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RESUME

La pompe biologique comprend divers processus induisant des variations dans le
métabolisme de la colonne d’eau et dans les flux de matiére organique particulaire (MOP)
vers le fond marin. Le Golfe San Jorge (GSJ, Argentine) est 1’une des zones les plus
productives au monde, mais ou aucune étude sur le métabolisme et les flux de carbone n’a
été réalisée a ce jour. Le but de cette recherche est d’étudier le role de la communauté
microbienne sur le métabolisme du GSJ et de caractériser les flux de carbone dans la zone
centrale sur une courte échelle temporelle journaliere. Les principales hypotheses sont que
1) les ratios de biomasse entre les autotrophes et les hétérotrophes (Ran) de la communauté
étudiée sont influencés par le cycle journalier, 2) que les (Ran) expliquent le métabolisme
de la colonne d’eau, 3) que la matiere organique qui sédimente est de source planctonique
autochtone et 4) que les flux de carbone varient avec la profondeur. L’échantillonnage a été
réalisé a bord du navire de recherche Coriolis Il au cours de la période estivale du 6 au 13
février 2014 a une station fixe (dont 36 heures pour 1’étude du métabolisme). Les
principaux résultats démontrent que les conditions environnementales et les Ran varient
tres peu sur la courte période d’étude, mais que les taux métaboliques démontrent une
variabilité. De plus, le cycle de la lumiére et les Rany n’expliquent pas les taux
métaboliques. Ceci suggéere que des facteurs non considérés dans cette étude
(microhétérotrophes et bactéries attachées aux particules) pourraient jouer un réle important
sur la respiration dans la couche profonde aphotique. Pour la deuxiéme partie de I’étude, les
flux de carbone sont plus importants & 40 m et peuvent étre expliqués principalement par
une grande contribution de féces. Ces résultats suggérent une forte influence des migrations
et du broutage du zooplancton, particuliéerement de Munida sp. (macrozooplanton). De
plus, la matiere organique particulaire (MOP) récoltée dans les piéges a sédiments est de
source phytoplanctonique. Toutefois, la présence de microzooplancton et de bactéries
attachées aux particules pourrait expliquer la signature isotopique de la MOP ainsi que la
forte respiration. Enfin, le métabolisme de la colonne d’eau du GSJ au cours de la période
estivale, sur une échelle journaliére, serait principalement influencé par la respiration sous
la couche euphotique, mené par une forte dégradation de la matiére organique qui y
sédimente.

Mots clés : taux métaboliques, station fixe, court terme, communauté microbienne,
ratios de biomasse, flux de carbone, pelotes fécales
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ABSTRACT

The biological pump includes several processes that induce variations in the water
column metabolism and in fluxes of particulate organic matter (POM) towards the seabed.
The San Jorge Gulf (SJG, Argentina) is one of the world’s most productive zones, but
where no studies on the metabolism and carbon fluxes have been conducted to date. The
purpose of this research project was to study the role of the microbial community on
metabolism and to characterize carbon fluxes in the central zone on a short daily time scale
in the SJG. The main hypotheses were that 1) biomass ratios between autotrophs and
heteorotrophs (Ra/n) Of the studied community is influenced by the daily cycle 2) that Ran
ratios explain water-column metabolism, 3) that sinking organic matter is from
autochthonous planktonic sources and 4) that carbon fluxes vary with depth. The sampling
was conducted on board the research vessel Coriolis Il during the summer period from
February 6 to 13" 2014 at a fixed station (including 36 hours for the metabolism study).
The main results showed that environmental conditions and Ra did not vary much over
the short time period, but that metabolic rates showed variability. Furthermore, the light
cycle and Ra/n did not explain the metabolic rates. This suggested that external factors not
considered in this study (microheterotrophs and particle-attached bacteria) could play an
important role on respiration in the deeper aphotic layer. For the second part of the study,
carbon fluxes were more important at 40 m, mainly explained by a great contribution of
feces. This result suggested a strong influence of zooplankton migrations and grazing, from
Munida sp. in particular (Macrozooplankton). Furthermore, particulate organic matter
(POM) collected in sediment traps originated from phytoplanktonic sources. However, the
presence of microzooplankton and particle-attached bacteria might explain the isotopic
signatures of POM and the strong respiration. Finally, the daily metabolism in the water
column of the SJG during summer would mainly be influenced by the respiration in the
aphotic zone, leaded by a strong degradation of the sinking organic matter.

Keywords: metabolic rates, fixed station, short term, microbial community, biomass ratios,
carbon fluxes, feces
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INTRODUCTION GENERALE

LE METABOLISME

Le phytoplancton, qui représente a lui seul 50% de la production primaire de la
planete, est situé a la base du réseau trophique marin et joue un réle clé dans le cycle du
carbone de 1’océan (del Giorgio & Duarte, 2002; Falkowski & Raven, 2007). Le
phytoplancton est constitué de cellules autotrophes qui, grace a la photosynthese, assimilent
le carbone inorganique dissout dans I’eau de mer en carbone organique et produisent de
I’oxygene. L’intensité de la production primaire dépend des conditions environnementales
telles que la disponibilité des nutriments et de la lumiére (Venkiteswaran et al., 2007). Le
carbone organique est alors produit dans la couche euphotique, ou les conditions de lumiere
et de nutriments sont propices. Le carbone organique produit représente une source
d’énergie pour les organismes hétérotrophes tels que les bactéries et les organismes des
niveaux trophiques supérieurs (Schloss et al., 2007). La respiration est le processus
biologique permettant aux hétérotrophes (incluant les organismes mixotrophes; (Sherr &
Sherr, 2002) d’acquérir leur énergie pour soutenir leur métabolisme (Burris, 1980;
Reynolds, 2006). Contrairement & la photosynthése, la respiration consomme de 1’0 et
produit du CO, (Legendre & Rassoulzadegan, 1996; Rivkin & Legrendre, 2001; del
Giorgio & Duarte, 2002)

La majeure partie du cycle du carbone des océans consiste donc en la balance entre ce
qui est produit par les autotrophes (A) et ce qui est respiré par les hétérotrophes (H) et les
autotrophes eux-mémes (Rivkin & Legrendre, 2001; Mourifio-Carballido & Anderson,
2009; Bianchi et al., 2013). Outre la photosynthése, les échanges gazeux entre 1’atmosphére
et la surface de I’eau représentent une source d’oxygene dissout pour la respiration

(Emerson et al., 2008). La différence entre 1) I’oxygeéne disponible par photosynthése



(Production primaire brute; PPB) combiné aux échanges gazeux et 2) la respiration (R)
résulte en 3) une balance métabolique : une concentration nette d’oxygene dans la colonne
d’eau. Grace a la mesure de ces concentrations nettes d’oxygene dissout, il est possible
d’estimer le métabolisme de la colonne d’cau et de convertir des taux métaboliques calculés
en termes de production nette de carbone (production nette de la communauté; PNC;
Venkiteswaran et al., 2007).

La premiere estimation du métabolisme en eaux libres, basée sur les concentrations
en oxygene dans la colonne d’eau, fut réalisée par Odum en 1956. Depuis, plusieurs études
sur la balance métabolique ont été réalisées dans les milieux marins et lacustres a
différentes échelles temporelles et spatiales (Smith & Kemp, 2001; Aristegui et al., 2004;
Serret et al., 2009; Coloso et al., 2010; Sadro et al., 2011; Staehr et al., 2012; Cloern et al.
2014). Plusieurs techniques, a ce jour, permettent d’estimer le métabolisme dont la méthode
par intégration des concentrations volumétriques d’oxygene dans la colonne d’eau (Gazeau
et al., 2005a; Cole et al., 2010; Sadro et al., 2011; Staehr et al., 2012; Christensen, 2013).
Les PNC, PPB et R sont alors exprimés en taux métaboliques intégrés par unité de temps
(mmolC m™ h™). 1l a été démontré que la méthode par intégration est équivalente aux autres
méthodes en eaux libres et qu’elle est plus fiable, puisqu’elle permet de prendre en
considération les échanges d’oxygene pouvant avoir lieu entre deux couches d’eau (Sadro
et al., 2011). Etant en milieu marin, cette technique est utilisée dans cette étude, étant

considérée comme la plus convenable et présentant le plus d’avantages techniques.
LA COMMUNAUTE MICROBIENNE

Etant responsable de la photosynthése, de la production de carbone organique et de la
consommation de ce dernier via la respiration, la communauté microbienne a une grande
influence sur le métabolisme en milieu aquatique (Azam et al., 1983; Smith & Kemp, 2001;
Rivkin & Legrendre, 2001) La PNC représente la différence entre la PPB et la R de la
totalité des organismes dans la communauté microbienne (Iriarte et al., 1991; Gazeau et al.,
2005a; Mourifio-Carballido & Anderson, 2009). Toutefois, la respiration (R) par la plus

petite classe de taille du plancton, particulierement les bactéries, représente le puits



d’oxygene principal suite a la consommation directe du carbone produit par photosynthese
(Azam et al., 1983; Linley et al., 1983; Iriarte et al., 1991; Smith & Kemp, 2001; Rivkin &
Legrendre, 2001). Cette étude se concentre donc sur le r6le majeur des bactéries libres
(hétérotrophes) sur le métabolisme, et non sur toute la communauté microbienne

hétérotrophe.

Afin de mieux interpréter le r6le de la communauté microbienne sur le métabolisme,
il est possible de déterminer un ratio de biomasse entre les autotrophes et les hétérotrophes
(bactéries libres). Ce ratio représente, a titre indicatif, 1’état trophique de la communauté.
Le pourcentage de biomasse de cellules autotrophes par rapport a la biomasse totale (Ram),
peut varier (augmenter ou diminuer au profit des autotrophes ou des hétérotrophes) selon
les paramétres environnementaux et 1’hydrodynamisme de la colonne d’eau (Kigrboe,
1993; Teira et al., 2001; Aristegui et al., 2004; Schloss et al., 2007). Ces contraintes
environnementales peuvent varier a long terme (annuel, saisonnier) et a court terme
(mensuel, hebdomadaire, journalier; Buesseler et al., 2007). Suivant les variations
environnementales, les variations du Ry induisent des variations dans la PNC (Kigrboe,
1993; Lam et al., 2011) selon I’intensité de la productivité et de la respiration de la
communauté microbienne. Cette étude vise a déterminer, a 1’échelle journaliére, si le Ramy

est bien a la source des variations du métabolisme de la colonne d’eau du GSJ.

Enfin, la balance métabolique de la communauté microbienne détermine si la
consommation du carbone organique est plus importante que ce qui est produit (R > PPB),
ou a l’opposé, si la production de carbone organique est plus importante que sa
consommation (PPB > R). Dans ce cas, une production de carbone en excés permet de
contribuer aux exports verticaux de carbone dans la colonne d’eau (Mourifio-Carballido &
Anderson, 2009; Schloss et al., 2007). Il s’avére alors essentiel d’étudier le réle de la
communauté microbienne sur la balance métabolique, ayant une grande influence sur les
flux de carbone potentiels dans la colonne d’eau. Cette étude vise donc, comme second

objectif central, d’étudier les flux de carbone dans le GSJ.



LES FLUX DE CARBONE

L’ensemble des processus marins, incluant les flux de CO; entre 1’atmosphére et
I’océan, la transformation du carbone inorganique en carbone organique particulaire (COP)
et I’exportation de ce carbone vers les fonds marins ou il est séquestré, s’englobent sous un
concept clé nommé la pompe biologique (Volk & Hoffert, 1985; Ducklow et al., 2001;
Eppley & Peterson, 1979; Lam et al., 2011). La pompe biologique est donc un systéme
biogéochimique et physique divisé en quatre compartiments interalliés : la production,
I’export, les flux de matiére vers le fond de la colonne d’eau et finalement la séquestration
(Lutz et al., 2007). Selon ce concept, le carbone organique produit par le phytoplancton via
la photosynthese dans la zone euphotique (Volk & Hoffert, 1985; Ducklow et al., 2001)
peut étre en partie assimilé par le zooplancton et ainsi étre exporté sous forme de pelotes
fécales (Legendre, 1990). D’une autre part, si le phytoplancton n’est pas consommé, il peut
étre transporté directement par sédimentation sous la couche euphotique sous forme de
cellules mortes ou intactes (Legendre & Le Févre, 1991). La pompe biologique est donc le
processus majeur pouvant contribuer a la production et a I’exportation de matiére organique

Eppley & Peterson 1979; Lam et al., 2011) vers le fond marin.

Dans la colonne d’eau, les flux de matiere organique incluent une fraction particulaire
du carbone et de I’azote (matiere organique particulaire; MOP) et une fraction dissoute
(matiere organique dissoute; MOD; Rivkin & Legrendre, 2001). Les études sur les flux de
matiere organique visent traditionnellement les flux de carbone organique particulaire
(COP), malgré qu’elles sous-estiment les flux totaux de carbone (del Giorgio & Duarte,
2002). En effet, la fraction dissoute des flux de matiére organique (MOD) représente de 10
a 30% du carbone produit par la production primaire. Cette fraction est importante, mais
elle est principalement minéralisée et retransformée en carbone organique particulaire
(COP) par I’activité bactérienne (del Giorgio & Duarte, 2002; Fenchel & Barker Jgrgensen,
1977). La matiére organique qui sédimente et qui peut étre éventuellement séquestrée est
donc majoritairement sous forme de carbone organique particulaire (COP). Cette étude se

concentre donc sur les flux de COP, soit le troisieme compartiment du systeme de la pompe



biologique, en considérant toutefois qu’ils ne représentent pas la totalité des flux de
carbone. Les flux de COP dépendent des processus biologiques et physiques tels que la
production primaire mentionnée précédemment, la consommation, le mélange par
turbulence, le transport par les courants et la resuspension, la décomposition bactérienne, et
la migration, le broutage et la production de pelotes fécales par le zooplancton (Buesseler et
al., 2007; De La Rocha & Passow, 2007; Kellogg et al., 2011). Ces processus divers qui ont
lieu a différentes échelles temporelles, annuelles, saisonniéres et a tres court termes telle

que journaliere (Buesseler et al., 2007).

Les flux de carbone ont été étudiés depuis les dernieres décennies a différentes
échelles temporelles et spatiales dans diverses régions des océans, que ce soit en milieu
océanique ou cotier, dans les eaux de surface et dans les grandes profondeurs (Fowler,
Small, & La Rosa, 1991; Jickells et al., 1996; Trull et al., 2001; Aristegui et al., 2004;
Caron, Michel, & Gosselin, 2004; Forest et al., 2010; Hung et al., 2013; Miquel et al.,
2015). Eppley & Peterson (1979) furent les premiers a estimer qu’il y avait un lien entre la
production nouvelle dans la couche euphotique et la quantité de matiére organique pouvant
étre exportée depuis la production totale, et ce, sans affecter la production globale d’un
écosysteme. Les flux de carbone représentent une composante importante dans la
compréhension du cycle global du carbone (Siegel et al., 2013). Les études portant sur les
flux de carbone utilisant des pieges a sédiments peuvent mener a I’estimation de 1’intensité
de la pompe biologique et & une meilleure compréhension de I’'importance des particules
sédimentaires dans la dynamique d’un écosysteme (Buesseler et al., 2007). Le contenu des
piéges représente un indice de I’importance des migrations verticales du zooplancton et de
I’importance de la contribution relative des pelotes fécales aux flux de carbone (Miquel et

al., 2015).

Il est reconnu que les pelotes fécales produites par le zooplancton jouent un réle clé
dans les flux verticaux de MOP (Urban-Rich et al., 1999; Turner, 2002). Plusieurs études
ont démontré que la contribution relative des pelotes fécales dans les pieéges a sédiments

varie énormément dépendamment des regions étudiées et peuvent contribuer de <1 a 100%



du POC (Urban-Rich et al., 1999). De plus, selon leur taille, les pelotes peuvent atteindre
des vitesses de sédimentation allant jusqu’a 1000 m/jour dans les milieux océaniques
(Bruland & Silver, 1981) et représenter une source d’énergie de bonne qualité pour les

communautés benthiques (Schnack-Schiel & Isla, 2005).

Outre I’intensité des flux et la forme dans laquelle la MOP sédimente, il est important
de considérer son origine afin de mieux comprendre le fonctionnement écologique de
I’écosystéme. L’utilisation des isotopes stables comme indicateurs écologiques naturels
permet de déterminer les interactions dans les réseaux trophiques, de déterminer la
composition en carbone et en azote de la matiére organique, son origine, son temps de
résidence et son état de dégradation (Fry, 2006a; Michener & Lajtha, 2007; Philp, 2007).
L’utilisation des isotopes stables permet de déterminer si la matiére qui sédimente dans la
colonne d’eau est de source planctonique (autochtone), terrestre ou externe au systeme
étudié (allochtone) et permet ainsi de mieux comprendre le cycle des éléments dans un
écosysteme (Peterson & Fry, 1987; Michener & Lajtha, 2007). Les éléments, tels que le
carbone (*2C) et I’azote (**N), ont tous plus d’un isotope dans la nature (par exemple : le
carbone *2C posséde un isotope stable, *C). La composition de la matiére organique en
isotopes stables de ces éléments peut étre mesurée avec précision grace a la spectrométrie
de masse (Peterson & Fry, 1987). Le principe de I’analyse des isotopes stables consiste a
déterminer la fraction des isotopes stables (éléments plus lourds, ex : *C) sur les isotopes
plus légers (*2C). Cette fraction, notée delta (5), est définie en pour mille (%o) et se nomme
une signature isotopique (voir Eq.11, chapitre 1I; Peterson & Fry, 1987; Fry, 2006a). La
signature isotopique est unique pour chaque niveau trophique, selon I’origine (terrestre,
lacustre ou marine) et I’état de dégradation de la matiére organique (Fry, 2006b; Michener
& Lajtha, 2007). Dans cette étude, 1’analyse des isotopes stables est utilisée afin de
déterminer 1’origine et 1’état de la matiere organique qui sédimente dans la colonne d’eau

du GSJ.



PROBLEMATIQUE ET OBJECTIFS

En somme, les flux de MOP sont le résultat du bilan métabolique et trophique dans la
colonne d’eau. Plusieurs études sur le métabolisme et les flux de carbone ont été réalisées
dans plusieurs régions océaniques (Tableaux 1 et 2). Les zones cotieres sont parmi les plus
productives et représentent prés de 20% de la production primaire des océans (Wollast,
1998; Cossarini, Querin, & Solidoro, 2015). Selon Garcia et al., (2008), une des zones les
plus productives au monde en termes de production primaire se situe en Patagonie de
I’Atlantique sud, sur la marge continentale et les zones cotiéres du plateau Argentin
(Ferreira et al., 2009). Le GSJ est un bassin océanique semi-ouvert peu profond (~ 90 m),
de 33000 km? situé dans la région centrale de la Patagonie. Sous I’influence de la
dynamique de la circulation océanique du plateau continental Patagonien (Figure 1), menée
par les courants Patagonien cotier, du Breésil et des Malouines/Falkland (Garcia et al., 2008;
Ferreira et al., 2009; Olguin Salinas et al., 2015; Ulibarrena & Conzonno, 2015), ce golfe
présente des caractéristiques environnementales variant au sein des saisons et a 1’échelle
journaliére. 11 subit ’effet de fortes marées (amplitudes ~ 6 m, vives-eaux et mortes-eaux
de 6 a < 1 m), de fronts tidaux et est situé sous les quarantiemes degrés de latitudes sud, ou
des épisodes de forts vents d’ouest sont enregistrés a 1’année sur cette région semi-

désertique (Acha et al., 2004; Ulibarrena & Conzonno, 2015).



5
f) 3508
J
IR
;\ bid Brazil Current
S
TS
P N |
QA
.
.
N
N
kol |
S : Brazil-Malvinas
= Confluence zone ||_450
o e
u e
< FERES
g s
5 =
CE-E
C? Q
S . -
S0 .
W
& Y
o 3
” . \‘%3 o
S Strait of Y -
Magellan 7 e
o 4 5 “
*
:
P —55°
R
r T T |
70°W 60° 40°

Figure 1. Patron général de circulation océanique de la région du plateau continental
Patagonien. La carte est modifiée de Olguin Salinas et al., (2015) et Ulibarrena &
Conzonno (2015). La mince fleche uniforme représente le courant Patagonien en
provenance du détroit de Magellan, la grande fleche pointillée représente le courant des
Malouines/Falkland, la grande fléche en tirets représente le courant du Brésil, la zone grise
représente la zone de confluence des courants Malouines/Falkland-Brésil. Les coordonnées

géographiques sont présentées a titre indicatif.

Quelques études ont eu lieu dans le golfe et dans la région du Sud-ouest de
1I’Atlantique au cours de la derniere decennie, notamment sur : les conditions physico-
chimiques affectant les floraisons phytoplanctoniques (Schloss et al., 2007; Garcia et al.,
2008; Ferreira et al., 2009; Olguin Salinas et al., 2015; Ulibarrena & Conzonno, 2015), la



dynamique des courants de la région de la Patagonie, le bassin et la géologie du GSJ
(Willson & Rees, 2000; Sylwan, 2001; Acha et al., 2004; Tonini, Palma, & Rivas, 2006;
Gianni, Navarrete, & Folguera, 2015), la caractérisation de 1’environnement benthique
(Fernandez et al., 2005) et enfin sur les péches et certaines espéces clés de 1’écosystéme
(Roux, Fernandez, & Bremec, 1995; Romero et al., 2004; Vinuesa, Varisco, & Vinuesa,
2007; Varisco, Vinuesa, & Gongora, 2015; Glembocki et al., 2015). Selon une étude
antérieure menée par Fernandez et al., (2005), la matiére organique se déposant au fond du
golfe serait principalement de source planctonique. Malgré ces études récentes, les
connaissances sur les aspects et processus biologiques de la colonne d’eau du golfe se font
rares. A ce jour, aucune étude n’a été réalisée dans le golfe sur la communauté microbienne
et sa balance métabolique, ni sur les flux de carbone organique qui en résultent. De plus,
contrairement a plusieurs recherches menées en milieu marin, les études des changements
du métabolisme sont plut6t rares a courte échelle temporelle, soit horaire et journaliére, et
particulierement dans le GSJ. L’exploitation des hydrocarbures et les péches commerciales
et artisanales représentent des intéréts économiques importants pour le GSJ (Roux et al.,
1995; Sylwan 2001; Fernandez et al., 2005). Les flux de carbone tendent a étre plus élevés
dans les zones de grande productivité (Eppley & Peterson, 1979) et il est possible que cette
grande productivité soit a la source de la richesse et de I’importance économique des
péches du GSJ. Puisque les flux de carbone résultent de la balance entre ce qui est produit
et assimilé dans la colonne d’eau, il est d’un grand intérét d’étudier le métabolisme et les
flux de matiére qui en résultent, étant possiblement a la source de notre compréhension du

fonctionnement de 1’écosysteme trés productif du GSJ.

Dans ce contexte, I’objectif de cette étude est d’estimer le r6le de la communauté
planctonique microbienne sur les taux métaboliques (énergie produite, consommée et nette
dans le temps) du GSJ et les flux de carbone qui en résultent en relation avec certains
facteurs environnementaux. Les objectifs spécifiques du chapitre | visent a déterminer et
estimer a 1’échelle journaliére dans la zone centrale du Golfe San Jorge : 1) le ratio de
biomasse autotrophes/hétérotrophes (Ran) de la communauté microbienne et leurs

abondances respectives 2) le métabolisme de la colonne d’eau 3) si le Ra dépend du cycle
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journalier de la lumiére et 4) s’il explique a lui seul le métabolisme de la colonne d’eau. Les
objectifs spécifiques du chapitre Il visent a estimer, caractériser et quantifier a court terme :
1) les flux de carbone dans la colonne d’eau 2) la qualité et la source de matiere organique

dans le golfe et 3) I'importance relative des pelotes fécales dans les flux de carbone.
CADRE DU PROJET

Le sujet de recherche s’insére dans le cadre d’un projet international en collaboration
avec 1’Argentine: PROMESSE (Programme multidisciplinaire de recherche en
océanographie pour 1’étude de 1’écosystéeme, de la géologie Marine du Golfe San Jorge et
de la cote de la province de Chubut; Patagonie argentine) ayant pour objectif principal
d’étudier la structure et le fonctionnement de I’écosysteme du Golfe San Jorge (GSJ) aux
niveaux biologique, chimique, physique et géologique. Le projet s’insére dans le projet
cadre MARIne Ecosystem health of the San Jorge Gulf (MARES). L’objectif général de ce
projet de grande envergure est 1’étude de la santé et la capacité de résilience de

I’écosysteme du golfe face aux perturbations d’origine anthropique.



CHAPITRE 1
ESTIMATION A COURT TERME DES TAUX METABOLIQUES DE LA
COMMUNAUTE MICROBIENNE DANS LA COLONNE D’EAU DU GOLFE
SAN JORGE, PATAGONIE (ARGENTINE)

1.1 RESUME

La pompe biologique comprend divers processus induisant des variations dans le
métabolisme d’un écosystéme. Le Golfe San Jorge (GSJ, Argentine) est I’une des zones les
plus productives au monde, mais ou aucune étude sur le métabolisme n’a été réalisée a ce
jour. L’objectif de ce premier chapitre est d’étudier le réle de la communauté microbienne
sur le métabolisme du Golfe San Jorge (GSJ; Argentine) dans la zone centrale sur une
échelle journali¢re. L’étude porte sur la variabilité des ratios de biomasse (Ram), les
densités des autotrophes et hétérotrophes de la communauté microbienne et le métabolisme
intégré sur la profondeur de la colonne d’eau. Les principales hypothéses étaient que les
Ram de la communauté étudiée sont influencés par le cycle journalier et qu’ils expliquent le
métabolisme de la colonne d’eau. L’échantillonnage s’est fait a bord du navire de recherche
Coriolis Il du 6 au 8 février 2014 & une station fixe située dans la zone centrale du GSJ.
Plusieurs variables ont été étudiées aux fins d’analyse, principalement : la fluorescence, les
conditions environnementales, les abondances et les biomasses de la communauté
microbienne et les concentrations volumétriques de 1’oxygéne dissous intégrées sur la
profondeur. Les principaux résultats démontrent que la plus petite gamme de taille de
cellules domine la communauté. Les conditions environnementales et les ratios de
biomasse ne varient pas significativement sur la courte période journaliere étudiée (Ramn
moyen de 72%), mais que les taux métaboliques démontrent une grande variabilite (NCP =
67 & -40 mmolC m? h). Le cycle journalier de la lumiére et le Ry n’expliquent pas la
variabilité des taux métaboliques. La respiration, qui est indépendante de la lumiére, joue
un réle majeur sur le métabolisme de la colonne d’eau dans cette étude. Ceci suggere que
les microhétérotrophes et les bactéries attachées aux particules pourraient avoir jouée un réle
important sur la respiration dans la couche aphotique. En conclusion, il est de grande
importance de considérer les microhétérotrophes (ex : protistes) et les bactéries attachées
aux particules pour expliquer le métabolisme dans le cas du GSJ en éte.
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1.2 ABSTRACT

The biological pump includes several processes that induce variations in ecosystem
metabolism. The San Jorge Gulf (SJG, Argentina) is one of the world’s most productive
zones, but where no studies on the metabolic balance have been conducted to date. The
purpose of this first chapter is to study the role of the microbial community on metabolism
in the San Jorge Gulf (SJG; Argentina) in the central zone on a short daily time scale. The
study focuses on abundances and biomass ratios of autotrophs and heterotrophs (Ras) in
the microbial community and water-column depth-integrated metabolism. The main
hypotheses are that the Ray oOf the studied community are influenced by the daily light
cycle and that they explain the metabolism of the water-column. The sampling was
executed on board the research vessel Coriolis 11 from February 6 to 8" 2014 in the central
zone of the SJG. Several variables were used for analysis, mainly: fluorescence,
environmental conditions, abundances and biomass ratios of the microbial community, and
depth-integrated volumetric concentrations of dissolved oxygen. The main results show that
the smallest cell size range dominates the community. Environmental conditions and Ran
do not vary significantly over the short period (average Ran of 72%), but that metabolic
rates show a great variability (NCP = 67 & -40 mmolC m? h™). The daily light cycle and the
Ram do not explain the variability of metabolic rates. Respiration, which is independent of
light, plays an important role on the metabolism of the water-column in this study. This
suggests that microheterotrophs and particle-attached bacteria could have played an
important role on respiration in the aphotic zone. In conclusion, it is of great importance to
consider microheterotrophs (ex: protists) and particle-attached bacteria to explain the
metabolism in the case of the SJG during summer.
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1.3 SHORT TERM ESTIMATION OF THE METABOLIC RATES IN THE WATER
COLUMN OF THE SAN JORGE GULF, PATAGONIA (ARGENTINA): THE ROLE OF THE
MICROBIAL COMMUNITY

14 INTRODUCTION

Phytoplankton is responsible for 50% of Earth’s total primary production, is at the
base of the marine food web and plays a key role in the carbon cycle in the ocean
(Falkowski & Raven, 2007; Schloss et al., 2007). Phytoplankton consists of autotrophic
cells which, through the process of photosynthesis, assimilates inorganic carbon from
dissolved atmospheric CO, into organic carbon and produces oxygen (Burris, 1980;
Reynolds, 2006). The intensity of this primary production depends on environmental
conditions, such as nutrient availability and light (Venkiteswaran et al., 2007), as well as
stratification and turbulence (Mann & Lazier, 2006c). Hence, the organic carbon is
produced within the mixed layer, as long as it is equal or higher than depth of the euphotic
zone (Ze; Serret et al.,, 2009). The organic carbon represents a source of energy for
heterotrophic organisms (Schloss et al., 2007). While consuming oxygen, respiration is the
biological process allowing those organisms to acquire energy by the oxidation of organic
carbon (Burris, 1980), which process produces CO, that can return to the atmosphere
(Legendre & Rassoulzadegan, 1996; Rivkin & Legrendre, 2001; del Giorgio & Duarte,
2002).

Apart from gas exchange with the atmosphere, the major part of the marine carbon
cycle consists in the balance between what is produced through autotrophs (A) and what is
respired through heterotrophs (H) and autotrophs as well (Mourifio-Carballido & Anderson,
2009). The difference between gross primary production (GPP) and respiration by the
organisms in the microbial community (autotrophic and heterotrophic; R) represents the net
microbial community production (NCP; Iriarte et al., 1991; Gazeau et al., 2005a; Mourifio-
Carballido & Anderson, 2009). Heterotrophic bacterial respiration has been found to be one

of the major direct consumers of photosynthetically-produced carbon and a significant sink
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of oxygen (Azam et al., 1983; Smith & Kemp, 2001; Calvo-Diaz et al., 2011). Deemed to
have a great influence on metabolism in an ecosystem, it is of great interest to study the
role of the microbial community on metabolic rates. It is possible to determine the trophic
state of the microbial community and use it as a useful indicator of the proportions of
autotrophs and heterotrophs. The trophic state of the microbial community is expressed as
the ratio between the carbon biomass of autotrophic and heterotrophic bacteria (Ram).
Variation in the Ran may induce variations in the ecosystem net metabolism (Kigrboe,
1993; Lam et al., 2011). The ratio itself may vary depending on hydrodynamics and
environmental parameters in the water column (Kigrboe, 1993; Teira et al., 2001; Aristegui
et al., 2004; Schloss et al., 2007). In turn, these environmental parameters can vary on
different time scales (Buesseler et al., 2007). It is then essential to study the role of the
microbial community on metabolism as a function of the temporal variations of
environmental parameters that could influence the metabolic rates of the organisms. This
leads to a better understanding of the ecosystems functioning, not only through seasonal
and annual environmental variations, but on the short term as well (daily and hourly

environmental variations).

In recent decades, techniques have been developed in aquatic and marine ecosystems
to estimate metabolic rates (GPP, NCP, R), including one method based on dissolved
oxygen (DO) concentrations measurements. Odum (1956) was the first to bring this
approach and estimate respiration and production in free-waters using daily modifications
in the oxygen concentration. Among the techniques that were developed, one integrates
free-water volumetric concentrations of DO through the water column (Gazeau et al.,
2005a; Cole et al., 2010; Sadro et al., 2011; Staehr et al., 2012; Christensen, 2013). The
NCP, GPP and R are hence expressed as integrated metabolic rates per unit of time
(mmolC m™ h™). It has been shown that the integration method is equivalent to other
methods (for example: whole-water volume-weighted, whole-water upper-mixed-layer
approaches) and that it allows to take account of oxygen exchanges that could occur
between water layers (Sadro et al., 2011). This approach is more reliable in a turbulent

marine environment where environmental conditions can change on a daily scale. As
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mentioned above, sources of DO for respiration come mainly from photosynthesis and
fluxes between atmosphere and the water surface (Emerson et al., 2008). The fluxes of
oxygen between atmosphere and the water surface must be considered to estimate global
metabolism (Cole et al., 2010; Staehr et al., 2012) as they do not represent the oxygen
produced from GPP. However, they still can be used for respiration that occurs through the
whole water column. Respiration and production of oxygen lead to a net oxygen
concentration in the water column, from which metabolism estimations from DO
concentrations can be deduced and converted in terms of carbon production
(Venkiteswaran et al., 2007). To date, several studies on metabolism have been carried out
in many marine coastal environments (Cloern et al., 2014 and references therein). However,
there are still many productive coastal zones in which metabolism has not yet been studied,
such as the San Jorge Gulf (SJG).

The SJG is an oceanic semi-open shallow basin (~ 90 m) in the central area of
Patagonia in Argentina. The continental shelf and coastal zones of the Argentinean plateau,
are one of the world’s most productive zones regarding primary production (Garcia et al.,
2008). Under the influence of the Patagonian continental shelf circulation dynamics
influenced by the Argentinean shelf waters (Figure 1), the Patagonian Current, the Brazil
Current and the Malvinas/Falkland Current (Garcia et al., 2008; Ferreira et al., 2009;
Olguin Salinas et al., 2015; Ulibarrena & Conzonno, 2015), the coastal zone of the gulf
presents environmental characteristics that vary over seasons and over shorter time scales
such as large tides and tidal fronts (Ulibarrena & Conzonno, 2015). The SJG has great
economic importance due to oil exploitation and fisheries (Roux et al., 1995; Sylwan, 2001;
Fernandez et al., 2005), but knowledge on biological aspects that could explain its great
productivity still remains scarce. To date, there is no study on the microbial community and
the metabolic rates in the gulf in the short term, neither on a daily nor on an hourly scale. It
is essential to know this information, which could help explain the source of variability of

metabolism within the summer season in the SJG.
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In this context, the main objective of this project was to study the role of the
microbial community on the metabolic rates in the central zone of the SJG. The specific
objectives were, on short-term daily and hourly scales: 1) to determine Ran and the
abundances of autotrophs and heterotrophic bacteria in the microbial community and 2) to
estimate hourly metabolic rates. We hypothesized that 1) Ran will vary between day and
night periods 2) metabolic rates (GPP, NCP and R) will vary on the same time scale and 3)
that Rayy is correlated with the NCP.

1.5 MATERIAL AND METHODS
1.5.1 STUDY AREA

This research was conducted in summer during 36 consecutive hours from the 6™ to
8" of February 2014 on board the R.V. Coriolis 11 in the SJG during the summer period.
The Gulf is a half-opened shallow basin (~ 90 m) located in the Patagonia region
(Argentina; Figure 2a; 45-47°S and 65°30’-67°40°W; Fernandez et al., 2005). The
Patagonian region is dominated by strong westerly winds and large semi-diurnal tides (~ 6
m, spring and neap tides from 6 to < 1 m) and is mainly influenced by oceanic circulation
(Garcia et al., 2008). The area of the central zone of the Gulf is approximately 10 620 km?.
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Figure 2. a) Location of the San Jorge Gulf in Patagonia, Argentina b) Approximate
location of the fixed station in the SJG (four-pointed star). The map represents the
bathymetry of the Gulf in meters. It has been designed based on the Hydrographic Naval
Service of the Argentine Navy data.

1.5.2 SAMPLING DESIGN

This study was performed at a fixed station (Figure 2b; 45°56’S 65°33°W). Water
column profiles of physicochemical data were obtained every two (2) hours between the
surface and ~ 85 m depth at a speed of 0.5 m s*. Data were measured with a rosette
equipped with a Sea-Bird 19 plus V2 SeaCAT Profiler CTD and several probes to
determine: salinity (PSU), temperature (°C), Photosynthetically Active Radiation (PAR,
HEm?s™), dissolved oxygen concentration (DO; mmolO, m™), fluorescence (chlorophyll
a; Chl a; pg L™) and density (5-6 Kg m™). Discrete seawater (SW) samples were collected
every four (4) hours with 12 L Niskin bottles attached to the rosette at four (4) depths in the
water column: surface (~ 2 m), chlorophyll a maximum (Chl a max: ~ 20 m), below the
pycnocline (~ 70 m) and bottom (~ 85 m).



18
1.5.3 PHYSICAL AND CHEMICAL PROPERTIES OF THE WATER COLUMN

The properties of the water column determined were the surface mixed layer depth
(MLD), the depth of the euphotic zone (Z.), the apparent oxygen utilization (AOU),
nutrients concentrations and turbulence zones. The Brunt-Vaisala frequency (expressed as
N) allowed us to estimate the surface mixed layer depth (MLD), and hence the average
depth of the pycnocline. Using the density profiles data from the CTD, N was calculated as:

Eq. 1. N=(Z Z—Z}m
where g is gravitational acceleration (~9.8 m s), p is the density (~1025 kg m™) and z is
the depth. The dp and dz represent the density and depth gradients. N indicates the particle
oscillation frequency against hydrostatic equilibrium disturbances. In other words, it
indicates the depth at which the oscillations occur when the pycnocline is displaced by
buoyancy forces and returns to its resting position (Mann & Lazier, 2006¢). N > 0 indicates
a stable hydrostatic equilibrium, while N < 0 indicates a broken equilibrium, resulting in an
unstable density gradient (Bougeault & Sadourny, 2001b). The square of the Brunt-Vaisala
frequency (N?) represents the strength of the buoyancy and was used to estimate MLD (in

m). The highest values of N for each density profile resulted in the highest buoyancy
forces, corresponding to MLD.

The light attenuation coefficient (K4, 400-700 nm), depth of euphotic zone (Z.: 1% of

surface light), and surface irradiance (lp) were estimated from PAR according to the Beer-

Lambert law:
Eq. 2. I =1,e "%k
Eq. 3. Ka=(1/4z) X In(1,/T)

Eq. 4. Ze=1In(0.01)/K,
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where Ky = (1/Az) % In(1,/I) is determined as the slope of the linear regression of
irradiance (I; regressions with r* > 0.9), and Z. = In(0.01)/K, (Mann & Lazier, 2006a).

The oxygen solubility (O;’) in the water column was calculated with temperature and
salinity data according to the equation from Benson & Krause (1984) and was used to
estimate the AOU (0,’-Oy; Ito et al.,, 2004). To determine nutrients concentrations,
seawater was sampled at each depth mentioned above using 250 mL glass bottles
(pretreated with acid) in two replicates per depth and stored immediatly at -20°C until
analyses. Nutrients concentrations were determined with an autoanalyzer Skalar at
LOQyYCA-CENPAT in Argentina following the Skalar protocols (Skalar Analytical, 2005).
To evaluate the possibility of nutrient pumping between layers caused by turbulence, we
determined the Richardson numbers (Ri) in the water column. Current velocity
measurements were performed with a hull-mounted RDI 150 kHz Acoustic Doppler
Current Profiler (ADCP). The depth at which a shear is observed in the water column was
determined with the Richardson number (Ri), using current speed data from ADCP, and the
buoyancy force (N?) as follows:

a5 i (22) (%)

pd=

where (‘E%} is N? and (:—:)IS the square of the current velocity gradient as a function of

depth (Mann & Lazier, 2006b). Values of Ri > 0.25 indicates a stable layer, whereas Ri <
0.25 indicates a layer with high turbulence, and thus of shear possibility (Bougeault &
Sadourny, 2001a).
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1.5.4 MICROBIAL COMMUNITY ANALYSES

1.5.4.1 Phytoplankton

Single samples for analysis of Chl a were filtered (~500-1500 mL of SW depending
on depth) through 25 mm Whatman GF/F filters (0.7 um porosity) at 3 depths (surface,
Chl a max and below the pycnocline). We considered there are week or no Chl a
concentration at the bottom of the water column. Filters were preserved on board at -80°C
before extraction. Chl a and phaeopigments were extracted on board in acetone (90%) for a
period of 12 to 24 hours in the dark. Fluorescence measurements were performed on board
in the dark with a Turner Designs 10-AU fluorometer according to the Parsons et al., (1984)
method. These data were used to convert to Chl a concentrations the fluorescence data from

the sensor installed in the rosette.

For the analysis of cyanobacteria and pico-nanophytoplankton, 5 mL samples were
collected at the surface and Chl a max. Based on the method described in Belzile et al.,
(2008), samples were fixed with 20 pL of glutaraldehyde (25%; final concentration 1%)
and were preserved at -80°C until analysis. Before the analysis, each sample was thawed
and immediately mixed with a vortex. One (1) mL of each sample was pipetted in tubes, in
which 1 pL of a beads suspension (10 um) was added. Samples were analyzed by flow
cytometry with a Beckman Coulter Epics Altra cytometer (Belzile et al., 2008). Given the
size of cells < 20 pm, we assumed that each cell had a spherical biovolume. Biovolumes for
cyanobacteria, picophytoplankton, and nanophytoplankton were converted to carbon
biomass according to Arfstegui et al., (2004). We used 250 fgC cell™, 2100 fgC cell*and
4400 fgC cell™, for cyanobacteria, picophytoplankton and nanophytoplankton respectively,

as conversion factors.

Samples of 12 mL were fixed with 96 pL of glutaraldehyde (25%; final concentration
0.2%) for analysis of microphytoplankton (>20 um). Single samples were collected at
surface and Chl a max. All samples were preserved at -80°C and were thawed at ambient

temperature for analysis. A TE 10X buffer solution in filtered SW was prepared (10%
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solution) and then filtered through a 25 mm Nylon Acrodisc filter (porosity 0.2 um) with a
60 mL syringe. In each thawed sample, 1 mL of TE 10X buffer (10%) and 200 pL of a
beads suspension (10 um) were added. The analysis was undertaken with a Cytobuoy
Cytosense Benchtop flow Cytometer (particle size range: from sub micron up to 1.5 mm
diameter, channel : SWS, acquisition time : 180 s, speed pump : maximum, trigger level : ~14-20
mV) associated with the CytoClus 3 3.7.3.2 Software (CytoBuoy BV). Biovolumes of cells
were determined with the mean lengths measured in FWS (Forward scatter mean length)
and SWS (Sideward scatter mean length) by the Cytosense. Only the cells > 20 um have
been considered and biovolumes were converted to carbon biomass using a conversion
factor of 0.11 pgC cell*(Anderson & Rudehall, 1993). The fraction < 20 pm was not
considered with this instrument, but were considered with the Epics Altra cytometer for its

higher resolution for small cell sizes.

1.5.4.2 Bacteria

For each cast, single samples of 4 mL at the 4 depths mentioned above were sampled.
Each sample was fixed with 20 pL of glutaraldehyde (25%; final concentration ~0.1%) and
preserved at -80°C until analysis. For the enumeration of bacteria, 200 pL of each thawed
sample were added to 800 pL of TE 10X buffer in tubes (same buffer as mentioned above).
Afterward, 0.3 pL of SYBR Green | (Invitrogen) was added to each sample, then mixed
again with the vortex and left in the dark for 10 minutes (Belzile et al., 2008). This step
allows the staining of bacterial nucleic acids. The analysis provided the total free bacteria
counts in samples and was executed by flow cytometry with a Beckman Coulter Epics Altra
cytometer (Belzile et al., 2008). Bacteria cell counts were converted in biovolumes,
considering each cell has a spherical biovolume given their small size. Biovolumes were
then converted to heterotrophic bacteria carbon biomass according to Aristegui et al.,

(2004), with a conversion factor of 20 fgC cell™.
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1.5.4.3 Carbon biomass ratios of autotrophs/heterotrophs

The Ran ratios were calculated as: Ran = A/(A+H) and were expressed in
percentage (%). It is defined as the autotroph carbon biomass (A; picocyanobacteria, pico
and nanophytoplankton, and microphytoplankton) to the total carbon biomass (autotrophs +
heterotroph free-living bacteria; H). We have established the Ray for the first two depths
sampled, surface and Chl a max (mentioned above in the phytoplankton section) where
active autotrophs could be sampled (Ze> 40 m).

15,5 METABOLISM MEASUREMENTS

1.5.5.1 The depth-integrated measurement approach

We estimated the whole-column metabolism using the depth-integrated approach.
The free-water depth-integrated measurement technique surely presents methodological
challenges but has a lot of advantages. Compared to the bottle incubation method, the free-
water method is generally more realistic to characterize integrated metabolic rates, being
more integrative across the water column and thus avoiding artifacts, generated by
organisms being confined to small containers (Lauster, Hanson, & Kratz, 2006; Sadro et
al., 2011). It includes many physical and biological processes that can modify volumetric
oxygen concentrations such as: internal waves, mixing, zooplankton migrations, exchanges
of gas in between water layers when pycnoclines are present, respiration occurring under
the euphotic zone and it encompasses limits generated by the depth gaps between MLD and
Z. (Sadro et al., 2011; Staehr et al., 2012; Garcia-Mufioz et al., 2014). The depth-integrated
approach does not require the volumetric mass balance accounting for vertical fluxes of DO
between depth strata in the water column. It increases the sensitivity by incorporating the
signal from the bottom of the water column and yields to more accurate whole-water
column estimates of the community metabolism (Sadro et al., 2011). According to Staehr et
al., (2012), the results obtained with this method in free water were comparable to other
methods to estimate metabolic rates and accounted well for the physical fluxes between
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depth strata. The calculation of NCP requires change in DO volumetric rates over a time
interval within the same water mass (Mourifio-Carballido & Anderson, 2009). It also
requires to take account of the gas exchange with the atmosphere and the MLD in which
the exchange of oxygen can occur (Coloso et al., 2010). Hence, these gas flux estimates
require accurate estimates of the MLD, which is the parameter that defines the layer of
measurement and affects the calculation of gas-exchange fluxes (Coloso et al., 2010). To
meet these requirements, NCP were corrected with the air-sea flux estimates derived from
winds (described below). Like Staehr et al., (2012), we recognize that there may be a
deviation between the magnitude of oxygen flux estimates and their true value, following a
possible deviation between estimates and the true MLD at the moment of sampling.

1.5.5.2 Depth-integrated metabolism calculations

Volumetric dissolved oxygen concentrations (DO; mmolO; m™) from each CTD cast
were calibrated with the Winkler method (Winkler, 1888; Parsons et al., 1984). Each cast
of DO was divided into nine depth strata (z) of 10 m and DO concentrations were averaged
in each stratum. The areal proportion (Paz) of each depth stratum in the water column was
computed using a 50 m radius (Christensen, 2013 and references therein). Environmental
parameters in the central zone of the gulf showed few spatial variations (not shown). We
can then assume that the fixed station can give a good representation of the metabolism in
the central zone. Based on measurements described in Sadro et al., (2011), the areal
proportion was then multiplied by the DO concentration (mmolO, m™®) of each depth
stratum for each cast. The resulting values of each stratum were integrated with depth with
a simple trapezoidal rule. Integration yielded single areal values for the mass of DO for

each cast for the whole water column (Melack, 1982) following this equation:



24

Eq 6. DO| :f;(PﬂZ X DDwater:]

where DO, represents the water column depth-integrated (WCDI) DO concentration
(mmolO, m™) and was used to estimate WCDI NCP (NCP;; mmolO, m? h?) as:

Eq. 7. NCP, = ADO,/At+ D,

where ADO; is the change in areal depth-integrated DO (mmolO, m™) between casts, At is
the time step between casts and Da (mmolO, m™) represents the oxygen exchange between
the atmosphere and the surface water. Oxygen exchange is a function of the gradient
between the surface seawater and the atmosphere and can be negative (sink into the

seawater) or positive (out of the seawater). The coefficient of oxygen exchange Ks in

seawater was determined as Ks = K,z (Sc/660)7/2 (Wanninkhof, 1992). The oxygen

exchange between surface water and atmosphere can be computed as follows:

Eq. 8. Da=K,_ X (DO —DO

water atmao j

where Ks (cm h™) is the gas exchange coefficient for DO at ambient temperature, DOyater IS
the concentration of DO (mmolO, m™) in the first depth stratum at the water surface and
DOsmo is the concentration of DO at 100% saturation at ambient temperature

(mmolO, m'3). To determine K, the value of Kggg Was calculated as:

Eq. 9. Kego = 0.31 X Uy

where Ujg is the wind speed recorded on board the ship at 10 m height, assuming steady
winds at the moment of measurement (Wanninkhof, 1992). Kgeo is the gas transfer velocity
at a Schmidt number (Sc) of 660 in seawater for oxygen. The Schmidt number is defined as
the kinematic viscosity of water divided by the diffusion coefficient of the gas. The Sc for
O, in seawater was calculated using the empirical equation described in Wanninkhof
(1992):
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Eq. 10. Sc=19534 — 128X T + 39918 x T*— 0.05009% T?3

where T is the given temperature at the surface in degrees Celsius (°C).

Net community production (NCP) was calculated considering day and night oxygen
profiles over the 36 hours of sampling, and used it to estimate GPP and R. Casts
corresponding to at least 1 h before and after sunset and sunrise were excluded, considering
that during nighttime photosynthesis (GPP) does not occur. During nighttime, the only
oxygen-demanding process occurring is respiration, so we considered that R, ignt) IS equal
to nighttime NCP; (ighy (Gazeau et al., 2005a; Coloso et al., 2008; Sadro et al., 2011;
Christensen, 2013). We estimated daytime Rqay) by averaging the nighttime R, (nighyy from
the same day period because it cannot be measured directly. Daytime GPP, was computed
as the sum of NCPgay) and Rygay) (positive values) as: GPP; = NCPay)+Ri@ay). This
method to estimate metabolic rates assumes that there is no variability of R, (ay) during
daytime and leads us to underestimate daytime R and GPP. Even though there is evidence
that daytime R may be higher than nighttime R (Sadro et al., 2011), it does not have an
influence on NCP, which is the result of the balance between GPP and R (Cole et al., 2000;
Staehr et al., 2012). GPP,, R, and NCP, were converted to carbon metabolic rates (mmolC
m™ h") considering a photosynthetic quotient (PQ) of 1.3 (Redfield et al., 1963; Lenton &
Watson, 2000) and a respiratory quotient (RQ) of 1 (Hopkinson & Smith, 2005). To lighten
the reading, we consider that GPP, NCP and R in the text are equivalent acronyms for
GPP,, NCP, and R, respectively.

1.5.6 STATISTICAL ANALYSES

Comparisons of means using two-tailed and one-tailed parametric Student’s t-tests
were computed to determine if significant differences exist over the short period between:
metabolic rates (GPP, NCP and R), Ra ratios (surface vs. Chl a max and over the time

period), and abundances of phytoplankton and bacteria cells (among depths and in among
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size classes for autotrophs). The observed t values are shown with the critical threshold, the
type of test in parentheses (1: one-tailed, 2: two-tailed), followed by the degrees of freedom
and the p-value (p). We tested the normality of samples with the Lilliefors test, which is
used when the mean and variance are not known and have to be estimated. We used the
Fisher’s F-test to test for homoscedasticity of variances for all t-tests. In the case where
normality and/or homoscedasticity were not respected, data were transformed with Log, X7,
root, 1/x, or other similar methods. In the case where normality could be respected but not
the homogeneity of variance after several transformations, t-tests were executed taking into
account that the postulate of homogeneity of variance was not respected
(heteroscedasticity). Two-tailed t-tests were used to test metabolism and Ra/n data over the
whole period. One-tailed t-tests were used to test cell abundances data over the whole
period. Pearson correlation tests were used to test the relationship between Ran (at Chl a
max, having the highest abundances of cells) and NCP. Since the number of observations
(n) for Ran was rather weak, a Grubb’s test was applied on Rayy data to make sure that no
extreme values could have interfered in the correlations. All statistical analyses were
performed with the XLSTAT 2016 software.

1.6 RESULTS

1.6.1 PROPERTIES OF THE WATER COLUMN

The typical profiles obtained from CTD data during the whole sampling period
showed the presence of a well-developed pycnocline at ~ 40 m depth, a Chl a max above
and close to the pycnocline (~ 20-30 m) and a marked drop of dissolved oxygen below the
pycnocline (~ 23%, up to 28% compared to surface; Figure 3). The temperature profiles did
not vary much over the time period spent at the fixed station. The mean temperatures at
surface and Chl a max during the whole period were similar, with 13.87 £ 0.04 °C and

13.64 £ 0.05 °C respectively (see Annex I). A drop in temperature was observed under the
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pycnocline to the bottom of the water column with mean temperatures of 10.88°C £ 0.09
(SE) and 9.54°C + 0.01 (SE) respectively (see Annex I, Figure 4). The minimum and
maximum temperatures recorded were 8.73°C at the bottom and 14.31°C at the surface (see

Annex I).
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Figure 3. Profiles of Chl a, oxygen and density at the fixed station (cast SF1, 14h00, feb 6
2014). Example of one water-column cast CTD profiles of oxygen (umol Kg), Chl a (ug
L) and density (0-©) with depth (m).

The salinity (PSU) was rather stable over the time period and in the whole water
column compared to temperature. The minimum and maximum salinities recorded were
33.13 under the pycnocline and 33.36 at bottom (see Annex ). The minimum salinity
recorded is influenced by the Antarctic fresh waters originating from the Strait of Magellan,
transported northward along the coast through the Patagonian current (Olguin Salinas et al.,

2015; Ulibarrena & Conzonno, 2015). Chl a concentrations were generally high and stable
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in time, and between surface and Chl a max. The maximum and minimum concentrations
were recorded at surface with values of 1.75 and 0.94 pg L™, respectively (see Annex I).

Chl a concentrations dropped sharply under the pycnocline (< 0.15 pg L ™).
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Figure 4. Water masses at the fixed station determined from T-S diagram. The X axis
represents absolute salinity (PSU), the Y axis represents conservative temperature (°C), and
the Z axis represents depth (m). Density anomalies (op) are shown on the plot. Data for all
casts at the fixed station were converted from CTD data with the Ocean Data View 4.7.3.
software.

The mean values of salinity during the whole study period were between 33.17 £ 0.01
(SE) under the pycnocline, and 33.27 £ 0.01 (SE) at the bottom. Three water masses were
therefore mainly defined by temperature: a surface water layer (SWL) from 0~35 m, an
under pycnocline water layer (UPWL) from 40~70 m and a bottom water layer (BWL)
from ~70 m to bottom (Figure 4). According to the T-S diagram (Figure 4), the main

pycnocline in the SJG is located around 40 m depth for all casts and is associated with other
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environmental and biological parameters and the UPWL, which is the most stable water
layer, crossing lines of density anomalies. A second pycnocline is also observed around 70

m depth, located over the BWL, yet not as pronounced as the main pycnocline.

The depth of the surface mixed layer (MLD) did not vary much over the study period
between day and nighttime, ranging from 28 to 40 m. The depth of the euphotic zone (Ze;
daytime only) averaged 38 + 4.7 m (SD) over the whole study period (see Annex I, Figure
5). A shift in the apparent oxygen utilization (AOU) was observed for all casts
approximately at a mean depth of 36 = 4.5 m (SD). This shift (Zaou) represented the depth
at which the community respiration induces an apparent change in ambient concentrations
of oxygen in the water column. The Zaou Was associated with the depth of the pycnocline
and the top of the UPWL. These results showed that MLD did not expand under the main
pycnocline and that Z, and Zaou Were generally deeper than MLD. Many turbulent layers
resulting from current shear zones were observed in the water column (Ri < 0.25; see
Annex Il). The Ri values were generally < 0.25 within the water masses, in the SWL (0~36
m), the UPWL (44~70 m) and in the BWL (> 70 m; see Annex Il). Richardson numbers
(Ri) tended to be > 0.25 (rather stable, weak possibility of shear) between 36 and 44 m
around the main pycnocline at 40 m, and between 68 and 72 m around the second

pycnocline at 70 m.
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Figure 5. Depths of Zaou, Zs, and MLD over time. Depths are in meters. There were no
data available for Z, on Feb 6 at 18 h and Feb 7 (2014) at 12 h. White zones: daytime, grey
zones: nighttime, blue zone: dusk.

1.6.2 MICROBIAL COMMUNITY

1.6.2.1 Ran biomass ratios

To determine if the NCP was mainly explained by the microbial community, the Ray
were calculated. The Ray ratios seemed to show variability on a short time period at
surface and at Chl a max (Figure 6). The values of Ran ranged from 56 to 86% at the
surface and from 40 to 84% at Chl a max. The mean value of R/ at the surface was 71.76
+ 14.08 % (SD) and 72.71 = 10.36 % at Chl a max. However, no significant differences

were observed in Ran between the two depths over the sampling period (to.05(2)10= -0.154, p
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= 0.880). The same applies for the daytime and nighttime periods for the same depths at the
surface (to.05(2)6=-0.698, p = 0.511) and at the Chl a max (to.0s2)6=-1.154, p = 0.293).
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Figure 6. The Rap ratios over the short period at surface and Chl a max. Ratios are
expressed in autotrophs proportion (%). White zones: daytime, grey zones: nighttime, blue
zone: dusk.

1.6.2.2 Cell abundances

To determine which size class of plankton was dominant in the microbial
community, we analysed the cell abundances in the community. The abundance (we
consider the term abundance as cell mL™) of microbial autotrophs were split into three size
classes: Picocyanobacteria and picoeukaryotes (0.2-2 um), nanoeukaryotes (2-20 um) and
microphytoplankton (20-120 pm). Microphytoplankton abundances were very low,
between 10 and 31 cells mL™ at the surface and the Chl a max for the whole period. These
abundances are negligible compared to the abundances of other size classes, which explains

why they do not appear clearly in the results (Figure 7).
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Figure 7. Autotroph cell abundances of picocyanobacteria, picoeukaryotes, nanoeukaryotes
and microphytoplankton at surface (2 m; left bars) and Chl a max (~20-25 m; right bars)
over time. Abundances are expressed in cells mL™ and values on the Y axis are multiplied
by 10*. White zones: daytime, grey zones: nighttime, blue zone: dusk.

The mean abundances at surface over the time period for picocyanobacteria,
picoeukaryotes, and nanoeukaryotes were 1.92 x 10* + 8.74 x 10° (SD), 5.76 x 10° + 1.6 x
10° (SD) and 1.50 x 10% + 0.232 x 10° (SD), respectively. The mean abundances at the Chl
a max for picocyanobacteria, picoeukaryotes, and nanoeukaryotes were 2.01 x 10* + 9.24 x

10° (SD), 5.68 x 10% + 1.34 x 10° (SD) and 1.63 x 10° + 0.430 x 10° (SD), respectively.

Picocyanobacteria were the most abundant autotroph group present in the water
column of the SJG for the whole period, significantly more abundant than picoeukaryotes
(surface; toos()14= 4.876, p < 0.001; Chl a max; toesm)4= 5.957, p < 0.001) and
nanoeukaryotes (surface; toos(1)14= -13.778, p < 0.001; Chl a max; toos(1),14= -12.583, p <
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0.001). Picoeukaryotes were also significantly more abundant than nanoplankton for the
whole period at the surface (to0s5(1)14= 10.815, p < 0.001) and at the Chl a max (to.s(1),14=
9.456, p < 0.001).

The abundance of free-living heterotrophic bacteria (Figure 8) tended to decrease in
time at the surface and the Chl a max, but the abundance below the pycnocline and at
bottom stayed rather stable. The highest abundance was recorded at the surface with 1.80 x
10° cells mL™ and the lowest was recorded at bottom with 4.70 x 10° cells mL™. The mean
abundances at the surface, the Chl a max, below the pycnocline and at the bottom were
respectively: 1.13 x 10°+ 4.63 x 10°, 1.05 x 10° + 3.6 x 10°, 1.06 x 10° + 1.4 x 10°, 1.11 x
10° + 2.5 x 10° cell mL™. Overall, they were the most abundant group (considering
autotrophs and heterotrophs) present in the central zone of the SJG. Nevertheless, there
were no significant differences observed between depths in terms of bacteria abundances
over the whole period. There were no significant differences between: surface and Chl a
max (to.os(1)14=-0.395, p= 0.651), surface and under the pycnocline (to.os()14=-0.372, p=
0.642), surface and bottom (to0s5(1)14=0.079, p= 0.469). There were no significant
differences between: Chl a max and under pycnocline (to0s(1)14= -0.372, p= 0.469), Chl a
max and bottom (toos1)14= -0.428, p= 0.662) and under the pycnocline and bottom
(to.052),14= -0.534, p= 0.699).
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Figure 8. Free-living heterotrophic bacteria abundances. Abundances are expressed in cells
mL™ and values on the Y axis are multiplied by 10°. White zones: daytime, grey zones:
nighttime, blue zone: dusk.

1.6.3 METABOLISM OF THE WATER COLUMN

1.6.3.1 Water column depth-integrated (WCDI)

Metabolic rates (GPP, NCP and R) were estimated on a short hourly time scale. The
whole water column depth-integrated metabolic rates included the oxygen concentrations
measured above and below the Z.. The highest GPP was recorded on Feb 6 with a
metabolic rate of 98.93 mmolC m™ h™* during daytime (Figure 9). Low GPP were recorded
during daytime on Feb 7 with metabolic rates of 0.68 and 0.70 mmolC m™ h™. The GPP
was significantly different between daytime and nighttime (to0s52)6=3.295, p= 0.023) as
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expected, since there was no GPP at night. Respiration metabolic rates (R) are generally
expressed as negative values. Two R metabolic rates, on an hourly scale, were recorded
positive and hypotheses on these results will be discussed later. These respiration metabolic
rates were observed on Feb 6 and Feb 8 during nighttime, with values of 7.12 mmolC m? h’
! and 53.34 mmolC m? h™. There were no significant differences between daytime and
nighttime R (to.0524=1.097, p= 0.332). The highest NCP was recorded on Feb 6 during
daytime with a metabolic rate of 66.96 mmolC m? h™. The lowest NCP recorded was
negative, due to respiration rate during nighttime, on Feb 7 with a metabolic rate of -40.05
mmolC m? h™* (Figure 9). There were no significant differences between daytime and
nighttime NCP (toos()10= -1.330, p= 0.213). In brief, because of the great variability in
metabolic rates, no significant differences were observed between daytime and nighttime
periods for NCP and R.

ENCP HER GPP
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-40 -
16h 18h 22h Oh 2h 12h 15h 17h 19h 21h 23h 1h
Feb 6 Feb 7 Feb 8

-60 -
Dateand time (hour)

Figure 9. Water column depth-integrated (WCDI) metabolic rates. NCP, R and GPP are
expressed in mmolC m h™. White zones: daytime, grey zones: nighttime, blue zone: dusk.
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1.6.3.2 Euphotic zone depth-integrated (EZDI)

The euphotic zone depth-integrated metabolic rates only take into account the oxygen
concentrations in the euphotic zone, which represents metabolism in the Z, (0~40 m; Figure
5). The GPP metabolic rates were generally recorded positive. In the euphotic zone, on an
hourly scale, GPP sometimes presents negative metabolic rates (Figure 10). Negative GPP
metabolic rates were recorded on Feb 7 during daytime and at dusk. The values ranged
from -0.57 to -2.79 to mmolC m? h™, which is the lowest GPP metabolic rate recorded
(Figure 10).

| u
18 - NCP R GPP

15 -
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EZDI metabolic rate (mmolC m-2 h-1)

16h 18h 22h Oh 2h 12h 15h 17h 19h 21h 23h 1h
Feb 6 Feb 7 Feb 8

Dateand time (hour)

Figure 10. Euphotic zone depth-integrated (EZDI) metabolic rates. NCP, R and GPP are
expressed in mmolC m h™. White zones: daytime, grey zones: nighttime, blue zone: dusk.
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The highest GPP metabolic rate was recorded at the same time as the WCDI on Feb
6, with a rate of 15.32 mmolC m? h™ (Figure 10 and 9). In contrast to the WCDI results, no
significant differences were observed between daytime and nighttime GPP (to05(2)6=1.790,
p= 0.124). This can be explained by a high hourly variability. The most intense respiration
rate of -7.44 mmolC m™ h™, was recorded on Feb 7 during nighttime but not at the same
time as for the WCDI (Figure 10 and 9). Positive R rates were also recorded during
nighttime on Feb 7, with values of 2.48 and 5.41 mmolC m™ h™ (Figure 10). Again, the R
of 2.48 mmolC m™ h™was not recorded at the same time as WCDI, which was recorded

four hours earlier (Figure 10 and 9).

There were no significant differences between daytime and nighttime R (to.0502),10=-
0.675, p= 0.515). The highest NCP metabolic rates were recorded on Feb 6 and Feb 7
during daytime, with values of 6.27 and 6.34 mmolC m™ h™* respectively (Figure 10). The
lowest NCP metabolic rate was recorded during nighttime because of the low respiration
rate on Feb 7, with a value of -7.44 mmolC m™ h™. There were no significant differences
between daytime and nighttime NCP (t 05(2)10= -1.135, p= 0.283). In summary, because of
the great hourly variability of metabolic rates, no significant differences were observed

between daytime and nighttime in GPP, NCP nor R in the euphotic zone.

1.6.3.3 Ra ratios and NCP

To determine if the Ran could explain the NCP on its own, we established Pearson
correlations between the ratios at Chl a max with corresponding NCP metabolic rates.
There were actually no significant correlations between the Ray and WCDI, and EZDI
NCP metabolic rates (see Annex Ill). The correlation coefficients for NCP were 0.226
(n=6, p=0.667) for the WCDI and -0.327 (n=6, p=0.527) for the EZDI.
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1.7 DiscussION

1.7.1 MICROBIAL COMMUNITY

It is expected that the plankton community in a coastal zone would be affected by
physical, chemical and biological factors that produce effects at different temporal scales
(Lewis & Platt, 1982; Smith & Kemp, 2001). However, our results showed that the
microbial community did not vary much in terms of abundances on a daily scale. This
coincides with the low variability recorded in many environmental parameters, like
temperature, salinity, nutrient availability (pumping and concentrations), Z. and MLD
(Figures 4-5). The fact that we observed environmental conditions on a short daily scale
limits the possibility to record a high variability, and that the tidal cycle itself is not
sufficient to induce significant changes in our case. This means that planktonic cells tend
to stay under stable environmental conditions over the short period of observation, but that
changes in the structure of the community and their abundances still need to be studied
over longer seasonal time scales (Gazeau et al., 2005a; Staehr et al., 2012; Garcia-Mufioz
etal., 2014).

Our results for the autotroph community (Figure 7) showed a significant dominance
of small phytoplankton in general (< 20 um), particularly in the lowest size range, with
picocyanobacteria and picoeukaryotes as the most important groups. The abundances of
larger phytoplankton cells such as diatoms were negligible. Heterotrophic bacteria were the
most abundant overall in the community, but did not vary significantly during the sampling
period, regardless of depth. Typically during a post-bloom period, it is well known that the
small size phytoplankton is primarily supported by regenerated nutrients (NH;") from
bacteria, as a result of their size-dependent physiological properties like nutrient uptake and
photosynthetic efficiency (Fourqurean et al., 1997; Smith & Kemp, 2001 and references
therein).
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As another source of nitrogen, it was not possible to assume with certainty that NO3
pumping in the SML is the main source of nutrients that sustains the autotroph community
and hence GPP, but there is a possibility that NH,;" (not analyzed) may be an important
nitrogen source as well. The nutrient concentrations (See Annex 1) showed that there is a
great depletion in the SML compared to the UPWL, caused by the uptake by autotrophs
(Kigrboe, 1993; Smith & Kemp, 2001). We attempted to establish a relationship (not
shown) between the nutrient gradients and the value of the Richardson (Ri) number to
analyze the influence of turbulent processes on vertical nutrients transport. Even though
many turbulence zones were recorded at different depths in the water column (see Annex

I1), no correlation was observed between nutrient gradients and values of Ri numbers.

1.7.2 Ran RATIOS OF THE MICROBIAL COMMUNITY

The low variability in environmental conditions (Figure 5) could also explain the low
variability observed in the carbon biomass Ramn (Figure 6). It is expected that daily
differences in irradiance and temperature affect photosynthesis and respiration, hence
changing the relationships between the biomass of autotrophs and heterotrophs (Staehr &
Sand-Jensen, 2007). In this study Ran did not vary significantly in the SML during the
daily cycle. It is important to note that we have no data on microheterotrophs (ex.: protists,
protozoa, meroplankton larvae and nauplii) to evaluate their relative contribution to the
microbial community abundances and biomass, even though they can be a significant
component of the microzooplankton biomass (Fourqurean et al., 1997; Sherr & Sherr,
2007). We focused on heterotrophic bacteria, being one of the major sinks of oxygen and
major direct consumers of fixed carbon (Azam et al., 1983; Linley et al., 1983; Iriarte et al.,
1991; del Giorgio & Peters, 1993; Rivkin & Legrendre, 2001). Our Ray showed that there
is a high proportion of autotrophs, averaging 72% for the whole sampling period.
Abundances of heterotrophic free-living bacteria and autotrophs showed a smooth
decreasing trend by the end of the sampling period in the SML (Figure 7-8). In contrast, the
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Ran showed a small tendency to increase by the end of the sampling period, but yet not
significant (Figure 6). This could mean that the decrease in abundance of free-living
heterotrophic bacteria is of greater importance than the decrease of abundance of autotrophs
in terms of carbon biomass. It also means that the daily light cycle did not induce variations
in the Ra. On the short term, our results show that planktonic cells seem to remain under
stable conditions, leading to generally stable Ra with high proportions of autotrophs that

could mainly be affected by variations in abundances of heterotrophic bacteria.

Our Rayn results are comparable to a study from Calvo-Diaz et al., (2011), which
executed metabolism estimations from in incubations during a period of 5 consecutive
days. They found that within the same surface water mass, picoautotrophic:heterotrophic
biomass ratios were relatively constant. They also showed that values of biomass ratios
from incubations studies tend to be lower than in marine environments due to bottle
enclosure. Their results concord with ours, where Ran Values are constant over our short
daily period, but are effectively 4-5x times higher than what is recorded in incubations.
This proves the importance to study biomass ratios in natural marine environments to get
accurate results, and that longer-term studies are needed to record significant changes in

these ratios.

1.7.3 METABOLIC RATES

Our mean daily WCDI NCP was comparable to other studies in marine coastal
metabolism (Table 1). Converted to a mean annual NCP, our WCDI NCP metabolic rate
was 159 gC m? y. Coastal environments have a wide range of NCP rates, and our annual
NCP is comparable to results found in ecosystems (mainly lagoons) that are directly
influenced by oceanic water masses compared to estuaries (Roskeeda Bay and Sheldt
Estuary for example in Table 1, Cloern et al., 2014 and references therein). This shows that
the SJG is an ocean influenced ecosystem, which is more productive than estuary systems

in terms of annual NCP.
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Table 1. Comparisons of annual NCP with other coastal marine systems. Legend: NCP are
all expressed in gC m? y™ to ease the comparisons. References are cited in the literature
revue of Cloern et al., (2014).

Ecosystem Region NCPgC m*y™ Reference
San Jorge Gulf | South America 159 This study
(Argentina)
Barra de South-Central 242 Sandoval-Rojo et al.,
Navidad America (1988)
(Lagoon;
Mexico)
Ciénaga-Grande | South-Central 990 Hernandez & Gocke
de Santa Marta America (1990)
(Lagoon;
Columbia)
Chincoteague North America 178 Boynton (1973)
Bay (Lagoon;
USA)
Scheldt Estuary Europe -105 Gazeau et al., (2005b)
(Belgium)
Roskeeda Bay Europe 4 Raine & Patching
(Estuary; (1980)
Ireland)
Manahawkin North America 31 Durand et al., (1979)
Estuary (USA)
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Many studies only consider the euphotic zone to determine metabolic rates given the
fact that GPP takes place only in the Z, as long as it is within the SML (Coloso et al., 2008;
Sadro et al., 2011). This leads to an underestimation of R, which increased with the
accumulation of POM under the euphotic zone, where respiration is the main process that
decreases oxygen concentrations (Coloso et al., 2008). Respiration is independent of light
but changes with depth following the changes in the pool of POM, DOM and temperature
(Staehr et al., 2012). It is then essential to estimate R by integrating oxygen concentrations
through the whole water column. As well as in other ecosystems (Smith & Kemp, 2001), R
could be the main component leading to changes in metabolism. Over large spatial scales
(month, annual), respiration in the euphotic zone generally has a positive relationship with
GPP and appears less variable than other biological processes, which is not the case in our
short-time scale results (del Giorgio & Duarte, 2002). Here, values of GPP and NCP
metabolic rates of the EZDI were lower than the values of the WCDI. This can be
explained by the fact that the WCDI takes into account of the respiration that occurs under
the euphotic zone. On the other hand, given the fact that the calculations to estimate GPP
(and NCP) take account of the respiration rates (R) through the whole water column, values
of GPP estimated for the WCDI were higher because of the higher R hourly metabolic
rates. Our results hence show that processes in the EZDI could explain the trends of the
WCDI metabolism (Figures 9-10). However, EZDI does not take account of R occurring
under the euphotic zone (in the UPWL and BWL), and cannot show the extent of metabolic
rates for the WCDI.

Because of the time limits encountered on board, our sampling frequency does not
permit daily metabolism estimation. Instead, we consider our sampling frequency
acceptable for hourly metabolism estimation, where it is possible to follow with high
resolution how community metabolism changes within a day. This kind of metabolism
study is rather uncommon in marine ecosystems. It has been mentioned that much less is

known about short term changes in metabolism, and that daily differences in irradiance,
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temperature and other physical processes in the water-column can affect photosynthesis by
phytoplankton and community respiration on a very short scale (Staehr & Sand-Jensen,
2007). We found that environmental conditions remained stable during the sampling period
on an hourly scale. We hence assumed that the microbial community metabolic response
should not have varied much as well. However, the relative stability observed for cell
abundances and Ra/y contrasted with the higher variability recorded for WCDI metabolic
rates (Figure 11). Even though variations in NCP and R were not significant
(daytime/nighttime), changes happened on an hourly scale. During a time lapse of a few
hours, negative GPP were recorded when the GPP metabolic rate decreased considerably
compared to the previously recorded rate. Moreover, R usually expressed in negative

values, was recorded positive when its hourly metabolic rate decreased considerably.

According to a study on krill schools in Antarctica conducted by Johnson et al.,
(1984), a hypothesis to take into account is the possibility that zooplankton, depending on
their population density in a water mass at a given moment, can reduce oxygen
concentrations from 10-20% in less than an hour. It also had been found that oxygen
concentrations were generally lower within zooplankton migration depths zones and can
account for up to one half of the total respiration (Bianchi et al., 2013). If zooplankton
migrations can affect oxygen concentrations in the water-column so quickly, it may be an
important factor to consider for explaining rapid daily changes in R metabolic rates. Studies
on zooplankton vertical patterns in the SJG are currently underway, and we actually know
that zooplankton populations tend to migrate between 71 and 37 m of depth (up to 16 m for
some species, Valeria Retana, PhD., Pers. comm.). However, further investigations on the
zooplankton vertical migration patterns and how they influence water-column metabolism

are still needed.

Some GPP metabolic rates were recorded near zero values (Feb 7, 15h and 17h,
Figure 10) and might be explained by photoinhibition or an excess of respiration that draws
down the values of GPP (Figure 10-11). The high autotrophs proportion in Ran did not
always translated into high NCP. It is then reasonable to assume that the autotrophs cells
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did not always produce very well because of photoinhibition. We can also assume that
uncommon hourly changes recorded in metabolism, such as negative GPP and positive R,
could be due to the natural variability in environmental conditions. Besides physiological
cell responses to environmental conditions such as photoinhibition, turbulence zones (see
Annex Il) for example, could have provoked temporal changes in metabolism. The
variations observed in metabolism on an hourly scale simply cannot be explained by the
daily light cycle. The only significantly different WCDI metabolic rates recorded as a
function of the light cycle were GPP. These results were expected, assuming the GPP does

not occur at all during nighttime.

Another factor that must be considered to understand hourly variations in metabolic
rates is respiration by other microheterotrophs in the community. It is known that among
the dominant grazers in ecosystems (herbivorous and bacterial food webs),
mesozooplankton can directly consume up to 15% of GPP in the surface ocean compared to
microzooplankton that can consume up to 70% of GPP (Calbet & Landry, 2004; Buitenhuis
et al., 2010). However, micro-, meso-, and macrozooplankton (heterotrophs) were not
studied here, taking only account of the microbial autotrophs and free-living heterotrophic
bacteria, being the one of the major sinks of oxygen. Other than free-living bacteria, there is
a possibility that the particle-attached bacteria may have played a major role in respiration
while degrading POM under the Z (Trull et al., 2001; Lutz et al., 2007; Robinson, 2008).
Even though the role of particle-attached bacteria in food webs is not well understood, they
are considered as a separate population from free-living bacteria (Crump & Baross, 1996;
Crump, Baross, & Simenstad, 1998). It has been shown in previous work in the Columbia
River Estuary that the particle-attached bacteria were 10 to 100 times more active that free-
living bacteria and counted for ~90% of the heterotrophic bacterial activity in the water
column (Crump & Baross, 1996; Crump et al., 1998; Crump, Armbrust, & Baross, 1999).
This suggests that R from particle-attached bacteria, which is not irradiance-dependent,
may be the metabolism driver in our case. Furthermore, respiration by microheterotrophs
and bacteria is not only supported by POC but also by the dissolved organic carbon (DOC)
pool (del Giorgio & Duarte, 2002; Buitenhuis et al., 2010). Respiration may not exclusively
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use the organic carbon originating from primary production, resulting in a large degree of
uncoupling between R and GPP (del Giorgio & Duarte 2002; see Chapter 2 for POC
fluxes). This supports our observations where R is much variable, even though it seems like
there is not always a GPP high enough to support it. However, it was not possible to
determine abundances of particle-attached bacteria. There is a great possibility that Ram
may have been very different if the biomass from the particle-attached bacteria (and

microheterotrophs) would have been considered to explain the metabolism.

There was effectively no correlation between Ry and the hourly NCP. This could be
due to the fact that the sampling period was too short to record such a change in
metabolism following these state variables. We observed that even though autotrophs
proportions (Ra; figure 6) were high, NCP was high on day 1 (Feb 6™), but was very low
on day 2 (figure 10). However, NCP values, similar to day 1, were reached at the evening
of day 2. It is known that algal biomass is much less variable than metabolic rates,
integrating growth and loss processes over longer periods than daily periods (Staehr &
Sand-Jensen, 2007). This suggests that another part of the community (other micro-, meso-
and macroheterotrophs, and particle-attached bacteria not studied here) could have played a

role in the explanation of the community metabolism.

However, even though it is difficult to estimate, the contribution to respiration from
larger organisms, such as metazooplankton and vertebrates, possibly represents only under
~5% of total respiration in oceans (del Giorgio & Duarte, 2002). It is well known that the
major part of ecosystem metabolism is assumed by the smallest fraction of the community
due to their specific metabolic rate (Kaiser et al., 2011). Due to their high metabolic rate,
bacteria are among the most important consumers in all ecosystems (Fenchel & Barker
Jargensen, 1977; Rivkin & Legrendre, 2001). It has been shown by del Giorgio & Peters
(1993) that heterotrophs and bacteria in lakes were the greatest contributors to respiration
(up to 65% of total respiration) at low chlorophyll concentrations (0.5-5 mg m™or pg LY,
which corresponds to our case (see Annex 1). This means that we may have recorded a

positive correlation between Ran and metabolism if we have considered the particle-
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attached bacteria and microheterotrophs (ex: protists) in the biomass ratios. Hence, further
work is needed on the determination of abundances of particle-attached bacteria, as well as

microzooplankton in the microbial community and their role on metabolism.

1.8 CONCLUSIONS

The main objectives of this study were to determine the carbon biomass ratios
between autotrophs and free-living heterotrophic bacteria and their respective abundances,
to estimate the depth-integrated metabolic rates on an hourly time scale in the central zone
of the SJG, and the relationship between the biomass ratios and NCP. We found that the
study of metabolism within the Z, alone can represent the trend of the whole water column
metabolism, but cannot show its extent and magnitude, because it does not account for
respiration below the euphotic zone. We also found that during this 36 hours time scale
during summer, environmental conditions remained quite stable, making abundances and
biomass ratios much less variable than expected. The abundances and ramn did not
significantly change as a function of the daylight cycle. We observed noticeable changes in
metabolic rates on an hourly scale, yet not as a function of the daylight cycle neither. Given
the fact that metabolism was very variable over the short time period, Ran could not
explain the whole-column metabolism. The Ra had high autotrophs proportions, but did
not translate into high NCP. This suggested that R, which is independent of light and
increases with POC accumulation under the Z,, could be leading the values of metabolism
instead of GPP in our case. Even though our study focused on the microbial community, we
did not consider microheterotrophs and particle-attached bacteria in our biomass ratios and
in respiration measurements. For future studies of this kind, it would be of great importance
to take particle-attached bacteria into account, as well as the microzooplankton to explain
metabolism, probably being one of the main sinks of carbon in the Gulf and at the source of

changes in DO concentrations under the euphotic zone.



CHAPITRE 2
FLUX A COURT TERME DU CARBONE ORGANIQUE PARTICULAIRE
DANS LA ZONE CENTRALE DU GOLFE SAN JORGE, PATAGONIE
(ARGENTINE)

2.1 RESUME

La pompe biologique comprend divers processus, dont la sédimentation vers le fond
marin de la matiere organique particulaire (MOP) produite dans la zone euphotique. Le
Golfe San Jorge (GSJ, Argentine) est I’une des zones les plus productives au monde, mais
ou aucune étude sur les flux de carbone organique n’a été réalisée a ce jour. L’objectif de ce
second chapitre est d’étudier, de quantifier et de caractériser les flux de carbone dans la
zone centrale du Golfe San Jorge (GSJ) sur une courte échelle temporelle journaliere.
L’étude vise a déterminer la source et la qualité de la matiere organique ainsi que les flux
de carbone organique et des pelotes fécales. Les principales hypothéses sont que la matiére
organique qui sédimente est de source planctonique autochtone, que les flux de carbone
varient avec la profondeur et que la contribution relative des pelotes fécales aux flux de
carbone est importante (jusqu’a 68% des flux). L’échantillonnage a été effectué a bord du
navire de recherche Coriolis Il du 6 au 13 février 2014 a une station fixe dans la zone
centrale du GSJ. Différentes variables ont été utilisées aux fins d’analyse, principalement :
quantification du carbone dans les pieges a sédiments et des feces, ratios élémentaires et
d’isotopes stables et les conditions environnementales. Les principaux résultats démontrent
que la matiere organique particulaire (MOP) récoltée dans les pieges est de source
phytoplanctonique, mais la présence de microzooplancton et de bactéries attachées aux
particules pourrait expliquer la signature isotopique de la MOP ainsi que son état déegrade.
Les flux sont plus importants a 40 m durant la nuit contenant une importante contribution
de pelotes féecales. Ceci suggére une influence des migrations et du broutage du
zooplancton, particulierement de Munida sp. En conclusion, les bactéries attachées aux
particules et le zooplancton auraient une influence importante a considérer sur les flux de
carbone dans le GSJ en été.
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2.2 ABSTRACT

The biological pump involves several processes, including the sedimentation of
particulate organic matter (POM) produced in the euphotic zone, towards the sea bed. The
San Jorge Gulf (SJG, Argentina) is one of the world’s most productive zones, but where no
studies on the fluxes of organic carbon have been conducted to date. The purpose of this
research project is to study, quantify and characterize carbon fluxes in the central zone in
the San Jorge Gulf (SJG) on a short daily time scale. The study focuses on source and
quality of organic matter as well as organic carbon and feces fluxes. The main hypotheses
are that organic matter that sinks is from autochthonous planktonic source, that carbon
fluxes vary with depth and that the relative contribution of feces to carbon fluxes is
important (up to 68% of fluxes). The sampling was executed on board the research vessel
Coriolis 11 between February 6 to 13" 2014 at a fixed station in the central zone of the SIG.
Different variables were used for analysis, mainly: carbon quantification in sediment traps
and feces, elementary ratios and stable isotopes and environmental conditions. The main
results show that particular organic matter (POM) collected in traps is from
phytoplanktonic source, but the presence of microzooplankton and particle-attached
bacteria could explain the isotopic signatures of POM as well as its state rather degraded.
Fluxes are more important at 40 m during nighttime, containing an important contribution
of feces. This suggests a strong influence of zooplankton migrations and grazing, in
particular from Munida sp. In conclusion, particle-attached bacteria and zooplankton would
have an important influence to consider in carbon fluxes in the SJIG during summer.
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2.3 SHORT TERM PARTICULATE ORGANIC CARBON FLUXES IN THE CENTRAL
ZONE OF THE SAN JORGE GULF, PATAGONIA (ARGENTINA)

2.4 INTRODUCTION

The biological pump involves a series of processes in which the atmospheric
inorganic carbon is firstly assimilated by phytoplankton through photosynthesis in the
euphotic zone. Thus, CO; is transformed into organic carbon and can thereafter be
transferred through marine food web and exported to the bottom of the ocean, where it is
sequestered for long periods (Volk & Hoffert, 1985; Ducklow et al., 2001). Phytoplankton
carbon can undergo assimilation by zooplankton (Legendre, 1990) and be transformed into
feces or if it is not consumed, it will simply be exported by sinking under the euphotic zone
as intact cells (Legendre & Le Feévre, 1991). Therefore, it is the balance between the
organic carbon produced and consumed that determines the net fraction of organic carbon
that can be exported to the bottom of the sea. In this sense, the biological pump is a major
process that can contribute to the export and sinking of particulate organic matter to the
bottom (POM; Eppley & Peterson, 1979; Lam et al., 2011) which includes particulate
organic carbon and nitrogen (POC and PON, respectively). Nevertheless, these fluxes of
matter go through many transformations in terms of structure and composition in the water
column before reaching the seafloor. These various interactions happen over several time
scales, from daily, to seasonal and annual (Buesseler et al., 2007). These transformations
depend on biological and physical processes, such as primary production as mentioned
above, consumption by pelagic organisms, physical mixing, advection by currents and
resuspension, bacterial decomposition, and zooplankton migrations and production of feces
(Buesseler et al., 2007; De La Rocha & Passow, 2007; Kellogg et al., 2011).

Carbon fluxes have been studied over the last decades since Eppley & Peterson
(1979) estimated that there was a link between the magnitude of the new production in the
euphotic zone and the quantity of organic matter that can be exported. Carbon fluxes are an
important component to consider for understanding the global carbon cycle (Siegel et al.,
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2013). Investigations of carbon fluxes using sediment traps can lead to a better
understanding of the importance of sinking particles in the dynamics of marine ecosystems
(Buesseler et al., 2007). They can reveal the importance of zooplankton migrations and the
relative importance of feces in carbon fluxes (Miquel et al., 2015). It is known that feces
produced by zooplankton play a key role in vertical POM fluxes in terms of quantity of
POC and sinking rates of organic matter. It has been found that the relative contribution of
feces in sediment traps varies greatly, depending on regions and seasons and can range
from < 1% to 100% of POC (Urban-Rich et al., 1999). Also, depending on their size, feces
can reach sinking rates up to 1000 m per day in ocean environments (Bruland & Silver,
1981).

Aside from the intensity, structure and nature of POM fluxes, it is important to
consider the origin of the POM to understand the ecological functioning of an ecosystem.
To determine if the source of POM is allochtonous or autochthonous across a range of
temporal and spatial scales, stable isotopes can be used (Fry, 2006a). They allow to
determining the nature and origin on POM. It also helps the understanding of nutrient
cycling in marine environments and mechanisms in food webs, such as the determination of
the marine trophic level that composes the POM (Michener & Lajtha, 2007). Even though
studies on carbon fluxes have been performed in many regions of the ocean, there are still
some important productive coastal zones that have not yet been investigated.

According to Garcia et al., (2008), the coastal plateau of the San Jorge Gulf (SJG)
and the Argentinean continental shelf zone represent one of the most productive zones in
the world, in terms of primary production and secondary production at higher trophic
levels. The SJG is a shallow semi-open basin located in the central Patagonian region in
Argentina. Under the influence of the Patagonian continental shelf circulation dynamics
(Figure 1) influenced by the Argentinean shelf waters, the Patagonian Current, the Brazil
Current and the Malvinas/Falklands Current (Garcia et al., 2008; Ferreira et al., 2009;
Olguin Salinas et al., 2015; Ulibarrena & Conzonno, 2015), the coastal zone of the gulf

presents environmental characteristics that vary over seasons and over shorter time scales
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such as large tides and tidal fronts. It is also located at the ~40° South latitude where many
strong westerly winds are recorded all year long (Ulibarrena & Conzonno, 2015). In a
previous study on the physico-chemical characterization of the benthic environment of the
Gulf conducted by Fernéndez et al., (2005), it was suggested that the organic matter found
at the bottom of the gulf would mainly come from plankton sedimentation. The SJG
supports important fisheries and there is an increasing economic interest to exploit its
natural resources such as petroleum (Sylwan, 2001; Fernandez et al., 2005). Nevertheless
and up to date, no research was performed on fluxes of POM in the water column of the
SJG. Given that fluxes of exported matter tend to be greater in areas of high primary
productivity (Eppley & Peterson, 1979), the study of POC dynamics in the SJG is essential
to understand how fluxes of matter support the high biomass levels in this productive
ecosystem. In this context, the main objectives of this research are, at a short time scale at
two different depths in the water column: 1) to determine if the source of organic matter
comes mainly from an autochthonous planktonic source 2) to calculate and characterize
POC fluxes and 3) to estimate the relative importance of feces in POC fluxes. The main
hypotheses to test are 1) that the organic matter that sinks is from autochthonous planktonic
source 2) that carbon fluxes vary with depth and 3) that the relative contribution of feces to

carbon fluxes is considered important.

2.5 MATERIAL AND METHODS
2.5.1 STuDY AREA

This research was conducted from the 6™ to 12" of February 2014 (7 days) on board
R.V. Coriolis Il and took place in the San Jorge Gulf in Argentina during the summer
period. The gulf is a half-opened shallow basin (~ 90 m) located in the Patagonia region
(between 45-47°S and 65°30°-67°40°W; figure 2a). This region is dominated by strong

westerly winds and large semi-diurnal tides (~ 6 m, spring and neap tides from 6 to <1 m)
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and water masses in the gulf are mainly influenced by the offshore circulation and currents
in the Argentinean shelf (Garcia et al., 2008; Olguin Salinas et al., 2015; Ulibarrena &
Conzonno, 2015). The central area of the gulf encompasses approximately 10 620 km?.
This study was performed at a fixed station located within this area (45°56’S 65°33°W;
Figure 2b), which was considered to be representative of the main water masses in the gulf
based on hydrographic profiles from the same cruise (data not shown). The dates of the
sampling period from February 6" to the 12" are expressed in days from 1 to 7 to lighten

the results.

2.5.2 VERTICAL PARTICLES FLUXES

Two sediment trap moorings (Technicap PPS 6-2 design) were deployed during the
sampling period at two depths, at the average pycnocline depth and below the pycnocline
(40 m and 70 m, respectively) at the fixed station. The sampling of settling particles was set
at 12 hours intervals (coincident with nighttime and daytime periods). The material was
collected in 14 bottles of 300 mL at each depth. Beforehand, each bottle was filled with a
hypersaline (36 PSU) formalin solution (final concentration 5%). The formalin was
prepared with 0.7 um filtered sea water (SW) salted with NaCl and adjusted to a pH value
between 9-10 with NaOH (Hargrave, Walsh, & Murray, 2002). Treatment and analyses of

the 28 sediment traps samples were completed in laboratory after the campaign.

2.5.3 CARBON AND NITROGEN QUANTIFICATION, STABLE ISOTOPES

Approximately 90 mL of each sample was smoothly homogenized before being
sieved through a Nitex mesh (250 pm) to remove migratory mesozooplankton,
macrozooplankton, and to recuperate large feces. The filtrate was sorted by hand under a

binocular microscope to remove nauplii, other larvae and small zooplanktonic organisms
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that have got through the mesh (Buesseler et al., 2007). Four replicates of 10 to 20 mL from
the sorted filtrate were then filtered through pre-combusted (450°C, 5 hours) 21 mm
Whatman GF/F filters. All filters were dried at 60°C in an oven for 24 hours. Particulate
organic carbon and nitrogen (POC and PON, respectively) were determined according to
the Joint Global Ocean Flux Study protocol (JGOFS, 1994). Two (2) of the four (4)
replicates were acidified for 24 hours in HCI vapors to determine particulate inorganic
carbon and nitrogen (PIC and PIN, respectively). Filters were then encapsulated in tin foil
and analyzed in CF-IRMS (Continuous-flow Isotope Ratio Mass Spectrometry) with the
COSTECH 4010 basic analysis system, equipped with a zero blank auto-analyzer, linked to
a Delta”® XP mass spectrometer. Caffeine and nannochloropsis were used as standards to
quantify carbon and nitrogen, respectively. Standards used for 8"°N were Mueller Hinton
Broth (MHB) and caffeine and for 8*3C: nannochloropsis, MHB and caffeine. Standards
were analyzed on every sequence of 36 samples or less and were weighed with a Mettler
Toledo (Mx5 model, Dispersion Laboratory) micro-balance.

Isotopic ratios are expressed as the usual notation & in parts per mil (%o) using the
equation of (Fry, 2006a):
H Rsample ,
C11. =|| —=ZEE |« 1000
Eq 11 6 X [(R.smmiani_ )]
Standard errors for §'°C and 8"°N are 0.2%o and 0.4%o, respectively. Quantification data

were used to calculate POC fluxes for the 7 days period at 40 and 70 m. Carbon and

nitrogen stable isotopes data were used to estimate the origin of organic matter.

To simplify the text, the term feces will always refer to feces of size larger than 250
pum. It is important to consider that while feces are a component of total POM, here, they
are studied separately from the pre-filtered POM (< 250 um) collected in the traps (POMy)
in terms of fluxes and isotope ratios. This distinction allows a better understanding of the
contribution of large feces to total fluxes, and also a comparison of their origins with those
of POMt. The terms of POM; and feces are hence used to distinguish the POM; collected in
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traps that is from the filtrate (< 250 um) from the POM that is in the form of feces > 250
um. Feces > 250 um from each sieved sample were encapsulated in tin foil capsules and
were dried in a stove at 60°C for at least 48 hours. Each capsule was weighed before and
after drying. Feces samples (minimal dry weight: 0.11 mg) were then analyzed in CF-IRMS
to quantify total carbon and isotopes (see technique mentioned above). Carbon fluxes in
traps and from feces were computed based on the quantity of carbon measured (mg C),
opening of traps (0.5 m?) and the period of exposure (12 h). Daily fluxes were calculated

from the sum of the two periods sampled (12 h: nighttime + daytime) over a day (24 h).

2.5.4 PHYSICAL PROPERTIES OF THE WATER COLUMN

To determine if the degradation of organic matter with depth is associated with a
significant depletion of oxygen, volumetric dissolved oxygen concentrations (DO; mmolO,
m=) from each CTD cast were calibrated with the Winkler method (Winkler, 1888;
Strickland & Parsons, 1972; Parsons et al., 1984). The oxygen solubility (O,’) in the water
column was calculated with temperature and salinity data according to the equation from
Benson & Krause (1984). The AOU (Apparent oxygen utilization; O,’-O,) was also
determined (Ito et al., 2004; for the results on these data, see chapter 1). The Brunt-Vaisala
frequency (N) allowed us to estimate the surface mixed layer depth (MLD), and hence the

average depth of pycnocline (for more explanations, calculations and results, see chapter 1).

255 STATISTICAL ANALYSES

Comparisons of means using two-tailed parametric Student’s t-tests were computed
to determine if significant differences between isotopic signatures, C/N ratios, POC fluxes
in traps and for feces at 40 and 70 m exist in the short term dynamics of organic matter

export. The observed t values are shown with the critical threshold, the type of test in
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parentheses (1: one-tailed, 2: two-tailed), followed by the degrees of freedom and the p-
value (p). We tested the normality of samples with the Lilliefors test, which is used when
the mean and variance are not known and have to be estimated. We used the Fisher’s F-test
to test for homoscedasticity of variances for all t-tests. In the case where normality and/or
homoscedasticity were not respected, data were transformed with Log, x%, square root or
other similar methods. In the case where normality could be respected but not the
homogeneity of variance after several transformations, t-tests were executed taking account
that the postulate of homogeneity of variance was not respected (heteroscedasticity).
Paired-sample two-tailed t-tests were used to compare flux (total fluxes; POM; + large
feces) data only, considering the fact that they are absolute data sampled on the same
frequency, at the same location. The paired-sample t-tests did not need to assume normality
and homogeneity of variance of samples, but did need a normally distributed population of
differences. In the case where normality of differences was not respected, a log
transformation was executed on original samples data to assure their normality to apply the
tests. Extreme values in IRMS data were removed and so the corresponding value that was
to compare using Grubbs’ test. Normality of samples was verified before applying the

Grubbs tests. All statistical analyses were performed with the XLSTAT 2016 software.

2.6 RESULTS
2.6.1 STABLE ISOTOPES SIGNATURE AND C/N RATIOS

It should be noted that the feces collected in traps had a cylindrical form, a green-
brownish colour and an average length of 4 mm and were 1 mm wide (Figure 11).
According to their size and characteristics, they probably came from the crustacean Munida

sp. (Gustavo Lovrich, PhD, pers. comm.).
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Figure 11. Cylindrical feces > 250 um collected in traps. One typical fecal pellet is shown
with the arrow. The picture was taken from a sample at 70 m and the scale showing
approximately 4 mm is indicative only.

To meet the first objective, the differences between isotope signatures of N and C at
40 and 70 m were tested to determine if the source of organic matter was the same at the
two depths, for POM:; or feces. The mean values of isotopic ratios of 8*°N at 40 m and 70 m
were 10.73 + 0.36 %o and 12.37 £ 0.42 %o, respectively. In turn, 813C mean values at 40 and
70 m were -24.18 + 0.58 %o and -23.86 + 0.34 %o, respectively (Figure 12a). The isotopic
values of POM collected in the sediment trap at 70 m were significantly enriched in 6"°N
compared to 40 m (to.os(2)24=-2.868, p = 0.008), but no difference was observed for C
between depths (to.05(2),24 = -0.458, p = 0.651; Figure 12a).

As for the feces themselves, both N and C isotopic signatures at both depths gave
very similar values, averaging §°N 9.68 + 0.66 %o and 5'°C -17.981 + 0.19 %o at 40 m and
8N 9.52 + 0.51 %o and 6™°C -18.86 + 0.30 %o at 70 m (Figure 12a). Between 40 m and 70
m, the isotopic values recorded for feces showed no significant difference for N (to.05(2)11 =
1.114, p = 0.290) but showed a significant difference in the C signature (to.052).16 = 2.440, p
= 0.027). When comparing the isotope ratios between POM; and feces, isotopic values for
C were more depleted for POM¢ compared to those observed in feces at 40 (to.os(2)10 =
9.039, p < 0.0001) and 70 m (to.05(2)14 = -12.458, p < 0.0001; Figure 12a). The N signatures
for feces were significantly lower than POM¢ at 70 m (to.0502),14 = 3.044, p = 0.009), but not
at 40 m (to.os(2)16 = -0.714, p = 0.486).
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Figure 12. Isotopic signatures and C/N ratios for the POMs in the two sediment traps
(filtrate) and large feces > 250 pm. a.) 8°N in relation to §°C and b.) C/N ratios in relation
to & *3C. Mean values are presented and error bars represent standard errors.

The C/N ratios were determined for POMs and feces to characterize the organic
matter in terms of quality and its state of degradation. The mean C/N ratio of POM;¢ was
significantly higher at 40 m (11.06 + 0.57) than the C/N ratio at 70 m (7.97 £ 0.23; to.05(2),24
= 4.889, p < 0.0001; Figure 12b). As for the C/N ratios for feces, they were similar at both
depths (to.os(2),s = 1.338, p = 0.219), with values of 19.44 + 0.79 and 18.68 + 1.05 at 40 and
70 m respectively. The C/N ratios for feces were particularly high compared to the values
found in POMg at 40 and 70 m (to.0s(2),16 = -8.443, p < 0.0001 and toes52),7 = -3.564, p =
0.009; Figure 12b), respectively.
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2.6.2 FLUXES OF POC AND LARGE FECES

After quantifying organic and inorganic carbon in the organic matter to calculate
fluxes, fluxes of PIC; (particulate inorganic carbon < 250 um) showed a negligible or no
contribution to fluxes compared to POC; (particulate organic carbon <250 um).
Consequently, only the POCs and large feces fluxes were considered in this study, being the
most representative compartments of total POM. To meet the second objective, POCy, large
feces and total POC (POC; + large feces) fluxes have been calculated and compared on a

daily scale between 40 and 70 m, and also between daytime and nighttime at each depth.

2.6.2.1 POCs fluxes

Fluxes of POC; tended to be a little greater, yet not significantly, during nighttime
than daytime periods in either trap. At 40 m, the intensity of fluxes during nighttime
periods ranged from 2.6 t0 9.5 mg C m?12 h™ and from 3.1 to 7.2 mg C m? 12 h™* during
daytime (Figure 13). At 70 m, they ranged from 4.1 to 13.3 mg C m™ 12 h during
nighttime and from 1.7 to 13.6 mg C m™ 12 h™* during daytime (Figure 13). Daytime
periods at 40 m had a mean POC; flux of 4.8 + 1.7 mg C m? 12 h™* and during nighttime, a
mean of 5.6 + 2.6 mg C m? 12 h™ (toos2)6 = -1.865, p = 0.111). Daytime periods at 70 m
had a mean POC; flux of 6.7 + 3.8 mg C m?12h™ and 8.4 + 3.9 mg C m? 12 h™ during
nighttime (toose = -1.174, p = 0.285). Daily POC: fluxes ranged from 5.6 to
16.7 mg C m?at 40 m (mean daily flux 10.4 + 4.2) and from 5.41 t0 26.9 mg C m2at 70 m
(mean daily flux of 15.1 + 6.6). There were no significant differences in daily POCs fluxes
between 40 and 70 m (t.05(2)6 = -1.530, p = 0.912).
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Figure 13. Daytime, nighttime, and daily POC; fluxes. The fluxes are expressed in mg C
m™12 h™ for the seven days of the sampling period at 40 and 70 m. The daily fluxes are the
sum of the daytime and nighttime fluxes.

2.6.2.2 Large feces fluxes

Fluxes of feces tended to be greater during nighttime at 40 m, but yet not significantly
(Figure 14). At 40 m, the feces fluxes ranged from 0 to 30.4 mg C m? 12 h* during
nighttime periods and from 0 to 12.4 mg C m?12 h™* during daytime periods. At 70 m, the
nighttime fluxes ranged from 0 to 2.9 mg C m? 12 h™ and from 0 to 10.3 mg C m?12h*
during daytime periods. Daytime periods at 40 m had a mean feces flux of 5.3 + 7.7 mg C
m?12 h™* and during nighttime, a mean of 9.6 + 13.3 mg C m? 12 h™ (tys2)6 = -0.948, p =
0.380). Daytime periods at 70 m had a mean feces flux of 2.1 + 3.2 mgC m?12h™*and 1.4
+ 1.0 mg C m?12 h™ during nighttime (to.os2).6 = 0.679, p = 0.522). Daily feces fluxes at 70
m were weak in general compared to 40 m (Figure 14). Daily feces fluxes ranged from 0 to
427 mg C m? 12 h* at 40 m (mean daily flux 15.0 * 18.2) and from 0 to
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10.3 mg C m?12h™at 70 m and showed no significant difference (mean daily flux of 3.3 +
3.7; t0,05(2),6 =1912, p= 0104)
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Figure 14. Daytime, nighttime, and daily fluxes of large feces. The fluxes are expressed in
mg C m™ 12 h for the seven days of the sampling period at 40 and 70 m. The daily fluxes
are the sum of the daytime and nighttime fluxes.

2.6.2.3 Total POC fluxes

The total daily POC fluxes (POC; + feces) differed daily over the 7 day period
between 40 m and 70 m. The highest daily flux at 70 m was recorded on day 1 with 26.9
mg C m™ 12 h™ while the highest at 40 m was recorded on day 4 with 59.42 mg C m?12h*
(Figure 15). Keeping in mind the highest daily flux observed on day 1 at 70 m, daily fluxes
at 40 and 70 m showed a tendency to form a peak flux on day 4. The lowest daily fluxes
were observed on day 1 with 5.6 mg C m?12h™at 40 m and 6.7 mg C m212h™at 70 m on
day 6 (Figure 15). The total POC mean fluxes over the whole sampling period at 40 and 70
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m were 28.2 + 22.3 and 18.4 + 7.3 mg C m? 12 h™* respectively. The daily total POC fluxes
showed no significant differences between the two depths (to.s2)6 = 0.060, p = 0.954).
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Figure 15. Daily total POC fluxes (POCs + large feces). The maximum POC fluxes
collected in traps at 40 and 70 m are expressed in mg C m? d* over the seven days
sampling period.

Daily fluxes of POC; and feces showed a great variability from one day to another
over the short sampling period based on our previous observations. Hence, there were no
significant differences recorded in fluxes taking account the whole 7 days period when
comparing daytime and nighttime periods, daily fluxes (total, POCt or feces), and none

between 40 and 70 m traps.
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2.6.3 PROPORTION OF LARGE FECES IN TOTAL POC FLUXES

To meet the third objective, the relative daily proportions of large feces to total POC
fluxes were calculated. On day 1, 2 and 7, no feces were collected in the samples at 40 m,
and no feces were collected at 70 m on day 1 and 7. Feces overall represented a more
important contribution to daily fluxes up to 68.8% of total POC fluxes at 40 m, mainly
during the peak flux period (day 3 to 5) (Figure 16). The highest percentage of feces at 70
m was recorded on day 3 at 43.7%. Omitting day 1 and 7 where no fluxes of feces were
recorded at all, the lowest percentages were recorded on day 2 at 40 m and on day 5 at 70

m, with values of 15.1% and 14.8% respectively.
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Figure 16. Daily proportions of feces in total POC fluxes. The proportions of POC; are also
shown; proportions (POCs or feces) on the Y axis are expressed in percentage.
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2.7 DIsScuUssSION

2.7.1 SOURCE AND QUALITY OF POM: AND LARGE FECES

The results of the isotopic values of POMs collected in the sediment traps suggested
that the main contribution to these fluxes is biogenic and came mainly from phytoplankton.
Indeed, in both traps at the two depths, the isotopic signature of 5°C was in the range
between -18 and -24%. which corresponds to marine phytoplankton as shown by Fry
(2006b) and Michener & Lajtha (2007). The POM sinking under 40 m in the central zone
of the gulf comes mainly from the euphotic zone and has autochthonous origin. This can be
supported by the results of Fernandez et al., (2005) who suggested that the organic matter
found in sediments in the SJG came from a planktonic source. Furthermore, it was more
plausible that the POM;s collected in the traps was exported from the local surface over the
traps. The sampling was conducted in a shallow water column, which limits the advection
of distant allochthonous material into the traps, as well as the transport of autochthonous
material far from the sampling location (Buesseler et al., 2007). Nevertheless, the 8*3C

values measured were in the lowest range of the carbon isotope ratios for phytoplankton.

In nearshore environments, we must consider the possibility of inputs of terrigenous
carbon. However, the gulf does not have any terrigenous river inputs, but is located in a
region with strong winds, which can carry terrestrial carbonaceous particles from the semi-
desertic Patagonian plateau (Ulibarrena & Conzonno, 2015). Even though we lack evidence
to support this hypothesis, probably the depletion in **C observed in the traps may be
explained by inputs of terrestrial plants debris (C3) by wind, which have isotopic values of
carbon ranging from -23 to -30%o according to Michener & Lajtha (2007). To support this
hypothesis, Carlier et al., (2007) recorded similar low values (-24.4 £+ 1.6%o) in POM in the
Bay of Banyuls (Mediterranean, France), and also suggested the likely contribution of
terrestrial particles to explain the ratio. We also considered the possible contribution of

macrophytes in the POM isotopic carbon signatures. However, macrophytes have high §*c
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isotopic ratios (over -15%o; Fry, 2006b). Hence, they were not considered as a plausible

hypothesis to explain our results, which are within a much lower range of values.

Conversely, based on literature, a significant enrichment in *°N was observed at both
depths in POM;s. The values of the isotopic signatures for N in phytoplankton are generally
between 4 and 10%o (Meyers, 1994; Michener & Lajtha, 2007). The enrichment was of at
least 2 to 8%o compared to literature, especially at 70 m where the value of 5°N reached
12.37 + 0.42%o. The pool of N can be enriched when the main source of nitrogen is NH4",
with signature values between 10-20%. while under NO3 as the principal nutrient the
values tend to be between 5-10%0 (Michener & Lajtha, 2007). According to our results of
nitrate concentrations (NOgz’), the concentrations under the pycnocline (40 m) ranged from
10.63-16.99 uM L™ at the fixed station (see Annex 1). This range is considered relatively
high (Reynolds, 2006) compared to concentrations above the pycnocline
(1.39-5.58 uM L™). The NOs concentrations do not seem to be limiting in the N pool
below the pycnocline. The great depletion in surface waters suggest uptake of NO3™ by the
phytoplankton (new production; (Reynolds, 2006) that could have been collected into the
traps after its sinking as intact cells. Intact phytoplankton cells were found in some of the
sediment traps samples, but were dinoflagellates (Ceratium sp.) for the major part.
However, our isotopic signatures of >N were not in the range of a NO3™ pool, and it was not
possible to demonstrate that NO3™ pumping occurred through the pycnocline to supply the
surface waters for new production (Domine et al., 2010; see Chapter 1). Furthermore, we
do not have any NH,4" data to support the fact that the enrichment might be due to a NH,"
pool of nutrient available for photosynthesis. Taking these limits into account, we cannot
assume that the system is in an intense new production. Based on our observations on the
microbial community (see Chapter 1) and the fact that we are in the summer period, the
ecosystem is probably more in a regenerated than new production (Domine et al., 2010). In
the end, we cannot explain the ®N enrichment observed using the chemical pool of

nitrogen hypothesis.
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POM; can be composed of a variety of components, such as phytoplankton mentioned
above, bacteria, feces, detritus and microzooplankton (Anderson & Rudehall, 1993; Turner,
2002; Harmelin-Vivien et al., 2008). Even though we strained and sorted the samples from
traps to remove zooplankton that could migrate into the traps, we must consider that there
IS a possibility that the presence of residual particles from higher trophic levels like
microzooplankton and discarded appendicularian gelatinous houses (Alldredge, 1977) were
still in the POM; analyzed (appendicularians were present in many trap samples). Indeed, it
is well known that the contribution from higher trophic levels is another way an enrichment
of ~ 3 %o in >N can be recorded (Fry, 2006b). The deeper trap at 70 m showed a significant
enrichment of >N compared to 40 m (p = 0.008; Figure 12a). Nevertheless, the difference
in the enrichment values (1.64%o) does not represent a significant contribution from higher
trophic levels between the two depths. We cannot establish that the enrichment recorded in
both traps, compared to literature, represented a contribution from higher trophic levels. We
assume that most mesozooplankton were removed, and considering that their isotopic
signatures can vary a lot depending on their feeding regime, we cannot assume that they
made a significant contribution to the enrichment we observed in both traps. We consider
the possibility that small heterotroph protists (flagellates, ciliates, dinoflagellates; Sherr &
Sherr, 2002) that could not be sorted by hand might have increased the **N signature found
in POMg.

On another perspective, enriched values of °N found in POM; could be related to
higher content of degraded material (Harmelin-Vivien et al., 2008). The possibility of
remineralization of POM by bacteria under the pycnocline is one of the major hypotheses
to explain our results, since it coincides with the relatively low C/N ratios observed in our
traps. Hence, C/N ratios tend to decrease when POMs is degraded by bacteria (Meyers,
1994; Savoye et al., 2003). Our results are in agreement with this hypothesis, with a
significant decrease in the C/N ratio (Figure 12b) with depth (p < 0.0001). The decrease in
C/N ratios with the activity of heterotrophic particle-attached bacteria with depth (Trull et
al., 2001) is also supported by the strong dissolved oxygen depletion from below the

pycnocline to the bottom of the water column by approximately 28% compared to surface
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(see chapter 1). Hence, these results support the hypothesis that the source of POM; was
mainly from autochthonous phytoplankton carbon produced in surface waters in the central
zone of the gulf and that the degradation activity from bacteria on POMs increased with

depth, resulting in a depleted carbon in POM.

Similar mean carbon isotope ratios of -18 %o of cylindrical feces > 250 um at both
depths, suggested that the source of organic matter present in the feces originated mainly
from phytoplankton (Michener & Lajtha, 2007). Even though our signatures in feces
showed a significant difference in **C between the two depths (Figure 12a), we assume that
it does not represent a significant biological difference, in terms of organic matter origin.
Phytoplankton values of 5'°C generally range from -18 to -24%. (Fry, 2006b). Highest
values of §'°C in that range are generally found in diatoms and a decrease in the isotopic
ratio (-22%o) is generally found in the smallest fraction of phytoplankton (nano-,
picoplankton; Gearing et al., 1984). Following qualitative observations in the content of
feces under inverted microscope, we mostly found unassimilated dinoflagellates of the
Genus Prorocentrum and unidentifiable matter. According to the fact that our sampling was
conducted during summer in a post-bloom period in the SJG (Malone, 1980; Glembocki et
al., 2015), mainly nanoplankton and the smallest fraction of phytoplankton was found (see
Chapter 1). The main phytoplankton group probably present in the euphotic zone and
available for grazing was dinoflagellates in spite of diatoms. However, Munida sp. is
considered as omnivorous and prey mainly on POM, invertebrates and algae (Romero et
al., 2004). It is possible that the carbon signature recorded in feces is a reflection of a mixed
diet composed of marcoalgae (high isotopic signatures *C > - 15%.; Fry, 2006b) and
unidentified POM with lower isotopic signatures, including phytoplankton cells. Finally,
the high C/N ratios in feces, up to C/N=19.44 (Figure 12b), suggested a strong nitrogen

assimilation by the organisms.
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2.7.2 FLUXES OF POC AND LARGE FECES

The major part of the particulate carbon collected in our traps was composed of POC
(PIC negligible). The organic matter collected in traps was hence mainly composed of
POCs (< 250 um) and feces > 250 um. Our results showed that over the sampling period (7
days), the POCs and feces fluxes were not significantly different, when comparing daily
period or depths (Figures 13, 14, 15). We have to consider that this study is based on a
short period of observation. However, Miquel et al., (2015) measured downward fluxes of
carbon export in the Beaufort Sea and suggested that short term studies are essential to
better understand longer term processes. Since the export of POC depends on biological
and physical processes modified by a wide scale of biological and chemical cycles,
including short-term events (Buesseler et al., 2007), it is important to consider them as
well. Our results showed the presence of an intense variation of fluxes on a daily time-
scale. Indeed, on a weekly scale, we observed a total daily POC flux varying by one order
of magnitude from 5.6 to 59.4 mg C m™? d™ at 40 m (Figure 15). Considering that the
ecosystem is located in a shallow area (~ 90 m), we can presume that there is still a great
chance that pulses of high-quality POM are rapidly received at depths from direct sinking
of phytoplankton cells and aggregates (Schnack-Schiel & Isla, 2005).

Daily fluxes measured during this study are high yet comparable with results from
other regions and type of ecosystems. We summed a few studies where data in shallow
depths and coastal regions were available, and yet comparable to our study site (Table 2).
We have to take into account that regions presented in table 2 have been studied over
longer periods (months), allowing to record very high daily fluxes in some cases (up to 382
mgC m? d™ in the NOW polynya). In our case, we reached daily fluxes up to 60 mgC m™
d™, which is considered high for a short weekly scale. Our flux values on a weekly scale are
particularly similar to those found by studies conducted in coastal regions on monthly
scales (Fowler & Small, 1972; Thunell et al., 2007; Forest et al., 2010; Hung et al., 2013),

and reflected fluxes usually recorded in productive ecosystems. We hence consider the SJG
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as a productive ecosystem in terms of POC fluxes. However, seasonal studies are still
required in the SJG to get more accurate and comparable results on POC fluxes and the

potential extent of their values.

Results from few studies on export of organic carbon have been summarized by
(Sherr & Sherr, 2002). They showed that fluxes of POC should be less intense in systems
with an active heterotrophic bacteria and protists activity, such as this study (see chapter 1).
A summer post-bloom period is characterized by a dominance of microheterotrophs and a
dominant bacterial food-web (Rivkin et al., 1996; Domine et al., 2010) and we showed that
the microbial community in the SJG during summer was dominated by free-living bacteria
and by the smallest size class of plankton (see chapter 1). However, our results show that
despite the post-bloom period, fluxes were relatively intense. This particular observation is
supported by the fact that vertical fluxes during a spring bloom and a post-bloom can be the
same, although the nature of the POM will change. Instead of being in the form of
aggregates and phytoplankton cells that sediment, major fluxes during a post-bloom period
will be in the form of feces (Rivkin et al., 1996; Sherr & Sherr, 2002). Our results concord
with these results from an empirical test of theory conducted by Rivkin et al., (1996; see
section 2.7.3).
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Table 2. Fluxes of POC in other coastal ecosystems and shallow depth sampling waters

Location Time Depth of Range of POC Reference
Samp“ng (m) flux (converted from)
(mg C m?d™
San Jorge Gulf Summer 2014 40, 70 5.6-59.4 This study
(7 days)
(Patagonia,
Argentina)
Beaufort Sea August 2009 40, 85, 150, 210 1-15 Miquel et al., (2015)
(Arctic)
North Water late spring 1998 50 256 + 126 Caron, Michel, &
(NOW, Baffin and early Gosselin (2004)
Bay, Arctic) autumn 1999
Cape Juby, MW August 1999 0-50 204.82 Aristegui et al.,
Africa), upwelling (2004)
filament
Coastal Northern 1978-1984 100-150 26-94 (seasonal Fowler et al., (1991)
Mediterranean mean)
Sea
Cariaco Basin November 1995 230 3-242 Thunell et al.,
(Continental (2007)
. (multiyear time
margin of
series)
Venezuela)
East China Sea Summer 2007 30 69 + 39 Hung et al., (2013)
(Coastal region)
Amundsen Gulf | July-September 100 (Up to) 22 Forest et al., (2010)

(Beaufort Sea)

2004
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Feces fluxes, as well as POC;s fluxes, showed variability in our results. We found that
during the peak flux over days 3-5, their contribution to total fluxes was particularly
important at 40 m compared to 70 m (Figure 14), and that this contribution was even more
important during nighttime. It is well known that feces produced by zooplankton and
pelagic organisms play a major role in fluxes and are the primary pathway of downward
exported fluxes of organic matter from the euphotic zone (Bruland & Silver, 1981; Fowler
et al., 1991; Turner, 2002; Schnack-Schiel & Isla, 2005; Buesseler et al., 2007; Bianchi et
al., 2013). Zooplankton vertical migrations during nighttime to the surface plays a key role
due to their feeding at surface on phytoplankton bisomass (Ducklow et al., 2001). This
particular behavior could be an explanation for our higher nighttime abundance of feces
collected at 40 m compared to 70 m. According to analyses on zooplankton migrations
from acoustic data from the same cruise, zooplankton showed a diurnal migration pattern at
the fixed station. Zooplankton was found deep in the water column during daytime (under
71 m) and up to 16 m deep during nighttime depending on the species (Valeria Retana,
PhD, pers. comm.). It is not possible to confirm that Munida sp. had a similar behavior or a
marked migration pattern, but we did observe that they had a major influence on fluxes on a
daily scale following their presence and feces production at the fixed location of traps.
Some Munida sp. are known to have a predator and deposit feeder habits simultaneously,
depending on food availability and population densities (Romero et al., 2004). The lower
abundance of feces at 70 m could also be explained by coprophagy in the zone between the
two depths, which is defined as the consumption of feces by other organisms (Urban-Rich
et al., 1999; Turner, 2002).

Another hypothesis that could explain our observations is the bacterial decomposition
of feces (Ducklow et al., 2001; Turner, 2002; Fowler & Knauer, 1986 cited in Buesseler et
al., 2007). It has been shown that some feces tend to be rapidly colonized by bacteria
(within 24 h of egestion), and that the rapid development of particle-attached bacteria
originating in feces (within the first 24 h) causes increases in respiration (Turner, 2002).

According to our results in Chapter 1, free-living bacteria tended to be less abundant in
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deep waters than in surface. It is then of crucial importance to consider the particle-attached
bacteria in deeper waters, which could be at the origin of our observations in carbon fluxes.
After all, it is also possible that the effect of the presence/absence of Munida sp., dependent
of its feeder habit, mentioned before over the local region sampled would be the main
factor that could explain the observed differences in fluxes of feces without following any

short term pattern.

2.7.3 RELATIVE IMPORTANCE OF LARGE FECES IN TOTAL POC

A high variability of feces flux was observed from day to day during the study, with
feces proportions varying from 0 to 70% on a 4 day time scale. The relative proportions of
feces found in total POC on a daily scale were particularly higher at 40 m compared to 70
m (Figure 16), especially during the peak flux occurring on days 3 to 5. According to
Turner (2002), 70% is considered to be a moderate to high proportion of feces in total POC.
Indeed, many studies have investigated the importance of feces in POC fluxes (Table 3).
Among them, depending on the moment of the production cycles and the ecosystem itself,
the reported proportions of feces vary between < 1% and 100% of fluxes (Turner, 2002).
Our results revealed that the proportion of feces in the central area of the gulf was large,
however, varying over a short term. The large pellets we collected indicated that the
crustacean Munida sp. played a crucial sporadic role during our post-bloom sampling
period on POC fluxes. Their presence/absence behavior could be the explanation for the
absence of feces on day 1 and 7 and the peak flux period observed from day 3 to 5. Hence,
this species must be considered to better understand the mechanism of the biological pump
and the intensity of total fluxes in the central area of the gulf.
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Table 3. Relative importance of feces in other regions and ecosystems

Location Depth (m) Proportion of feces Reference
in fluxes (%)
San Jorge Gulf 90 0-70% for large This study
(Argentina) feces (> 250 um)
North Water 50 range over 31% for Caron, Michel &
Polynya (NOW,; large feces (> 120 Gosselin (2004)
Arctic) Hm)
Ross Sea - from 4-59% Accornero &
(Antarctica) Growing (2003)
cited in Schnack-
Schiel & Isla (2005)
Marginal ice zone - up to 90% Cadée (1992) cited
in the Scotia Sea in Schnack-Schiel &
(Antarctic) Isla (2005)
Gulf of St. 150 from 3to >100% | Roy et al., (2000) in
Lawrence and > 66% in June Turner (2002)
(Canada) (post-bloom)
In near-surface 100 from 10 to 19% Urrere & Knauer

waters

(1981) cited in
Turner (2002)
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In the end, it is important to note the difference between the intensity and the efficiency
of the biological pump. The intensity relates to the total amount of sedimented material
(flux intensity) whereas the efficiency concerns the capacity of phytoplankton to maintain
low nutrient levels in surface waters for the uptake of CO, (Honda et al., 2002; Sarmiento
& Gruber, 2006). The efficiency of the biological pump for the uptake of CO, is expressed
as the ratio of the total amount of regenerated nutrients to the average total nutrients
concentration (Sigman & Boyle, 2000; DeVries et al., 2012; Primeau, Holzer, & DeVries,
2013).

In this study, we focused on POC fluxes, and found that the intensity of the
biological pump is relatively high in the SJG on the short-term during summer. However,
no quantitative relationship has been demonstrated between POM fluxes and the efficiency
of the biological pump (DeVries et al., 2012). This fact limits our understanding of the
global carbon cycle and links between GPP and Atmospheric CO,. The Southwestern
Atlantic Ocean is proven to have a biological pump whose efficiency is higher than the
overall average and is currently one of the major CO, sinks in oceans (Takahashi et al.,
2002). According to a study conducted by (DeVries et al., 2012), the efficiency of the
biological pump in our studied region (Southwestern Atlantic Ocean) is from 10 to 40%
higher than global average values. Their results suggest that if the actual tendencies stand,
the efficiency of the biological pump to change in organic matter export will likely be

dominated by the Southern Ocean.

2.8 CONCLUSIONS

The main objectives of our study were to determine, on a short time scale during
summer in the central area of the SJG, the source of POM; and feces, to estimate and to
characterize POC fluxes and to estimate the relative importance of feces in POC fluxes. We

concluded that the main source of organic matter in the central area of the SJG was mainly
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from phytoplankton. We hypothesized that microzooplankton and the degradation activity
of particle-attached bacteria contributed to the isotopic signature recorded in POMs. We
also determined that the quantity of organic carbon found in POM; decreased with depth,
related to rapid bacterial degradation and hence, increased the energy quality of POM.
Feces at 40 and 70 m were composed of the same organic matter. Feces fluxes recorded at
the two depths seemed different but were not significantly different. The decrease in POMg
and feces with depth might be explained by the rapid bacterial degradation mentioned
before. An important proportion of feces in overall POC was observed at 40 m, especially
during nighttime. This can be explained by the major role that macroorganisms, particularly
Munida sp. in this case, play on fluxes by migration, grazing and the production of feces, in

sporadic pulse depending on their presence or not in the local area sampled.

In the future, it would be of great interest to investigate particle-attached bacteria,
which play a crucial role in the degradation of POM and feces and also respiration below
the pycnocline (chapter 1). It would be helpful to study further the isotopic signatures of
zooplankton in the SJG, which were probably recorded in our results, as they have not been
totally sorted out from the samples. Short-time period observations, even though they did
not lead to statistically significant differences due to high variability, allowed in our case a
better resolution of processes at the daily scale. In a perspective of global climate change, it
is of great importance to consider future studies, not only on the intensity of POC fluxes in

the SJG, but also on the efficiency of the biological pump in this productive ecosystem.



CONCLUSION GENERALE

La pompe biologique au sein de la colonne d’eau englobe divers processus, dont le
métabolisme et les flux de matiere organique particulaire (MOP) qui en résultent. Le but de
cette recherche était d’étudier le role de la communauté microbienne sur le métabolisme de
la colonne d’eau et les flux de carbone dans un des écosystémes les plus productifs au
monde: Le Golfe San Jorge (GSJ, Argentine). Les principaux objectifs de cette recherche,
traités en deux chapitres, étaient d’estimer sur une courte échelle de temps dans la zone
centrale du Golfe San Jorge: 1) les abondances des cellules autotrophes et hétérotrophes, 2)
les taux métaboliques dans la colonne d’cau, 3) les ratios de biomasse autotrophe et leur
réle sur ces taux métaboliques, 4) les flux de carbone ainsi que la source et la qualité de la

MOP et 5) I’importance relative des pelotes fécales dans ces flux.

Au cours d’une courte période temporelle de 36 heures, les conditions
environnementales étaient plut6t stables, résultant en des abondances et des ratios de
biomasse beaucoup moins variables que prévu. Les rapports de biomasse
autotrophe/hétérotrophe ne variaient pas selon le cycle journalier de la lumiére et n’étaient
pas corrélés avec les taux métaboliques. Les ratios de biomasse n’expliquaient pas le
métabolisme, car au contraire de ces derniers, une variabilité a été observée quant aux taux
métaboliques sur une échelle horaire. Toutefois, la faible fréquence d’échantillonnage n’a
pas permis de déterminer si les taux métaboliques suivaient significativement le cycle
journalier de la lumiere. L’étude du métabolisme intégré sur toute la profondeur de la
colonne d’eau permet de considérer la production et la respiration ayant lieu dans la zone
euphotique ainsi que la respiration sous la couche euphotique. La respiration est
indépendante de la lumiére et augmente avec 1’accumulation de matiere organique
particulaire (MOP) sous la couche euphotique. Ceci suggere qu’elle serait le processus qui

a mené les valeurs du métabolisme a défaut de la PPB dans le cas de cette étude, a I’échelle
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horaire. Les résultats suggerent que les bactéries attachées aux particules ainsi que les
microhétérotrophes (non considérés dans cette étude), auraient un rdle important a

consideérer sur la respiration sous la couche euphotique.

Pour ce qui est des flux verticaux de la MOP, la source principale dans la zone
centrale du golfe serait principalement phytoplanctonique. Nos résultats suggérent que
d’autres composantes, telles que le microzooplancton et les bactéries attachées aux
particules auraient contribué aux signatures isotopiques des particules sédimentées.
D’ailleurs, la qualité de la matiére organique semble augmenter avec la profondeur, tel
qu’indiqué par la diminution du rapport C/N. Ceci pourrait étre expliqué par la présence
d’une forte colonisation et une dégradation rapide par les bactéries attachées aux particules.
Cette hypothése est appuyée par la forte diminution des concentrations en oxygene dissous
mesurées sous la couche euphotique. Les pelotes fécales a 40 et 70 m étaient composées de
la méme source de matiére organique, mais leurs flux étaient genéralement différents aux
deux profondeurs (toutefois, les différences observées n’étaient pas significatives). La
tendance de la diminution des flux de MOP et de pelotes fécales avec la profondeur
pourrait étre en bonne partie expliquée par I’effet combiné de la coprophagie et de la
dégradation bactérienne rapide mentionnée précédemment. La contribution des pelotes
fécales a 40 m était plus importante durant la nuit. Cette observation est reliée au role
majeur du zooplancton sur les flux de carbone, particulierement de Munida sp. dans notre
cas, quant a sa présence sporadique, son broutage et sa production de pelotes fécales de

moyenne a grande taille.

Nous avons déterminé 1’export potentiel de matiére organique en provenance de la
couche euphotique du GSJ. La production brute de carbone moyenne ayant pu étre exportée
durant la durée de notre étude était ~ 559 mgC m™ j* (selon les données du chapitre I).
Cette valeur se trouve dans I’ordre typique des écosystemes cotier sous influence océanique
(Cloern et al., 2014). Les flux de carbone moyens calculés sous la couche euphotique (40 et
70 m) au cours de la courte période de 1’étude du métabolisme (36 heures) étaient de 16.3

mgC m j* (Chapitre 11). Cet export hors de la couche euphotique correspond donc & ~3%
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de ce qui est produit. Durant cette période, trés peu ou pas de pelotes fécales ont été
échantillonnées dans les pieges. Si le métabolisme était considéré constant au cours de la
période totale d’étude des flux de carbone (7 jours), I’export potentiel maximal hors de la
couche euphotique augmenterait & ~8% de ce qui est produit en considérant les flux totaux
(COP et pelotes fécales : flux de carbone moyens entre 40 et 70 m pour le jour 4 : 42%). I
est intéressant de rappeler que la communauté microbienne rencontrée lors de cette étude
était majoritairement composée de tres petites cellules (bactéries, cyanobactéries et
phytoplancton), ne représentant pas de grandes quantités de carbone et ayant des vitesses de
sédimentation lentes. De plus, le micro,-mesozooplancton a une influence sur les flux de
carbone étant donné sa grande capacité de broutage. Ces observations démontrent que
I’intensité de I’export de particules hors de la zone euphotique, avec la contribution des
pelotes fécales, est plus de deux fois plus importante dans la zone centrale du GSJ durant
I’été. Les flux de carbone étaient particulierement supérieurs au cours des jours
d’échantillonnage ou la production de pelotes fécales était détectée, indiquant la présence
de zooplancton ou d’autres organismes de plus grande taille. Ces observations démontrent
que, Munida sp. en particulier dans ce cas, joue bien un role central dans le pompage et les

flux de carbone a cette époque de I’année dans le GSJ.

PERSPECTIVES

Pour les futures études, il serait important de considérer le r6le des bactéries attachés
aux particules et des microhétérotrophes pour expliquer le métabolisme. Ils représentent
probablement les puits principaux d’oxygene (R) dans le golfe et seraient a 1’origine des
variations des concentrations en oxygene dissout sous la couche euphotique. Il serait utile
d’étudier davantage les signatures isotopiques du microzooplancton et des larves de
mesozooplancton afin de mieux les distinguer des signatures isotopiques obtenues pour la
MOP. De plus, il serait recommandé de développer une technique encore mieux adaptée

pour assurer leur retrait complet des échantillons avant 1’analyse des isotopes stables. Des
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études sont en cours afin de définir les patrons de migration, la structure et le réle trophique
de la communauté zooplanctonique dans le GSJ. Ces études permettront de comprendre

davantage le role global du zooplancton dans cet écosystéme.

Il serait aussi d’un grand intérét d’étudier les bactéries attachées aux particules, étant
impliquées dans chacun des théemes abordes dans ce projet. Elles jouent un réle central sur
la dégradation de la MOP et des pelotes fécales, tout comme sur la diminution des
concentrations en oxygene sous la couche euphotique. De courtes périodes d’observations
de ce genre permettent d’obtenir une meilleure résolution sur des phénoménes ayant lieu
sur des échelles temporelles horaires, journaliéres et hebdomadaires. Selon d’autres études
effectuées sur de plus long termes (saisonniers, annuels), elles permettent une meilleure
compréhension de la variance observée, au cours d’un mois ou d’une saison. Nos résultats
permettront de fournir des indices et des données utiles (abondances de cellules, isotopes
stables, flux de particules) pour d’autres projets dans le cadre de MARES, tels que 1’étude
du contrdle environnemental sur la communauté microbienne, études des communautés
zooplanctoniques et la modélisation de la sédimentation des particules biogéniques dans le
GSJ.

Pour de futures recherches dans le GSJ, il serait particulierement recommandé
d’effectuer des études plus approfondies sur I’importance et le role des feces dans les flux
de carbone. Il serait recommandé d’assurer une plus grande fréquence d’échantillonnage en
eaux libres afin d’établir de meilleurs conclusions a court terme sur le métabolisme intégré
sur la colonne d’eau dans le golfe. Il serait également intéressant d’étudier le métabolisme
et les flux de carbone au cours de plusieurs saisons. Cette démarche engendrerait des
résultats permettant d’obtenir une meilleure représentativité de la dynamique écologique

saisonniére de la communauté microbienne dans le golfe.

Ce projet a permis de découvrir et d’étudier certains compartiments et processus de la
pompe biologique. Nous avons pu démontrer, grace a I’é¢tude des flux de carbone, que la
pompe biologique est efficace dans cet écosysteme, sous réserve que notre approche permet

seulement d’estimer son intensité potentielle. La région océanique du sud-ouest de
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I’Atlantique posséde une pompe biologique plus efficace que la moyenne globale des
océans et représente un puits de CO, important. Dans un contexte moderne de changements
climatiques, il serait intéressant d’étudier davantage a 1’avenir, non seulement I’intensité,

mais aussi I’efficacité méme de la pompe biologique dans le GSJ.
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ANNEX I. Environmental parameters in the water-column

ANNEXES

depth |1 2 3

day (m) |
Date (2014) 06/02 | 06/02 | 06/02 | 07/02 | 07/02 | 07/02 | 07/02 | 07/02 | 07/02 | 07/02 | 08/02 | 08/02 | 08/02
Cast (fixed station) SF01 | SF02 | SFO03 | SFO05 SF06 SFO07 | SFO8 | SF09 | SF10 | SF11 | SF12 | SF13 | SF14
hour UTC| LT (h) 17124 | 19|16 | 21]18 1]22 3|1 52 15|12 | 18|15 | 20|17 | 22J19 | 0]21 | 2|23 41
period of day
(dusk=day) day day dusk night night night Day day day day dusk | night | night
Cloud coverage (on 10 7-8 7-8 7-8 4-6 4-6 4-6 4-6 4-6
Tidal coefficient low 48-43 low 40-38 low 38-40
depth Ze (m) 37.5 35.5 N/A* -— N/A* 37.9 38.18 | 38.47 | 40.5
depth Zmix (m), N?
Buoy. Forces 40 42 40 40 28 32 32 40 32 32 32 36 32
depth AOU shift (m) 40.425 | 40.775 | 43.148 | 42.181 | 33.015 | 37.224 | 30.736 | 33.165 | 29.832 | 32.69 | 32.69 | 37.2 | 34.71
Surface
Temperature (°C +| 0-20 | 14.26+|14.06+ | 13.70+ | 13.76 + | 13.78+ | 13.79+ | 13.78 + | 13.98+ | 13.95+ | 139+ | 13.78 | 13.74 | 13.86
SD) 0.05 0.05 0.03 0.01 0.01 0.01 0.01 0.11 0.19 0.20 | +£0.14 | £0.06 | £0.03

33.34+ | 3329+ | 3321+ 3322+ | 33.23+ [ 33.24+ | 33.25+ | 33.27+ | 33.25+ | 33.24+ | 33.23 | 33.23 | 33.24
Salinity (PSU + SD) 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | £0.00 | £0.00 | £0.00
Nutrients NO,, NO;
(UM L™ 1.39 2.39 3.31 2.67 2.56 2.28 3.45 2.39
Chla (ug L™ 1.60 1.75 0.94 1.25 1.49 1.56 1.26 1.45




Maximum Chl a

Temperature (°C +| 20-30 | 14.01+ | 1381+ |13.60+% | 13.71+ | 13.31 | 13.78 + | 13.69 =

SD) 0.08 0.09 0.02 | 0.04 0.45 0.02 0.04
3331+ | 3326+ 3321+ (3322+ | 3321+ |3324+|33.25+

Salinity (PSU + SD) 0.01 0.02 0.00 | 0.00 0.02 0.00 | 0.00

Nutrients NO,, NO;

(UM LY 1.76 2.53 2.69 3.19 2.93

Chla (ug L™ 1.52 1.60 1.39 1.34 1.44

Under pycnocline

Temperature (°C +| 30-70 | 10.95% | 11.33+ | 1144+ | 1142+ |10.52 = | 10.94+ | 10.68 = | 10.82 + | 10.28 + | 10.47 = | 10.63 | 11.00 | 10.95

SD) 1.52 1.38 1.32 1.21 0.33 1.17 0.93 1.25 0.63 0.92 | +0.79 | £0.98 | +£0.91
33.23+ | 33.18+ | 33.16+ | 33.16 £ | 33.14+ | 33.17+ | 33.17+ | 33.22+ | 33.22+ | 33.21+ | 33.17 | 33.15 | 33.15
Salinity (PSU + SD) 0.04 0.04 0.03 0.03 0.01 0.04 0.03 0.05 0.05 0.05 | +0.03 | £0.03 | £0.02
Nutrients NO,, NO;| 40-60
(UM L‘l) 12.28 12.95 12.55 12.90 14.10 10.63
Chla (ug L'l) 0.09 0.11 0.14 0.12 0.088 0.15
Bottom
Temperature (°C +| 70-85 | 881+ | 913+ | 957+ |10.19+| 9.99+ 96+ | 954+ | 915+ | 9.15+ | 9.26+ | 9.64 | 10.03 | 9.91
SD) 0.16 0.26 0.17 0.06 0.08 0.09 0.18 0.22 0.12 0.15 | +0.19 | £0.11 | 0.09
33.35+ | 33.33+|33.28+ (33.17+ | 33.20+ | 33.27 + | 33.28+ | 33.33+ | 33.32+ | 33.32+ | 33.26 | 33.2+ | 33.21
Salinity (PSU + SD) 0.02 0.01 0.03 0.01 0.01 0.01 0.03 0.01 0.01 0.01 | +0.03 | 0.02 | £0.01
Nutrients (NO,, NO,) 16.99 13.79 12.65 13.39 14.52 11.96

" No data available
Legend: LT; local time, UTC; Coordinated universal time. Blue columns represent nighttime periods. Grey zones mean that

the casts were not sampled.



ANNEX Il. Richardson numbers (Ri) in the water column

Time LT Time (iepth (m)
Date (LT) Date(UTC) (UTC-3) (UTC) Cast DOY 12 16 20 24 28 32 36 40 44
06/02/2014  06/02/2014 | 14h00 17h00 SFO1| 37.8 0.00 0.31 020 0.31 042 0.15 568 16.0
06/02/2014  06/02/2014 | 16h00 19h00 SF02| 37.8 0.02 0.20 0.08 0.06 0.33| 0.23 0.28 4.48
06/02/2014  06/02/2014 | 18h00 21h00 SF03| 379 0.10 0.09 0.03 0.14 014 052 046 1.39
06/02/2014  07/02/2014 | 22h00 01h00 SFO5| 38.0 0.00 -0.01 2.62 0.12 058 0.11 13.30 2.73
07/02/2014  07/02/2014 | 00h20 03h20 SF06 | 38.2 0.05 001 0.16 053 382 052 0.05 0.64
07/02/2014  07/02/2014 | 02h00 05h00 SFO7| 38.3 0.00 0.00 0.12 0.10 0.35 0.77 5.15 0.83
07/02/2014  07/02/2014 | 10h00 15h00 SF08| 38.7 Ri 0.00 0.01 0.01 0.09 016 200 0.19 0.71
07/02/2014  07/02/2014 | 15h00 18h00 SF09| 38.8 006 001 0.04 0.04 103 307 426 331
07/02/2014  07/02/2014 | 17h00 20h00 SF10| 38.9 0.04 056 0.07 1.28 512 16.00 0.76 3.01
07/02/2014  07/02/2014 | 19h00 22h00 SF11| 38.9 0.01 0.04 0.05 0.04 059 64.76 1.90 0.06
07/02/2014 08/02/2014 | 21h00 0h00 SF12| 39.0 120 0.04 004 086 6.02 151 0.54 0.08
07/02/2014  08/02/2014 | 23nh00 2h00 SF13| 39.1 024 0.17 0.08 0.04 0.09 0.99 0916 6.23
08/02/2014  08/02/2014 | 01h00 04h00 SF14| 39.2 0.10 0.08 0.15 6.98 0.44 1069 291 1.40
Time LT Time ?;F))tz
Date (LT) Date (UTC) (UTC-3) (UTC) Cast DOY 48 52 56 60 64 68 72 76
06/02/2014  06/02/2014 | 14h00 17h00 SF01| 37.8 043006 484 237 0.33 9.21 1045 0.02
06/02/2014  06/02/2014 | 16h00 19h00 SF02| 37.8 512 334 017 075 1.83 458 058 0.12
06/02/2014  06/02/2014 | 18h00 21h00 SFO3| 379 197 079 034 117 046 061 030 0.08
06/02/2014  07/02/2014 | 22h00 01h00 SFO5| 38.0 183016 028 088 134 095 0.31/ 0.03
07/02/2014  07/02/2014 | 00h20 03h20 SF06 | 38.2 0.04 329 049 0.16 0.04 208 0.30 0.01
07/02/2014 07/02/2014 | 02h00 05h00 SFO7| 38.3 Ri 0.09 0.09 0214 026 127 327 861 0.11




07/02/2014  07/02/2014 | 10h00 15h00 SF08 | 38.7 0.18 188 054 130 143 266 6.10 0.69
07/02/2014  07/02/2014 | 15h00 18h00 SF09 | 38.8 0.34 073 0.60 0.11 038 051 154 0.01
07/02/2014  07/02/2014 | 17h00 20h00 SF10| 389 0.11 103 0.13 0.77/0.13 036 0.61] 0.04
07/02/2014  07/02/2014 | 19h00 22h00 SF11| 38.9 0.23 037 010 0.16 0.09 035 032 049
07/02/2014  08/02/2014 | 21h00 0h00 SF12| 39.0 0347016 028 392 034 0.70 0.88 0.48
07/02/2014  08/02/2014 | 23h00 2h00 SF13| 39.1 0.16 0.02 0.08 0.11 0.36 0.07 0.57 0.22
08/02/2014 08/02/2014 | 01h00 04h00 SF14| 39.2 0.17 015 010 0.12 0.28 052 205 246

Legend: Highlighted numbers represent turbulence/shear possibility (Ri < 0.25). LT; local time, UTC; Coordinated universal
time, DOY;; day of year. The table is split from depths 12 to 44 m and from depths 48 to 76 m. No data were available for
greater depths. Depths from 28-44 m represent the main pycnocline barrier according to the Brunt-Vaisala frequency (N).



ANNEX 111. Pearson’s correlations table between Ran and NCP

Metabolism Variables Pearson | p-value (5%) R®
WCDI Chl a max Ray vs. NCP, 0.226 0.667| 0.051
EZDI Chl a max Ray vs. NCP, -0.327 0.527| 0.107













