacial fronls in Novaya Zemlya and Svalbard, summary of tbe findings of 
Korsun and Hald (1998, 2000). (b) Strait of Georgia's composite deglacial succession. The composite section is lying on ils side ta show the pandJcl 
we make witb lhe Svalbard resulls above. Curves illuslrate relative abundances of foraminifeca (above) and diatoms (below). 
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correspond, at least following these last authors, to a 
productivity increase resulting from the start of normal 
marine conditions following invasion of Atlantic waters 
at the end of deglaciation. However, they resu1t from a 
large-scale oceanic change, whereas our N labradoriea 
peak i5 likely due to strictly local estuarine circulation. 

Although they contain fewer N labradoriea, the 
assemblages collected by Elverhei et al. (1980) from as 
little as 500 m from a modem ice front in Svalbard are 
close to our N labradorica facies. They report an 
average sedimentation rate of IOem per year and high 
summer turbidity. The sedimentation rate during the 
deposition of our turbidity~tolerant E. exeavalum-Q. 
stalkeri biofacies was probably even higher. 

The early deglacial C. exeavalurn biofacies reported 
by Patterson and Kumar (2002) from ODP cores in 
Saanich Intet is probably intermediate between our N 
labradoriea and our E. exeavalwn-Q. slaikeri biofacies 
because of its species diversity and because it contains 
frequent 1. helenae and N. digilala. Productivity may 
have been high but the sedimentation rate, due to the 
geornetry of the basin which makes it a natural sediment 
trap, cou/d have been such as to dilute the faunas and 
cause an additional stress favoring the more tolerant 
species E. exeavalum and Q. slaikeri. The next deglacial 
biofacies of Patterson and Kumar (2002) is d/Jminated 
by Islandiella spp. and is probably less stressed by 
turbidity; it may represent conditions c10ser to those in 
which our N labradoriea biofacies developed. 

6.4. C. reniforme biofaeies 

The C. reniforme interval witnesses a graduaI change 
from typical glacimarine with high influx of very fine 
grain sediment to non-glacial where "normal" marine 
mud is being deposited. This probably corresponds to 
the complete melting of the iee witlùn the Strait· of 
Georgia, any ice left being[ocated either in the fjords or 
beyond, the fjords acting as sediment traps. 

The early C: reniformeinterval contains a large but 
declining proportion of N labradoriea, left over from 
the Nlab;adorica peak of the earlier biofacies. This 
decline is compensated by a dominance in C. reniforme 
and a greater number of species: 

A recent study of Kara Sea living foramiIÙfers by 
Polyak et aL (2002) shows that l. norerossi (considered 
here as ecologically equivalent to 1. helenae) and N 
Ia.bradoriea belong to two different groups in terms of 
resistance to river discharge, thefirst being less tolerant. 
Their distribution maps show the presence of l. helenae 
down to approx. 32.50/00 and N labradorica to 31%0. 
Values recorded off Sweden by Cedhagen (1991) may 
differ somewhat because salinity is probably not the 
only factor aITecting species distribution. Polyak et al. 
(2002) place C. reniforme in the same tolerance group as 
N labradoriea ("river interrnediate") but a close look at 

the distribution maps shows that C. reniforme is 
recorded in salinilies as low as 26%0. 

Even though C. reniforme is more tolerant of 
hyposalinity than N labradoriea, higher diversities 
suggest environmental improvement, either higher 
salinity, or less stress by the presence of glacier ice. 
The fact that the early C. reniforme subfacies, contrary 
to the N. labradoriea biofacies, usually occurs in 
bioturbated sediment (Table 3) means either environ
mental improvement or graduaI colonization of the 
deglaciated seafloor, environmental parameters remain
ing the same. Given that the whole region was under
going isostatic uplift, one should railier be on the 
lookout for a paleosalinity reduction. We will th.us 
consider that salinities in the early C. reniforme subfacies 
remained about the same as in the cartier biofacies that 
i5, higher than the modern 30-31%o. 

" .,There is. no foraminiferal indication of an increase in 
bottom water temperature in the early C reniforme 
subfacies, and not much either until the post-glacimar
ine sediments are reached, although there is diatom and 
dinocyst evidence of warmer surface waters at an eartier 
level Thismay mean that bottom waters remained cold 
longer, bùt maybe also th.at temperature-sensitive 
species did not have yet the lime to colonize the area. 
The paleosalinities proposed in the previous paragraph 
were sufficiently high sa as to be no obstacle to 
colonization by most species. 

The early C. reniforme subfacies in core 58 (Fig. 2) is 
split into two intervals by the presence of ca. 85 cm of" 
laminated clay, itself surrounded by clay layers with 
orny "scattered calcareous forarIÙnifers". 11ùs apparent 
return to more glacial conditions is difficult to reconcile 
with the absence of a mobile ice front, i,e., with ooly 
dead ice melting in situ. Sinee this site is located between 
Vancouver Island, Denman Island and Homby Island 
(Fig. 1), itIDust have been, at least for a while, a bight 
surrounded by iee based on these islands and grounded 
on shallows SE of Homby Island. Currents in tbis bight 
may have shifted as iee melted, and along with them the 
meltwater plumes and the laminated lithofacies. Tllls 
implies that the various biofacies described herein were 
situated fairly close to one anôther on tb.e floor of the 
deglaciating Strait of Georgia. 

The carly C reni/orme inteival is marked by diatom 
populations with ice-dwelling species that vary from 
abundant to absent, generally less abundant however 
than in the N labradoriea biofacies and more than in the 
late C reniforme interval. TypicaJ cold water plank
tonies (T anlarelica resting spores and T nordenskioel
di/) remain frequent and the total populatiop, mostly 
made of' marine planktonics, is on the increase. Even 
though the temperatures are still cold, the reduction in 
sea-ice coyer is such that a surface temperature increase 
in highly probable. The persistence of cold indicators al 
246cm in core 41 (Fig. 4) may be explained by one or 
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both of the following: first, this sample may have been 
collected close to the boundary with the N labradorica 
biofacies and second, annual sea-ice cover may have 
been longer or shorter in various part of the basin due to 
wind and surface currents. 

Dinocysts of the early C. reniforme subfacies in core 
41 are still few in numbers and in diversity. They occur 
together with a high-ice-diatom flora. The autotroph/ 
heterotroph ratio is very low: this is expected when there 
are abundant diatoms for the heterotrophs to consume 
(Hamel et al., 2002). At the same level in core 71, 
dinocysts are detectably more numerous and the 
autotroph/beterotroph ratio is about l, but the diver
sities are still low. There are still sorne ice diatoms and 
typical cold marine planktonics. Dinocysts agree with 
diatorns to support the idea of a glaciomarine environ
ment, though less harsh than in' the N. labradorica 
biofacies. 

The la te C reniforme subfacies is marked by a limited 
increase of Euuvigerina juncea and Islandiella helenae, 
and smaU numbers of N labradorica. Euuvigerina juncea 
tolerates cold temperatures but is not reported living 
north of the Bering Strait and is not fully arctic. This is 
the only possible evidence in favor of bottom water 
warming. However; the deglaciating Strait of Georgia, 
even in its coldest phases, may never have been colder 
than .the modem northem Bering Sea and thus the 
appearance of E. juncea may not indicate a warming 
trend. Islandiella helenae is one of the few species to live 
only in cold water, at least in the Atlantic (Guilbault, 
1989). On the basis of the results of Polyak et aL (2002), 
we will assign to it a salinity tolerance of somewhat 
above 300/00, i.e. higher than N labradorica. 

Korsun and Hald (1998, 2000) report the fust 
occurrence of 1. helenaelnorcrossi together with the first 
appearance of N. labradorica. They do not report E. 
juncea but this species is unknown from the North 
Atlantic and its absence is not diagnostic. The late 
appearance of l. helenae in our material, along with an 
increase in species diversity, could mean a slight increase 
in salinity, although it may just indicate that tbis species 
is a slow c61onizer. Given the isostatic uplift context, we 
believe that graduai colonization and not higher salinity 

Table 5 

caused the graduaI increase in species number up to the 
point where the arenaceous dominate. 

Ali the arenaceous species present in the late C. 
reniforme subfacies (see Section 5.1) ellcept one forrn in 
open nomenclature have beeo r.ècorded from the Arctie. 
Heore, they do not constitute evidencc that it was less 
cold than the earlier intervals. Also, the occurrences of 
that subfacies are ail situated below the increase in 
sediment grain size that marks the end of the glacio
marine influence in the strait (Table 3). 

A reduction in bottom salinity can be ex:pected 
sometirne before 9000--10,000 14C yr BP because 
isostatic uplift must have graduaUy impeded the influx: 
of sea water through the Gulf/San Juan Islands. This is a 
corollary of the various post-glacial sea-Ievel studies on 
the west coast (Mathews et aL, 1970; Clague et aL, 1982; 
Linden and Schurer, 1988; Dethier ~t al., 1995; Clague 

." a,lid James, 2002; James et al., 20()2). The few radio
carbon ages· we have indicate that the calcareous 
succession, from the base of the E. excavatum-Q. 
swlkeri to the top of the C. reniforme biofacies, was 
deposited within a few centuries at most (Table 5). If we 
assüme that the near-ice laminated clay was deposited 
within d'ecades, the sedimentation of the deglacial 
successio'il inclusive of the early C reniforme subfacies 
was completed within five centuries. During that lime 
span, the total isostatic rebound based on rates observed 
in the region (above-mentioned publications) must Dot 
have been more. than 70 m. The marine limit at the 
northern edge of the Gulf/San Juan Islands can he 
estimated at 12G-130m based on Mathews et al. (1970), 
Clague et aL, 1982; and Dethier et al. (1995). An uplift 
of less than 70 m would still leave plenty of space for 
ocean water to move in and aUow bottom salinities 
greater than the present 30.5-310/00 (Table 2). If the 
results of Korsun and Hald (1998, 2000) can he applied 
here, salinities as high as 340/00 are thinkable for the N. 
labradorica biofacies. The composition of the early C. 
reniforme subfacies does not force us to concJude to 
any reduction in salirùty. If we now consider the 
whole calcareous succession, up to the late C. reniforme 
subfacies (oruy one date: Il,700 ±80 14C yr BP, Table 5), 
then we can add 30 m of reboünd and an eITect on salinity 

Distribution of 14C ages in funclion of foraininifer biofacies and subfacies 

Core lime intervai 
(kA BP) 

North 

7\ 6 28 30 58 

South 

28B 

t 1.50-12.00 Late C. 
reniforme 

12.00-12.25 

12.25-12.50 Early C. 
reni/orme 

Early C. 
renifonne 

N. labrudoricu 

Undiff. C. reniforme 

?E. excuvalum-Q. seulkeri 

Early C. 
reniforme 
N. lubrudarica 
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is more likely. After 11,000 14C yr BP, relative sea level 
went through a minimum phase. In the Victoria area, 
Linden and Schurer (1988) report evidence of r.s.1. at 
50m below present. This probably had a clear and 
unmistakable effect on bottom microfaunas but its effect 
was felt later, probably in the E. excavalum assemblage. 

Associated to the !lite C. reniforme subfacies are 
diatoms Boras· of the AM type, high in marine 
planktonics, with little·or no ice-dwelling fonns and a 
rather low percentage of typical cold water forrns. 
Though the nurnher of ice forros may be locally higher, 
as in core 70, this group suggests that glacimarine 
influence diminished even more during deposition of the 
late C. reniforme subfacies.. However, the rest of the 
Bora does not give a clear signal. In cores 3S and 41, 
there are no typical cold forrns in the upper C. reniforme 
level and the temperature-sensitive ThaJassionema 
nilzschioides is increasing, whereas in cores 70 and 71, 
cold fonDS are still relatively abundant and T. 
nitzschioide~· is decreasing. Core 58 gives intenuediate 
results. It is tempting to interpret this in tenus of a N-S 
temperature gradient, but as these biofacies are prob
ably time transgressive, additional dates would he 
needed to draw such a conclusion. AIso, tms distribution 
may be the result of unequal distribution of sea ice in the 
slrait, due to winds and currents. 

The increase in dinocyst diversity and numbers and 
the considerable increase in pollen grain numbers in the 
late C. reniforme subfacies indicates a change from a 
glaciomarine setting to warmer conditions, at least at 
the surface, and an increase in productivity. The pollen 
results imply the development of vegetation on the lands 
surrounding the Strait of Georgia and thus point in the 
direction of improved climate and glacier retreat. 

The sudden increase in organic foraminifer linings in 
dinocyst preparations at the level where we see a 
decrease in the number of ca1careous foraminifers 
retained by the 63 ~m sieve is suggestive of dissolution 
of calca.reous tests. This might be the explanation for the 
most obvious faunal change over tms biofacies: the 
graduai invasion of arenaceous foraminifers to the point 
where, at the top, lhey completely replace the ca1careous 
species. 

6.5. EggereJ/a advena biofacies 

The passage upward into arenaceous assemblages 
could be the result of postmortem dissolulion of the 
calcareous species, as suggested by the organic for
aininifer lining distribution which is essentially the same 
for the E. advena as for the late C. reniforme subfacies. 
Lowered salinity could have favoured dissolution of 
calcareous lests, but so could increased organic influx. 
The olive color, which is due parlly to a change in clay 
content (Luternauer et al., 1989), partly to a higher 
organic content (Luternauer and Murray, 1983), occurs 

from the late C. reniforme subfacies upwards (fable 3). 
Lower sedimentation rate due to disappearance of the 
ice·and bioturbation could have favored oxidation of the 
organic matter, which would have generated acidity. In 
modern samples from Novaya Zemlya, Korsun and 
Hald (1998) report evidence of calcareous test dissolu
tion (etch rnarks) in sediments where organic matter has 
been oxidized, causing a drop in pH. This takes place at 
ice-distal slations only; at ice-proximal stations rapid 
burial prolects organic malter from oxidation. 

E. advena is not a temperature indicator, being 
recorded trom waters of widely different temperatures, 
including from the non-glacimarine Arctic. However, its 
presence there is limited. Loeblich and Tappan (1953) 
report it at many stations but give no percentages; other 
authors report only smal1 numbers (phleger, 1952; Vilks, 
1969; Vilks et al., 1979; Jennings and Helgadottir, 1994). 

.' B)"contrast, large concentrations can be found on the 
east coast of N. America in temperatures that vary from 
cold, in the Gulf of St. Lawrence, to temperate, on the 
New Jersey continental shelf (E. advena association of 
Murray, 1991). It is abundant to dominant in the 
modern Strait of Georgia (Cockbain, 1963). Eggerella 
advena may prefer locations far from the Arctic, but 
giving a'D interpretation to this biofacies remains 
hazardous because of the probable dissolution of the 
calcareous part of the assemblages. For the same reason, 
it is impossible to conclude on faunal grounds about the 
paleosalinity even though the arenaceous species are aU 
hyposalinity tolerant. A reduction of salinity is prob
able, however, based on the known lowering of relative 
sea level in the region between 12,000 and Il,000 14C yr 
BP (Clague and James, 2002). If the number of organic 
foraminifer linings in dinocyst. preparations is a guide, 
the original assemblage must have been much larger 
than what is left, and dominantly calcareous. A reason
able hypothesis would be that it was a continuation-at. 
ieast at the beginning of the E. advena intervai-of the 
C. reniforme biofacies because wherever there are 
calcareous forros leftover, they belong to the major C. 
reniforme biofacies species. Salinity was probably about 
the same, at the beginning, than in the late C. reniforme 
subfacies but could havë decreased later. During 
deposition of the E. advena biofacies, the sedimentation 
rate was probably still higher than today, but since the iœ 
had already melted away into the fjords or even further, 
the sediment was no longer glacimarine (fable 3). 

In the few instances where we have a diatom sample 
just above the last glacimarine sediment (cores 41, 58 
and 70), the assemblage (AM or AMT) suggests that 
eartier conditions persisted, with high-marine, low
brac\cish influences and no sea ice. The main differeuce 
is the significant increase in the temperature-sen
sitive marine plank.tonic T. nitzschioides, indicating 
increased surface temperatures. Dinocyst results show 
higher species diversities which also indicate warmer 
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temperatures. The increase in dinocyst and pollen 
numbers suggests the same. However, it is improbable 
that glacial meltwater stopped entering the basin after 
12,000 14C yr BP. Stratification could have developed, 
with the meltwater spreading thinly at the surface and 
wanning up quickly during the summer, while at depth, 
waters replenished by upwelling from Juan de Fuca 
Strait remained about as cold as before (R.E. Thomson, 
pers. comm., 2002). 

6.6. Elphidium excava/uni biojades 

This biofacies is observed ooly in core 2gB (Fig. 3), 
which is the shallowest of the present series (71 m). It 
occurs both in the clay and in the muddy sand that cap 
the core. Whereas the assemblage from the sand (at 
43 cm) could be interpreted as the result of downslope, 
transport, the forarninifers from the clay (55 cm) are .". 
probably in situ. Such an Elphidium...{jominated assem
blage in a non-glacial setting is probably the result of 
hyposaiine ~onditions. Salinily must not have been 
much less' than 30%0 to accommodate the continued 
presence of smal1 numbers of ,N. labradorica and 1. 
helenae. Depth at this site was likely never less than 40
50 ID and it was probably liule affected by the seasonal 
brackish water. Hyposalinity is more probably indica~ 

live of changes at the scale of the basin. As discussed 
above, after 11,000 14C yr BP isostatic uplift must have 
reduced considerably the influx of ocean water at the 
southern end of the Strait; these undated E. excavatum 
assemblages could be of this age. The near absence of 
arenaceous fonns in these samples (contrary to the 
modern Strait of Georgia faunas of Cockbain, 1963) is 
probably indicative of the influence of the geographic 
position, adjacent to smal1 deltas. Core 28B was 
col1ected 1.2 km from shore just north of the Little 
Qualicum River. The 'submarine part of the modern 
Fraser delta contains essential1y calcareous assemblages, 
the shallow species being mostly' E. exeavatum, B.jrigida 
and Elphidiella hannai (Williams, 1989). Brackish 
elphidüds such as Elphidium albiumbilieatunl, Elphidium 
bartletti or Haynesina orbieulare are ilot reported. 
Deeper than 50 m, the major speeies are Nônionella 
stella, N. labradoriea and Globobulimina paeifiea. Our E. 
exeavatum biofacies is faunally doser to Williams's 
(1989) shal10w samples. Patterson and Cameron (1991) 
and Patterson and Luternauer (1993) a\so report E. 
exeavatum-dominated assemblages in Fraser delta ~ores 
dated at 11,000 14C yr BP and less. Like William's (1989) 
shallow samples, they are rich in E. hannai. 

7. Summary and conclusion 

In our Strait of Georgia cores, we have found 
evidence for the following upcore succession of 

paleoenvironments, representing a graduai increase in 
distance from the ice: 

(1)	 A near-ice environment under the influence of the
 
turbid meltwater plume. There is no bioturbation
 
and phytoplankton productivity is minimal. Usual

Iy there are only a few calcareous foraminifers.
 
Locally there are assemblages consisting essentially
 
of E, exeava/um, E. joraminosum and Q. stalkeri.
 
Bottom salinity is unknown but could be close te
 
normal (33-34%0). This stage may have lasted only
 
a few decades.
 

(2) An off-the-meltwater-plume environment with high 
dia toms and moderate dinocysts. Ice...{jwelling 
diatoms indicate a very long sea-ice season. 
Foraminifers are abundant but assemblages have 
.low diversities. N. labradorica peaks here, while the 
C. reni/orme population gradually expands, Bettom 
salinity is above 310/00, may.be close to normaL The 
N. labradoriea peak oould be related to the sudden 
increase in algal productivity and to dysoxic 
conditions below the sediment/water interface. 
Tire low foraminifer diversity and the frequent lack 
of' bioturbation suggest an area that is being 
colonized. 

(3) The sediment is now bioturbated and presents fewer 
signs of ice proximity. Cassidulina reniforme be
cornes the dominant foraminifer species while N. 
labradoriea declines. Diatoms are very abundant 
and dinocysts are increasing. Ice diatoms and cold 
water indicator diatoms are stillthere but they are 
fewer and fewer. There are more foraminifer 
species, indicating continued co\onization of the 
seafioor. There are still no signs of change in 
bottom temperature and salinity. Toward the end of 
the interval, arenaceous foraminifer percentages 
increase and dissolution of calcareous tests begins 
to be felt,. while pollen becomes abundant indicating 
the development of land vegetation. , 

(4) Gray silty clays	 are replaced by olive-gray marine 
muds. Glacial influence has disappeared altogether. 
Diatoms and dinocysts are very abundant and 
diverse. There are no more ice diatoms, few cold 
species and the temperature-sensitive T 
nitzsehioides is on the increase, indicating higher 
surface temperatures. Forarninifers are dorninantly 
or totally arenaceous probilbly because of dissolu
tion of calcareous tests, likely in connection with 
greater organic content of the sediment. We have no 
14C date from this phase. 

(5) There	 is' one caJcareous biofacies in one core that 
c1early indicates reduced salinity, probably 30%0 or 
slightly less. The core occurs in a deltaic setting. [t is 
undated but may be of the same age or posterior to the 
restriction of the Strait of Georgia by isostatic rebound 
of the Gulf Island area (10,000-11,000 14(; yr BP). 
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Table 5 shows that phases 1,2 and early phase 3 took 
place everywhere witrun the same narrow time interval, 
whether north or south. This supports the idea of rapid 
deglaciation. The fact that the phases always come in the 
same order suggests that deglaciation happened. in the 
same way everywhere. Phases 1 and 2 must have taken 
place very quickly so that l, 2 ~nd 3 probably existed 
side--by-side in the basin. The brief return to phase 1 in 
core 58 supports trus. Phase 4 came later, at a time when 
there was no ice left in the basin, and any deglacial 
sedimentation from the mainland was trapped in the 
fjords. 
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Abstract 

A Dew calibration database of ceusus counts of organic-wallcd dinollagellate cyst (dinocyst) assemblages has. been developed from 
the analyses of surface sediment samples collected at middle to high latitudes of the Northem Hemisphere arter standardisation of 
taxoDomy and laboratory proceduces. The database comprises 940 reference data points from the North Atlantic, Arctic and North 
Pacific oceans andtheir adjacent seas, including the Mediterranean Sea, as weil as epicontinental environments such as the Estuary 
and Gulf of St. Lawrence, the Bering Sea and the Hudson Bay. The relative abundance of taxa was analyse<! to describe the 
distribution of assemblages. The hest analogue technique was lied for the reconstruction of Last Glacial Maximum (LGM) sea
surface temperature and salinity during summer and winter, in addition to sea-ice cover elltent, at siles from lhe North Atlantic 
(n =63), Mediterranean Sea (n = 1) and easteru North Pacific (n = 1). Three of the North Atlantic cores, from the continental margin 
of eastem Canada, revealed a barren LGM interval, probably because of quasi-permanenl sca ice. Six olher cores from the 
Greenland and Norwegian scas were excluded from the compilation because oftoo sparse assemblages and poor analogue situation. 
At the remaining sites (n = 54), relatively close modem analogues were found for most LGM samples, which allowed 
reconstructions. The new LGM results are consistent with previous reconstructions based on dinocyst data, wbich show much 
cooler conditions Ihan at present along the continental margins of Canada and Europe, but sharp gradients of increasing 
temperature offshore. The results also suggestlow sa1inity and larger than presenl contrasts in seasonal temperatures with colder 
winters and more extensive sea-ice cover, whereas relatively warm conditions may have prevailed offshore in summer. From thcse 
data, we hypothesise low thermal inerlia in a shallow and low-density surface water layer. 
© 2004 Elsevier Ud. AlI rights reserved. 

l.	 Introduction summer and winter sea-surface temperatures (SSTs) 
were principal1y established from transfer functions 

The earliest reconstructions of the Last Glacial based on mulliple regression techniques and planktonic 
Maximum .. (LGM) ocean published by CLIMAP foraminifer data (Imbrie and Kipp, 1911). Since tbis 
(1981) constituted a major breakthrough in paleoceano pioneer work, many methodological approaches have 
graphy and paleoclimatology. These reconstructions of been developed for the reconstruction of past dimatic 

parameters based on an anay of biological indicators, 
notably pollen grains, diatoms, dinof:lagellate cysts,'Corresponding autiloI. Tel.: + 1·514-9S7-30û0ll8599; fax: + 1·514


987-3635.
 radiolarians, planktonic foranùnifera, ostracods, and 
E·mailllddress: devernal.anne@uqam.ca (A. de Vernal). coccoliths. Various data lrealment techniques werc also 

0277-3791/$ osee front matler © 2004 Elsevier L1d. AIl rights reserved.
 
doi: 10.1016Jj.quascirev.2004.06.014
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developed or adapted to the analyses of the diverse 
micropaleontological populations. They mainly include 
techniques using the degree of similarity between fossil 
and modern assemblages (e.g., Guiot, 1990; Pllaumann 
et al., 1996; Waelbroeck et al., 1998), and the artificial 
neural network techniques (e.g., Malmgren and Nor
dlund, 1997; Weinelt et al., 2003). In addition to the 
above-rrtenti6ned approaches based on the analyses of 
microfossil populations, biogeochemical analyses of 
organic coropounds, such as alkenones produced by 
coccolithophorids, or the measurement of t.ace ele
ments, such as Mg/Ca or Sr/Ca in biogenic calcite, 
yielded insights into past temperatures in the water 
column (e.g., Rosell-Melé, 1998; Lea et al., 1999; 
Nürnberg et al., 2000). 

Many of these recentiy developed methods have been 
applied to re-evaluate the sea-surface conditions which 
prevailed during the LGM. In addition to the CLiMAP 
(1981) scenario, there are now many LGM data sets 
available on regional scales. For example, at the scale of 
the northem North Atlantic, there are data sets based on 
planktonic foraminifera (Weinelt et al., 1996; Pllaumann 
et al., 2003; Saruthein et aL, 2003), dinofiagellate cysts (de 
Vernal et al., 2000, 2002), and alkenone bioma.kers 
(Rosell-Melé, 1997; Rosell-Melé and Cornes, 1999; Rosell
Melé et al., 2004). Comparison of the paleoceanographi
cal data sets has levealed significant discrepancies, notably 
in tenus of paleotemperature estimates. 

With the aim to compare and eventually to reconcile 
paleoceanographical reconstructions based on different 
p.oxies,. an· intercalibration ex.ercise has been under
taken within the frame of the Multiproxy Approach for 
the Reconstruction of the Glacial Ocean (MARGO) 
Project. The first step was to adopt a common 
hydrography for the calibration of the temperature vs. 
proxy relationships, in order to avoid any mas that can 
be related to initial oceanographical data inputs. The 
"standa.dised" hydrography that has been selected for 
the present MARGO ex.ercise is the 1998 version of the 
World Ocean Atlas· produced by the National Oceano
graphic Data Center (NODC). In the present paper, wc 
are thus reporting on (i) the updated modem database 
of dinoftage\late cyst assemblages, (il) the results from 
calibration exercises with the standardised hydrography 
(smwner and winter SSTs) and other key parameters 
such as salinity and sea-ice coyer, (iii) the sea-surface 
condition reCO"nstructions for the LGM inteI"Val defined 
by EnvilOnrnental PlOceSseS of the lce age: LilDd, 
Oceans, and Glaciers (EPILOG) criteria as the inteI"Val 
of maximum continental ice volume during the last 
glaciation, which spanned from ca. 23 to 19 kyr before 
present (Schneider et aL, 2000; Mix et al., 2001). 

Datapresented here are representative· of middJe to 
lùgh latitudes of the Northem Hemisphere. The reference 
dinocyst database for the hemisphere includes 940 sites 
from the North Atlantic, North Pacific and Arctic oceans, 

.. - - -_.:~~\ 

..Jt\ 
~..~ 

Fig. 1. Location of surface sedimenl samples used 10 establish the 
updated "n = 940" rcfcrone<: dinocyst databasc, which was devcloped 
.fler the "n = J71" d'labase (de Vernal et al., 1997; Rochon el al., 
1999) and Ihe "n = 677'" database (de Yernal et al.• 2001), .nd includes 
the regional dala sels from Ihr: norlheastcrn Norlh Pacifie (Radi and de 
Vernal, 2004) and the Meditenanean Sea (Mangin, 2002), nolably. 1be 
isob.ths correspond 10 1000 and 200m ofwater depth. 

and their adjacent seas (see Fig. 1). This database 
constitutes an update of the "n=371" (cf. Rochon et 
al., 1999) and "n=677" (cf. de Vernal et aL, 2001) 
databases. The update notably inc1udes additional sites 
from the North Atlantic (Marret and Scourse, 2003; 
Marret et al., 2004), the Mediterranean Sea (Mangin, 
2(02), and the North Pacific (Radi and de Vernal, 2004)_ 
This database was used here to produce an update of 
LGM reconstructions of SST, salinity and sea-ice coyer. 
which were published previously for a number of sites 
from the northem Noclh Atlantic (cf. de Vernal et al, 
2000). Four additional LGM sites are included in the 
present compilation. Two are from the northern North 
Atlantic, one from the Mediterranean Sea, and one from 
the Gulf of Alaska in the northeaslem Pacific. 

2. Methodology for sea-sunace reconstructions 

2.1. Dinofiagellate cyst dala 

2.1.1. The ec%gy of dinoflage/lates and their cpsts 
Dinoflagellates occur in most aqualic environments 

and constitute ODe of the main primary prod.ucers in 
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marine environments, together with diatoms and cocco
lithophorids. Living dinoflagellates are not fossilisable. 
However, during their life cycle, after the fusion of the 
gametes for sexual reproduction, sorne taxa produce 
highly resistantorganic-walled cysts proteeting the 
diploid cells for a dormancy period of variable length 
(e.g., Wall and Dale, 1968; Dale, 1983). The organic
walled cysts of dinoflagellates (or dinocysts) thus 
represent only a fragmentary picture of the original 
dinollagellate populations (e.g., Dale, 1976; Head, 
1996). Amongst dinoflagellates producing cysts cur
rently recovered in geological samples, there are mainly 
species belonging to the orders of Gonyaulacales, 
Peridiniales and Gymnodiniales. Gonyaulacales are 
autotrophic whereas Peridiniales and Gymnodiniales 
may have heterotrophic or mixotrophic behaviour (e.g., 
Gaines and Elbriicher, 1987; Taylor and Pollingher, 
1987). These taxa that belong to phytoplankton or 
microzooplankton develop and bloom in surface waters. 
They are usuaUy reeovered together, from plankton 
samples colleeted on a routine basis in the upper 50 m 
(e.g., Dodge and Harland, 1991) or 100m (e.g., Raine et 
al., 2002) of the \vater column. Their living depth is 
relatively shallow since the autotrophic taxa are 
dependant upon light penetration, and because the 
habitat of the heterotrophic species appears to be closely 
coupled to diatoms on which they feed and/or to the 
maximu)U c!l\orophyll zone (e.g., Gaines and Elbriicher, 
1987). Moreover, despite their ability to move vertically 
with their flagell~, dinoflagellates generally inhabit a 
relatively thin and shallow surface layer, especiaUy in 
stratified marine environments, because they cannot 
rnigrate across the pycnocline that constitutes an 
important physical barrier (cf. Levandowsky and 
Kaneta, 1987). 

Planktonic dinoflagellates in the North Atlantic show 
distribution patterns of speeies in surface water closely 
related to salinity and temperature, which are controlled 
by current patterns (e.g., Dodge and Harland, 1991; 
Dodge, 1994; Raine et al., 2002). Nearshore assemblages 
can also be distinguished from oceanic assemblages, 
with regard to the spedes diversity and taxa dominance. 
The biogeographical distributions of cyst-fonlling dina
flagella tes in surface waters and that of dinocysts in 
sediments are generallY consistent with each other, 
notably with respect to their onshor~fTshore patterns 
and la titudinal gradients (Dodge and Harland, 1991; 
Dodge, 1994). However, the eorrespondence between 
observations of motile and cyst assemblages is not 
perfeet, probably due to the fact that the motile 
dinoflagellates in theplankton assemblages correspond 
to an instarifaneous time interval, whereas the cysts in 
surface sediments may represent several years or decades 
of sedimentary fluxes. 

The distribution of dinocysts in sediments has been 
relatively weil documented and has contributed to our 

understanding of the average sea-surface conditions that 
deterrnine the distribution pattern and abundances of 
the taxa. Since the early works of Wall et al. (1977), 
Harland (1983), and Turon (1984), the relative abun
dance of dinocyst taxa is known to follow distribution 
patterns closely related to the temperature gradients and 
to show distinct neritic, outer neritic and oceanic 
assemblages. During the last Iwo decades, many studies 
have contributed to the description of the dinocyst 
distribution on the sea floor. These ilIustrate qua lita
tively or quantitatively the relationships between dino
cyst assemblages and sea-surface parameters including 
temperature and salinity, sea-ice coyer, productivity, 
upwelling and eutrophication (for reviews, see e.g., 
Dale, 1996; Mudie et al., 2001; Marret and Zonneveld, 
2003). 

..,,: .... 

2. /.2. The establishment of the modern dinocyst database 
To deveLop the reference database, we have anaLysed 

surface sediment samples (hat were mostly collected 
fro~box cores or gravity cores. Although samples were 
taléen fr~m the uppermost 1 or'2 cm in the sedimentary 
column,. they may represent the last 10'_103 years 
depending upon sediment accumulation rates, and 
biological rnixing intensity and depth in sediment. More 
information on sampling or subsampling, laboratory 
procedures, the nature of palynological assemblages in 
general, and the abundance, preservation, and species 
diversity of dinocyst assemblages can be found in 
original publications of the regional dala sets available 
for the northern Baffin Bay (Hamel et al., 2002), the 
Canadian Arctic (Mudie and Rochon, 2001), the 
Russian Arctic, including the Laptev Sea (Kunz
Pirrung, 1998, 200 1) and the Barents Sea CVoronina et 
al., 2001), the Arctic Ocean as a whole (de Vernal et al., 
2001), the Labrador Sea (Rochon and de Vernal, 1994) 
and northwest North Atlantic (de Vernal et al., 1994), 
the northeast North Atlantic (Rochon et al., 1999), the 
Norwegian and Greenland Seas (Matthiessen, 1995), the 
Celtic Sea (Marret and Scourse, 2003), the Norwegian 
Coast (GŒsfjeld and Harland, 2001), the lcelandic Sea 
(Marret et al., 2004), the Estuary and Gulr of St. 
Lawrence in eastern Canada (de Vernal and Giroux, 
1991), the Bering Sea (Radi et al., 2001), the north
eastern North Pacific (Radi and de Vernal, 2004), and 
the Mediterranean Sea (Mangin, 2002). 

Although it is derived from a number of regional data 
sets, the n = 940 database is internally consistent with 
respect to laboratory procedures and taxonomy. This 
database actually resulls from a collective endeavour 
tbat slarted about 15 years ago. 

With regard to sample preparation, the standardised 
protocol consists of repeated HCI and HF treatments of 
the> lO!lm fraction (for details, sec de Vernal et aI., 
1999; Rochon et al., 1999). This protocol avoids 
treatment with oxidant agents because the organic cyst 
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Table 1 
List of dioocySl tua in tbe n = 940 database 

Tua name 

Cysl of cf. Scrippsiclla Irifida 
Achomosphaera spp. 
Ataxiodinium choane 
BiteclalOdinium tepi!<iense 
ImpagidiJtium aculearwn 
ImpagidiJtiam pallidum 
Impugidinium purado;xum 
ImpagidiJtium palUfum 
Impagidinium sphaericwn
 
Impagidinium strialalUm
 
linpagidiJtium plicalum 
Impagidinium vclorum 
Impagidiniam japonicum
 
ImpagidiJtium spp.
 
LiJtgulodinium macl,aerophorum
 
Nemalosphneropsis fabyrinlhlLS
 
Opercufodinium cenlrocarpum sensu Wan & Dale 1966
 
0. cenlrOCarpùT>fsensu Wall &. Dale 1966--5hort proeesses 
Opercufodinium cenlrocarpum-Arctic morphotype 
Operculodinium israelianum 
OpercufodiJt.um cf. janduchene! 
Operculodinium centrocarpum-roorphotypc cezare 
Pofysphneridium zoharyi 
PyxiJinopsis reticu/ala
 
Spîniferites seplenlriono/is
 
Spiniferiles afaskum 
Spiniferites membranuceus 
SpiJtiferiles delicalus
 
SpiJtiferiles efongalus
 
Spiniferites ramosus 
Spiniferiles beferius 
Spîniferites benlorrï 
Spiniferiles bufJoideus
 
Spu.iferiles frigidus
 
Spiniferiles fams
 
Spiniferiles mirabilis-hypeTIJcanlhus
 
Spinijerites ramosus t'yjJe granosus 
Spiniferites pachydermus
 
Spiniferiles spp.
 
Teclalodinium pe/lilUm
 
Cyst of Penwpbarsodiniwn dafei
 
Islandinium minutum 

lsIandinium? cesare
 
Echinidinium cf. kuraense
 
Briganledinium spp.
 
Drigantedinium tariacoense
 
IJrigall(edinium simplex
 

Dubridiniwn .pp.
 
Protoperidinioids
 
Lejeunecystu sabrina
 

Lejewzecysla oliva
 

Lejeunecysla spp.
 
Sete/lopemphix nephroides
 
Xandarodinium xanthum 

Setenopemphix quanla
 
Cyst of Proloperidinium nudum
 
Proloperidinium slel/alUm
 
TrÎnoIJantedùrium applanatum
 

TrÎnoIJaJuedfnÎwn variabile
 

VOladinium ca/lJum
 

Votadinium spinoswn 

Cyst of ProlOperidinium ameficonum 

Code Notes 

Alex 
Acho 
Alax 
Btep 
lacu 
lpal 
lpar 
lpal 
lsph 
lslr 
Ipli 
Ivc1 
ljap 
Ispp 
Lmac 
Nlab 
Oceti" 
Oess Grouped with O. centrocarpwn sensu Wall &. Dale 1966 
Oarc Grouped wiLh 0. cenlT~carpum sensu Wall &. Dale 1966 
Oisr 
Ojao 
Ocez .Grouped witb 0. cenlrocarpum sensu Wall & Dale 1966 
Pzoh 
Pret 
Ssep Grouped with Achomospflaera spp. 
Sala 
Smem 
Sdel 
Selo 
Sram 
Sbel Grouped wiLh S. membranaeeus 
Sbeo 
SbuJ Grouped wi tb S. ramosu.' 
Sfri Grouped with S. efongU/us 
Siaz 
Smir 
Scra 
Spac 
Sspp 
Tpc1 
Pdal 
lmin 
[mie 
Espp 
Bspp 
Bear Groupcd with Briganledinium spp. 
Bsim Grouped wilb Briganledinium spp. 
Dubr 
Peri 
Lsab 
LoU 
Lspp 
Snep 
Xarid 
Squa 
·Pnud 
Pste 
Tapp 
Tvar 
Vcal 
Vspi 
Parne 
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Table 1 (conlineedl 

Taxa name 

Quinquecuspis concrela 
Cysl of Polykt-ikos sc/llvarlzii 
Cyst of Polykrikos spp.-Acclic mocphotype 
Cyst of Polykrikos kofoidii 
Cyst of Polykrikos spp.~uadrangulac mocphotype 
Echinidinium grQJlulatum 

Gymnodinium cutenalum 
Gymnodinium nol/eri 

Code Notes 

Qcon 
Psch 
Parc 
Pkof 
Pqua Groupcd wilh cyst of Polykrikos spp. Ascnc mocpbotypc 
Egra 
Geat 
Gnol 

,wall of sorne taxa can be altered by oxidation (cf. 
Manet, 1993). With the exception of a few studies 
suggesting in situ oxidation of the organic wall of 
protoperidinian cysts in sediment (cf. Zonneveld et al., 
2001), dinofiagellate cysts are usually considered to be 
extremely resistant since they are composed of refrac
tory organic matter called dinosporin (wax-like hydro
carbon; Kokinos et al., 1998). Their preservation is not 
affected by dissolution processes that result in alteration 
of siliceous or calcareous microfossils. 

The taxonomy of dinofiagellates in the water column 
and that of their cysts preserved in sediment are mostly 
independent, because they refiect distinct stages in the 
dinoflageUate life cycle, i.e., a vegetative stage and a cyst 
stage fol1owing the sexual reproduction. The taxonomy 
of organic-walLed dinofiagellate cysts is based on the 
morphology of the fossil remains. The taxonomy we are 
using for routine identification was developed after 
several workshops to ensure standardisation within the 
database. The nomenclature of dinocyst taxa used here 
conforms to Head (1996), Rochon et al. (1999), Head 
et al. (2001, 2005), Radi et aL (2001), de Vernal et aL 
(2001), Mangin (2002), and Radi and de Vernal (2004). 
A complete list of taxa used for statistical treatment and 
the application of the bes.t analogue teChnique appears 
in Table 1. Counts of taxa in the 940 spectra of the 
reference database are reported following this taxa list 
(sec GEOTOP site, www.geotop.uqam.caj; see also 
MARGO data on the PANGAEA site, www.pan
gaea.de). 

2.1.3. The dinoeysl distribution in the calibrât ion 
database 

The overall dinocyst database, including 940 spectra 
and 60 taxa, has been subrnitted to multivariate 
analyses. Canonical correspondence analyses were 
performed using the CANOCO software of Ter Braak 
and Smilauer (1998) after logarithmic transformation 
(In) of the relative frequency of taxa. Such a transfor
ID.ation is important to discriminate dinocyst assem
blages in relation with environmental parameters 
because the dominant taxa are often opportunistic and 
ubiquitous, whereas accompanying taxa often show 
affinities for a narrow.range of given hydrographical 

parameters, such as salinity or temperature. The first 
and second axes, respectively, account for 14.9% and 
12.2% of the total variance. Their geographical dis
tribution and the weighting of the 60 taxa according to 
the two axes are shown in Fig. 2b. The spatial 

"d-iStiibution of the values for the first axis reveals a 
latitudinal pattern, whereas the scores of the second axis 
show a nearshore to ocean\c trend. Canonical corre
spondence analysis and cross-<orrelations of the axes 
witl! environmental parameters indicate that the assem
bia'ge distribution is predominanUy control\ed by SST 
.and sea-ÏCe coyer extent, and that salinity also exerts a 
determinant rcHe. The correspondence analysis results 
are consistent with those obtained from principal 
component analyses of samples from the North Atlantic 
and Arctic oceans (Rochon et al., 1999; de Vernal et al., 
2001), which also demonstrated the dominant effect of 
the temperature and salinity on the dinocyst 
distribution. However, at regional scales, parameters 
other than temperature and salinity may determine 
dinocyst assemblages. Such is the case of the northeast 
Pacific margins, where productivity as estimated from 
satellite imagery (Antoine et al., 1996) seems to be the 
parameter that is most dosely related to the spatial 
distribution of dinocysts in this area (cf. Radi and de 
Vernal, 2004). 

2.2. Hydrographie data 

Fol1owing the MARGO n:commendation for hydro
graphical data standardisation, we have uscd the 
seasonal means of surface temperature at 10rn of water 
depth compiled from the 1998 version of the World 
Ocean Atlas (cf. National Oceanographie Data· Center 
(NODC), 1994). However, at roany stations, tb~ data 
were not available. In such cases, we used ~onal 

means extracted from regional data sets, when pçssible. 
Alternatively, we have used the extrapolated fields of 
data available from the 1994 version ofthe Wode!; Ocean 
Atlas (cf. NODC, 1994), as developed for the n = 677 
database (cf. de Vernal et al., 2001). Fig. 3 il1ustrates the 
location of sites with available NODC (1998) data, and 
the location of the sites where we had to use other 
sources of hydrographie data. These sites are principally 
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Fig. 2 Geographical distribution oflhe Iirst two principal axes aS defined from canonical correspondence analyses (axes 1 and 2 in the upper left. and 
upper rigbt diagrams, respectively). [cading of the 60 dinocyst taxa in the 94Q spectra of the reference daubase according to axes 1 and 2 (Iower left 
diagram) and cross<orrelation matrit helween the axes and hydrographical parameters (Iower righl). Nole that analyses were performed on 
logarithmic (In) values of the relative frequency of taxa expressed in per mil, using tbe CANoco software of Ter Braak and Smilauer (1998). 

localed in the Arctic or along conlinental margins, In addition to summer and winter mean SSTs, we 
where instrumental data coverage is limited and where bave eompiled the summer sea-surface salinity from 
hydrographie conditions can be extremely variable from NODe (1994). Note tbat salinity is reporled as praetical 
one year to anotber. salinity units throughout the manuscript. We also 
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J 

" 

Hydrographie (Sst) data 
• NCDC-1998 (standard MARGO) 

" NCDC-1994 and olhe< GOurœ, • 

Fig. 3. Map sbowing the location of the 940 surlace sediment samples 
in Ihe calibration database. Differenl symbols illuslrale Ihe source of 
SST dala- The black: cirdes correspond 10 sites where hydrographie 
data from NODC (1998) fol1owing the standard delined fo~ MARGO 
are available..The open triangles co=pond 10 sites where NODC 
(1998) data were nol available, IUld where compilations we~ made 
from the regional databases or from extrapolaled values provided by 
NODC (1994). Details on the sources of these other dala can he found 
in de Vernal et al. (2001). The minimum (grey zone) and maximum 
(grcy line) limits of seo-iœ COVer are defined from a compilation of 

several sources. 

compiled the seasonal duration of sea-ice cover with
 
concentration greater than 50%, as expressed in number
 
of months per year after the 1953-1990 data set
 
provided by the National Oimate Data Centre in
 
Boulder. We have limited the database to areas with
 
salinity higher thnn 17 because instrumental data are
 
sparse and show very large dispersal of values at
 
nearshore and eStuarioesites of Jower salioities. The
 
summer and winter SSTs, the suromer salinity and the
 
sea-ice cover extent at each station of the n = 940
 
database, which we use for the application of the best
 
analogue technique, are archived on the websites of 
GEOTOP and PANGAEA. 

The relationships between the summer and winter 
SSTs, the summer salinity and the sea-ice cover extent in 
the n = 940 database are illustrated in Fig. 4. They show 
the combinations of summer temperature vs. wioter 
temperature, or sea-icecover or saJ1nity, and illustrate 
the range of hydrographical conditions we may thus 
reconstruet from dinocyst assemblages. It is of note that 
the range of salinity covered by the dinocyst database is 

Fig. 4_ Graph showing the relalionships of summer lemperature vs. 
winler temperalure, seo-iœ cover, and suouoer salinity in lhe n = 940 
dalabase. As in Fig. 3, the black circles correspond to siles where 
seasonallemperalure data from NQDC·(1998) -are availablc, and the 
open lriangles correspond 10 sites wberc olber sources of data had to 
he used. 

much larger than those of other rnicropaleontological 
tracers, notably planktolÙc foraminifera, which are 
much more stenohaline and representative of marine 
environments with salinity usually higher than 33 (Bé 
and Tolderlund, 1971). Diatoms that forro assemblages 
characterised by large species diversity in a wide range 
of salinities and ioclude sea-iee taxa would have been 
very useful as complementary indicators of sea-surface 
conditions. However, to date no attempt was made to 
set transfer functionsfor quantitative reconstruction of 
salinity and sea ice in' the North Atlantic. Moreover, in 
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the sediments of the last glacial episode, diatoms are not 
abundant and their assemblages suffer from poor 
preservation of the opal silica (Koç et al., 1993; 
Lapointe, 2000). 

The hydrographical pararneters we have used for 
reconstructions based on dinocysts are considered to be 
the most important determinants of the distribution of 
assemblages. In temperate marine environments, dino
fiagellates generally develop during the warmest part of 
the year, following the diatom bloom, and their 
maximum growth rate oecurs when close to optimal 
temperature establishes (faylor and Pollingher, 1987). 
The summer SST or the maximum SST is thus the 
parameter exerting the most influential role on the 
distribution of dinoflagellate population in the upper 
water column, as reflected by the cyst populations in 
sediment traps (cf. Godhe et al., 2001) or in sediments. 

applied. In the case of the best analogue technique, we 
can use the entire database, without any discrimination 
of talta and sites. In the case of the artificial neural 
network technique, however, the definition of regional 
calibration data sets with a reduced number of taxa 
would be a requirement. This is a step which may 
eventually help to constrain the accuracy of estimates, 
but which also relies on subjective decisions regarding 
the uitimate list of taxa and the geographical limits of 
the regional databases. Thus, we made the choice to be 
conservative by applying the best analogue technique, 
foUowing the procedure adapted from the software of 
Guiot and Goeury (1996), which can he summarised as 
follows: 

Prior to data analyses for the search of analogues. a 
few transformations are made. The abundance of taxa 
relative to the SUffi of dinocysts is calculated in per 

(sec Fig. 2). Salinity is also a very important parameter' ,'." thoùsand instead of percentages in order to deal with 
controlling the distribution of assemblages since the 
range of salinity tolerance varies among species, with 
euryhaline ..taxa being abundant in nearshore and 
estuarine environments as seen in living populations 
(faylor and Pollingher, "1987) and cyst assemblages in 
sediments (e.g., de Vernal and Giroux, 1991). In 
addition to temperature and salinity, the annual cycle 
of temperature or seasonality most probably exerts a 
deterrninant control on the lifc cycle of dinoflagellates, 
notably on the respective duration of vegetative vs. 
encysted stages. The seasonality can be expressed as the 
difference between the warmest and the coolest tem
peratures. It can also he expressed as the length of the 
season during which autotrophic or heterotrophic 
metabolic activities are interrupted, because of limited 
light due to sea-ice cover or to reduced primary 
production. TIùs would explain how the seasonal 
duration of sea-ice cover is one of the parameteI'S that 
can be reconstructed using dinoflagellate cyst assem
blages. 

2.3. The approach for quantitative reconstructions 

Different approaches for estimating past sea-surface 
conditions based on' dinocyst assemblages have been 
tested, including canonical œgressions, several variants 
of thebest a·nalogue technique (de Vernal et al., 1994, 
1997, 2001; Rochon et al., 1999), and the artificial neural 
network technique (Peyron and de Vernal, 2001). 
Validation tests revealed that the best analogue and 
the al'tificial neural network techniques may yield 
similarly accurate results (cf. PeYTOn and de Vernal, 
2001). Nevertheless, we have decided to use here the best 
analogue technique because it requires the least manip
ulation and transfOl'IDation of data. The database, 
which covers three oceans, several epicontinental seas, 
and includes 60 taxa, implies distinct strategies of 
preparation depending upon the technique to be 

whole numbers and to avoid decimals for further In-
transformation. One (1) is added to ·the frequency of 
each taxon in order to deal with values greater than 
zero. Another minor transformation consists of adjust
ing tht;. frequency data rangiog between 2 and 5 to the 
value 'of 5 in order to make a better discrimination 
between absence (= 1) and presence (> 5). This 
transformation is further justified because of the count 
limit, which is as low as 100 or 200 specimens in sorne 
instances. The zero e1ements are thus replaced by a value 
lower than the precision witb which data were produced 
(cf. Kucera and Malmgren, 1998). Aller these transfor
mations, a distance (d) betwecn the spectrum to be 
analysed (t) and the spectra in the refel'ence database (i) 
is calculated based on the difference in relative 
frequency (j) for each taxon (j= 1-60) as follows: 

" 
d = L~nfij -lnf,jt 

j=1
 
1
 

For estimating hydrographical conditions, we have 
used the live best analogues, which are the five modem 
samples with the lowest "d" values. The estimate for the 
"most probable" hydrographical values is obtained by 
calculating an average of the values for the five best 
analogues, weighted inversely by the distance. This most 
probable estimate is included within an interval corre
sponding to lower and upper limits, which are defuled 
fTOm the variances of the values below and above the 
most probable estimates, respectively. This technique 
leads to the calculation of a confidence interval that is 
not necessarily syrnrnetric around the most probable 
estimate. 

2.4. Validation of the approach 

The degree of accuracy of reconstructions can be 
evalliated based on the estimations of the modern win..oter 
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and surnmer temperatures, sea-Îce cover and summer 
sea-surface salinity, which were made based 00 the 
calibration data excluding the spectrum to analyse 
(Ieaving-one-out technique; see Fig. 5). The linearity of 
the relationship with a slope close to one, and the 
coefficients of correlation between estimates and ob
servations provide a first indication of the reliability of 
the approach. The degree of accuracy of the reconstruc
tion is constrained by the standard deviation of the 
difference between estimates and observations. Values 
of ±1.2 and ± I.7·C have been calculated for the winter 
and summer SSTs, respectively, ± 1.7 for the salinity, 
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and ±1.3 monthsfyear for the sea-ice cover. On the 
whole, the degree of accuracy of estimates is of the same 
magnitude as the standard deviations around the mean 
for modern SST, salinity or sea-ice cover values 
collected iostrumentally during the last decades (see 
also Rochon et al., 1999; de Vernal and Hillaire-MarceJ, 
2000). The degree of accuracy is betterin open oceanic 
regions characterised by salinity higher than 33, and 
shows a larger spread of data in continental margin 
areas, estuaries, and ice marginal zones that are marked 
by highly variable hydrographical conditions on aonual, 
decadal to centennial time scales. In the case of the 
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Fig. S. Results of the validation test for the reconstruction ofSST, salinity and sea-ire cover. The x-axis shows hydrographie averages resulting fro"" 
instrumental observations. and y-axîs shows estÎmates from the dinocyst data after the procedure deseribed in tbe texl. The coefficients of conelatiol>! 
(r) and the standard deviation (a) of the dilTerence between reconstruction and observation (i.e., the equivalent of the Root Mean Square Error of 
Prediction) provide the degree of aceuracy of estUnates. These accuracy indicators were calculated for ail data points (n = 940) although the predictioll< 
error c!early depends upon the .geographical domain considered. 
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Canadian and Russian Arctic, there is a particularly 
large error for salinity, and to a lesser extent for 
temperature, wlùch cao be explaioed by the high 
variability of these parameters and by the lack of 
accuracy of instrumental data (e.g., Mudie and Rochon, 
2001). We estimate that about half of the spread of 
estimated vs, observed values could be attributed to 
inaccurate hydrographieal measureroents. 

2.5. Definition of reliabiliry indices 

Ali methods developed for quantitative reconstruc
tions of hydrographic parameters based on microfossil 
assemblages have intrinsic uncertainties due tothe 
accuracy of the calibration databases lhemselves. An
other source of uncertainty derives from the assumption 
that the present relationships between hydrographical 
parameters and microfossil assemblages were identical 
in the past. When dealing with past intervals such à's the 
LGM, this assumption is debatable because conditions 
of biological production were different than at present. 
Therefore, the reliability of reconstructions is a question 
that has to he addressed. 

ln order to define a reliability index, we have used the 
degree of similarity between microssil spectra from 
LGM and modern based on the distance "d" as 
described above. From the calibration database, a 
threshold value of acceptable distance has been set on 
probabilistic grounds (i.e., a Monte-Carlo approach) for 
identilicatiop. of a non-analogue or poor-analogue 
situation. In the case of the Northern Hemisphere 
n = 940 database, the distance between pairs randornly 
taken in the database averages 130.87 with a standard 
deviation of 56.46. The average minus standard devia
tion gives a tmeshold distance (here, 74.39) below which 
we consider the siinilarity to he significant. On these 
grounds, we defined a reliàbilily index according to tmee 
categories (cf. Fig. 8): 

(1) Good analogue situation when the distaoce is 
between 0 (perfect analogue) and half of the thresh
old value (37). 

(2) Acceptable analogue situation when the distance is 
between half of the threshold value and the thresh
old (37-74). 

(3) Poor analogue situation when the distance	 of the 
closest analogue is lllgher than the calculated 
threshold (> 74). 

The reliability index should he further constrained by 
the cOncentration of dinocysts,. which depends 00 

productivity and cyst fluxeS, and sediment accumulation 
rates. When productivity and fluxes are low, reworking 
wi1l have an increased influence on the assemblages and, 
therefore, on the reconstructed sea-surface conditions. 
Here, we have used a threshold value of 100 cysts/cm3 to 

define critically low concentration. Taking ioto account 
sedimentation rates of 10 cmfkyr, tms concentration 
value corresponds ta a flux of the order of 1 cyst/cm2

/ 

year. For comparison, such a flux is lower than that of 
the modern Labrador Sea by one order of magnitude 
(Hillaire-Marcel et al., 1994), but is similar to the one 
presently recorded in the Baffin Bay basin (Rochon and 
de Vernal, 1994). In Table 2 and Fig. 8, "X" signs 
indicate which sites are characterised by critically 
10w concentrations, below the threshold value of 100 
cysts/cm3 

. 

3. The LGM sea-surface conditions based 00 dioocyst 
data 

..., . .3:1. 'l'he coring sites 

A total of 65 cores have been analysed for their 
palynological content (see 'Fig. 6, Table 2) in order to
reconstruct LGM conditions. Most of the cores are from 
the northem North Atlantic and adjacent subpolar seas: 
Labrad~r Sea and Baffin Bay, Irminger Basin, Norwe
gian and Greenland seas. One core from the Gulf of 
Alaska in northeastern North Pacific and one core from 
the western Mediterranean were also analysed. 

The LGM time slice (~23,OOO-I9,OOOcal. years BP) 
has been defined following the recommendation made at 
the fust EPILOG Workshop (cf. Schneider et al., 2000; 
Mix et al., 2001). In most of the cores, the LGM is 
defined with a good level of accuracy. Il is based on 
i-adiocarbon dates, lithostratigraphical boundaries pro
vided by the Heinrich layers Hl and H2, magnetic 

180susceptibility or paleointensity correlations, and/or 1) 

stratigraphies. References about the stratigraphy of 
mos!. cores we refer to can be found io de Vernal et al. 
(2000) or on the GEOTOP and PANGAEA websites. 
Additional infonnation about the stratigraphy of the 
Mediterranean Sea core ODP161-976c is provided by 
von Grafenstein et al. (1999) and Combourieu-Nebout 
et al. (2002) and the stratigraphy of northeastem Pacific 
core PAR87-AIO can he fo~nd in de Vernal and 
Pedersen (1997). Stratigraphical data about the North 
Atlantic cores MD95-2002, MD95-2009 and MD95
20\0 can be found in Zaragosi et al. (2001) and Eynaud 
et al. (2002), and about core MD99-2254 in Solignac 
et al. (2004). 

3.2. The LGM dinocyst assemblages and Iheir modern
 
analogues
 

ln many cores, the sediments of the LGM contain 
sparse palynological assemblages, with very low dino
cyst concentrations. A few cores from Baffin Bay, and 
from the margins of Labrador and Greenland have 
revealed barren samples, with cyst concentration lower 



Table 2 
Summarised infonnation about me cores analysed ",nd the sea-surface condiùon~stimatesbased on dinocyst data 

Cores Latitude lODgit\lde 11 nt ADDUal SST Summer SST Wint" SST Salioi!)' lce cover d---4irsl 'D.logue J-fiflh analogue 

Mean St. dev. Mean St. d,v. Mean St. dev. Mean St. d,v. M,,,,, St. dev. Me.D St. dev. Mean St. deY. 

Di.oocy" Rcü.bilily 
concentration iode.x 

HU-76-029-033 71.33 -64.27 2 5 -0.2 0.1 1.9 0.2 -1.9 0.1 29.7 3.6 . 9.3 0.9 27.0 31.9 34.0 22.2 
M\.7045 52.43 -16.39 2 2 7.1 1.1 10.7 0.8 4.5 1.0 34.2 0.1 0.2 0.3 40.3 1.8 51.9 3.5 
M17724 76.00 8.33 4 6 6.7 2.4 12.4 3.3 1.7 1.9 31.1 0.5 1.5 2.7 47.8 14.9 59.1 16.8 
M23041 68.68 0.23 0 1 - - - - - - - - - - - - - -
M23071 67.08 2.90 4 4 7.9 1.4 13.3 0.4 4.1 2.1 33.0 1.0 0.4 0.5 52.6 11.1 65.1 10.4 
M23074 66.66 4.91 5 5 4.5 4.1 9.7 4.6 0.2 1.6 31.5 0.7 3.7 13 35.4 10.6 44.9 13.8 
M23259 72.03 9.27 11 Il 6.8 l.S 13.0 1.1 1.8 1.7 31.5 0.7 1.3 1.1 35.5 12.6 43.4 14.1 
M23294 72.36 -10.36 2 3 8.2 0.9 11.8 1.9 5.5 0.5 34.2 0.1 0.0 0.0 55.0 13.0 72.2 17:3 
M23519 64.83 ...,29:56 2 4 6.9 0.2 10.2 0.5 4.7 0.1 33.9 0.7 1.5 1.3 20.5 11.2 37.1 3.1 
'MD95·2002 47.45 -8.53 8 19 7.5 1.2 12.9 1.3 3.5 1.9 32.4 1.2 0.2 0.4 36.0 10.1 41.5 11.5 
MD95-2009 62.74 -4.00 5 8 6.7 3.0 12.4 4.1 l.S 2.9 31.4 1.4 1.3 2.5 33.8 8.2 41.8 9.0 
MD·95-2010 66.68 4.57 25 35 4.3 1.7 9.9 3.1 -0.2 0.8 31.6 0.7 3.0 1.9 27.1 9.5 34.8 10.6 
POSOO06 69.20 -16.81 0 2 - - - - - - - - - - - - - -
POS0020 67.98 -18.53 7 7 8.4 1.4 13.0 1.4 5.0 2.0 33.2 J.l 0.4 0.8 42.6 12.7 50.8 110 
PS 1842-6. 69.45 -16.52 8 11 7.4 I.S 12.9 1.0 3.3 2.2 31.7 1.3 1.0 0.9 49.0 22.9 58.0 21.3 
PS1919-2 74.98 -11.92 0 10 - - - - - - - - - - - - - -
PS1927-2 72.48 -17.12 0 7 - - - - - - - - - - - - - -
PSI951.1. 68.83 -20.81 0 7 - - - - - - - - - - - - - -
SU8118 37.78 -10.19 9 13 10.7 7.3 13.0 8.5 8.9 6.2 34.6 1.8 2.8 4.8 86.7 20.7 110.9 217 
SU9016 58.22 -45.16 7 7 4.4 3.2 7.7 4.6 2.2 2.6 33.2 1.4 10 3.9 55.5 30.7 66.2 27.5 
SU9019 59.53' -39.47 7 8 6.7 1.0 9.5 1.0 4.6 1.0 34.3 0.6 0.7 1.0 48.5 ... 24.6 61.8 28.4 
SU9024 62.67 ...,37.38 4 7 6.7 1.0 10.1 1.0 4.3 LI 34.0 1.2 0.3 0.4 51!~ 27.1 64.0 30.6 
SU9032 61.7'9 -22.43 7 7 6.0 1.2 10.2 1.9 .3.1 1.5 33.3 1.3 1.0 1.0 413, 19.0 50.8 22.8 
SU9033 60.!7 -22.08 ! ! 7.0 1.6 11.9 2.3 3.6 2.1 310 1.8 0·2, 1.0 32,0,' 13.6 44.5 12.6 
SU9044 50m -17.10 2 2 8.8 1.1 11.7 1.7 6.6 0.6 34.7 0.6 0.0 0.0 60.2 0.1 71.9 7.5 
MD95-2033 44.66 -55.62 22 22 7.1 1.7 l3.l 1.4. 2.J 1.7 31.4 0.5 0.7 1.0 23.0' 4.6 30.1 4.9 

55.51NA87-22 -14.71 6 6 6.0 1.2 8.9 2.1 3.7 0.8 34.3 0.7 ,1.7 1.6 40.9 9.9 57.5 4.9 
PS173~2 70.12 -17.70 Barren Buren Sallen BarnD Barrrn Barreo Banco Barren Buren 8arrcD BarroD Barrtn Banco Banco Barren Barren 
SU8147 44.90 -3.31 17 17 7.6 l.S 13.3 1.5 3.2 2.1 32.2 1.0 0.6 0.9 48.0 11.1 57.7 10.0 
SU9039 52.57. -21.94 1 1 6.0 - 8.8 - 4.0 - 35.0 - 0.0 - 68.6 - 80.7 -
'MD99-2254 56.80 -30.66 5 5 6.7 1.0 9.6 1.2 4.6 0.8 34.6 0.6 0.6 1.0 37.2 13.6 53.1 9.1 
'PAR87-AIO 54.36 -148.47 3 3 3.3 3.1 9.6 1.2' 4.6 0.8 32.2 2.1 0.6 1.0 37.2 13.6 53.1 9.1 
·ODPI61·976e 36.21 -4.31 7 7 11.3 2.6 16.4 3.1 7.1 2.6 33.1 1.0 0.1 0.3 73.9 7.6 82.6 8.3 
HU-77-02MI3 68.45 -63.53 Barren Barree Barren Barren Barren Barree Barree Barree Barren Barnn Barren Buren Barren Barr~D Barren Barren 
HU-84-03~003 53.32 -45.26 0 3 - - - - - - - - - - - - - -
HU-84-03O-021 58.37 -57.50 13 13 -0.3 1.7 1.2 2.6 -1.2 1.0 31.1 1.7 9.1 2.~ 25.6 17.8 33.2 19.1 
HU-85-027-016 70.51 -64.52 Barren Barreo . Barree 8arrcn Barren Barren BarreD Barren Barren Barree Banee Banen Barren Bance Barren Barren 
HU·86-034-040 42.63 -63.10 5 5 6.4 J.J 12.6 0.5/ 1.7 1.7 31.6 0.7 1.7 0.6 20.5 7.2 27.2 5.8 
HU-87-033·007 65.40 -57.42 2 9 -0.7 1.1 0.1 1.3 -1.2 0.9 30.9 1.0 10.5 0.5 35.4 4.3 51.7 5.0 
HU-87-D3>-.008 62.64 -53.88 7 7 .0.0 2.4 1.6 4.1 -1.5 0.5 .31.5 0.6 9.3 3.1 25.6 .9.2 36.0 10.6 
HU-87-033.009 62.51 -59.44 6 8 0.1 1.2 1.4 1.6 -0.8 0.6 31.1 0.7 9.6 1.1 25.7 16.3 41.5 20.7 
HU-90-013·012 58.92 -47.12 2 II 9.8 0.3 14.4 1.4 5.9 1.6 32.8 0.4 0.2 0.2 44.2 9.7 68.0 6.5 
H U·90·0 13·0 13 5UI -48.37 8 8 7.1 2.8 11.5 3.2 17 3.1 32.8 1.7 1.0 1.7 38.1 17.9 49.7 19.9 
H1)-90-0 15·0 17 42.78 -61.65 7 7 5.4 2.5 10.7 15 1.4 1.9 31.S 0.6 2.6 2.0 31.7 8.9 38.1 12.1 
HU-91-02~013  41.83 -6233 6 6 5.9 3.7 10.9 5.2 1.4 2.4 30.1 1.5 2.5 3.7 25.8 5.4 35.0 9.1 
HU-91-045·025 55.03 -52.13 0 8 - - - - - - - - - - - - - -
H U-91-04 5-044 59·.36 -43.45 4 5 -1.5 0.1 -0.8 0.1 -1.7 0.2 31.4 0.4 11.2 0.1 34.4 4.1 56.5 9.9 
H1)-91-045-052 59.49 -39.30 7 9 6.3 2.2 10.2 2.5 3.6 2,5 33.0 2.0 1.7 2.5 49.2 9.6 60.1 5.3 
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Table 2 (continued) 

Cores Latitude Lon8itude n nI Annual SST Summer SST Winler SST Sallnity Icc cover d-fi",1 analogue d-lifth analogue Dinocyst Reliability 
c~:meto1ration  iodex 

Mean SI. dev. Mean SI. dev. Mean St. dev. Mean SI. dev. Mean St. d~v. Mean St. dev. MeaD St. dey. 

HU·91·045-058 59.84 -33.57 10 10 8.5 3.1 12.4 3.4 504 2.9 33.2 1.4 0.6 1.3. 54.6 9.5 66.6 9.7 75 2X 
HU·91-045-064 59.67 -30.57 6 6 7.7 1.8 lU 2.4 5.3 1.2 34.0 0.6 0.4 0.7 56.6 11.0 68.7 10.9 65 2X 
HU-91-045-0na 58.94 -28.74 9 9 5.2 2.8 7.9 3,8 3.4 2.2 33.6 1.0 2.9 2.9 49.4 20.9 66.1 22.7 70 2X 
HU-91-045-074a 55.74 -30.22 5 5 7.8 2.4 11.7 2.7 4.9 1.8 34.2 0.6 0.2 0.3 60.2 9.3 71.1 10.0 76 2X 
HU-91·045·080a 53.07 -]3.52 . 10 10 8.5 2,3 12.9 2.8 5.2 2.5 33.2 lA 0.5 0.9 65.5 16.8 75.3 20.6 104 2 
HU-91-045-082a 52.86 .-35.53 5 10 9.9 2.8 15.4 2.9 5.6 2.8 33.0 lA 0.4 0.7 65.2 17.2 77.5 19.2 47 lX 
HU-91-045·085 53.97 -38.64 3 3 11.0 3.0 14.8 2.9 8.1 2.8 33.5 0.7 0.2 0.3 62.5 8.9 8U 4.1 134 2 
HU-91-045-Q91a 53.33 -45.26 14 14 8.5 4.1 11.7 4.3 6.1 3.8 33,8 1.3 1.1 1.8 75.4 21.1 91.6 20.4 38 3X 
HU.91.045.094a,c 50.20 -45.68 27 27 0.5 2.2 2.5 3.5 -0.7 L2 31.0 1.8 8.4 3.1 30.3 19.2 39.6 20.5 )526 1 

AII-94-PC3 62:09 -16.62 2 2 4.7 2.4 7.7 2.8 2.6 2.1 31.8 1.4 4.1 2.4 24.5 9.7 34.2 6.0 415 1 
D89-BOFS·5K 50.69 -21.86 6 6 9.8 3.8 14.3 4.1 6.2 3.6 33.8 L6 0.1 0.2 61.5 18.5 77.4 22.4 195 2 
HM52·43 64.25 0.73 3 3 6.8 1.4 12,8 2.3 2.2 1.9 31.8 1.0 0.8 1.4 44.5 5.2 55.5 15.5 1143 2 

HM71·19 69.49 -9.53 1 1 8.8 - 13.8 - 5.4 - 33.6 - 0.0 - 65.6 - 80.3 - 152 2 

HM80-30 71.80 1.61 2 2 8.7 0.1 13.3 0.3 5.5 0.4 34.0 0.2 0.0 0.0 62,0 0.9 78.2 1.2 146 2 

HM94-13 71.63 -1.63 1 1 3.3 - 6.4 - 1.1 - JI.9 - 5.3 - 63.6 - 69.3 - 238 2 
HM94-25 75.60 1.30 1 1 7.1 - 10.9 - 4.1 - 33.0 - 2.2 - 63.J - 76.7 - J7 lX 

HM94.-34 73.78 -2'.54 3 3 8.7 1.6 13.0 1.7 5.5 L7 33.6 L2 0.7 1.2 71.8 22.0 88.8 30.6 202 2 
MI7730 n:05 7.31 1 1 9.2 - 13.6 - 5.8 - 33.9 - 0.0 89.1 - 101.4 - 3~ 

AU cores analysed for their LGM pa1ynological content are listed in the table, The core location is a1so illustrated in Fig. 6. LGM da~il.  for the cores marked with an asterisk are reporled in lhis 
manuscrip! for the fust lime. For ail other cores, the reconstructions are updated from those publisbed previously by. de Vernal et al:: 0000). Tbe columns "n" aod "Dt" refer respectively to tbe 
oumber of spectra used for LGM reconstruction and to the total number of samples analysed in the LGM interval. Th~  difference bet",een the two numbers corresponds lb lhe spectra discarded 

because of too low cyst counts, or no analogue situation. The mean and standard deviation (std. dev.) for each parameter are calculated on lbe basis of tbe most probable estimate of the "n" speclra 

retaioed for reconstructions. Tbe mean dislances of Ihe Dm and firtb analogues also refer 10 the "n" speelra used {cir,re~onstructions.When available, the concentration of dinocym i 

tv 
.j:::. 
tv 
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Fig, 6. Location map of Ihe cores used 10 reconslrucl sea-surface conditions during the lGM based on lransfer functions using dinocy'-l assemblages 

(see Table 1 for core coordinates). 
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lhan 10 cysts/cmJ (see Table 2), which we have 
interpreted as the result of limited biogenic production 
because of permanent or quasi-permanent sea-ice coyer 
(see also de Vernal et al., 2000). In other cores, some 
samples· within the LGM inter val yielded low dinocyst 
concentrations « 40 cysts/cm\ and their spectra were 
discarded (see Table 2 and Fig. 8; detailed counts and 
raw data tables are archived in the PANGAEA database 
and at GEÜTüP). 

As a general feature, the LGM samples from the 
northern North Atlantic contain dinocyst assemblages 
characterised by low concentrations, generally ranging 
between 101 and 10Jcysts/cmJ, with higher values 
recorded along the margins of southeastern Canada 
and off western Europe and Scandinavia (Table 2). ln 
the calibration database established from surface se'd,ic..; " 
ment samples (Rochon et al., 1999), the abundance·of 
dinocysts is also at a maximum along the margins off 
southeaslern Canada, Western Europe and Scandinavia. 
However, lhe concentrations are higher by one order of 
magnitude than those of the LGM samples. The low 
dinocysts concentrations in the LGM sediment samples 
indicate low productivity, due to low nutrient input and/ 
or harsh conditions. Beyond these broad featmes, the 
dinocyst assemblages show sorne peculiarities in corn
parison with the modern ones: 

(1)	 The assemblages recovered along the continental
 
margins of northeastern Canada and Scandinavia
 
show a major southward shi ft of taxa usllally
 
associated with sea-ice coyer, notably lslandiniwn
 
minulUm (Fig. 7a). Such assemblages ha ve close
 
modern analogues, and reveal more e'xtensive
 
seasonal sea ice, and much colder than present
 
conditions especially in winter.
 

(2)	 The offshore assemblages of the northern North 
Atlantic and adjacent subpolar seas are ail char
acterised by high percentages of BitecCalOdinium 
tepikiense (Fig. 7b), as already documented from 
many studies (e.g., Turon, 1984; Duane and Har
land, 1990; Graham et al., 1990; Eynaud et al, 
2002). In surface sediment samples, this taxon is 
common but rarely exceeds 10% of the assemblages. 
Its modern occurrence has been associaled wilh the 
cool tempera te domain (Turon, 1984) and with the 
subpolar-temperate boundary in the northern North 
Atlantic (Dale, 1996). High percentages (> 10%) of 
B. /epikiense have been reported at middle'latitudes: 
in the North Sea and along the margins of south 
eastern Canada (Rochon et aL, 1999), with max
imum abundances (up to 60---80%) in bays of Maine 
and Nova Scotia (Wall et aL, 1977; Mudie, 1992). 
The modern distribution of B. /epikiense indicates a 
tolerance to a wide range of saliniti'es and tempera
tures in winter, and a preference for summer 
temperatures greater than 10°C. Its maximum 

occurrence in coastal bays of soulhern Nova Scotia 
(Mudie, 1992) suggests special affinities for stratified 
surface waters characterised by large seasonal 
amplitudes of temperature from winter tci summer 
(up to 15°C) and low salinity (J0-32roo). Therefore, 
the LGM dinocyst assemblages recovered offshore 
in the northem North Atlantic demonstrate very 
different conditions than at present. They show a 
relativelyhigh degree of dissimilarily when compared 
to modern spectra, and the closest modern analogues 
for these assemblages are localed in nearshore 
environments of the cool temperate domain. 

3.3. The reliabilily of sea-surface condicion estima/es for 
che LGM 

Beyond intrinsic limitations of any approaches base<:! 
on the use of microfossil assemblages for quantitative 
paleoceanograplùcal reconstructions, we have' tried to 
c1anfy the reliability of estima tes from dinocyst data 
usi",g the indices defined in Section 2.5 (see Fig. 8 and 
Table 2). The reliability index based on the distance 
reveals good analogue situations for most sites locaf.ed 
along the continental margins of eastern Canada and 
Scandinavia, in addition to li few offshore sites from the 
lceland Basin, Irminger Sea, Baffin Bay, and Labrador 
Sea in the northern North Atlantic, and the Gulf of 
Alaska in the North Pacific (Fig. 8). At these sites, the 
LGM dinocyst concentrations are moderately high, with 
the exception of sites from lhe Irminger Basin and Baffin 
Bay. Therefore, despite sorne limitations, the reliability 
of LGM sea-surface condition estima tes for the soulh
eastern Canadian margins, Labrador Sea, lceland Basin 
and eastern Norwegian Sea is reasonably high, witbin 
the range of accuracy defined by the validation exercise 
(Section 2.4). 

The reliàbility index based on the distance shows 
acceptable but weak analogue situations in many cores 
of the northern North Atlantic, and the Greenland alld 
Irminger seas. The weak analogue situation is notalillly 
due to the Iùgh frequency of B~' /epikiense in LGM 
assemblages, which have no close equivalent in offshOl1'e 
areas of the modern dalabase. Al the sites from rB1e 
Greenland and Inninger seas, the situation is partiClll
larly critical in view of the low dinocyst concentratioms. 
ln these areas, the confidence level of reconstructions, is 
therefore lower. 

3.4. ResulCs 

3.4.1. Sea-surface tempera/ures 
The SST estimales based on dinocyst assemblagles 

reveal LGM conditions that differ significantly from Nhe 
modern situation with regard to the geographical 
distribution pattern of temperatures (Fig. 9). Wh~ile 
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Fig. 7. Gcographical distribulion pallems of Iwo characleriSlic dinocysl Laxa in Ihe modern (Icft diagrams) and 'LGM (righl diagrams) dalabases. 

<a) Pcrcen"'ges of 1. minu/um; and (b) pcrcen"'gts of B. I<pikiul$<. 
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the reconstructed LGM seasonal contrast of tempera
ture in surface waters is larger than at present. 

3.4.2. Sea-surface sa/inities 
A particular feature of sea-surface condition estimales 

in the northern North Atlantic during the LGM is the 
low sali nity, below 35, even at the most oceanic sites (see 
Fig. 10), which is much lower than at present. Very low 
salinities, ranging from 30 to 32, are reconstructed along 
the northeast margins of North America and off 
Scandinavia. The particularly low salinity recorded in 
surface waters of the Labrador Sea corresponds to areas 
also marked by extensive sea-ice coyer. In such cases, the 
dilution in surface water can be associated with summer 
melting of sea ice. Sùch is not the case along the eastern 
Norwegian ànd southeastem Canadian margins, where 

.,' . ',the estimated average duration of seasonal sea ice 
" , during the LGM was restricted to a few weeks per year 

(cf. Fig. 10). The distribution pa!tern of sea-slirface 
salinity estimates may Îndicate significant dilution 
resulting from meltwater discharges along the margins 
pf the Laurentide and Fennoscandian ice sheets, which 
reache<! their maximum extent at that time. 

ln 'the offshore domain of the northern North 
Atlantic, the reconstructed sea-surface salinity ranges 

Fig. 3.' Schcmatic illuslration of the reliability of eslÎmatcd sea-surface up to 35. This is lower by about one uni tas compared to 
conditions for Ihe LGM based OD dinocyst data: Ihe me3n distance of the present, suggesting that the dilution in surface 
the closest modern analogues pcrmits the definition of a rcliability waters was significant, beyond the degree of uncertain
index lhal 1S further conslrained from the dinocys\ concentrations 

ties of the reconstructions. The negative LGM anomaly(fable 2). Pale circles represent sites of relalÎvely reliable LGM 
estimat.es and dark circles marked with "X" corlCSpond to siles of less of salinity in the northern North Atlantic is even more 
rcliable LGM estimates (sec lexl, Section J.J). significant when taking into açcount that the salinity of 

the global LGM Ocean was higher than at present by 
approximately one (e,g., Broecker and Peng, 1982), 

some regions show negative anomalies (i.e., LGM minus 
present) as large as 10°C, others are characterised by 3.4.3. Sea-ice caver exten( 
insignificant difference or even positive anomalies (Fig. ln polar and subpolar environmenls, sea ice is a 
9; Table 3). parameter closely interrelated with temperatutre and 

ln the northwest North Atlantic, off the eastern salinity. The freezing of sea water is accompanied by 
margin of Canada, very cold conditions are recorded, brine formation (e.g., Gascard et al., 2002), which 
both in summer and winter. Offshore, a sharp gradient usually sinks and may contribute to deep mixing, 
of increasing teinperatures is reconstructed, especially whereas the summer melt results in a low-salinity 
for the summer (Fig. 9). Over mid-latitudes, summer buoyant upper water laye~, Thus, sea ice ex:erts a 
SSTs ranging up to 19 oC reveal relatively miId condi primary control on the thermohaline structure of the 
tions, but still significantly cooler than the modern ones upper water mass and develops seasonally in arcas that 
at most sites. ln the subpolar basins of the irminger, are often characterised by a strong stratification in the 
Greenland and Norwegian seas, however, LGM recon water cohunn, at least during summer. 
structed summer SSTs are warmer than present (Fig. 9). The LGM sea-ice distribution shows very imp<ürtant 
The estimated SSTs in win ter are less extreme, showing gradients in the northern North Atlantic, wi<1h an 
colder to cooler conditions than at present at most extensive cover in Baffin Bay and along the C'astern 
locations. The only exception concerns the Greenland continental margin of Canada and Greenland. A~ these 
Sea where warmer than present conditions are recon locations, theproximity of the ice sheet margins, which 
structed. This is a peculiar, but apparently consistent were grounded on the shelves, may have fostered .dense 
feature. sea-ice formation: meltwater discharge from the b:ase of 

On the whole, the anomalies in SSTs are more the ice sheets together with iceberg flux no doubt 
negalive in winter than in summer (Fig. 9). Therefore, resulted in the existence of a low saline and coldsltlfface 
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Fig 9 Maps showing LGM SST estimales in summer (upper left diagram) and winler (botlom left diagram) and the LGM vs. modern SST 
anomalies in summer (upper right diagram) and winter (botlom rigbt diagram). Note lbal anomalies wilhin the ±1.5 oC range are not considered to 
be signifi~ntlal<ing into accountthe accuracy of reconstruction and lhat of modern hydrographical averages (see lexl, Section 3.4). The continental 
ice limits are delimiled aner .Peltier (1994). 

water layer leading to seasonal freezing and pack ice 
development as in modern circum-Antarctic seas. 

In sorne of the cores, the palynological analyses reveal 
barren or close to barren assemblages, which we 
associate to a close to nil productivity due to permanent 
or quasi-permanent multiyear sea ice, as it is the case in 
areas of the Arctic Ocean with permanent pack ice (cf. 
Rochon et al., (999). Close to barren assemblages are 
recorded in Baffin Bay, on the slope oiT Labrador, and 
along the eastern Greenland margins (see Fig. 8). 
Analyses of nearby sequences (from Baffin Bay, and 
Labrador Sea, notably) support an interpretation of 
quasi-perennial sea ice, with extensive coyer of more 
than 9 rnonths/year. On these grounds, we rnay 
tentatively draw the probable limit of quasi-permanent 
sea ice during the LGM (see dashed gray line in Fig. 10, 
upper left), which seeros to have been close to the limit of 
the continental shelf oiT eastern Canada and GreenJand. 

LGM data also indicate that the North Atlantic was 
characterised by a zone with dense sea-ice coyer that was 
relatively narrow and confined to the eastern continental 
rnargins. Offshore, in subpolar seas, seasonal sea ice 
spanning up to a few weeks or a few months per year is 
reconstructed. The heterogeneity in estimates from one 
site to another in the Irminger Basin or the Greenland
Norwegian seas can be attributed to the extreme 
variability of the sea·ice parameter both in time and 
space (Comiso, 2002). In the eastern sector of the North 
Atlantic south ofabout SooN (see the dashed pink line in 

Fig. 10, upper left), however, the data are not equivocal 
and show that ice-free conditions prevailed throughout 
the year on an average basis. 

3.5. Comparison wi/h previous LGM es/ima/es based on 
dinocys/s 

As rnentioned before, this manuscript presents an 
update of the LGM reconstructions published by de 
Vernal et al. in 2000. Most primary data are the same, 
with the exception of a few additional sites or additional 
spectra for sorne cores (Table 2). However, there are 
sorne diiTerences in the data bases used for reconstruc
tions, as summarised below. 

(1) Here,	 we used seasonal averages of SSTs at 10m 
depth from NOn (1998) as prescribed for the 
MARGO intercomparison exercise, instead of 
monthly averages compiled at Om depth, mainly 
on the basis of the data comprised in the 1994 
version of the NOnC Atlas. The diiIerences frorn 
the temperatures compiled as described above are 
relatively low on the average but show a rather large 
dispersal as illustrated in Fig. Il. The August SSTs 
at Om in the NODC·1994 data set are slightly higher 
than the summer SSTs at 10m in the NOnC-1998 
data set, with an average difference of 1.0 ± 1.1 oc. 
Inversely, the February SSTs at Om in the NOnC
1994 data set are slightly lower than the winter 
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Table) 
Anomalies of sea·surface conditions bClwcen the LGM and the modern 

Cores Longitude Lalilude Annual SSTs Win ter SSTs Summcr SSTs Salinily Se:J, ice (monlhs/yeJr) 

LGM Modern d LGM Modern d LGM Modern d LGM Modern il LGM Modern il 

HU·76·029·0n -64.27 71.3J -0.2 -0.2 0.0 -1.9 -1.6 -O.J 1.9 2.0 -0.2 29.7 29.0 0.6 9.3 9.J 0.0
MI7045 -16.J9 52.4J 7.1 12.5 -5.4 4.5 10.6 -6.2 10.7 15.0 -4.4 .J4.J JU -1.2 0.2 0 0.2
MI1724 8.JJ 76 6.7 J.I 3.6 1.7 1.7 0.0 12.4' 5.5 6.9 JI.I 34.9 -J.8 1.5 0 1.5
M2l071 2.9 67.08 7.9 7:9 0.0 4.1 6.2 -2.1 I3.J 10.5 2.8 JJ.O J5.1 -2.1 0.4 0 0.4M2)074 4.91 66.66 4.5 8.2 -.l.7 0.2 6.6 -6.5 9.7 10.~ -1.2 JI.5 J4.9 -J.4 0J.7 J.7M2)259 9.27 72.0J 6.8 5.6 1.1 1.8 4.2 -2.4 13.0 8.0 5.0 JI.5 J5.1 -J.7 I.J 0 1.3M2)294 -10.J6 72.J6 8.2 0.4 7.8 5.5 -0.9 6.J 11.8 J.I 8.8 34.2 J2.1 2.1 0.0 4.5 -4.S
M2JSI9 -29.S6 64.8J 6.9 S.7 1.2 4.7 4.7 0.0 10.2 7.2 3.0 )).9 -1.2 0JS.I 1.5
MD95·2002 -8.SJ 4745 6.J IJ.9 -7.5 2.1 Il.4 -9.J 11.8 17.2 

1.5 
-5.4 32.5 JS.5 -J.I I.S 0 1.5MD9S·2009 -4 62.74 6.J 7.9 -1.6 0.9 6.1 -S.2 12.5 10.) 22 JI.4 JS.I -J.8 I.S 0 1.5MD9S-2010 4.S7 66.68 4.6 8.2 -J.6 0.0 6.6 -6.6 IO.J 10.8 -0.5 JI.6 JS.I -J.5 2.7 0 2.7POSOO20 -18.S) 67.98 8.4 2.1 6.3 5.0 0.7 4.J 1).0 4.4 8.6 JJ.2 JJ.6 -0.4 0.4 0.8 -0.4

PSI842-6. -16.52 69.4S 7.4 J.)1.1 6.4 0.0 J.J 12.9 ).J 9.6 .l1.7 JJ.7 -2.0 1.0 4.4 -J.4SU8118 -10.19 J7.78 10.7 17.7 -6.9 8.9 1S.4 -6,5 13.0 -7.0·20.0 J4.6 J6.1 -1.5 2.8 0 2.8.,,0' "'::'-'2SU9016 -45.16 58.22· 4.4 4.8 -0.4 2.2 ).4 7.7 7:1 0.5 JJ.2 J4.6 -1.4 J.O 0 J.O
SU9019 -39.47 59.53 6.7 S.8 0.9 4.6 4.J 0.4 9.S 8.0 1.4 J4.J J4.8 -O.S 0.7 0 0.7SU9024 -37.J8 62.67 6,7 S.6 1.1 4.J 4.4 -0.1 10.1 7.9 J4.0 O.l2.J ~9 -0.9 0 O.lSU9032 -22.4J 61.79 6.0 9.1 -J.I J.I 7.5 -4.4 10.2 11.3 -1.1 J).J JS.2 -1.9 1.0 0 1.0SU90.n -22.08 60.57 7.0 9.4 -2,4 J.6 7.9 -4.4 11.9 11.5 0.5 JJ.O J5.1 -2.2 0.9 0 0.9SU9044 -17.1 50.02 8.9 I3.J -4.5 66 11.2 -4,p 11.7 16.0 -4,4 J4.7 J5.5 -0.8 0.0 0 0.0MD95-20JJ -55.62 44.66 7.1 -1.4 8.6 2.J -1.0 J.J IJ.I" -1.5 14,6 JI.4 32.1 -0.7 0.7 0 0.7
NA87-22 -14.71 5UI 6.0 Il.4 -5.4 J.7 9.8 -6.1 8.9 4 13.8 -4.9 J4.J .3S.4 -1.1 1.7 0 1.7SU8147 -J.JI 44.9 7.6 IS.2 -7.6 J.2 11.8 -8.5 I3.J 19.4 -6.1 J2.2 J5.0 -2.9 0.6 0 0.6SU90J9 -21.94 SU7 6.0 12.0 -6.0 4.0 10.2 -6.2 8.8 -5.7 JU14.5 J5.0 -0.4 0.0 0 0.0MD99-2254 -JO.66 56.8 6.7 8.6 -1.9 4.6 6.8 -2.2 9.6 10.9 -1.3 J4.6 JS.I -o.s 0.6 0 0.6PAR87-AI0 -"48.47 S4.J6 J.J 7.1 -J.8 4.6 4.2 0.5 9.6 11.3 -1.7 J2.2 J2.7 -0.4 0.6 0 0.6ODP161-976 -4.JI J6.21 11.3 18.0 -6.7 7.1 1S.J -8.J 16.4 21.4 -5.0 JJ.I J6.5 -J.4 0.1 0 0.14HU-84-0JO-021 -57.5 58.37 -O.J J.4 -J.7 -\.2 2.4 -3.6 1.2 6.2 -5.0 JI.I 34.4 -J.J 9.1 0 9.1HU-86-0:\4-Q40 -6J.1 42.6J 6.4 10.5 -4.1 5.11.7 -J.4 '1.7 17.0 -4.4 JI.6 JI.7 -0.1 01.7 1.7HU-87.jlJJ-007 -57.42 65.4 -0.7 1.1 -1.8 -1.2 -0.1 -1.0 0.1 ).6 -J.5 JO.9 J2.6 -1.7 10.S 4 6_S
HU-87·0JJ-008 -5J.88 62.64 0.0 2.S -2.6 -1.5 1.2 -2.7 1.6 5.2 -J.6 JU J).7 -2.2 9.J O.S 8.8
HU·H7-0)J~ -S9.44 62.51 0.1 2.1 -2.0 -0.8 1.7 1.4 -J.5 )1.1-2.5 4.9 JU -2.6 9.6 2.9 6.7HU-90-01).jl12 -47.12 58.92 9.8 4.4 S.4 S.9 J.O 2.9 14.4 6.7 7.7 J2.8 J4.7 -1.8 0.2 0 0.2HU-9Q-O13.jl13 -48.J7 S8.21 7.1 4.7 2.4 J.7 J.2 0.6 11.5 7.J 4.2 J2.9 )4.6 -1.7 1.0 0HU-9Q.OI S.jll 7 -61.65 42.78 5.4 11.1 -5.7 1.4 S.8 -4.4 

1.0 
10.7 17.8 -7.1 JI.5 32.0 -O.S 2.6 0 2.6HU-91-020.j)l] -62.JJ 41.3J 5.9 13.7 -7.8 1.4 -7.48.8 10.9 19.7 -8.8 JO.I J)7 -J.6 2.S 0 2.5HU-91.j)4S-044· -4J.45 S9.J6 -1.5 4.9 -6.4 -1.7 J.4 -5.1 -0.8 6.9 -7.6 JI.4 32.8 -1.4 11.2 2.~ 8.7HU-91.j)4S.jl52 -J9.J 59.49 6.4 5.9 O.S J.6 4.J -0.7 10.2 8.1 2.1 JJ.O J4.7 -1.7 1.7 0 1.7HU-91.j)4S.jl58 -33.S7 59.84 8.5 7.J 1.2 5.4 -O.J5.7 12.4 9.7 2.7 JJ.2 34.9 -1.7 0.7 0 0.7HU-91-1J4S.jl64 -JO.S7 59.67 7.8 8.0 -O.J S.J 6.5 -\.2 11.1 10.2 0.9 J4.0 JS.O -1.0 0.4 0 0.4HU-91-045.jl72a -28.74 58.94 5.2 8.6 -J.4 ).4 7.1 -).7 7.9 10.6 -2.8 JJ.6 JS.O -1.4 02.9 2.9H U-91-04S.jl74. -JO.22 55.74 7.8 9.0 -1.2 4.9 7.2 -2.J 11.1 Il.4 O.J 34.2 J5.0 -0.8 00.2 0.2H U-91-04S.jl80. -lJ.l2 5J.07 8.5 9.2 -0.6 5.2 7.0 -1.8 13.0 12.1 0.9 J3.2 J4.7 -1.5 0.5 0 0.5HU-91.j)4S.jl82. -JS.SJ 52.86 9.9 8.8 1.2 5.6 6.5 -0.9 15.4 11.7 J.7 JJ.O 34.6 -1.7 OA 0 0.4HU-91-045-085 -)8.64 53.97 11.0 7.6 J.4 8.1 S.J 2.8 14.8 10.5 4.4 JJ.5 J4.7 -LI 0.2 0 0.2HU-91·04S.jl91. -45.26 53.]) 8.5 7.6 0.9 6.2 ·5.5 0.7 11.7 10.6 1.1 JJ.8 )4.6 -0.8 1.1 0 1.1HU-91-04S-094a.c -45.68 50.2 0.5 7.9 -7.5 -0.7 S.J -6.0 2.l 11.5 -9.1 JI.O JJ.8 -2.9 8.4 0 8.4AII·94-PC3 -16.62 62.09 4.7 9.J -4.6 2.6 7.8 -5.2 7.7 -J.711.3 JI.8 J52 -3.4 4.1 0 4.1D89-BOFS·SK -21.86 50.69 9.8 12.8 -J.O 6.2 10.9 -4.7 14.4 -1.015.4 J).8 JS.4 -1.6 00.1 0.1HMl2-4J 0.73 64.25 6.8 8.2 -1.4 2.2 6.J -4.1 Il.9 11.0 1.9 JI.8 J5.2 -J.4 0.8 0 0.8HM71-19 -9.SJ 69.49 8.8 2.5 6.) 5.4 0.7 4.7 13.8 5.6 8.2 JJ.6 34.7 -1.1 0.0 0 0.0HM8Q-)0 1.61 71.8 8.7 J.9 4.8 S.5 2.1 J.S Il.J 6.9 6.4 J4.0 )5.0 -1.1 0.1} 0 0.0HM94-13 -1.6J 71.6J J.) J.2 0.1 1.4I.J -O.J 6.S 6.4 0.1 JI.9 34,7 -2.8 5.J 0 S.JHM94-2S 1.) 75.6 7.1 0.8 6.4 4.1 -1.0 5.1 10.9 J.9 6.9 H.O J4.4 '-1.3 2.1 0.9 1.3HM94-34 -2.54 7J.78 8.7 8.0 -1.30.6 5.5 6.H 13.0 4.1 8.9 J).6 JJ.8 -0.2 2,10.7 -1.4MI71JO 7.)1 72.05 9.2 5.2 4.1 5.8· 3.6 2.2 13.6 7.7 5.~ 33.9 J5.1 -/.2 0.0 0 0.0 



249 

A. de Vernal el al. / Quolemary Seiellce Reviews 24 (2005) 897 924	 915 

Fig. 10. Maps showing LGM sea-surface salinity eslimates in summer (bollom left diagram), the seasonal eXlenl in monlhs per year of sea-iœ caver 
with concentration greater lhan 50% (upper left diagrarn), the LGM vs. modern sea-surfaœ salinily anomalies in summer (bottom right diagram) 
and the LGM vs. modem sea-ice cover exlent (upper right diagrarn). The continental ice timils are delimited after Peltier (199'1). In the upper lefl 
diagrarn, the dashed gray and pink tines would correspond to the southcm limits of quasi-permanent pack·ice and extreme winter sea·ice caver, 
respectively. 

SSTs at lOro in the NODC-1998 data set, by -0.2± 
0.9 oc. The largest differences concern the Arctic 
where there is limited information, and where the 
accuracy of hydrographic data is low. 

(2)	 The reference dinocyst data base includes 940 sta
tions from three oceans (Arctic, Pacific, Atlantic) 
and 60 taxa, instead of 371 stations from one ocean 
(Atlantic) and 25 taxa (cf. Rochon et al., 19 9). The 
updated da ta base is representative of a wider range 
of environmental and hydrographic conditions, in 
both the Arctic and temperate domains. 

(3)	 In addition to these differences with respect to 
databases used for the reconstructions, the proce
dures of data treatment were not exactly the same. In 
the case of the 2000 compilation, we bave used the 
software provided by Guiot (1990) and we made 
estima tes based on a set of 10 analogues, wbereas we 
are now using the software 3PBase of Guiot and 
Goeury (1996) and we calculate them based on a set 
of five analogues. Tests of reproducibility have 
shown, however, that the two procedures yield 
almost identical results. 

The LGM reconstructions of SSTs presented here 
(Table 2) are very similar to the ones which were 
published by de Vernal et al. in 2000 (see Table 4). On 

average, for the 50 sites used in both LGM compila
tions, the difl'erence between summer and August SST 
reconstruction is 0.61 ±2.15 oC and the average differ
ence between winter and February SSTs was 
0.64 ± l.l oc. Such discrepancies are not significant 
given the differences in the two temperature databases 
and the calculated error of prediction. SiIDilarly, the 
average difIerences in estimated salinity and sea ice are 
-0.23 ±0.66 and -0.07 ±1.14 months/year, respec
tively. Such diiferences are not signil:icant either, given 
the range of accuracy of estima tes. We are thus led to 
conc1ude that both sets of reconstruction are consistent 
and that the expansion of the reference database, from 
371 to 940 stations, has a limited efIect on estimating 
sea-surface conditions of the LGM in the nortbern 
North Atlantic. 

4.	 Discussion 

4.1. Uncertainties 

4.11 Significance of anomalies 
The reconstruction of hydrograpbical parameters 

based on microfossil assemblages implies a nurnber of 
assumptions. One concems the correspondence between 
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open ocean, whereas significant differences are being 
recorded for the shelf and coasta\ ocean. As an example, 
the sharp front along the shelf edge of eastern Canada 
(Labrador Shelf and Grand Banks) clearly depicted in 
the gridded data from BIO (2003) is absent in the 
NODe Atlas. This is parlicularly critical in the case of 
the dinocyst database, which includcs an imporlan t 
proportion of data points from epiconlinental and 
nearshore areas. An illustration of the uncertainty 
concerning the hydrographical averages can also be 
found in the mapping of the standard deviations (one 
sigma) around the temperature average. The sigma 
value revealed to be very large, up to 4 oC, along 

5 10 15 20 25 transitional zones such as those marked by sea-ice limits 
SST- Summer (NeDe 1998 - 10m) or the polar fronl in the North Atlantic (cf. e.g., Isemer 

and Hasse, 1985). Actually. the standard' deviation 
....... around the average for .instrumental data is comparable

"," f': to the accuracy of reconstruction defined by validation 
exereises. 

4./.2. Weaknesses of the actua/isric approach 
, Beyond the accuracy of reconstructions, an importan t 

If) 

1U) 

·5 1--,-,.·-. "-, - -----,--.--. --r"" _... -"'-'-'" 
-5 0 5 10 15 20 

55T- Winter(NCOC 199B - 10m) 

Fig. 1L Graphs showing lhe differences of SSTs in lhe IWO 

hydrograplùc dalabascs (World Ocean Allas versions of 1998 and 
(994), which wer. used 10 estimale LGM sea-surface conditions in lhe 
prcsc'nl compilation and in lhe one published previously by de Vernal 
el al. (2000). 

the "modern" assemblages recovered in surf~ce sedi
ment sampies and the reference hydrographieal data, 
which we assume to becontemporaneous. The interval 
represented by the mierofossil assemblages may range 
from 10, to 1000 years, whereas mean value of 
hydrographie data eollected over the last decades 
provide an average that is not necessarily accurate or 
representative of maximum productivity years. This is.a 
problem especially when dealing with .nearshore and 
cireum-Arctie environments, where measurements are 
rare and 'where salinity, sea ice or temperature <:an be 
extremely variable ln space and time. The degree of 
uncertainty or the inaccuracy of hydrographical 
averages can be illustrated by the companson of salinity 
and temperature fields produced by NODC (1994) and 
Bedford lnstitute of Oceanography (BIO) (2003) follow
ingthe method of analyses of Tang and Wang (1996): 
The comparison shows that there is a basic agreement in 

source of uncertainty relies on the fact that the 
relationsbips between microfossil assemblages and SSTs 
are not unequivocal and may have changed through 
lime, because of changes in the structure of water masses 
or productivity (cf. e.g., Fairbanks and Wiebe, 1980; 
Faul et al., 2000; de Vernal et al., 2002). In the case of 
dinocyst assemblages, there are c1ear relalionships with 
the distribution of seasonal temperature, salinity and sea 
ice. However, tbe dinocyst distribution is also dependent 
upon other parameters, such as the trophic structure of 
planktonic populations (e.g., Devillers and de Vernal, 
2000; Radi and de Vernal, 2004). During the LGM, 
lower dinocyst fluxes than at present characterised the 
northern North Atlantic. This suggests that autrient 
distribution and produclivity were different, whiich may 
introduce a bias when making quantitalive reconstruc
tions of SST or salinity. 

Another source of uncertainty lies in the fact iliat the 
reconstructed LGM sea-surface conditions are IWt weil 
represented in the modern hydrographie database. The 
dinocys\ database is representative of a particulariy wide 
range of sea-surface conditions as compared to other 
biogenic tracers, such as foraminifera, coccoliitt.hs or 
alkenones, which show relationships with tempcrature, 
but within a narrow' salinity spectra and almost 
exclusive1y in ice-free areas. The LGM sea-$orface 
conditions in most of the northern North Atlantic 
apparent1y belong to a domain chanicteriS6':d by 
seasonal sea-ice cover and' relatively low sa li niity . In 
such a context, dinocysts appear to be much more 
sensitive indicators than many other microfossiJls thal 
are rather representative of open ocean co nd!!iti ons. 
Therefore, dinocysts are likely to provide more adlequale 
estimates than s\enohaline micro-organisms. However, 



Table 4
 

Difference betwecn .stimates of LGM sca·surface conditions presented here (black, normal characlers) and those published in 2000 by de Vernal et al. (italic characters)
 

Core, Lo.litude Longitude n n	 Annunl Annu12/ 6· Summer AuguSt t,. Win ter February t,. Salinity SaUnfty , A' 5.. S,a 6· Distance
 
SST. SSTI ~e.n  SSTs SSTI mean SSTs STTI me3n men" mean jet ice mean min
 ---- --- -------- ------ ---- ---- -------- mean
 
Mean	 SI. Murn Mean SI. Melin St. Mean SI. Menn St. Meon SI. Men" St. M•• n SI. Menti St. 

dev. dev. dtl), deY. d" dev dtv dev dtv 

M17045 52.43 -16.39 2 2 7.1 \.\ 6.2 0.9 10.7 0.8 9.2 O.J l.5 4.5 \.0 J.2 0.8 1.3 34.2 0.1 lU 0.1 -0.6 0.2 0.3 0.0 0.0 0.2 40.3
 
M17124 76.00 8.33 4 5 6.7 2.4 7.4 -0.7 12.4 3.3 11.1 1.1 -0.9 1.7 \.9 1.5 1.0 0.2 31.1 0.5 12.1' 0.8 -1.2 Ll 2.7 1.1 1.9 0.4 47.8
 
M23071 .67.08 290 4 ~ 7.9 1.4 7.6 0.3 13.3 0,4 Il. 7 1.1 -0.4 4.1 2./ U 2.1 2.7 33.0 \.0 12.1 1.1 0.9 0.4 0.5 0.8 0.6 -0.4 52.6
 
M23074 66.66 4.91 5 4 6.9 0.3 6.7 0.2 9.7 4.6 JJ.8 1.9 -4.1 0.2 1.6 -0.5 0.2 0.7 3Ll 0.7 10.8 0.1 0.7 3.7 3.3 1.8 1.1 L9 35,4
 
M23259 72.0} 9.27 Il Il 6.8 Ll 7.5 -0.7 13.0 1.1 1J.8 2.8 -0.8 \.8 J.7 1.2 U 0.6 31.l 0.7 11.6 0.7 -0.1 \.3 \.1 1.6 1.8 '-0.3 35.5
 
M23294 72.36 -10.36 2 J S.2 0.9 6.6 L6 11.8 \.9 9.1 1.1 2.5 5.5 0.5 1.8 0.6 L7 34.2 0.1 ua 0.7 0.2 0.0 0.0 2.2 2.0 -2.2 55.0
 
M23519 64.83 -29.56 2 4 6.9 0.2 8.2 -1.3 1Q.2 0.5 JJ.I 1.8 -2.9 4.7 0.1 1.1 1.0 1.4 33.9 0.7 Hl 1.8 0.6 I.l I.l 0.7 1./ O.S 20.5
 :..
MD95·2009 62.74 -4.00 5 7 6.7 3.0 8.1 -1.6 12.4 4.1 15.4 1.0 -3.0 I.l 2.9 1.1 2.0 0.4 3\.4 \.4 JU 0.8 0.1 1.3 2.5 2.0 0.9 -0.7 33.8
 
MD95-2010 66.68 4.57 25 4.3 1.7 6.2 -1.9 9.9 3.1 11.4 1.4 -3.5 -0.2 0.8 -1.0 0.2 0.8 31.6 0.7 11.1 0.6 0.5 3.0 1.9 2.5 1.6 0.5 27.1 ~
 

POSOO20 67.98 -18.53 7 7 8.4 \.4 8.9 -0.5 13.0 1,4 14.2 I.~ -L2 5.0 2.0 1.6 2.~ L4 33.2 1.1 12.9 U 0.3 0.4 0.8 0.7 0.8 -0.3 42.6
 
~  PSI842-6. 69.45 -16.52 8 12 7.4 Ll 8.9 -1.5 129 \.0 14.1 1.9 -1.2 3.3 2.2 1.7 2.6 -0.4 31.7 I.l Jl.1 1.5 -1,4 1.0 0.9 0.8 0.6 0.2 49.0
 

SUSlt8 37.78 -10./9 3 4 14.3 \.6 16.5 -2.2 17.1 2.5 18.8 1.0 -\.7 12.1 0.7 lU U -2.1 35.5 0.8 36.1 0.2 -0.6 0.2 0.3 0.1 0.1 0.1 101.5 t
 
SU9016 58.22 -45.16 7 16 4.4 3.2 5.2 -0.7 7.7 4.6 M 4.7 -0.9 2.2 2.6 1.7 2.0' 0.5 33.2 \.4 JJ.2 ·1.7 0.0 3.0 3.9 2.8 3.J 0.2 55.5
 ~
 

SU9019 59.n -39,47 7 7 6.7 \.0 8.2 -1.5 9.5 \.0 lU 1.6 -1.8 4.6 \.0 5.0 1.5 -0.4 34.3 06 JU 0.6 0.0 0.7 1.0 1.1 1.4 -0.4 48.5 ~
 

~S.v9024 62.67 -37.38 4 7 6.7 \.0 5.9 0.9 10.1 \.0 90 1.4 J.I 4.3 1.1 2.7 1.1 1.6 34.0 1.2 11.7 0.8 0.3 0.3 0,4 1.6 I.J -1.3 51.6 .... 
SU9032 61.79 -22.43 7 7 6.0 1.2 7.4 -L4 10.2 1.9 12.2 1.8 -2.0 li Ll 2.6 1.9 0.5 33.3 1.3 JJ.2 1.1 0.1 \.0 \.0 1.0 0.6 0.0 41.3
 
SU9033 60.57 -22.08 5 J 7.0 \.6 8.7 -L7 Il.9 2.) NO 0.9 -2.1 3.6 2.1 1.4 1.8 0.2 33.0 \.8 J2.9 0.6 0.1 0.9 1.0 0.9 0.6 0.0 32.0 ra
 

l§
SU9044 5002 -17.10 2 2 8.8 1.1 7.7 1.2 11.7 \.7 10.4 0.0 1.3 6.6 0.6 4.9 0.1 1.7 34,7 0.6 1.1.0 O~ 1 -0.3 0.0 0.0 0.1 -0.1 60.2
 
MD95-2033 44.66 -55.62 22 21 7.1 1.7 8.7 -1.6 13.1 1.4 15.8 0:6 -2.7 2.3 \.7 1.6 U 0.7 31.4 0.5 JU 0.4 0.0 0.7 \.0 0.8 0.4 -0.1 23.0 ~ 
 " 
NA87·22 55.51 -14.71 6 6 6.0 1.2 6.1 -0.1 8.9 2.1 9.1 O.~ -0.4 ).7 0.8 2.9 0.4 0.8 34.) ·07"·14.8 0.4 -0.5 1.7 1.6 1.2 1.5 O.S 40.9 ~  

SU8147 44.90 ':'3.3\ 17 8 Ù U 7.8 -0.2 Il3 1.5 10 U -1.2 3.2 2.1 1:0 0.6 2.2 32.2 I~ J2.0 0.8 0.2 0.6 0.9 0.2 0.1 0.4 48.0
 
SU9039 52.57 -21.94 1 1 6.0 - 8.J -2.3 8.8 - 11.5 - -2.7 4.0 - 5.1 - -1.1 )5.0 ~  ,-1J.1 - -0.1 0.0 - 0.0 0.0 68.6 ~
 

HU·84-030·021 58.37 -57.50 13 14 -0.3 1.7 0.1 -0.4 1.2 2.6 1.5 2.0 -0.3 -1.2 1.0 -1.1 O.~.  0.1 31.1 f.'Ic·'31.1 0.9 -0.2 9,1 2.9 9.2 2.1 -0.1 25.6 S'
 
HU-86-034'040 42.63 -63.10 5 5 6,4 1.1 8A -2.0 12.6 0.5 15.7 0.8 -3.1 1.7 1.7 1.0 1.6 0.7 31.6 0.7 J/.~ 0.7 0.2 1.7 0.6 1.0 0.6 0.7 20.5 ~
 

HU·87-03J.007 65.40 -57.42 2 1/ -0.7 1.1 0.4 -1.1 0.1 1.3 1.6 1.0 -1.5 -1.2 0.9 -0.8 0.5 -0.4 30.9 \.0 lU 0.1 -0.9 10.5 Ol 9.3 1.2 1.2 35.4
 
HU-87-033·008 62.64 -5388 7 8 0.0 2.4 -1.1 1.3 1.6 4.1 -0.9 0.1 1.5 -Ll Dl -Ji ,OQ 0.2 31.5 0.6 10.6 0.1 O.? 9.3 3.1 1J.5 0.1 -2.2 25.6
 ~ HU-87-033·009 62.51 -59.44 6 10 0.\ 1.2 -1.1 1.4 1.4 1.6 -0.8 0.2 2.2 -0.8 0.6 -1.7 0.0 0.9 31.1 0.7 10.7 0.2 0.4 9.6 1.1 11.2 0.1 -1.6 25.7
 
HU·90·013-012 58.92 -47.12 2 1/ 9.8 0.3 U 1.2 14,4 1.4 Il.6 1.1 2.8 5.9 1.6 5.5 2.0 0.4 32.8 0.4 lJ.8 1.0 -1.0 0.2 0.2 1.8 1.9 -1.6 44.2
 ~ 

HU-90·01 3-01 3 5821 -48.37 8 9 7.1 2.8 ~.7 2.4 ILl 3.2 8.~ U 3.1 3.7 3.1 0.9 /.2 1.8 n8 /.7 l2.6 0.9 0.2 1.0 1.7 2.9 1.1 -1.9 38.1 '"...
 
HU·90-015·017 42.78 -61.65 7 7 5.4 2.5 8.3 -2.9 10.7 3.5 14.7 2.1 -4.0 1.4 I.? 1.9 0.7 -0.5 31.l 0.6 11.7 0.6 -0.2 2.6 2.0 2.0 1.2 0.6 31.7 -;::;
 
H.v·91-020·013 41.83 -62.33 6 8 5.9 3.7 6.8 -0.9 10.9 5.2 1J,7 J.7 -2.8 1,4 2.4 -0.1 0.8 l.5 )0.1 1.5 no 0.4 -0.9 2.5 3.7 n J.5 0.2 25.8
 8 
HU'?1-045-044 59.36 -43.45 4 4 -I.l 0.1 -0.6 -0.9 -0.8 0.1 0.2 U -1.0 -1.7 0.2 -1.4 O.~  -0.3 31.4 0.4 10.5 0.9 0.9 11.2 0.1 9.7 1.1 1.5 34,4 ~
 

HU·91-045-052 59,49 -39.30 7 8 6.3 2.2 lU -I.? 10.2 1.5 12.7 1.1 -2.5 3.6 2.5 1.8 U -0.2 33.0 2.0 11.7 0.8 -0.7 1.7 25 0.6 0.3 1.1 49.2
 
HU·91-045-058 5984 -)).57 10 9 8.l 31 9.5 -1.0 12.4 3.4 JJl 2.0 -0.9 5.4 2.9 5.7 U -0.3 33.2 1.4 14.2 0.6 -1.0 0.6 I.l 0.1 02 o.) 54.6 ""'0
.... 
HU-?1-045·064 59.67 -30.57 6 7 7.7 1.8 ~.1 -0.5 11.1 2.4 1/.2 1.0 -0.1 l.l 1.2 5.1 1.2 0.0 34.0 0.6 14.J 0.6 .-0.5 0.4 0.7 0.6 1.5 -0.2 56.6 '0

1
 

HU-91-045-072. 58.94 -28.74 9 5 5.2 2.8 7.6 -2,4 7.9 3.8 10.7 1.6 -2.8 l4 2.2 0 1.0 -1.1 33.6 1.010 0.5 -o.? 2.9 2.9 1.8 1.2 1.1 49.4 ...
'"
HU-91·045-074a 55.74 -30.22 5 ~ 7'.8 2,4 8,5 -0.7 11.7 2.7 12.7 1.6 -1.0 4.9 1.8 U 0.2 0.7 ,34.2 0.6 11.7 0.5 0.5 0.2 0.3 0.5 0.2 -o.) 60.2 
H.v·91-045-080. 53.07 -33.52 10 10 8:S 2.) 9.1 -0.8 12.9 2.8 11.8 1.1 -0.9 5.2 2l U 1.8 0.4 33.2 1.4 11.6 0.7 -0.4 0.5 0.9 0.5 0.1 0.0 65.5 
HU-91·045-082. 52.86 -35.53 5 5 9.9 2.8 8.5 1.4 15,4 2.9 HI 2.0 2.3 5.6 2.8 1.9 1.5 1.7 3).0 1,4 11.J 1.1 -0.3 0.4 0.7 I.J 1.5 -0.9 65.2 
HU-91·045.o85 53.97 -38.64 3 J 11.0 3.0 8.1 2.9 14.8 2.9 11.7 1.0 3.1 8.1 2.8 U 1.0 3.6 )).5 0.7 11.8 1.1 -0.3 0.2 0.3 1.6 2.0 -1.4 62.5 
HU-91·045-094.,< 50.20 -45.68 27 20 0.5 2.2 0.4 0.1 2.5 3.5 2.0 2.5 0.5 -0.7 1.2 -/.2 0.8 0.5 31.0 1.8 lU 0.8 -0.2 8.4 3.1 9.6 1.7 -1.2 30.3 
AII·?4-pe3 62.09 -16.62 2 1 4.7, 2.4 7.9 -3.2 7.7 2.8 12.8 1.3 -5.1 1.6 2.1 1.0 0.7 -0.4 31.8 1,4 J2.8 0.1 -1.0 4.1 2.4 0.7 0.5 3,4 24.5 
D89-BOFS'5K 50.69 -21.86 6 6 9.8 l8 9.6 0.2 14.3 4.1 Il. 5 2.6 0.8 6.2 3.6 5.7 2.1 0.5 )3.8 1.614.1 0.9 -0.3 0.1 0.2 0.1 0.1 0.0 61.l 
HM51·43 64.25 0.73 3 1 6.8 1.4 7.8 -1.0 12.8 2.3 I5.J 0.2 -2.5 2.2 1.9 0.3 0.5 1.9 3/.8 1.0 11.1 0.1 0.7 0.8 1.4 0.4 0.5 0.4 44.5 
HM7)-19 69,49 -9.53 1 1 8.8 - 10.. -1.6 13.8 - 14.4 - -0.6 5.4 - 6.4 - -1.0 )).6 - 14.9 ,.- -1.3 0.0 - 00 - 0.0 65.6 
HM80·30 71.80 1.6) 2 J 8.7 0.1 9.7 -1.0 Il3 OJ H~ 0.2 -0.1 5.5 0.4 6.0 0.1 -0.5 34.0 0.2 15.1 0.0 -1.1 00 0.0 0.0 0.0 0.0 62.0 
HM94-13 71.6) -1.63 1 1 J.3 - 1.9 1.4 6.4 - 4.2 - 2.2 1.1 - -O.l - 1.6 31.9 - 11.4 - 0.5 l.l - 8.5 - -3.l 63.6 
HM94-25 75.60 1.30 1 1 7.1 - 5.6 1.6 10.9 - 8.9 - 2.0 4.1 - 2.2 - 1.9 33.0 - 14.9 - -1.9 2.2 - 0.0 - 2.2 6).3 

HM94·)4 73.78 -2.54 3 J 8.7 1.6 ~.9 -0.2 IlO 1.7 12.1 08 0.9 5.S 1.7 5.8 0.9 -0.3 33.6 1.2 J4.6 0.5 -1.0 07 1.2 15 /3-0.8 71.8 
MI7730 72.05 7.31 ) 1 .9.2 - 6.9 2.3 Il6 - 9.9 - 3.7 5.8 - J.8 - 2.0 33.9 - 14.7 - -0.8 0.0 - 0.0 - 0.0 89.1 

N 
The differences are shown by bold characters. '" V1 
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the sea-surface reconstructions based 011 dinocysts are 
comprise'd"in a domain of the reference database that is 
characterised by a low density of data points, 
with respect to summer SSTs vs. winter SSTs or salinity 
(Fig. 12). The dinocyst-based reconstructions of the 
LGM in the northern North Atlantic have no 
perfeet analogue known from the modern hydrography 
of the high northern latitudes. Nevertheless, the 
LGM data points occur in a central area of the 
hydrographie do mains represented by the modern 
database and likely occur within the range of 
values we may reconstruct based on dinocyst 
assemblages. In other words, the degree of accuracy of 
LGM reconstructions and estimated values may be 
discussed, but the hydrographical domains involved are 
probably correct. 

4.2. The mosl salient/eatures a/the LGM based on' ~': ,:.~; 

dinocyst data 

ln spite of the uncertainties examined above, there are 
consistent features in the reconstructions of LGM sea
surface conditions based on dinocyst assemblages that ., 
appear as robust as possible given the context of weak 
analogue situation. These fèatures are summarised 
below. 

(1)	 Sea-ice coyer was much more extensive than at
 
present, notably along the eastern Canadian margin.
 
Offshore, in the subarctic basins of the North
 
Atlantic, i.e., the Labrador Sea, the Irminger Basin,
 
the Greenland and Norwegian seas, seasonal sea ice
 
developed for a few weeks to a few months per year,
 
whereas in the northeastern part of the North
 
Atlantic, ice-free conditions prevailed throughout
 
the year.
 

(2) Relatively low	 sea-surface salinity during the LGM
 
characterised . the northern North Atlantic and
 
adjacent basins (Fig. 13). In areas marked by
 
extensive sea-ice coyer, low sea-surface salinities
 
may have been re1ated to the summer melting of sea
 
ice. However, the partieularly low salinities recorded
 
along the southern Canadian and Scandinavian
 
margins (31-32) Iikely reflect mixing with large
 
meltwater supp~ies from surrounding ice sheets,
 
which resulted in the dilution of surface waters
 
offshore. In the central part of the North Atlantic, a
 
negative salînity anomaly of about one unit is
 
recorded as compared with the modern situation.
 
Duriilg the LGM, the buoyancy of the low-density 
surface' water layer over the northern North Atlantic 
was responsible for reduced vertical convection from 
the surface and the absence of deep or intermediate 
water formation at the. corresponding latitudes (cf. 
Hillaire-Marcel et al., 200la, b; de Vernal et al., 
2002). 
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Fig. 12. Grapll sllowing Ille Ilydrographical domains of tlle n ~ 940 
calibration database and lllai of tlle LGM r<constructions. The lighl 
gray circlcs illustra le the distribution of summer tcmpcralure vs. wioter 
lempcralurc, sca-ice cover, and summer saJinity for the 940 modcro 
samples (same as l'ig. 4) and Ille open cin:lcs illustrale the same 
distribution for the LGM core,s. Nole Ibai 'Ihe LGM reconslructions 
are inc1uded in domains characlerised by a low density of modern daL~ 

poinls. 

(3)	 On the whole, wintcr conditions colder than at 
present and relatively mild summers resulted in 
significantly larger seasonal gradients of temperature: 
in surface: water masses (Fig. 13). The low thermal 
inertia of the shallow and buoyant upper water layer 
ean be evoked to explain high energy uptake during; 
the summer seasons, then eharacterised by an 
insolation roughly the same as at present, followed 
by rapid cooling during winters. 
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LGM vs. modem in mid-polar latitudes
 
of the Northem Hemisphere (0 =55)
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Fig. 13. Summary or the hydrographieal anomalies belween the LGM 
and the prcsenL 

(4) Reconstruction	 of the mean annual temperature 
shows values colder, cooler or equivalent to present 
conditions on an average basis during the LGM, 
with some exceptions, notably in the Greenland and 
Norwegian seas (Fig. 13; Table 3). LGM data From 
the Greenland Sea are not very robust because of 
low dinocyst concentrations and weak analogue 
situations (Fig. 8), but data From the Norwegian Sea 
appear reliable and suggest the existence of mild 
conditions at least episodically. 

4.3. The norlhem Norlll Allanlie LGM SST eontrasling 
pi~lures depending on the ehoiee of proxies? 

4.3. J. Conïribqlion of dinoeysl dala 
In the northern North Atlantic, the LGM paleocea

nographic data From dinocysts are complementary to 
those From planktonic foraminifer assemblages (Weinelt 
et al., 1996; Ptlaumann et al., 2003) and alkenones 
(Rosell-Melé and Comes, 1999; Rosell-Melé et al., 
2004). First, they improve the geographical coverage 
of LGM reconstructions along the margins of south 
eastern Canada, the Labrador Sea and Baffin Bay, 
where other data are very rare. Second, they help to 
constrain the Iimits of sea ice and also provide 
quantitative infonnation on the seasonal extent of the 
ice coverage (Fig. 10). Third, dinocysts permit the 
estimation of sea-surface salinity, which is an important 
hydrographie parameter of the North Atlantic Ocean 
with respect to thermohaline circulation. Finally, the 

calibration database of dinocysts includes large numbers 
of samples From the Arctic seas and subarctic basins, 
unlike other proxies. The refo re, dinocyst assemblages 
should permit identification of analogues From Aictic 
and subarctic environments for the LGM interval. One 
of the important findings From this study is the lack of 
perfect modern analogues for LGM North Atlantic 
Ocean, even in the Arctic and subarctic seas. 

4.3.2. Consistent features and discrepaneies from the 
eomparison wilh olher proxies 

Despite discrepancies, there are converging features in 
the LGM reconstructions based on the different proxies. 
One of these features concerns sea ice. Ail proxies 
suggest seasonally ice-free conditions in the northern 
North Atlantic and the Nordic seas, and the maximum 

dashed line in upper !en diagram of Fig. 10) and 
indirectly estimated frot;n planktonic foraminifera (cf. 
Ptlaumann et al., 2003). Another convergent feature 
between dinocyst and planktonic foraminifer data is the 

.;	 gradient of LGM-modern SST that shows similar 
patt~(ns, although the absolu te values differ signifi
cantly. 

The reconstructions of LGM SSTs based on dinocysts 
are not in contradiction with temperatures derived From 
alkenone data (Rosell-Melé and Cornes, 1999; Rosell
Melé et al., 2004), but they show discrepancies with data 
From planktonic foraminifera weil beyond the degrees of 
uncertainty of the respective approaches. On the whole, 
dinocyst data yield much warmer estimates than 
planktonic foraminifera, whatever the type oT transfer 
function used (cf. CUMAP, 1981; Pl1aumann et al., 
1996,2003; Weinelt et al., 1996,2003; Waelbroeck et al., 
1998), but are compatible with those obtained From 
alkenones (cf. Rosell-Melé and Cornes, 1999) or 
coccoliths (de Vernal et al., 2000). Therefore, we are 
tempted to distinguish two types of tracers. The first 
category includes dinocysts as weil as coccoliths and 
their alkenones. Worth of mention here is the fact that 
the LGM coccolith assemblages of the northern North 
Atlantic are mostly dominated by Emiliania huxleyi (cf. 
de Vernal et al., 2000), one of the rare euryhalinetaxa 
amongst coccolithophorids (e.g., Winter et al., 1994) 
that is also responsible for alkenone production. The 
second ca tegory of tracers consists of planktic forami
niferal assemblages thal barely tolerate salinity below 32 
or 33 (cf. Bé and Tolderlund, 1971). In the first case, i.e., 
that of coccoliths, alkenones and autotrophic dinocysts, 
the tracers relate to primary production in the photic 
zone of the upper surface water layer, whereas in the 
second case, they relate to heterotrophic production and 
characterise various depth habitats from the epipelagic 
to the mesopelagic domains. The two categories of 
tracers can thus be distinguished based on two patterns: 
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(1) their depth habitat and/or (2) their rela live tolerance 
to low salinity. The discrepancy of temperature esti
mates obtained from the different types of proxies could 
thus simply reflect specificities in the vertical or temporal 
strucfure 'cif the upper water masses. 

Therefore, most LGM data from the various proxies, 
including microfossil assemblages, isotopie content of 
foraminifera or biomarkers, can be reconciled through 
an interpretation invoking either strong temperature
salinity gradients in the upper water column, with 
possible variations in the seasonal gradients of tempera
tures, or alternation of episodes of warm and dilute 
surface water with episodes of higher salinity but cold 
conditions. The existence of a sharp halo-thermocline 
separating a shallow and low saline mixed layer from a 
cold and dense mesopelagic water mass, could explain 
the co-occurrence of temperate autoirophic producers. .. , 
and polar zooplanktonic populations. As a matle(û'f 
fact, sharp density gradients can be reconstructed for the 
LGM by combining information from dinocyst data 
and Il'sO in planktonic foraminifera (G/obigerina 
bu/loides and Neogloboquadrina pachyderma left coiled) ., 
recovered from different size fractions (Hillaire-Marcel ..•. 
et al., 200 la, b; de Vernal et al., 2002). The isotopie 
compositions of N. pachyderma shells of increasing siie 
and density, which can be associated with gradation al 
depths along the pycnoc1ine, have been used to 
document the density gradient in the upper water 
colun:m in. the Labrador Sea (Hillaire-Marcel et al., 
2001a) and the Arctic Ocean (Hillaire-Marcel et al., 
2004). Using these data, together with 018 0 values in the 
epipelagic foraminifer G. bu/loides, and estimated SSTs 
and salinities from dinocysts, it has been possible to 
propose the existence of vertical density gradients 
ranging from 1.5 to 3 density units (ua) in the upper 
water masses of the northwestern North Atlantic during 
the LGM (de Vernal et al., 2002). However, it is not 
excluded that such gradients represent conditions 
occurring during distinct episodes. 

4.3.3. The problem of the Nordie seas 
Although the sea-surface conditions of the LGM 

reconstructed on the basis of dinocyst assemblages can 
be reconciled with other paleoceanographical data as 
outlined above, the case of the Nordic seas, and 
especially that of the Greenland Sea, remains pr'oble
matie. The strongly positive LGM anomalies of 
temperatures obtained in the Greenland Sea based on 
dinocysts (de Vernal et al., 2000; tbis study) Or 
alkenones (Rosell~Melé and Comes, 1999) are somewhat 
difficult to explain. 

ln the. eastern part of the Nordic seas, along the 
Norwegian margins, the dinocyst assemblages are 
characterised by relatively high concentrations and large 
species diversity. The number of analysed samples, and 
the overall reliability of reconstructions based on 

dinocysts (Fig. 8 and Table 2) in the eastern Norwegian 
Sea suggest that relatively wann conditions existed in 
the Nordic seas during the LGM. at least episodically 
and or seasonally. The dinocyst assemblages and other 
paleoceanographical tracers show largecamplitude 
changes in oceanographical conditions which can be 
linked with the high-frequency c1imate oscillations 
during the last ice age as recorded in the isotopie record 
of Greenland ice cores (e.g., Rasmussen et al., 1996). 

The reconstructions from the central and western 
parts of the Nordic seas, however should be considered 
with caution. In general, this area is characterised by 
low biogenic productivity and low sedimentation rates 
(cf. Sarnthein et al., 1995; Hebbeln et al., 1998). As a 
consequence, the sedimeritary interval representative of 
the LGM is relatively thin. Moreover, the interpretation 

.of .the sparse rnicropaleontological a,ssemblages is 
equivocal.· also because of possible reworking and 
biological mixing. 

Two hypothesis, not exclusive to each other, are 
tentatively proposed to explain the overall records of the 
Nordic seas: 

Hypothesis 1. The sparse assemblages that are observed 
in 'the LGM interval of the central and west~ Nordic 
seas might: reflect higbly variable conditions, from 
generally cold and quasi-perennia1 sea-icc coyer (nil 
productivity) to episodically mild conditions (with sorne 
productivity), e.g., when large anticyclonic gyre devel
oped and sea ice broke due to strong storms. At present, 
sharp fronts and extremely high interannual-inteideca
dal variability in sea-surface conditions and sea-ice 
coyer are recorded in the central part of the Nordic seas, 
and we may hypothesise that a similar variabillty existed 
during the LGM. The existence of fronts oontrolling 
pressure gradient and storm tracks may have played an 
important role in the rnoisture supply to feed the 
northern ice sheel. 

Hypothesis 2. The assemblages might reflect mil regional 
productivity due to quasi-permanent sea ùce in the 
eastern and northern parts of the Nordic seas.. ln such a 
case, the very sparse assemblages of the Greenland Sea 
might be due to lateral advection of firue material 
(dinocysts, alkenone, coccoliths) through a $ubsurface 
current /lowing from the south and penetratimlg into the 
central Nordic seas by subduction. A moderorequivalent 
for such a situation could be found in the northern 
Barents Sea where the North Atlantic Drift surface 
water mass is subducting below the low saRine Arctic 
waters. 

5. Conclusions 

The dinocyst database that has been develloped from 
the analyses of surface sediment samples o..ollected in 
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middle- to high-Iatitude marine environments of the 

Northern Hemisphere covers a wide range of hydro
graphical conditions noiably in the domain charac
terised by the presence of seasonal sea-ice coyer. This 
database was used to reconstruct quantitatively the sea
surface conditions that prevailed du ring the LGM. It 
provides s'olne clues about the paleoceanographical 
regime which prevailed over the northern North 
Atlantic when continental ice sheets reached their 

maximum extent over surrounding lands and continen
tal shelves. The LGM reconstructions illustrate exten
sive sea~ice coyer along the eastern Canadian margin, 
and some spreading of sea ice during winler, in subpolar 

basins and Nordic seas, whereas the northeast Atlantic 
south of SooN remained free of sea ice, As a response to 
me\lwater discharges from the surrounding ice sheets 
grounded on the shelves, relatively low sali nit y char-o' 
acterlsed"'surface waters, especially along the eastern ."'" 

Canadian and Scandinavian margins. A possible ex-
plana lion would be the development of a buoyanl and 
probably shallow mixed layer resulting in a low thermal 
inertia in the surface waters. This would explain the 
reconstructed large seasonal conuasts of temperatures 

. h h Id' dit' 1 'Id 1 th' 
Wlt t e co wmter an re a Ive y ml summer. n IS
 
scenario, the sea-surface conditions reconstructed at the
 
scale of the northern North' Atlantic indicate strong
 
stratification, unfavou(able for vertical convection, and
 
lead us to make a comparison with a large fjord-like
 

. . . b h'
 
~ystem makmg the transltton etween t e continental
 
lce sheets and the ocean. In .such a context, most
 
bioindic.ators of "open ocean" conditions would have a
 
lirnited sensitivity, which may explain the discrepancies
 
between the differenl sets of LGM reconstructions based
 
.. ..
 

on dlfferent proxles. Another explanatlOn would mvoke .. ... 
alternatlOn of eplsodes of low sahOlty and hlgh summer
 
SSTs in surface waters \vith episodes of higher salinity
 
and lower temperature accounting for the reconstructed
 
cold conditions based on foraminifera. 
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Introduction 

Dinoflagellates are microscopie unicelluJar organ

rheir name (tram the Greek word dinos meaning 
whirling). ln biologica 1 SCiences, dinoflagellares 
receivc special atrention since the)' represenr an 
important part of rhe ner primary production in 
aquaric environmenrs and because they are responsi
ble for harmful algal blooms or red rides. In paleon
rology and Earrh sciences, dinoflagellates merir 
parricular interest since rhey yiekl microfossils, 
which constirute good biosrratigraphical markers of 
rhe Meso7.0ic and Cen01.Oic and are lIseful paleoeco
logical indicators of changes in sea-surface wner 
m3sses. 

The morile srage of dinoflagellares does nor pro
duce fossil remains, bur ahour 10 ra 20% of species 
go rhrough a cl'sr stage rhar yields microfossils. These 
microfossils mosr\y consist of highly resistanr 
organic-walled cysrs, also called dinocysrs, which 
can be routinel)' observed under OptiGll microscope 
on palynological slides. Thercforc, rhe rossil remail1s 
of dinoflagellares do nor correspond ro rhe vegetarive 
srage of rhe cells, and rhe morphology of living and 
fossil forms may differ considerably (Figs_ 1-2). 
Living dinoflagellares were describe<.l by naturalisrs 
111 rhe eighrecnrh cenrury, but rhe relarionship 
berween rhe microfossils and living dinoflagellares 
has onty been known since rhe second half of rhe 
rwenrierh cemury. Mosr fossil dinoflagellare cYStS 

Figure 1 Photographs of Gonyaulax cyst and theca (scale 
bar= 10pm). 
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described from the beginning of nineteenth century 
until the end of the rwentieth century were associated 
ra 'hystrichospheres' and believed ra be reminera
lized skelerans of algae. Important progress in the 
understanding of the status of dinoflagellate cysts in 
the living world has been made since the 1960s. The 
in-depth morphological observations of Evin (1963) 
allowed the identification of structures relating the 
fossil organic-walled cysts with dinoflagellates. 
Moreover, the in vitro experiments by Wall and 
Dale (1966, 1968) demonstrated the biological affi
nities of dinocysts and contributed ra rhe documenta
tion of the life cycle and stages of many raxa. 

Since the 1970s, many studies have been under
taken ro document the distribution of dinocysrs on 
the sea floor. Abollr one hundred Quaternary 
dinocyst species have thus far been described. The 
dinocyst assemblages in surface sediment samples of 
the marine environment show a biogeographical dis
tribution with distinct latitudinal gradients from 
Arctic seas to the circum-Anrarcric Ocean, demon
strating a dependency upon temperature and sea ice 
(Rochon et a/., 1999, Mudie et a/., 2001). The dino
cysr distribution also shows inshore ra offshore gra
dients rhat have been linked ra salinity, productiviry, 
and eutrophicarion (Dale, 1996, Marrer and 
Zonneveld, 2003). Based on rhese studies, ir is possi
ble to propose relarionships berween dinocyst assem
blages and sea-surface condirions, including 
temperature, saliniry, sea-ice cover, producrivity, 
and rrophic characteristics of waters, and rherefore, 
to use dinocyst assemblages for qualirarive or quan
tirarive reconsrruction of paleoceanographical condi
tions (de Vernal et a/., 2005). 

In addition ra organic-walled cYStS or dinocysts, 
sorne dinoflagellate taxa yield calcareous microfossils 
generally associared with the cyst stage. Calcareous 
dinofJagellates appear ra be abundanr in oceanic sedi
ments ar middle to low latitudes, where rhey can be 
used as tracers of hydrographic condirions in rhe 
upper warer column (Vink, 2004). 

In this article, we principally summarize informa
tion on dinoflagellates and their organic-walled cysts, 
which are studied within the field of marine palynol
ogy and currently used for paleoenvironmenral inves
rigations in Quaternary science. 

Ecology of Dinoflagellates 

Dinoflagellares live in various types of aquatic envir
onments, including lakes, estuaries, epicontinental 
seas, and rhe open ocean, from equararial ra polar 
latitudes (Taylor and Pollinger, 1987; Manhiessen 
et al., 2005). However, mosr dinoflagellates are mar
ine: a few thousand species are known from marine 

warers, whereas only a few hundred speCles are 
known ra live in fresh warer. 

In oceans, dinoflagellares seem ra be parricuJarly 
weil adapted ta neritic (shallow) environmenrs, 
including the estuaries, epicontinenral seas, and con
tinental shelves. This is probably due ta their ralerance 
ra low salinity, in addition ro nutrient avaiJability and 
stratification of water masses. In general, the diversity 
of dinoflagellates in surface warers is larger at the 
Equaror and decreases rowards the poles. 

The feeding strategy of dinoflagellares is variable. 
Many are aurotrophic (phorosynthetic) and form an 
important part of plankronic primary production in 
lakes and oceans. About half of dinoflagellate species 
are heterotrophic or mixorrophic (i.e., feeding on 
other organisms or on dissolved organic subsrances), 
and others are symbionts of marine invertebrates 
such as corals in which they are known as wox
anthellae. The auratrophic dinoflagellates depend 
upon lighr and nutriencs (nitrogen and phosphorus, 
notably). They live in rhe phoric zone ar relatively 
shallow depths, usually within the upper 50 or 100 
meters. The heterorrophic dinofJagellates depend 
upon the overall productivity and generally live in 
surface waters where rheir prey occurs. 

Dinoflagellates are mobile in the warer column. 
They have two flagella, one around the cingulum 
and rhe orher longirudinal, which permit swimming 
wirh a spiral-like 'whirling' morion with a speed ran
ging from a few cenrimerers ra a few merers per hour. 
They use their flagella ragerher wirh physiologic 
adjustmenr of buoyancy ro migrate verrically in rhe 
upper warer in order to optimize their metabolic and 
feeding activities. During the day, dinoflagellates 
migrate ra the surface for phorosynrhesis, and during 
rhe nighr, rhey migrate down, away from the nurrienr
depJered surface warers. Despice rheir abiliry ra move 
vertically, dinoflagellares generally inhabit a relarively 
thin and shallow surface layer, especially in stratified 
marine environments, because chey cannot migra te 
across the pycnocline (vertical gradient of density) 
thar constirures an important physical barrier. 

The reproducrion of dinoflagellates is most com
monly asexual by mirosis. In rhe blooming period, 
vegetative cell divisions occur ar a rate of abour one 
per day. Sexual reproduction is also observed for many 
species. When bJooming, dinofiagelJates car: be 
responsible for 'red tides', so called because the large 
density of cells in the surface water induccs a color 
change (green, brown, or red). Many dinoflagellares 
are bioluminescent and cause sparkling of the sea at 
cùghr. A few dinoflagellare species produce neurotox
ins rhar may be bioconcemrared by filrering organisms, 
notably shellfish, which rhen become poisollous and 
dangerous for che health of animaIs fceding on rhem. 
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In marine environmenrs, dinoAagellates constitute 
one of the main primary producers, together with 
dia toms and coccolithophorids. Typically, dinofla
gellates experience their blooms after diarams. 

The Life Cycle of Dinoflagellates and the 
Cyst Stage 

Most dinoflagellates have a complex life cycle invol
ving several stages, asexual and sexual, morile and 
non-motde (Pfiester and Anderson, 1987). In general, 
during the course of the sexual reproduction, the hap
loid vegetative cells (l-n chromosomes) become or 
produce haploid garnetes that fllse ra develop a zygote. 
The zygote rapidly enters into a dormant stage called 
'hypnozygote', du ring which the diploid cell (with 2-n 
chromosomes) is protected in a cysr. Afrer a dormancy 
period of variable length, the proroplasm excysts and 
meiosis occurs. The excystment of the cell occurs 
through an opening in the cYSt called the archeopyle, 
which has a geometry determined by the morphology 
of the original theca (see below). 

In the life strategy of dinoflagellates, the cYSt has 
an extremely important function, since it constitutes 
a protective structure that fosters survival of the cell 
over long periods of rime (several years ra decades) 
and permits propagation and dispersal (Dale, 1983) 
(Fig. 3). 

The cyst wall of many species is made of highly 
resistanr organic matter caUed dinosporin that is similar 
in composition ro the sporopollenin of pollen grains. 

These organic-walled cysts caJied 'dinocysts' are typi
caUy 15 ro 100 JJ.m in diameter. They are observed on 
palynological slides prepared following standard 
laboratory procedures used for the study of pollen and 
spores, which involve chemical preparation with hydro
fluoric and hydrochloric acids. The study of dinocysts is 
thus considered a sub-discipline of palynology. 

Sorne dinoflagellates also producc cysts made of 
calcium carbonate, which fossilize in sediment. These 
are analy7.ed rogether with the calcareous nanno
plankton. In addition ra hypnozygotes, sorne dinofla
gellates produce temporary cysts ra survive adverse 
conditions. These types of cysts do not form fossils. 

The life cycle of dinoflagellates is variable. Sexuat 
reproduction has been observed only for a few taxa 
and more in vitro and in vivo studies are necessary 
for a comprehensive understanding of their life cycle. 
Only 10 ra 20% of dinoflagellate taxa are known ra 
produce durable cysts. The correspondence between 
the organic-walled or calcareous dinoflagellate cysts 
recovered in sediments and their motile stage in the 
water column is known for many species but still 
needs ro be esta blished for many others. 

The Taxonomy and General Morphology 
of Dinoflagellates and Dinocysts 

Dinoflagellates are unicellular eukaryoric organisms 
that belong ro Protista, according ra the classification 
system in five kingdoms. Because they include bath 
aurotrophic and heterotrophic species, dinoflagellates 

Figure 3 Schematic illustration 01 idealized dinollagellate Iile cycle (adapted tram Evitt, 1985). 
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can be c1assified both as plants and animais. Within the 
International Code of Zoological Nomenclature, they 
have been grouped under the phylum of Mastigophora. 
However, dinoflagellates and their cysts are more com
monly treated as algae and are thus c1assified following 
the rules of the International Code of Botanical 
Nomenclature. For a long time, they have been placed 
in the division of Pyrrhophyta named afrer the biolumi
nescent forms (from the Greek word pyrrhos meaning 
fire). Dinoflagellates are now grouped within the divi
sion of Dinoflagellata, which is distinguished on the 
bases of several criteria. A main one is the cell mem
brane that is characrerized by a complex outer layer (the 
amphiesma) containing a single layer of flattened vesi
c1es (the amphiesmal vcsicle). In many dinoflagellates, 
the amphiesma vesicle conrains thecal plates composcd 
of cellulose. These dinoflagellates are described as the
cate, whereas those lacking such plates of cellulose are 
termed 'naked' or 'unarmored'. Dinoflagellates also 
contain a unique type of nucleus, the dinokaryon, 
which is characterized by chromosomes rcmaining con
densed berween ceIl divisions and which lacks histones. 
Another peculiarity of dinoflagellates is their morpho
logical asymmetry, and the possession of two dissimilar 
flagella (Fig. 2). 

The classification of dinoflagellates and their cysts 
is principally based on the structure of the 
amphiesma and the organization of the thecal plates, 

referred to as tabulation. Amongst dinoflagellates 
producing cYStS currently recovered in Quaternary 
sediment samples, rhere are three principal groups 
represented: the Gymnodiniales that are unarmored 
and the GonyaulacaJes and Peridiniales that are the
cate and show distinct types of tabulation (Fig. 4). 

In the Peridiniales and Gonyaulacales, the tabulation 
panern is described according to the organization of the 
theca From the apex to the cingulum and anrapex, and 
according to the ventral or dorsal orientation. The 
flagella are inserted on the ventral (or sulcal) side, 
whereas the archeopyle is onen located on the dorsal 
side of the cysts. The types of tabulation include apical, 
precingular, cingular, postcingular, and antapical 
plates, which are labeled after different systems (Evin, 
1985; Edwards, 1993). The most commonly used is 
Kofoid's system, describing the number of plates in 
each level of the theca. For the cyst stage, the prefix 
'para' is used when referring ra the outline of the plates 
on the cyst wall, and certain plates are ca lied 'homo
logs' of their thecal counrerpart. The tabulation system 
of Evin and Taylor, which provides indications on the 
interconnection berween plates, is also orren used for 
the description and classification of Gonyaulacales. The 
main morphoiogical characrenstic of Peridiniales is the 
presence of intercaJary plates berween apical and prc
cingular plate series on the dorsal side, which arc lack
ing in Gonyaulacales (colored green in Fig. 5). 

Figure 4 Scanning electron micrographs of dinoflagella!es and dinocysts. Figures (A--G), (F) scale bar = 10 ~m: figures (D-E) scale 
bar = 50 ~m. Figure (A) fmpagidinium paradoxum (cyst of Gonyau/ax sp., order Gonyaulacales) North Atlantic Ocean; Figure (B) 
Briganledinium cariacoense (cyst of Protoperidinium ave/lanum, order Peridiniales), Bedford Basin, NS, Canada: Figure (C) Cys! of 
Po/ykrikos schwartz;; (order Gymnodiniale), Lawrence Town, NS, Canada; Figure (0) Cera/ium fripos and Oinophysis acuminafe (theca: 
orders Ceratiales and Dinophysiales, respeclively), Bedford Basin, NS, Canada; Figure (E) Proloperidinium cf. depressum (lheca; order 
Peridiniales) Bedford Basin, NS, Canada; Figure (F) Quinquecuspis concreta (cySI of Protoperidinium leone, order Peridiniales), Saanich 
Inlel, BC, Canada. 
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Tabulation of Gonyaulacales 
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Figure 5 Simplilied scheme showing the tabulation pattern of 
Peridiniales and Gonyaulacales. The ventral view corresponds la 
where the IIageliar pore is, on the surface of the sulcus (in gray). 
The dorsal view corresponds la the surface where the archeopyle 
is ot1en localed (olten made of precingular plaIe or plaies lor 
Gonyaulacales and 01 intercalary plate or plates for Peridiniales). 
The ligure is adapled tram Fensome el al. (1993). 

Independent classifications of dinoAagellares have 
been proposed by biologisrs and paleontologists, and 
mosr of the Iirerarure of rhe ninereenth and rwentierh 
centuries refers ra disrincr classificarion schemes for 
living and fossil dinoflagellares. Neverthe1ess, 
Fensome el al. (1993) made an atrempr ra reconcile 
the classification schemes by biologists and paleon
ralogists using various crireria (nucleus type, struc
ture of the amphiesma, tabulation) and proposed a 
common supra-generic classification for cYSt and 
motile srages of dinoAagellares. Ar the generic and 
species levels, the motile stage name could be 
rerained for borh living and fossil forms for which 
the biological affinities of rhe cysrs are known. 
However, rhese affiniries arc still uncertain for 
many Quaternary dinoflagellare cysrs and for mosr 
pre-Quaternary ones. Therefore, rhe genera and spe
cies names given ra the dinocysts often differ from rhe 
ones of rheir living counterparts (Head, 1996). 

In the classification of living and fossi! dinoflagel
laœs, rhe rabularion consrirures an imporrant diag
nosric character. The rabulation partern of the 
dinoflagellates can be reflecred in various ways on 
rhe cysts. Some dinocysrs may show sutures or scpra 
defining the original pattern of rhecal plares. Others 
possess extensions called processes rhat may have 

their position determined by the original tabulation. 
Some do nor show any evidence of tabular pattern, 
wirh rhe exception of the archeopyle that has a given 
position. Beyond the tabulation patterns, as reflected 
by sutures, processes or the archeopyle, there are 
many morphological crireria used ra disringuish and 
identify dinoc.:yst species. They include the srructure 
of the layers of the wall (cavate or proximate), the 
overall shape of the cySt (elongate, round, or f1ar
tened), the presence of apical or antapical horns, the 
presence of processes and sutures, their respective 
positions (following tabulation or not), the orna men
ra ri on of rhe cYSt wall, the size, the color (semi-rrans· 
parent or brown), etc. Explicit descriptions on the 
morphological nomenclature of dinocysts have been 
published by rhe Dinoflagellare working group 
(1986), Head el al. (1989) and Edwards (1993). 

The Organic-Walled Dinoflagellate Cysts 
or Dinocysts in the Marine Realm 

Biostratigraphy of Dinocysts 

Dinocysts are the most common organic-walled 
microfossils or palynomorphs in m,Hine sediments. 
ln the field of marine palynology, they have been 
intensively studied for biostratigraphical purposes, 
notably in aid of petroleum explorarion. The oldest 
known dinocysrs date from the Silurian, but rhey are 
more abundant from the Triassic ta the modern, with 
maximum diversiry of species recorded during the 
Cretaceous and Paleogene (Powell, 1992; Fensome 
and Williams, 2004). The diversity of species in 
Quaternary sediments is relatively low, wirh close 
to one hundred species formally described ra date 
(Table 1). Alrhough ir srill needs invesrigarion, rhe 
Quarernary biostrarigraphic record of dinocysrs 
shows exrincrions of a few species du ring the 
Pleistocene, and very rare firsr appearance of species 
(de Vernal el al., 1992). 

Biogeographical Distribution of Dinocysts 

Since rhe carly work of Wall et al. (1977), document
ing the modern distribution of dinocysrs in sedi
ments, many palynologica! srudies have described 
the disrriburion pa trerns of dinocysts on rhe sea 
floor. There are now regional dara sets for the 
Norrh Atlantic and rhe Arcric Ocean, rhe circum
Antarcric Ocean, rhe low laritudes of rhe Atlantic 
Ocean, the easœrn and wesœrn Pacifie margins 
(Rochon et al., 1999; Marret and ZonneveIr, 2003). 

Studies of dinocysr abundance in sedimenrs reveal 
high concentrations (up ra 10(' cysrs. cm-3 

) along 
continental margins (shelves, inJand seas, estuaries) 
and decreasing concentrations offshore, suggesring 
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Table 1 List of marine late Qualemary dinocysi taxa 

Order 

Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Peridiniales 
Peridiniales 
Gonyaulacales 
Perdiniales 
Peridiniales 
Peridiniales 
Peridiniales 
Peridiniales 
Peridiniales 
Peridiniales 
Gymnodiniales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Peridiniales 
Peridiniales 
Peridiniales 
Peridiniales 
Peridiniales 
Peridiniales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Peridiniales 
Gymnodiniales 
Gymnodiniales 
Gymnodiniales 
Gymnodiniales 
Gonyaulacales 
Peridiniales 
Peridiniales 
Peridiniales 
Gonyaulacales 
Gonyaulacales 
Peridiniales 
Gonyaulacales 
Peridiniales 
Peridiniales 
Peridiniales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 
Gonyaulacales 

(Continuee!) 

Species - Dinocyst name 

Alaxiodinium choane 
Bitectatodinium spongium 
Bi/eclatodinium /epikiense 
Brigan/edinium cariacoense 
Brigantedinium simplex 
Da/ella cha/hamensis 
Dubridinium capera/um 
Echinidinium acu/ealUm 
Echinidinium bispinilormum 
Echinidinium delica/um 
Echinidinium granu/a/um 
Echinidinium karaense 
Echinidinium /ransparantum 
Cysts of Gymnodinium calena/um 
Impagidinium aculeatum 
Impagidinium pacilicum 
Impagidinium pallidum 
/mpagidinium paradoxum 
/mpagidinium patulum 
/mpagidinium plicatum 
/mpagidinium sphaericum 
Impagidlnium s/rialatum 
Impagidinium variaseptum 
/mpagidinium ve/orum 
Islandinium brevispinosum 
IsJandiniurrf! cezare 
Islandinium minu/um 
Leipokatium invisi/um 
Lejeunecys/a oliva 
Lejeunecysta sabrina 
Lingulodinium machaerophorum 
Nematosphaeropsis labyrinthus 
Nema/osphaeropsis rigida 
Opercu/odinium centrocarpum 
Opercu/odinium short processes 
Opercu/odinium israelianum 
Opercu/odinium janduchenei 
Opereulodinium longispinigerum 
Cysls of Pen/apharsodinium da/ei 
Cysls of Pheopo/ykrikos hartmannii 
Cyst of Polykrikos sp.-Arclic morpholype 
Cysls of Polyknkos koloidii 
Cysts of Polykrikos schwartzi; 
Polysphaeridium zoharyi 
Cysts of Protoper;dinium americanum 
Cysts of Pr%peridinium nudum 
Cysts of Pr%peridinium stella/um 
Pyxidinopsis psilala 
Pyxidinopsis re/icu/ata 
Quinquecuspis concreta 
Cysts of cf. Scrippsiella /rilida 
Selenopemphix antarctica 
Selenopemphix nephroides 
Selenopemphix quanta 
Spinilerites alaskensis 
Spinilerites belerius 
Spiniferites ben/orii 
Spinilerites bulloideus 
Spinileri/es crucilormis 
Splnilerites de/ica/us 

Moti/e affinily 

Gonyaulax sp. 
Unknown 
Gonyau/ax sp. 
Protoperidinium avellanum 
Proloperidinium conicoides 
Gonyaulax sp. 
Preperidinium meunieri 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Unknown 
Gymnodinium catena/um 
Gonyaulax sp. 
Gonyaulax sp. 
Gonyaulax sp. 
Gonyaulax sp. 
Gonyau/ax sp. 
Gonyaulax sp. 
Gonyaulax sp. 
Gonyaulax sp. 
Gonyau/ax sp. 
Gonyaulax sp. 
Protoperidinium sp. 
Pr%peridinium sp. 
Protoperidinium sp. 
Unknown 
Unknown 
? Protoperidinium leane 
Lingu/odlnium polyedrum 
Gonyau/ax spinilera 
Gonyaulax sp. 
Proloceralium reticu/alum 
? Protoceratium re/ieu/alUm 
? Pr%ceratium sp. 
Unknown 
Unknown 
Pen/apharsodinium da/ei 
Pheopolykrikos hartmannii 
Polykrikos sp. 
Po/ykrikos koloidii 
Polykrikos schwartzii 
Pyrodinium bahamense 
Protoperidinium americanum 
Pr%peridinium nudum 
Protoperidinium s/ella/um 
Unknown 
Unknown 
? Protoperidinium leone 
Scrippsiella /rilida 
Unknown 
Protoperidinium subinerme 
Pr%peridinium conicum 
Gonyau/ax sp. 
Gonyau/ax scrippsae 
Gonyaulax digitale 
Gonyau/ax scrippsae 
Gonyau/ax sp. 
Gonyau/ax sp. 
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Table 1 (Continued) 

Species - Dinocysl name 

Spini/erites elongatus 
Spinileriles Irigidus 
Spinileriles hyperacanlhus 
Spinilerites lazus 
Spinileriles membranaceus 
Spinileriles mirabilis 
Spinileriles pachydermus 
Spinilerites ramosus 
Sielladinium reidii 
Sielladinium robustum 
Tectatodinium pellilum 
Trinovanledinium applanalum 
Trinovantedinium variabile 
Tuberculodinium vancampoae 
Voladinium calvum 
Voladinium spinosum 
Xandarodinium xanlhum 

Gray ZOnes: heterotrophic or mixotrophic taxa 
White zones: aulolrohic taxa 

higher dinocysr fluxes in shallow seas, rarher rhan in 
open oceans (Fig. 6). 

The species assemblages show large variarions 
from rhe Equaror ro rhe poles, wirh maximum 
species diversity ar low larirudes. Many species 
appear ubiquirous or cosmopoliran and occur in 
wide larirudinal ranges of borh hemispheres, bur sev
eral appear ro be resrricred ro equarorial-rropical 
environmenrs. Only a few raxa seem ro occur exc1u
sively ar polar and subpolar larirudes. Some species 
have been reported only from [he Northern 
Hemisphere, whereas orhers only occur in rhe sou rh
ern Ocean. Moreover, rhe species composirion of 
assemblages apparenrly differs in rhe Arlanric and 
Pacific oceans. Thus, some regionalism seems ro 
characrerize dinocysr disrriburion (Figs. 7 and 8). 

ln general, rhe relative abundance of raxa in 
dinocysr assemblages follows disrriburional parrerns 
c10sely relared ro rhe latirudinal and ro nearshore ro 
open ocean gradients. Mulrivariare analyses of assem
blages c1early demonstrate re!arionships wirh sea-sur
face temperarures, wharever sparial scalc is considered 
(Marrer and Zonneveld, 2003). The analyses of assem
blage distribution patterns at regional scales (e.g., sub
hemispheric ocean basins) also show relarionships 
between cysr assemblages and sea-surface salinity, 
annual amplirude of sea-surface temperarures, sea-ice 
cover, primary producrivity and upwelling intensity 
(Rochon el al., 1999; de Vernal el al., 2005; Radi 
and de Vernal, 2004). For example, as illustrared in 
Figure 8 summarizing dara from the Northern 
Hemisphere, rhere are raxa occurring in high perccn
rages in areas marked by extensive seasonal sea-ice 
cover and orhers rolerare sorne sea ice, whereas rhe 

Motile affinity Order 

Gonyaulax elongata Gonyaulacales 
Gonyaulax sp. Gonyaulacales 
Gonyaulax sp. Gonyaulacales 
Gonyau/ax sp. Gonyaulacales 
Gonyaulax sp. Gonyaulacales 
Gonyaulax spinilera Gonyaulacales 
Gonyaulax sp. Gonyaulacales 
Gonyaulax sp. Gonyaulacales 
Unknown Peridiniales 
Unknown Peridiniales 
Gonyaulax spini/era Gonyaulacales 
Protoperidinium penlagonum Peridiniales 
Unknown Peridiniales 
Pyrophacus sleinii Gonyaulacales 
Protoperidinium obtongum Peridiniales 
Proloperidinium claudicans Peridiniales 
Protoperidinium divaricalum Peridiniales 

majoriry of species do nor occur in polar and sub
polar seas wirh freezing winrer condirions (Figs. 9-13). 

Severa) examples of rhe geographical disrriburion of 
dinocysr raxa in marine sediments of rhe Norrhern 
Hemisphere are illusrrared in rhe maps of Figures 9 ro 
13. These maps show a clear larirudinal gradienr in rhe 
occurrence and abundance of many aurorrophic (Figs. 
9,11 and 12) and hererorrophic (Figs. 10 and 13) raxa, 
rhus indicaring close relarionships wirh sea-surface rem
perarure and sea-ice cover. The disrriburion parrerns of 
sorne raxa also show nearshore ro offshore gradients, 
which reflecr sorne re!arionship wirh salinity gradienrs. 

Beyond hemispheric parrerns, ar more local scales 
(esruarine sysrems, for example), rhe analyses of rhe 
dinocysr disrriburion suggesr relarionships wirh 
eurrophicarion (Dale and Dale, 2002). Howcver, 
because rhe composirion of assemblages may 
vary significamly berween regions, rhe quantirative 
relarionships berween dinocysr assemblages and 
hydrographic or oceanic condirions ar regional or 
local sc ales cannor be exrrapolared on a global scale. 

Ecological-Paleoecological Significance of 
Dinocysts in Sediment 

The dinocysrs represenr only a fragmentary picrure 
of rhe original dinoflagellare popularions (Dale, 
1976; Head, 1996; Matthiesscn el al., 2005). The 
ecological affiniries of dinocysr raxa are acruall}' 
known by defaulr, more from disrribution of rhe 
assemblages and species on rhe sea floor rhan from 
rhe ecology of rheir living counrerparrs. There are 
only a few studies documenring rhe ccology of 
non-roxic dinoflagellares and rhe works coupling 
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Figure 6 Dinocyst Concentration in surlace sediments of the Northern Hemisphere (data from de Vernal el al., 2005). 

information on planktonic dinoflagellates and fluxes 
of dinocysts to the sea fJoor are extremely rare. 
NevertheJess, it seems that the biogeographical distri
butions of cyst-forming dinoflagellates in surface 
waters and thar of dinocysrs in sedimems are generally 
consistem with each other (Dodge, 1994). There is a 
general consistency with respect to onshore-offshore 
patterns and latitlldinal gradients, which closely relate 

tO salinity and temperature controlled by current pat
terns. However, the correspondence between observa
tions of motile and cyst assemblages is not perfect, due 
tO the faet that the motile dinoflagcllatcs in plankton 
assemblages represent an instantaneous time imerval, 
whereas the cysts in the upper first cenrimeter of sur
face sediments may represent several years, decades, or 
cemuries of sedimemary accumulation. 
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Figure 8 Mean percenlage of selected dinocyst taxa vs. sea-ice extent in months per year with more than 50% 01 ice coverage. Nole 
that mosl olher taxa do not occur in areas characterized by seasonaJ sea ice (data trom de Vernal et al.. 2005). 
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Figure 9 Pholographs and distribution of selected dinocyst species belonging mostly 10 GonyaulacaJes in surface sediment samples 
Irom the Nor1hern Hemisphere (data Irom de Vernal el al., 2005). The scale bars on the photographs correspond 10 10 j.lm. The circle 
diameter iIIustrales the cumulative percentage of lhe selected species in the dinocyst assemblages. 
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Figure 10 Pholographs and dislribution of selected dinocyst taxa belonging 10 Peridiniales in surface sediment samples trom the 
Northern Hemisphere (data trom de Vernal et al.. 2005). The scale bars on Ihe photographs correspond to 10 !lm. The circle diameter 
illustrates the cumulative percenlage of Ihe selected species in the dinocyst assemblages. 

In paleoceanographic srudies, dinocysts are usually 
associated with production in the upper part of the 
water column at the site location. However, the 
sinking rate of individual cells or microscopic 
remains such as dinocysts is extremely slow (on the 
order of meters per day). Thus, incorporation within 
fecal pellets or marine snow (coherent aggregates of 
microscopic organic material having a sufficient den
sity ta sink in the water column) constitute mechan
isms which Iikely expia in the vertical fluxes of pelagic 
panicles over hundrcds or thousand of meters. 
Although the dinocyst assemblages on the sea floor 
probably relate CO sedimentation within marine snow 
and fecal pellets, some lateral transport with surface, 
intermediate, or bottom currents, cannot be ruled 
out. 

Dinocysts are made of refractory organic matter 
and usually preserve weil in marine sediments, unlike 
diatams or foraminifers that are subject ta dissolu
tion of opal silica or calcium carbonate, respective Il'. 
From this point of view, dinocysts constirute an 
extremely useful proXl' of ocean changes 10 

many shallow water environments and other regions 
of the world oceans, where calcium carbonate 

dissolution occurs bccause of a shallow Iysoclinc 
and/or oxidation of organic rich sediments that foster 
high pC0 2 . However, the eyst wall of some dinocl'st 
taxa seems ta be more susceptible ta selective degra
dation when using strong oxidation techniques (e.g., 
acerolysis, KOH). Such techniques are used occasion
ally in pa 1ynol ogy, but arc avoided in the stLIdy of 
dinocysts. Cood preservation of dinocyst taxa is gen
erally assumed alrhough it is possible that seleerive 
degradation occurs in sediment or at the water-sedi
ment interface under extreme oxic conditions 
(Zonneveld et al., 2001). The dinocyst taxa that are 
the most susceptible of degradation from oxidation 
are the cl'sts of Protoperidinium spp. and 
Echinidinium spp. (i.e., Peridiniales taxa that are 
associated with heterorrophic productivity), which 
are usually characterized by a thin and brownish 
cl'St wall. 

Applications of Marine Dinocysts in 
Quaternary Sciences 

Despite the caveats mentioned above, dinocl'sts con
stitute excellent tracers of sea-surface conditions. 
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Figure 11 Photographs and distribution of selecled dinocyst species of the genus Impagidinium (order Gonyaulacales) in surface 
sediment samples Irom the Northern Hemisphere (dala Irom de Vernal el al., 2005). The scale bars on the photographs correspond 10 

10 Ilm. The circle diameter illustrates the cumulative percentage 01 the selected species in Ihe dinocyst assemblages. 

They usually are weil preserved in sediments and rhe assemblages reveal extremely large salinity changes 
assemblages are eharaererized by relarively high spe and because some raxa show morphological varia
eies diversiry, even in nearshore environmems and in rions reflecting endemism that is probably due to 

the Arerie and sub-Aretie domains. From rhese points isolarion and low saliniry (Fig. 14). 
of vicw, dinoeysts are complemenrary ra ealcareous In estuaries or deltaic environmenrs, the various 
mierofossils sueh as plankronie foraminifers, and proportions of salinity-roleranr and stenohaline spe
eoeeoliths rhat are srenohaline (having narrow sali cies have been used ta estimate changes in salinity 
nity raleranee) and used primarily in paleoceanogra and freshwater discharge, for example off the coast 

phy at low to middJe latitudes. During reeent of easrern Canada in the northwest North Atlanric or 

deeades, increasing numbers of dinocyst studies off rhe mou th of the Congo River in the Equatorial 

have been done as part of Quaternary science. Atlantic. 

Hydrographical Reconstruction in Paleoceanographical Reconstruction 
Epicontinental Environments and Along the 

The development of reference dinocyst darabasesContinental Margin 
from srudies of surface sediment samples has allowed 

In estuaries and marginal marine environmenrs, dino the developmenr of quantitative techniques for the 
cysts are a good proxy of changes in sea-surface reconstruction of sea-surface conditions such as the 
conditions since they occur in a wide range of salinity temperarure and saJinity. Various attempts have been 
and record both variations in salinity and tempera made ra adapt regression and multi-regression tech
ture. Among dinocyst records From inland seas, the niques (i.e., the conventional transfer functions), the 
data From the Marmara and Black seas are particu best ana log method, or neural network approaches. 
larly impressive (Mudie et al., 2002) because the From the various trials, ir seems that extrapolation 
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Figure 12 Photographs and distribution of selected dinocyst species of the genus Spinilerites (order Gonyaulacales) in surface 
sediment samples trom the Northern Hemisphere (data fram de Vernal et al" 2005). The scale bars on the pholographs correspond 10 
10 ~m. The circle diameter illuslrates the cumulative percenlage of the selected species in the dinocySI assemblages. 

approaches (neural networks and regressions) that 
rely on calihration herwcen the assemblages and 
given oceanographical parameters strongly depend 
on the definition of the database. As a consequence, 
although the extrapolation techniques may yield very 
good validation results, the reconstructions can differ 
significamly, depending upon the calibration data 
set. Therefore, most paleoceanogtaphic reconstruc
tions from dinocyst data have been made on conser
vative grounds, using the modern analogue technique 
that does not involve any extrapolation but sim ply 
uses the similariry berween the fossil spectrum and 
the modern assemblages ta infer past sea-surface con
ditions (de Vernal et al., 2001, 2005). 

Quantitative reconstructions of sea-surface tem
perature, salinity, and sea-ice cover were made from 
many Quarernary sequences of the North Atlamic and 
compilations are avaiJable for the Last Glacial 
Maximum, 21,000 years ago (de Vernal et al., 2005). 
[n addition ra significam changes in remperarure, the 
dinocyst-based reconstructions poim roward varia
tions in the saliniry and sea-ice cover. The example of 

a record from the Labrador, in the Norrhwest North 
Atlamic, is presemed in Figure 15. It shows exœnsive 
sea-ice cover and relatively low salinities off the east 
Canadian coasts during the Last Glacial Maximum. 

Eutrophication, Productivity, and Upwelling 

Dinocysts include fossil remains from both microzoo
plankranic and phytoplankranic communities. Thus, 
dinocyst assemblages, ragether with the overall 
fluxes, depend upon primary productivity and the 
Strucrure of the planktonic population. Srudies in 
fjords of norrhwest Europe, and along the coasts of 
]apan and America have shown increased fluxes of 
dinocysrs with higher percemages of heterotrophic 
taxa (cysts of Protoperidiniurn sp., norably). These 
changes in assemblages appear related ra recem 
eutrophication, duc ra human activiries. Some 
arrempts have been made ra distinguish rhe effects 
of eurrophication from those of pollurion in dinocysr 
assemblages, but the results are equivocal (Dale and 
Dale, 2002). 
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Figure 13 Photographs and distribution of selected dinocyst species of the genus Polykrikos (order Gymnodiniales) in surface 
sediment samples fram the Northern Hemisphere (data trom de Vernal el al.. 2005). The scale bars on the photographs correspond 
to 10 ~m. The clrcle diameter illustrates the cumulative percentage of the selected species in the dinocysi assemblages. 

ln ocean environmenrs, where upwelling resulrs in 
high primary producriviry and where rhe phyroplankron 
is dominared by diarams, dinocysr fluxes are high and 
are characrerized by rhe abundance of hererorrophic 
raxa over aurarrophic ones (Radi and de Vernal, 
2004). Downcore analyses perfonned on sedimenrs 
raken off rhe African margin have shown variarions in 
rhe abundance of Peridiniales over rhe lasr hundred 
rhousand years, which indicare changes in producriviry 
and upwelling srrengrh in relarion ra orbital forcing 
(Hoii et al., 2000; Fig. 16)_ 

Conclusion 

Fossil dinocysrs are mainly known from marine sedi
menrs, and appear ra be parricularly abundanr along 
conrinenral margins (esruaries, conrinenral shelvesFigure 14 Scanning electron pholograph of Spini(erites cruci

(ormis. Specimen Irom sediment collected in the Black Sea. Scale and si opes, epiconrinenral seas). Dinocysrs have 
bar = 20~m. been widely used in deveioping rhe biosrrarigraphy 
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Figure 15 Example of late Quaternary dinocyst assemblages in the Labrador Sea, nonhwest Nonh Atlantic, and corresponding 
reconstruction of sea-surlace salinity, temperature and sea-ice cover based on the modern analog technique. The ligure shows a 
smoolhed record trom core HU84--<l3G-021 (58'22'W, 57'30'W; water depth = 2,853 meters). For more detail on Ihe record, see de 
Vernal el al. (2001). 
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Figure 16 Example of dinocyst records representative of pro
ductivity and upwelling changes during the middle and late 
Pleistocene in the tropical Atlantic. The western site (core 
GeoS2204-2, 8'32'S, 34'01'W; water depth = 2,072 m) is 
from a low produclivily area and the eastern site (core GeoS 
1105-4: 01 '40'S, 12"26'W; water deplh = 3,225 m) was col
lected in a productive upwelling region. In the sediments, the 
cysts of PrOloperidinium spp. are associaled with high produc
tivity in surlace waters whereas Impagidinium spp. are asso
ciated with oligotrophic conditions. The blue bands correspond 
to glaciat episodes, which were marked by relatively high pro
ductivity in the eastern tropical Allantic. Data redrafted from Hall 
et al. (2000). 

and paleoecology of rhe Mesozoic and Terriary. ln 
the field of Quarernary paleoceanography and 
paleoccology, rhe srudy of dinocysrs is of growing 
interesr. Because rhey are very resisranr, dinocysrs 
are generally weil preserved in sediment despire dis
solurion rhar may affccr calcareous or siliceous bio
logical remains. Moreover, rhe developmenr of 
reference darabases from surface sedimenr samples 
(Dale, 1996; Rochon et al., 1999; de Vernal et al., 
2001,2005; Zonneveld and Marrer, 2003) has led ro 
rhe documenrarion of relarionships berween rhe dis
rriburion -of dinocysr assemblages and sea-surface 
parametcrs, including producriviry and hydrographi
cal condirions. Quanritarive approaches, such as rhe 
besr analogue merhod, have permined rhe quanrira
rive reconsrrucrion of temperarure, sa!iniry, and sea
icc cover exrenr. For example, hydrographical maps 
of rhe nonhern Nonh Adanric during the Lasr 
Glacial Maximum were esra blished using dinocvsr 
dara, and many regional reconstructions arc 
currenrly being developed. Orher applicarions of 
dinocysrs in Quarernary sciences include rhe recon
srrucrion of hydrological changes From rhe srudy of 
cores collecred in epiconrinenral seas or dcltaic envir
onmenrs. Dinocyst assemblages may also providc 
insighrs inro variarion of the rrophic characrer of 
rhe upper warer masses, leading ra identify eurrophi
cation in nearshore environmenrs and ra esrimare 
changes of producriviry in upwclling areas. 
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See a/so: Paleoceanography. Paleoceanography, 
Biological Proxies: Coccoliths; Marine Diatoms. 
Quaternary Stratigraphy: Biostratigraphy. 
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