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AVANT-PROPOS 

Cette thèse aborde l'étude du devenir de la matière organique lors du déclin d'un 

bloom printanier de l'océan Atlantique nord-ouest et sa transition vers des conditions de 

post-bloom. Plus spécifiquement, ce travail traite de la relation entre la production primaire 

et le flux vertical de carbone organique particulaire dans la zone mésopélagique, deux 

composantes majeures de la pompe biologique de carbone dans les océans. Cette étude 

examine, lors d'un suivi lagrangien, le déclin d'une floraison printanière de diatomées afin 

de comprendre l'impact de la scénescence du bloom sur les flux océan-atmosphère de gaz 

actifs sur le plan climatique (dioxyde de carbone, C02; sulfure de diméthyle, DMS; gaz 

halogénés). Cette thèse est une contribution à la composante canadienne du programme de 

recherche international Surface Ocean - Lower Atmosphere Study (SOLAS). 

Cette thèse est composée d'une introduction générale en français , de trois chapitres 

rédigés sous forme d'articles scientifiques en anglais, d'une conclusion générale et 

perspectives de recherche en français, et de la liste des références. 

Le premIer chapitre de la thèse décrit les changements dans la production, la 

biomasse, la structure de taille et la composition spécifique des communautés 

phytoplanctoniques, lors du déclin du bloom et sa transition vers des conditions de 

post-bloom. Ces résultats ont fait l'objet d'un article scientifique soumis pour publication 

dans la revue Marine Ecology Progress Series (Pommier J, Gosselin M. Michel C. Size 
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fractionated phytoplankton production and biomass du ring the decline of the northwest 

Atlantic spring bloom). 

Le second chapitre décrit la variabilité temporelle des flux verticaux de carbone 

organique particulaire dans la partie supérieure de la zone mésopélagique (50-150 m), lors 

du déclin du bloom et sa transition vers des conditions de post-bloom. Les résultats de ce 

chapitre ont été rassemblés dans un second article soumis pour publication dans la revue 

Marine Ecology Progress Series (Pommier J, Michel C, Gosselin M. Particulate organic 

carbon export in the upper twilight zone of the northwest Atlantic Ocean during the decline 

of the spring bloom). 

Le troisième chapitre présente un budget des stocks et des flux de carbone organique 

particulaire et dissous dans la zone euphotique et la zone mésopélagique pour la période du 

déclin du bloom. Les résultats de ce budget ont permis la préparation d'un troisième article 

qui sera soumis pour publication dans une revue à comité de lecture (Pommier J, Gosselin 

M, Michel C. Carbon budget in the euphotic and upper twilight zones of the northwest 

Atlantic Ocean du ring the decline of the spring bloom). 

La conclusion générale résume les principaux résultats des trois chapitres de la thèse 

et expose les perspectives de recherche. 
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Les résultats rapportés dans cette thèse ont fait l'objet de deux affiches scientifiques 

et de quatre conférences présentées lors de divers congrès nationaux et internationaux 

(Assemblée générale annuelle Québec-Océan - 2004, 2005; SOLAS Science Meeting, 

Halifax - 2004; CMOS Congress, Vancouver - 2005; ASLO Summer Meeting, Santiago de 

Compostella - 2005; ASLO Aquatic Sciences Meeting, Santa Fé - 2007). 
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RÉSUMÉ 

La compréhension des processus déterminant l'efficacité de transfert de la matière 
organique depuis la zone euphotique vers l'océan profond est essentielle afin de mieux 
appréhender le fonctionnement de la pompe biologique océanique de carbone. Néanmoins, 
une telle compréhension demeure limitée du fait du manque de connaissances relatives aux 
processus affectant la matière organique lors de son exportation dans la zone 
mésopélagique. Dans ce contexte, cette thèse vise à décrire la variabilité des flux de 
carbone organique particulaire (COP) dans la partie supérieure de la zone mésopélagique 
(50-150 m) de l'océan Atlantique nord-ouest, lors du déclin du bloom printanier et sa 
transition vers des conditions de post-bloom. La variabilité des flux de COP est mise en 
relation avec les changements temporels de la production, la biomasse, la composition 
spécifique et la structure de taille des communautés phytoplanctoniques. 

Cette étude a permis de décrire le déclin de l'un des blooms les plus productifs 
rapportés pour les eaux ouvertes des latitudes tempérées de l'océan Atlantique Nord, sous 
l ' influence d'une limitation de la production primaire par la disponibilité en nitrate. Durant 
le déclin du bloom, le gros phytoplancton (~5 !lm), principalement des diatomées 
centrales, dominait la production primaire et la biomasse phytoplanctonique. En conditions 
de post-bloom, le système précédemment étudié a été remplacé par un système productif 
dominé par les flagellés de petite taille (0,7-5 !lm). L'analyse de la contribution relative du 
petit et du gros phytoplancton à la production et la biomasse phytoplanctonique totale a 
permis de proposer que la biomasse du petit phytoplancton est préférentiellement broutée 
par le microzooplancton tandis que celle du gros phytoplancton à tendance à s'accumuler 
dans la zone euphotique. Cette accumulation de cellules phytoplanctoniques est confirmée 
par la présence d 'un maximum profond de chlorophylle a (MPC) au voisinage de la base de 
la zone euphotique, juste au-dessus de la nutricline, qui s'est maintenu pendant toute la 
durée de l'étude. 

Une diminution des flux verticaux de COP sous la base de la zone euphotique (50 m) 
a été observée durant toute la durée de l'étude. Cette diminution était corrélée à la 
diminution de la production du gros phytoplancton. Malgré ces changements, les flux 
verticaux de COP à 150 m n'ont pas présenté de variations temporelles importantes. 
L ' analyse des profils verticaux de flux de COP avec la profondeur a permis de mettre en 
évidence la réduction du recyclage de la matière organique dans la zone mésopélagique lors 
du déclin du bloom. De plus, l'intensité du recyclage de la matière organique dans la zone 
mésopélagique était positivement corrélée à l'exportation verticale de COP depuis la zone 
euphotique. Ces résultats démontrent que les communautés hétérotrophes mésopélagiques 
sont capables de répondre rapidement et proportionnellement aux variations des apports de 
COP depuis la zone euphotique. Ils mettent également en lumière le rôle déterminant des 
variations à court terme du recyclage du matériel organique par les organismes 
hétérotrophes dans la zone mésopélagique en regard à l'efficacité de transfert du COP en 
profondeur. 
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Un budget de carbone organique particulaire et dissous a été établi pendant le déclin 
du bloom. Pendant cette période, 67 % du COP des 150 premiers mètres de la colonne 
d' eau est resté en suspension alors que 30 % a été recyclé par les hétérotrophes et 3 % a été 
exporté en dessous de 150 m. Le maintien dans les 150 premiers mètres de la colonne d' eau 
d'une importante biomasse de COP reflète l'accumulation de cellules phytoplanctoniques 
au niveau du MPC. Ces résultats témoignent également de l'incapacité des hétérotrophes à 
utiliser toute la biomasse de carbone organique disponible dans cette couche. Cette 
difficulté à transformer le carbone organique présent dans les eaux de surface est confirmée 
par la réduction du recyclage du COP dans la zone mésopélagique lors du déclin du bloom. 
Le bilan de carbone a permis d'estimer le rapport entre la production primaire totale et la 
respiration par la communauté hétérotrophe lors du déclin du bloom. Ce rapport est en 
faveur de l ' autotrophie nette du système étudié. Ce résultat est en accord avec le consensus 
voulant que l'océan Atlantique Nord soit un puits océanique de carbone. 
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INTRODUCTION GÉNÉRALE 

Selon la Convention-cadre des Nations-Unies sur le changement climatique 

(CCNUCC), on entend par changement climatique le changement du climat attribuable 

directement ou indirectement aux activités humaines, altérant la composition de 

l'atmosphère mondiale et venant s'ajouter à la variabilité naturelle du climat observée au 

cours de périodes comparables. Le terme changement climatique, tel qu'utilisé par le 

Groupe d'experts intergouvernemental sur l'évolution du climat (GIEC), désigne quant à 

lui le changement du climat dans le temps, qu'il soit dû à la variabilité naturelle ou bien 

provoqué par les activités humaines. Quelles qu'en soient les nuances, ces définitions ont 

en commun la prise de conscience de la place de l 'homme dans la biosphère et de ses 

impacts sur son environnement. 

Réchauffement climatique et émissions anthropiques de CO2 

Selon le dernier rapport du GIEC (IPCC 2007), le réchauffement du système 

climatique est sans équivoque. Un nombre croissant d'observations nous donne aujourd'hui 

une image d'ensemble d'une planète qui se réchauffe, reflétant la modification à la hausse 

du bilan radiatif à la surface de la Terre au cours du siècle dernier. De 1906 à 2005, la 

température moyenne à la surface du globe (i.e. moyenne de la température de l'air près de 

la surface du sol et de la température de surface de la mer) s'est accrue de 0.76°C (IPCC 

2007). Cette augmentation de la température de surface est la plus forte du dernier 

millénaire (Mann & Jones 2003), la dernière décennie étant la plus chaude enregistrée 
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depuis 1850, date à partir de laquelle on dispose d'enregistrements de la température de 

surface (lPPC 2007). Depuis la seconde moitié du vingtième siècle, ce signal thermique 

s' est ressenti dans les 8000 premiers mètres de la troposphère (IPCC 2001). Une 

augmentation de la charge thermique a également été détectée dans l ' ensemble des bassins 

océaniques jusqu'à 3000 m de profondeur (Levitus et al. 2000, Barnett et al. 2001). 

La modification à la hausse du bilan radiatif terrestre est très vraisemblablement 

imputable à l'augmentation des concentrations atmosphériques de gaz à effet de serre 

d 'origine anthropique (IPCC 2007). Parmi ceux-ci, le dioxyde de carbone (C02) joue un 

rôle majeur. Il explique en particulier 32 % du réchauffement climatique contemporain 

(Mann et Lazier 1996). Depuis 1750 (début de l'ère industrielle), les concentrations 

atmosphériques de CO2 ont augmenté d'environ 36 %, passant de 278 à 379 ppm (lPCC 

2007), et dépassent aujourd'hui largement la gamme de variations naturelles des 420 000 

dernières années (Petit et al. 1999). L'émission annuelle de CO2 anthropique vers 

l 'atmosphère pour la décennie 1980 a été estimée à 7,1 ± 1,1 Pg C (Sarmiento & Gruber 

2002). On estime qu'environ 75 % de ces émissions sont liés à l'exploitation de 

combustibles fossiles , le reste étant imputable, pour l'essentiel, aux modifications de 

l'utilisation des sols, plus particulièrement au déboisement. Près de la moitié des émissions 

annuelles de C02 anthropique (3 ,2 ± 2 Pg C) est accumulée dans l'atmosphère, la 

différence étant captée par les puits de carbone continental (1 ,9 ± 1,6 Pg C) et océanique 

(2,0 ± 0,9 Pg C) (Sarmiento et al. 2000, Sarmiento & Gruber 2002). Alors qu 'une grande 

incertitude demeure quant à l'importance du puits de carbone continental, les océans sont 
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considérés comme le principal puits de carbone à l'échelle de la planète et leur importance 

dans le cycle global du carbone est aujourd'hui sans équivoque. 

Rôle des océans dans le cycle du carbone et le climat mondial 

De par leurs interactions avec l'atmosphère, les océans sont des régulateurs majeurs 

de la composition atmosphérique et donc du climat. Recouvrant 72 % de la surface de la 

Terre, ils constituent une composante majeure du système climatique, échangeant avec 

l'atmosphère d'importantes quantités de chaleur, d'eau, de gaz et de moment (Bigg et al. 

2003). Les échanges thermiques entre l'océan et l'atmosphère permettent une redistribution 

de la chaleur emmagasinée à l'équateur vers les pôles et sont à la base de la circulation 

thermohaline, mécanisme majeur de régulation des conditions climatiques à la surface du 

globe (Bigg et al. 2003). Les océans jouent également un rôle important dans la modulation 

annuelle, décennale et millénaire de la concentration atmosphérique de dioxyde de carbone 

(Raven & Falkowski 1999). Sous l'action de la pompe de solubilité, de la pompe 

biologique et de la pompe de carbonate (Volk & Hoffert 1985, Longhurst & Harrison 1989, 

Longhurst 1991), des échanges actifs de CO2 se produisent entre l'atmosphère et l'océan. 

En absorbant environ un tiers des émissions anthropiques de ce gaz, les océans constituent 

l'un des puits majeurs de carbone atmosphérique. On estime que les océans ont contribué à 

l'absorption de 26 % à 44 % des émissions anthropiques de CO2 depuis le début l' ère 

industrielle (Tans et al. 1990). La production primaire nette océanique (i.e. la fixation 

photo synthétique de carbone inorganique dissous et sa transformation en matière organique 

par le phytoplancton marin) permet la formation annuelle de 45-50 Pg de carbone 
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organique dont 16 Pg sont exportés chaque année vers l'océan profond (Falkowski et al. 

1998). Ces flux de carbone sont assurés par une biomasse phytoplanctonique d'environ 

1 Pg de carbone, soit 0,2 % de la biomasse photo synthétique mondiale (Falkowski et al. 

1998). Le réservoir océanique de carbone total (carbone organique et inorganique, dissous 

et particulaire) est aujourd'hui estimé à environ 38 000 Pg, soit près de 60 fois le réservoir 

atmosphérique (Watson & Orr 2003). Ainsi, la moindre perturbation des processus 

biogéochimiques et physiques liés au cycle océanique du carbone peut profondément 

modifier la concentration atmosphérique de CO2 (Watson et Orr 2003). 

L'océan Atlantique Nord 

En regard au rôle crucial des océans dans le cycle global du carbone, l'océan 

Atlantique Nord revêt une importance particulière. Bordé par les continents nord-américain 

et européen, il est l'océan le plus exposé aux émissions anthropiques de CO2 (Koeve & 

Ducklow 2001). Cet océan est l'une des zones océaniques les plus productives de l'océan 

mondial (Harrison et al. 1993). Sathyendranath et al. (1995) y ont estimé la production 

primaire annuelle à 10,5 Pg C. Il représente le plus important puits océanique de carbone de 

l'hémisphère Nord (Gruber et al. 2002). L'absorption annuelle de carbone anthropique y a 

été estimée entre 0,7 ± 0,1 Pg C (Gruber et al. 2002) et 1,0 Pg C (Doney et al. 2000) soit 

près de la moitié du puits de carbone océanique mondial. Il constitue également l'un des 

sites prépondérants de formation d'eau profonde (mers du Labrador, du Groenland et de 

Norvège) gouvernant la circulation thermohaline et régissant la pompe de solubilité 

(Siegenthaler & Sarmiento 1993). 
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L'océan Atlantique Nord est un également un vaste bassin océanique au niveau 

duquel sont observées de grandes variations saisonnières des conditions atmosphériques, 

thermiques et lumineuses. Celles-ci se traduisent dans l'océan par la succession d 'une 

période hivernale de fort mélange vertical de la colonne d ' eau, assurant l ' apport de 

nutriments depuis l'océan profond vers la zone euphotique, et de la stratification 

progressive des eaux de surface au printemps, assurant le maintien des cellules 

phytoplanctoniques au-dessus de la profondeur critique (Sverdrup 1953 , 

Smetacek & Passow 1990). Cette saisonnalité marquée des conditions océanographiques de 

l 'océan Atlantique Nord se traduit, aux latitudes tempérées et subpolaires, par le 

développement au printemps d'une importante floraison phytoplanctonique (ou bloom), 

dominée par les diatomées de grande taille (Colebrook 1979) et qui constitue l 'un des 

événements les plus remarquables de l'océan mondial (Ducklow & Harris 1993, Koeve & 

Ducklow 2001). 

L'océan Atlantique Nord représente donc un terrain idéal en regard à l ' étude de 

l' influence des océans sur le cycle général du carbone. À cet égard, les programmes de 

recherche WOCE (World Ocean Circulation Experiment) et JGOFS (Joint Global Ocean 

Flux Study) ont constitué les premières initiatives internationales d ' envergure visant à 

comprendre les processus biogéochimiques et physiques liés au cycle du carbone océanique 

et leurs influences sur les concentrations atmosphériques de CO2 et le climat. Ils ont en 

particulier permis d ' améliorer considérablement les connaIssances relatives au 

fonctionnement des pompes océaniques de carbone. 
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Les pompes océaniques de carbone 

Les échanges de CO2 entre l'océan et l'atmosphère sont régis par un ensemble de 

processus physicochimiques et biologiques déterminant les pompes physique et biologique 

de carbone (Fig. 1). 

La pompe physique (ou pompe de solubilité) 

Elle assure la solubilisation de CO2 atmosphérique dans les eaux océaniques de 

surface, sous le contrôle de la température et du gradient de pression partiel de CO2 entre 

l'atmosphère et l'océan (Takahashi 1989). Le C02, une fois dissous dans l'eau de mer 

(C02-aq), réagit avec celle-ci pour former de l'acide carbonique (H2C03), des ions 

bicarbonate (HC03-) et carbonate (CO{) selon l'équation 1 : 

Cet équilibre complexe entre le C02 atmosphérique et les différentes formes ioniques du 

CO2 aqueux défini le système de carbonate qui assure le rôle tampon de l'eau de mer en lui 

conférant un pH relativement stable compris entre 8,0 et 8,3 et pouvant atteindre 

temporairement une valeur de 9 lors d'une floraison phytoplanctonique (Mann & Lazier 

1996). En déterminant l'orientation de la chaîne de réaction du système de carbonates, le 

pH de l'eau de mer contrôle ainsi la pression partielle de CO2 dans les eaux de surface et 

donc le flux océan-atmosphère de CO2. 
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Fig. 1. Représentation schématique des pompes océaniques de carbone. La pompe 
physique, ou pompe de solubilité, assure la dissolution du CO2 atmosphérique dans les eaux 
océaniques de surface, sous l'influence de la température et du gradient de pression 
partielle de CO2. Le carbone inorganique dissous dans les eaux de surface est ensuite 
exporté vers l'océan profond lors de la plongée des eaux de surface au sein de cellules de 
convection. La pompe biologique résulte, quant à elle, de l'action combinée de la 
photosynthèse phytoplanctonique dans la zone euphotique, de l'exportation de matériel 
organique vers l'océan profond et du recyclage de la matière organique au sein des réseaux 
trophiques pélagiques. Source: Bopp et al. (2002). Reproduit avec l'autorisation de l' auteur 

La pompe de solubilité est particulièrement importante aux latitudes polaires et 

subpolaires de l'océan mondial où la faible température des eaux de surface permet de 

dissoudre une grande quantité de CO2 . De plus, les mers des hautes latitudes (mers de Ross 

et de Weddell en Antarctique, mers du Labrador, du Groenland et de Norvège dans 

l'Atlantique Nord) sont des lieux importants de plongée des eaux de surface formant les 

masses d'eau intermédiaires et profondes. Cette plongée des eaux de surface est à la base de 
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la circulation thermohaline et permet la séquestration d'une grande quantité de carbone 

inorganique dissous dans la circulation océanique profonde. 

La pompe biologique 

La pompe biologique de carbone est la résultante de trois processus permettant 

d'entretenir un gradient vertical de carbone inorganique dissous (CID) favorable au flux de 

CO2 depuis l'atmosphère vers les eaux de surface. Ces processus sont : (1) la production 

photo synthétique de carbone organique, (2) l'exportation du matériel organique vers 

l' océan profond, et (3) le recyclage de la matière organique lors de son exportation. 

La production primaire 

La photosynthèse phytoplanctonique au sein de la zone euphotique assure la fixation 

de carbone inorganique dissous dans la matière organique selon l ' équation 2 : 

Eq. 2 

où la molécule «CH20» est l'élément de base des glucides. La photosynthèse 

phytoplanctonique assure ainsi la production primaire de matière organique, à la base des 

réseaux alimentaires pélagiques. 

Deux facteurs majeurs limitent la photosynthèse, et donc la production primaire : (1) 

la lumière, qui fournit la source d ' énergie nécessaire à la photolyse de l'eau (première 

phase, dite « lumineuse », de la photosynthèse) et (2) la disponibilité en nutriments. De 
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manière générale, aux latitudes tempérées et subpolaires de l'océan Atlantique Nord, la 

limitation de la photosynthèse par la lumière intervient principalement durant la période 

précédant le bloom printanier, lorsque le mélange vertical est tel qu'il entraîne les cellules 

phytoplanctoniques en deçà de la profondeur critique (Sverdrup 1953, Smetacek & Passow 

1990). La limitation de la photosynthèse par la lumière peut également intervenir à la base 

de la zone euphotique. À cet égard, l'augmentation de la concentration intracellulaire en 

chlorophylle représente un moyen par lequel les cellules phytoplanctoniques, au voisinage 

de la base de la zone euphotique, peuvent s'acclimater aux faibles intensités lumineuses et 

éventuellement contribuer à la formation du maximum profond de chlorophylle (Cullen 

1982). La limitation de la photosynthèse par les nutriments dans l'Atlantique Nord 

intervient principalement à la fin du bloom printanier, lorsque la croissance du 

phytoplancton est limitée par la pauvreté des eaux de surface en azote et en silicium dissous 

(Platt et al. 1992, Sieracki et al. 1993, Falkowski et al. 1998, Leblanc et al. 2005). Du fait 

des apports éoliens (depuis le désert saharien) et fluviaux, la production primaire au sein de 

l'Atlantique Nord ne serait pas limitée par le fer (Falkowski et al. 1998). Cependant, ce 

paradigme a été remis en cause par Blain et al. (2004) selon lesquels la production des 

diatomées aux latitudes tempérées de l'Atlantique du nord-est peut être co-limitée par le fer 

et le silicium dissous. De plus, au sein de systèmes dominés par les cyanobactéries 

diazotrophes (libres, en colonies ou endosymbiontes), tels que rencontrés aux latitudes 

tropicales et subtropicales, la production primaire est limitée par la disponibilité en fer et en 

phosphate (Michaels et al. 2001, Karl et al. 2003 , Mills et al. 2004). 
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La source d'azote supportant la production primaire est déterminante pour la pompe 

biologique océanique de carbone. Ainsi, au sein de systèmes où le mélange vertical 

saisonnier de la colonne d'eau injecte une grande quantité de nutriments profonds dans la 

zone euphotique, la production primaire est dite « nouvelle » et la source d'azote 

préférentiellement utilisée par le phytoplancton est le nitrate, d'origine allochtone (Dugdale 

& Goering 1967, Eppley & Peterson 1979). Au sein de tels systèmes, le phytoplancton de 

grande taille (microphytoplancton) domine la communauté phytoplanctonique. Le bloom 

printanier de diatomées aux latitudes tempérées et subpolaires de l'océan Atlantique Nord 

est caractéristique de tels systèmes. Au-delà des nitrates régénérés en profondeur, la 

production nouvelle peut également être supportée par d'autres sources allochtones d'azote, 

tels l'apport atmosphérique d'ammonium, de nitrate, d'ammoniac et d'azote organique 

dissous (Paerl 1985, Legendre & Gosselin 1989, Prospero et al. 1996) et la fixation d'azote 

moléculaire atmosphérique (N2) par les cyanobactéries diazotrophes (Carpenter & Romans 

1991). À l'opposé, au sein de systèmes fortement stratifiés, le mélange vertical est trop 

faible pour permettre l'injection de nutriments depuis les profondeurs océaniques vers la 

zone euphotique. La production primaire au sein de tels systèmes est dite « régénérée », car 

le phytoplancton utilise l'ammonium, source autochtone d'azote régénérée sur place par les 

organismes hétérotrophes (Dugdale & Goering 1967, Eppley & Peterson 1979). La 

production régénérée favorise la dominance de cellules phytoplanctoniques de petite taille 

(pico- et nanophytoplancton) et est prépondérante aux latitudes tropicales et subtropicales. 

La distinction entre production nouvelle et régénérée, existe non seulement à l'échelle 

spatiale (e.g. latitudes tempérées et subpolaires versus latitudes tropicales et subtropicales 
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de l'océan Atlantique Nord) mais aussi temporelle. Ainsi, lors du bloom printanier de 

l'Atlantique Nord, les diatomées de grande taille, à stratégie démographique de type r, 

profitent des concentrations élevées de nitrates apportés dans la zone euphotique lors du 

fort mélange vertical hivernal et la production nouvelle domine. Suite au bloom, le système 

évolue progressivement vers des conditions de post-bloom oligotrophes estivales où les 

eaux de surface sont alors fortement stratifiées, la communauté phytoplanctonique est 

dominée par les flagellés de petite taille, à stratégie démographique de type K, et la 

production régénérée est prépondérante (Lochte et al. 1993, Sieracki et al. 1993). Cette 

évolution temporelle illustre les deux extrêmes d'une succession écologique définissant le 

« Mandala» de Margalef (Margalef 1958, 1997) selon lequel les forçages physique 

(turbulence) et chimique (quantité de nutriments, nature de la source d'azote disponible) 

déterminent la composition spécifique et la structure de taille des communautés 

phytoplanctoniques (Fig. 2). Néanmoins, le paradigme de la dominance des flagellés dans 

les milieux stratifiés (Margalef 1958, Estrada et al. 1987) a été remis en cause par la 

découverte de populations de dinoflagellés de grande taille se maintenant dans des milieux 

fortement turbulents comme les upwellings ou les zones frontales (Smayda 2002). 

L'exportation de carbone organique 

Par son effet sur la structure de taille des communautés phytoplanctoniques, la nature 

de la production primaire (nouvelle versus régénérée) influence de différentes manières 

l'exportation de carbone biogène dans les océans (Legendre & Le Fèvre 1989,1995). Selon 

le concept de production nouvelle (Dugdale & Goering 1967, Eppley & Peterson 1979), 
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dans dans un système à l'équilibre, l'importation dans la zone euphotique de nitrate depuis 

les profondeurs océaniques doit être balancée par l'exportation de matière organique depuis 

la zone euphotique vers l'océan profond. Ainsi le ratio de la production nouvelle à la 

production primaire totale d'un système, ou f-ratio, est une indication de son potentiel 

d'exportation du carbone organique. 
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Fig. 2. Représentation schématique du « Mandala» de Margalef selon lequel la turbulence 
détermine la concentration en nutriments du milieu et la succession écologique d'espèces 
phytoplanctoniques depuis les diatomées de grande taille, à stratégie démographique de 
type r, vers les flagellés de petite taille, à stratégie démographique de type K. Redessinée 
d' après Margalef (1997) 
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Le concept de production nouvelle versus régénérée est également à la base du modèle 

dichotomique de contrôle hydrodynamique de la rétention et de l'exportation de la matière 

organique, via la structure de taille des communautés phytoplanctoniques (Legendre & Le 

Fèvre 1989). Selon ce modèle (Fig. 3), les systèmes à fort hydrodynamisme favorisent la 

production nouvelle et le développement de cellules phytoplanctoniques de grande taille à 

fort potentiel d'exportation. À l'inverse, les systèmes à faible hydrodynamisme et fortement 

stratifiés sont en faveur d'une production régénérée et de cellules phytoplanctoniques de 

petite taille à faible potentiel d'exportation, privilégiant ainsi la rétention et le recyclage de 

la matière organique dans les eaux de surface au sein de la boucle microbienne (Cho & 

Azam 1988, Legendre & Le Fèvre 1995, Legendre & Rassoulzadegan 1996). Entre ces 

deux extrêmes, la variabilité des conditions hydrodynamiques donne lieu à différentes 

situations contrôlant le potentiel d'exportation et de rétention de la matière organique. En 

regard au potentiel d'exportation d'un système, la nitrification, i.e. l'oxydation bactérienne 

de l'ammonium en nitrate, revêt une importance particulière. Du fait de l'inhibition par la 

lumière des bactéries nitrifiantes, ce processus a longtemps été considéré comme 

négligeable au sein de la zone euphotique. Néanmoins, il est aujourd'hui reconnu que la 

nitrification dans la colonne d'eau a lieu majoritairement au voisinage de la base de la zone 

euphotique (Zehr & Ward 2002), là où le phytoplancton est limité par la lumière et ne peut 

entrer en compétition avec les bactéries pour la ressource en ammonium (Ward 2000). La 

nitrification à la base de la zone euphotique aurait des implications potentielles majeures, 

bien que celles-ci demeurent encore incertaines, en regard à la nature de la production 

primaire. Ainsi, la production phytoplanctonique supportée par le nitrate issu de ce 
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Fig. 3. Modèle dichotomique de l'export de matériel biogénique en fonction de la taille des 
cellules phytoplanctoniques et de singularités de l'environnement hydrodynamique D'après 
Legendre & Le Fèvre (1989) 

processus peut être nouvelle, lorsque la nitrification à lieu au-dessous de la zone 

euphotique) ou bien régénérée, quand la nitrification à lieu dans la zone euphotique (Ward 

2000). La nitrification dans la zone euphotique induirait ainsi une surestimation de la 

production nouvelle, et donc du potentiel d'exportation du système, via la prise de nitrate 

recyclé dans la zone euphotique (Femandez & Raimbault 2007). 
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Les systèmes dominés par les cyanobactéries diazotrophes constituent également un 

cas particulier en regard au potentiel d'exportation du carbone organique. La fixation 

d'azote moléculaire atmosphérique (Nû par ces organismes engendre une production de 

matière organique dont les rapports stœchiométriques sont supérieurs aux rapports de 

Redfield (Redfield et al. 1963), notamment dans la matière organique dissoute. Dans de 

telles circonstances, dites de « carbon overconsumption », la matière organique est 

fortement enrichie en carbone, comparativement au phosphore et à l'azote (Kahler et Koeve 

2001 , K6rtzinger et al. 2001). Le devenir de cette matière organique riche en carbone (i.e. 

exportation ou respiration) revêt ainsi une importance particulière en regard au potentiel de 

séquestration du carbone au sein des systèmes dominés par les producteurs primaires 

diazotrophes (Karl et al. 2003). L'exportation annuelle de carbone associée à la fixation 

d'azote moléculaire atmosphérique (N2) a été estimée à environ 0,8 Pg C. 

L' acquisition de structure minérale, à l'image des frustules siliceux des diatomées, 

du squelette siliceux des silicoflagellés et des coccolithes calcaires de certaines espèces de 

prymnésiophycées, favorise l'exportation de matériel organique en augmentant la densité, 

et donc la vitesse de chute, des cellules phytoplanctoniques et des pelotes fécales et 

agrégats dans lesquels elles peuvent être incorporées (Armstrong et al. 2002, Francois et al. 

2002, Klass & Archer 2002). Ces structures minérales permettent ainsi d ' accroître 

l ' efficacité de transfert du carbone organique en profondeur (définie comme le ratio entre le 

flux de carbone organique en profondeur et le flux de carbone organique exporté depuis la 

zone euphotique; Francois et al. 2002). Elles offrent également une protection contre la 

minéralisation de la matière organique (Armstrong et al. 2002). Selon Nelson et al. (1995), 
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près de 50 % du carbone biogénique exporté, à l'échelle globale, vers l'océan profond est 

synthétisé par les diatomées. Une meilleure compréhension des facteurs influençant la 

contribution relative des diatomées à la production primaire totale est ainsi de première 

importance en regard à l'intensité de la pompe biologique océanique de carbone 

(Tréguer et al. 1995). Néanmoins, selon Francois et al. (2002), les carbonates joueraient un 

rôle plus important que la silice biogénique en regard à leur influence sur l'efficacité de 

transfert du carbone organique vers l'océan profond. Les ornementations de la frustule de 

certaines espèces de diatomées jouent un double rôle quant à l'exportation de matériel 

organique particulaire. Elles permettent, d'une part, d'augmenter la surface de la cellule et 

la friction avec le milieu ambient, réduisant ainsi la vitesse de chute de cellules libres dans 

la colonne d'eau. Elles favorisent, d'autre part, le maintien des diatomées entre elles pour 

former des chaînes de cellules et des agrégats cellulaires favorisant ainsi l'exportation de 

matériel organique particulaire. Les organismes calcifiants, quant à eux, agissent à la fois 

comme un puits de carbone, via la pompe biologique, et une source de carbone via la 

pompe de carbonates. Parfois nommée «pompe biologique dure» (en opposition à la 

pompe biologique classique, dite «molle »), la pompe de carbonate concerne les 

organismes marins qui se façonnent un squelette de carbonate de calcium (CaC03), tels les 

coccolithophoridés, les foraminifères et les ptéropodes. La pompe de carbonate peut 

potentiellement contrecarrer l'action de la pompe biologique étant donné que pour chaque 

atome de carbone fixé au sein d'une molécule de CaC03, une molécule de C02 est libérée 

dans les eaux de surface (Eq. 3). 
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Eq.3 

La formation de particules exopolymériques transparentes (<< transparent 

exopolymeric particles », ou TEP), notamment sous l'influence d'un stress nutritif lors du 

déclin de bloom de diatomées, permet l'agrégation de matériel organique particulaire 

(Passow et al. 200 1, Passow 2002) et la formation de la «neige marine» (Honjo 1997), 

favorisant ainsi l'exportation de carbone organique vers l'océan profond. De par leur faible 

densité, les TEP peuvent également augmenter la flottabilité des agrégats de particules 

organiques et leur temps de résidence dans les eaux de surface (Ki0fboe et al. 1998, 

Azetsu-Scott & Passow 2004). 

Le zooplancton participe également à l'exportation de carbone orgamque en 

profondeur, par le biais des migrations nycthémérales dans la colonne d'eau. Morales 

(1999) a ainsi estimé que l'intensité du transport actif de carbone dans les eaux profondes 

de l'océan Atlantique par le zooplancton est comparable au transport de carbone résultant 

de la sédimentation passive des particules. La contribution du zooplancton à l'exportation 

de matière organique se fait surtout via la production de pelotes fécales, qui représente l'un 

des vecteurs principaux d'exportation de la matière organique particulaire (Turner 2002). 

Les pelotes fécales du mésozooplancton (e.g. copépodes) sédimentent à des vitesses 

relativement faibles, de l'ordre de 100mfl, favorisant leur ingestion (coprophagie) et 

fragmentation (coprorhexie) par le zooplancton et leur dégradation par les bactéries 

(Lorenz en & Welschmeyer 1983, Fortier et al. 1994). Les pelotes fécales du 

macrozooplancton microphage (e.g. salpes, appendiculaires), en revanche, ont des vitesses 
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de chutes suffisamment rapides (jusqu'à> 1000 m f I
) pour échapper à la minéralisation, ce 

qui leur permet d'atteindre, relativement intactes, l'océan profond (Fortier et al. 2004). 

L'exportation de la matière organique particulaire a longtemps été considérée 

comme le seul vecteur de transfert du carbone organique vers l'océan profond. En effet, du 

fait de sa caractéristique physique, le carbone organique dissous ne peut sédimenter à 

proprement parler. Néanmoins, la subduction le long de lignes d'isodensité (Hansell & 

Carlson 2001) et le mélange vertical lié à la convection (Carlson et al. 1994, Emerson et al. 

1997) permettent le transfert en profondeur de la matière organique dissoute accumulée 

dans les eaux de surface par les communautés pélagiques. L'exportation de carbone 

organique dissous vers l'océan profond représente environ 20 ± 10 % de l' export total de 

matière organique vers l'océan profond (Hanse1l2002). 

Recyclage de la matière organique 

Les organismes hétérotrophes permettent l'oxydation de la matière orgamque 

consommée à des fins métaboliques et entraînent ainsi la libération de carbone organique et 

inorganique dissous dans le milieu ambiant. Contrairement à la photosynthèse, qui n' a lieu 

que dans la zone euphotique, le recyclage de la matière organique par broutage et 

minéralisation est un processus se produisant dans toutes les couches de la colonne d'eau. 

Le recyclage de la matière organique au sein des écosystèmes pélagiques demeure 

la composante la moins connue de la pompe biologique océanique de carbone (dei Gorgio 

& Williams 2005). Elle résulte principalement de l'action des bactéries, du broutage par le 

zooplancton et de la lyse virale. 
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Les bactéries assurent la minéralisation de la matière organique via la consommation 

de carbone organique dissous en suspension dans la colonne d'eau ou bien issu de la 

solubilisation de la matière organique particulaire (principalement des agrégats et des 

pelotes fécales) sous l'action d'enzymes exolytiques. Bien souvent, les bactéries dominent 

la respiration des communautés pélagiques dans la zone euphotique (Rivkin & Legendre 

2001). Le mésozooplancton consomme essentiellement du phytoplancton et du 

microzooplancton. Il est également capable de se nourrir à partir d'agrégats et de pelotes 

fécales . Le microzooplancton est principalement représenté par les ciliés et les flagellés 

hétérotrophes. Ces derniers se nourrissent principalement de bactéries, de 

picophytoplancton et, dans le cas de certains dinoflagellés, de diatomées. Les flagellés 

hétérotrophes peuvent également consommer la fraction colloïdale de la matière organique 

dissoute (Tranvik et al. 1993). Les ciliés quant à eux se nourrissent de cellules 

phytoplanctoniques, de flagellés et, dans le cas des petits ciliés, de bactéries. Dans de 

nombreux systèmes océaniques, la pression de broutage du microzooplancton est souvent 

dominante par rapport à celle du mésozooplancton (Calbet & Landry 2004), en particulier 

lors du bloom printanier de l'océan Atlantique Nord (Burkill et al. 1993, Harrison et al 

1993, Fileman & Leakey 2005, Karayanni et al. 2005). Enfin, la lyse virale des cellules 

phytoplanctoniques et bactériennes, bien que longtemps sous-estimée, est reconnue 

aujourd'hui comme un processus majeur de contrôle des flux de carbone au sein des 

écosystèmes pélagiques (Fuhrman 1999, Wilhelm & Suttle 1999, Suttle 2005). 

Les transformations de la matière organique par les organismes hétérotrophes 

permettent de modifier la taille de celle-ci mais aussi sa biodisponibilité (Legendre & 
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Rivkin 2005). La modification de la taille de la matière organique intervient principalement 

lors du «sloppy-feeding » et de la coprophagie/coprorhexie par le mésozooplancton, qui 

permettent de briser les cellules phytoplanctoniques et les pelotes fécales en fragments de 

plus petites tailles. En contribuant à la solubilisation des agrégats et des pelotes fécales, les 

bactéries participent également à la modification de taille de la matière organique 

particulaire. La minéralisation de la matière organique est proportionnelle à son temps de 

résidence dans la colonne d'eau (Tréguer et al. 2003), et donc inversement proportionnelle 

à sa vitesse de chute. Cette dernière étant proportionnelle à la taille des particules (loi de 

Stokes), la modification de la taille de la matière organique particulaire par les organismes 

hétérotrophes influence donc le potentiel de rétention (et donc de minéralisation) ou 

d'exportation du carbone organique. Les transformations de la matière organique par les 

hétérotrophes influencent également sa minéralisation, via la modification de sa labilité et 

donc de sa biodisponibilité. D'une part, la fragmentation de la matière organique 

particulaire, via le brout age par le zooplancton ou l'action des exoenzymes bactériennes et 

des enzymes digestives des brouteurs, permet de libérer dans le milieu des composés 

dissous labiles utilisables par les bactéries. D'autre part, la matière organique dissoute 

devient de plus en plus réfractaire du fait de la consommation préférentielle de composés 

labiles et semilabiles par les bactéries (Legendre & Rivkin 2005). 

Efficacité et intensité de la pompe biologique 

Un concept fondamental en regard à l'analyse de la pompe biologique océanique de 

carbone réside dans la distinction entre son efficacité et son intensité. La capacité du 
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phytoplancton à épuiser les nutriments des eaux de surface définie l'efficacité de la pompe 

biologique de carbone (EPB) , dont l'expression mathématique est résumée par 

l'équation 4 (Sarmiento & Gruber 2006) : 

E 
- C prof - Cs llrf 

PB -
Cprof 

Eq.4 

où Cprof et C surf symbolisent les concentrations en nutriments dans l'océan profond et dans 

les eaux de surface, respectivement. Ainsi, dans un système dont les eaux de surface sont 

épuisées en nutriments comparativement aux eaux océaniques profondes, l'efficacité de la 

pompe biologique est proche de 100 %. À l'inverse, un système dont les concentrations en 

nutriments dans les eaux de surface sont comparables à celles des eaux profondes, 

l'efficacité de la pompe biologique est proche de zéro. 

L'intensité de la pompe biologique de carbone est définie, quant à elle, en regard à la 

valeur absolue du flux vertical de carbone organique. Ainsi, la pompe biologique est plus 

intense dans un système où le flux vertical de carbone organique particulaire est de 

250 mg m-2 fi que dans un système où ce flux est de 70 mg C m-2 fi. 

Une pompe biologique efficace n'implique pas nécessairement que celle-ci soit 

intense, et réciproquement (Sarmiento & Gruber 2006). Ainsi, la pompe biologique des 

zones de glace marginale de l'océan Austral est intense mais peu efficace. À l'inverse, la 

pompe biologique au niveau des gyres subtropicales est peu intense mais très efficace. 
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Problématique 

Les résultats obtenus lors du programme JGOFS offrent aujourd'hui une image plus 

approfondie du fonctionnement de la pompe biologique océanique de carbone et ont permis 

le développement de modèles du cycle biogéochimique du carbone océanique, à l'image du 

modèle Pelagic Interaction Scheme for Carbon and Ecosystem Studies (PISCES; Aumont 

& Bopp 2006). De tels modèles de la biogéochimie océanique, lorsque ceux-ci sont intégrés 

à des modèles de circulation générale ou à des modèles couplés océan-atmosphère (Marti et 

al. 2005), permettent de tenir compte du rôle crucial des processus biogéochimiques 

océaniques dans la prévision de l'évolution du climat planétaire. Néanmoins, la capacité 

prédictive de tels modèles demeure encore limitée du fait de nombreuses incertitudes 

relatives au manque de connaissances, bien que nettement améliorées depuis JGOFS, mais 

encore insuffisantes, du fonctionnement de la pompe biologique de carbone et de sa 

réponse aux changements climatiques (Boyd & Doney 2003). 

Jusqu'à présent, les programmes océanographiques visant à l'étude de la pompe 

biologique océanique de carbone se sont principalement consacrés à la description des 

processus influençant la production primaire (son intensité et sa nature, i.e. nouvelle ou 

régénérée) et le recyclage au sein de la zone euphotique, ainsi qu'à la quantification du flux 

vertical de carbone organique dans l'océan profond (Honjo 1996). Une telle approche est 

légitime en ce sens que l'export vertical de carbone organique au-dessous de la profondeur 

de séquestration (ou de ventilation, i.e. la pycnocline permanente) représente le processus le 

plus pertinent en regard au piégeage de carbone atmosphérique dans la circulation 

océanique profonde pour de longues périodes de temps (plusieurs siècles). La connaissance 
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actuelle de la pompe biologique océanique de carbone se rapporte donc principalement au 

couplage entre les processus épipélagiques (zone euphotique) et l'océan profond. 

C'est sur cette base qu'ont été développés de nombreux algorithmes reliant le flux de 

carbone organique particulaire (COP) à la profondeur (Martin et al. 1987) et/ou la 

production primaire totale (Eppley & Peterson 1979, Suess 1980, Betzer et al. 1984, Pace et 

al. 1987, Wassman 1990), la structure de taille de la production et de la biomasse 

phytoplanctonique (Tremblay et al. 1997) et le flux de carbonates (Annstrong et al. 2002, 

Francois et al. 2002). Cependant, la plupart de ces algorithmes ne représente pas de manière 

adéquate les processus de recyclage affectant la matière organique lors de son exportation 

(Boyd & Tru1l2007), en particulier dans la zone mésopélagique (Ducklow et al. 2001). 

La zone mésopélagique, ou «twilight zone », représente cette portion de la colonne 

d'eau comprise entre la base de la zone euphotique et une profondeur d'environ 1000 m 

(Buesseler et al. 2007b). La zone mésopélagique comprend la zone disphotique, au sein de 

laquelle l'intensité lumineuse est trop faible pour la photosynthèse mais suffisante pour 

influencer la vision des organismes (Warrant 2000, Herring 2002). En dessous de cette 

zone disphotique se trouve la zone aphotique. La zone mésopélagique est considérée 

comme le lieu d'un intense recyclage de la matière organique. On estime ainsi que près de 

90 % de la matière organique particulaire provenant de la zone euphotique seraient recyclés 

dans la zone mésopélagique avant d'atteindre la pycnocline permanente (Tréguer et al. 

2003). Le carbone inorganique dissous issu de la minéralisation de la matière organique 

exportée dans la zone mésopélagique peut être ventilé vers l'atmosphère sur une échelle de 

temps relativement courte (jour ou mois) et est donc d'une importance capitale pour la 



24 

balance métabolique des océans (i.e. autotrophie nette versus hétérotrophie nette). La zone 

mésopélagique représente donc une couche intermédiaire cruciale de la colonne d'eau 

déterminant le couplage entre la zone euphotique et l'océan profond. Une meilleure 

connaissance des processus influençant le flux vertical de matière organique dans la zone 

mésopélagique, et donc l'intensité de la pompe biologique océanique de carbone, est 

nécessaire à la compréhension et la modélisation du cycle biogéochimique du carbone. 

Dans ce contexte, et dans la continuité du programme JGOFS, plusieurs programmes 

et réseaux de recherches ont été mis en place, tels que Integrated Marine Biogeochemistry 

and Ecosystem Research (lMBER), Vertical Transport In the Global Ocean (VERTIGO) ou 

Surface Ocean-Lower Atmosphere Study (SOLAS), afin d'améliorer la compréhension de 

la pompe biologique océanique de carbone, en regard, notamment, à l ' importance de la 

zone mésopélagique et son influence sur les flux océan-atmosphère de CO2. 

Objectifs 

Cette thèse a été réalisée dans le cadre de l 'Étude des interactions biogéochimiques 

air-mer dans l'Atlantique Nord (Study of Air-sea Biogeochemical Interactions in the North 

Atlantic, SABINA) qui est une composante du programme de recherche canadien SOLAS. 

Dans le cadre de SABINA, un suivi lagrangien du déclin d'une floraison printanière de 

diatomées de l'océan Atlantique du nord-ouest a été réalisé, afin d'étudier l'influence du 

déclin de cette floraison (ou bloom) sur la production et les échanges océan-atmosphère de 

gaz actifs sur le plan climatique, dont le CO2. 
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Dans le contexte de ce suivi lagrangien, l'objectif central de cette thèse est d'étudier 

la relation entre la production primaire et l'exportation de carbone organique particulaire 

(COP) dans la partie supérieure de la zone mésopélagique (50-150 m), lors du déclin du 

bloom et sa transition vers des conditions de post-bloom. Une telle étude est nécessaire en 

regard à l'importance reconnue, mais mal comprise, de la zone mésopélagique dans la 

régulation du flux vertical de COP (et donc de l'intensité de la pompe biologique) et la 

biogéochimie des eaux océaniques de surface et de subsurface. Cette étude est la première 

détaillant les variations temporelles à court terme des flux verticaux de COP dans la zone 

mésopélagique en relation avec la production phytoplanctonique aux latitudes tempérées de 

l'océan Atlantique Nord. De plus, cette étude comble le manque de données relatives aux 

flux verticaux de COP aux latitudes tempérées et subpolaires de l'océan Atlantique du 

nord-ouest, ces flux ayant été, à l'exception des résultats reportés par Harrison et al. (1993), 

principalement mesurés dans la partie orientale de ce bassin océanique (Honjo 1997, Antia 

et al. 2001). Enfin, la phase de déclin du bloom est particulièrement intéressante car elle 

constitue une fenêtre temporelle déterminante pour le devenir de la matière organique 

formée lors du bloom, à savoir le broutage, la minéralisation dans les eaux de surface ou 

l'exportation en profondeur. La phase de déclin du bloom est donc cruciale en regard à 

l'intensité de la pompe biologique de carbone. Or, la majorité des études relatives au bloom 

printanier de l'océan Atlantique Nord se sont consacrées à la description des processus 

responsables du déclenchement et du développement de ce bloom. Le déclin du bloom 

printanier n'a été que peu étudié jusqu'à présent et son influence sur la biogéochimie 
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océanique, en général, et sur la pompe biologique de carbone, en particulier, demeure mal 

connue (Ducklow 1989). 

Le premier chapitre de la thèse décrit les changements dans la structure de taille de la 

production et de la biomasse du phytoplancton durant le déclin du bloom printanier et sa 

transition vers des conditions de post-bloom. Ce travail a permis de tester l'hypothèse selon 

laquelle le déclin du bloom de diatomées est associé à une limitation en nutriments et 

s'accompagne du remplacement des diatomées par une communauté phytoplanctonique 

dominée par les flagellés de petite taille. Pour ce faire, les concentrations en nutriments 

(nitrate + nitrite, ammonium, phosphate et silicium dissous), la production et la biomasse 

du petit (0,7-5 )lm) et du gros (;?:5 )lm) phytoplancton et la composition spécifique de la 

communauté phytoplanctonique ont été mesurés dans la zone euphotique. De plus, le 

devenir potentiel de la biomasse phytoplanctonique a été estimé à partir de la structure de 

taille des communautés phytoplanctoniques selon l'approche de Tremblay & Legendre 

(1994). 

Le second chapitre aborde le changement des flux verticaux de COP dans la partie 

supérieure de la zone mésopélagique (50-150 m) lors du déclin du bloom et sa transition 

vers des conditions de post-bloom. Ce travail a permis de tester l'hypothèse voulant que le 

déclin du bloom s'accompagne à court terme d'une augmentation des flux verticaux de 

COP dans la zone mésopélagique. De plus, ce travail a permis de tester l 'hypothèse selon 

laquelle les changements dans la structure de taille des communautés phytoplanctoniques, 
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entre la période de déclin du bloom et des conditions de post-bloom, s'accompagne d'une 

réduction de l'exportation de COP dans la zone mésopélagique. À cet effet, les flux 

verticaux de COP ont été mesurés à 5 profondeurs dans la zone mésopélagique (50, 75 , 

100, 125 et 150 m) et leur variation temporelle a été mise en relation avec les changements 

dans l'activité et la structure de taille des producteurs primaires décrits dans le chapitre 1. 

Dans le troisième chapitre, un budget de carbone organique particulaire (COP) et 

dissous (COD) au sein des zones euphotique et mésopélagique a été établi pour la période 

du déclin du bloom. Après s'être focalisé sur la variabilité à court terme de la production 

primaire et des flux de COP (objectifs 1 et 2), ce travail vise à obtenir une vision globale 

des stocks et des flux de carbone au sein des 150 premiers mètres de la colonne d'eau pour 

l'ensemble de la période d'étude du déclin du bloom. Ce budget a été construit à partir des 

mesures de production primaire, des flux de COP, des stocks de COP et de COD et 

d'estimations de la respiration des communautés pélagiques basées sur des données de la 

littérature. Il a permis de déterminer l'importance relative de l'exportation de COP et du 

recyclage de la matière organique dans le système étudié. La comparaison de la production 

totale mesurée et de la respiration totale estimée a également permis d'établir la balance 

métabolique (i.e. autotrophie nette versus hétérotrophie nette) au sein des 150 premiers 

mètres de la colonne d'eau lors du déclin du bloom. 



CHAPITRE 1 

SIZE-FRACTIONATED PHYTOPLANKTON PRODUCTION AND BIOMASS 

DURING THE DECLINE OF THE NORTHWEST ATLANTIC SPRING BLOOM 

RÉSUMÉ 

La structure de taille de la production et de la biomasse phytoplanctonique a été 
étudiée lors d'un suivi lagrangien, d'une durée de 7 jours, du déclin d'un bloom printanier 
et durant des conditions de post-bloom dans l'océan Atlantique nord-ouest. L'épuisement 
des nutriments dans les eaux de surface a conduit à la limitation de la production primaire 
par la disponibilité en nitrate et au déclin de l'un des blooms les plus productifs rapportés 
pour les eaux ouvertes de l'océan Atlantique Nord. La production et la biomasse 
phytoplanctonique dans la zone euphotique ont diminué de 2720 à 300 mg C m-2 

fI et de 
361 à 121 mg chI a m-2

, respectivement. Lors du déclin du bloom, le gros phytoplancton 
(~ !lm), en majorité des diatomées centrales, dominait la production primaire (~50 %) et 
la biomasse chlorophyllienne (~82 %) dans la zone euphotique. En condition de 
post-bloom, le petit phytoplancton (0,7-5 !lm), en majorité des flagellés, dominait la 
production primaire (79 %) et contribuait pour 45 % à la biomasse chlorophyllienne totale. 
Au cours de la période d'étude, un maximum profond de chlorophylle a (MPC), 
correspondant à un maximum d'abondance et de biomasse phytoplanctonique, s'est 
développé au niveau de la base de la zone euphotique. La formation et le maintient du MPC 
est expliqué par la sédimentation des cellules phytoplanctoniques au niveau de la base de la 
zone euphotique, à proximité de la nutricline, où les cellules algales acclimatées aux faibles 
intensités lumineuses ont maintenu des faibles vitesses de chute. La croissance du 
phytoplancton en profondeur a également eu lieu de manière épisodique. L'analyse de la 
contribution relative du petit et du gros phytoplancton à la production et la biomasse 
phytoplanctonique totales a mis en évidence le contrôle de la biomasse du petit 
phytoplancton par le microzooplancton et l'accumulation du gros phytoplancton dans la 
zone euphotique au niveau du MPC. 

ABSTRACT 

The size structure of phytoplankton production and biomass was surveyed during a 
7-day Lagrangian study of the decline of the spring phytoplankton bloom in the northwest 
Atlantic Ocean and during post bloom conditions. Well-stratified and almost nutrient 
depleted surface waters led to nitrogen limitation of phytoplankton production and to the 
decline of one of the most productive bloom ever reported for the open North Atlantic 
Ocean. Total phytoplankton production and biomass decreased from 2720 to 
300 g C m-2 d- I and from 361 to 121 mg chI a rn-2

, respectively. Large phytoplankton cells 



29 

(~5 ~m), mainly centric diatoms, were dominant throughout the Lagrangian study period 
and represented ~50% of total production and ~82% of total chlorophyll a (chI a) biomass 
in the euphotic zone. During post bloom conditions, small phytoplankton cells (0.7-5 ~m) , 
mainly flagellates, represented up to 79% of total phytoplankton production and 45% of 
total chI a biomass. Throughout the study period, a deep chI a maximum (DCM), which 
corresponded to a maximum in phytoplankton biomass and abundance, developed at the 
base of the euphotic zone. The formation and maintenance of the DCM is explained by the 
settling of the phytoplankton biomass at the base of the euphotic zone near the nutricline, 
where photoacclimated cells maintained Iow sinking velocities. Phytoplankton growth at 
depth also occurred sporadically. The analysis of the relative contribution of small and 
large phytoplankton cells to total primary production and biomass revealed that small 
phytoplankton cells were probably removed by microzooplankton grazing whereas large 
algal cells accumulated in the euphotic zone, mainly at the DCM. 



30 

1.1 Introduction 

The coupling between primary production in surface waters and carbon export to 

depth has received much attention in recent years. This coupling plays a key role in 

determining the strength and efficiency of the biological carbon pump in sequestering 

carbon dioxide into the deep ocean, and thus its potential mitigation of increases in 

atmospheric CO2 (Sarmiento & Gruber 2006). 

A first step towards understanding the coupling between pnmary and export 

production is the investigation of the size structure of phytoplankton production and 

biomass. The relative contribution of small versus large cells to phytoplankton production 

and biomass plays a key role in energy transfer throughout pelagic food webs by 

influencing the fate of primary produced material, i.e. wh ether organic carbon will be 

recycled in-situ, transferred to upper trophic levels or exported to depth via sedimentation 

(Legendre & Le Fèvre 1989, Bury et al. 2001). Based on this premise, Tremblay & 

Legendre (1994) have shown that the potential export of biogenic carbon through 

sedimentation, grazing, or advection can be predicted from the size structure of 

phytoplankton production and biomass. 

The spring phytoplankton bloom at temperate and subpolar latitudes in the North 

Atlantic Ocean is one of the most productive of the World Ocean. As in other productive 

regions, the spring bloom in the North Atlantic Ocean constitutes a major biogeochemical 

event that contributes significantly to the sinking flux of parti cl es to the deep ocean (Ronjo 

1996). The development of the North Atlantic spring bloom, from winter light limitation to 

late spring nutrient limitation of phytoplankton growth, has been extensively studied (e.g. 
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Riley et al. 1949, Sverdrup 1953). Apart from nutrient limitation ofprimary production, the 

sedimentation of partic1es has also been suggested as an important mechanism by which 

phytoplankton blooms terminate (Legendre 1990). Indeed, at temperate and subpolar 

latitudes of the North Atlantic Ocean, temporal uncoupling between phytoplankton 

(typically large diatoms) growth and zooplankton grazing can result in the massive 

sedimentation of organic material at the end of the bloom (Parsons & Lalli 1988, Honjo & 

Manganini 1993). The dec1ining phase of the bloom is therefore of particular interest to 

address the potential fate of the biogenic carbon that accumulated in the euphotic zone 

during the bloom period. 

However, phytoplankton dynamics during the dec1ining phase of the spring bloom 

have yet to be studied (Harrison et al. 1993). Therefore, little is known of the interactions 

between environmental conditions, phytoplankton size structure and the fate of biogenic 

carbon during the dec1ine of the northwest Atlantic spring bloom at temperate latitudes. 

The objectives of our study were: (1) to investigate changes in the size structure of 

phytoplankton production and biomass during the dec1ine of the spring bloom and its 

transition towards post-bloom conditions in the temperate northwest Atlantic Ocean; and 

(2) to assess the potential fate (i.e. in situ recycling or export from the euphotic zone) of the 

different phytoplankton size fractions, using the approach developed by Tremblay & 

Legendre (1994). It was hypothesized that large phytoplankton would rapidly sink out of 

the euphotic zone after the spring bloom and that the production and biomass would then be 

dominated by small phytoplankton. 
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1.2 Materials and methods 

1.2.1 Sampling 

Sampling was carried out aboard the CCGS Hudson in the northwest Atlantic Ocean 

off the Scotian Shelf (Station L; water depth: 3500 m; Fig. 1) on eight occasions from 25 

April to 14 May 2003 , as part of the Canadian Surface Ocean-Lower Atmosphere Study 

(C-SOLAS). From 25 April to 01 May 2003 (days 1 to 7), we conducted a Lagrangian 

study of a water mass within which a phytoplankton bloom had developed (Fig. 1). 

According to Sea WiFS satellite imagery of the sampling area, the sampling period was 

associated with decreasing chlorophyll a (chI a) concentrations in surface waters (Forget et 

al. 2007). The water mass under investigation was tracked using a CAST ARGOS drifter 

(Seimac Smart CAT PTT/GPS transmitter) equipped with a 15-m long Holey Sock tubular 

drogue centered at a depth of 15 m in the water column. Water samples were collected 

every day at dawn close to the drifting buoy using a rosette-type sampler equipped with 24 

10-1 Scripps bottles, a CTD probe (Sea-Bird SBE 9) and an in situ fluorometer 

(WSD-818P). From 13 to 15 May (days 19 to 21), the station occupied on day 1 was 

revisited. On 14 May (day 20), seawater samples were collected to assess potential 

chemical and biological changes that could have occurred at that location after the decline 

of the spring bloom. 
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Fig. 1. Location of the sampling sites from 25 April (day 1) to 01 May (day 7) during a 
Lagrangian study of a water mass in the northwest Atlantic Ocean in spring 2003. On 14 
May (day 20), the ship went back to the latitude/longitude position occupied on day 1 

Prior to sampling, a vertical profile of irradiance (PAR: photosynthetically active 

radiation, 400-700 nm) was obtained with a PNF-300 radiometer (Biospherical 

Instruments™). From this profile, the diffuse light attenuation coefficient (~) and the 

depth of the euphotic zone (depth of 0.2% surface PAR) were calculated. Samples were 

then collected at seven optical depths (100, 50, 30, 15, 5, 1 and 0.2% of surface PAR), at 

the depth of maximum chI a concentration and at four depths below the euphotic zone (75, 

100, 150 and 200 m). Subsamples for subsequent analyses were drawn from the Scripps 

bottles into acid-washed Nalgene bottles according to Knap et al. (1996). 
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1.2.2 Analyses 

Temperature, salinity and pressure were measured over the water column depth with 

the CTD probe and averaged over I-db intervals (ca. 1 m). The depth of the surface mixed 

layer (Zmix) was determined as the depth of the shallowest extreme curvature of density and 

temperature profiles using the MATLAB script provided in Lorbacher et al. (2006). This 

method allows a more accurate determination of Zmix than methods based on a critical 

threshold value, e.g. ~-criterion and gradient based methods (Lorbacher et al. 2006). 

Temperature (T) and salinity (S) profiles from the surface to 350 m, from which T-S 

diagrams were constructed, were used as proxies to track the water mass under 

investigation. 

Samples for dissolved inorganic nutrients (N03 + N02, NH4, Si(OH)4 and P04) were 

filtered through precombusted (450°C for 5 h) Whatman GF/F glass fiber filters and the 

filtrate collected in 5-ml acid washed polycarbonate cryovials, except for NH4 samples, 

which were stored in 50 ml polypropylene centrifugation tubes. N03 + N02, Si(OH)4 and 

P04 samples were stored in liquid nitrogen for later analyses in the laboratory with an 

Alpkem FS III autoanalyzer. NH4 samples were analyzed aboard the ship by 

spectrophotometry (Ultrospec II, LKB Biochromp) according to the alternative method of 

So16rzano (1969) adapted by Parsons et al. (1984). The depth of the nutricline was 

determined by visual inspection of the vertical profiles of each nutrient, based on the 

shallowest extreme curvature of near-surface nutrient profiles. 
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Particulate organic carbon (POC) concentrations were deterrnined from subsamples 

filtered onto precombusted 21 mm Whatman GF/F glass fiber filters. Filters were stored in 

Petri dishes at -20°C until analysis, using a PerkinElmer Model 2400 Elemental Analyzer. 

Subsamples for chI a deterrnination were filtered onto 25 mm Whatman GF/F filters 

(total al gal biomass: BT, ;::: 0.7 !lm) and onto 25 mm Poretics 5 !lm polycarbonate 

membranes (biomass of large phytoplankton cells: BL, ;:::s !lm). Concentrations of chI a and 

pheopigments were measured aboard the ship with a Turner Designs 10-005R fluorometer, 

after 18-h extractions in 90% acetone at 4°C in the dark (Parsons et al. 1984). The chI a 

biomass of small phytoplankton cells (Bs, 0.7-5 !lm) was obtained by subtracting BL from 

BT. 

Phytoplankton samples collected at the depths of 50% surface PAR and maximum 

chI a concentration were preserved with acidic Lugol (0.4% final concentration; Parsons et 

al. 1984). Cells were identified and enumerated using the standard inverted microscope 

method (phase contrast illumination; Uterrn6hl 1931 , Lund et al. 1958). 

ChI a sinking velocities were measured from days 2 to 20 on samples collected at the 

50% and 5% surface PAR depths using settling columns (10 cm diameter and 54 cm height; 

Bienfang 1981). The samples were well mixed before being poured into the settling 

columns (SETCOL) so that the initial distribution of particles was homogenous. The initial 

chI a concentration in the sample was measured before the particles were allowed to settle 

in the dark at a temperature close to that in situ. After a settling period of 6 h, the top and 

bottom fraction of the column were collected and filtered onto Whatman GF/F filters. The 
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total chI a concentration in each fraction was then measured as described above and the chI 

a sinking velocity (m d-1) was calculated according to Bienfang (1981). 

Primary production rates were measured at the seven optical depths usmg the 

14C-uptake method (Parsons et al. 1984, Gosselin et al. 1997). Two light and one dark 

500 ml Nalgene polycarbonate bottles were filled with seawater from each light level and 

inoculated with 10 )lCi of NaH I4C03. The dark bottles contained 250 )lI of 0.02 M 

3,4-dichlorophenyl-l,l-dimethylurea (DCMU) (Legendre et al. 1983). The total amount of 

radioisotope in each bottle was determined immediately after inoculation by pipetting 50 )lI 

subsamples into 10 ml of Ecolume scintillation cocktail (ICN TM) containing 50 )lI of 

ethanolamine. 

The bottles containing the 14C-isotope were placed in a Plexiglas deck incubator set 

up on a black board and equipped with tubes wrapped with neutral density screens (LEE 

Filters) to simulate irradiance at the sample collection depth. Tubes simulating ::;30% PAR 

were wrapped with one layer of blue filter to mimic vertical changes in spectral quality. 

Running seawater pumped from a depth of about 5 m circulated through the incubator to 

maintain the temperature at that of the upper mixed layer. Incubations of 8 to 10 h were 

carried out from sunrise to sunset. Water temperature within the incubators was regularly 

checked during the incubation. At the end of the incubation, 3 ml of seawater was taken 

from each bottle and transferred into borosilicate scintillation vials, acidified with 500 )lI of 

6N HCl and left open on a lab rotator in a fume hood for at least 4 h in order to release 

inorganic carbon prior to the measurement of total organic carbon production (PT). The 

same treatment was applied to another 3 ml subsample that was filtered through a Whatman 
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GD/X glass fiber syringe filter (nominal pore size of o. 7 ~m) to measure the release rate of 

dissolved organic carbon (Pooc). These samples were then neutralized with 500 ~l of 6N 

NaOH before adding 15 ml of scintillation cocktail. Total particulate organic carbon 

production (Ppoc) was measured on 250 ml samples filtered onto Whatman GF/F filters . 

The remaining 244 ml were filtered onto Poretics 5-~m polycarbonate membranes to 

measure the production by large phytoplankton cells (PL, :::::5 ~m). The filters were rinsed 

with filtered seawater before being removed from the filtration system and were placed in 

borosilicate scintillation vials. Filters were then acidified with 1 00 ~l of 0.5 N HCI and left 

to evaporate ovemight under the fume hood to remove any 14C that had not been 

incorporated (Lean & Bumison 1979). After that period, scintillation cocktail was added to 

the vials, which were then stored in a dry and dark room before counting in the laboratory. 

Counting was performed on a Beckman LS 6500 liquid scintillation counter about one 

month after sample collection. Production rate of total, particulate and dissolved organic 

carbon were calculated according to Parsons et al. (1984) using a value of 25000 mg C m-3 

as the concentration of dissolved inorganic carbon and a factor of 1.05 to correct for the 

lower uptake of 14C compared to 12C (Knap et al. 1996). Values from the dark bottles were 

subtracted from corresponding light values based on the premise that the measured dark 

fixation of 14C is due solely to bacterial pro cesses occurring similarly in light and dark 

bottles (Li et al. 1993). The 8-10 h production rates were extrapolated to daily production 

using the continuous surface PAR measurements made with a 2n light sensor (LI-COR) 

placed on the upper deck of the ship close to the incubator. The production of small 

phytoplankton cells (Ps, 0.7-5 ~m) was obtained by subtracting PL from Ppoc. 
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1.2.3 Numerical analysis 

Concentrations of inorganic nutrients, POC and chI a as well as the pnmary 

production rate were integrated over the surface mixed layer (SML), the depth of which we 

will refer to as Zmix, and between Zmix and the base of the euphotic zone (Zmix-Zeu) using 

trapezoidal integration. For inorganic nutrients, an average integrated value over Zmix and 

Zmix-Zeu was estimated by dividing the integrated nutrient concentration by the integration 

depth of integration. Data were analyzed with non-parametric methods (Sokal & Rohlf 

1995). Wilcoxon's signed ranks test was used to compare paired variates and to compare 

ratios with their respective critical values. Kendall ' s coefficient ofranks correlation Cr) was 

used to infer the relationship between two variables. Statistical tests were performed with 

the STATISTICA 6 software (StatSoft Inc.). 

1.3 Results 

1.3.1 Physical and chemical environment 

Daily changes in the physical properties of the water column are presented in Table 1. 

The depth of the surface mixed layer (Zmix) ranged from 10 m on day 1 to 26 m on day 6 

and was 6 m on day 20 (Table 1). The depth of 0.2% surface PAR, i.e. the base of the 

euphotic zone (Zeu) , significantly increased from 40 to 50 m throughout the Lagrangian 

study period and was 60 m on day 20 (Kendall's or correlation between Zeu and the sampling 

day, p < 0.01). Zmix was consistently shallower than Zeu throughout the study period (days 1 

to 7 and day 20), with an average value of 16 m for Zmix and 47 m for Zeu (Table 1). 
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Table 1. Daily variations in the water column structure: depth of the surface mixed layer 
(Zmix), depth of the 0.2% surface PAR (Zeu), depth of the nutricline (Znutr), average 
temperature and sali nit y in the surface mixed layer (SML) and between Zmix and Zeu 
(Zmix-Zeu). Standard deviations of temperature and salinity are indicated in parentheses 
when applicable 

Zmix Zeu Znutr Temperature (OC) Salinity 
Day Date (m) (m) (m) SML Zmix-Zeu SML Zmix-Zeu 

1 25 April 10 40 45 2.7 2.3 32.7 32.8 
(0.01) (0.21 ) (0.00) (0.07) 

2 26 April 12 43 43 2.8 2.2 32.7 32 .8 
(0.01) (0.23) (0.00) (0.06) 

3 27 April Il 40 45 3.0 2.4 32.7 32.8 
(0.02) (0.26) (0 .00) (0.06) 

4 28 April 23 45 45 2.9 2.0 32.7 32.8 
(0.19) (0.11) (0.01) (0.06) 

5 29 April 19 45 45 3.0 2.4 32.6 32.8 
(0.01) (0.25) (0.00) (0.06) 

6 30 April 26 50 40 3.2 2.6 32.7 32.9 
(0.01) (0.36) (0.01) (007) 

7 01 May 18 50 40 3.4 2.2 32.7 32.8 
(0.01) (0.63) (0 .00) (0.06) 

20 14 May 6 60 40 5.1 3.9 32.9 33.0 
(0.01) (0.91) (0.00) (0.06) 

The depth of the nutricline (Znutr), determined from the vertical profiles of N03 + N02, P04 

and Si(OH)4, was very similar to that of Zeu from days 1 to 5, with a mean value of 45 m 

and was shallower than Zeu from days 6 to 20, with a mean value of 40 m (Table 1). Similar 

temperature and salinity were measured in the surface waters from days 1 to 7 (Table 1, 

Figs. 2 & 3). 
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Fig. 2. Contour plots for (a) sigma-t (kg m-3), (b) temperature (OC), and (c) sali nit y in the 
upper 80 m of the northwest Atlantic Ocean throughout the Lagrangian study period (days 
1 to 7) and on days 19 to 21 
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Fig. 3. Temporal variations of the temperature-salinity diagrams of the upper 350 m of the 
water colurnn throughout the Lagrangian study period (days 1 to 7) and on day 20 

On day 20, the vertical profiles of temperature and salinity and the T-S diagrams revealed 

warrner and more saline waters in the upper 60 m of the water column (Table l , 

Figs. 2 & 3). 

From days 1 to 20, the integrated concentrations of inorganic nutrients averaged over 

Zmix were very low, ranging from 0.01 to 0.l2 !lM for N03 + N02, from 0.02 to 0.15 !lM 
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for NH4, from 0.07 to 0.20 ~M for P04 and from 0.27 to 0.72 ~M for Si(OH)4 (Fig. 4) . 

During the same period, nutrient concentrations were significantly higher in Zmix-Zeu than 

in the SML (Wilcoxon's signed ranks tests, p < 0.01), except for Si(OH)4 from days 1 to 5, 

with integrated concentrations ranging from 0.04 to 1.51 ~M for N03 + N02, from 0.09 to 

0.33 ~M for NH4, from 0.07 to 0.26 ~M for P04 and from 0.38 to 0.94 ~M for Si(OH)4 

(Fig. 4). The integrated concentrations ofN03 + N02, P04 and Si(OH)4, averaged over Zmix 

and Zmix-Zeu, were all significantly lower than the wintertime concentrations in the euphotic 

zone reported in the World Ocean Atlas for that region (i.e. N03 + N02: 5 M-M; P04: 1 M-M; 

Si(OHk 4 M-M; Conkright et al. 2002) integrated over the same depths (Wilcoxon's signed 

ranks tests, p < 0.01). Temporal changes in nutrient concentrations throughout the study 

period were less pronounced in the SML than in Zmix-Zeu (Fig. 4). The integrated 

concentrations of inorganic nutrients averaged over Zmix-Zeu were positive1y corre1ated with 

the daily variability of the ratio of Z eu to Znutr (Kendall's 't correlations, p < 0.01). 

N03 + N02, NH4 and P04 concentrations in Zmix-Zeu were significantly 10wer on day 3 than 

on day 2 (Wilcoxon's signed ranks tests, p < 0.01) and N03 + N02 and P04 concentrations 

in that layer were at their 10west from days 3 to 5 (Fig. 4a-c). In Zmix-Zeu, all nutrient 

concentrations significantly increased from day 5 onwards (Kendall's 't correlations 

between nutrient concentrations and the sampling day, p < 0.01), reaching maximum values 

on day 20 (Fig. 4). The molar ratio ofDIN (i.e. N03 + N02 + NH4) to P04 was significantly 

lower than the Redfield ratio of 16N: 1 P (Redfield et al. 1963) throughout the study period 

(Table 2), both within the SML and Zmix-Zeu (Wi1coxon's signed ranks tests, p < 0.01). The 
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molar ratio of DIN to Si(OH)4 in the SML was significantly lower than the reference value 

of 1.1N:1Si (Brzezinski 1985) (Wilcoxon's signed ranks test, p < 0.01; Table 2). 
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Fig. 4. Temporal variations in the average concentrations of (a) nitrate+nitrite (N03+N02), 
(b) ammonium (NH4), (c) phosphate (P04) and (d) silicic acid (Si(OH)4) integrated over the 
surface mixed layer depth (Zmix) and between Zmix and the base of the euphotic zone 
(Zmix-Zeu) (average ± standard deviation) 

In Zmix-Zeu, the DIN to Si(OH)4 ratio did not deviate significantly from the 1.1: 1 ratio 

throughout the study period, although values lower than this ratio were observed from days 

3 to 5 (Wilcoxon's signed ranks test, p < 0.01) (Table 2). 
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Table 2. Daily variations in the integrated molar ratio of dissolved inorganic nitrogen 
(DIN) to phosphate (DIN:P04) and to silicic acid (DIN:Si(OH)4) averaged over the surface 
mixed layer (SML) and between the depth of the surface mixed layer and the base of the 
euphotic zone (Zmix-Zeu). Standard deviations are indicated in parentheses 

Day 

1 

2 

3 
4 

5 
6 

7 

20 

DIN :P04 (mol:mol) 

SML Zmix-Zeu 

0.80 (0.25) 1.35 (0.05) 

0.94 (0.12) 3.70 (0.13) 

1.00 (0.28) 1.71 (0.14) 

1.22 (0.14) 3.43 (0.51) 

0.57 (0.08) 1.75 (0.22) 

0.70 (0.12) 5.94 (0.67) 

1.50 (0.34) 7.13 (0.42) 

1.67 (0.42) 7.08 (0.55) 

1.3.2 Phytoplankton abundance and composition 

DIN:Si(OH)4 (mol:mol) 

SML Zmix-Zeu 

0.59 (0.27) 0.71 (0.03) 

0.30 (0.04) 1.98 (0.20) 
0.11 (0.02) 0.32 (0.06) 
0.15 (0.02) 0.69 (0.04) 

0.11(0.01) 0.55 (0.06) 

0.20 (0.03) 1.84 (0.19) 

0.32 (0.07) 2.14(0.12) 

0.40 (0.10) 1.96 (0 .11) 

At the 50% light level depth (i.e. 5-10 m), phytoplankton abundance decreased from 

0.89x l03 to 0.43xl03 cells m-3 from days 1 to 7, respectively, and increased to l.4x l03 

cells m-3 on day 20. At the depth of the chI a maximum (i.e. 40-50 m ; see Fig. 5), cell 

abundances were up to three times higher than at the 50% light level, ranging from 

0.88x l03 to 1.62xl03 cells m-3 throughout the Lagrangian study period, and increased to 

2.98x 103 cells m-3 on day 20. In the SML, centric diatoms (mainly species of the genera 

Chaetoceros and Thalassiosira) dominated the phytoplankton assemblage from days 1 to 5 

whereas sm aIl unidentified flagellates were dominant from days 6 to 7 and on day 20. At 

the depth of the chI a maximum, centric diatoms dominated the phytoplankton assemblage 
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from days 1 to 7 whereas prymnesiophytes (mainly speCles of the genera 

Chrysochromulina and Phaeocystis) and sm aIl unidentified flagellates (2-5 !lm) dominated 

on day 20. 

1.3.3 Chlorophyll a biomass 

Daily changes in the vertical profiles of size-fractionated phytoplankton biomass are 

presented in Fig. 5. Maximal total chI a biomass (BT) in the SML decreased from 6.5 to l.0 

mg m-3 during the Lagrangian study period and was l.7 mg m-3 on day 20. From days 1 to 

7, a deep chI a maximum (DCM), with total chI a concentrations ranging from 8.8 to 16.5 

mg m-3, was observed at 43-50 m (i.e. at the base of or just below the euphotic zone). On 

day 20, a chI a maximum of 3.2 mg m-3 was observed at 40 m (i.e. at the 1 % light level 

depth). The vertical profiles of total chI a (BT) were tightly coupled with the vertical 

distribution of large phytoplankton cells (Bd. From days 1 to 7, BL represented more than 

65% of the total chI a biomass at aIl stations and aIl depths. On day 20, however, sm aIl 

phytoplankton cells dominated the total chI a biomass (Bs ;:::55% of BT) in the upper 30 m 

whereas large cells were dominant in the rest of the water column (BL ;:::51% of BT) . On 

average, the total integrated chI a biomasses over Zmix and over Zmix-Zeu were 47 and 193 

mg m-2, respectively, from days 1 to 7 (Fig. 6a,b). The total chI a biomass was lower on day 

20 than during the Lagrangian study period (days 1 to 7), with integrated values over Zmix 

and Zmix-Zeu of 15 and 105 mg m-2
, respectively (Fig. 6a,b). Total chI a biomass in the SML 

showed little daily variability during the study period with a slight decrease from days 1 to 

3, an increase on day 4 and a decrease from day 4 onwards (Fig. 6a). 
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Size-fractionated chi a concentration (mg m-3
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Fig. 5. Vertical profiles of size-fractionated chlorophyll a (chi a) concentration throughout 
the study period. BL: biomass of large phytoplankton cells (;:::5 ).lm), Bs: biomass of small 
phytoplankton cells (0.7-5 ).lm), BT: total chI a biomass (i.e. BL+Bs), Zmix: depth of the 
surface mixed layer, Zeu: depth of the euphotic zone 
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Fig. 6. Temporal variations in the size-fractionated chlorophyll a (chI a) concentration (a, 
b) and primary production (c, d) integrated over the surface mixed layer depth (Zmix) (a, c) 
and between Zmix and the base of the euphotic zone (b, d), BL: biomass of large 
phytoplankton cells (~5 ~m), Bs: biomass of small phytoplankton cells (0,7-5 ~m) , PL: 
particulate production of large phytoplankton cells (~5 ~m), Ps: particulate production of 
small phytoplankton cells (0,7-5 ~m) , Pooc: dissolved organic carbon release rate, Bars in 
c) and d) represent the standard deviation of total production (i,e, PL + Ps + Pooc) 

The total chI a biomass integrated over Zmix-Zeu decreased by ca, 50% from days 2 to 3 

(Fig, 6b) , It showed pronounced daily variability from days 3 to 6, increased from days 6 to 

7 and decreased afterwards (Fig, 6b), Large phytoplankton cells were dominant in both 



48 

layers during the Lagrangian study period, contributing ~84% and ~79% of the total chI a 

biomass integrated over Zmix and over Zmix-Zeu, respectively (Fig. 6a,b). On day 20, large 

phytoplankton cells were still dominant (BL = 60% of Br) in Zmix-Zeu, whereas small 

phytoplankton cells dominated in the SML (Bs = 79% of Br). ChI a sinking velocities were 

low during the Lagrangian study, with values ranging from null to 0.40 m d- I and from 0.03 

to 0.27 m d- I at the 50% and 5% light depths, respectively (Table 3). 

Table 3. Temporal variations in total chlorophyll a (chI a) sinking velocity at depths of 
50% and 5% surface PAR. ND: No data available 

50% 5% 

Day Depth ChI a sinking velocity Depth ChI a sinking velo city 
(m) (m d- I ) (m) (m d-I

) 

1 ND ND ND ND 

2 5 0.15 20 0.03 

3 5 0.40 20 0.25 

4 5 0.12 20 0.17 

5 5 0.11 20 0.17 

6 5 0.25 25 0.27 

7 5 0.06 25 0.10 

20 5 0.00 30 0.09 



49 

Size-fractionated primary production (mg C m-3 d-1
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Fig. 7. Vertical profiles of size-fractionated primary production throughout the study 
period. PL: particulate production of large phytoplankton cells ( ;;::: 5 /lm), Ps: particulate 
production of small phytoplankton cells (0.7- 5 /lm), PT: total production (particulate and 
dissolved production), Zmix: depth of the surface mixed layer, Zeu: depth of the euphotic 
zone 
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1.3.4 Primary production 

Fig. 7 shows the daily variations in the vertical profiles of size-fractionated primary 

production. The highest prodùction rates were measured on day l, with a maximum value 

of 111 mg C m-3 d- l at 30 m. Primary production decreased on day 3, with values ~32 

mg C m-3 d- l throughout the water column from days 3 to 7. A small increase was observed 

on day 20, with a maximum value of 35 mg C m-3 d- l at 15 m. The lowest production rates 

(~15 mg C m-3 d- l) were measured on day 6 (Fig. 7). Substantial production rates of 47 and 

64 mg C m-3 d- l were measured at the base of the euphotic zone on days 1 and 2, 

respectively and maximum production rates were measured at that depth on days 5 and 6 

(Fig. 7). Production by large phytoplankton was dominant at aIl depths from days 1 to 6 

(Fig. 7), accounting for 50% to 94% of the total particulate primary production (Ppoe). The 

contribution of large phytoplankton cells to Ppoe was equal to that of small phytoplankton 

cells at all depths on day 7, whereas production by small phytoplankton cells prevailed 

(from 55% to 84% of Ppoe) at all depths on day 20 (Fig. 7). Total integrated primary 

production rates over Zmix and over Zmix-Zeu ranged from 105 ± 1 to 426 ± 18 mg C m-2 d- l 

and from 197 ± 13 to 2295 ± 53 mg C m-2 d-l, respectively, during the Lagrangian study 

(days 1 to 7) and were 306 ± 21 and 713 ± 7 mg C m-2 d- l, respectively, on day 20 (Fig. 

6c,d). Total primary production integrated over Zmix slightly decreased from days 1 to 3, 

increased on day 4 then decreased until day 7 (Wilcoxon's signed ranks tests, p < 0.01 ; Fig. 

6c). It increased again on day 20 (Wilcoxon's signed ranks test, p < 0.01; Fig. 6c). Total 

primary production integrated over Zmix-Zeu was very high on days 1 and 2 

(> 2200 mg C m-2 d- l). It decreased significantly by about 90%, from days 2 to 3 
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(Wilcoxon's signed ranks test, p < 0.01) and remained fairly constant from days 3 to 6 (Fig. 

6d). Total production rates integrated over Zmix-Zeu increased significantly from days 6 to 7 

(Wilcoxon's signed ranks test, p < 0.01) and were similar on days 7 and 20 (Fig. 6d). 

Production by large phytoplankton cells dominated the integrated Ppoc in both the SML and 

Zmix-Zeu from days 1 to 6, accounting for from 55% to 81 % of Ppoc (Fig. 6c,d) . On day 7, 

large and small phytoplankton cells contributed equally to the integrated Ppoc in both the 

SML and Zmix-Zeu (Fig. 6c,d). On day 20, primary production by sm aIl phytoplankton cells 

prevailed and contributed 83% and 77% of the integrated Ppoc in the SML and in Zmix-Zeu, 

respectively (Fig. 6c,d). No significant correlations were found between nutrient 

concentrations and size fractionated or total primary production in either layer throughout 

the Lagrangian study period (KendaIl's '! correlations, p > 0.05). 

In the SML, the percentage of total primary production released as extracellular 

carbon (percent extracellular release, PER= Pooc 1 PT X 100) increased from 10% to 30% 

from days 1 to 6. Values of 23% and 1 % were measured on days 7 and 20, respectively. In 

Zmix-Zeu, PER increased from 7% to 34%, from days 1 to 5, and then progressively 

decreased to a value of 4% on day 20 (Fig. 6d). Throughout the study period, no significant 

correlations were found between the concentration of inorganic nutrients and PER, in either 

the SML or Zmix-Zeu (KendaIl's '! correlations, p > 0.05). 

We compared the phytoplankton production normalized to the chI a biomass (P:B 

ratio) of large phytoplankton cells (PL:Bd with that of small phytoplankton cells (Ps:Bs) in 

the SML and in Zmix-Zeu (Fig. 8). In the SML, PL:BL decreased from 5.3 on day 1 to 2.7 mg 

C mg chI a-1 d- 1 on day 7 and increased to 16.2 mg C mg chI a-1 d- 1 on day 20 (Fig. 8). In 
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Zmix-Zeu, PL:BL decreased from 5.6 on day 1 to 0.5 mg C mg chI a'i d'Ion day 4 and 

remained ~2.5 mg C mg chI a'i d'I afterwards (Fig. 8). The P:B ratios of large cells were 

significantly lower than those of small phytoplankton cells in both the SML and in Zmix-Zeu 

(Wilcoxon's signed ranks tests, p < 0.01). The temporal changes in Ps:Bs were more 

pronounced than those of PL:BL in both the SML and in Zmix-Zeu (Fig. 8). 
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1.3.5 Particulate organic carbon 

The POC concentration integrated over Zmix ranged from 3.0 to 6.9 g C m-2 during the 

Lagrangian study (days 1 to 7) and was 1.7 g C m-2 on day 20. The integrated POC 

concentration was consistently higher in Zmix-Zeu than in the SML (Wilcoxon 's signed 

ranks tests, p < 0.01), ranging from 6.8 to 12.9 g C m-2 from days 1 to 7 and amounting 8.6 

g C m-2 on day 20. The depth-integrated concentrations of POC were positively correlated 

with those of total chI a in both the SML and in Zmix-Zeu (Kendall's "C correlations, p < 

0.05). 

During the study, the POC:chl a ratio in the euphotic zone ranged from 27 to 204 g:g 

and consistently decreased with depth (Fig. 9). The POC:chl a ratio averaged over Zmix 

increased throughout the Lagrangian study, from 71 on day 1 to 194 on day 7 and was 122 

on day 20 (Fig. 9). The POC:chl a ratio averaged over Zmix-Zeu increased from 42 on day 1 

to 74 on day 7 and was 93 on day 20 (Fig. 9). In the SML, this ratio was consistently higher 

than the value of 40-50 obtained by Lorenzen (1968) for healthy phytoplankton 

populations (Wilcoxon's signed ranks test, p < 0.01). However, in Zmix-Zeu, it did not 

deviate significantly from the critical value of Lorenzen (1968) (Wilcoxon 's signed ranks 

test; p < 0.01), except on day 20 (Fig. 9). 
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1.4 Discussion 

1.4.1 Environmental conditions and phytoplankton nutrient status 

The surface waters remained well stratified throughout the study period despite 

stronger wind velocities during the night from days 3 to 4 (average wind speed = 16 m S-I) 

and from days 5 to 6 (average wind speed = Il m S-I). The wind event on days 3-4 was 

echoed by an increased drift distance of the Lagrangian buoy (Fig. 1). According to 

temperature and salinity profiles (Fig. 2b, c) and to T-S diagrams (Fig. 3), the drifting buoy 

remained in the same water mass from days 1 to 7, as planned for the Lagrangian sampling 

design. Thirteen days later (day 20), the presence of warmer and more saline waters in the 

upper 60 m of the water column suggested that we sampled a different surface water mass 

than during the Lagrangian study period. However, the sampling station on day 20 was 

likely representative of post-bloom conditions occurring in the northwest Atlantic Ocean 

off the Scotian Shelf. The two wind events (days 3-4 and days 5-6) also translated 

vertically into a deepening of the surface mixed layer, as observed on days 4 and 6. 

Episodic increases in the mixed-Iayer depth in response to changes in wind stress are 

well-known (Mann & Lazier 1996). However, wind-induced turbulence did not extend 

down to the nutricline or to the DCM and thus did not profoundly impact the structure of 

the upper water colurnn, which remained weIl stratified throughout the Lagrangian study 

period. 

The daily variability in nutrient concentrations in Zmix-Zeu can be partially explained 

by variations in the depth of Z eu relative to Znutr. Since the nutricline was located close to 
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the base of the euphotic zone, small changes in Z eu led to large variations in nutrient 

concentrations at the 1 % and 0.2% surface PAR depths. This in tum caused pronounced 

changes in nutrient concentrations integrated over Zmix-Zeu. lndeed, a substantial increase in 

nutrient concentrations was observed from day 6 onwards when the nutricline was lOto 

20 m shallower than the base of the euphotic zone (Table 1, Fig. 4). Despite these daily 

variations, nutrient concentrations remained fairly low throughout the study period and well 

below the average wintertime concentrations in the euphotic zone reported in the World 

Ocean Atlas for that region (N03 + N02: 5 IlM; P04 : 1 IlM; Si(OHk 4 IlM; Conkright et 

al. 2002). These very low nutrient concentrations reflect consumption by phytoplankton 

during the bloom. According to Liebig's law of minimum (Liebig 1940) and the reference 

ratios of 16N:IP (Redfield et al. 1963) and 1.1N:1Si (Brzezinski 1985), nitrogen was the 

inorganic nutrient in lowest availability for phytoplankton growth (Table 2). Nitrogen 

limitation of primary producers is a common feature at temperate latitudes of the North 

Atlantic Ocean in late spring and summer (Parsons & Lalli 1988, Platt et al. 1992). 

The euphotic zone is usually viewed as a two-Iayer system, with the nutricline acting 

as a boundary between the nutrient-depleted surface layer and deeper waters where low 

light availability limits phytoplankton growth (Dugdale 1967, Cullen 1982). During this 

study, the nutricline was located very close to the base of the euphotic zone (Table 1). 

Moreover, very low nutrient concentrations (Fig. 4), low DIN:P04 molar ratios (Table 2), 

low P:B ratios of the large phytoplankton « 5 mg C mg chI a-I d- I
, Fig. 8) and the high 

POC:chl a ratio (Fig. 9) suggest that diatoms were generally nitrogen limited in the top 

layer of the euphotic zone (i.e. at depths > 1 % surface PAR). The higher P:B ratios of the 
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sm aIl phytoplankton (Fig. 8) suggest that these cells were less nitrogen-stressed than the 

larger algal cells. In the bottom layer of the euphotic zone (i.e. at depths ~1 % surface 

P AR), the POC:chl a ratios were close to the critical value of 40-50 g:g (Lorenzen (1968) 

suggesting that the phytoplankton assemblage was light-limited. This two-Iayer system 

allowed the development and maintenance of a deep chI a maximum (DCM) at a depth 

where both light and nutrient availability offered the best compromise for phytoplankton 

growth and accumulation (Fig. 5). 

1.4.2 Formation and maintenance of the deep chlorophyll a maximum 

One of the most noticeable features of the Lagrangian study period was the formation 

and maintenance of a DCM dominated by large phytoplankton cells near the base of the 

euphotic zone and the nutricline. The post-bloom period was also characterized by the 

presence of a DCM around the 1 % light level depth. This feature is typical of stratified 

temperate waters in transition from bloom to oligotrophic conditions (Cullen 1982). The 

DCM can reflect an increase in intracellular chI a concentration due to photoacclimation to 

low light levels (physiological response) and/or an increase in phytoplankton biomass 

(population response) by either growth at depth, accumulation along a density structure or 

changes in cell buoyancy (Cullen 1982). During this study, different mechanisms seem to 

have played a role in the formation and maintenance of the DCM. As pointed out by Cullen 

(1982), a chI a maximum do es not necessarily correspond to a maximum in phytoplankton 

biomass, as chI a per cell abundance or per cell volume increases when the cells become 

shade acclimated (Prézelin 1981). The low POC:chl a ratios measured at the base of the 
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euphotic zone (27-50 g:g, Fig. 9) during this study demonstrate that photoacclimation 

indeed occurred at the DCM. However, there was also evidence that the observed DCM did 

not only reflect shade acclimation but also represented an increase in phytoplankton carbon 

biomass and abundance. Firstly, vertical profiles showed that maximum POC 

concentrations (not shown) were al ways associated with maximum chI a concentrations. 

Secondly, phytoplankton abundances were three times higher at the DCM than in the SML. 

Finally, chI a concentration and phytoplankton abundance at the DCM were positively 

correlated (Kendall's 't correlation, p < 0.05). These results confirm that the DCM was 

associated with the maximum phytoplankton biomass. 

During sorne days, primary production at depth may have contributed to increase 

phytoplankton biomass at the DCM, as shown by substantial production rates measured at 

the base of the euphotic zone on days l , 2 and 7 (Fig. 7). On other days (i .e. days 3-6 and 

20), very low production rates at the base of the euphotic zone indicate that growth at depth 

had a limited influence in the maintenance of the DCM. Hence, phytoplankton growth in 

the bottom layer of the euphotic zone may explain, in part, the development of the DCM. 

However, during the Lagrangian study period, the main mechanism involved in the 

formation of the DCM was probably the sinking of phytoplankton from the nutrient-limited 

SML and their accumulation at the base of the euphotic zone near the nutricline on days 2 

and 3. This is supported by higher chI a sinking velocities in the SML (i.e at the 50% 

surface PAR depth) than at the 5% surface PAR depth on days 2 and 3 (Table 3). Similarly, 

the decrease in chI a concentration in Zmix-Zeu between days 2 and 3 coincided with the 

increase in chI a concentration at the DCM during the same period (Fig. 5). As the 
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nutricline was very close to the base of the euphotic zone, shade-acclimated cells that 

settled there could have taken advantage of the upward diffusion flux of nutrients and 

increased their buoyancy (Bienfang et al. 1983, Bienfang & Harrison 1984). It is interesting 

to note the concomitant shallowing of the nutricline and of the chI a biomass peak from 

days 6 onwards (Table 1, Fig. 5). Moreover, the DCM was associated with increased 

vertical stability, as deduced from the vertical profiles of the Brunt-Vaisala frequency (data 

not shown). These results indicate that environmental and biological factors play an 

important role in the location of the DCM in the upper water column, as previously 

suggested by Vandevelde et al. (1987). 

The results presented in the previous paragraphs show that a large part of the 

phytoplankton biomass was retained at the base of the euphotic zone instead of being 

rapidly exported to depth during the decline of the northwest Atlantic spring bloom. In 

addition, the DCM was still observed 5 days (i.e. on day 7) and 18 days (i .e. on day 20) 

after the drastic reduction in primary production (i.e. on day 3). This indicates that the 

DCM was maintained for a few weeks after the spring bloom. It is also interesting to note 

that the biomass of large phytoplankton cells remained high in the upper part of the twilight 

zone (defined here as the layer between the base of the euphotic zone and 200 m) 

throughout the Lagrangian study, suggesting a significant transfer of phytoplankton 

biomass from the euphotic zone to the twilight zone. Thirteen days later, almost no 

phytoplankton biomass remained in the upper part of the twilight zone. Hence, the decay of 

the spring bloom has a relatively long duration (i.e. between 1 and 2.5 weeks) in the 

northwest Atlantic. 
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1.4.3 The decline of the spring diatom bloom 

During the two first sampling days of the Lagrangian study, total primary production 

rates integrated over the entire euphotic zone were 2720 ± 55 and 2522 ± 99 mg C m-2 d-I, 

respectively. Assuming a Redfield C:N uptake ratio of 6.6, the maximum potential 

production rates based on ambient DIN availability in the euphotic zone (Fig. 4a, b) were 

790 and 2231 mg C m-2 d- I on days 1 and 2, respectively. While, the estimated and 

measured rates of primary production on day 2 are in fairly good agreement, the estimated 

production rate on day 1 is about 3.5 times Iower than the measured value. This suggests 

that we underestimated the ambient DIN concentrations or that phytoplankton were 

utilizing other sources of ambient dissolved nitrogen, such as urea or labile amino acids 

(McCarthy 1972, Bronk et al. 2007). Varela et al. (2005) measured an average urea 

concentration of 0.3 /lM in the euphotic zone of the northeast Atlantic Ocean. This 

concentration would have allowed a dail y production rate of ca. 1900 mg C m -2, since one 

mole of ure a contains two atoms of N. This potential organic N source and the ambient 

DIN would have been sufficient to support the high production rate measured on day 1. A 

second potential source of dissolved nitrogen for primary production is the internaI pool of 

DIN in phytoplankton cells (Coll os & Slawyk 1980, Dortch et al. 1984). The intracellular 

inorganic nitrogen pool can account for up to 5% of the total cellular nitrogen (Dortch et al. 

1984) which, considering an integrated chI a concentration of 361 mg m-2 in the euphotic 

zone on day 1 (Fig. 6) and a N:chl a ratio 0.5 mol:g (Kudo 2003), gives a potential average 

pool of intracellular inorganic nitrogen in the euphotic zone of 0.2 /lM. A third possible 

source of dissolved nitrogen is nitrogen regenerated by bacteria and microzooplankton 
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during the incubation, such as ammonium, urea and amino acids (McCarthy 1972, Bronk et 

al. 2007, Femandez & Raimbault 2007). These results indicate that wh en all potential 

sources of nitrogen are considered (including atmospheric nitrogen), nitrogen availability 

was sufficient to support the high production rates observed during this study. 

The production rates measured during the first two days of the study are among the 

highest values recorded at temperate latitudes of the open North Atlantic Ocean. For 

example, maximum integrated production rates reported during the NABE experiment in 

the northeast Atlantic Ocean ranged from 1860 mg C m-2 d- 1 (Lochte et al. 1993) to 1970 

mg C m-2 d- 1 (Bury et al. 2001) whereas Harrison et al. (1993) measured production rates 

up to 1160 mg C m-2 d- 1 at 45°N, 41 °W in the northwest Atlantic Ocean in May 1989. Joint 

et al. (2001) reported maximum integrated production rates up to ca. 1400 mg C m-2 d- 1 

during the spring bloom over the northwest European continental shelf break and 

production rates > 2000 mg C m-2 d- 1 were recorded by Lohrenz et al. (2002) over the 

shelf-slope front off Cape Hatteras. 

Studies on size-fractionated primary production are often limited to estimates of 

particulate production. However, it is well established that total primary production also 

comprises a dissolved fraction (Mague et al. 1980) known as the percent extracellular 

release (PER). During this study, PER varied between 1 and 34% with an average of 14%. 

These percentages are in good agreement with reported values gO% for most marine 

environments (Nagata 2000). Increases in PER have been reported under nutrient stress, 

particularly at the end of phytoplankton blooms (Lancelot & Billen 1984). This is 

consistent with the increase in PER throughout the Lagrangian study period, wh en nitrogen 
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was likely limiting primary production, although no significant correlations were found 

between PER and inorganic nutrient concentrations. 

Throughout the Lagrangian study period, both phytoplankton biomass and production 

were dominated by large cells (Fig. 6). The same pattern was reported by Joint et al. (1993) 

during the peak of the spring bloom in the northeast Atlantic Ocean. During the Lagrangian 

study period, large phytoplankton cells were numerically dominated by centric diatoms. 

Species of the genera Chaetoceros and Thalassiosira together represented 64-78% and 51-

75% of the total diatom abundance at the 50% light level depth and at the DCM, 

respectively. The low Si(OH)4 concentrations compared to wintertime values (Si(OHk 

4 ~; Conkright et al. 2002) are consistent with the development of a diatom population, a 

cornrnon feature of the spring bloom in temperate latitudes of the North Atlantic Ocean 

(Sieracki et al. 1993). Under post-bloom conditions (day 20), the numerical phytoplankton 

dominance shifted to small pryrnnesiophytes and unidentified flagellates . This seasonal 

change in the phytoplankton community composition has already been reported in the 

temperate northeast Atlantic in late spring (Sieracki et al. 1993) and is consistent with the 

dominance of small phytoplankton cells in terms of primary production and their increased 

contribution to total chI a biomass after the spring bloom (Figs. 5 & 7). 

1.4.4 Potential fate of large and small phytoplankton cells 

Throughout the study period, small phytoplankton cells contributed more to the total 

particulate primary production (Ps = 31-79% of PPOc, Fig. 7) than to the total chI a biomass 

(Bs = 4--45% of BT, Fig. 5). On one hand, this unequal contribution of small cells to total 
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phytoplankton biomass and production could be related to the higher metabolic rates per 

unit of biomass of the small cells compared to the larger ones (Glover 1980). This 

reasoning is consistent with our results (Fig. 8). On the other hand, the larger contribution 

of small phytoplankton cells to total primary production compared to total chI a biomass 

could be interpreted in terms of preferential removal of small phytoplankton cells by 

microzooplankton grazing, indicative of a top down control of small phytoplankton 

biomass and of an active microbial food web within the euphotic zone (Tremblay & 

Legendre 1994). The higher ratio ofpheopigments to total pigments (chI a + pheopigments) 

measured in the small phytoplankton size fraction (23-84%) compared to that in the large 

fraction (11-29%) during the Lagrangian study period (data not shown) supports this 

hypothesis. Microzooplankton grazing is generally considered as the main predatory 

pressure on planktonic primary production in many diverse marine systems (Calbet & 

Landry 2004), in particular during the spring bloom in the North Atlantic Ocean (Harrison 

et al 1993, Gaul et al. 1999, Karayanni et al. 2005). 

Altematively, large phytoplankton cells made a smaller contribution to the total 

particulate primary production (PL = 21-72% of Ppoc, Figs. 6c, d & 7) than to the total 

chI a biomass (BL = 55-96% ofBT, Figs. 5 & 6a, b) throughout the study period. This may 

be related to the limitation of diatom production by nutrient supply, as previously 

mentioned. According to the model of Tremblay & Legendre (1994), the smaller 

contribution of large phytoplankton cells to total primary production than to total chI a 

biomass can also indicate that large phytoplankton cells tend to accumulate in the euphotic 

zone rather than being grazed by mesozooplankton or exported to depth through sinking. 
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This interpretation is consistent with the formation and maintenance of a DCM composed 

of large phytoplankton near the base of the euphotic zone throughout this study and with 

the temporal uncoupling between phytoplankton growth and mesozooplankton grazing 

reported during the North Atlantic spring bloom (Parsons & Lalli 1988). We have already 

discussed the mechanisms explaining the accumulation of large phytoplankton near the 

base of the euphotic zone, just above the nutricline (see above). The potential POC export 

from the euphotic zone (POCE) was estimated using equations 7 (POCE = Ppoc x f) and 22 

(j= 0.04 + 0.74 x PJ PpoC> in Tremblay et al. (1997), where f is the f-ratio . An average 

POCE value of 1.30 g C m-2 d- 1 was estimated for days 1 and 2 whereas an average value of 

0.20 g C m-2 d- 1 was estimated for the rest of the study. The former value is about twice as 

high as the POC sinking flux of 0.67 g C m-2 measured with free-drifting sediment traps 

deployed below the base of the euphotic zone on day 2 (Pommier et al. ms-b, Chapitre II), 

whereas the latter value is fairly close to the average POC sinking flux of 0.31 g C m-2 d-1 

measured below the base of the euphotic zone for the rest of the study (Pommier et al. 

ms-b, Chapitre II). 

1.5 Conclusion 

We captured the decline of one of the most productive spring diatom bloom ever 

reported for the open North Atlantic Ocean, under nitrogen-limiting conditions. 

Phytoplankton production and biomass decreased from 2720 to 400 mg C m-2 d- 1 and from 

361 to 121 mg chI a m-2, respectively, throughout the study period. Large phytoplankton 

cells (;:::5 /lm), which dominated both the production and biomass during the Lagrangian 
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study, were replaced by small phytoplankton (0.7-5 !lm) 13 days later. The analysis of the 

size structure of phytoplankton biomass and production (Tremblay & Legendre 1994) 

revealed that small phytoplankton cells were potentially removed by microzooplankton 

grazing whereas large algal cells tended to accumulate in the euphotic zone, mainly at the 

DCM. The formation and maintenance of the DCM involved sedimentation of 

phytoplankton cells at the base of the euphotic zone near the nutricline, where 

photoacc1imated cells maintained low sinking velocities. In contrast to our working 

hypothesis, the decline of the bloom was not associated with the rapid sinking of large 

phytoplankton cells out of the euphotic zone. The fate of the phytoplankton biomass 

accumulated at the DCM is important in regard to biogeochemical cycling of the North 

Atlantic spring bloom. Nevertheless, an assessment of this fate requires detailed 

information about zooplankton grazing, microbial metabolism and vertical sinking fluxes of 

biogenic material. This is the subject of the second chapter of this thesis. 



CHAPITRE II 

PARTICULATE ORGANIC CARBON EXPORT IN THE UPPER TWILIGHT 

ZONE OF THE NORTHWEST ATLANTIC OCEAN DURING THE DECLINE OF 

THE SPRING BLOOM 

RÉSUMÉ 

La variabilité des flux verticaux de carbone organique particulaire (COP) et sa 
relation à la production primaire ont été étudiées dans la partie supérieure de la zone 
mésopélagique de l'océan Atlantique nord-ouest, durant le déclin d'un bloom printanier de 
diatomées et sa transition vers des conditions de post-bloom. Le flux de COP sous la base 
de la zone euphotique (i.e. 50-75 m) a diminué de 674 ± 105 à 281 ± 17 mg C m-2 fi durant 
le déclin de bloom et représentait 197 ± 2 mg C m-2 d- I en conditions de post-bloom. Le 
flux de COP sous la base de la zone euphotique était positivement corrélé à la production 
du gros phytoplancton (~5 Ilm) durant la période d'étude, mettant ainsi en évidence 
l'importance de la structure de taille du phytoplancton dans le contrôle de l'exportation de 
COP en depuis la zone euphotique. Néanmoins, le flux de COP à 150 m est demeuré 
relativement constant durant la période d'étude. L'analyse des profils verticaux de 
décroissance du flux de COP avec la profondeur a révélé l'augmentation de l'efficacité de 
transfert du COP à 150 m liée à la diminution du recyclage de la matière organique dans la 
partie supérieure de la zone mésopélagique lors du déclin du bloom. De plus, le recyclage 
du COP dans la zone mésopélagique était positivement corrélé au flux de COP sous la base 
de la zone euphotique durant la période d'étude. Ces résultats suggèrent que les processus 
de recyclage de la matière organique dans la partie supérieure de la zone mésopélagique 
répondent rapidement et proportionnellement à la variabilité des apports de matière 
organique depuis la zone euphotique. Nous avons émis l'hypothèse que la diminution du 
recyclage de la matière organique dans la zone mésopélagique lors du déclin du bloom a 
compensé la réduction du flux de COP sous la base de la zone euphotique, tamponnant 
ainsi les variations temporelles du flux de COP à 150 m. Ces résultats mettent l'accent sur 
l'importance des variations à court terme du recyclage de la matière organique dans la 
partie supérieure de la zone mésopélagique en regard à l'efficacité de transfert du carbone 
organique en profondeur. 

ABSTRACT 

The variability of particulate organic carbon (POC) sinking flux and its relation to 
primary production were investigated in the upper twilight zone of the northwest Atlantic 
Ocean on four occasions during a Lagrangian study of the decline of a spring diatom bloom 
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and its transition towards post-bloom conditions. poe sinking fluxes below the euphotic 
zone (i.e. 50-75 m) decreased from 674 ± 105 to 281 ± 17 mg C m-2 d- 1 throughout the 
senescence of the bloom and further decreased to 197 ± 2 mg C m-2 d- 1 under post-bloom 
conditions. poe sinking fluxes below the euphotic zone were positively correlated to the 
production of large phytoplankton cells (;:::5 !lm) throughout the study period, highlighting 
the importance of the size structure of primary producers in shaping the export of poe 
from the euphotic zone. In contrast, poe sinking fluxes at 150 m showed little variation 
throughout the study period. The analysis of the vertical profiles of poe sinking flux 
revealed the increase in poe transfer efficiency from 50 to 150 m due to the decrease in 
poe recyc1ing within the upper twilight zone throughout the dec1ine of the bloom. 
Moreover, poe recyc1ing within the upper twilight zone was positively correlated with 
poe sinking fluxes below the euphotic zone throughout the study period, suggesting that 
recycling processes in the upper twilight zone respond rapidly and proportionally to the 
export of poe from the euphotic zone. It is hypothesized that the concomitant decreases in 
poe sinking fluxes below the euphotic zone and in poe recyc1ing within the upper 
twilight zone compensated each other and could explain the fairly constant poe sinking 
fluxes at 150 m that were observed throughout the study period. Our results shed light on 
the importance of short-term variability in organic matter recyc1ing within the upper 
twilight zone for the efficiency of poe export to depth. 
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2.1 Introduction 

Over the last decades, much effort has been put into the understanding of the 

relationship between primary production and carbon export to depth in the World Ocean. 

This interest was largely motivated by the need to predict the efficiency of the biological 

carbon pump (Volk & Hoffert 1985) in sequestering carbon dioxide in the deep ocean and 

possibly mitigating the increase in anthropogenic emissions of this climate-relevant 

greenhouse gas in the context of a globally warming climate. 

Most of the contemporary knowledge regarding the coupling between pnmary 

production and carbon export to depth is derived from time-series partic1e interceptor traps 

moored in the deep ocean that measure partic1e fluxes at weekly to monthly intervals over 

periods of several months to more than a year (Honjo 1996). These deep-ocean mooring 

arrays have proved to be very useful tools in relating the magnitude and temporal patterns 

of deep carbon fluxes with the seasonality of phytoplankton production (Wefer 1989) and 

the size structure of primary producers (Boyd & Newton 1999). Results from long-term 

partic1e interceptor traps have also served as the basis for developing algorithms that seek 

to model the export of particulate organic carbon to depth (Bishop 1989). 

Nevertheless, predictions of deep-sea carbon export from existing algorithms are still 

subject to uncertainties. These uncertainties are largely attributed to a lack ofknowledge on 

early processes affecting the flux of partic1es in the twilight zone (i.e., at depths between 

the base of the euphotic zone and ~ 1000 m; Buesseler et al. 2007b). The twilight zone, 

where about 90% of the exported material is thought to be mineralized, is believed to play a 

critical role in the transfer of biogenic carbon from the ocean surface to the deep ocean 
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(Angel 1989, Tréguer et al. 2003). While we know from particle interceptor trap data that 

particulate organic carbon (POC) fluxes decrease rapidly with depth within the twilight 

zone, we have little knowledge on the processes responsible for this mineralization pattern 

(Ducklow et al. 2001). It is believed that the strength and variability of processes affecting 

the transformation of particulate material during its sinking strongly influence the coupling 

between primary and export production and determine the efficiency of particle export to 

depth over short spatial and temporal scales (Wassmann 1998). It is also recognized that 

deep POC fluxes could be predicted with greater reliability if the processes affecting the 

early export of organic material from the productive layer were better understood (Boyd & 

Newton 1995). 

In temperate and subpolar latitudes of the North Atlantic Ocean, the spnng 

phytoplankton bloom is a major biogeochemical event contributing significantly to the 

sinking export of particles to the deep ocean (Honjo 1996). In that region of the World 

Ocean, temporal uncoupling between phytoplankton growth and zooplankton grazing can 

result in a massive sedimentation of organic material at the end of the spring bloom 

(Parsons & Lalli 1988, Honjo & Manganini 1993). The decline of the spring bloom is thus 

of particular interest for the investigation of the short-term variability in the coupling 

between primary production and early export processes of particulate organic material. 

However, there is a lack of information on the sinking flux of organic carbon and its 

coupling with primary production during that particular stage of the spring bloom at 

temperate latitudes in the North Atlantic Ocean. Moreover, except for the Western North 

Atlantic Bloom Experiment (400 N, 47°W and 45°N, 41 °W; Harrison et al. 1993), there is a 
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lack of infonnation on the sinking flux of organic carbon in the temperate western North 

Atlantic Ocean, as most of the particle flux data in the North Atlantic have been collected 

in the eastern part ofthis ocean basin (Antia et al. 2001). Finally, to our knowledge, there is 

no detailed infonnation about POC sinking fluxes in the twilight zone of the temperate 

North Atlantic Ocean. 

Within this framework, our study aimed at (1) characterizing the sinking flux of 

particulate organic carbon in the upper twilight zone (i.e., from the base of the euphotic 

zone down to 150 m) during the declining phase of the spring bloom in the temperate 

northwest Atlantic Ocean, (2) investigating the coupling between the activity and size 

structure of primary producers in the euphotic zone and POC export in the upper twilight 

zone, and (3) assessing the processes affecting the transfonnation of the sinking material 

within the upper twilight zone. This study is part of the Canadian Surface Ocean-Lower 

Atmosphere Study (C-SOLAS) which aims at quantifying the impact of the senescence of 

the North Atlantic spring bloom on the production and ventilation to the atmosphere of 

climatically active trace gases. 

2.2 Materials and methods 

2.2.1 Sampling 

Sampling was carried out aboard the CCGS Hudson off the Scotian Shelf at station L 

(water depth ca. 3500 m; Fig. 1) as part of a Lagrangian survey of the decline of the spring 

bloom in the northwest Atlantic Ocean (Pommier et al. ms-a, Chapitre 1). A water mass 
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within which a phytoplankton bloom had developed was sampled from 25 April (day 1) to 

01 May 2003 (day 7). The water mass under investigation was tracked using a 

CAST ARGOS drifter (Seimac Smart CAT PTT/GPS transmitter) equipped with a 15-

meter-Iong Holey Sock tubular drogue centered at 15 m in the water column. On 14 May 

2003 (day 20), the station occupied on day 1 was revisited and samples were collected in 

order to study the potential biogeochemical changes in the euphotic zone that could have 

occurred at that sampling location after the decline of the spring bloom and the potential 

impact of these changes on the sinking fluxes of biogenic material. Concomitant 

investigations of primary production and particle sinking fluxes were conducted on 26 

April (day 2), 28 April (day 4),30 April (day 6) and 14 May (day 20) 2003. 

2.2.2 Analyses 

Primary production rates were measured at seven depths within the euphotic zone 

(100, 50, 30, 15, 5, 1 and 0.2% of surface PAR) using the 14C-uptake method 

(Parsons et al. 1984, Gosselin et al. 1997) with on-deck in-situ simulated incubations from 

sunrise to sunset. Primary production rates were integrated over the euphotic zone depth 

using trapezoidal integration. The production rates of small (Ps: 0.7-5 Ilm) and large 

(PL ;:::s Ilm) phytoplankton cells were considered. Detailed information about pnmary 

production measurements can be found in Pommier et al. (ms-a, Chapitre 1). 

Free-drifting particle interceptor traps were deployed for periods of 24 hours 

(Table 1). The traps, which were PVC cylinders with an internaI diameter of 10 cm and an 

aspect ratio (height:diameter) of 7, were deployed at five depths (50, 75, 100, 125 and 
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150 m) below both the surface mixed layer and the base of the euphotic zone (except for 

the trap deployed at 50 m on day 20; Table 1). The present manuscript focuses on the 

sinking fluxes of organic material below the base of the euphotic zone and at 150 m. The 

vertical structure of the water column, which was characterized using a CTD probe 

(Sea-Bird SBE 9), revealed that the deepest trap was located within the permanent 

thermocline (Fig. 2). For each depth, two traps were installed on the mooring line and 

centered on the sampling depth. 
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Fig. 1. Location of the drifting buoy from day 1 (25 April) to day 7 (01 May) during a 
Lagrangian study of a water mass in the northwest Atlantic Ocean in spring 2003. On day 
20 (14 May), the ship went back to the latitude/longitude position occupied on day 1. Filled 
circles indicate the sampling days during which concomitant measurements of primary 
production and particulate organic material sinking fluxes were made 



Table 1. Characteristics of the free-drifting particle interceptor trap moorings and of the upper water column in the northwest 
Atlantic in spring 2003. The depths of the euphotic zone (Zeu) and of the surface mixed layer (Zmix) are from Pommier et al. 
(ms-a, Chapitre 1) 

Deployrnent Recovery 
Day 

Date in Duration Latitude Longitude Latitude Longitude Distance travelled 
Zeu Zmix 

(d) (ON) COW) (ON) (OW) (km) (m) (m) 

2 26 April 0.91 43°21.4 57°37.9 43°21.7 57°34.1 4.3 43 12 
4 28 April 1.06 43°24.6 57°28.9 43°28.9 57°28.1 7.5 45 23 

6 30 April 0.88 43°37.1 57°25.8 43°40.3 57°28.5 6.9 50 26 

20 14 May 0.99 43°21 .9 57°42.6 43°20.4 57°41.6 2.4 60 6 
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Fig. 2. Vertical profiles of temperature (T, solid line), salinity (S, short-dashed line) and 
sigma-t (a'l, long-dashed line) in the upper 400 m of the water column on day 4 (28 April 
2003) of a Lagrangian study of a water mass in the northwest Atlantic Ocean. The 
horizontal da shed lines indicate the depths of the shallowest (50 m) and deepest (150 m) 
particle interceptor traps 
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Trap deployment and handIing were performed according to Knap et al. (1996) and 

recommendations from Gardner (2000). The free-drifting particle interceptor traps were 

surface-tethered with a series of five small buoys so as to dampen wave action and 

minimize vertical motion on the trap line. Before deployment, the traps were filled with 

deep seawater that had been pre-filtered through a 0.22 )lm Millipore Durapore PVDF 

membrane and salt was added (to increase saIinity by 5) to create a dense layer within the 

traps. No poison or preservative was added before deployment. Upon recovery, the traps 

were covered with a tight Iid and placed vertically in a dark and cool room for 8 hours . 

After that sedimentation period, the supernatant was carefully removed and the bottom 

volume of the trap (900-1000 ml), which was pre-filtered using a 425-)lm Nitex mesh to 

rem ove large swimmers, was kept in acid-washed Nalgene bottles for subsequent analyses. 

Duplicate subsamples for the determination of chlorophyll a (chI a) and 

pheopigments (pheo) were filtered onto Whatman GF/F filters and the concentrations of 

these pigments were measured aboard the ship using a Turner Designs 10-005R 

fluorometer after a 24-h extraction in 90% acetone at 4°C in the dark (Parsons et al. 1984). 

Particulate organic carbon concentrations were determined in duplicate with a Perkin-Elmer 

Model 2400 CHN Analyzer from samples concentrated on pre-combusted (450°C for 5 h) 

Whatman GF/F filters and kept frozen (-20°C) in Petri dishes before analysis in the 

laboratory. In order to assess the solubilization of particulate organic material during the 

deployment period (Kahler & Bauerfeind 2001), dissolved organic carbon (DOC) was 

measured in the traps before and after deployment using a TOC-5000A Shimadzu analyzer 

following the procedure explained in Roux et al. (2002). The export ratio (e-ratio, i.e. , the 
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ratio of poe sinking flux at a given depth to particulate primary production integrated over 

the euphotic zone depth; dimensionless) was calculated based on primary production 

measurements performed during the trap deployment period. Phytoplankton cells and 

zooplankton fecal pellets from the traps were collected and analyzed in order to estimate 

their contribution to the total poe sinking flux. Phytoplankton cells were fixed and 

preserved in acidic Lugol's solution (Throndsen 1978) and were identified to the lowest 

possible taxonomie level using the inverted microscope method (Uterm6hl 1931 , Lund et 

al. 1958). For each sample, at least 300 cells were counted from the whole sample. Up to 25 

cells were measured per enumerated taxon and their biovolumes calculated using 

appropriate geometric equations (Hillebrand et al. 1999). An average biovolume per taxon 

was determined and converted into carbon biomass using factors given in Menden-Deuer & 

Lessard (2000). This carbon biomass, combined with the abundance of cells for each taxon, 

was used to obtain the contribution of each taxon to the poe sinking flux. The number and 

size of fecal pellets were also determined in subsamples preserved in hexamine-buffered 

formaldehyde (2% final concentration) using the inverted microscope. Two types of fecal 

pellets were identified, assuming a prolate spheroid shape for appendicularian feces and a 

cylindrical shape for calanoid copepod fecal pellets (Urban et al. 1993). The length and 

width of complete and broken pellets were measured and the total biovolume of each type 

of pellet was calculated using the appropriate equations. Biovolumes were then converted 

into carbon biomass using a factor of 0.057 mg e mm-3 and 0.042 mg e mm-3 for copepod 

and appendicularian pellets, respectively (GonzaIes et al. 1994). 
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2.3 Results 

2.3.1 Particulate organic carbon sinking fluxes 

POC sinking fluxes progressively decreased with depth on aIl sampling days (Fig. 3). 

A progressive weakening of the depth-related decrease in POC sinking fluxes was observed 

from days 2 to 6, as reflected by the decreasing slopes of the curves of POC sinking fluxes 

with depth (Fig. 3). From days 2 to 6, particulate primary production decreased (p < 0.01 ; 

significance was determined using Wilcoxon's signed-ranks test unless otherwise specified) 

and was dominated by large phytoplankton cells (Fig. 4a). On day 20, particulate primary 

production increased compared to the previous sampling day (day 6) (p < 0.01) but was 

dominated by small phytoplankton cells (Fig. 4a). From days 2 to 6, POC sinking fluxes 

below Zeu (i.e. , at 50 m) decreased (p < 0.01; Fig. 4b) in pace with the decrease in 

particulate pnmary production. On day 20, the POC sinking flux below Zeu further 

decreased (p < 0.01 ; Fig. 4b) whereas primary production increased (Fig. 4a) compared to 

the previous sampling day. The POC sinking fluxes at 150 m did not vary much between 

the sampling days (Fig. 4b), showing only a slight but significant increase from days 2 to 4 

(p < 0.05) and a slight decrease from days 6 to 20 (p < 0.01). The export ratio (e-ratio) 

below Zeu and at 150 m (Fig. 4c) increased from days 2 to 6 and significantly decreased on 

day 20 (p < 0.01). POC sinking fluxes and e-ratios were significantly lower at 150 m than 

below Zeu (p < 0.01) throughout the study period (Fig. 4b, c). 
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Fig. 3. Temporal changes in the vertical profiles of particulate organic carbon (POC) 
sinking flux from 50 m to 150 m (mean ± standard deviation). For each day, the symbols 
represent the observed data; the curve is a moving average (n = 2) 
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Fig. 4. Temporal changes in (a) size-fractionated particulate primary production integrated 
over the euphotic zone depth based on measurements reported in Pommier et al. (ms-a, 
Chapitre I), (b) particulate organic carbon (POC) sinking flux below the base of the 
euphotic zone (below Zeu, i.e. , at 50 m from days 2 to 6 and at 75 m on day 20) and at 
150 m and (c) export ratio below Zeu and at 150 m. Mean values and standard deviations 
are presented for each variable. In (a), the production values of small (Ps: 0.7-5 !lm) and 
large (PL: ~ !lm) phytoplankton cells are indicated 
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2.3.2 Chlorophyll a and phytoplankton cells sinking fluxes 

ChI a sinking fluxes below Zeu progressively decreased (p < 0.01) from days 2 to 20 

(Fig. 5a).At 150 m, chI a sinking fluxes showed little temporal variability, with a small 

increase observed from days 2 to 4 and a slight decrease afterwards (Fig. 5a). The chI a 

sinking fluxes Were significantly lower at 150 m than below Zeu (p < 0.01). The percent 

contribution of chI a to total pigment (chI a + pheopigments) sinking fluxes below Zeu was 

~2 % from days 2 to 6 and decreased to 16% on day 20 (Fig. 5b). At 150 m, the percent 

contribution of chI a to total pigment fluxes was < 38%; this percent contribution was 

significantly lower than that below Zeu throughout the study period (p < 0.01). A reduction 

in the variations of POC sinking fluxes, e-ratios, chI a sinking fluxes and chI a to total 

pigment ratios between the two sampling depths was observed from days 2 to 20 (Figs. 4b,c 

& 5a,b). 

Intact phytoplankton cell sinking fluxes below Zeu progressively decreased 

throughout the study period (Fig. 5c), whereas phytoplankton cell sinking fluxes at 150 m 

increased from days 2 to 4 and then progressively decreased afterwards (Fig. 5c). On day 2, 

intact phytoplankton cell sinking fluxes were significantly lower (p < 0.01) at 150 m than 

below Zeu, whereas on day 6, phytoplankton cell sinking fluxes at 150 m were significantly 

higher than below Zeu (p < 0.05). On days 4 and 20, phytoplankton ceIl sinking fluxes 

below Zeu and at 150 m did not differ significantly (p < 0.05). From days 2 to 6, intact 

phytoplankton cell sinking fluxes were dominated by diatoms (of the genera Thalassiosira , 

Chaetoceros and Fragilariopsis) , both below Zeu (~69% of total cell numbers) and at 

150 m (~3% of total cell numbers) (Fig. 5c). On day 20, the diatom contribution to intact 
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Fig. 5. Temporal changes in (a) chiorophyll a (chI a) sinking fluxes , (b) the ratio of chI a to 
total pigment (i.e., chI a + pheopigments) and (c) the sinking flux of phytoplankton cells 
below the base of the euphotic zone (below Zeu i.e., at 50 m from days 2 to 6 and at 75 mon 
day 20) and at 150 m. Mean values and standard deviations are presented for each variable. 
In (c), the percent contribution of diatoms to the total phytoplankton cell sinking fluxes 
below Zeu (open circles) and at 150 m (filled circles) are also indicated 
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phytoplankton cell sinking fluxes below Zeu and at 150 m were reduced to 18% and 19%, 

respectively (Fig. 5c). Throughout the study period, the contribution of spores and empty 

frustules to the total diatom sinking flux (i.e., spores + empty frustules + intact diatom 

cells) was ~50% below Zeu and ranged from 49 to 82% at 150 m. 

2.3.3 Aigai and fecal carbon sinking fluxes 

Sinking carbon fluxes below Zeu from intact phytoplankton and fecal pellets showed 

opposite temporal patterns, with a progressive decrease of the former and an increase of the 

latter from days 2 to 20 (Fig. 6a,c). Opposite trends in the temporal changes in the sinking 

carbon fluxes of phytoplankton and fecal pellets were also observed at 150 m (Fig. 6a,c). 

On day 2, phytoplankton carbon sinking fluxes were significantly higher (p < 0.01) below 

Zeu than at 150 m (Fig. 6a). From days 4 to 20, phytoplankton carbon sinking fluxes at 

150 m were not significantly different (p < 0.05) from those below Zeu (Fig. 6a). Diatoms 

dominated the phytoplankton carbon sinking fluxes from days 2 to 6 (51-97%), both below 

Zeu and at 150 m (Fig. 6b), while dinoflagellates made a large contribution to the 

phytoplankton carbon sinking fluxes at both depths (49-81 %) on day 20 (Fig. 6b). On day 

2, the relative contribution of phytoplankton to the total poe sinking fluxes was lower at 

150 m (13%) than below Zeu (22%; Table 2). On days 4 and 6, the relative contribution of 

phytoplankton to the total poe sinking fluxes was higher at 150 m (36% and 26%, 

respectively) than below Zeu (19% and 17%, respectively); on day 20, phytoplankton had 

about the same contribution to the total poe sinking fluxes at both depths (9% below Zeu 

and 14% at 150 m; Table 2). Fecal pellet carbon fluxes were consistently higher at 150 m 
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Fig. 6. Temporal changes in (a) intact phytoplankton carbon sinking fluxes, (b) the percent 
contribution of the three major phytoplankton groups (Diat: diatoms, Dinofl : 
dinoflagellates, Other fl: other flagellates) to total phytoplankton carbon sinking fluxes and 
(c) fecal pellet carbon sinking fluxes below the base of the euphotic zone (below Z eu, i.e., at 
50 m from days 2 to 6 and at 75 m on day 20) and at 150 m. In (a), mean values and 
standard deviations are presented. For each sampling day in (b), the left and right stacked 
bars are relative to the flux below Z eu and at 150 m, respectively 



Table 2. Carbon sinking fluxes of the three major phytoplankton groups and of fecal pellet carbon attributed to copepods and 
appendicularians below the base of the euphotic zone (below Zeu) and at 150 m throughout the study period. The percent 
contributions (%) of total phytoplankton carbon and total fecal pellet carbon to the total particulate organic carbon sinking 
fluxes are also reported 

Phytoplankton carbon sinking fluxes Fecal pellet carbon sinking fluxes 
Day Trap depth 

Diatoms Dinoflagellates Other flagellates COQeQods A}2}2endicularians 
(mg C m-2 d-1) 

% 
(mg C m-2 d- 1

) 
% 

2 Below Zeu 137.6 10.3 2.8 22 8.0 l.8 1 
150m 19.1 2.6 l.1 13 27.2 17 26 

4 Below Zeu 73.9 3.5 l.0 19 5.3 8.7 3 
150 m 78.9 l.0 l.5 36 15.8 10.4 12 

6 Below Zeu 38.0 8.5 l.7 17 9.2 10.9 7 
150m 50.4 9.0 l.2 26 28.3 24.9 23 

20 Below Zeu 8.7 7.2 l.2 9 8.8 9.4 9 
150m 4.0 16.1 0.8 14 29.6 26.5 39 

00 
~ 
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(26-56 mg C m-2 d- I
) than below Zeu (10-20 mg C m-2 d- I) throughout the study period 

(Fig. 6c), as were their percent contributions to the total POC fluxes (12-39% at 150 m and 

1-9% below Zeu, respectively; Table 2). Appendicularian feces slightly dominated the fecal 

carbon sinking fluxes below Zeu throughout the study period (52-62%), except on day 2 

(Table 2), while copepod feces were dominant (53-61 %) at 150 m (Table 2). 

2.4 Discussion 

2.4.1 Linking particle sinking fluxes to epipelagic processes 

This study was part a 7-day Lagrangian study of the decline, induced by nitrate 

limitation, of one of the most productive spring blooms ever reported in the open North 

Atlantic Ocean and its transition towards post-bloom conditions (Pommier et al. ms-a, 

Chapitre 1). Throughout the Lagrangian study period (days 2 to 6), the same water mass 

containing the bloom patch was effectively tracked (Pommier et al. ms-a, Chapitre 1). When 

we went back to the initial sampling location thirteen days later (day 20), the presence of 

warmer and more saline waters in the upper 60 m of the water column suggest that we 

sampled a different surface water mass than during the Lagrangian study period (Pommier 

et al. ms-a, Chapitre 1). However, the sampling station on day 20 was likely representative 

of post-bloom conditions in the northwest Atlantic Ocean off the continental Scotian Shelf 

(Forget et al. 2007, Pommier et al. ms-a, Chapitre 1). The particle interceptor traps were 

deployed below the base of the euphotic zone (50- 75 m) and below the surface mixed layer 

(6-26 m; Table 1), so the measured sinking fluxes represented the export of material 
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sinking out of the euphotic zone. Particle interceptor traps may collect material originating 

from different areas, so the interpretation of the location and time of origin of the collected 

particles could be biased (Buesseler et al. 2007a). However, during the Lagrangian study 

(days 2 to 6), the free-drifting particle interceptor trap array was deployed and drifted in 

close proximity to the Lagrangian drifting buoy deployed to track the water mass under 

investigation. Moreover, the trap array was deployed relatively near the euphotic zone and 

the time scale of trap deployrnents (24 h) was in phase with that of primary production 

measurements. Hence, we consider that the particulate primary production rates in the 

euphotic zone and the POC sinking fluxes in the upper twilight zone measured in our study 

could be related to one another. 

The trapping efficiency of our particle interceptor traps was not estimated during this 

study. However, the cylindrical shape and aspect ratio (H:D=7) of the traps used in this 

study have been found to be effective as free-drifting particle interceptor traps (Baker et al. 

1988, Knauer & Asper 1989). Similar particle interceptor traps and mooring arrays have 

been used in other studies (Michel et al. 2002, Caron et al. 2004), and comparisons with 

flux estimates using 234Th have shown close agreement in estimated carbon fluxes (Th-

derived carbon flux = 0.68 + 1.05 FST flux; n = 13, r2 = 0.89, p < 0.001; Tremblay et al. 

2006). The average increase in DOC concentration within the particle interceptor traps 

during deployrnent intervals was Il ± 6% below Zeu and 10 ± 5% at 150 m throughout the 

study period, reflecting the potential loss of particulate organic mater (POM) to the 

dissolved phase (solubilization; Buesseler et al. 2007a) during trap deployrnents. 

Solubilization can result from the diffusion of dissolved organic matter from aggregates, 
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bacterial degradation of POM, the activity of swimmers, and physical-chemical processes 

affecting the dissolution of particulate organic matter (Buesseler et al. 2007a). However, 

there is no standardized method for correcting POC sinking fluxes for solubilization and it 

is most often ignored in short-term upper ocean flux studies su ch as the one reported here 

(Buesseler et al. 2007a). The small increase in DOC in the particle interceptor traps during 

our study (ca. 10%) indicates low solubilization of POM during the period of trap 

deployments and suggests that our sinking flux measurements might be slightly 

underestimated. 

2.4.2 Coupling between primary production and POC sinking export 

During the decline of the spring bloom, a tight coupling was observed between 

primary production and POC sinking fluxes below Zeu. lndeed, from days 2 to 6, high and 

decreasing POC sinking fluxes below Zeu (from 674 to 281 mg C m-2 d-1
; Fig.4b) were 

consistent with high and decreasing integrated production rates in the euphotic zone (from 

2317 to 326 mg C m-2 d- 1
; Fig. 4a). However, during post-bloom conditions (day 20), POC 

sinking fluxes below Zeu further decreased whereas primary production increased 

(Fig. 4a,b). On day 20, small phytoplankton cells (mainly unidentified flagellates ~5 !-lm) 

were dominant in terms of primary production (Fig. 4a) and chI a biomass (Pommier et al. 

ms-a, Chapitre 1). Small cells have low sinking velocities compared to larger cells (Smayda 

1970) and are usually considered to be minor contributors to the sinking export of organic 

material (Legendre & Le Fèvre 1989), which is in good agreement with the low POC 

sinking fluxes measured on day 20. Similarly, high POC sinking fluxes observed from days 
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2 to 6 are consistent with the dominance of large cells (mainly centric diatoms) in terms of 

primary production (Fig. 4a) and chI a biomass (Pommier et al. ms-a, Chapitre 1) during 

that period. Throughout the study period, POC sinking fluxes below Zeu were positively 

correlated to the production rate of large phytoplankton cells (Kendall' s T coefficient of 

ranks correlation, p < 0.05). These results stress that the size structure of primary producers 

was more important than the magnitude of primary production in shaping the sinking 

export of POC from the euphotic zone throughout the study period. Moreover, POC sinking 

fluxes below Zeu were positively correlated with the sinking fluxes of phytoplankton cells 

(Fig. Sc) and phytoplankton carbon (Fig. 6a) throughout the study period (Kendall's T 

coefficient of ranks correlations, p < 0.05), the two latter fluxes being dominated by 

diatoms (Figs. Sc & 6b). These results are in good agreement with the general 

understanding that POC export from the euphotic zone is sensitive to ecosystem shifts 

towards, or away from, the dominance of large cells, particularly diatoms, as part of the 

phytoplankton assemblage (Boyd & Newton 1999). 

POC sinking fluxes measured at 150 m compared well with previous values of 160-

260 mg C m-2 d- 1 measured at the same depth during springtime in the temperate northwest 

Atlantic Ocean (Harrison et al. 1993). Interestingly, POC sinking fluxes at 150 m remained 

fairly constant throughout the study period despite strong temporal variations in POC 

sinking fluxes below Zeu (Fig. 4b) and in both the magnitude of primary production and 

size structure of the primary producers (Fig. 4a). The same trend was aiso observed in chI a 

sinking fluxes at 150 m, which varied little throughout the study period compared to the 

temporal changes in the chI a sinking fluxes below Zeu (Fig. Sa) and in the magnitude and 
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size structure of the chI a biomass in the euphotic zone (Pommier et al. ms-a, Chapitre 1). In 

contrast with what has been observed below the base of the euphotic zone, our results 

emphasize the lack of coupling between primary production and POC sinking export at 

150 m throughout the study period. This result is rather unexpected given the premise of 

organic matter sinking fluxes being positively related to the size structure of pelagic food 

webs (Legendre & Le Fèvre 1989, Boyd & Newton 1999). According to Buesseler (1998), 

the changes in POC sinking export to depth are more tightly related to changes in the 

recycling efficiency of pelagic food webs rather than to changes in the intensity and size 

structure of primary producers. In line with this, the sinking flux of organic matter at 150 m 

can be viewed as the result of recycling processes within the twilight zone that affected the 

exported material from the euphotic zone. Therefore, the fairly constant POC sinking fluxes 

at 150 m could result from short-term variability in POC recycling within the twilight zone. 

One particular aspect that needs to be considered is the potential temporal lag 

between the sinking export of organic matter below Zeu and that at 150 m. In order to 

directly relate POC sinking fluxes at ISO m with those in the traps deployed below Zeu (i .e., 

at 50 m), one would have to assume POM sinking rates of at least 100 m d- I
, which is on 

the order of the sinking velocities of fecal pellets (Lorenzen & Welschrneyer 1983). 

However, the fecal pellets observed in our samples were mostly broken and highly 

degraded and fecal carbon represented less than 39% of the total POC sinking fluxes 

(Table 2). We believe that such degraded fecal material could not have sunk at velocities as 

high as 100 m d- I during our study. Altematively, when considering that sinking velocities 

of particles III the upper ocean typically range from lOto 50 ID d- I 
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(Sarmiento & Gruber 2006), the partic1es sinking below Zeu would have reached the 150 m 

traps in 2 to 10 days. A sinking velocity of 50 m d- I would be consistent with the slight 

increases observed in chI a and phytoplankton cell sinking fluxes at 150 m from days 2 to 4 

(Fig. 5a,c). Nevertheless, these latter increases were minimal. Therefore, although we do 

not exc1ude the existence of a potential temporal lag between primary production and the 

sinking fluxes of organic matter at 150 m, we still surmise that the fairly constant POC 

sinking fluxes at 150 m were more likely related to short-term variability in POC recyc1ing 

in the upper twilight zone, as explained below. 

2.4.3 Temporal variability in poe recycling in the upper twilight zone 

The e-ratios reported in this study (20-86% below Zeu and 7-71 % at 150 m; Fig. 4c) 

compare weIl with values of 8-79% reported previously by Buesseler et al. (1992) at 75 m 

in the northeast Atlantic Ocean in springtime. Harrison et al. (1993) reported e-ratios of 26-

38% at 150 m in the northwest Atlantic Ocean in springtime. According to Buesseler 

(1998), most of the open ocean is characterized by e-ratios ~5- 1 0%; e-ratios ~O% are the 

exception rather than the rule and are usually associated with spring blooms at 

mid-latitudes. During the decline of the bloom, the increases in the e-ratio, both below Zeu 

and at 150 m, were concomitant with the decrease in primary production (Fig. 4a,c), which 

translates into POC from primary producers being exported with a greater efficiency 

throughout this period. The increase (from 26% on day 2 to 83% on day 6) in the ratio of 

the POC sinking flux at 150 m to that below Zeu during the dec1ine of the bloom (Fig. 4b) 

also emphasizes the increase in the transfer efficiency (Buesseler et al. 2007b) of POC 
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through the upper twilight zone during this period. On day 20, the lowe-ratios (20% below 

Zeu and 15% at 150 m; Fig. 4c) were in good agreement with the dominance of small 

flagellated cells (::;5 /lm; Pommier et al. ms-a, Chapitre 1). 

The increase in the transfer efficiency of POC through the upper twilight zone during 

the decline of the bloom could have been related to the temporal decrease in POC recycling 

in the upper twilight zone, as deduced from the vertical profiles of POC sinking fluxes 

(Fig. 3). The decrease in POC sinking fluxes with depth is usually parameterized by the 

power law function of Martin et al. (1987), according to which POCz = POClOO mx(zllOOrb 

(where POCz and POC lOOm are the POC sinking fluxes at depth z and at 100 m, 

respectively, and b corresponds to the slope of the power law function). In the equation of 

Martin et al. (1987), b is a key parameter reflecting the strength of organic matter recycling 

with depth: the larger value of b, the faster the decrease in POC sinking fluxes with depth 

and the higher the recycling of organic matter (Primeau 2006). Using the approach of 

Martin et al. (1987), the parameter b was estimated for each day of our study from the slope 

of the regression between POC sinking fluxes and depth, after a log-log transformation of 

initial values. On day 2, b was 1.24, which is in good agreement with the value of 1.28 

reported for the North Atlantic Ocean by Berelson (2001). On days 4, 6 and 20, b was 0.58, 

0.14 and 0.49, respectively. The b values from days 4 to 20 were particularly low 

considering the values ranging from 0.60 to 1.28 reported by Berelson (2001) for the North 

Atlantic, Equatorial Pacific and Southem oceans and the Arabian Sea. These low values 

indicate a low recycling of POC in the upper twilight zone from day 4 onwards, and the 

temporal decrease in b support the reduction in the recycling of POC within the upper 
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twilight zone throughout the decline of the spring bloom. The ensuing increase in the 

transfer efficiency of POC within the upper twilight zone could have compensated for the 

decrease in POC export below Zeu, thus smoothing the temporal variations in POC sinking 

fluxes at 150 m from days 2 to 6 (Fig. 4b). Moreover, the parameter b was positively 

correlated to the POC sinking flux below Zeu throughout the study period (Kendall's r 

coefficient of ranks correlation, p < 0.01). A positive correlation between band POC export 

at 100 m has already been reported by Berelson (2001), who found that intensity of organic 

matter recycling in the upper 1000 m of the water column is related to the amount of POC 

exported at 100 m. Our results are in good agreement with those of Berelson (2001) and 

emphasize that the intensity of POC recycling within the upper twilight zone is proportional 

to the amount of POC exported from the euphotic zone. Many biological processes in the 

oceans follow a first-order kinetic, so that the rate of a reaction is proportional to the 

amount of material present (Boyd & Trull 2007). In line with this, the decrease in POC 

exported from the euphotic zone from days 2 to 6 could have induced a proportional 

decrease in the rate of POC recycling by the heterotrophic community within the upper 

twilight zone. Our results also suggest that the processes of POC recycling in the upper 

twilight zone responded rapidly to the variability of POC inputs from the euphotic zone, as 

already reported by Buesseler et al. (2007b) in the northwest Pacific Ocean. 

Ultimately, our study shed light on the importance of short-term variability in POC 

recycling during its sinking through the upper twilight zone for the efficiency of POC 

export to depth. Our results also emphasize the importance of top-down control in shaping 

the sinking export of POC to the deep ocean over short time scales, as already reported by 
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Wassmann (1998). Many biological interactions between the different components of the 

pelagic food webs can impact the sinking flux of POC, such as zooplankton grazing 

(inc1uding coprophagy/coprorhexy), bacterivory by heterotrophic nanoflagellates, bacterial 

mineralization of POC and virallysis of phytoplankton and bacterial cells. Although we did 

not directly consider these factors, information about mesozooplankton grazing can be 

deduced from the temporal changes in phytoplankton and fecal POC sinking fluxes , as 

explained below. 

2.4.4 Mesozooplankton grazing in the upper twilight zone 

The consistently higher fecal carbon sinking fluxes at 150 m than below Zeu 

throughout the study period (Fig. 6c) reflect the production of fecal pellets by 

mesozooplankton within the upper twilight zone. Zooplankton grazing rates were not 

measured during this study. However, the mesozooplankton ingestion rate (1) can be 

estimated from the fecal pellet sinking rate measured at 150 m (E), assuming an 

assimilation efficiency (AE) of 70% (Carlotti et al. 2000) and using the relationship 

1 = E 1 (I-AE) (Bamstedt et al. 2000). This calculation gives potential ingestion rates of 

147, 87 and 177 mg C m-2 d- 1 by the migrating zooplankton population in the upper water 

column on days 2, 4 and 6, respectively. These ingestion rates could have been 

underestimated due to potential coprophagy/coprorhexy by the ubiquitous sm aIl calanoid 

copepod Oithona similis (Reigstad et al. 2005) which was the most abundant zooplankton 

species in the upper 100 m of the water column throughout the study period (E. Head, 

Bedford Institute of Oceanography, pers. comm.). Considering the total particulate primary 
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production rates of 2317, 481 and 326 mg C m-2 d- 1 on days 2, 4 and 6, respectively 

(Fig.4a), the mesozooplankton could have ingested an increasing proportion (from 6 to 

54%) of the daily primary production during the decline of the bloom. These values are 

particularly high compared to previous values of 2.7% (Dam et al. 1993) and < 9% 

(Harrison et al. 1993) reported for the temperate North Atlantic Ocean during the spring 

phytoplankton bloom. 

On day 2, a large fraction of the sinking phytoplankton in the upper twilight zone was 

probably grazed by mesozooplankton. This is supported by lower sinking fluxes of chI a, 

phytoplankton cells and phytoplankton carbon at 150 m than below Zeu (Figs. 5b,c & 6a). 

However, from day 4 onwards, similar sinking fluxes of phytoplankton cells and 

phytoplankton carbon were measured at both depths (Figs. 5c & 6a) despite consistently 

higher carbon sinking fluxes of fecal pellets at 150 m than below Zeu (Fig. 6c). This 

discrepancy may reflect zooplankton vertical migrations (Ducklow et al. 2001), so that 

mesozooplankton grazing could have occurred at a depth different than that of defecation 

(e.g., grazing in the euphotic zone and defecation in the upper twilight zone). The 

consistently higher carbon sinking fluxes of fecal pellets at 150 m than below Zeu, despite 

similar sinking fluxes of phytoplankton cells and phytoplankton carbon at both depths, 

could also be attributed to a shift in zooplankton diet from herbivory on day 2 to omnivory 

from days 4 to 20. A shift from herbivory to omnivory has already been reported for 

Ca/anus jinmarchicus under conditions of low phytoplankton standing stocks in the Gulf of 

St. Lawrence (Ohman & Runge 1994). Several studies have demonstrated that the feeding 

behaviour of calanoid copepods can be flexible enough to ingest a mixture of 
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phytoplankton cells, microzooplankton, detritus and fecal pellets emphasizing their 

omnivorous feeding behaviour (Lenz 1977, Kleppel 1993). Throughout the study period, 

less than 53% of the total POC sinking fluxes was composed of intact phytoplankton and 

fecal pellet (Table 2), suggesting that other sources (e.g., detrital material, marine snow, 

transparent exopolymers) may have made high contributions to POC sinking fluxes. 

Detrital material could have contributed substantially to the total POC sinking fluxes in our 

study, as anamorphous aggregates and degraded fecal material were observed in the particle 

interceptor traps. Given the abundance of detrital material and the decrease in 

phytoplankton sinking fluxes throughout the study period, a shift in the mesozooplankton 

diet from herbivory to omnivory could have occurred during the decline of the bloom, 

leading to a potential decrease in zooplankton grazing upon phytoplankton cells within the 

upper twilight zone. 

The changes in the sinking fluxes of phytoplankton cells and fecal pellets provided 

information regarding the potential grazing pressure of mesozooplankton in the upper 

twilight zone. Nevertheless, more information on the composition and the functioning of 

the heterotrophic communities in the twilight zone is required to better constrain the 

decrease in POC recycling in the upper twilight zone observed during our study. 

2.5 Conclusion 

This study lS the first to report the relationship between pnmary and export 

production in the upper twilight zone of the temperate northwest Atlantic Ocean. POC 

sinking fluxes below the bottom of the euphotic zone were high and progressively 
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decreased during the decline of the bloom and its transition towards post-bloom conditions. 

Throughout the study period, POC sinking fluxes below the euphotic zone were positively 

correlated to the production of large phytoplankton cells, stressing the importance of the 

size structure of phytoplankton communities in shaping the sinking export of POC from the 

euphotic zone. However, regardless of the variability in POC export from the euphotic 

zone, fairly constant POC sinking fluxes were measured at 150 m. A positive correlation 

was found between the sinking flux of POC below the euphotic zone and POC recycling 

within the upper twilight zone, which led to an increase in POC transfer efficiency at 150 m 

throughout the study period. It is hypothesized that the concomitant decreases in POC 

export from the euphotic zone and in POC recycling within the upper twilight zone led to 

fairly invariant POC sinking fluxes at 150 m. Our results emphasize that although the 

magnitude and the size structure of primary production may condition the export of POC 

from the euphotic zone, these variables do not provide reliable information on the 

efficiency of carbon export to the deep ocean. Our results stress that the recycling processes 

within the upper twilight zone are very dynamic and can respond rapidly and proportionally 

to the variability in POC inputs from the euphotic zone. The short-term variability in the 

recycling of POC within the upper twilight zone appears to be a critical factor governing 

the transfer efficiency of POC from the euphotic zone to the deep ocean. 



CHAPITRE III 

CARBON BUDGET IN THE EUPHOTIC AND UPPER TWILIGHT ZONES OF 

THE NORTHWEST ATLANTIC OCEAN DURING THE DECLINE OF THE 

SPRING BLOOM 

RÉSUMÉ 

Un budget de carbone organique particulaire (COP) et dissous (COD) a été établi 
pour la zone euphotique (:5 45 m) et la partie supérieure de la zone mésopélagique 
(45-150 m) de l'océan Atlantique nord-ouest lors d'un suivi lagrangien du déclin d'un 
bloom printanier de diatomées. Ce budget est basé sur des mesures des concentrations de 
COP et de COD dans les 150 premiers mètres de la colonne d'eau, de la production 
primaire dans la zone euphotique, et des flux de COP à 50 et 150 m. Ce budget a révélé que 
50 % du COP dans la zone euphotique est resté en suspension dans cette zone tandis que 
Il % a été exporté à 50 m. 39 % du COP dans la zone euphotique a été recyclé par le 
broutage du zooplancton, la lyse virale et/ou d'autres processus de solubilisation. Dans la 
partie supérieure de la zone mésopélagique, 82 % du COP est resté en suspension, tandis 
que 7 % a été exporté à 150 m et Il % a été recyclé. L'importante biomasse de COP 
accumulée dans les 150 premiers mètres de la colonne d'eau est associée au développement 
d'un maximum profond de chlorophylle a au voisinage de la base de la zone euphotique. 
Ce budget suggère également que l'activité des hétérotrophes n'était pas suffisante pour 
utiliser l' importante biomasse de carbone organique accumulée, particulièrement dans la 
partie supérieure de la zone mésopélagique. La respiration de la communauté hétérotrophe 
a été estimée entre 5,21 et 5,71 g C m-2

. Le rapport entre la production primaire totale et la 
respiration de la communauté hétérotrophe était compris entre 1,26 et 1,38, témoignant de 
l'autotrophie nette du système étudié pour la période du suivi lagrangien. Ce résultat est en 
accord avec le consensus actuel selon lequel l'océan Atlantique Nord constitue un puits de 
CO2 atmosphérique. 

ABSTRACT 

A budget of particulate (POC) and dissolved (DOC) organic carbon was established 
for the euphotic (~45 m) and upper twilight (45-150 m) zones of the northwest Atlantic 
Ocean during a Lagrangian study of the decline of a spring diatom bloom. The budget is 
based on measurements of DOC and POC stocks in the upper 150 m, primary production 
rates in the euphotic zone, and particulate organic carbon sinking fluxes at 50 and 150 m. 
The budget reveals that 50% of the total POC in the euphotic zone remained suspended in 
that zone whereas Il % was exported to 50 m through sinking. The remaining 39% was 
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recycled within the euphotic zone through zooplankton grazing, viral lysis and/or other 
solubilization processes. About 82% of the total POC in the upper twilight zone remained 
suspended in that zone, whereas 7% was exported through sinking (150 m) and Il % was 
recycled. The large amount of poe that remained suspended in the upper 150 m is 
associated with the development of a deep chlorophyll a maximum close the base of the 
euphotic zone. This budget also suggests that heterotrophic activity was not sufficient to 
utilize the abundant suspended poe, particularly in the upper twilight zone. Heterotrophic 
community respiration was estimated to vary between 5.21 and 5.71 g C m-2

. This gives a 
ratio of total primary production to community respiration ranging from 1.26 to 1.38, 
indicating the net autotrophy of the system under investigation over the study period. These 
results are in agreement with the general consensus that the North Atlantic spring bloom is 
acting as a net sink for atmospheric C02. 
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3.1 Introduction 

The oceanic carbon cycle has been and remains the focus of many investigations 

aimed at understanding the biogeochemical dynamics of the upper ocean and its impact on 

the air-sea ex change of carbon dioxide (C02) and other climate-relevant gases. In 

particular, determining the metabolic balance of epipelagic waters (i.e. whether they are net 

autotrophic and a sink for atmospheric CO2 or net heterotrophic and a source of 

atmospheric C02) is essential as this balance ultimately determines the influence of the 

World Ocean on the carbon budget of the biosphere (deI Giorgio & Duarte 2002, deI 

Giorgio & Williams 2005). Large areas of the open ocean have been reported to be net 

heterotrophic (deI Giorgio et al. 1997, Duarte & Agusti 1998, Williams & Bowers 1999); 

these areas correspond to the central oligotrophic gyres of the oceans where net primary 

production rates are low and respiration rates exceed photosynthesis (Williams 1998). 

Altematively, epipelagic waters of the temperate North Atlantic Ocean are recognized to be 

net autotrophic (Gonzales et al. 2002). 

At temperate and subpolar latitudes of the North Atlantic Ocean, the seasonal cycle of 

mixing and thermal stratification results in a large increase in phytoplankton biomass 

during springtime known as the North Atlantic spring bloom. This bloom is a basin-wide 

phenomenon that represents one of the most conspicuous manifestations of the seasonality 

ofbiogeochemical pro cesses in the World Ocean; it was intensively investigated during the 

JGOFS North Atlantic Bloom Experiment (Ducklow & Harris 1993). The spring bloom is 

usually characterized by the numerical dominance of large diatoms (Colebrook 1982), 

which are particularly efficient at removing nutrients and associated dissolved inorganic 
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carbon from surface waters. The biological pump in the temperate North Atlantic is 

therefore considered highly efficient (Sarmiento et al. 2004). Moreover, due to the temporal 

uncoupling between phytoplankton growth and mesozooplankton grazing (Parsons & Lalli 

1988), the North Atlantic spring bloom is generally associated with high vertical fluxes of 

particulate organic carbon at the end of the bloom (Honjo & Manganini 1993), so that the 

biological pump in that region of the World Ocean is strong (Sarmiento et al. 2004). The 

combination of a strong and efficient biological pump makes the North Atlantic Ocean one 

of the largest sinks for atmospheric C02 in the World Ocean. 

Beyond this usual understanding of the North Atlantic spring bloom, several studies 

have also demonstrated the importance of microzooplankton grazing as a pathway of in situ 

recycling of organic matter during the spring bloom in the northeast (Burkill et al. 1993, 

Fileman & Leakey 2005) and the northwest (Harrison et al. 1993) Atlantic Ocean. 

Determining the fate of the large amount of organic material produced during the spring 

bloom (i.e. export to depth or in situ recycling) is therefore essential when assessing the 

influence of the bloom on the metabolic balance of the North Atlantic Ocean and its ability 

to act as a sink or a source of atmospheric CO2. The dec1ining phase of the bloom 

represents a critical temporal window during which organic matter could be either exported 

to depth or recyc1ed within the surface and subsurface waters. 

In the two previous chapters of the thesis, we investigated the variability III 

phytoplankton production and biomass (Chapter I) and in vertical sinking fluxes of 

particulate organic carbon (Chapter II) during a Lagrangian study of the dec1ine of the 

spring bloom in the northwest Atlantic Ocean. Based on these results, we developed a 
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budget of the dissolved and particulate organic carbon fractions in the euphotic and upper 

twilight zones during the decline of the spring bloom. This budget provides an integrated 

approach for assessing the organic carbon pathways in the upper 150 m of the water 

column (i.e. export to depth or in situ recycling) during the decline of an intense spring 

bloom and their relevance to the metabolic balance of the water mass investigated. This 

study is part of the Canadian Surface Ocean-Lower Atmosphere Study (C-SOLAS), which 

aimed at quantifying the impact of the senescence of the North Atlantic spring bloom on 

the production and ventilation to the atmosphere of climatically active trace gases. 

3.2 Materials and methods 

3.2.1 Sampling 

Sampling was carried out aboard the CCGS Hudson off the Scotian Shelf at station L 

(Fig. 1) as part of a Lagrangian survey of the spring bloom decline in the northwest Atlantic 

Ocean (Pommier et al. ms-a, Chapitre 1). A water mass within which a phytoplankton 

bloom had developed was sampled daily from 25 April (day 1) to 01 May 2003 (day 7). 

The drifting of the water mass under investigation was tracked by a Lagrangian surface 

drifting buoy (ARGOS). T-S diagrams from the surface to 350 m revealed that the same 

water mass was effectively tracked during the Lagrangian study period (Pommier et al. 

ms-a, Chapitre 1). Water column samples were collected with a rosette sampler equipped 

with 10-liter Scripps bottles, at seven optical depths (100, 50, 30, 15, 5, 1 and 0.2% of 

surface PAR), at the depth of maximum chlorophyll a concentration and at 3 or 4 depths 
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below the euphotic zone (50, 75, 100 and 150 m). Subsamples for subsequent analyses 

were taken from the rosette using acid-washed Nalgene bottles according to the JGOFS 

sampling procedures (Knap et al. 1996) and were pre-screened through a 425 ~m Nitex 

mesh. 

Longitude (OW) 
85 75 65 55 45 35 Longitude (OW) 

57.8 57.7 57.6 57.5 57.4 

• day 7 

• day 6 

day 1 • day 5 

'. . 
day 2 

• day4 
day 3 

57.3 
43.8 

43.7 

43.6 

43.5 

..-z 
o --Q) 
"0 
~ -:.;:::; 

43.4 j 

43.3 

43.2 

Fig. 1. Location of the drifting buoy from 25 April (day 1) to 01 May 2003 (day 7) during a 
Lagrangian study of the decline of the spring bloom in the northwest Atlantic Ocean 

Free-drifting particle interceptor traps were deployed for periods of 24 h at 50 and 

150 m on 26 April (day 2), 28 April (day 4) and 30 April (day 6) in order to collect the 

sinking flux of particulate organic carbon at these two depths (i .e. F SOm and F IS0m, 
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respectively). Trap deployment and handIing were performed according to JGOFS 

protocols (Knap et al. 1996) and recommendations from Gardner (2000). Detailed 

information on trap specifications, handling and deployment is available in Pommier et al. 

(ms-b, Chapitre II). The daily vertical sinking fluxes of POC were calculated as 

(POCtrap x Vtrap) /(A trap x t) , where POCtrap is the concentration ofPOC in the trap (mg m-3) , 

Vtrap is the bottom volume of the trap from which POC concentrations were determined 

(m-3
) , A trap is the surface area of the trap (in m-2

) , and t is the duration (in days) of the trap 

deployment. 

3.2.2 Analyses 

Primary production rates were measured daily at the seven optical depths using the 

14C-uptake method (Parsons et al. 1984, Gosselin et al. 1997) with on-deck in situ 

simulated incubation from sunrise to sunset. Particulate production rates (Ppoc) were 

determined in duplicate from samples concentrated on precombusted Whatman GF/F glass 

fiber filters (nominal pore size of 0.7 Ilm). Phytoplankton dissolved organic carbon release 

rates (Pooc) were determined in duplicate from the filtrate of samples passed through 

Whatman GD/X glass fiber syringe filters (nominal pore size of 0.7 Ilm). Detailed 

information about primary production measurements can be found in Pommier et al. (ms-a, 

Chapitre 1). 

Dissolved organic carbon (DOC) concentrations were measured on days 1 and 7 at 

discrete depths of the water column The seawater samples were filtered through 

precombusted (450°C for 5h) 25 mm Whatman GF/F filter. The filtrate was collected in 
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5 ml glass storage vials previously cleaned following the proto col of Burdige & Homstead 

(1994), acidified to -pH 2 with 50% v/v H3P04 (5 !lI mrl) and covered with Teflon-lined 

caps. DOC was determined with a TOC-5000A analyzer (Shimadzu, Kyoto, Japan) using 

the analytical procedure given in Whitehead et al. (2000). Potassium hydrogen phthalate 

was used to standardize DOC measurements. In addition, samples were systematically 

checked against low-carbon water (2 !lM DOC) and deep Sargasso Sea reference water 

(44-47 !lM DOC) every seven analyses. These seawater DOC reference standards were 

obtained from Hansell's Certified Reference Materials (CRM) program. 

Particulate organic carbon (POC) concentrations were determined at discrete depths 

of the water column on days 1 and 7 and in the particle interceptor traps on subsamples 

filtered onto precombusted 21 mm Whatman GF /F filters. Filters were stored in Petri dishes 

at -20 oC until analysis using a PerkinElmer Model 2400 Elemental Analyzer. 

3.2.3 Numerical analyses 

The upper water column was divided in two layers: 0-45 m and 45-150 m. The 0-

45 m depth interval corresponded closely to the euphotic zone, for which the average depth 

(Zeu) was 45 m (range: 40 to 50 m) during the study period (Pommier at al. ms-a, 

Chapitre I). The 45-150 m interval is identified as the upper part of the twilight zone, since 

the twilight zone is defined as the depth layer between the euphotic zone and 1000 m 

(Buesseler et al. 2007). Each variable used to establish the carbon budget is described in 

Table 1. 
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Table 1. Definition, units and constant value (when applicable) of the variables used in the 
carbon budget for the euphotic and upper twilight zones. NA is not applicable 

Variable 

l 

o 

POC(z) 
t 

DOCr(z) 
t 

DOCR(z) t 

DOCSL(z) 
t 

DOCL(z) t 

pp 

BGE 

Definition 

Input of particulate and dissolved organic carbon in 
a specific depth layer (euphotic and upper 
twilight zone) over the study period 

Output of particulate and dissolved organic carbon 
in a specific depth layer (euphotic and upper 
twilight zone) over the study period 

Particulate organic carbon concentration measured 
at a discrete depth z (m) at time t 

Total dissolved organic carbon (DOC) 
concentration measured at a discrete depth z (m) 
at time t 

Concentration of refractory DOC at a discrete 
depth z (m) at time t 

Concentration of semi-Iabile DOC estimated at a 
discrete depth z (m) at time t 

Concentrations of labile DOC estimated at a 
discrete depth z (m) at time t 

Daily particulate primary production rate measured 
at discrete depths z (m) at time t 

Daily phytoplankton DOC release rate measured at 
discrete depths z (m) at time t 

Total primary production in the euphotic zone over 
the study period 

Daily vertical sinking flux of POC at 50 and 150 m 
at time t 

Loss of POC in a specific depth layer over the 
study period 

Loss of labile DOC in a specific depth layer over 
the study period 

Bacterial respiration on labile DOC in a specific 
depth layer over the study period 

Bacterial growth efficiency in a specific depth 
layer 

Units 

Dimensionless 

Constant 
value 

NA 

NA 

NA 

NA 

540 

NA 

3% DOCT 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

0.05- 0.34 
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The suspended POC concentrations on days 1 and 7 were integrated over the euphotic 

zone and the upper twilight zone using trapezoidal integration (4J POC((z)dz and 
0/11 

15j' 
POC((z) dz, respectively, where t is the sampling day). 

45/11 

DOC values from surface waters are most often superimposed on a background of 

refractory dissolved organic matter (Williams 2000). Therefore, DOC concentrations at 

discrete depths were corrected by subtracting a value of 45 J..lM (or 540 mg C m-\ which 

corresponds to the deep refractory DOC concentration in the sampling area (Hansell 2002). 

This allowed us to separate the total DOC pool (DOCT) into the refractory (DOCR) and 

labile + semi-Iabile (DOCL+sd fractions. Due to its rapid turnover rate, labile DOC usually 

represents a very small fraction of the total DOC pool in the open ocean, ranging from 0 to 

6% (Carlson 2002). A mean value of 3% of the DOCT was thus used to calculate the labile 

DOC fraction (DOCL). DOCL was then subtracted from DOCL+sL to estimate the semi-

labile DOC fraction (DOCsd. The concentrations of DOCT, DOCSL and DOCL on days 1 

and 7 were then integrated (trapezoidal integration) over the euphotic zone and the upper 

twilight zone. 

The daily rates of particulate primary production (Ppoc) and of phytoplankton DOC 

release (Pooc) were integrated over the euphotic zone depth on each sampling day (t) using 

45; 
trapezoidal integration ( ppoc( (z)dz and 

45; 
PDoc((z)dz , respectively). As the production 

Dm Dm 

rates measured on a given day t correspond to a daily rate from t to t+ 1, the integrated 

production rates measured from days 1 to 6 were summed to obtain the total Ppoc and Pooc 
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1= \ 0111 1=\ Om 1= \ 0111 

1=6 45; 
and l PDocl(z)dz were summed to get the total primary production in the euphotic zone 

1= \ 0111 

(PP) over the study period. 

We calculated linear regression equations between F SOm and Ppoc (F 50m = 0.17 X PPOC 

2 + 272.86; r = 0.93; p < 0.05) and between F 150m and Ppoc (F(50m = -0.03 x Ppoc + 242.06; 

r2 = 0.99; P < 0.05) measured on days 2, 4 and 6 to estimate the POC sinking fluxes at 50 

and 150 m on days 1, 3 and 5. As the sediment trap array was deployed for 24 h (i.e. from 

day t to t+ 1), the POC sinking fluxes from days 1 to 6 were summed to get the total 

1=6 

integrated sinking fluxes of POC at 50 and 150 m over the study period (IF 50111
1 

and 
1=\ 

1=6 

IF\ 50 1ll1 , respectively). 
1= \ 

3.2.4 Particulate organic carbon budget 

The carbon budget is based on a mass balance equation that describes the change in 

suspended POC biomass from days 1 to 7 within a specific depth layer Z( - Z2 (i.e. 0-45 m 

for the euphotic zone and 45-150 m for the upper twilight zone) as the result of POC input 

(1) and output (0) processes, as in Eq. 1: 

(1) 
zl z l 
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1=6 45; 
Particulate primary production (I Ppocl (z)dz) was assumed to be the main input 

1=1 Om 

of POC to the euphotic zone. Given that the same water mass was sampled during the 

Lagrangian study period (Pommier et al. ms-a, Chapitre I), potential POC input due to the 

mixing with a different water mass was assumed to be negligible. Finally, given the 

location of the sampling station (Fig. 1), any coastal or riverine input of organic carbon was 

considered negligible. The output term for POC from the euphotic zone comprises: (1) the 

1=6 

vertical sinking flux of POC below the base of the euphotic zone (IF 50"'1) and (2) the loss 
1=1 

of particulate orgamc matter through zooplankton grazing, viral lysis and other 

solubilization processes (Lpoc ). Therefore, the mechanisms responsible for changes in POC 

stocks in the euphotic zone from days 1 to 7 can be summarized as in Eq. 2: 

(2) 

where each term is as defined above. Note that Lpoc in Eq. 2 is estimated by resolving the 

equation. 

The same rationale was used for the POC budget in the upper twilight zone. In this 

1=6 

zone, the input of POC was the vertical sinking flux of POC at 50 m (IF 50"'1)' whereas 
1=1 

the output of POC from the upper twilight zone combined the vertical sinking flux of POC 
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1= 6 

at 150 m (LFI50nJ 1 ) and the loss of particulate organic matter in the upper twilight zone 
1=1 

(Lpoc). The mechanisms responsible for changes in POC stocks in the upper twilight zone 

from days 1 to 7 can be summarized as in Eq. 3: 

(3) 

where each term is as defined above. Note that Lpoc in Eq. 3 is estimated by resolving the 

equation. 

3.2.5 Dissolved organic carbon budget 

The DOC budget was based on the same rationale as the POC budget (see Eq. 1). 

Given that refractory DOC (DOCR) was considered as a constant background, any changes 

in DOCr during our study should reflect the dynamics of the labile and semi-labile DOC 

pools. As a first approach in resolving our DOC budget, simplifications were made 

regarding the potential input and output of DOC. Firstly, we only considered the dynamics 

of labile DOC (DOCd, since its turnover (from hours to days) is particularly relevant to the 

duration of our study (i.e. 7 days) . Secondly, the only input of DOC to the system was 

assumed to be through PDoc in the euphotic zone. PDOC was assumed to consist only of 

phytoplankton exudates (Valiela 1995), a source of labile DOC (Christian & Anderson 

2002). Thirdly, the output of labile DOC in a specifie depth layer (LOOCL) was entirely 
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attributed to bacterial consumption (Legendre & Rivkin 2002). LoocL was used to estimate 

the rate of bacterial respiration on labile DOC (RoocL) in a specific depth layer as in Eg. 4 

(Ducklow 2000): 

(4) 

where BP is the bacterial production. BP is a function of LoocL and of the bacterial growth 

efficiency (BGE) determined as follows BP "" L DOCL x BGE (Carlson 2002). Therefore, 

RDoCL was computed as in Eg. 5: 

RoocL =LDOCL x(1-BGE) (5) 

In order to resolve Eg. 5, two estimates of the bacterial growth efficiency (BGE) were used: 

(1) an empirical value of 5% for the North Atlantic Ocean (deI Giorgio & Cole 2000) and 

(2) a BGE of 34% estimated from the temperature-growth efficiency relationship of Rivkin 

& Legendre (2001) and an average temperature of3.3°C in the upper 150 m. 

3.3 ResuUs 

The daily rates of total and particulate primary production, of phytoplankton DOC 

release, and sinking fluxes of POC at 50 and 150 mare presented in Table 2. POC and 

DOC stocks on days 1 and 7 are shown in Table 3. Based on these data, the budgets of 
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DOC and POC stocks and fluxes in the euphotic and upper twi1ight zones are presented in 

Fig. 2. 

Table 2. Daily rates of total primary production (PP), particulate primary production (Ppoc) 
and phytoplankton dissolved organic carbon release (Pooc) integrated over the euphotic 
zone and of vertical sinking fluxes of particulate organic carbon at 50 and 150 m (F 50m and 
F 150m, respectively) during a Lagrangian study of the decline of a spring bloom in the 
northwest Atlantic Ocean in 2003. The daily rates of each variable were summed from days 
1 to 6 to estimate total values for the Lagrangian study period. The sinking fluxes on days 
1, 3 and 5 (italics) were estimated from the regressions between F 50m and Ppoc and between 
F I50m and Ppoc which were computed from values on days 2, 4 and 6. See Materials and 
methods for more details 

Day 

1 

2 

3 

4 

5 

6 

Date 

25 April 

26 April 

27 April 

28 April 

29 April 

30 April 

Total 
(mg C m-2) 

PP Ppoc 

2720 2510 

2522 2317 

432 400 

623 481 

480 326 

400 326 

7177 6360 

Pooc F50m F I50m 

210 712 167 

205 674 173 

32 343 230 

142 410 227 

154 330 232 

74 281 233 

817 2750 1262 
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Table 3. Concentrations of particulate (POC) and dissolved (DOC) organic carbon 
integrated over the euphotic zone and the upper twilight zone of the northwest Atlantic 
Ocean at the beginning (day 1) and the end (day 7) of a Lagrangian study of the decline of 
the spring bloom in 2003. The semi-Iabile (DOCsd and labile (DOCd fractions of the total 
DOC stock (DOCT) are indicated. Minimum and maximum estimates of bacterial 
respiration on labile DOC (ROOCL) from days 1 to 7 were calculated based on bacterial 
growth efficiencies of 34% (Rivkin & Legendre 2001) and 5% (deI Giorgio & Cole 2000), 
respectively. See Materials and Methods for more details on estimates of DOC fractions 
and bacterial respiration 

Day POC DOCT DOCsL DOCL RoocL 

(mg C m-2) 

1 19.21 42.73 17.13 1.28 
Euphotic zone 0.66-0.95 

7 12.78 36.55 11.13 1.10 

Upper twilight 1 14.95 94.06 34.49 2.82 
0.30-0.44 

zone 7 14.45 78.48 19.38 2.35 
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Fig. 2. Budget of dissolved and particulate organic carbon in the euphotic and upper 
twilight zones of the northwest Atlantic Ocean during a Lagrangian study conducted from 
25 April (day 1) to 01 May 2003 (day 7). 
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Fig. 2. Cont'd. Rates of total primary production (PP), of particulate primary production 
(Ppoe) and of phytoplankton dissolved organic carbon release (Pooc) over the euphotic 
zone; vertical sinking fluxes of particulate organic carbon (POC) beneath the euphotic zone 
(F SOm) and at 150 m (F ISOm); particulate organic carbon concentration (POC); total dissolved 
organic carbon concentration (DOCT); variations in POC, DOCT and labile DOC (DOCd 
concentrations from days 1 to 7 (~POC, ~DOCT, ~DOCL, respectively); estimate of the 
loss of POC (Lpoc);minimum and maximum estimates of bacterial respiration on labile 
DOC (RoocJ based on bacterial growth efficiencies of 0.34 (Rivkin & Legendre 2001) and 
0.05 (deI Giorgio & Cole 2000), respectively. Units are in g C m-2

. Boxes and solid arrows 
represent carbon stocks and fluxes, respectively. Dashed arrows represent potential transfer 
of organic carbon between the dissolved and particulate phases 

3.3.1 Carbon budget in the euphotic zone 

In the euphotic zone, 7.18 g C m -2 were fixed as total primary production (PP) over 

the study period, of which 6.36 g C m-2 were fixed as particulate organic carbon (Ppoe). 

During the study period, POC concentrations in the euphotic zone decreased by 6.43 

g C m-2 (~POC in the euphotic zone; Fig. 2). Given a total sinking flux of POC below the 

euphotic zone of2.75 g C m-2 (Fsom; Table 2, Fig. 2), we estimated that 10.04 g C m-2 were 

lost through zooplankton grazing, viral lysis and other solubilization processes within the 

euphotic zone (Lpoc in the euphotic zone; Fig. 2). The total DOC (DOCT) pool in the 

euphotic zone decreased by 6.18 g C m-2 over the study period (~DOCT in the euphotic 

zone; Fig. 2). This decrease in DOCT comprises a large decrease in DOCSL (6.00 g C m-2
; 

Table 3) and a sm aIl decrease in DOCL (0.18 g C m-2
; Table 3, Fig. 2). If one considers an 

input of labile DOC of 0.82 g C m-2 through PDoc (Fig. 2), then DOCL removal from the 

euphotic zone was actually 1.00 g C m-2 (i.e 0.18 + 0.82 g C m-2
) from days 1 to 7. Based 

on this latter value, we estimated that bacterial respiration on DOCL in the euphotic zone 

ranged from 0.66 to 0.95 g C m-2 (ROOCL; Table 3, Fig. 2). 
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3.3.2 Carbon budget in the upper twilight zone 

In the upper twilight zone, POC stocks decreased by 0.50 g C m-2 from days 1 to 7 

(tlPOC in the upper twilight zone; Fig. 2). Given a POC input of2.75 g C m-2 from the total 

POC sinking flux at 50 m and an output of 1.26 g C m-2 from the total POC sinking flux at 

150 m (Table 2, Fig. 2), we estimated that 1.99 g C m-2 of POC were lost through 

zooplankton grazing, viral lysis and other solubilization processes within the upper twilight 

zone (Lpoc in the upper twi1ight zone; Fig. 2). The DOCT pool in the upper twilight zone 

decreased by 15.58 g C m-2 during the study period (Fig. 2). This decrease in DOCT 

comprised a large decrease in DOCSL (15.12 g C m-2
; Table 3) and a small decrease in 

DOCL (0.47 g C m-2; Table 3, Fig. 2). Based on the decrease in DOCL in the upper twilight 

zone from days 1 to 7, we estimated that bacterial respiration on DOCL in that zone ranged 

from 0.30 to 0.44 g C m-2 (ROOC L; Table 3, Fig. 2). 

3.4 Discussion 

3.4.1 POC budget 

Throughout the study period, 12.03 g C m-2 ofPOC were estimated to be lost through 

zooplankton grazing, virallysis and other solubilization processes in the upper 150 m (Lpoc 

in the euphotic zone + Lpoc in the upper twilight zone; Fig. 2). During the western North 

Atlantic Bloom Experiment at 45°N, Harrison et al. (1993) reported that springtime micro-

and mesozooplankton grazing in the upper 100 m removed up to 88% and 9% of the 

particulate primary production, respectively. When applying these percent ages to Ppoc 
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(6.36 g C m·2
, Table 2), we estimated that micro- and mesozooplankton grazing on poe 

removed 5.60 and 0.57 g C m-2
, respectively, i.e. about 60% of the total poe loss 

calculated from our budget. Moreover, virus es are recognized to play an important role in 

the functioning of pelagic food webs and in biogeochemical cyc1ing in the oceans 

(Fuhrman 1999, Wilhelm & Suttle 1999, Suttle 2005). Based on a simple food-web model , 

Wilhelm & Suttle (1999) estimated that an average of 16% (range: 6-26%) of the poe 

produced by primary production could be converted to DOC by viral lysis. When applying 

this average percent value to Ppoc (6.36 g C m-2
, Table 2), we estimated that 1.02 g C m-2 

were transferred from the particulate to the dissolved phase through viral lysis during our 

study. Finally, as 12.03 g C m-2 of poe were lost within the upper 150 m during the study 

period, 7.19 g C m-2 of which were related to grazing (5 .60 + 0.57 g C m-2
) and virallysis 

(1.02 g C m-2), we estimated that the remaining loss of 4.84 g C m-2 was due to other 

solubilization processes of the particulate organic matter. Through their activity, grazers, 

viruses and bacteria not only influenced the poe stock but also the DOC stock, as 

estimated below. 

3.4.2 DOC budget 

Pooc was assumed to be the main input of DOC in our budget. However, while DOC 

production is ultimately constrained by the magnitude of the primary production, it 

potentially inc1udes many other processes such as photorespiration; grazer-mediated release 

(mesozooplankton sI oppy feeding, excretion and egestion; protozoan egestion; leaching 

from fecal pellets); spontaneous, bacterial and viral lysis of phytoplankton cells; and 
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solubilization of partic1es by bacterial hydrolytic exoenzymes (Valie1a 1995, Nagata 2000, 

Carlson 2002). Nagata (2000) estimated that -20% and -15% of the particulate primary 

production can be converted to DOC through micro- and mesozooplankton grazing, 

respectively. Estimates using these values would yield a potential DOC production of 1.27 

and 0.95 g C m-2 in the upper 150 m, through micro- and mesozooplankton grazing, 

respectively, during the study period. M0ller et al. (2003) reported that DOC leaching from 

mesozooplankton fecal pellets can account for 28% of the pellets organic carbon content. 

During our study, the sinking flux of fecal pellets at 150 m averaged 0.04 g C m-2 d-I 

(Pommier et al. ms-b, Chapitre II) which gives, when extrapolated to the study period, a 

total fecal-POC sinking flux of 0.28 g C m-2. Hence, we estimated that DOC production 

through leaching from fecal pellets in the upper 150 m could have amounted 0.08 g C m-2 

(i.e. 28% x 0.28 g C m-2) for the study period. Given the viral and other solubilization 

pro cesses involved in the transformation ofPOC into 5.86 g C m-2 of DOC (1.02 + 4.84 g C 

m-2; see previous section), then a total amount of 8.16 g C m-2 of DOC (1.27 + 0.95 + 0.08 

+ 5.86 g C m-2) was potentially re1eased in the upper 150 m by grazers, leaching from fecal 

pellets, viral and other solubilization processes. 

The decreases in labile DOC from days 1 to 7 in both the euphotic and upper twilight 

zones were attributed to bacterial consumption. While labile DOC has a rapid turnover rate 

of hours to days, the semi-Iabile fraction of DOC (DOCsd is biologically reactive over 

months to a year (Carlson 2002), i.e. on time scales much longer than our study period. Yet, 

Ducklow et al. (2002) reported that the semi-Iabile DOC that accumulates during the North 

Atlantic spring bloom could support bacterial metabolism. Therefore, occasional bacterial 
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consumption of DOCSL may have occurred in our study and could at least partially explain 

the decrease in DOCsL in the euphotic and upper twilight zones from days 1 to 7 (Table 3). 

Harrison et al. (1993) reported that bacterial production rates in the upper 100 m of the 

temperate northwest Atlantic can represent 12% to 39% of the total primary production. 

Given a total primary production rate of 7.18 g C m-2 throughout the study period (Fig. 2), 

we estimate an average bacterial production (BP) of 1.83 g C m-2
. Considering this latter 

estimate and a bacterial growth efficiency (BGE) ranging from 5% to 34% (see Materials 

and methods), then a bacterial carbon demand (BCD = BP/BGE) varying between 5.38 and 

36.6 g C m-2 can be estimated for the study period. This range of values is in good 

agreement with the total decrease in DOCsL (21.12 g C m-2; Table 3) observed in the 

euphotic and upper twilight zones during our study, thus suggesting that bacterial 

consumption on semi-Iabile DOC could explain, in part, the observed change. 

Heterotrophic flagellates have also been reported to take up dissolved and colloidal organic 

carbon (Sherr 1988, Tranvik et al. 1993), but their ecological significance regarding DOC 

cycling is though to be minor (Legendre & Rivkin 2002, 2005). 

The formation of transparent exopolymer particles (TEP) could also have contributed 

to the observed decrease in DOCSL in the euphotic and upper twilight zones. TEP formation 

is recognized as a major pathway through which dissolved organic matter is converted to 

particulate organic matter. TEP are gel-like particles composed of acidic polysaccharides 

and formed from dissolved precursors (fibrillar polymers) that coagulate to form aggregates 

(Passow 2002). Large concentrations of TEP can be associated with aggregate formation 

particularly as a function of nutrient depletion during the decline of diatom blooms (Passow 
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et al. 2001). Large amorphous aggregates were observed in the sediment traps as part of the 

collected material and ~O% of the POC sinking flux at 150 m was composed of 

unidentified material other than intact phytoplankton cells and fecal pellets (Pommier et al. 

ms-b, Chapitre II). These observations point to the potential importance of TEP during our 

study. Engel (2004) reported TEP-related POC accounting for 18% of the total POC 

concentration within the upper 70 m of the temperate northeast Atlantic Ocean. Based on 

this latter estimate and given a total POC stock of 40.52 g C m-2 in the upper 150 m (Ppoc + 

POC concentrations on day 1 in the euphotic and in the upper twilight zones; Fig. 2), we 

estimate a potentia1 TEP-related carbon concentration of7.29 g C m-2. 

Finally, photooxidation, i.e. the photochemical transformation of dissolved organic 

matter by UV radiation, may also be invoked to explain the loss of DOCsL in the euphotic 

zone from days 1 to 7. Indeed, DOC photooxidation is considered to play an important role 

in the carbon cycle of aquatic systems either by the direct photoproduction of dissolved 

inorganic carbon and carbon monoxide or indirectly by the transformation of refractory 

compounds to more labile DOC that can be oxidized by heterotrophic bacteria (Mopper et 

al. 1991, Mopper & Kieber 2000). Photooxidation has mainly been investigated in 

freshwater and coastal ocean systems and its importance in the open ocean remains poorly 

quantified. Vodacek et al. (1997) estimated that photooxidation represented -10% of the 

total DOC stock in the surface mixed layer of the Middle Atlantic Bight. Based on this 

latter estimation, and given an integrated concentration of DOCT over the surface mixed 

layer (10-26 m) of 8.63 g C m-2 during our study (data not shown), then photooxidation 

would have yielded a DOC loss of 0.86 g C m-2
. 
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When combining our estimates of the bacterial carbon demand (5.38-36.6 g C m-2) , 

TEP formation (7.29 g C m-2
) and photooxidation (0.86 g C m-2

) , a total DOC loss ranging 

from 13.53 to 44.75 g C m-2 is obtained for the upper 150 m during the study period. This 

range of values is in fairly good agreement with the decrease in DOCsL observed for the 

euphotic and upper twilight zones (21.12 g C m-2
; Table 3) and suggests that bacterial 

consumption of DOC and TEP formation were the most important pro cesses influencing 

the dynamics of the DOC pool during our study. 

3.4.3 Heterotrophic community respiration 

Based on the changes in labile DOC stocks from days 1 to 7 (Table 3), the bacterial 

respiration in the upper 150 m of the water column during the study period was estimated 

to range from 0.96 to 1.39 g C m-2 (Fig. 2). As mentioned in the previous section, micro-

and mesozooplankton grazing, viral lysis and other solubilization processes of POC were 

estimated to yield a potential DOC suppl y of 8.16 g C m-2 in the upper 150 m. Of this 

amount, 3% (i.e. 0.24 g C m-2) could have been constituted of labile compounds (Carlson 

2002) and then directly taken up by heterotrophic bacteria. Taking into account the 

potential consumption of this additional source of DOCL by heterotrophic bacteria and 

BGEs of 5 and 34% (see Materials and methods), we estimate a supplementary respiration 

rate varying between 0.16 and 0.23 g C m-2
. Hence, a total bacterial respiration of labile 

DOC ranging from 1.12 to 1.62 g C m-2 can be estimated for the upper 150 m during the 

study period. This range of values is lower than previous values reported for the temperate 

North Atlantic Ocean. Indeed, in the euphotic zone of the temperate northwest Atlantic 
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Ocean, Li et al. (1993) reported springtime bacterial production rates averagmg 0.37 

g C m-2 d- I which, when extrapolated to the duration of our study and using a BGE of 34% 

(see Materials and methods), give a bacterial respiration rate of 5.03 g C m-2
. Similarly, 

springtime bacterial production rates of 0.21 g C m-2 d- I have been reported in the euphotic 

zone of the temperate northeast Atlantic Ocean (Ducklow et al. 2002) which, when 

extrapolated to a 7-day period and using a BGE of 34%, would give a bacterial respiration 

rate of2.85 g C m-2
. Nevertheless, the estimated range ofbacterial respiration in our budget 

should be considered as lower estimates as it is based only on the labile fraction of DOC 

and that semi-Iabile DOC could also have supported bacterial metabolism throughout the 

study period (see previous section). In addition, based on our estimates of micro- and 

mésozooplancton grazing (5.60 and 0.57 g C m-2
, respectively), and assuming micro- and 

mésozooplancton assimilation efficiencies of 30% (Edwards et al. 2000) and 70% (Carlotti 

et al. 2000), respectively, POC respiration due to micro- and 0 ésozooplancton grazing 

would be 3.92 and 0.17 g C m-2, respectively. When combining our estimates of 

mésozooplancton, mésozooplancton and bacterial respiration, a constrained total respiration 

of the heterotrophic community ranging from 5.21 to 5.71 g C m-2 is obtained for the upper 

150 m during our study. Aristégui & Harrison (2002) reported a community respiration of 

- 60 mmol C m-2 d- I for the upper 100 m of the temperate northwest Atlantic Ocean in faH 

1992, which wh en extrapolated to a 7-day period gives a community respiration of 5.04 

g C m-2. This value is in close agreement with our community respiration estimate. 



122 

3.4.4 Ecological significance of the carbon budget 

The primary production rate measured during our study (7.18 g C m -2) represents 

only 2.4% of the annual primary production of 300 g C m-2 reported in that region of the 

World Ocean by Sarmiento & Gruber (2006). However, if one considers the preformed 

pool of POC on day 1 in the upper 150 m (i.e. 34.16 g C m-2; Fig. 2) as a conservative 

estimate of primary production prior to the study period, then the bloom investigated during 

our study contributed 41.34 g C m-2 or -14% to the annual primary production at the 

sampling location. 

The sum of the particulate primary production and of the POC concentration on day 1 

in the euphotic zone (i.e. 25.57 g C m-2
; Fig. 2) represents the total amount of POC in that 

zone that was potentially available for export through sinking (F SOm; Fig. 2) and for grazing, 

virallysis and other solubilization pro cesses (Lpoc in the euphotic zone; Fig 2) during the 

study period. Of this total amount of available POC, -50% remained suspended in the 

euphotic zone on day 7 (i.e. 12.78 g C m-2
; Fig. 2), -39% was channelled through Lpoc 

(l0.04gCm-2; Fig. 2) and -11% was exported through sinking at 50 m (2.75gCm-2; 

Fig. 2). Similarly, the sum of the vertical sinking flux of POC at 50 m and of the 

concentration ofPOC on day 1 in the upper twilight zone (17.70 g C m-2
; Fig. 2) represents 

the total amount of POC in that zone that was potentially available for export through 

sinking (F lSOm; Fig. 2) and for losses through grazing, viral lysis and other solubilization 

processes (Lpoc in the upper twilight zone; Fig. 2), during the study period. Of this total 

amount of available POC, -82% remained suspended in the twilight zone on day 7 (i.e. 

14.45 g C m-2; Fig. 2), -11 % was channelled through Lpoc (1.99 g C m-2
; Fig. 2) and - 7% 
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was exported through sinking at 150 m (1.26 g C m-2; Fig. 2). These results indicate that a 

large amount of POC remained suspended in the upper 150 m during the study period 

rather than being exported or recycled in-situ. Indeed, the POC sinking flux at 150 m (1.26 

g C m-2
; Fig. 2) and the totalloss of POC in the upper 150 m through grazing, virallysis 

and other solubilization processes (12.03 g C m-2
; Fig. 2) represented only 3% and 30% of 

the POC available in that layer (40.52 g C m-2), respectively. The accumulation of 

suspended particulate organic matter in the upper 150 m could be related to the 

development of a deep chlorophyll a maximum, corresponding to maxima in phytoplankton 

biomass and in POC concentration, close to the base of the euphotic zone throughout the 

decline of the bloom (Pommier et al. ms-a, Chapitre 1). Our results also highlight the 

relative incapacity of heterotrophs in making use of the large stock of suspended POC in 

the upper 150 m of the water column, particularly in the upper twilight zone. This may be 

related to the typical temporal lag between phytoplankton growth and mesozooplankton 

grazing in the temperate North Atlantic Ocean (Parsons & Lalli 1988). It is also possible 

that copepods avoided to feed on diatoms of the genera Chaetoceros and Thalassiosira 

(Irigoien et al. 2002) which were the most abundant phytoplankton throughout the study 

period (Pommier et al. ms-a, Chapitre 1). Inefficient removal of suspended POC by 

heterotrophs during the northeast Atlantic spring bloom has already been reported by 

Bender et al. (1992). 

Satellite imagery of the sampling area showed that onl y the first half of the decline of 

the spring bloom was captured during our study (Forget et al. 2007). The fate of the large 

amount of suspended POC in the euphotic and upper twilight zones later during the decline 
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of the b100m (i.e. whether it was recycled in situ and respired, or exported to depth) is 

unknown. It could have had profound implications in regard to the ocean biogeochemistry 

at our sampling location given that the respiration of organic matter in the euphotic and 

upper twilight zones releases dissolved inorganic carbon that could retum to the 

atmosphere on short time-scales of days to weeks. Moreover, about as much DOCsL as 

POC remained accumulated in the upper 150 m of the water column on day 7 (Table 3). 

The fate of this accumulated DOCSL is also of great importance in regard to the ocean 

biogeochemistry at our sampling location. This semi-Iabile DOC may have fuelled bacterial 

metabolism over time scales longer than our sampling period (i.e. weeks to months) and/or 

may have eventually been exported to depth by convection at high latitudes on time scales 

relevant to the thermohaline circulation (Hansell 2002). 

U sing the total primary production rate measured in the euphotic zone (7.18 g C m -2) 

and the respiration of the heterotrophic community estimated for the euphotic and upper 

twilight zones (5.21-5.71 g C m-2
), we calculated a ratio of total primary production to 

community respiration ranging from 1.26 to 1.38. This provides evidences for net 

autotrophy of the marine system studied. We acknowledge that the accurate determination 

of the trophic balance of aquatic systems requires investigations over time scales much 

longer (i.e. over the seasonal cycle of production) than that considered in our study (deI 

Giorgio & Williams 2005). Nevertheless, the range of production:respiration ratios 

estimated in our budget is in agreement with the general understanding that the spring 

bloom in the temperate North Atlantic acts as a net sink for atmospheric C02. 
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CONCLUSION GÉNÉRALE 

La détennination des processus contrôlant l'efficacité de transfert du carbone 

organique particulaire (COP) vers l'océan profond est un prérequis essentiel à une 

meilleure compréhension du fonctionnement de la pompe biologique océanique de carbone. 

À cet égard, la zone mésopélagique est depuis longtemps reconnue comme une interface 

cruciale entre la zone euphotique et l'océan profond (Angel 1989, Tréguer et al. 2003). 

Cependant, les processus de transfonnations de la matière organique lors de son exportation 

dans la zone mésopélagique sont peu connus (Boyd & Trull 2007). Dans ce contexte, cette 

thèse a pennis: (1) de décrire la variabilité de l'exportation de COP depuis la zone 

euphotique et ses transfonnations à travers la partie supérieure de la zone mésopélagique 

(50-150 m) lors du déclin d'un bloom printanier de l'océan Atlantique nord-ouest, (2) de 

relier cette variabilité aux changements des communautés phytop1anctoniques (production, 

biomasse, structure de taille, composition spécifique) au sein de la zone euphotique et (3) 

de calculer un budget des stocks et des flux de COD et de COP dans les 150 premiers 

mètres de la colonne d'eau. 

Le premier chapitre de cette thèse a pennis d'établir le contexte physique, chimique 

et biologique de cette étude. Ce travail décrit la première phase du déclin de l 'une des 

floraisons phytoplanctoniques les plus productives rapportées pour les eaux ouvertes de 

l 'océan Atlantique du nord-ouest, sous l'influence d'une limitation de la production 

primaire par la disponibilité en nitrates. Le déclin du bloom était associé à une diminution 
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de la production et de la biomasse de la communauté phytoplanctonique, laquelle était 

dominée par le phytoplancton de grande taille, majoritairement des diatomées centrales. 

Treize jours plus tard, le système étudié a été remplacé par un système productif dominé 

par des flagellés de petite taille et présentant des concentrations en chlorophylle a plus 

faibles que lors du déclin du bloom. L'analyse de la structure de taille de la production et 

de la biomasse phytoplanctonique, en utilisant l'approche de Tremblay & Legendre (1994), 

a permis de proposer que la biomasse du petit phytoplancton (0,7-5 Ilm) a été 

préférentiellement broutée par le microzooplancton tandis que celle du gros phytoplancton 

(;::::S Ilm) avait tendance à s'accumuler dans la zone euphotique. Cette accumulation de 

cellules phytoplanctoniques a été confirmée par la présence d'un maximum profond de 

chlorophylle a (MPC) au voisinage de la base de la zone euphotique, juste au-dessus de la 

nitracline, qui s'est maintenu pendant tout la durée de l'étude. 

Le second chapitre examine pour la première fois la variabilité temporelle, à court 

terme, des flux verticaux de COP dans la zone mésopélagique de l'océan Atlantique nord-

ouest. Les résultats de ce chapitre ont mis en évidence la diminution des flux verticaux de 

COP sous la base de la zone euphotique durant le déclin du bloom et sa transition vers des 

conditions de post-bloom. Cette décroissance des flux de COP était positivement corrélée à 

la diminution de la production du gros phytoplancton tout au long de la période d'étude. 

Ces résultats confirment l'importance du gros phytoplancton dans le contrôle du potentiel 

d'exportation verticale du COP en dehors de la zone euphotique (Boyd & Newton 1999). 

En revanche, les flux verticaux de COP à 150 m sont restés relativement constants tout au 
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long de la période d'étude en dépit de la forte diminution de l'exportation verticale de COP 

depuis la zone euphotique. 

L'analyse des profils verticaux de décroissance du flux de COP avec la profondeur a 

mis en lumière la diminution temporelle du recyclage de la matière organique au sein de la 

partie supérieure de la zone mésopélagique (50-150 m). Il s'en suit que l'efficacité de 

transfert du COP à 150 m (i.e. la profondeur à laquelle se situait la thermocline 

permanente) a augmenté graduellement lors du déclin du bloom. L'hypothèse d'une 

compensation entre la réduction du flux de COP à la base de la zone euphotique et la 

diminution du recyclage de la matière organique dans la zone mésopélagique a été émise 

pour expliquer les faibles variations temporelles du flux de COP à 150 m. 

Les résultats du second chapitre de cette thèse démontrent que les communautés 

hétérotrophes mésopélagiques sont capables de répondre rapidement et proportionnellement 

aux variations de l'apport de COP depuis la zone euphotique. En effet, le taux de recyclage 

du COP au sein de la zone mésopélagique était positivement corrélé au flux de COP sous la 

base de la zone euphotique durant la période d'étude. Ces résultats mettent en lumière le 

rôle déterminant des variations à court terme du recyclage du matériel organique par les 

organismes hétérotrophes au sein de la zone mésopélagique en regard à l'efficacité de 

transfert du COP en profondeur. 
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Cette étude n'a pas permis d'identifier la nature exacte des processus hétérotrophes 

de recyclage de la matière organique au sein de la zone mésopélagique. Néanmoins, la 

faible contribution des pelotes fécales et des cellules phytoplanctoniques au flux total de 

COP suggère que le broutage par le mésozooplancton a joué un rôle mineur en regard au 

recyclage de la matière organique au sein du système étudié. Ce résultat met l'accent sur 

l'importance potentielle des processus microbiens de recyclage de la matière organique 

(minéralisation bactérienne, broutage par le microzooplancton) durant notre étude, telle que 

précédemment rapportée aux latitudes tempérées de l'océan Atlantique Nord (Ducklow & 

Harris 1993, Karayanni et al. 2005, Reinthaler et al. 2006). Le rôle limité du 

mésozooplancton et la dominance des processus bactériens en regard au recyclage de la 

matière organique ont également été mis en évidence dans l ' océan Pacifique subarctique 

lors du déclin d 'un bloom de diatomées induit par un enrichissement en fer (Boyd et al. 

2004, Sastri & Dower 2006). 

Le budget de carbone présenté dans le troisième chapitre de cette thèse offre une 

vision globale et intégrée des stocks et des flux de carbone organique dans la zone 

euphotique et la zone mésopélagique pour la période du déclin du bloom. Ce budget a été 

établi pour une durée de sept jours avec les données recueillies pendant l'étude 

lagrangienne. Pendant cette période d' étude, la moitié (50 %) du COP de la zone 

euphotique est demeurée en suspension au sein de cette zone. Environ 40 % du COP a été 

recyclé par les hétérotrophes au sein de la zone euphotique tandis que 10 % a été exporté 

sous la zone euphotique (50 m). Dans la zone mésopélagique, environ 80 % du COP est 
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resté en suspension au sein de cette zone alors que 10 % a été recyclé par les hétérotrophes 

et 10 % ont été exportés en dessous de 150 m. Le maintien dans les 150 premiers mètres de 

la colonne d'eau d'une importante biomasse de COP reflète l'accumulation de cellules 

phytoplanctoniques au niveau du MPC mise en évidence dans le premier chapitre. Ces 

résultats témoignent également de l'incapacité des hétérotrophes à utiliser toute la biomasse 

de carbone organique disponible dans cette couche. Cette difficulté à transformer le 

carbone organique présent dans les eaux de surface est confirmée par la réduction du 

recyclage du COP dans la zone mésopélagique lors du déclin du bloom, laquelle a été mise 

en évidence dans le second chapitre. Ces résultats peuvent refléter le découplage entre la 

croissance du phytoplancton et le brout age du mésozooplancton qui caractérise le bloom 

printanier de l'océan Atlantique Nord. 

Le devenir de l'importante biomasse de COP demeurée en suspension dans les 150 

premiers mètres de la colonne d'eau (i.e. l'agrégation puis la sédimentation des particules 

ou bien le broutage par le zooplancton et la minéralisation bactérienne) revêt une 

importance cruciale en regard à la balance métabolique du système étudié (autotrophie 

versus hétérotrophie nette). L'étude réalisée au cours de cette thèse, bien que se déroulant 

durant une phase cruciale du bloom, est d'une durée trop restreinte pour établir 

convenablement cette balance métabolique. Néanmoins, les résultats du bilan de carbone 

présenté dans le troisième chapitre ont permis d'estimer un rapport entre la production 

primaire totale et la respiration par la communauté hétérotrophe en faveur de l' autotrophie 
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nette du système étudié. Ce bilan est en accord avec le consensus voulant que l'océan 

Atlantique Nord soit un puits de carbone. 

Contributions de la thèse et perspectives de recherche 

La connaissance des processus clés contrôlant le flux vertical de COP au sem 

d'écosystèmes pélagiques variés est un prérequis nécessaire à une meilleure compréhension 

du fonctionnement de la pompe biologique océanique et à l'amélioration des modèles du 

cycle biogéochimique du carbone (Boyd & Trull 2007). À cet égard, l'océan mondial 

demeure sous-échantillonné. Plus particulièrement, les eaux ouvertes très productives de 

l'océan Atlantique nord-ouest ont été peu étudiées jusqu'à présent en ce qui a trait aux flux 

verticaux de COP. Cette thèse a ainsi contribué à l'amélioration des connaissances 

concernant le fonctionnement de la pompe biologique océanique de carbone dans l'océan 

Atlantique nord-ouest. 

De plus, il est reconnu qu'une meilleure compréhension de la pompe biologique 

océanique de carbone passe par le développement des connaissances relatives aux 

processus affectant la transformation de la matière organique dès son exportation en dehors 

de la zone euphotique (Boyd & Trull 2007, Buesseler et al. 2007b). Néanmoins, les flux 

verticaux de COP ont été, à ce jour, principalement décrits dans les eaux océaniques 

profondes. En décrivant la variabilité quasi journalière de l'exportation de COP depuis la 

zone euphotique jusqu'à la thermocline permanente, les résultats de cette thèse ont permis 
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d'améliorer les connaissances relatives à l'exportation initiale du COP dans les eaux de 

surface et de subsurface. 

De nombreux modèles d'exportation de la matière organique utilisent le paramètre b 

développé par Martin et al. (1987) pour déterminer les flux verticaux de COP dans la 

colonne d'eau. Ce paramètre décrit l'atténuation du flux vertical de COP avec la 

profondeur. Cette approche assume que la pente de la décroissance du flux de COP avec la 

profondeur ne varie pas dans le temps et qu'elle est constante pour une région océanique 

donnée (Berelson 2001). Toutefois, les résultats de cette thèse ont démontré clairement que 

la valeur de cette pente varie à court terme. Ceci a des implications importantes sur notre 

compréhension, au sein d'une même région océanique, du recyclage de la matière 

organique et de l'efficacité de transfert du COP en profondeur. Cette variabilité temporelle 

devrait être considérée dans les prochains modèles de la pompe biologique océanique de 

carbone. 

Les résultats présentés dans les différents chapitres de cette thèse constituent une base 

de données essentielles servant de soutien à l'ensemble des équipes de recherche qui 

étudient les interactions biogéochimiques entre l'océan et l'atmosphère dans le cadre du 

programme C-SOLAS/SABINA. De plus, les données de cette thèse participeront à l'effort 

de développement et d'amélioration des modèles de la biogéochimie océanique en général 

et de la pompe biologique de carbone dans l'Atlantique Nord en particulier. 
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Des études supplémentaires sont nécessaires afin de décrire la structure des 

communautés hétérotrophes mésopélagiques et l'importance relative des eubactéries, des 

archéobactéries, des virus, du micro- et du mésozooplancton (Herndl et al. 2005, Tanaka et 

al. 2005, Reinthaler et al. 2006, Fukuda et al. 2007) en regard au recyclage de la matière 

organique au sein de la zone mésopélagique. Il est également nécessaire de connaitre la 

dynamique de ces communautés hétérotrophes mésopélagiques afin de mieux comprendre 

la variabilité temporelle du recyclage de la matière organique dans la zone mésopélagique 

et sa relation avec les changements dans l'exportation de matière organique provenant de la 

zone euphotique. À ma connaissance, les travaux de Buesseler et al. (2007b) dans le 

Pacifique subarctique et ceux du second chapitre de cette thèse sont les seuls rapportant que 

les communautés hétérotrophes mésopélagiques répondent rapidement et 

proportionnellement aux variations des apports de matière organique depuis la zone 

euphotique. Ces variations à court terme (de quelques heures à quelques jours) sont peu 

considérées bien qu'elles soient déterminantes pour la compréhension du cycle océanique 

du carbone. L'utilisation d'une approche lagrangienne, aussi longue que possible, 

permettrait de mieux comprendre cette variabilité à court terme et sa pertinence en regard à 

l'intensité de la pompe biologique océanique de carbone. Enfin, une meilleure 

caractérisation de la composition chimique et de la biodisponibilité (i.e. la nature labile ou 

réfractaire) de la matière organique particulaire et dissoute est essentielle à la 

compréhension des transformations du matériel organique transitant au sein de la zone 

mésopélagique (Lee 2004). De telles perspectives rejoignent les objectifs de recherche du 
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programme VERTIGO (Vertical Transport In the Global Ocean) et du réseau de recherche 

1MB ER (Integrated Marine Biogeochemistry and Ecosystem Research). 
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