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RESUME

Les particules exopolymériques transparentes (en anglais TEP, Transparent
Exopolymeric Particles) sont des particules de gel ubiquiste formées abiotiquement par
coagulation et agrégation de précurseurs dissous et colloidaux composés de
polysaccharides acides. Il est suggéré que, par ce processus, la transition du carbone du
réservoir dissout au particulaire (DOC vers POC) via I’agrégation des TEP, peut faciliter le
flux vertical de carbone dans la colonne d’eau. En ce sens, les TEP jouent un role central
dans la pompe biologique ainsi que dans la dynamique des réseaux trophiques dans les
écosystemes aquatiques. Malgré I’abondance de I’information disponible, il existe encore
une grande incertitude quant au budget de carbone des milieux marins en raison de leur
grande variabilité et de notre manque de compréhension des aspects importants de la
dynamique des TEP. En particulier, la contribution des TEP au réservoir de carbone est mal
comprise et a été largement ignorée dans la construction des budgets de carbone. L’ objectif
principal de cette these était de caractériser la dynamique des TEP dans le cycle du carbone
organique, en particulier dans I’estuaire maritime du Saint-Laurent (EMSL) et en
Méditerranée, et de comprendre les impacts de certains facteurs environnementaux
(présents et futurs) susceptibles de contréler leur variabilité. Notre question a été abordee
en trois étapes.

Dans le chapitre 1, nous avons étudié pour la premiére fois la distribution saisonniére
et verticale des TEP et leur contribution au réservoir de carbone organique a une station
fixe dans ’EMSL. Nous avons observé que les concentrations des TEP dans ’EMSL
étaient positivement corrélées avec la biomasse phytoplanctonique en surface, avec les
diatomées étant le groupe principal. Aucune relation significative entre les TEP et d’autres
facteurs biologiques et physico-chimiques n’a été trouvée. La teneur en carbone des TEP
(TEP-C) représentait dans la couche de surface le second contributeur le plus important au
réservoir de carbone organique particulaire apres le carbone de phytoplancton (41 et 54 %
par rapport au POC, respectivement). La contribution des TEP-C a diminué dans les
couches intermédiaires froides et de fond au cours de I’été et de I’automne (entre 24 et
35% par rapport au POC). Ces résultats suggérent que le TEP-C combiné au
phytoplancton-C contribue largement au réservoir de carbone et pourrait contribuer de
maniere significative a I’exportation ultérieure de macro-agrégats et possiblement a
I’hypoxie et I’acidification des eaux de fond de ’EMSL.

Motivee par les résultats de cette étude de terrain, une expérience suivant un modéle
cinétiqgue en microcosme a été réalisée pour étudier les effets présents et futurs de
I’acidification croissante attendue vers la fin du siecle sur la communauté planctonique
naturelle, les TEP et I’allocation du carbone organique dans I’EMSL. Les résultats de cette
étude en microcosme présentés au chapitre 2 ont révélés une accumulaton de la biomasse,
des taux de croissance et une prise de silice réduites de la communauté phytoplanctonique



sous des conditions de faible pH. Nos résultats suggerent que le nanophytoplancton, et plus
précisement les diatomées du genre Thalassiosira spp., étaient moins vulnérables aux
faibles pH que le pico- et le microphytoplancton. L’accumulation des TEP a été
positivement corrélée a la biomasse des cellules dans la fraction du nanophytoplancton et
aux conditions environnementales (pH, alcalinité et silice) pendant les phases de floraison
et post-floraison. D’autre part, les flagellés hétérotrophes étaient favorisés par les faibles
pH. La densité des bactéries a diminué sous un faible pH probablement en raison d’une
augmentation de la lyse virale et du broutage. A faible pH, le rapport POC: PON était plus
faible, bien que nous avions noté un changement dans la partition du carbone dans le
réservoir dissous vers celui du POC via I’agrégation des TEP. Nos résultats suggerent que
les changements anticipés de I’alcalinité et des faibles pH pourraient affecter I’agrégation
des TEP et leur structure, ce qui pourrait avoir un impact sur I’exportation de la matiere
organique.

Enfin, les résultats d’une expérience en mésocosme réalisée dans une lagune marine
de la mer Méditerranée sont présentés au chapitre 3. Cette expérience a été congue pour
étudier les effets séparés et combinés de I’acidification et du réchauffement futurs sur la
formation des TEP et I’allocation de la matiére organique dans les écosystéemes chauds de
moyenne latitude. Nos résultats ont montré une augmentation de I’accumulation des TEP-C
et de la prise du carbone inorganique dissous (DIC) sous une pCO, élevée, ce qui était
associé a une accumulation de carbone organique colloidal (3 fois) par rapport aux niveaux
actuels. Ces résultats suggerent une augmentation de I’agrégation des particules et du
réservoir de POC sous une pCO, élevée. En revanche, le réchauffement a diminué le retrait
de DIC et I’accumulation de carbone particulaire (TEP-C et POC), ce qui suggére une
réduction de la formation de particules et de I’exportation de carbone en faveur de la
dégradation microbienne. De facon inattendue, nos résultats ont révélé que I’effet combiné
de I’acidification et du réchauffement ne présentait aucun effet sur les TEP-C, POC et la
prise du DIC, jouant ainsi un réle antagoniste en particulier sur la production de TEP-C.
Cependant, le traitement combiné d’acidification-réchauffement a présenté un effet positif
sur le carbone phytoplanctonique et bactérien. En conclusion, nos résultats suggérent que
les scénarios océaniques futurs pourraient avoir le potentiel de réduire la séquestration du
carbone particulaire en faveur de I’accélération de la respiration de la boucle microbienne
avec des conséquences de rétroaction de I’océan sur le changement global.

En conclusion, cette thése de doctorat a révélé I’importance de la contribution des
TEP au réservoir de carbone organique qui devrait étre pris en considération dans les
modeéles biogéochimiques. Notre travail suggere par ailleurs la présence d’une réponse
especes-specifique de la communauté phytoplanctonique aux changements de CO./pH,
pour lesquels la croissance du phytoplancton est optimale jusqu’a un pH ~ 7,7 et qu’une
diminution supplémentaire du pH (pH < 7,55) pourrait avoir des effets tres significatifs sur
la croissance cellulaire et leur physiologie. Dans le contexte des changements globaux,
I’acidification et le réchauffement peuvent jouer de fagon antagoniste sur I’accumulation et
I’exportation potentielle du carbone organique. Cela pourrait avoir un impact sur les flux
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verticaux de matiére organique futurs avec des conséquences possibles sur la productivité
des écosystemes marins et le pompage biologique du CO, atmosphérique.



ABSTRACT

Transparent exopolymeric particles (TEP) are ubiquitous gel particles formed
abiotically by coagulation and aggregation of dissolved and colloidal precursors composed
of acid polysaccharides. It is suggested that by this process, the transition of carbon from
dissolved to particulate (DOC to POC) pool via TEP aggregation, can facilitate vertical
carbon flux in the water column. In this sense, TEP plays a central role in the biological
pump and the dynamics of food webs in aquatic ecosystems. Despite the significant amount
of information available, great uncertainty regarding the carbon budget of marine
environments still exists due to their high variability, as well as our lack of understanding
of significant aspects of TEP dynamics. In particular, the contribution of the TEP fraction
to the carbon pool is poorly understood and has largely been ignored in the construction of
carbon budgets. The main objective of this doctoral thesis was to characterize the dynamics
of TEP in the organic carbon cycle, especially in the Lower St. Lawrence Estuary (LSLE)
and in a temperate marine coastal environment (Mediterranean) and to understand the
impacts of some environmental factors (present and future) that could control its variability.
Our question was addressed in three steps.

In chapter 1, we studied, for the first time, the seasonal and vertical distribution of
TEP and their contribution to the organic carbon pool at a fixed station in the LSLE. We
observed that TEP concentrations in the LSLE were positively correlated with the
phytoplankton biomass in surface waters, particularly dominated by diatoms. No significant
relationships between TEP and other biological and physico-chemical factors were found.
TEP carbon (TEP-C) content represented in the surface layer the second most important
contributor to the particulate organic carbon pool after phytoplankton carbon (41 and 54 %
compared to POC, respectively). The TEP-C contribution decreased in the cold
intermediate and bottom layers over the summer and fall (ranging between 24 and 35 %
compared to POC). This result suggests that TEP-C combined with phytoplankton carbon
are major contributors to the carbon pool and could significantly contribute to the
subsequent export of macro-aggregates, and probably fuel the hypoxia and the acidification
of the bottom layer of the LSLE.

Motivated by the results of this field study, a microcosm kinetic experiment was
performed to investigate the present and future effects of the growing acidification,
expected by the end of the century, on the natural plankton community, TEP and organic
carbon matter allocation in the LSLE. The results of this microcosm study presented in
chapter 2 revealed a reduced biomass accumulation and growth rates, and silica uptake of
phytoplankton community under low pH. Our results suggest that nanophytoplankton, and
more precisely diatoms of the genus Thalassiosira spp., were less sensitive to low pH than
the pico- and microphytoplankton. TEP accumulation was positively correlated to
nanophytoplankton cell fraction biomass and the environmental conditions (pH, alkalinity
et silica) during the bloom and post-bloom phases. On the other hand, heterotroph
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flagellates were favored by low pH. Bacteria density decreased under low pH probably due
to an increase of viral lysis and grazing. At low pH, POC:PON ratios were lower, though
we noted a shift of carbon partition from dissolved into the POC pool via TEP aggregation.
Our results suggests that the anticipated changes in alkalinity and low pH could affect TEP
aggregation and TEP particle structure, which in turn could have an impact on the organic
matter export.

Finally, results from a mesocosms experiment carried in a Mediterranean Sea lagoon
are presented in chapter 3. This experiment was designed to investigate the separate and
combined effects of future acidification and warming on TEP formation and on the organic
carbon matter allocation in warm mid-latitude ecosystems. Our results showed an increase
in TEP-C accumulation and inorganic carbon drawdown (DIC) at high pCO,, which was
associated with colloidal organic carbon accumulation (3 fold) compared to present levels.
These results suggest an increase of particle aggregation and partitioning into the POC pool
under high pCO,. In contrast, warming decreased the DIC drawdown and particle carbon
accumulation (TEP-C and POC), suggesting a reduction of particle formation and carbon
export in favor of microbial degradation. Unexpectedly, our results revealed that the
combined effect of acidification and warming present no effect on TEP-C, POC and DIC
drawdown, playing an antagonistic role especially on TEP-C production. However, the
warming-acidification combined treatment presented a positive effect on phytoplankton and
bacterial carbon accumulation. All together, our results suggest that future oceanic
scenarios would have the potential to reduce the particle carbon sequestration in favor of
accelerating the microbial loop respiration and driving consequences of ocean feedbacks to
global change.

In conclusion, this doctoral thesis revealed the importance of the contribution of TEP
to the organic carbon pool, which should be taken into consideration in biogeochemical
models. Moreover, our work suggests the presence of a species-specific response of
phytoplankton community to changes in CO./pH, for which the phytoplankton growth is
optimal up to pH ~ 7.7, and that a further decrease in pH (e.g. pH < 7.55) could have
adverse effects on cell growth and physiology. In the context of global changes,
acidification and warming may play antagonistically on the accumulation and potential
export of organic carbon. This could have an impact on the future vertical flows of organic
matter with possible consequences for marine ecosystems productivity and the biological
pumping of atmospheric CO,.

Keywords: Transparent exopolymeric particles (TEP), Ocean acidification, Warming,
Global change, Estuary, Phytoplankton, particulate and dissolved organic carbon (POC,
DOC), Heterotrophic bacteria, pH, mesocosm.
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1) (a) the surface layer (SL) and (b) the cold intermediate layer (CIL). Dashed lines

represent the 0.95 confidencCe IEVEL...........coo i

CHAPITRE 2

Figure 1 : Experimental setup of CO, manipulation system and computer control of
pH for each microcosm (a) and profile view of microcosm (b). A mixture of air and
CO;, was bubbled directly in the bottom of each microcosm thus achieving a gradient
of 6 pH levels and a pH reference microcosm. The air/CO, mixing was adjusted for

each microcosm by instant pH probe monitoring and adjustment...............cccocevvieiiinenen,

Figure 2 : Temporal variation in pHt Insitu (total hydrogen ion scale) during the

MICIOCOSIM EXPEIMENT. .....viiiiieicite ettt e sre e e s e e reeeesreesreeeeenes

Figure 3 : Regression between pHr in situ values spectrometrically measured (total
hydrogen ion scale) and those coming from continuous pH probes (NBS). Dashed

lines represent the 0.95 confidence leVEL. ...

Figure 4 : Nutrient time change for: (a) nitrate (b) SRP and (c) silicic acid in the pH

perturbed and reference MICIOCOSIMS. ......vuiiiiiiie e re e

Figure 5 : Relationship between the proton concentration values ([H+]) and (a) the
rate of silicic acid change, (b) the ratio ASi(OH)4 : ANO3 and (c) the ratio ASi(OH)4

e

.76
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: ADiatoms during the bloom development (day 1 to day 4). Significant regression

(solid line) with (95%) confidence intervals (dashed lines) are shown ..............cccccceei.

Figure 6 : Temporal evolution of phytoplankton carbon (ugC L™) during the
experiment: (a) Picoplanphytoplankton-C, (b) Nanophytplankton-C and (c)
Microphytoplankton-C. Each curve represents a microcosm with a specific pH
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Figure 7 : Relationship between the proton concentration values ([H+]) and
phytoplankton growth rate (u d?) during the bloom development for (a)
Nanophytoplankton-C (day 2 to day 7), (b) Nanophytoplankton-C (day 7 to day 15),
(c) Microphytoplankton-C (day 2 to day 9) and (d) Microphytoplankton-C (day 9 to
day 15). Linear regressions are shown with solid lines are shown. A negative growth

FALE INAICALES A CRII 1OSS ....eeeee ettt e e e e e e e e et eaeeeeaans

Figure 8 : Microscopic relative contributions of (a) autotrophic group to total
phytoplankton and (b) diatom species at the beginning (T0), around the bloom (day 4)
and at the end of the experiment (day 15) in each pH treatment. Relationship between
heterotrophs flagellates (% of the total protists abundance) and the proton
concentration values ([H+]) during (c) the bloom and (d) at the end of the experiment.

Linear regressions are shown with solid lines are ShOWn ............cccoeviieiiinniiineen,

Figure 9 : Temporal evolution during the experiment (ug C L™) of: (a) transparent
exopolymeric particles carbon (TEP-C), (b) particulate organic carbon (POC), (c)
particulate organic carbon to particulate organic nitrogen ratio (POC:PON) and (d)
dissolved organic carbon (DOC). Each curve represents a microcosm with a specific
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Figure 10 : Relationship between the proton concentration values ([H+]) and
particulate and dissolved organic carbon accumulation rate during the experiment for
TEP-C from day 2 to day 7 (a), from day 9 to day 15 (b); POC from day 2 to day 9
(c), from day 9 to day 15 (d); DOC from day 4 to day 15 (e) and DOC:POC ratio for
each experimental day (f). Linear regression relationships are shown with solid lines

ATE SOV ..ottt ettt ettt ettt ee et et e e et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeerenneeraees

Figure 11 : Temporal evolution of (a) bacteria abundance and (b) viruses. Each curve

represents a microcosm with a specific pH treatment............cccccoeeeie i



Figure 12 : Temporal evolution of (a) percentage of bacteria with high nucleic acids
(HNA) and (b) virus to bacteria ratio during the experiment. Each curve represents a
microcosm with a specific pH treatment ...

Figure 13 : Relationship between the proton concentration values ([H+]) and the rate
of abundance change during the experiment (a) Bacteria (day 2 to day 7), (b) Bacteria
(day 7 to day 15), and (c) viruses (day 2 to day 15). Linear regressions are shown
With SOl [INES Are SNOWN .....cuiiiiiie e

CHAPITRE 3

Figure 1 : Temporal variation of inorganic nutrients (a) nitrate (UM), (b)
orthophosphate (uM) and (c) silicates (UM) (averages £SD) of the mesocosms
experiment with the following treatments: Control, actual temperature and pCO,
(black); high pCO,, A (green); high temperature, T (red) and high pCO, and high
temPpPerature, AT (DIUE) .....ooi e

Figure 2 : Temporal variation of (a) temperature (°C), (b) pHt in siwand (c) DIC (umol
kgsw') (averages + SD) during the mesocosms experiment with the following
treatments: Control, actual temperature and pCO; (black); high pCO,, A (green); high
temperature, T (red) and high pCO; and temperature, AT (DIUE)........ccceevveviiiieiieiecienen,

Figure 3 : Temporal variation of (a) Chl a-C, (b) TEP-C, (c) POC and (d) Bac-C
(averages £ SD) during the mesocosms experiment with the following treatments:
Control, actual temperature and pCO, (black); high pCO,, A (green); high
temperature, T (red) and high pCO; and temperature, AT (DIUE)......c.ccevverveiriierieiennn

Figure 4 : Dissolved inorganic carbon changes (ADIC) during the bloom phase in the
Control (C), Acidified (A), high Temperature (T) and Acidified and high
Temperature (AT) treatments during the exponential phytoplankton growth. t-test
significant difference (** P<O.01) .....ooiiiiiiiiie it

Figure 5 : Temporal contribution of the sum of TEP-C, Phyto-C and Bac-C (TPB-C
sum) and POC compartments studied for the a) Control and b) Acid, c) Temperature
and d) Acid Temperature treatments. Bars represent phytoplankton-C (black);
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HBacteria-C (light grey); TEP-C (dark grey) and the black line with points is POC.
Units for all variables are g C L™ ..o

Figure 6 : Conceptual model of the carbon pathway implicated for each scenario a)
High acidification, b) High temperature and c) High acidification and temperature.
Boxes represent the different carbon compartments (DIC, phytoplankton, Bacteria,
TEP, colloids, POC and DOC) for each partition. Arrows represent processes of
uptake, exudation, assimilation, aggregation, remineralization and sinking. The
positive effect in each treatment is in bold black and those negative or presenting no
effect to change in CO, and/or temperature are grey. The uptake of DIC by
phytoplankton is modulated by CO, and temperature change. The excess of fixed
carbon is exudate as DOC, with a portion of the DOC rapidly transformed into
colloids and TEP by abiotic aggregation process, which contributes to a large fraction
of the POC. This partitioning into particulate fraction is elevated under the
acidification scenario. On the other hand, the warming scenario results in an increase
of bacterial carbon leading to an enhanced respiration of the organic carbon, thereby,
replenishing the DIC compartment, and reducing the accumulation of particulate
organic matter (like TEP and POC) for export. The combined effect of warming and
acidification scenario results in enhanced bacterial carbon, which could counteract the
phytoplankton carbon increase by enhancing the microbial respiration of the organic
carbon, associated with the lack of change in TEP, POC and DIC compartments.
Together, these responses to the combined effect may present positive feedback to
rising atmospheric CO,. The dotted red square represents the surface layer ecosystem ...

CONCLUSION GENERALE

Figure 1 : Diagramme conceptuel illustrant la réponse de 1’écosystéeme de la
Méditerranée (& gauche) et du Saint-Laurent (a droite) et la voie du carbone sous des
conditions d’acidification. Les fléches représentent des processus d'absorption,
exsudation, assimilation, agrégation, reminéralisation et sédimentation. L'effet positif
dans chaque traitement est en noir gras et ceux négatifs ou ne présentant aucun effet
au changement de CO; sont en gris. Les compartiments non échantillonnés sont en
ligne pointillée. Le carré rouge représente I’écosystéme de la couche de surface. CO;
atmosphérique (CO, ATM), carbone inorganique dissous (DIC), phytoplancton
(Phyto), hetérotrophes (Heterotroph), carbone organique dissous (COD), bactéries
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(BAC), carbone organique colloidal (Colloids), particules exopolymériques
transparentes (TEP) et carbone organique particulaire (POC). ..o 144

Figure 2 : Diagramme conceptuel illustrant la réponse de 1’écosystéme de Méditerranée et
la voie du carbone sous des conditions de réchauffement et d’acidification. Le
réchauffement a pour effet d’augmenter la biomasse bactérienne et stimule la respiration
microbienne du carbone organique réapprovisionnant ainsi le compartiment du CID, ce qui
pourrait contrecarrer 1’effet de 1’acidification sur l'augmentation de la biomasse
phytoplanctonique par surconsommation de CID. Associé a lI'absence de changements dans
les compartiments des TEP, COP et CID. Ensemble, ces réponses a l'effet combiné de
réchauffement et d’acidification peuvent présenter une rétroaction positive a la hausse du
CO, atmosphérique. Les fleches représentent des processus d'absorption, d'exsudation,
d'assimilation, d'agrégation, de reminéralisation et de sédimentation. L'effet positif dans
chaque traitement est en noir gras et ceux négatifs ou ne présentant aucun effet de
changement combiné de CO, et température sont en gris. Le carré rouge représente
I’écosystéeme de la couche de surface. CO, atmosphérique (CO, ATM), carbone
inorganique dissous (DIC), phytoplancton (Phyto), hétérotrophes (Heterotroph), carbone
organique dissous (COD), bactéries (BAC), carbone organique colloidal (Colloids),
particules exopolymériques transparentes (TEP) et carbone organique particulaire (POC).


















INTRODUCTION GENERALE

1.1 LESPARTICULES EXOPOLYMERIQUES TRANSPARENTES (TEP) ET LEUR ROLE DANS
LE CYCLE DU CARBONE MARIN

La compréhension de la production et du devenir du carbone organique dans 1’océan
est un enjeu majeur dans le cycle global du carbone. En fait, la structure et la dynamique du
réseau trophique planctonique jouent un réle fondamental dans la régulation des flux de
carbone (Rivkin et al. 1996).

Notre connaissance sur ce type de réseau trophique n’a cessé d’évoluer depuis plus de
30 ans. En effet, il semble que le réseau trophique pélagique soit beaucoup plus complexe
que I’on avait considéré. Jusqu’au tout début des années 80, on pensait que la majorité du
carbone inorganique dissous (CID) fixé photosynthétiguement par les producteurs
primaires transitait a travers une chaine trophique simple et linéaire jusqu’aux niveaux
trophiques supérieurs via le zooplancton herbivore (Williams 1981). C’est ce que ’on
appelle « la chaine trophique basée sur le broutage » (« Grazing food chain ») et les autres

microorganismes étaient alors largement ignorés.

Azam et al. (1983) ont élargi notre compréhension a travers le concept de « boucle
microbienne », en mettant en évidence I’importance des organismes autotrophes et
hétérotrophes de petite taille (<5 um) dans le fonctionnement des processus
biogéochimiques en milieu marin. Ainsi, le carbone organique dissous (COD) exsudé par le
phytoplancton est recyclé par les bactéries et les archaea hétérotrophes (Azam & Malfatti
2007). 1l a été estimé qu’approximativement 50 % de la production primaire océanique est
canalisée via le COD et la respiration bactérienne (Azam 1998, Azam & Malfatti 2007,
Hansell et al. 2009). Les bactéries degradent non seulement la matiere organique dissoute,
mais aussi les organismes et les détritus particulaires, ce qui contribue significativement au

recyclage du carbone dans I’océan. Plus tard, Legendre & Rassoulzadegan (1995) ont



ajouté une plus grande complexité a ce modele, en y intégrant d’autres types de
communautés (continuum du réseau trophique multivore qui relie les bactéries

hétérotrophes et les zooflagellés).

De nombreux auteurs ont suggéré qu’une partie significative du carbone organique
particulaire (COP) pouvait étre formée de facon abiotique dans la colonne d’eau a partir de
substances dissoutes, et que ce type de particules aurait un réle potentiellement important
dans les écosystémes marins (Wiebe & Pomeroy 1972, Jensen & Segndergaard 1982,
Johnson et al. 1986, Kepkay & Johnson 1988). Cependant, cette voie de transformation a
été largement ignorée du fait que les techniques de visualisation et de quantification de ces
particules n’étaient pas encore développées. Cette idée n’a été renforcée qu’a partir de la
découverte et de 1’étude des particules exopolymériques transparentes (TEP, de 1’anglais
« Transparent exopolymer particles ») en 1993, apres la mise au point de la méthode

d’analyse développée par Alice Alldredge (1993) et son équipe.

La dichotomie traditionnelle entre COP versus COD a été remplacée par le concept
de continuum du carbone organique (Azam et al. 1994, Verdugo et al. 2004), et cela par la
mise en évidence de plusieurs classes de substances polymériques extracellulaires (EPS, de
I’anglais  « exopolymeric substances »), telles que les colloides, les particules
submicrométriques, et les TEP (Wells & Goldberg 1992, Kepkay 1994, Kepkay et al. 1997,
Kumar et al. 1998, Wells 1998, Stoderegger & Herndl 1999, Passow 2000, Ramaiah et al.
2001, Passow 2002a, Bhaskar & Bhosle 2005, Underwood 2006). En fait, il a été suggéré
que la quantité des TEP dans les océans, composés en majorité de polysaccharides, est

entre 35 a 70 fois supérieures a celle estimée pour le COP (Verdugo et al. 2004).

Les TEP sont définies comme des particules gélatineuses transparentes. Elles sont
formées de précurseurs dissous composés majoritairement de polysaccharides acides (APS,
de I’anglais « Acid polysaccharides ») (Passow 2001). Ces précurseurs sont exsudés par le
phytoplancton (Grossart et al. 1997, Passow 2001, 2002a b) et dans une moindre mesure
par les bactéries via le détachement des enveloppes exopolymere ou des biofilms (Decho
1990, Schuster & Herndl 1995). 1l s’agit alors d’une conversion directe de COD en COP.



Les TEP représentent donc un important réservoir de COP (de Vicente et al. 2009b) qui
peut contribuer significativement a I’exportation du carbone organique de la surface vers le
fond des océans. Leur formation abiotique et leur introduction dans la chaine trophique
représenteraient une dérivation de la boucle microbienne, rendant encore plus complexe la
vision du réseau trophique pélagique. Cette nouvelle voie de transfert du carbone est

nommee « réseau basé sur 1’agrégation » (« aggregation web ») (Passow 2002b; Fig. 1).

Réseau trophique Boucle Réseau
de broutage microbienne d'agrégation

( CID )&
COoD&
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Figure 1 : Changements dans les concepts concernant les flux de carbone entre les
organismes et particules non vivantes, illustrant la chaine alimentaire linéaire de
broutage, la boucle microbienne et le réseau basé sur les processus d’agrégation.
Schéma modifié a partir de Passow (2002b)

Dans ce réseau d’agrégation, les TEP agissent comme une matrice interstitielle grace
a leur grande propriété adhésive® (de ’anglais « stickness ») pour former des agrégats

macroscopiques (neige marine) (Engel 2000, de Vicente et al. 2009 b, Mari et al. 2017).

1 Adhésion : Le degré pour lequel des particules marines adhérent ensemble est caractérisé par le coefficient
d’adhérence (a), qui est défini comme la probabilit¢ que deux particules adhérent lors de la collision.
L’adhésion intraspécifique se rapporte a ’interaction entre des particules similaires (ex. : deux particules de
TEP ou deux cellules de la méme espéce de phytoplancton) et 1’adhérence interspécifique réféere a
I’interaction entre différents types de particules (ex. : une particule TEP et une cellule de phytoplancton).



Elles contribuent a la liaison entre les particules organiques vivantes et non vivantes, en
incluant les microorganismes de la boucle microbienne et d’autres petites cellules telles que
le pico- (0,2-2 um) et le nanophytoplancton (2-20 um), rendant leur densité suffisamment
élevée pour sédimenter (effet ballaste). Ce processus facilite la perte de particules formées
dans les eaux de surface, ainsi les TEP contribuent a la sédimentation rapide du
phytoplancton et d’autres petites particules facilitant les flux verticaux de carbone (Passow
2002b). 1l faut noter que ~ 10 % du COD de I’océan de surface peut étre assemblé pour
former des TEP, ce qui donne ~ 70x10™ g de carbone organique (Verdugo et al. 2004a).
D’autre part, elles rendent disponibles (« bypass », dans la littérature) au mésozooplancton
des proies qui ne 1’étaient pas sous forme libre, du fait de leur petite taille. Une telle
composition représente une source potentielle de nourriture riche pour les organismes de
plus grandes tailles (Grossart et al. 1997). Par conséquent, la production du COD par le
phytoplancton représente aussi une connexion entre la boucle microbienne et les niveaux

supeérieurs du réseau trophique marin.

Durant les derniéres décennies, plusieurs recherches ont montré que les TEP sont
souvent composees a plus de 50 % par de la biomasse bactérienne (Riemann et al. 2000),
ainsi que d’autres microorganismes. De plus, elles sont également le siége de divers
processus microbiens souvent intenses, tels que la production primaire photosynthétique et
microbienne et la reminéralisation qui résulte principalement des propriétés propres aux
agrégats (Alldredge & Gotschalk 1990). De ce fait, elles jouent un réle trés important dans
le cycle du carbone et des nutriments (Grossart et al. 1997), ainsi que dans la dynamique
des réseaux trophiques. Il est donc essentiel de les quantifier et d’étudier leur contribution

aux flux de carbone dans 1’océan.

La formation des TEP dépend de la quantité de polysaccharides extracellulaires
présents dans le milieu. Il a été proposé par certains auteurs que I’exsudation résulte d’un
déséquilibre temporaire du carbone cellulaire par un débordement métabolique. Bratbak &
Thingstad (1985) considérent la libération des produits de la photosynthése en condition de

limitation en nutriments comme une situation paradoxale. En effet, le phytoplancton libere



sous condition de faibles teneurs en nutriments de la matiére organique (MO) susceptible
de favoriser les bactéries, qui sont en potentielle compétition pour les éléments nutritifs
dans le milieu marin. Wood & Van Valen (1990) considérent quant a eux que le gain
physiologique d’excrétion sous des conditions de lumiére intense et faible en nutriments ne
favorise pas la sélection naturelle, sauf si les avantages globaux de la cellule I’emportent
sur les colts. Ils se concentrent sur la nécessité de la cellule d’utiliser I’excédent d’énergie
qui est produite, en raison de I’incapacité du phytoplancton d’arréter la photosynthése aux
fortes intensités lumineuses. Wood & Van Valen (1990) suggérent que la limitation des
nutriments empéche I'accumulation de biomasse, mais pas la photosynthese de sorte que le
carbone est libéré sous forme de COD. Ces auteurs ont donc émis 1’hypothése que cette
production de carbone est un mécanisme de protection de ’appareil photosynthétique en
condition d’abondance d’énergie lumineuse par rapport a la disponibilité des nutriments. Il
semble que c’est une adaptation du phytoplancton qui n’est donc pas en compétition directe
avec les bactéries pour les éléments nutritifs au moment de la libération des carbohydrates
(Wood & Van Valen 1990). D’autre part, le colt nutritionnel de la libération des
carbohydrates doit étre également négligeable, puisque le carbone est rarement limitant
pour la croissance phytoplanctonique dans les eaux douces et marines (Harris 1980) et la
réaction photochimique de la photosynthese produite de I’ATP et du NADH, typiquement

deux sources d’énergie biochimique (Govindjee & Braun 1974).

1.2 ORIGINE ET FORMATION DES TEP

De nombreux organismes marins, incluant le phytoplancton (Alldredge et al. 1993),
les bactéries (Simon et al. 2002), le zooplancton et les organismes benthiques générent des
polysaccharides extracellulaires dissouts, via I’exsudation ou le broutage (Myklestad 1995,
Stoderegger & Herndl 1999, Passow 2002b, Heinonen et al. 2007). Pour ce qui est du
phytoplancton, les diatomées sont particulierement bien connues pour exsuder de grandes
quantités d’EPS durant toutes les phases de leur cycle de vie (Passow 2002b, Fukao et al.
2010). Le phytoplancton peut aussi produire des particules polysaccharidiques condensees,



sous forme de microgels dans 1I’eau de mer (Chin et al. 2004). D’autre part, les bactéries
libres produisent également des EPS, et peuvent donc étre une importante source de
microagrégats en dehors des périodes de floraison phytoplanctonique (Stoderegger &
Herndl 1999).

A 1’échelle cellulaire, 1’absorption du carbone se poursuit méme lorsque 1’acquisition
des éléments nutritifs limite la production de biomasse, mais pas la photosynthese (Fig. 2).
Une des conséquences de cet exceés d’assimilation de carbone est I’exsudation
extracellulaire de la MOD avec un rapport C/N élevé (Engel et al. 2004a). La coagulation
de cet excés de MOD riche en carbone produit ainsi un réservoir des TEP naturellement
riche en carbone, mais pauvre en azote (rapport C/N élevé > 20 a 40) (Engel &
Passow 2001, Mari et al. 2001). Ce processus d’exsudation est considéré comme un
« débordement » de carbone cellulaire par lequel les cellules phytoplanctoniques disposent
des produits de la photosynthése en exces dans des conditions de limitation en nutriments
(Jensen & Sgndergaard 1982, Toggweiler 1993, Obernosterer & Herndl 1995). Ceci,
résulterait en la formation d’un grand réservoir de matiére organique circulant dans 1’océan

dont le rapport C/N est tres élevé.

La production d’EPS représente une fraction considérable du carbone fixé lors de la
photosynthése. En effet, les EPS peuvent représenter jusqu’a 58 % de la production
primaire (Nagata 2000) qui vient enrichir le réservoir océanique du COD. Ces EPS,
composes essentiellement d’APS, sont capables de s’agréger spontanément par
coagulation® et/ou agrégation® pour former des TEP (Fig.2). Chin et al. (1998) ont
démontré que le COD pouvait s’assembler spontanément pour former des microgels
atteignant des tailles de I’ordre du micromeétre. Ce réservoir de carbone organique est

constitué par les colloides et les TEP. En effet, une fois libérés dans les eaux environnantes,

2 Coagulation : processus physico-chimique qui colle les particules entre elles par adhésion.
3 Agrégation : processus physique dans lequel les microparticules entrent en collision et restent collées les
unes aux autres pour former des amas de particules appelées agrégats.
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Figure 2 : Modeéle conceptuel représentant les voies possibles de la matiere organique
produite par les cellules autotrophes. Sous I’hypothése de surconsommation du carbone
inorganique dissous (CID) par rapport a I’absorption de I’azote (NID) ou le phosphore
inorganique dissous (PID), une fraction du carbone organique intracellulaire accumulée est
libérée de la cellule par des processus de diffusion et/ou d’exsudation. En fonction de sa
qualité, le carbone organique extracellulaire peut entrer dans le réseau trophique microbien
ou bien étre agrége pour former des particules, telles que les TEP (modifié d’aprés Engel et
al. 2004).

par voie active (exsudation) ou passive (diffusion ou lyse cellulaire), ces précurseurs
dissous peuvent prendre de nombreuses formes (Kepkay 2000). Fréquemment, ils se
présentent sous forme de microfibrilles riches en polysaccharides de poids moléculaire
élevé (100-300 kDa; Decho 1990, Myklestad 1995). Cependant, Bhaskar & Bhosle (2005)
ont rapporté que ces précurseurs dissous pouvaient aussi avoir un poids moléculaire plus
faible compris entre 10 a 30 kDa. Ces exopolymeéres dissous vont ensuite s’aligner et se lier
par Iintermédiaire des ponts cationiques (Ca’* et Mg?"), et coaguler spontanément en
microfibrilles de taille variant de 1 a 100 nm (Alldredge et al. 1993, Chin et al. 1998). La
coagulation se poursuit par la formation de colloides de taille submicrométrique sous forme
de réseaux de polymeres enchevétres tridimensionnels (Chin et al. 1998), et se terminent

par la formation des TEP, de taille supérieure (Fig. 3).
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Figure 3 : Concept de la formation abiotique des particules exopolymériques transparentes
(TEP) & partir de leurs précurseurs. Les TEP et leurs précurseurs existent dans un
continuum de taille, de la fraction colloidale a la fraction particulaire. Schéma modifié de
Beauvais (2003)

Par ce processus, il y a donc une transformation spontanée du COD en COP (Kepkay
1994), tel que décrit précédemment. La définition de la taille des TEP varie dans la
littérature selon la méthodologie utilisée. Certains auteurs considérent la taille des TEP
varie entre 0,7 et 200 um (Mari & Burd 1998), alors que dans d’autres études les TEP sont
considérées entre 1 um et 1 mm de long (Passow 2002b, Fatibello et al. 2004). Cependant,
les méthodes colorimétriques usuelles d’analyse de ce type de particules impliquent de
travailler sur de la matiére retenue sur des filtres de 0,2 ou 0,4 um (Passow & Alldredge
19953, Passow 2002a, Bhaskar & Bhosle 2008, Wetz et al. 2009, Sun et al. 2012).

De nombreuses études ont montré que le processus de formation des TEP dépendait
de différents parametres abiotiques et biotiques, incluant des facteurs chimiques (la densité
des ions, le pH, le type et la concentration des précurseurs présents et les propriétés

adhésives des précurseurs) (Passow et al. 2001), des facteurs physiques (la turbulence : la



fréquence de collision, la vitesse de sédimentation, la densité des particules dans le milieu)
(Beauvais et al. 2003), ainsi que des facteurs biologiques, qui dépendent de la composition
de la communauté et de 1’état physiologique des organismes (Grossart et al. 1997,
Passow 2002b).

Certaines ¢tudes ont montré que la présence des ions divalents dans 1’eau de mer était
tres importante pour la formation des microgels. En effet, il a été mis en évidence que la
concentration de cations divalents (Ca*‘et Mg**) pouvait favoriser la stabilisation de la
matrice des TEP en créant des liens macromoléculaires (Passow 2002b, Li et al. 2013,
Meng & Liu 2016), notamment par la formation de ponts cationiques et des liaisons
hydrogéne (Chin et al. 1998). En revanche, la présence d’EDTA (éthylénediamine -tetra-
acétique acide; 0,1-1 M), un agent chélateur de Ca’‘et Mg?* peut désagréger rapidement la
structure des TEP (Alldredge et al. 1993, Chin et al. 1998, Li et al. 2013). D’autre part, il a
été montré que la diminution du pH peut réduire le nombre de liaisons hydrogene inter et
intrachaine par la protonation des groupes carboxyliques et ainsi empécher la formation des
ponts cationiques entre les groupes carboxyliques et les ions Ca?et Mg?* (Li et al. 2013).
Ceci résulte en une réversibilité d’état de phase des TEP, entre les phases hydratées et
désagrégées (Li & Tanaka 1992) et une phase condensée influencent leur volume et densité
(Chin et al. 1998)

Il semble également que I’intensité de la turbulence favorise grandement la
production des TEP (Beauvais et al. 2006). En effet, 1’énergie cinétique turbulente permet
d’augmenter la fréquence des collisions entre les particules de taille supérieure a quelques
um, ce qu’on appelle « I’agrégation » (Verdugo et al. 2004). Les collisions répétitives dues
aux mouvements browniens et/ou de cisaillement (a la fois laminaire et turbulent) générent
des agrégats de plus en plus grands ce qui peut alors induire la coagulation par adhésion des
particules (Kepkay 1994).

En ce qui concerne la formation biotique des TEP, plusieurs travaux en mésocosmes
et en milieu naturel ont montré une forte production des TEP et de leurs précurseurs durant

et apres les efflorescences phytoplanctoniques de communauté dominées par les diatomées
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(Passow & Alldredge 1995b, Mari & Kigrboe 1996, Grossart et al. 1997, Mari & Burd
1998, Passow et al. 2001, Engel 2002), et en conditions oligotrophes (Mari et al. 2005).

1.3 PROBLEMATIQUE ET PLAN DE LA THESE

La distribution des TEP est encore trés mal connue notamment dans le écosysteme
marin Saint-Laurent. En fait a ’heure actuelle il n’existe aucun résultat publié sur la
production en TEP ou en EPS dans ’EMSL. Toutefois, on pense que les TEP pourraient
étre un important réservoir de carbone dans cet écosysteme hautement dynamique et
productif. En effet, TEMSL posséde une production primaire élevée (Le Fouest et al.
2005). Cette production primaire est dominée surtout par du phytoplancton de grande taille,
en particulier des diatomées telles que Skeletonema costatum, Thalassiosira spp. et
Chaetoceros spp., (Levasseur et al. 1984, Roy et al. 1997). Cette forte productivité primaire
est supportée par les remontées des eaux a la téte du chenal Laurentien aux environs de
Tadoussac (Ingram 1975, Therriault & Lacroix 1976, Savenkoff et al. 1997a). Ceci résulte
en un mélange important d’eaux proches de la surface riche en nutriments qui coulent en
continu le long de ’'EMSL (Saucier & Chassé 2000, Dufour & Ouellet 2007) et qui soutient
des floraisons phytoplanctoniques successives (Levasseur et al. 1984, Savenkoff et al.
1997a, Starr et al. 2004). Ces floraisons massives de diatomées sont généralement connues
pour produire une grande quantité d’EPS, qui peut s’agréger et étre exportée vers les eaux
profondes. D’ailleurs, dans des travaux antérieurs menés dans le golfe du Saint-Laurent, il a
été estimé que la contribution de la neige marine au flux de C total serait plus de 60 % dans
les piéges a sédiments déployés a 150 m (Romero et al. 2000, Romero-Ibarra & Silverberg
2011, Genin et al. 2021). Ce type de processus pourrait donc contribuer significativement
au phénomene d’hypoxie observé dans les eaux de fond de 1’estuaire et le golfe du Saint-

Laurent depuis quelques décennies (Gilbert et al. 2007).



Enfin, les TEP peuvent étre un élément important du cycle du carbone estuarien, car
leur concentration tend a augmenter le long des gradients de productivité de I’océan vers les
régions cotieres. Il y a donc fort a parier que la concentration des TEP serait encore plus
élevée dans les estuaires (Nixon 1995). Thibodeau et al. (2006) ont d’ailleurs montré a
partir de carottes de sédiment prélevées dans deux sites dans ’EMSL, que les flux de
carbone organique semblent s’étre accélérés au cours des dernieres décennies. Les TEP

représenteraient une fraction significative du réservoir du COP dans ’EMSL.

Les activités anthropiques telles que 1’utilisation des combustibles fossiles et les
changements dans I’utilisation des sols ont augmenté le taux de pCO, atmosphérique a un
rythme sans précédent. Environ, la moitié des émissions anthropiques de CO; entre 1750 et
2011 ont eu lieu au cours des 40 derniéres années (IPCC, 2014). Les modéles d’émissions
de CO, prévoient une augmentation du pCO, atmosphérique de 400 a 750 patm
(scénario 1P92) ou méme >1300 patm (IPCC, 2014) a la fin de ce si¢cle. L’0céan a absorbé
environ 30 % du CO, anthropogéne émis depuis le début de I’ére industrielle par différents
processus, servant de tampon aux changements climatiques mondiaux (Sabine et al. 2004).
Ce carbone atmosphérique est transféré et immobilisé dans 1’océan par des processus
chimiques (pompe des carbonates), physiques (mélange vertical en surface) et biologiques
(pompe biologique). Ce dernier joue un role fondamental dans le cycle du carbone de
I’océan, car il aide a transformer le dioxyde de carbone (CO,) atmosphérique en COP par la
« photosynthese », et a sa séquestration dans le fond de I’océan aprés sédimentation de
facon temporaire ou permanente. Le phytoplancton, principal consommateur du CID par le
processus de « photosynthése », est responsable d’environ 50 % de la production primaire
globale (Field et al. 1998). Il utilise donc le CO,, I’énergie solaire, I’eau et les sels nutritifs
pour produire de I’oxygene et de la matiere organique, indispensable au fonctionnement des
écosystemes marins. Cette utilisation du CO, par le phytoplancton réduit la concentration
de ce composé dans la couche de surface et crée donc un gradient négatif par rapport a
I’atmosphere, contribuant aux processus physiques et chimiques qui modulent les flux du

CO; entre I’atmosphere et I’océan.
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En raison des échanges océan-atmosphere, I’augmentation des niveaux de CO,
atmosphérique s’accompagne d’une augmentation concomitante du CO; dans les eaux de
surface océaniques, ce qui conduit a une redistribution dans le réservoir du CID océanique
(Schulz et al. 2008). Ces processus produisent des altérations du systéme carbonaté de
I’océan (Equation 1), entrainant une diminution du pH de I’eau de mer et une baisse de
I’état de saturation des carbonates (Wolf-Gladrow et al. 1999, Zeebe & Wolf-
Gladrow 2001, Rost et al. 2008). En fait, ces processus ont déja modifié chimiquement
I’océan, entrainant des concentrations plus élevées de CO, (aq) et de HCO3, de faibles
concentrations de COs” et une chute du pH associée (Equation 2), appelée globalement
« acidification des océans » (Doney et al. 2009). Le pH de la surface océanique a déja
diminué de 0,12 unités par rapport aux valeurs préindustrielles, ce qui correspond a une
augmentation de I’acidité de 30 %, mesurées par la concentration en ions hydrogéne [H]
(Sabine et al. 2004, Raven et al. 2005, Richardson & Gibbons 2008). Une intensification est
prévue a I’avenir pour atteindre une réduction supplémentaire d’environ 0,4 unités d’ici a la
fin du 21e siecle dans le cadre du scénario « business as usual » (Caldeira & Wickett 2003,
Orr, 2011). Selon Caldeira & Wickett (2003), les valeurs de pH pourraient méme diminuer
de 0,7 unités au cours des deux prochains siécles, ce qui serait plus que ce que la vie marine

a connu durant les derniers 300 millions d’années.
CO; (g © CO; aq+ H20 & Hy,CO3 < HCOz +H' < COZ” +2H" (1)
CO,océan T —» HCO3; T —» COs* 4 —» H"T — pHY (2)

L acidification des océans pourrait engendrer des effets importants sur les processus
biologiques ainsi que sur les cycles du carbone et des nutriments (Gattuso et al. 2011). Les
organismes planctoniques marins pourraient étre affectés par les changements de pH et
pCO,, au niveau de la physiologie, de la composition des espéces et des consequences sur
le cycle du carbone (Boyd & Doney 2002, Tortell et al. 2002, Beardall & Raven 2004,
Engel et al. 2008). En effet, la plupart des espéces phytoplanctoniques dans I’océan actuel
possédent des mécanismes de concentration de CO, (CCM) pour compenser la faible
affinite de la RUBISCO pour le CO; et saturent la photosynthése (Giordano et al. 2005).



Dans un environnement a teneur élevée en CO,, ce mécanisme peut abaisser le co(t
métabolique du phytoplancton pour I’acquisition du CID, ce qui augmente le taux de
croissance et la production primaire (Engel et al. 2008, Rost et al. 2008). Cependant, cette
efficacité des CCM varie selon les groupes de phytoplancton rendant les prévisions de
I’impact d’une augmentation de CO; sur la régulation de la CCM plut6t difficiles (Rost et
al. 2008, Raven et al. 2014). D’autre part, la chute prévue de 0,4 unité pH se traduirait par
une augmentation de 150 % de la concentration d’ions H* (Orr et al. 2005), ce qui pourrait
affecter le pH intracellulaire (pH;) ainsi que les processus physiologiques des organismes
tels que le potentiel membranaire, le transport d’ions, le partitionnement énergétique,
I’activité enzymatique, les fonctions protéiques et I’absorption de nutriments (Nimer et al.
1994, Riebesell 2004, Giordano et al. 2005, Gattuso & Hansson 2011). En conséquence, les
taux de croissance et la productivité du phytoplancton peuvent étre affectés directement par
une variation du pH (Berge et al. 2010). Par conséquent, les prédictions des réponses des
communautés phytoplanctoniques a I’acidification sont difficiles a prévoir soutout dans un

écosystéme estuarien.

D’autre part, I’augmentation de COp, associée a d’autres gaz a effets de serre,
entraine également une augmentation des températures moyennes mondiales (Meehl et al.
2007, Schulz et al. 2008). Par conséquent, on prévoit une augmentation globale de la
température de I’eau de surface (SST de I’anglais : Sea surface température) entre 2 et 6 °C
d’ici a la fin du siécle selon le scénario d’émissions hypothétiques (IPCC, 2014). En outre,
on a estimeé que la hausse de température pourrait favoriser la stratification et diminuer la
couche de mélange de surface qui, a son tour, pourrait indirectement affecter la production
du phytoplancton et la structure des communautés algales en limitant I’apport en nutriments

a partir des couches plus profondes (Sarmiento et al. 2004, Doney 2006).

Le réchauffement des océans affectera les niveaux d’organisation biologique, de
I’individu a 1’écosysteme, puisque la température est un facteur clé de régulation des
processus métaboliques (Falkowski et al. 1998, Boyd & Doney 2002). Cependant, 1’effet

du réchauffement sur le cycle du carbone représente 1’un des impacts les plus importants
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sur les écosystemes marins. En raison des différences de sensibilité a la température des
organismes autotrophes et hétérotrophes, on peut s’attendre a des changements dans
I’équilibre entre la production primaire et la reminéralisation de la matiere organique, ce
qui pourrait changer les cycles biogéochimiques dans les océans (Wohlers et al. 2009,
Riebesell et al. 2009, Yvon-Durocher et al. 2010). Ces réponses aux effets du
réchauffement sont contrastantes, mais une certaine tendance se dégage néanmoins. En
général, les processus autotrophes comme la croissance du phytoplancton ont une
sensibilité plus faible aux changements de température que les processus hétérotrophes
(Biermann et al. 2014, Taucher et al. 2015). Par exemple, la respiration bactérienne, qui se
fait a des taux plus rapides que la production primaire, peut donner comme résultat des
modificatications dans les flux de carbone et une réduction de la séquestration du carbone
(Yvon-Durocher et al. 2010). En outre, Wohlers et al. (2009) ont montré qu’en plus de
I’augmentation de la respiration bactérienne, on verra une augmentation concomitante du
COD en réponse au réchauffement. Par conséquent, ces auteurs ont suggéré que, dans des
conditions de réchauffement, le carbone produit en exceés sera stocké dans la masse dissoute
au lieu d’étre sédimenté a travers le compartiment particulaire, ce qui affaiblirait la pompe
de carbone biologique de I’océan et donc constitue une rétroaction positive a la hausse CO,
atmospherique.

Le réchauffement et I’acidification affecteront inévitablement la production des TEP.
Cependant, I’effet du réchauffement sur la production des TEP reste incertain et sujet a
débat. Certaines études in vitro ont montré une stimulation de 1’accumulation des TEP et
d’agrégation de matiere organique pour certaines especes de diatomées et
prymnésiophycées (Thornton & Thake 1998, Claquin et al. 2008). Cependant, Taucher et
al. (2015) ont montré qu’un réchauffement de 15 °C a 20 °C a eu des effets stimulant sur
I’accumulation des TEP pour Thalassiosira weissflogii alors qu’il a agi comme un stresseur
pour Dactyliosolen fragilissimus. Ceci montre I’importance d’optimum physiologique
d’intervalle de température de ’espéce et/ou de la communauté concernée en réponse au
réchauffement. Dans des expériences en mésocosmes Wohlers et al (2009) et Biermann et

al (2014) ont montré une augmentation des concentrations des TEP, tandis que la matiere



organique particulaire (MOP) et la perte de carbone par sédimentation étaient réduites a des
températures élevées. Ce qui montre une limitation du potentiel d’exportation de particules
via les TEP. La mesure dans laquelle une formation accrue de TEP pourrait affecter la
sédimentation des particules dans des conditions de réchauffement dépend du moment
critique de la formation des TEP et de I’interaction avec d’autres processus biologiques

(comme la dégradation microbienne et le broutage).

D’autre part, les précédentes expériences portant sur I’effet de I’acidification sur la
formation des TEP ont adopté une gamme d’approches différentes selon qu’ils ont utilisé
une seule espéce de phytoplancton ou un assemblage naturel et selon qu’ils ont stimulé ou
non la croissance par I’ajout d’éléments nutritifs (MacGilchrist et al. 2014). Cependant ces
expeériences ont montré des résultats plus cohérents. Des expériences d’incubation de Engel
(2002) ont permis d’observer une augmentation de la production de TEP a une
concentration plus élevée de pCO, dans un assemblage phytoplanctonique naturel dans des
eaux limitées en nitrates. Des expériences en mésocosme ont suggéré qu’une assimilation
plus élevée du carbone dans la matiere organique a un taux élevé de CO, pourrait
augmenter la libération de matiere organique extracellulaire des cellules
phytoplanctoniques (Engel 2002, Kim et al. 2011, Engel et al. 2014). Cette
« surconsommation de carbone » s’est traduite par la formation de grandes quantités de
TEP qui peuvent accroitre I’exportation verticale du COP par agrégation (Engel 2002,
Engel et al. 2004, Riebesell et al. 2007). En effet, Riebesell et al. (2007) ont démontré que
la pompe biologique peut s’intensifier sous des conditions d’élévation de CO, et donc
créer une rétroaction négative par rapport a I’augmentation du CO, atmosphérique (Engel et
al. 2004a, Arrigo 2007, Engel et al. 2014). En réponse a cela, Arrigo (2007) a émis
I’hypothése soutenant que dans un océan saturé en CO,, la formation des TEP contribuera
significativement au « pompage biologique » du CO,, en amplifiant 1’exportation du COP.
Cette hypothese a été confirmée par Schulz et al. (2008) dans une autre expérience en
mésocosme, suggérant que I’exportation de carbone organique vers la couche profonde est

considérablement renforcée dans des conditions de CO; élevé par ’agrégation et la
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formation de neige marine. Cela nous laisserait croire que la formation accrues des TEP

pourrait contribuer significativement a I’accumulation du POC.

Cependant, nous avons des connaissances limitées sur la fagon dont les effets
combinés du réchauffement et de I’acidification (p. ex. synergiques, antagonistes ou
additifs) peuvent affecter les processus physiologiques comme I’assimilation du carbone, le
métabolisme et I’exsudation du carbone. En particulier, on manque d’information sur la
facon dont ces facteurs de stress affecteront la matiére organique particulaire, et en

particulier la formation des TEP.

L’objectif central de cette thése est de caractériser la dynamique des TEP dans le
cycle du carbone et étudier les impacts des facteurs environnementaux (dans des scénarios
présent et futur) influengant la production des TEP. L’un des buts a court terme était de
combler cette lacune et de documenter la dynamique des TEP et leurs relations avec le
réservoir de carbone particulaire dans ’EMSL, ainsi que d’explorer quelques facteurs
environnementaux qui pourraient contrdler leur formation. Ensuite, I’accent a été mis en
particulier sur la compréhension des effets futurs de 1’acidification sur la production des
TEP, la communauté planctonique et de la dynamique du carbone organique dans I’EMSL.
Ces réponses ont été comparées a ceux des effets de I’acidification et du réchauffement
dans I’écosystéme de Méditerranée et sur les implications potentielles dans ces deux
écosystemes (mésotrophe et oligotrophe) a deux latitudes différentes (subarctique et
subtropical). En effet, on dispose de peu sur la facon dont les effets du réchauffement et de
I’acidification pourraient affecter des processus physiologiques tels que I’assimilation du
carbone, I’exsudation du carbone et son devenir ainsi que sa rétroaction possible sur le

climat futur.

Cette these est divisée en trois chapitres suivis d’une conclusion générale et d’une

section sur les perspectives de recherche.

Le chapitre 1 est consacré a I’étude des TEP dans le systeme estuarien du Saint-

Laurent. L’objectif du chapitre est d’étudier la distribution verticale et la variabilité



saisonniere des TEP, identifier les facteurs influencant leur formation, ainsi que d’estimer
leur contribution au réservoir de carbone organique dans la colonne d’eau de ’EMSL. Ce
dernier, est I’un des grands systémes estuariens sur terre et I’un des plus complexes d’un
point de vue hydrologique. C’est également I’un des estuaires les plus étudiés. Cependant,
malgré I’importance écologique et biogéochimique des TEP, aucune information n’est
disponible sur leurs concentrations et variabilités temporelles. J’ai échantillonné sur base
hebdomadaire a la station fixe (IML-4) afin d’examiner la distribution verticale et la
variabilité saisonniere des TEP et leurs relations avec le réservoir de COP dans ’EMSL,
ainsi que d’explorer quelques facteurs environnementaux qui pourraient contrdler leur
formation. Cette étude m’a permis de tester I’hypothese selon laquelle les TEP représentent

une fraction significative du réservoir du COP dans ’EMSL.

Le chapitre 2 étudie les effets d’un gradient de pH sur les TEP et sur la communauté
planctonique naturelle de ’EMSL a I’aide d’une expérience en microcosmes. L’objectif du
chapitre est d’¢étudier 1’effet de ’acidification sur la formation des TEP et I’ensemble de la
communauté planctonique associée dans ’EMSL. Les estuaires et les milieux cotiers se
caractérisent par la présence d’une grande variabilité des conditions physiques et
chimiques. Le phytoplancton est ainsi exposé a une grande étendue de pH, aussi bien a
I’échelle journaliere que saisonniere a laquelle s’ajoute la tendance a long terme associée a
I’augmentation du CO, atmosphérique. Ainsi, fort de nos résultats du premier chapitre
concernant la caractérisation des TEP dans I’EMSL (source, accumulation et contribution
au réservoir de POC), j’ai effectué une expérience cinétique en microcosme portant sur un
gradient de pH afin d’examiner comment la production de TEP et la communauté
planctonique et bactérienne sont affectées par I’acidification croissante dans le EMSL, et
d’étudier ces effets sur la répartition du carbone particulaire dans cet écosystéme
subarctique. Cette étude m’a permis de tester I’hypothése selon laquelle il y aurait une
formation accrue des TEP qui contribuerait significativement a I’accumulation du carbone

organique particulaire sous des conditions de CO, élevées dans ’EMSL.
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Le chapitre 3 porte sur I’étude sur les effets séparés et combinés de 1’acidification et
du réchauffement sur la contribution du phytoplancton, bactéries et TEP au réservoir de
carbone de la lagune de Thau, en Méditerranée. L’objectif du chapitre est d’étudier I’effet
des changements globaux futurs (réchauffement et acidification) sur la formation des TEP
et ’ensemble de la communauté planctonique en Méditerranée. Le réchauffement et
I’acidification risquent d’affecter la dynamique du réseau trophique, et par conséquent le
role de la pompe biologique, ce qui aura des implications sur le cycle du carbone dans
I’océan. J’ai effectué¢ une expérience en mésocosmes afin d’examiner comment la
formation de TEP est affectée par I’augmentation de la température et/ou I’acidification
dans un écosysteme cotier méditerranéen peu profond. J’ai également examiné les effets
distincts et combinés du réchauffement et de I’acidification sur I’allocation de carbone
organique dans le systéeme planctonique pélagique et discuté des effets possibles du
changement climatique sur I’océan de demain. Cette étude m’a permis de tester les
hypotheses selon lesquelles : (1) il y aurait une formation accrue des TEP qui contribuerait
significativement a 1’accumulation du COP sous des conditions de CO, élevées, et (2) la
diminution des TEP réduirait I’accumulation du COP dans des conditions de réchauffement

en Méditerranée.



CHAPITRE 1

CONTRIBUTION DES PARTICULES EXOPOLYMERIQUES TRANSPARENTES
(TEP) AU RESERVOIR DE CARBONE ORGANIQUE PARTICULAIRE
ESTUARIEN

Ce premier article, intitulé « Contribution of transparent exopolymeric particles
(TEP) to estuarine particulate organic carbon pool», fut corédigé par moi-méme ainsi que
par le professeur Gustavo Ferreyra, ma collégue Liliane St-Amand et prof. Emilien Pelletier
et Prof. Michel Starr. 1l fut accepté pour publication dans sa version finale en 2015 par les
éditeurs de la revue Marine Ecology Progress Series. En tant que premier auteur, ma
contribution a ce travail fut I’essentiel de la recherche sur 1’état de 1’art, le travail de terrain
et de laboratoire, les analyses statistiques et la rédaction de I’article. Le professeur Gustavo
Ferreyra, chef de projet, le prof. Emilien Pelletier et le prof. Michel Starr ont fourni I’idée
originale. 1ls ont contribué a la révision de I’article. Liliane St-Amand a contribué au travail
de terrain et laboratoire. Une version abrégée de cet article a été présentée a la conférence

Québec Oceéan a Riviere du loup, QC, Canada a 1’automne 2013.
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1.1 RESUME

Les particules exopolymériques transparentes (TEP) contribuent a I’exportation du
carbone et peuvent représenter une fraction importante du réservoir de carbone, notamment
dans les estuaires. Cette étude examine, pour la premiére fois, la variabilité saisonniére et la
distribution verticale des TEP et leur contribution au réservoir de carbone dans I’estuaire
maritime du Saint-Laurent (EMSL), un estuaire subarctique hautement productif. La
variabilité des TEP a été étudiée sur une base hebdomadaire a la station fixe (IML-4) de
mai a octobre 2011. Les TEP sont restées relativement faibles (15 ug GX eq 1) au
printemps, mais ont augmentées de fagon marquée en été et en automne, atteignant 1548 ug
GX eq I™". Les concentrations des TEP ont été corrélées positivement avec la biomasse du
phytoplancton dans les eaux de surface. Aucune relation significative entre les TEP et
d’autres facteurs biologiques et physico-chimiques n’a été trouvée. La teneur en TEP-C
représentait la seconde fraction le plus importante dans le réservoir du carbone organique
particulaire apres le phytoplancton-C (41 et 54 %, respectivement) dans la couche de
surface. La contribution de TEP-C a diminué dans les couches intermédiaires froides et de
fond au cours de I’été et de I’automne (entre 24 et 35 %). Cependant, cette contribution a
été particulierement élevée au printemps (> 94 %) dans les couches intermédiaires froides
et de fond, probablement en raison de la fraction du carbone organique colloidal
contribuant au TEP-C dans les eaux profondes. Nos résultats suggérent que les TEP-C
combinés au phytoplancton-C contribuent largement au réservoir de carbone et pourraient
contribuer de maniere significative a I’exportation ultérieure de macro-agrégats. Ceci
pourrait en partie expliquer la diminution de la concentration d’oxygene et du pH dans la

couche de fond de ’EMSL, en liaison avec les processus de respiration/reminéralisation.
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ABSTRACT

Transparent exopolymer particles (TEP) contribute to carbon export and can
represent a significant fraction of the carbon pool, most notably in estuarine systems. This
study investigates, for the first time, TEP seasonal variability, vertical distribution, and
contribution to the carbon pool in the Lower St. Lawrence Estuary (LSLE), a highly
productive subarctic estuary. TEP variability was investigated on a weekly basis at a fixed
station (IML-4) from May to October 2011. TEP remained relatively low (15 pug GX eq
1-1) during spring, but increased markedly in summer and fall, with surface concentrations
reaching up to 1548 ug GX eq I-1. TEP concentrations were positively correlated with the
phytoplankton biomass in surface waters. No significant relationship between TEP and
other biological and physico-chemical factors was found. TEP-C content represented the
second most important contributor to the particulate organic carbon pool after
phytoplankton-C (41 and 54 %, respectively) in the surface layer. The TEP-C contribution
decreased in the cold intermediate and bottom layers over the summer and fall (ranging
between 24 and 35 %). However, this contribution was particularly high during the spring
(>94 %) in the cold intermediate and bottom layers, possibly due to the colloidal organic
carbon fraction contributing to TEP-C in deep waters. Our results suggest that TEP-C
combined with phytoplankton-C are major contributors to the carbon pool and could
significantly contribute to the subsequent export of macro-aggregates, and probably explain
the decrease in oxygen concentration and pH in the bottom layer of the LSLE by

respiration/ remineralisation processes.

Keywords: Transparent exopolymeric particles, TEP, Estuary, Phytoplankton, Particulate
organic carbon, Bacteria, pH, Nutrients.



INTRODUCTION

Estuaries represent a narrow area of the total marine surface (0.3 %). However, these
environments show high physical and biogeochemical complexity mainly related to organic
particulate matter inputs from both terrestrial and marine sources. They are very important
in terms of carbon fluxes, sequestration and export, and the study of their dynamics is
essential for the estimation of global carbon budgets (Cai 2011). These ecosystems were
traditionally considered as a net source of CO, to the atmosphere, due to their dominant
heterotrophic activity (Borges et al. 2005, Hopkinson & Smith 2005). However, it has
recently been suggested that estuaries can be mainly a sink for CO,, if the total contribution
of salt marshes and pelagic contributions are considered, in coincidence with the rapid
advection of carbon in surface waters (Cai 2011). Despite that there exists a significant
amount of information available, there is still a large uncertainty regarding the carbon
budget of these environments due to their high variability and lack of understanding of
significant aspects of their dynamics. In particular, the contribution of the transparent
exopolymeric particles (TEP) fraction to the carbon pool is poorly understood and have
been largely ignored in the build up of carbon budgets. TEP are ubiquitous gel particles
present in the water column, playing a central role in sinking fluxes and food webs in
aquatic ecosystems, formed abiotically by coagulation and aggregation from dissolved and
colloidal precursors (Passow 2002b, Thornton 2002, Verdugo et al. 2004). These precursors
are mainly composed of acid polysaccharides (Zhou et al. 1998a, Passow et al. 2001,
Passow 2002b, Engel, Delille, et al. 2004, Wetz & Wheeler 2007) and are primarily
produced by phytoplankton and bacterioplankton exudation (Grossart et al. 1997, Passow et
al. 2001, Passow 2002b, a), constituting most of the colloidal organic carbon pool in the
water column (Mari et al. 2009). Although classified as particles, TEP exhibit gel-like
properties, including high flexibility, stickiness, and surface-active nature. These properties
enable them to attach to each other and coagulate with other particles (i.e. bacteria,
microzooplankton, phytoplankton and detritus) to promote the formation of larger organic

aggregates (“marine snow”) (Passow et al. 2001, Simon et al. 2002b, Wetz et al. 2009,
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Arnous et al. 2010). Marine snow represents a major contribution to the export of carbon

from the surface to the deep ocean (Wurl & Holmes 2008).

While most research on TEP focused on their distribution in various marine and lake
environments, few research studied their concentrations, distribution, and contribution to
the particulate organic carbon pool in estuarine ecosystems. Estuaries are influenced not
only by diurnal variability (i.e. tides) but also by seasonal river runoff and nutrients (Sun et
al. 2012). They also present strong gradients in salinity, pH, metals, cations and turbulence,
that alter the structure of exopolysaccharides (Mari & Burd 1998, Wetz et al. 2009).
Therefore, these particles may exhibit wide temporal and spatial variations of their sticking
properties within the estuarine domain, which in turn can affect the biogeochemical
functioning of the system (Mari et al. 2012). The Estuary and Gulf of St. Lawrence is one
of the largest estuarine systems on Earth (> 230,000 km?). However, despite their
biogeochemical and ecological importance, no information is available about TEP
concentrations and their contribution to the particulate organic carbon (POC) pool.
Particularly, the Lower St-Lawrence estuary (LSLE) is the zone with the highest primary
productivity and organic matter accumulation (Le Fouest et al. 2005). The hydrography of
the LSLE is very complex and dynamic, with a surface estuarine circulation forced by
mixing of seawater with high freshwater runoff discharging downstream through the St.
Lawrence River (average flow: 12 000 m*/sec) and a deep inflow of oceanic water from the
North Atlantic (Laurentian and Esquiman channels, depth 250-500 m) landward up the
LSLE (Savenkoff et al. 2000, Thibodeau et al. 2006). This zone shows the maximum
seaward advective surface (0-30 m) water transport (0.9 Sv; Savenkoff et al. 2001)
compared with other zones of the system, and plays a significant role in the horizontal
transport of particles (Zakardjian et al. 2000). The phytoplankton spring bloom is
characterised by a high primary production, dominated by large cells mostly constituted by
diatoms (Levasseur et al. 1984, Roy et al. 1997, Savenkoff et al. 2000, Vézina et al. 2000).
Diatoms are especially well known for excreting copious quantities of polysaccharides
during all phases of their growth (Passow & Alldredge 1995a, Mari & Kigrboe 1996,

Passow 2002a) which can be partly advected seaward and also exported to bottom waters



as TEP integrating the marine snow. This process may further contribute to the hypoxia and
increasing acidification observed in the bottom water (>250 m) since 1980's by fueling the
benthic/pelagic respiration of organic carbon (Gilbert et al. 2005, Genovesi et al. 2011,
Mucci et al. 2011).

The main goal of this work is to understand the status of TEP in highly dynamic
estuaries, considering the LSLE as a case study. In this context, our specific research
objectives were (1) to study the seasonal pattern and the vertical distribution of TEP and (2)

to estimate their contribution to the organic particulate carbon pool.

MATERIALS AND METHODS

Study site and sampling strategy

Sampling was carried out at the Rimouski station (IML-4; 48°40' N, 68°35"' W; ~340
m depth; Fig.1) in the Lower St. Lawrence Estuary (LSLE). This estuary is characterized
by a semi-diurnal tidal regime, ranging between ~ 5.4 m and ~3.8 m for spring and neap
tides, respectively (value above the minimum, Fisheries and Ocean Canada). The station
was visited weekly from May to October 2011, as a part of the Atlantic Zone Monitoring
Program (AZMP; Therriault et al. 1998), whenever climatic conditions were favourable.
Seawater samples were collected using Niskin bottles (5 L) at 0.5, 5, 10, 15, 20, 25, 35, 50,
100, 200, 320 m depth and stored in isothermal containers in darkness until returned to the
laboratory for processing (<2 h). The parameters measured were: TEP, chlorophyll a (Chl
a) and particulate organic carbon (POC) concentrations, bacterial abundance (BA),
phytoplankton composition and abundance, pH levels and nutrient concentrations. Vertical
profiles of salinity, temperature, fluorescence, and oxygen content were measured at each
sampling day using a Sea-Bird 19plus CTD, whereas a Secchi disk was used to determine

the light attenuation in the water column.
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Figure 1 : Map showing the location of the Rimouski fixed sampling station (IML-4) in the
Lower St. Lawrence Estuary

Chemical and biological analyses

TEP concentration was determined colorimetrically following the procedure
described in Passow & Alldredge (1995). Briefly, 40-200 mL samples (depending on
particle concentration) were filtered onto 0.2 um polycarbonate Isopore membrane filters
(Merck Millipore) under low vacuum (<10 mbar). Particles retained on the filters were
stained for <5 s with 500 pl of 0.02 % aqueous solution of Alcian blue in 0.06 % acetic
acid (pH 2.5) and subsequently rinsed with 1 mL of deionised water. Filters were then
soaked in 80 % sulphuric acid (6 mL) for 2 h and measured spectrometrically at 787 nm,
using stained filters without sample as blanks. Alcian Blue absorption was calibrated using

a solution of the polysaccharide Gum Xanthan. TEP concentrations were expressed in g



Gum Xanthan equivalents per liter (ug GX eq L™). These values were converted into
carbon equivalent units using a natural diatom population conversion factor of 0.75 pg
Clug GX eq L?, according to Engel & Passow (2001). It should be noted that the diatom
species examined in their experiments presented a series of slopes, ranging from 0.51 to
0.88 pg C/ug GX eq L, due to differences in phytoplankton composition; thus TEP-C

content estimated here may present some uncertainties.

Water samples for nutrient analyses were pre-filtered through Acrodisc® syringe
filters with 0.8 um Versapor® membranes. The filtrates were stored at —80°C in acid-
cleaned polycarbonate cryogenic vials until subsequent analyses of nitrate plus nitrite (NO3
+NO,), nitrite (NO,), orthophosphate (PO,°), and silicic acid (Si(OH)4) using a Technicon
Il Autoanalyzer (Mitchell et al. 2002).

Samples for pH measurements were collected on board under bubble free and no
head space conditions in 300 mL glass bottles and processed following "Guide to best
practices for Ocean CO, Measurements” (Dickson et al. 2007). pH was determined in the
laboratory at the Maurice Lamontagne Institute (MLI). The pH was measured with a Perkin
Elmer (Lambda 2S) spectrometer and 10-cm quartz cell using the indicator dye m-cresol
purple (Sigma-Aldrich) within 1-2 h after sampling. Absorbance was measured at 730, 578
and 434 nm before and after dye addition at 25°C (Clayton & Byrne 1993). A similar
procedure was carried out before and after each set of sample measurements using a TRIS
(tris(hydroxymethyl)-aminomethane) buffer prepared at a practical salinity(S) of
approximately 30 (Millero 1986). Certified Reference Material (CRM) (supplied by
Professor Andrew Dickson, Scripps Institution of Oceanography, San Diego, USA) was
used for quality control of our pH TRIS buffer. All measurements were converted to the
total proton scale (pHt) using the measured salinity of each sample and the HSO,
association constants given by Dickson (1990). Reproducibility and accuracy of our TRIS
buffer measurements were in the order of 0.005 pH unit or better. The pH+ value was then

corrected for in situ pressure and temperature using the CO2SYS program (Lewis &
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Wallace 1998) with measured pH, total soluble reactive phosphate and silicate

concentrations as input parameters.

Chl a was measured using the Parsons et al. (1984) acidification method. Briefly,
duplicate samples were filtered onto 25 mm Whatman GF/F filters and extracted overnight
in 10 mL of 90 % acetone at 4°C in the dark. The extracts were analyzed with a TD-700
Turner Designs fluorometer. Phytoplankton Chl a data were converted to carbon using a
POC:Chl a ratio of 40 following Levasseur et al. (1992).

Duplicates (250 mL to 1 L) seawater samples were filtered through pre-combusted
(450°C, 4 h) Whatman GF/F filters and frozen with silica gel until analysis. The POC filters
were then oven dried 24 h at 50°C prior to analysis. POC concentrations were determined
with a CHN elemental analyzer (EA) COSTECH ECS 4010 (Costech Analytical).
Quantification was based on external Acetanilide standard with a calibration range from
0.025 to 0.080 mg and 0.170 to 0.550 mg for nitrogen and carbon, respectively, and
included a blank capsule. Blank capsules and blank filters were also analyzed in every run

to confirm the absence of contamination.

Samples for the identification and enumeration of phytoplankton >2 pum were
collected at 10 m depth (usually representing the depth of chlorophyll maximum; DCM).
They were preserved in acidic Lugol’s solution (Parsons et al. 1984) and stored in the dark
until analysis. Phytoplankton cells were identified to the lowest possible taxonomic level
using an inverted microscope according to Lund et al. (1958). For each sample, at least 300
cells were counted. The main taxonomic references used to identify the phytoplankton were
Bérard-Therriault et al. (1999).

Samples for heterotrophic bacterial abundance measurements were pre-filtered (200
pm Nitex mesh size) and fixed with glutaraldehyde (Grade I; Sigma) 0.5 % final
concentration (Marie et al. 2005), placed in the dark at 4°C for 30 min and then frozen at

—80°C until flow cytometric analysis. Samples were analyzed using an EPICS ALTRA



flow cytometer (Beckman Coulter) equipped with a 488 nm laser (15 mW output) at a flow

rate of 60 puL min .

Heterotrophic bacteria were analyzed after staining their nucleic acids with SYBR
Green 1 (0.1 % final concentration; Invitrogen Inc.) following Belzile et al. (2008) modified
from Lebaron et al. (1998). 600 pL of Tris-EDTA 10x buffer pH 8 (Laboratoire MAT)
were added to 400 pL of sample in order to maintain an optimum pH of the staining with
SYBR Green I. Dilution with the buffer also avoided coincidence of several particles in the
laser beam, and minimized the error due to low-volume pipetting. Yellow Fluoresbrite
beads of 1 um (Polysciences) were added in all analyses as an internal standard and
allowed to verify that there was no degradation of the side scatter signal despite the
relatively high flow rate used. The green fluorescence of nucleic acid-bound SYBR Green |
was measured at 5255 nm. BA was determined as the sum of LNA and HNA count. The
results showed that this technique is accurate enough, showing a root mean squared
difference of 4.5 % (n=40) between duplicates (Belzile et al. 2008). Bacterial counts were
expressed in terms of carbon biomass by using a conversion factor of 14 fg C.cell™
(Zubkov et al. 2001).

Euphotic and mixed layer depth

The euphotic zone depth (Ze, considered as 1 % of incident light in the surface), was
estimated from the diffuse attenuation coefficient (Kq). Kq was derived from Secchi disk
observations, following the empiric relationship of Kirk (1983). The surface mixed layer

depth (Zmix) Was estimated based on the Brunt-Vaisala frequency (N?).

Statistical analysis

All statistical analyses were carried out using Statistica (version 7.0) and XLstat
(Addinsoft™) software. Interpolation of temporal distributions of the different parameters
studied were represented by section scope using the software package Ocean Data View
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(ODV) 4.5.1 (Schlitzer 2002). The carbon contribution to each water layer from the various
particulate fractions (TEP-C, Phyto-C, Bac-C) was expressed as % POC. ANOVA was
carried out to test seasonal variability and depth effects on the studied variables. In order to
meet the ANOVA requirements (normality and homoscedascity), data were log
transformed (Loge) and then pooled by season (Spring =May-June; Summer=July-August;
Fall= September-October). A Tukey HSD post hoc test was used to compare TEP in each
of the three seasons to one another. The Akaike Information Criterion (AIC) (Burnham et
al. 2011) was used to assess the contribution of different carbon sources (phytoplankton,
bacteria and TEP, as independent variables) to the POC pool. The AIC allows for the
selection of the best model from a collection of models based on its quality (i.e., minimal
information loss), helping to avoid overfitting (use of excess predictor variables). We
performed calculations using the log-transformed data for three independent variables,
subsets of two and only one variable. AIC computations were performed with the
Generalized Linear Models option of the Statistica 10 package, and models were fitted
using the General Linear Models option of the same program. Given the small sample size,
a correction to the AIC results (AlCc), was applied (Burnham & Anderson 2002). Finally,
the AlICc values were ranked considering the AICc minimum value, in order to compare the
n models studied (Schloss et al. 2014):

Aj = A|CCi —A|CCmin (fOI‘ 1= 1, 2. 3...n)

Statistical analyses, including partial correlation analysis, were performed to assess
the potential chemical and biological drivers of TEP distribution, and linear regression
analysis were performed for the results of AIC for the best carbon source predictor for
POC.



RESULTS

1. Hydrographic conditions

Surface water temperature in 2011 increased from 3.3°C in May to 11.5°C in late
June and remained stable until early October (Fig. 2a). The water column was characterized
by the presence of a three layered vertical distribution of the temperature, which is typical
in the Lower St. Lawrence Estuary (LSLE) during summer period: surface layer (SL), cold
intermediate layer (CIL) and the bottom layer (BL). Depth of these water layers is given in
Table 1 according to the criteria proposed by Gilbert & Pettigrew (1997) and Smith (2005)
(CIL T<3°C).

Table 1 : Seasonal depth intervals (m) for each of the water layers identified at the IML-4
station

Spring Summer Fall
(May- June)  (July - August) (September -October)
SL 0-16.33 0-374 0-46.66
CIL 16.33-168.5 37.4-1474 46.66 - 132.3
BL 168.5 - 320 147.4 - 320 132.3 - 320

Surface water salinity shows the freshwater spring runoff characteristic of the LSLE
associated with neap-tide stratified interval with salinity <25 PSU around 0 - 20 m depth
until mid July (Fig. 2b). Salinity increased slightly in the surface (average 27 PSU) until the
end of the study.
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Figure 2 : Vertical and seasonal distributions of: (a) temperature (°C), (b) salinity (PSU),
(¢) density (o-t) and (d) nitrates (UM) in the water column at the IML-4 station from May to
October 2011. Black line: pycnocline depth; white line: euphotic zone depth (Ze,); White
dashed line: CIL limit (T< 3°C)



The water column was strongly stratified during the three seasons, presenting a well-
developed pycnocline between 5 and 32 m (average depth ~13 m) (Fig. 2c). The Z¢, was
very stable along the seasons (Fig. 2c), varying between 8 and 14 m. In turn, the Zey/Zmix
ratio was close or higher than 1 during almost the whole period of the study, suggesting the
existence of favourable conditions for phytoplankton growth in surface waters.

Nitrate concentrations decreased from the beginning of the spring bloom in surface
waters from ~12 pM to 0.05 pM in coincidence with the algal biomass accumulation
episodes (Fig. 2d). Nitrate concentrations increased with depth to 15 uM over 100 m and
reached up 25 puM below 200 m depth. Both phosphate and silicate concentrations in
surface waters showed the same seasonal pattern than nitrate (not shown here), decreasing
from ~0.5 and ~20 puM, respectively, to below the detection limit of the method used. In the
same way, the phosphate and silicate concentrations increased with depth, with 1.5 uM and
20 uM, respectively, around 100 m and reached up to 2.5 pM and 60 uM, respectively,
below 200 m depth. Surface waters showed a strong nitrogen limitation (Redfield ratio:
0.4 < N:P ratio <5.5) in coincidence with the successive phytoplankton peaks observed
during our study. Nutrients concentrations increased in the surface waters after the early
autumn bloom up to ~13 uM for nitrate, ~1 puM for phosphate, and ~17 uM for silicate

from middle September and remained high until the end of this study.

2. Vertical and seasonal distribution of the TEP, Chl a, BA and POC

The seasonal distribution of Chl a in the LSLE was characterized by four successive
phytoplankton biomass accumulation events, with an important spring bloom in late June
reaching an integrated value up to ~547 pug Chl a m? and a less pronounced early pulse
around 31 May (~174 pg Chl a m™?), a summer pulse by 21 July (~122 pg Chl a m), and
an early autumn bloom by 01 September (141 pug Chl a m) (Fig. 3a).
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Figure 3 : Vertical and seasonal distributions of: (a) chlorophyll a (ug L™), (b) TEP (ug XG
eq L™, (c) POC (ug L™) and (d) bacteria (Cell mL™) in the water column at the IML-4
station. Black line: pycnocline depth; white line: euphotic zone depth (Z.,)



Chl a concentrations did not differ among seasons (F», 70 =0.483, p = 0.618), but
showed significant differences between the SL and the CIL (F,, 7o = 48.96, p < 0.0001) (Fig.
4a). Surface Chl a concentrations were consistent with the scientific buoy IML-4 in-situ
fluorescence record for the same period (the St. Lawrence Global Observatory, data not
shown), displaying a significant positive correlation between both data series (r =0.68,
p = 0.007). Phytoplankton assemblages were mainly constituted by diatoms (18-96 %) and
autotrophic flagellates (3-63 %) during all seasons. Centric diatoms dominated numerically
(17 to 96 % of the total cell number; data not shown), with Thalassiosira nordenskioeldii as
the most important species in particular during the spring bloom, followed in abundance by
Skeletonema costatum, T. pacifica, T. spp and Chaetoceros sp.. In contrast, dinoflagellates
(~5 %) and cyanobacteria (~0.044 %) were minor contributors to the total cell abundance of

surface waters.

Overall, TEP concentrations were significantly different among seasons and water
layers (F2 94 =16.99, p < 0.0001 and F,, ¢4 = 12.53, p < 0.0001, respectively) (Fig. 4b). TEP
concentrations were significantly higher in the SL, ranging between 15 and 1548 (average
291) pg GX eq L™, which correspond to 12 and 1161 (average 218) pg C L™, respectively.
Maximum TEP values were in general observed above the pycnocline (between 0-10 m
depth) after the spring bloom and throughout the summer and peaked in the early autumn
by September 1%, simultaneously with the phytoplankton summer pulse and autumn blooms
(Fig. 3b). Significant differences between the SL and the two other water layers (CIL and
BL) were found during summer and fall, whereas no significant difference were observed
in TEP concentration between the three layers during spring (Fs, ¢4 = 4.005, p = 0.004) (Fig.
4b). In addition, a significant interaction existed between seasons and the three water
column layers. These results can be explained by the high TEP concentrations measured in
the whole water column during early spring, ranging from 140 to 501 (average 306) ug GX
eq L™ which corresponded to 105 and 376 (average 230) pg C L™
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For the whole studied period, POC concentrations (Fig. 3c) ranged from 44 to 1052
(average 228) pg C L. Maximum POC concentrations were observed in the SL, in
coincidence with the different phytoplankton pulses (F;, o7 = 37.57, p < 0.0001). No
significant differences were detected among seasons (F,, o7 = 1.23, p = 0.294). Relatively
high POC concentrations were measured in the whole water column during early spring,
ranging from 48 to 409 (average 197) pg C L™. It should be noted that this distribution was

consistent with the TEP vertical distribution in the water column during the same period.

BA ranged from 0.27x10° to 2x10° cell mL™ (average 0.57x10° cell mL™) during this
study (Fig. 3d). As observed for Chl a and POC, BA did not show significant differences
among seasons (F2, 170 = 1.52, p = 0.220). However, BA in the SL was significantly higher
than that in the deeper layers (F, 170 = 53.48, p < 0.0001). Highest BA values were

observed in this layer in coincidence with the successive phytoplankton peaks.

A marked decrease of pH was observed between the different layers. The ANOVA
results show a significant difference between the three layers (F;, 73 = 63.98, p < 0.0001),
with pH values in total proton scale of 7.96+£0.02 in the SL, 7.84+0.026 in the CIL to
7.58+0.004 in the BL. These observations corresponded to a reduction in pH of 0.12
between the SL and the CIL, 0.26 between the CIL and the BL, and a total reduction of
0.38 from the surface to the bottom layer. No significant differences were detected among
seasons (F, 73=2.2, p =0.123).

The hypothesis that the main sources of TEP were phytoplankton and bacteria, and
that the presence of exopolymeric particles was modulated by nutrient limitation, pH,
salinity and temperature were examined by multiple regression analysis. Partial correlation
coefficients were thus calculated for the three layers in the water column with Chl a, BA,
nitrate, phosphate, pH, salinity and temperature as predictors and TEP as the dependent
variable. The results indicate that during our study TEP concentrations were mainly related
to phytoplankton biomass in the SL (partial correlation coefficient = 0.85, p = 0.032). No

other significant correlations were detected for the CIL and BL (in the case of BL, Chl a
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was not considered as an independent variable below the lower limit of the CIL, due to the

absence of detectable phytoplankton biomass.

3. TEP contribution to the POC carbon pool

The relative contributions of TEP-C, Chl a-C and Bac-C to the POC integrated for
each water layer studied are shown in Fig. 5. The residual part of POC was considered as
residual-C. The main contribution to POC in the SL was represented by TEP-C and Chl a-
C (41 % and 54 % in average of POC, respectively) for the whole sampling period (Fig.
5a). The standing stock of Chl a-C decreased slightly from 4.65+4.43 in spring to
3.69+1.40 mgC.m? in fall. In contrast, TEP-C increased from 1.95+0.99 in spring to
5.68+5.26 mgC.m™ in fall (Table 2). TEP-C represented the most important fraction
contributing to POC in the CIL (average 94 %, Fig. 5b) and BL (average 145 % ; Fig. 5c)
during the spring period, although its contribution decreased over the summer and fall,
reaching 35 % and 25 %, respectively, in the CIL and 25 % and 29 %, respectively, in the
BL (Fig. 5b and c). The TEP-C pool reached 3.34 + 1.77 and 2.19 + 0.38 mgC. m™ in CIL
and BL, respectively, during the summer period and 1.31 + 0.95 and 3.99 #+ 3.80 mgC.m™
in CIL and BL, respectively. Our estimates of TEP-C in spring were close to or slightly
exceeded the POC pool in the CIL (18.34+13.15 compared to 20.69 + 8.87 mgC.m™
respectively) as well as in the BL (17.10+17.12 compared to 11.35 + 6.67 mgC.m™) (Table
2)

Bac-C comprised the lowest fraction contributing to POC, relative to TEP-C and
Chla-C. On average the contribution of Bac-C to POC increased from 3 % in spring to 5 %
in fall in the SL (Fig. 5a), representing a standing stock of 0.15+0.06 to 0.51+0.04 mgC.m?,
respectively. Moreover, the contribution of Bac-C to POC increased with depth, reaching
an average of 8 % of POC among all seasons in the BL (fig. 5¢), which corresponded to
0.750.20 to 1.11+0.06 mgC.m? (Table 2).
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Figure 5 : Relative contributions of TEP (TEP-C), phytoplankton (Chl a-C), bacteria (Bac-
C) and other organic matter (Residual-C) to POC in the three water layers identified: (a)
Surface layer, (b) Cold intermediate layer, and (c) Bottom layer
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Table 2 : Carbon standing stock (mgC m™) in the surface layer (SL), the cold intermediate
layer (CIL) and the bottom layer (BL) for the three seasons studied (average = Std. Dev.).
TEP (TEP-C), phytoplankton (Chl a-C), bacteria (Bac-C) and POC

Water masses Variable Spring Summer Fall
(May-june)  (july-August) (September-October)
(n=6) (n=5) (n=3)
SL Chla-C 4.65+4.43 3.29+1.39 3.69+1.40
TEP-C 1.95+0.99 4.04+1.75 5.68 +5.26
Bac-C 0.155+0.06 0.30+0.04 0.51+0.04
POC 5.47+2.02 9.09 +2.43 11.23 +4.38
CIL Chla-C 1.82+£3.51 0.60 +0.50 0.79+£0.65
TEP-C 18.34+13.15 3.34+1.77 1.31+0.95
Bac-C 0.96 +0.21 0.53+0.24 0.26 £ 0.01
POC 20.69+8.87 9.18+3.08 4.99 +0.92
BL TEP-C 1710+17.12 2.19+0.38 3.99 £ 3.80
Bac-C 0.75+0.20 0.769+0.34 1.11 + 0.06
POC 11.35+6.67 10.51+6.11 13.66 + 0.20




We explored the relationships between POC and the other potential biological
sources contributing to the particulate carbon pool in the study site (Chl a, TEP and BA
converted to carbon). AIC was used to decide which variable or sum of variables could
better predict POC concentrations, considering log-transformed average data for each of the
independent variables for the different water column layers. The fitting of POC with these
variables showed that the best model included Chl a-C and TEP-C as descriptors for both,
the SL and the CIL (Table 3). Therefore, we performed a regression analysis of POC on the
sum of TEP-C and Chla-C, which can explain 83 % and 35 % of the POC variance in the
SL (r = 0.91, p < 0.0001) and the CIL (r = 0.60, p < 0.05), respectively. The unexplained
fraction of the variance could be attributed to residual carbon (average ~17 % for the SL
and ~49 % for the CIL). Consequently, the sum of TEP-C and Chla-C can be considered as
a good predictor of POC concentration, particularly in the SL (Fig. 6). No significant
correlations were found for the BL.
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Table 3 : Models of POC fitted to the main potential sources of particulate carbon. AIC:
Akaike Information Criterion; AlCc: corrected AIC; p: probability; A: differences between
models in relation to the minimum AIC value. Models are ranked from the minimum AIC
(minimum loss of information) to maximum (maximum loss of information). POC:
particulate organic carbon; TEP-C: transparent exopolymeric particle carbon; Chl a-C:
phytoplankton carbon; Bac-C: bacterial carbon (data are log transformed averages for each
water layer)

Water layers Dependent Independent AIC AlCc P A

Variable variable

SL POC TEP+Chl a-C -6.624 -5.29 <0.0001 0.00
TEP-C -4.828 -4.43 <0.0001 0.86
TEP+Chl a+Bac-C -4.722 -1.72 <0.0001 3.57

TEP+Bac-C -2.858 -1.52 <0.0001 3.77
Chla-C 4335 474 <0.05 10.03
Chl a+Bac-C 5708 7.04 <0.05 12.33
Bac-C 12.383 12.78 ns 18.07
CIL POC TEP+Chl a-C -7.630 -6.30 <0.001 0.00

TEP+Chl a+Bac-C -5.652 -2.65 <0.001 3.64

Chl a+Bac-C -1.321  0.01 <0.05 6.31
Chla-C 0.009 041 <0.05 6.71
Bac-C 0973 137 <0.05 7.67
TEP-C 1798 220 ns 8.49
TEP+Bac-C 1971 330 ns 9.60
BL POC Bac-C 22.181 2258 ns 0.00
TEP+ Bac-C 22.335 22.67 ns 1.09
TEP-C 23.463 22.86 ns 1.28

ns : not significant
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DISCUSSION

1.  Hydrological conditions and phytoplankton biomass

Our results show that the hydrological conditions were appropriate for phytoplankton
development during almost the whole period of the study (from May to October), as
suggested by the Z./Znix ratio values. Successive blooms were observed during late spring,
summer and early fall. The development of these blooms can be explained by periodic
nutrient inputs during fortnightly spring-tides (Le Fouest et al. 2005) followed by neap-tide
stratified intervals in the water column, which allowed a phytoplankton biomass
accumulation typical to the LSLE (Levasseur et al. 1984, Savenkoff et al. 1997). During
our study, the most intense bloom at the Rimouski station occurred around June 23", an
observation consistent with previous reports for the LSLE (Levasseur et al. 1984, Starr et
al. 1993, Plourde & Runge 1993, Starr et al. 2004, Plourde et al. 2014).

During these blooms, low nutrient concentrations were observed in surface waters
that can be attributed to biological consumption by phytoplankton, along with N limitation
as suggested by the observed Redfield ratios. This nutrient limitation may promote
exopolymeric exudation by phytoplankton, as reported by several authors (Obernosterer &
Herndl 1995, Mari et al. 2001, Beauvais et al. 2003, Underwood et al. 2004, Engel et al.
2004). Despite that Chl a concentrations were higher during the spring bloom than in the

fall, no significant differences were found between seasons in the SL.

2. Temporal variability of TEP

Our results show an increase of TEP concentrations in SL at the end of the spring
bloom, followed by a significant accumulation throughout the summer and a peak in
coincidence with the early fall bloom. Measured TEP concentrations in SL during this



study were within the range of average values reported for estuaries and coastal waters
(Table 4), but higher than those found in some other marine and freshwater environments
(Wurl & Holmes 2008, Bar-Zeev et al. 2009, de Vicente et al. 2009, Harlay et al. 2009,
Ortega-Retuerta et al. 2009, 2018).

The highest TEP concentrations coincided with the phytoplankton biomass peaks in
the surface. This finding suggests that phytoplankton was the primary source of these
compounds, as previously suggested (Alldredge et al. 1993, Passow & Alldredge 1995a,
Mari & Burd 1998, Passow et al. 2001, Passow 2002a). Phytoplankton biomass was mainly
dominated by diatoms (r = 0.88, p = 0.00015) during the three seasons, with nearly 17 to
96 % of centric diatoms as reported by other studies in the same zone (Levasseur et al.
1984, Roy et al. 1997, Savenkoff et al. 2000, Vézina et al. 2000, Romero et al. 2000,
Lovejoy et al. 2000, Starr et al. 2004, Plourde et al. 2014). Diatoms are known to be a
major source of TEP precursors (Williams 1990, Kigrboe & Hansen 1993, Passow &
Alldredge 1994, Aluwihare & Repeta 1999, Mari 1999, Mari & Kigrboe 1996, Passow
2002b). However, their ability to produce these compounds depends on specific
composition of the community (Passow &Alldredge 1994, Passow et al. 2001) and the
physiological state of the cells (Passow &Alldredge 1995a, Passow 2002). The dominant
species for most of the entire studied period (except during spring when it was sub-
dominant), S. costatum has been described as a very important producer of TEP (Engel
2000, Beauvais et al. 2003b). The biomass accumulation of these species, together with
other taxa of the Genus Thalassiosira and Chaetoceros, seems to be the main TEP source

in our study.
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Table 4 : Values reported on transparent exopolymer particles (TEP pg GX eq L™) and TEP
contribution to the carbon pool for estuarine, marine and freshwater environments
(minimum, maximum values are shown, with averages in parentheses)

Location Period Depth (m)  TEP (ug GXeqL™) Carbon (%) Reference
Marine environments:
Northern Adriatic Sea April 1996 nd nd 103% POC Passow & Passow 2001
Singapore Strait January-May Surface 129 - 1073 (512) nd Waurl & Holmes 2008
Gulf of Agada April Profile 23-228 nd Bar-Zeev et al. 2009
(5-300 m)
Eastern Mediterranean Sea  Sept 2008, July Profile 48-420 63->100% Bar-Zeev et al. 2011
2009 (0-1000) POC
NW Mediterranean Sea Summer DCM nd 22% TOC Beauvais et al 2003
183% POC
NW Mediterranean Sea 2012-2014 15m 33-147 <10-100% Ortega-Retuerta et al.
POC 1981
North Atlantic Ocean May-June Profile nd 1.5-68% POC  Harlay et al. 2009
(3-120 m)
Southern Ocean Febuary Profile 0-49 (15) 18% POC Ortega-Retuerta et al.
(0-200 m) 2009
Freshwater:
Quéntar reservoir (Spain) Febuary 2004 - 5and30m  2-335(48) 40% POC De Vicente et al. 2009
March 2006
Michigan lake Summer Surface 36 - 1462 (256) 33% POC De Vicente et al. 2010
Mediterranean Lake Summer Surface 66 - 9038 (1572) 36% POC
Estuaries:
Po River Delta — Rovinj  June 99-July 2002  Profile 4 - 14800 (570) nd Radi¢ et al. 2005
(ltaly- Croatia) (0-35m)
Johor strait estuary May 98- July Surface 281 - 8026 (2264) 0.1-23% POC  Wurl & Holmes 2008
(Singapore) 2000
Dona Paula Bay May 98-July 2000  Surface 1.3-149 (57) 0.12-22.8 Bhaskar & Bhosle 2006
(6.9)% POC
North Carolina’s Neuse = May-August Surface 805 - 3500 (2300) 16% TOC Wetz et al. 2009
River estuary
Pearl River estuary January, Profile 89 — 1587 (828) , 2-26% TOC Sun et al. 2012
August (2-30 m) 522 — 1727 (989) 5-15% TOC
Rimouski station (IML-4) May-October Profile 15 -1548 (290) 41-145% This study
(0.5-320 m) POC

nd: not determined



3. Vertical distribution of TEP

TEP concentrations followed the autotrophic biomass vertical distribution, with the
highest values in surface followed by a sharp decrease at the depth of the pycnocline and
more gradual towards the bottom. When data from late May are excluded from our
statistical analysis, we found significant differences between the three water layers
considered with persistent maximum values in the SL. In the particular case of late May,
high TEP concentrations were present in the whole water column ranging from 105 to 376
(average 230) ug C L™. In turn, POC concentrations measured were in the range of 48 to
409 (average 197) pug C L™. Estuarine environments are strongly influenced by freshwater
runoff, especially during spring in cold temperate latitudes. During such periods, high loads
of particles are transferred from the main river basin to the Estuary, including allochtonous
TEP (i.e. originated from microbial mats and macroalgal bed exudates; Bhaskar & Bhosle
2005). Under these conditions, TEP should contribute to the aggregation of organic and
heavy inorganic particles allowing for a rapid export to deeper waters. Considering the fast
sinking rates of particulate organic matter previously observed in the St. Lawrence Estuary
(10-100 m d™*; Larouche & Boyer-Villemaire 2010), we hypothesize that such dynamics
can explain the relatively high POC and TEP concentrations measured in the whole water
column at the beginning of this study. According to Passow et al. (2001) in a field study in
California channel during 2 years, relative sedimentation rates of TEP at 500 m were
comparable to those of POC suggesting that loss mechanisms were similar for both
variables. Actually, few studies have reported results on TEP turnover time as a result of
bacterial degradation, which appears to range from hours to months, depending on the
chemical composition and age of TEP (Passow 2002b). First results on the degradation
processes suggest that some fractions of TEP are rapidly recycled (Aluwihare & Repeta
1999), but evidence is accumulating that other fractions are semi-resistant to microbial
degradation or transformed by bacteria into refractory compounds (Zhou et al. 1998,
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Ogawa et al. 2001, Passow 2002a, Rochelle-Newall et al. 2010). Consequently, the
turnover of TEP by grazing and microbial degradation needs to be explored further to
evaluate the quantitative significance of these particles on carbon export to the bottom and

especially those coming from rivers.

Considering the parameters affecting TEP aggregation and distribution in estuaries,
Wetz et al. (2009) and Mari et al. (2012) highlighted the importance of salinity, pH and
mixing in processes of aggregation and sedimentation of these particles. Similarly, Sun et
al. (2012) indicated that formation and distribution of TEP were largely influenced by the
interaction between physical and biogeochemical processes in the Pearl River Estuary.
However, these processes vary largely from one estuary to another. As shown above TEP
vertical variability in the SLE seems to be influenced by phytoplankton in the SL,
especially by diatoms. In contrast, no significant relationships were found between TEP
and the other biological and physico-chemical factors studied in the CIL and BL, which

could influence TEP vertical distribution in this station.

We did not detect significant pH differences between seasons. However, a marked
vertical pH decrease between water layers was measured. This observation is consistent
with the results of Mucci et al. (2011) for the LSLE. They register a decrease of pH by 0.2
to 0.3 in the bottom waters over the last 75 years, which is four to six times greater than
what can be attributed to the uptake of anthropogenic CO,. These values were related to
changes of water masses entering into the Gulf and, to some extent, an increase in
benthic/pelagic respiration resulting from warming of the bottom waters (Genovesi et al.
2011, Mucci et al. 2011, Bourgault et al. 2012). pH changes have been shown to modify
TEP stability by either swelling or shrinking of TEP particles, as revealed by their volume
change (Li & Tanaka 1992, Chin et al. 1998b, de Vicente et al. 2010). According to Mari
(2008), a decrease in pH by 0.2 units led to a reduction of TEP sticking properties. Wetz et
al. (2009) explored the influence of pH changes on TEP formation, and found a positive
correlation between pH and TEP. They suggested that this correlation may have been due

in part to the covariance of pH with salinity. Similarly, de Vicente et al. (2010) also



revealed that pH control on TEP appears to be not significant or a secondary effect as a
consequence to photosynthetic activity. Nevertheless, our results did not show a significant
relationship between TEP concentrations and pH in the water column, despite the decrease
of pH value with depth. More research is needed to further understand this relationship
using TEP size frequency determined microscopically to explore the possible influence of
pH on the size and structure of TEP, as well as chemical composition analyses to identify

their origin.

It is well known that bacteria are also producing TEP or their colloidal precursors
(Passow 2002a, Radi¢ et al. 2006a, Ortega-Retuerta et al. 2010), and simultaneously can
degrade and/or transform TEP (Radi¢ et al. 2006a). In the context of the LSLE, it should
also be noted that Piontek et al. (2010) showed that the degradation of polysaccharides by
bacterial extracellular enzymes was significantly accelerated during experimental
simulation of ocean acidification at the pH levels such as measured in bottom waters in our
study area. However, our results from PCMA did not show a significant relationship
between TEP and free-living bacteria at any water layer, which is consistent with some
previous field studies (i.e. Passow & Alldredge 1994, Ramaiah et al. 2000, Bhaskar &
Bhosle 2008, de Vicente et al. 2009b). The importance of bacteria in TEP production and
notably its uptake as a suitable carbon source is a matter of debate, as both field and
laboratory observations are inconsistent probably due to highly spatial and temporal
variability in these processes (Bhaskar & Bhosle 2008) and the underestimated role of
attached-bacteria (Bar-Zeev et al. 2011, Lapoussiere et al. 2011). Therefore, we need to
explore the bacteria activity and abundance for both free-living and attached bacteria to
TEP particles in the water column for a better understanding of the formation and
degradation of TEP in the SLE.

TEP dynamics in estuarine systems is complex since the physical, chemical, and
biological mechanisms involved on its production/decomposition present a high spatio-
temporal variability. According to the conceptual model of processes regulating TEP

distribution proposed by Mari et al. (2012), there is a front of aggregation defined as an
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"aggregation web", that seems to occur between salinities ranging from 10 to 15 PSU. Their
study suggests that the physical and chemical reactivity of TEP along estuaries may result
in a succession of recycling areas, corresponding to <10 PSU, and enhanced
aggregation/sedimentation processes and export dominated areas for >10 PSU. This process
could promote the formation of dense aggregates likely to be exported to the bottom. In
contrast, particles may remain suspended in the water column leading to a system
dominated by recycling in low salinity areas of the estuary. Without information of TEP
and particle fluxes along the entire St. Lawrence system, this model cannot be tested.
Nevertheless, our results suggesting the dominance of export in April-May mostly related
with allochtonous particulate matter inputs in the portion of high salinity in the SLE is
consistent with this conceptual model. Further investigations are crucially needed along the
entire SLE system and especially in the context that these processes may contribute to the
hypoxia and increasing acidification in the bottom water in the SLE (Gilbert et al. 2005,
Genovesi et al. 2011, Mucci et al. 2011).

4. TEP contribution to the organic carbon pool

The present study suggests that the contribution of TEP accounts for an important
portion of the carbon pool in the LSLE. Indeed, TEP-C represented the second most
important fraction of carbon after the phytoplankton-C; accounting for 41 % and 54 % in
average of POC, respectively, during the whole sampling period in the SL. As observed by
Romero-lbarra & Silverberg (2011) the main carbon contributor during the bloom period
was phytoplankton, especially centric diatoms. The phytoplankton-C biomass in SL was
nearly constant among the different seasons (4.65+4.43 in spring to 3.69+1.40 mg C m?in
fall). This result contrasts with TEP-C standing stock, which significantly increased in the
same layer from 1.95+0.99 in spring to 5.68+5.26 mg C m™in fall (Table 2).



The TEP-C pools measured in both the CIL and BL were high during the spring,
representing ~94 % and 145 % of POC, respectively (Fig. 5b-c). However, TEP-C
presented a more realistic contribution to POC in CIL and BL during summer and fall,
representing between 25 % to 35 %. Similar results have been reported by Bar-Zeev et al.
(2011), who registered a very high contribution of TEP-C as percentage of POC (>100 %)
at 1000 m depth in the eastern Mediterranean Sea. Furthermore, Beauvais et al. (2003)
calculated the TEP-C up to 183 % of the total standing stock of POC at DCM in the
northwestern Mediterranean Sea. They suggested that either TEP carbon content calculated
from freshly formed TEP produced in the laboratory from diatom batch cultures and natural
communities can overestimates naturally occurring TEP-C, since the relationship between
TEP and carbon content is species-specific (Engel & Passow 2001). On the other hand,
POC was underestimated, since the pore-size used for filtration is larger than that used for
TEP (0.2 um for TEP vs 0.7um for POC). Indeed, several authors suggested that filters like
those used in our work (0.2 um) are the most efficient for collecting TEP (Passow &
Alldredge 1995a, Passow 2002b, Bhaskar & Bhosle 2008, Wetz et al. 2009, Sun et al.
2012). Passow & Alldredge (1995) observed that >50 % of TEP were lost when 0.6um
filters were used instead of 0.2um filters. Sun et al. (2012) in the Pearl River Estuary
(China) found a difference of 42 % of TEP concentrations when using 0.2um instead of
0.4um filter. TEP are characterized as particulate material, ranging in length continuously
from submicron (colloidal) scales (Wells & Goldberg 1992) to macroscopic particles
(marine snow) that can reach a few cm in size (Alldredge & Silver 1988). Although, the
colloidal fraction is very dynamic, involving high level of aggregation (Wells 1998). As
reported by Bar-Zeev et al. (2011) by microscopical visualization of TEP in deep water,
TEP presented newly formed aggregates with amorphous shapes, including different
particle sizes. This point highlights the importance of the colloidal organic carbon fraction
below 200 m depth that can contribute to TEP-C, as also observed by Kepkay (2000) and
Bar-Zeev et al. (2011). Despite these methodological limitations in deeper waters, our AIC
analysis results showed that the sum of TEP-C and Chl a-C presented a best fitting and is

seen as a good predictor of POC, which suggests that overestimation of TEP-C during this
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study was overall not significant (Table 3, Fig. 6). Then, our results suggest a direct
relationship between TEP-C and phytoplankton-C as the main carbon contributors to the
POC pool in SL.

Our findings concerning TEP-C are consistent with previous work conducted in the
Gulf of St. Lawrence, where it has been reported that the contribution of marine snow to
the total C flux was frequently >60 % in sediment traps deployed at 150 m (Romero et al.
2000, Romero-lbarra & Silverberg 2011). However, these studies do not include the
presence of TEP. The relative contribution of TEP-C to POC decreased over the summer
and fall reaching 35 % and 25 %, respectively, in the CIL and 24 % and 29 % in the BL,
respectively. Similar contributions to the carbon pool were already reported for other
estuarine environments, with TEP contributing 6.9 % of POC (Bhaskar & Bhosle 2006),
16 % of total organic carbon (TOC) in the North Carolina's Neuse River Estuary (Wetz et
al. 2009) and 15 % in the Pearl River Estuary in China (Sun et al. 2012). On the other hand,
de Vicente et al. (2009, 2010) found a TEP-C contribution of 33 % to 40 % of POC in lake
environments. Our estimations of residual-C (51 % in the CIL and 62 % in the BL) are
consistent with previous results from the golf of St. Lawrence, where it has been found that
detritus represent ~51 to 56 % of POC (Savenkoff et al. 2000, Vézina et al. 2000) mostly
constituted by detrital organic matter (i.e., dead cells and zooplankton fecal pellets;
Romero-lbarra & Silverberg 2011). This constitutes a new evidence of the importance of
TEP carbon linked to marine snow previously estimated in sediment traps, highlighting the
importance of TEP in relation to the organic carbon pool not only in surface, but also in

deep waters.

The bacteria-C standing stock did not change markedly among seasons and
represented the lowest fraction of POC during our study. On average the contribution of
bacteria-C to POC increased from ~3 % of POC in spring to ~5 % in fall in the SL. This
contribution increased with depth, reaching ~8 % of POC among all seasons in the BL.
These results agree with the observations of Savenkoff et al. (2000) in the Gulf of St.

Lawrence, with bacteria-C constituting ~2 % of the POC in winter-spring to 4 % in



summer-fall. Our results suggest that TEP-C combined with phytoplankton-C biomass
could contribute significantly to the subsequent export of macro-aggregates to the bottom,
and probably contribute to the decrease in oxygen concentration and pH in the bottom layer

of the LSLE by respiration/remineralisation processes.

This study provides the first semi-quantitative estimate of the contribution of TEP-C
to the POC in the LSLE ecosystem. A characterization of TEP in terms of particle size
distribution is nevertheless needed for a better knowledge of the aggregation processes in
this ecosystem. Further research is also needed on TEP spatial and temporal variability as
well as its contribution to POC export and advection, integrating both the St. Lawrence
upper and lower portions of the Estuary as well as the Gulf. This is essential for the
estimation of the carbon budget in this complex system as well as to understand the
contribution of highly dynamic and productive marginal marine areas to the global carbon

balance of the ocean.
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CHAPITRE 2

IMPACT DE L'ACIDIFICATION DES OCEANS SUR LES PARTICULES
EXOPOLYMERIQUES TRANSPARENTES (TEP) ET L’ALLOCATION DU
CARBONE ORGANIQUE DANS L’ESTUAIRE DU ST. LAURENT: UNE
EXPERIENCE EN MICROSOCOSMES

Ce deuxieme article, intitulé «Impact of ocean acidification on transparent
exopolymeric particles (TEP) and organic carbon allocation in the St. Lawrence Estuary:
A microsocosm experiment», fut corédigé par moi-méme ainsi que par le professeur
Gustavo Ferreyra, ma collégue Liliane St-Amand, le prof. Emilien Pelletier et le Prof.
Michel Starr. L’article sera soumis a la revue Estuarine, Coastal and Shelf Science suite a
la présentation de cette these. En tant que premier auteur, ma contribution a ce travail fut
I’essentiel de la recherche sur ’état de 1’art, le travail expérimental sur les microcosmes
(préparation et fonctionnement), le travail d’échantillonnage et de laboratoire, les analyses
statistiques et la rédaction de P’article. Le professeur Gustavo Ferreyra, chef de projet, le
prof. Emilien Pelletier et le prof. Michel Starr ont fourni ’idée originale et ils ont contribué
a la révision de I’article. Le professeur Michel Starr, le professeur Gustavo Ferreyra et
Liliane St Amand ont contribué également au travail expérimental, d’échantillonnage et de

laboratoire.
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1.1 RESUME

L’augmentation du CO, anthropique modifie la chimie de I’eau de mer vers une
réduction du pH (« acidification des océans »), qui est soupconnée d’avoir des effets
importants sur les communautés marines ainsi que sur les cycles des nutriments et du
carbone. Les écosystémes estuariens connaissent une fluctuation naturelle du CO,/pH et
I’acidification des océans (AO) devrait baisser encore plus cet intervalle de pH. Une
expérience cinétique a été réalisée en microcosmes pour étudier I’effet de I’acidification sur
la communauté du plancton naturel, les particules exopolymériques transparentes (TEP) et
I’allocation de la matiére organique dans I’estuaire maritime du Saint-Laurent (EMSL). Six
microcosmes d’intérieur avec des traitements de pH fixes (pH in situ de 7,86 a 6,90) et un
microcosme de pH référence non modifié ont été suivis pendant 15 jours pour la
communauté de plancton et les différents réservoirs de carbone (phytoplancton, TEP, POC,
hétérotrophes, bactéries et virus). Aux faibles pH, la communauté phytoplanctonique a
montré une réduction de la biomasse, des taux de croissance et de la prise de silice. Nos
résultats suggerent que le nanophytoplancton, et plus précisément les diatomées du genre
Thalassiosira spp., étaient moins affectés aux faibles pH que le pico- et le
microphytoplancton. L’accumulation des TEP a été positivement corrélée a la biomasse du
nanophytoplancton pendant les phases de floraison et de post-floraison. Les effets négatifs
du pH sur le phytoplancton ont entrainé une diminution de la fixation du carbone et de
I’accumulation de biomasse, ce qui a réduit I’accumulation des TEP et des concentrations
de POC sous acidification (pH < 7,55). D’autre part, les flagellés hétérotrophes étaient
favorisés par les faibles pH. La densité des bactéries a été réduite sous un pH faible
probablement en raison d’une augmentation du broutage et/ou de la lyse virale. Au faible
pH, le rapport POC: PON était plus faible, bien que nous ayons noté un changement de
partition du carbone dissous vers le réservoir de POC via I’agrégation des TEP. Nous
concluons que les changements anticipés de I’alcalinité et du pH pourraient affecter

I’agrégation des TEP et leur structure, ce qui pourrait avoir un impact sur la sédimentation



de la matiére organique avec des conséquences pour le pompage biologique du CO, et des

rétroactions au changement global.
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ABSTRACT

Increasing anthropogenic CO, is changing seawater chemistry by reducing pH
(“ocean acidification”), which is suspected to have important effects on marine
communities as well as on the nutrient and carbon cycles. Estuarine ecosystems are
exposed to large fluctuations of CO,/pH and ocean acidification (OA) is expected to lower
further this pH range. A microcosm Kinetic experiment was performed to investigate the
effect of acidification on the natural plankton community, transparent exopolymeric
particles (TEP) and organic carbon matter allocation in the lower St. Lawrence Estuary
(LSLE). Six indoor microcosms with fixed pH treatments (pH+ from 7.86 to 6.90) and an
unaltered pH reference microcosm were followed for the plankton community and different
carbon pools (phytoplankton, TEP, POC, heterotrophs, bacteria, and viruses) over 15 days.
Phytoplankton showed a reduced biomass, growth rates and silica uptake, under low pH.
Our results suggest that nanophytoplankton, and more precisely diatoms from the
Thalassiosira spp. group, were less affected to low pH than the pico- and
microphytoplankton. TEP accumulation was positively correlated to nanophytoplankton
biomass during the bloom and post-bloom phases. The negative effects of pH on
phytoplankton resulted in a reduction of carbon fixation and biomass build-up, which
reduced the accumulation of TEP and POC concentrations under acidification (pH <7.55).
On the other hand, heterotroph flagellates were favored by low pH conditions. Bacteria
decreased under low pH probably due to an increase of viral lysis and grazing. At low pH,
POC:PON ratios were lower, though we noted a shift of carbon partition from dissolved
into the POC pool via TEP aggregation. We conclude that anticipated changes in alkalinity
and pH could affect TEP aggregation and TEP particle structure, which in turn could have
an impact on the organic matter sedimentation with consequences for CO, biological

pumping and feedback to global change.

Keywords: Transparent exopolymeric particles (TEP), CO,, pH; nutrients, phytoplankton,
particulate and dissolved organic carbon (POC, DOC), microcosm.
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INTRODUCTION

Previous works on biological consequences of ocean acidification (OA) reported
noteworthy changes in phytoplankton community structure and photosynthesis, showing
significant increases in carbon assimilation (Engel 2002, Engel et al. 2003, Riebesell et al.
2007). This “carbon overconsumption” results in the release of large amounts of transparent
exopolymer particles (TEP) that may enhance vertical export of particulate organic carbon
(POC) (Engel 2002, Engel et al. 2004, Riebesell et al. 2007b). TEPs are acidic
polysaccharide particles formed by aggregation of polymers exudated mainly by
phytoplankton (especially diatoms) (Alldredge et al. 1993, Engel & Passow 2001) and, at a
less degree, by bacteria (Simon et al. 2002). This process is viewed as a carbon ‘overflow’
for photosynthesis products under nutrient depletion (Jensen & Sgndergaard 1982,
Toggweiler 1993, Obernosterer & Herndl 1995, Engel 2002). These compounds form
heavy aggregates (“marine snow”) by coagulation and aggregation processes of dissolved
and colloidal organic carbon with other solid particles (e.g., phytoplankton cells, bacteria,
detritus), accelerating the export of organic matter to deep waters (Logan et al. 1995,
Passow & Alldredge 1995, Mari & Burd 1998, Simon et al. 2002, Nagata et al. 2021).

Over the last few years, an increasing number of studies investigated the effects of
OA effects on TEPs production and organic carbon partitioning are a highly debated topic
within the scientific community. Several studies showed enhanced TEP production and
accumulation at higher pCO- in a natural phytoplankton assemblage (Engel 2002, Riebesell
et al. 2007, Bellerby et al. 2008, Endres et al. 2014). Other experiments showed that high
CO; supports the production and exudation of important DOC concentration, increasing
TEP and the POC:PON ratio during mesocosms experiments (Engel et al. 2014a, Kim et al.
2014). These studies revealed a positive effect of high pCO, on TEP accumulation. But
some have reported either no effect or a negative effect (Engel et al. 2014b, Bourdin et al.
2016). MacGilchrist et al. (2014) proposed a hypothesis to explain these contrasting results,

attributing these variations to environmental setting experiments (community structure,



nutrient availability, and occurrence of phytoplankton growth) as a key factor determining
the TEP response to OA. All these contrasting results highlight the fact that TEP and
carbon partitioning response to OA depend on the interactions between environmental
conditions (pH, COj, nutrients, estuary) and the planktonic community structure
(phytoplankton, bacteria, viruses and microzooplankton) and its specific responses to OA.

Estuaries and coastal environments experience a great variability of physical and
chemical factors. These ecosystems show a large diurnal and seasonal pH variability, due to
multiple drivers such as photosynthesis, respiration, upwelling, tidal cycles, leaching water
and anthropogenic nutrient inputs (Feely et al. 2008, Duarte et al. 2013, Capone &
Hutchins 2013). Phytoplankton in estuarine and coastal waters is often highly productive
and experience large fluctuations compared to oceanic species where the pH is relatively
stable on a diurnal basis. Estuaries may promote coastal acidification even beyond the
estimated pH projection for oceanic systems (Melzner et al. 2013, Wallace et al. 2014).
Indeed, these ecosystems have been shown to vary as much as from 7.4 to 9.2 on a diurnal
basis (Middelboe & Hansen 2007) and a 10 yrs. monitoring program in a Danish Fjord
showed pH value to vary from 7.1 to 9.7 (Hansen 2002). Thus, the minimum pH in some

coastal areas is lower than the 7.7 expected for the 21 century in the global ocean.

Previous records from our study site showed a surface in situ pH (gs) ranging
between 7.7 and 8.1 (Pelletier & Lebel 1980, Lebel & Pelletier 1980). More recently,
Annane et al. (2015) in the St. Lawrence Estuary (SLE), found surface in situ values pHr in
the range of 7.8 - 8.3 over spring to fall in 2011. However, upwelled deep water against the
sill at the Head of the Laurentian Channel (8 km from our sampling site) over a distance of
20 km (Ingram 1975, Therriault & Lacroix 1976, Savenkoff et al. 1997), brings deep water
with a pH of 7.54 - 7.60 which can further acidify the mixed surface waters (Mucci et al.
2011, Lefort et al. 2012, Annane et al. 2015). These conditions may lead to a pH much
lower than the expected range of ~7.4 to 7.9 in the SLE for the end of the century. As

emphasized by Thoisen et al. (2015), research on OA and more particularly in coastal and
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estuarine areas should include in situ pH measurements before experimentally expose

organisms to pH values beyond present-day naturally occurring levels.

In the study of Annane et al. (2015), it was evidenced that TEP was positively
correlated with the phytoplankton biomass in surface waters, and TEP combined with
phytoplankton carbon represented the major fraction of carbon pool in the SLE, suggesting
that they could significantly contribute to macro-aggregate exports to the deep waters. In
this context, it is crucial to investigate the natural plankton community as well as the
responses of the organic carbon pool to future growing acidification scenarios. The present
study aims to describe the results of a microcosm kinetic experiment considering a pH
gradient to examine how TEP production and the planktonic community are affected by the
growing acidification in the SLE, and to investigate these effects on particulate carbon

allocation in this sub-arctic ecosystem.



MATERIALS AND METHODS

Experimental setup and sampling strategy

A microcosm experiment was performed between 4 and 22 May 2012 at the Maurice
Lamontagne Institute (Fisheries and Oceans, Canada). Seven indoor microcosms (40L
each) were filled with surface water (~1.5 m) from the head of the Laurentian channel zone
(Lower St. Lawrence Estuary, LSLE; 48°07.185°N, 69° 40.503°W) just before the spring
phytoplankton bloom start. Water was previously pre-filtered through a 200 um Nitex mesh
to remove mesozooplankton (in situ pHt and salinity at the time of sampling were 7.86 and
20.7, respectively) and microcosms were immersed in a thermostated bath at 7 °C
(representative of in situ spring temperature). Our experimental design considered the
response of the natural plankton community to exposure to a gradient of six fixed pH levels
(7.86 to 6.94). In addition, one microcosm was left unperturbed without pH manipulation
and served as reference (Havenhand et al. 2010). Desired pH values were achieved by air
bubbling the water column with an air/CO, mixing system placed near the bottom of the
microcosms. Each microcosm was monitored continuously with a pH probe (InPro 3253,
Mettler Toledo Ingold® for biotechnological and pharmaceutical application, 250 mm shaft
length and temperature compensation Pt 100) and controlled by the gas bubbling addition
to obtain stable pH targets (Fig. 1). The pH conditions were maintained using an automated
valves system controlled by a software developed by the Engineering Department of
University of Québec at Rimouski (UQAR, pH precision +0.005). The microcosms are
Plexiglas cylinders surrounded with four culture lamps each with a light: dark cycle of 15:9
h and photosynthetically active radiation (PAR) of 997 pmol m™ s™. The atmosphere at the

surface of each microcosm was isolated from the outside with a clear Plexiglas cover.

Initial nutrient concentrations were 14.48 puM nitrate (NOs), 0.27 uM soluble
reactive phosphate (SRP) and 31.62 uM silicic acid (Si(OH),). The SRP were rather low
for the season in the SLE. To be in the normal range of SRP (0.29 to 1.31) and make the
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experience more comparable to SLE nutrient concentrations, SRP concentration was
adjusted from 0.27 to 0.84 uM. However, SRP increased in all microcosms on day 1 just

before the nutrient adjustment which brings our adjustment of SRP to 1.28 uM.

Sampling was performed in each microcosm every two days during the morning
(8h00 - 10h00), and the experiment lasted 15 days. Samples were gently reversed pumped
using polycarbonate pump syringes and transferred to 2 L glass bottles cleaned with HCI
10 % for different analyses at the exception of pH, total alkalinity (TA) and dissolved

organic carbon (DOC), which were sampled with glass graduated tubes and glass bottles.
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Figure 1: Experimental setup of CO, manipulation system and computer control of pH for
each microcosm (a) and profile view of microcosm (b). A mixture of air and CO, was
bubbled directly in the bottom of each microcosm thus achieving a gradient of 6 pH levels
and a pH reference microcosm. The air/CO, mixing was adjusted for each microcosm by
instant pH probe monitoring and adjustment.



Nutrient analyses

Water samples for nutrient analyses were filtered through Acrodisc® syringe filters
with 0.8 uM Versapor® membranes. The filtrates were stored at —20 °C in acid-cleaned
polycarbonate cryogenic vials for a month until analysis of nitrate plus nitrite (NO3 +NO5),
nitrite (NO’), soluble reactive phosphate (SRP), and silicic acid (Si(OH),) using a
Technicon Il Autoanalyzer (Mitchell et al. 2002).

Carbonate chemistry

The carbonate chemistry was monitored through pH and TA measurements. Samples
for pH, expressed in the ‘total hydrogen ion scale’ (PHt) and total alkalinity (TA) were
drawn under a bubble free, and no head space conditions into 300 and 500 mL borosilicate
glass flasks, respectively. 250 pL of saturated HgCl, solution was added to TA sample and
processed following the "Guide to best practices for Ocean CO, Measurements™ (Dickson
et al. 2007). pHt was determined immediately after sampling and TA determined a few
months later in the laboratory at the Maurice Lamontagne Institute (MLI).

pHt was determined spectrometrically using the indicator dye m-cresol purple
(Sigma-Aldrich). Absorbance was measured at 730, 578 and 434 nm before and after dye
addition in 10 cm quartz cells thermostated at 25+0.05 °C (Clayton & Byrne 1993, Dickson
et al. 2007). A similar procedure was carried out before each set of sample measurements
using a TRIS (Tris (hydroxymethyl) -aminomethane) buffer prepared at a practical salinity
(S) of approximately 30 (Millero 1986). Certified Reference Material (CRM) (supplied by
Professor Andrew Dickson, Scripps Institution of Oceanography, San Diego, USA) was
used for quality control of our pH TRIS buffer. All measurements were converted to the
total proton scale (pHt) using the measured salinity of each sample and the HSO,
association constants given by Dickson (1990). Reproducibility and accuracy of our TRIS

buffer measurements were in the order of 0.005 pH unit or better.
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TA was determined by potentiometric titration in an open cell using an automated
Radiometer potentiometric titrator (Titrilab 865) and a pH combination electrode
(pHC2001) in a continuous titrant addition mode, an algorithm specifically designed for
shallow end-point detection (Dickson et al. 2003, 2007). The dilute HCI titrant 0.1 M in a
solution of NaCl of 0.6 M was calibrated using certified reference materials provided by

Professor Andrew G. Dickson of the Scripps Institute of Oceanography (La Jolla, USA).

The carbonate system parameters were corrected for in situ temperature based on the
experimental data of pHrs, TA, T, S, POy, SiO; as input parameters with the CO2SYS
program (Lewis & Wallace 1998). The constants of Mehrbach et al. (1973) as refitted by
Dickson & Millero (1987) for the dissociation of carbonic acid and those of Dickson (1990)
for KSQO, equilibrium were used. The carbonate parameters for each treatment during the

experiment are outlined in Table 1.
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TEP analysis

TEP concentration was determined colorimetrically following the procedure
described in Passow & Alldredge (1995). Briefly, 80-100 mL samples were filtered onto
0.2 um polycarbonate Isopore membrane filters (Merck Millipore) under low vacuum (<10
mbar). Particles retained on the filters were stained during <5 s with 500 pL of 0.02 %
aqueous solution of Alcian blue in 0.06 % acetic acid (pH 2.5) and subsequently rinsed
with 1 mL of deionised water. Samples were stored at -80 °C for a month until analysis.
Filters were then soaked in 80 % sulfuric acid (6 mL) for 2 h and measured
spectrometrically at 787 nm, using stained filters without sample as blanks. Alcian Blue
absorption was calibrated using a solution of the polysaccharide Gum Xanthan. TEP
concentrations were expressed in pg Gum Xanthan equivalents per liter (ug GX eq L™).
These values were converted into carbon equivalent units using a natural diatom population
conversion factor of 0.75 ug C/pg GX eq L™, according to Engel & Passow (2001). It
should be noted that the diatom species examined in their experiments presented a series of
slopes, ranging from 0.51 to 0.88 g C/pg GX eq L™, due to differences in phytoplankton
composition; thus TEP-C content estimated here may present some uncertainties.

Particulate organic carbon analysis (POC)

Duplicates of 250 mL seawater samples were filtered through pre-combusted
(500 °C, 4 h) Whatman GF/F filters and frozen with silica gel until analysis. The POC
filters were then oven dried 24 h at 50 °C prior to analysis. POC concentrations were
determined with a CHN elemental analyzer (EA) COSTECH ECS 4010 (Costech
Analytical). Quantification was based on external Acetanilide standard with a calibration
range from 0.025 to 0.080 mg and 0.170 to 0.550 mg for nitrogen and carbon, respectively,
and included a blank capsule. Blank capsules and blank filters were also analyzed in every

run to confirm the absence of contamination.



Dissolved organic carbon analysis (DOC)

Duplicates of 9 mL water samples were filtered through pre-combusted (500 °C, 5 h)
Whatman GF/F filters in a glass tube and acidified with 100 pL of 2N HCI, then stored at
4 °C in the dark until analysis. DOC was measured immediately after the experience using
the high temperature catalytic oxidation (HTCO) method with a TOC-Vcpn Shimadzu
Analyser (Wurl & Min Sin 2009). This technique showed a CV 0.25 % (n = 84) between

replicates.

Phytoplankton composition and abundance

Samples for the identification and enumeration of phytoplankton >2 pm were
collected and preserved in acidic Lugol’s solution (Parsons et al. 1984) and stored in the
dark at 4 °C for three years until analysis. Phytoplankton cells were identified to the lowest
possible taxonomic level (Bérard-Therriault et al. 1999) using an inverted microscope

according to Lund et al. (1958). For each sample, at least 300 cells were counted.

Flow cytometry analysis

The pico and nanophytoplankton and the microphytoplankton were analyzed using
two different types of flow cytometry instruments, in order to achieve accurate estimations

of cell size and counts.

Duplicates of 12 mL seawater samples were fixed with glutaraldehyde (Grade I;
Sigma) 1 % final concentration and frozen at —80 °C for a year until flow cytometric
analysis. Nano- and microphytoplankton cells larger than ~6 um were analyzed using a
CytoSense flow cytometer (Cytobuoy b.v., The Netherlands) equipped with a 488 nm laser
operated at 15 mW and a peristaltic pump speed of 6.15 pl s* and a trigger level of 33 mV
on FLR. Yellow fluorescent beads of 10 pm (Polysciences®) were systematically added to

each sample as an internal standard. This procedure allowed to normalize the fluorescence
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emission and light scatter signals obtained from CytoSense flow cytometer, as well as to
ensure the quality control and calibrate the cell size. One mL of Tris-EDTA 10x buffer pH
8 (Laboratoire MAT) was added in order avoid coincidence of several particles in the laser
beam. Each photosynthetic cell was characterized by an optical pulse shape, including their
light scattering properties, forward light scatter (FWS) and sideward light scatter (SWS)
and red (FLR, 668-734 nm), orange (FLO, 601-668 nm) and yellow (FLY, 536-601 nm)
fluorescence emmisions. Samples were then analyzed with the CytoClus software and cells
sharing similar optical characteristics were manually grouped in clusters (Table 2)
(Dubelaar et al. 2004).

Phytoplankton abundances were converted to carbon biomass by using a cellular
carbon content conversion factor (Cell C, pg C cell™®) derived from averaged cell biovolume
(BV; pum?®) for each cluster (Table 2), using the equations proposed by Montagnes et al.

(1994) for diatoms and flagellates dominated communities:
Cell C =0.109 * BV %!

Table 2: Estimated FWS length (Avg. + Std) obtained from the Cytosense flow cytometer
for the identified clusters.

Clusters | FWS length (um) | BV (um®)
c1 22.9+3.1 1695
C2 14.0+2.2 1039
C3 9.741.1 491
C4 18.4+2.8 1350
Small chains” 36.2+5.3 2668
Long chains” 81.5+13.2 6042

*Microphytoplankton clusters considered (> 20 pm)



The phytoplankton carbon biomass (Phyto-C, ug C L™) was obtained by multiplying
cell abundance by cellular carbon content for each phytoplankton cluster. However, only
the microphytoplancton size fraction was considered for this study, as to not have data

overlap for nanophytoplancton size fraction.

For pico and nanophytoplankton (<10 pm) 4.5 ml samples were pre-filtered (200 pum
Nitex mesh size) and fixed with glutaraldehyde (Grade I; Sigma) 0.5 % final concentration
and frozen at —80 °C for four years until flow cytometric analysis. Samples were analyzed
using an FACSCalibur flow cytometer (Becton and Dickinson) equipped with a 488 nm
laser (15 mW output) at a flow rate 50.84 pL s. Fluorescent beads 2 pm (Polysciences)
were added to each sample as an internal standard. Pico- (<2 pum) and nanophytoplankton
(2-20 um) were discriminated based on forward scatter calibration with beads size and the
optical parameters characteristic of each population, namely: forward and right angle light
scatter, orange fluorescence from phycoerythrin (575 + 20 nm) and red fluorescence from
Chl a (675 = 10 nm) following Tremblay et al. (2009).

Synechococcus and Prochlorococcus cell numbers were converted to carbon biomass
by applying a conversion of 200 fg C cell™* (Mackey et al., 2002) and 49 fg C cell™
(Cailliau et al. 1996), respectively. Biomass for pico-and nanophytoplankton was calculated
using the conversion factor of 0.22 pg C pum™ (Booth 1993). The resulting carbon
biomasses per cell are 0.388 and 31.634 pg C cell™ for pico- and nanophytoplankton

respectively.

Bacterial and virus abundance

Free-living bacteria and virus samples were pre-filtered (200 um Nitex mesh size)
and fixed with glutaraldehyde (C; = 0.5%, Grade I; Sigma) according to Lapoussiére et al.
(2011) and Marie et al. (1999) respectively, placed in the dark at 4 °C for 30 min and then

frozen at —80 °C for 18 months until flow cytometric analysis. Samples were analyzed
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using an FACSCalibur flow cytometer (Becton and Dickinson) equipped with a 488 nm
argon laser (15 mW output) at a low flow rate (10.14 pL s for 30 s) analysis.

Before analysis, samples were thawed at room temperature, and then diluted in a
solution of TE buffer (C; = 0.1 %, 10 mM Tris, 1 mM EDTA, Sigma) and SYBR-Green |
(Cs = 0.01 %, Molecular Probes, Inc) in a final volume of 5 mL in order to maintain an
optimum pH of the staining with SYBR Green I, according to Belzile et al. (2008). Dilution
with the buffer also avoided coincidence of several particles in the laser beam and
minimized the error due to low-volume pipetting. Samples were then placed 15 min in the
dark in a 80 °C water bath to optimize the staining (Marie et al., 1999). Bacteria and virus
were analyzed using their green fluorescence (FL1) collected at 530 nm versus side scatter.
Yellow Fluoresbrite beads of 0.5 um (Polysciences) were added to the samples as internal
standards for cell size and fluorescence emission. Bacteria and virus were enumerated and
discriminated according to their size and nucleic acid content. Characterization and
dissociation of bacteria with high (HNA) and low (LNA) nucleic acid contents were based
on the SSC/FL1 ratio (Lapoussiere et al., 2011; Lebaron et al., 2001). Final counts were
corrected for a blank sample prepared and analyzed in an identical manner to the samples.
Bacterial counts were expressed in terms of carbon biomass by using a conversion factor of
14 fg C.cell* (Zubkov et al. 2001).

Statistical analysis

All statistical analyses were performed using Statistica (version 7.0) and SigmaPlot 10.0
software. The data from day O to 2 were not included in the analysis, as treatments had no
time to affect the different variables. Analysis of covariance (ANCOVA) was used to test
the effect of pH (in term of proton concentration [H+]) on TEP-C and other variables.
Concentrations and abundances as dependent variables, sampling times as factor and [H+]
as a covariate. Separate slope model was applied to test the regression slope of proton
concentration [H+] effect on TEP-C between each separate day using sampling days as the

categorical variable; concentrations and abundances as dependent variables and [H+] as



continous predictor. P < 0.05 were considered as statistically significant difference. All data
were tested for normality and homogeneity of variances conditions with Kolmogorov-
Smirnov and Cochran C tests, respectively. Regressions of the rate of change
(accumulation or depletion) for each variable were calculated for the bloom and post-bloom
period according to the following equation:
H=(In [N2] - In [Na]) 7 (t2 - ta)

Where N; and N are the concentration of the studied variables at the given times t; and t5,
respectively. Relationships between the variables rate of change and the proton
concentration [H+] treatment were evaluated using the Pearson’s linear regression square
root (r). The p < 0.05 were considered as indicators of a significant relation between the

predictor values and the response variable.

RESULTS

1. Carbonate chemistry

The CO, enrichment for each microcosm started on day 0 and reached the gradient
pH target on day 2 (Fig. 2), from pH 7.86 to 6.94 representing an average decrease of
0.18+0.04 between each pH treatment. The different levels of the pH treatment remained
stable during the whole experiment. However, the reference microcosm showed a slight
increase in day 4 to pH 8.01 due to photosynthetic activity, then remained stable (~7.93)
during the rest of the experiment. Our pH probe monitoring data shows that the pH probe
(NBS) fits almost perfectly with pHt determined colorimetrically (total proton scale),
presenting a highly significant correlation coefficient (r = 0.998, p < 0.01) (Fig. 3). These
pH correspond to pCO, ranging from 434 to 1989 patm (Table 1) according to the
prediction of the IPCC (2014) applicable to this estuarine ecosystem. The other two pCO;
(2776 and 4805 patm) represent predictions up to 2200. TA was also stable during the



74

whole experiment and ranged between 1698 and 1729 pmol kgs,“compared to the pH
reference microcosm 1721 pmol kge, ™ (Table 1). However, these natural initial TA values
were slightly lower compared to previous data from the same area in 2011 (~2100 pmol
kgsw'l, Annane et al. 2015.). DIC increased slightly from 1673 pmol kgsw'1 for M1 to 1971
umol kgsw ™ for M6, though they stayed stable all along the experiment.

2. Inorganic nutrients

Nutrient concentrations were typical for the season at day 1 of the experiment, with
12.94, 1.28 and 30.73 uM for nitrate, SRP, and silicic acid, respectively (Fig. 4a-c). SRP
increased in all microcosms on day 1 just before the nutrient adjustment from 0.27 to
0.84 uM which brings our adjustment of SRP to 1.28 uM (Fig. 4b). Nitrate and SRP
dropped sharply until day 4, reaching the detection limit of the method used for nitrate
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Figure 2: Temporal variation in pHr Insitu (total hydrogen ion scale) during the microcosm
experiment.
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except for the lowest pH treatment (1.55 puM) and showing low concentrations for SRP
(0.11 - 0.33 uM), which continued to decrease slowly until reaching the detection limit of
the method on day 11 (Fig. 4a, b). The rates of nitrate depletion during the bloom was
delayed in the lowest pH treatment (r = -0.95; p < 0.01; not shown), reaching below
detection limit on day 7. However, no correlations were observed between the rate of SRP
depletion and the pH gradient during this experiment (r = -0.69; p > 0.05; not shown). No
statistical difference for the ratio ANO3 : ASRP uptake was found between pH treatments
(r=0.44; p > 0.05; not shown). On the other hand, silicic acid concentrations decreased
gradually until the end of the experiment (Fig. 4c), reaching minimum concentrations
between 1.28 to 8.56 uM. The rates of silicic acid change during the bloom showed a
significant statistical difference between pH treatments (r = -0.95; p < 0.01), with minimum
depletion rates corresponding to the most acidic conditions (Fig. 5a) and pH explaining
91 % of the variance of the regression. The ratio ASi(OH), : ANOj3 decreased linearly with
increasing proton concentration [H+] (r = -0.89, p < 0.01; Fig. 5b). This change was mostly
driven by a reduction in ASi(OH), uptake, which exhibited a 6.46-fold difference between
experimental pH extremes compared to a 1.13-fold difference for ANO3; uptake (not
shown). No statistical difference for the ratio ASi(OH), : ADiatoms was found between pH
treatments (r = -0.08, p > 0.05; Fig. 5c¢). Although ADiatoms exhibited a 7.61-fold

difference between experimental pH extremes compared to ASi(OH), uptake (not shown).
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3. Dynamics of organic material

Phytoplankton

Phytoplankton developed a bloom which was characterized by three phases: (1)
Adaptation to treatment phase, from the beginning to day 2, (2) an exponential bloom
phase, from day 2 to 7-9 and (3) a post-bloom phase, between days 7-9 to 15 (Fig. 6a, b).

Here we considered three phytoplankton carbon size fractions: picophytoplankton-C
(<2 pm), nanophytoplankton-C (2-20 um) and microphytoplankton-C (>20 pum), since the
sum of pico-, nanophytoplancton-C, microphytoplankton-C and TEP-C presented the best
linear fit with POC concentrations in all microcosms (r = 0.90, p < 0.01; Annex 1.1). It
should be noted that these size categories match the category sizes defined by the literature.
So to prevent any overlapping for nanophytoplankton size fraction due to the
approximation to the instrument’s resolution used during our study (FACSCalibur and
CytoSense flow cytometer), we have chosen to use only nanophytoplankton analysed by
FACSCalibur flow cytometer.

Picophytoplankton-C biomass was 2.16 pg C L™ (Fig. 6a) in all microcosms at the
start of the experiment, and then decreased during the adaptation phase to reach values
between 0.4-0.62 pg C L™ on day 1. Afterward, picophytoplankton-C increased during the
exponential phase to reach a peak on day 4 with values between 1.12 - 2.45 pg C L™, then
decreasing in all treatments along the rest of the experiment. Picophytoplankton biomass
presented the highest concentration at the high pH and the lowest at low pH with a
significant negative pH effect during the bloom period (ANCOVA, p<0.01). Separate Slope
(Sslope) analysis showed a difference between days for the pH effect on picophytoplankton
(p<0.01), revealing a significant negative pH effect for all days (p<0.01), with the lowest
concentration observed in the acidified treatments especially during the bloom (phase 2).
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Nanophytoplankton-C at the start of the experiment was 9.15 pug C L™ (Fig. 6b). The
exponential phase reached a first biomass peak at day 7 and varied between 203-736 ug C
L, with the highest concentration observed at the highest pH (ANCOVA, p<0.05), with a
decrease of ~26 to 72 % at pH 7.55 and 7.17, respectively. A second peak developed during
the third phase, reaching values between 616-1025 pug C L™, with the highest
concentrations observed at low pH values (pH = 7.17 - 7.31), reaching an increase of 38%
at the end of the phase 3. However, Sslope analysis showed no difference between days for
the pH effect on nanophytoplankton-C (p>0.05), nor an interaction between days and pH
effect on nanophytoplakton-C concentration (p>0.05).

Microphytoplankton-C increased exponentially during phase 2 reaching values
between ~165 and ~5400 pg C L™, with the highest concentration observed at pH 7.72
(ANCOVA, p<0.01). Later, cell concentrations decreased slightly in the phase 3 reaching
values around ~221 and ~3327 pg C L™, with the highest concentrations observed for high
and intermediate pH values, between 7.86-7.31 (Fig. 6c). In contrast, the lower pH
microcosm (6.94) presented a very low concentration during the whole experiment.
Although the Sslope analysis showed no difference between days for the pH effect on
microphytoplankton (p>0.05), the maximum microphytoplankton-C concentrations showed
a decrease with the reduction of pH conditions during the phase 2 (r = -0.80, p<0.05),
representing a decline from 20 % to 89 % of microphytoplankton-C at pH 7.55 and 6.94

values, respectively.

During phase 2 (d2-d7), nanophytoplankton growth rate (between 0.32 and 0.45 d™)
was not affected by the pH decrease (p>0.05; Fig. 7a). The same response was observed for
the phase 3, showing a non significant positive trend to pH decrease (r = 0.74, p>0.05).
Growth rate values at high and low pH conditions (-0.02 and 0.12 d™, respectively) were
lower during the second bloom period (phase 3, Fig. 7b). In contrast, microphytoplankton
growth rates in phase 2 (d2-d9) presented a significant negative effect with pH decrease (r
=-0.95, p<0.01; Fig. 7c), with 0.32 d* at high pH and -0.08 d™ at low pH. As for the case of

nanophytoplankton during phase 3, a positive, but not significant correlation to pH
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decrease, was observed for microphytoplankton (r = 0.60, p>0.05), with -0.08 d™* at high
pH to 0.05 d™ at low pH (Fig. 7d).

The phytoplankton assemblages were mainly constituted by diatoms (77 % of the
total community) and autotrophic flagellates (13 %; Fig.8a). Centric diatoms dominated
numerically (95 to 99.85 % of the total diatom cell number), with Skeletonema costatum
(73 %), followed in abundance by Thalassiosira spp. (5-10 um; 26 %) in the adaptation
phase. During the exponential bloom phase 2 (d4), diatoms varied between 81 % and 45 %,
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Figure 7: Relationship between the proton concentration values ([H+]) and phytoplankton
growth rate (u d*) during the bloom development for (a) Nanophytoplankton-C (day 2 to
day 7), (b) Nanophytoplankton-C (day 7 to day 15), (c) Microphytoplankton-C (day 2 to
day 9) and (d) Microphytoplankton-C (day 9 to day 15). Linear regressions are shown with
solid lines are shown. A negative growth rate indicates a cell loss.

with the highest percentage at pH 7.86 and the lowest at pH 6.94 (Fig. 8a). In turn,
autotrophic flagellates increased from 13 % at pH 7.86 to 35 % at pH 6.94. At the end of



the phase 3, diatoms decreased, but were still dominant (50-77 %), and autotrophic
flagellates increased (23 -50 %; Fig. 8a). Among centric diatoms, S. costatum varied
between 79 % and 17 %, with the highest densities at pH 7.72 and lowest at pH 6.94 at the
end of phase 3. In contrast, Thalassiosira spp. (5-10 um) varied between 15 % and 74 %,
with the lowest contribution to total biomass at pH 7.72 and the highest at pH 6.94 at the
end of phase 3 (Fig. 8b). However, these last two negative and positive correlations with
decreasing pH were not significant (p = 0.119 and p = 0.113, respectively). Dinoflagellates
(9.71 %) were a minor contributor to the total cell abundance and decline to less that 1 % in
all pH treatments at the end of phase 3. Heterotrophs varied from 20 % of the total protists
abundance at the beginning to 15 - 43 % at day 4 and to ~9 - 27 % at the end of phase 3,
both cases with the lowest density at pH 7.86 and the highest at pH 6.94 (r = 0.96, p<0.01
and r = 0.82, p<0.05 respectively; Fig. 8c, d). Flow cytometry showed that the percentage
of nanophytoplankton cells (2-20 pm) group increased from 34 — 42 % during the
adaptation phase to around 82 — 91 % at the end of the experiment in all microcosms,

which corroborate our data from the microscopic identification for Thalassiosira spp. (5-10

um).

TEP

The initial TEP-C concentration was 490 pg C L™ in all microcosms and decreased
during the adaptation period to reach values between 155 to 233 pg C L™ (Fig. 9a).
Afterwards, TEP-C concentrations increased presenting two accumulation phases,
coinciding with the bloom and post-bloom periods. TEP-C followed the same pattern as
nanophytoplankton-C, with which these particles showed a significant correlation (r = 0.85,
p<0.01; Annex 1.2). During phase 2, TEP-C concentration reached a first maximum (day
7), varying between 295 — 450 pg C L™, with the highest concentration observed in the pH
reference treatment (ANCOVA, p<0.05), which showed 10 to 30 % decrease at 7.55 and
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6.94 pH treatments, respectively. During phase 3, a second maximum was observed (day
15) reaching 460 - 655 pg C L™, with the highest concentration observed for the lowest pH
treatments and the lowest concentration for the higher pH (ANCOVA, p<0.05). Sslope
analysis showed a significant difference between days for the pH effect on TEP (p<0.01),
as well as a significant negative pH effect for all days (p<0.01), except for day 15, where a
higher concentration (+41 %) was reached in the more acidic treatments. TEP-C production
rate (between 0.065 and 0.18 d™) showed no significant response to the pH treatments
during the phase 2 (p>0.05; Fig. 10a). However, during the phase 3, TEP-C accumulation
rate presented a significant positive correlation with pH decrease (r = 0.90, p<0.05), with
0.03 d™* at high pH and 0.12 d™* at low pH, which are similar to those of nanophytoplankton
for the same period (Fig. 10b).
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POC and C/N ratio

POC concentration was 293 pg C L™ at the beginning and started to accumulate in
parallel to the development of the microphytoplankton bloom (Fig. 9b). During this phase
POC concentration reached at day 9 maximum values (1589 — 4077 pg C L™), with the
highest concentration corresponding to pH reference (ANCOVA, p<0.01). Under these
conditions there was a decrease of 40 — 61 % at pH 7.55 and 6.94, respectively. At the end

of phase 3, a second relatively small POC accumulation was observed, reaching 1978 -



4688 pg C L™, with the highest concentration observed in the high and intermediate pH
treatments (7.86-7.31) (ANCOVA, p<0.01), as shown in the case of microphytoplankton.
In contrast, the lower pH microcosm presented a very low POC concentration during the
whole experiment. Maximum concentrations showed a decline from 34 % to 58 % of POC
at 7.17 and 6.94 pH treatments, respectively. Although Sslope analysis showed no
difference between days for the pH effect on POC (p>0.05), a significant negative pH
effect for all days was nevertheless observed (p<0.01), with the lowest concentration
corresponding to the more acidic treatments during phases 2 and 3. During the bloom, POC
accumulation rate showed a significant negative correlation with pH (r =-0.92, p<0.01),
with 0.30 d* at high pH and 0.19 d* at low pH (Fig. 10c). However, during post-bloom,
POC accumulation rate showed no significant correlation with a pH decrease (p>0.05; Fig.
10d).

The initial POC:PON ratio started around 8.05+0.56 in all microcosms, close to the
standard Redfield C:N ratio of 6.6 (Fig. 9c). This ratio increased exponentially during the
bloom and post-bloom following the biomass accumulation process, presenting ratios
between 31 for the higher pH value and 12 for the lowest pH value during the phase 2. At
the end of phase 3, these ratios reached up to 34 and 17 for high and low pH, respectively,
relative to the Redfield, C:N ratio (r = 0.89; ANCOVA, p<0.01). Although Sslope analysis
showed no difference between days for the pH effect on POC:PON ratio (p>0.05), a
significant negative pH effect for all days as for POC and microphytoplankton was
observed (p<0.01), with the lowest ratio observed in the acidic treatments during phase 2
and 3.

DOC and DOC:POC ratio

DOC concentration was 2660 pg C L™ at the beginning of the experiment and
showed a small accumulation during the adaptation period to reach values between 2751 -
3193 pg C L. Afterwards, DOC increased slightly through the bloom and post-bloom
periods to reach values between 2795 to 4135 pg C L™ at day 15 (Fig. 9d). The highest
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concentration was observed in the pH reference treatment (ANCOVA, p<0.01), which
showed a decrease of 18 to 24 % under pH 7.55 and 6.94, respectively. Sslope showed a
significant difference between days for the pH effect on DOC (p<0.05), as well as a
significant negative pH effect for all days (p<0.05), with the lowest concentration observed
in the most acidic treatments during bloom and post-bloom phases. During both phases,
DOC accumulation rate (d4 to d15) showed a significant negative effect with pH treatments
(r =-0.92, p<0.01), with 0.015 d™* at high pH and 0.002 d™* at low pH (Fig. 10e).

The initial DOC:POC ratio was around 7 to 9 for low and high pH treatments,
respectively. Afterwards, this ratio decreased sharply during the bloom (d4) in all
microcosms to reach 1.38 for the higher pH value and 3.74 for the lowest pH value
(Fig. 10f). This ratio continued to decrease during post-bloom to reach 0.78 to 1.41 for high
and low pH value, respectively (ANCOVA, p<0.01). Sslope did not show difference
between days for the pH effect on DOC:POC ratio (p>0.05). However, a significant
interaction between days and pH treatments were evidenced for all days (p<0.01), with the
highest ratio observed in the acidified treatments during phase 2 and 3.
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Bacteria and viruses

The initial abundance of heterotrophic bacteria was 2.98 x10* mL™ in all treatments
and increased during the adaptation period to reach concentrations between 5.40 x10* to
7.03 x10* mL™ (Fig. 11a). Afterwards, bacterial abundance dropped abruptly during the
phase 2 reaching values less than the initial concentrations around 2.45 x10° to 4.86 x10°
mL™ at day 7 with no significant differences between pH treatments (ANCOVA, p>0.05).
Viruses’ density increased from 6.09 x10° to around 18 x10°> — 13.4 x10° mL™ in the
adaptation period (Fig. 11b). Afterwards, these values decreased steadily until the end of
the experiment, throughout the phase 2 and 3 reaching values between 4.31 x10° to
2.61 x10° mL™ with no significant differences between pH treatments (ANCOVA, p>0.05).
After day 7 bacterial abundance started to increase slightly by the end of the experiment
reaching values between 1.02 x10* and 0.80 x10* mL™ at pH 7.86 and 6.94, respectively.
During the same period, %HNA also increased again up to 76 and 93 at pH 7.86 and 6.94
respectively (Fig.12a). Sslope analysis showed no interaction between days and pH effect

on bacteria and viruses (p>0.05), showing only a slight negative but not significant pH
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effect on day 15 for bacteria which decreased by 42 % in the acidic treatments (pH 7.17).
On the other hand, no effects of pH on viruses were observed. The decrease of bacteria
compared to viruses concentrations resulted in a sharp increase of viruses to bacteria ratio
from 14 to up to 346 and 161 at pH 7.86 and 6.94 respectively, during phase 2 (day 7, Fig.
12b) and then decreased until the end of the experiment reaching a ratio of 41. The bacterial

abundance decrease rate during phase 2 (d2-d7) did not present a significant correlation
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with pH (p>0.05; Fig. 13a). In contrast, the bacterial growth rate in phase 3 (d7-d15)
presented a significant negative correlation with pH treatments (r = -0.77, p<0.05; Fig.
13b). A similar trend was found in the viruses decrease rate during phases 2 and 3 (d2-d15).
However, the correlation with pH treatments was not significant (r = -0.67, p>0.05; Fig.
13c).
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Figure 12: Temporal evolution of (a) percentage of bacteria with high nucleic acids (HNA)

and (b) virus to bacteria ratio during the experiment. Each curve represents a microcosm
with a specific pH treatment.
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DISCUSSION

Estuarine and coastal ecosystems experience a natural large range of pH variability,
due to seasonal and even diurnal change basis. In these ecosystems, a much lower pH
decrease related to ocean acidification is expected by the end of the century (Nielsen et al.
2012, Thoisen et al. 2015, Li et al. 2016). Little is known about the consequences of
acidification on natural plankton communities and the organic carbon pool in estuarine
environments, and no information is available for the particular case of the St. Lawrence
Estuary (SLE). In our microcosms kinetic experiment, we exposed organisms to constant
pH conditions, simulating predominant conditions under future scenarios in the SLE
ecosystem to test the effects of acidification on TEP and the contribution of the plankton

community to the carbon pool.

Phase 1

Water mass characteristics at the start of the experiment

The natural plankton community collected during the setup of our experiment was in
pre-bloom stage, as evidenced by the initial cell density and nutrient concentrations. The
initial pH was 7.86, which was in the range of previous pH values reported for this study
site, between 7.7 and 8.3 (Pelletier & Lebel 1980, Annane et al. 2015). Initial total
alkalinity (TA) was ~1721 pmol.kg™sw, slightly lower than the range recently reported by
Dinauer & Mucci (2017) for the LSLE over 13 years during the spring-summer period,
which was between 1752 to 2185 pmol.kg™sw. This is probably due to fluctuations in the
carbonate chemistry during the spring freshwater runoff and the dilution of salinity of the
surface mixed water in this area (~20.7), which is in the range reported by Silverberg &
Sundby (1979) and Saucier et al. (2009). According to Belzile & Lebel (1983) TA is
usually conservative within the estuary with respect to chlorinity. However, the TA of the

freshwater end member is related to the river flow, and this is attributed to dilution of the



water with bicarbonate-poor rain water especially, during the spring runoff (see Tablel).
Our initial dissolved inorganic carbon (DIC) and sea-water pCO, value (1667 umol.kg*sw
and 434 patm, respectively) are consistent with data recently reported by Dinauer & Mucci
(2017) for the LSLE (between 1634 -2083 umol.kg™sw and 400-578 patm, respectively).
Nevertheless, after our CO, enrichment and pH target was reached on day 2, all variable

values of the carbonate chemistry manipulated stayed stable until the end of the experiment.

Initial SRP concentrations were very low (~0.27uM) for the season in the SLE. An
adjustment was made on day 1 so the SRP concentration for this experiment be as close as
possible to the normal natural range of RSP in the SLE. However, SRP concentrations
increased in all microcosms on day 1 (+0.17 pM) just before our adjustment, which was not
planned, though they were in the range of SRP concentrations (~1.28 uM) for the spring in
the LSLE (Levasseur & Therriault 1987, Annane et al. 2015). This phenomenon was
observed in other mesocosms experiments (Neveux et al. 2010, Mostajir et al. 2013,
Annane et al., to be submitted), probably due to the death/physiological lysis of cells and

organisms acclimation to the microcosm confinement.

Initial phytoplankton biomass was ~180 pg C L™, mainly dominated by diatoms, with
nearly 95 to ~100 % of centric species Skeletonema costatum, followed in abundance by
Thalassiosira spp in the nanophytoplancton range (5-10 um). This is consistent with
previous studies from the same area (Levasseur et al. 1984, Levasseur & Therriault 1987,
Savenkoff et al. 1997, 2000, Le Fouest et al. 2005, Starr et al. 2004, Annane et al. 2015).
The initial phytoplankton biomass fraction (<10 pm) was also dominated by
nanophytoplankton (~98 %) and picophytoplankton represented <2 %. The phytoplankton
community included also a lower contribution of autotrophic flagellates and a minor

percentage of dinoflagellates.

During this phase, picophytoplankton-C concentrations decreased in all microcosms
in day 1 to values less than 1 pg C L. These were probably due to grazing by heterotrophs
which represented around 20 % of total plankton cells at the beginning of the experiment or

suffered a viral lysis. This is consistent with results of grazing and viral lysis on
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picophytoplankton in the Arctic (Brussaard et al. 2013), also in coincidence with the SRP

rise discussed above.

During the adaptation phase of the experiment, the TEP-C concentrations decreased
in all microcosms in day 1 to values ranging between 155 to 233 ug C L. These values are
similar to the values reported by Annane et al. (2015) in the LSLE for the same period. This
decrease was consistent with the increase of DOC accumulation during the same day. This
could be explained by the simultaneous increase of bacterial density during the same day,
which could enhance the heterotrophic degradation of the particulate TEP-C into dissolved
organic matter (Aluwihare & Repeta 1999, Passow 2002b). After a maximum of bacterial
abundance in day 1, they started to decrease afterward. This trend matched with the
increase of viruses density to a maximum on day 2. This doubled the Virus:Bacteria ratio
value suggesting that viral lysis probably limited the bacterial biomass accumulation during

the adaptation phase.

Phase 2

During this phase, picophytoplankton biomass peaked before the other phytoplankton
fractions around day 4. Picophytoplankton biomass was significantly and negatively
affected by pH. Hopkins et al. (2010) and Brussaard et al. (2013) reported a similar finding
in a mesocosm experiment in the Arctic, showing a lower abundance of picophytoplankton
subpopulation under high pCO, (~750-1100 patm) than at present day pCO, conditions.
Although, it is unclear whether this fraction is affected by acidification directly or indirectly
through increased loss by grazing in the more acidified treatments, as we found no
difference of growth rate for picophytoplankton between treatments. Interestingly,
heterotrophs were positively favored by low pH presenting a significant increase of 43 % at
low pH (pH ~6.94) during the bloom. This is consistent with previous work of Brussaard et
al. (2013) and Aberle et al. (2013) who indicated a high tolerance of heterotrophic
flagellates to changes in pCO,/pH in the Arctic. Moreover, picophytoplankton has been

reported to be stimulated by decreasing pH in contrast to nanophytoplankton in the Arctic



ecosystem (Hussherr et al. 2017), while in the LSLE picophytoplankton biomass seem to be
either sensitive to pH decrease or to heterotrophs grazing and contributed to less than 1 %
of the phytoplancton carbon fraction (<10 um). Therefore, they probably contributed very
little to TEP accumulation.

During this bloom phase, both nano- and microphytoplankton biomass fractions
peaked around day 7 and 9, respectively, with a dominance of microphytoplankton carbon
biomass. The two biomass fractions were negatively affected by low pH as their respective
biomass decreased with decreasing pH, with microphytoplankton biomass being the most
strongly impacted. This represents a decline of 26 to 72 % of nanophytoplankton (decrease
of ~533 pg C L™ at pH 6.94) and 20 to 89 % of microphytoplankton (decrease 0f~5235 pg
C L at pH 6.94) within a pH range from 7.72 to 6.94. The phytoplankton bloom was
dominated by diatoms, with S. costatum (10-40 um) and Thalassiosira spp. (5-10 pum)
representing most of the phytoplankton biomass. In low pH-high pCO,, the Carbon
Concentrating Mechanism (CCM, cellular process used by algae to overcome CO,
limitation in water) could enhance phytoplankton growth rate by facilitating CO2 uptake
and reducing the energy cost in some phytoplankton species like diatoms (Gao & Campbell
2014). However, our results suggest that net carbon fixation and biomass build-up by
diatoms was negatively affected by decreasing pH. This result is in agreement with
previous studies showing that alteration of seawater carbonate chemistry due to ocean
acidification could perturb the energy requirements of diatom cells, leading to changes in
respiration, cell surface and intracellular pH stability, as well as their costs for
photoprotection (Yang & Gao 2012, Flynn et al. 2012, Gao & Campbell 2014). This can
induce phytoplankton cells to re-allocate their energy partitioning to repair physiological
impacts such as modifications in membrane potential, ions transport against the acid—base
perturbation, enzyme activity, protein function and nutrient uptake (Nimer et al. 1994,
Riebesell 2004, Giordano et al. 2005). As a consequence, their productivity and growth rate
may be affected through direct pH effects (Berge et al. 2010). Indeed, the observation that
microphytoplankton growth rate was negatively affected by decreasing pH (0.32 d™* vs.

-0.08 d* at low pH), is consistent with the biomass decrease evidenced under these
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conditions. Thoisen et al. (2015) and Schulz et al. (2013) showed that growth rate of
diatoms and Chlorophyceae were reduced at elevated CO,/low pH. In turn, the
nanophytoplankton growth rate did not seem to be affected by pH including the lowest pH
(6.94) even if they suffer a decrease in biomass. This suggests that microphytoplankton is
more sensitive to low pH than nanophytoplankton.

Diatom contribution during the bloom varied from 81 % to 45 % at the pH 7.86 and
6.94, respectively showing here again a negative impact for low pH. This result was
consistent with the significant linear decrease of the Si(OH), : NOj3 uptake ratio with
decreasing pH, which was mostly driven by a reduction by decrease of silicic acid uptake.
As diatoms were still dominant even in the low pH, this suggests that diatom cells
consumed less silicic acid in more acidified conditions. As evidenced previously, external
pH influences cell growth of diatoms and modify the physiology of intracellular silicic acid
and biogenic silica in the cells, but not nutrient uptake (Hervé et al. 2012). These results are
also consistent with a recent microcosm experiment in the Arctic by Hussherr et al. (2017),
who found similar results at pH <7.6. These authors suggest that the negative impact of low
pH on silicification does not prevent blooms development in nature. In addition, in a
laboratory microcosm experiment with phytoplankton from the Derwent River Estuary
(Tasmania) it was reported a silicate uptake reduction around pH 6.3, which translated in
lowered diatom growth rate, cellular carbon and total POC accumulation (Nielsen et al.
2012). Contrasting with these results, Schulz et al. (2013), in a mesocosm experience in the
Arctic Kongsfjorden (Norway), showed that autotrophic dinoflagellates, cryptophytes,
haptophytes and chrysophytes were favored by high CO,, while diatoms were negatively
affected by high CO, conditions. These observations are consistent with those from this
study regarding diatoms and heterotrophic flagellates, suggesting that non silicifying and
non calcifying organisms would likely encounter a lack of competition for the ecological

niche and thus would be stimulated in this ecosystem under more acidified conditions.

During the bloom phase, the TEP-C accumulation followed the same pattern as that

of the nanophytoplankton-C, reaching maximum concentrations at day 7. TEP-C



accumulation showed a significant negative effect with respect to lower pH conditions.
These results are consistent with the adverse effects of low pH on nano- and
microphytoplankton observed in our experiment, with ~10 to 30 % of TEP decrease for pH
between 7.55 to 6.94. This is also consistent with the decrease of DOC accumulation and
bacteria biomass at lower pH, which suggests that there was less carbon release and thus
less TEP production under acidic conditions. However, these TEP-C concentrations were
still within the lower range of those reported recently in the LSLE during the spring bloom
(Annane et al. 2015). TEP-C contribution to the POC pool was also affected by low pH, as
TEP-C contribution increased from 20 to 33 % of POC at low pH.

Nonetheless, the negative effect of pH on TEP aggregation and on diatom
silicification could probably affect the particle density and carbon export under low pH
conditions. Indeed, it has been shown that a decrease of seawater pH between 0.2 to 0.8
could decrease TEP stikiness and modify the TEP structure (Mari 2008) due to the
protonation of the carboxylic groups, which may reduce the amount of inter- and intrachain
hydrogen bonds. This can help the disaggregation of TEP structure into smaller particles
and colloids as evidenced by the work of Chin et al. (1998) and/or prevent the formation of
ionic bridges between carboxylic groups (R-COO") and Ca?* ions (Li et al. 2013, Meng &
Liu 2016), leading to a decrease of TEP abundance and aggregation. However, other results
from laboratory experiments did not show a clear trend in TEP stickiness and aggregation
due to ocean acidification (Mari 2008, Passow 2012). Although, Mari (2008) suggested that
when the acidification was caused by an alkalinity perturbation like in nearshore areas, this
low pH may decrease TEP stickiness. However, no change in TEP stickiness has been
reported when this low pH was due to an increase in DIC concentration, as expected for
future OA (Passow 2012, Mari et al. 2017). As it is the case in the present study low TA
and low pH could most likely alter the TEP structure and sticking properties, lowering the

size and density of marine aggregates, or even slowing down the vertical carbon flux.

Diatom silicic frustules are known to efficiently ballast organic matter and facilitate
their export (Klass & Archer 2002, Passow 2004, Iversen & Ploug 2010). A decrease in
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diatom biomass and silicification could alter this process, reducing sinking velocity of
organic matter. It should be noted, however, that ballasting alone does not guarantee the
formation of sinking aggregates, given that the rate of aggregation is a function of particle
number, size, collision rate and stickiness (Jackson 1990, Jackson & Burd 1998).
Consequently, these results suggest that the alteration of diatom silicification together with
TEP structure and stickiness under ocean acidification could impact the future organic
matter vertical fluxes with consequences for the ecosystem productivity and atmospheric

CO, sequestration.

During this phase, the TEP accumulation rate showed no clear response to low pH,
presenting once again the same response as the nanophytoplankton growth rate. Moreover,
nanophytoplankton biomass explained here 85 % of the variance of TEP-C. The
unexplained fraction of the variance could probably be attributed to the
microphytoplankton biomass. Indeed, Thalassiosira spp seem to be somewhat less sensitive
to low pH than S. costatum, even if it is the dominant species during this phase, which
translated by a less TEP precursor production and TEP-C formation in the more acidified
treatment. This contrasts with previous mesocosm studies which showed an increase in
carbon fixation and precursor release as well as TEP-C accumulation (Engel et al. 2004,
Riebesell et al. 2007, Kim et al. 2011, Engel et al. 2014, Endres et al. 2014, Taucher et al.
2015). S. costatum and Thalassiosira spp. have been reported to produce important
quantities of TEP under present pCO, (Engel 2000, Passow 2002b), which is consistent
with results showing that phytoplankton is the main TEP source in the LSLE (Annane et al.
2015). However, the negative effect of pH on nano- and microphytoplankton biomass and
the possible reallocation of energy to maintain the stability of internal cell pH likely lead to
decrease in release of carbon rich compounds like DOC, TEP precursors and TEP

accumulation.

POC accumulation followed the same pattern as that of microphytoplankton biomass,
peaking on day 9. These POC concentrations were also negatively affected by low pH,

decreasing ~40 to 61 % for pH in the range of 7.55 and 6.94. These results are consistent



with the decrease in microphytoplankton biomass and TEP-C during this phase. These
results contrast with previous mesocosm studies which showed an increase in carbon
fixation and build-up of sinking POC under high CO, conditions (Sambrotto et al. 1993,
Engel 2002, Wetz & Wheeler 2007, Riebesell et al. 2007a, Engel et al. 2013, Engel,
Piontek, et al. 2014). We speculate that our contrasting results may be due to the low pH
impact on the phytoplankton physiology leading to a decrease in biomass accumulation
during our experiments under acidic conditions. Indeed, Nielsen et al. (2012) in a
laboratory microcosm experiment showed that a decrease down to pH 6.3 highly reduced
the photosynthesis and biomass of phytoplankton and POC build-up. However, despite that
POC in our experiment decreased with pH, concentrations were unexpectedly 2 to 4 times
higher than those registered in the LSLE. This is probably because POC accumulated in the
microcosms, while in the LSLE the POC material is subject to periodically lateral
advection (tidal waterflush) and vertical (sinking) export, which keep these concentrations
lower than those reported in this experiment. Nevertheless, the POC accumulation rate was
reduced in the more acidic conditions during the bloom showing a rate of 0.30 d* vs. 0.19
d™* at low pH, which follows the same trend as microphytoplankton, which contributed the
most to the POC pool. Consequently, these results suggest that POC accumulation could be
greatly reduced and thus limit the particle flux and carbon sequestration under future

acidification scenarios.

Bacterial abundance dropped abruptly during the bloom phase reaching their
minimum on day 7 (around 2.45 - 4.86 x10° mL™). This bacterial loss was likely due to
heterotrophs flagellates grazing and/or to viral lysis, as the virus to bacteria ratio increased
sharply from 14 to up to 346 — 161 virus/bacteria at high and low pH in day 7. Moreover,
bacterial as well as virus abundances presented no significant effect from low pH during
this phase. These results are in contrast with previous studies which showed that the
bacterial community benefited directly and indirectly from decreasing seawater pH
(Piontek et al. 2010, 2013, Brussaard et al. 2013, Endres et al. 2014). Our results were also
associated with a decline in bacterial high nucleic acid percentage (HNA), which dropped

from 85 % to 40 — 67 % at day 7, following the inverse pattern of the virus to bacteria ratio.
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These results suggest that viruses targeted more HNA than low nucleic acid (LNA)
bacteria. Furthermore, the bacterial decrease rate during this phase did not show a
significant effect with low pH. These result is consistent with those of Brussaard et al.
(2013) in a mesocosm experiment on the influence of ocean acidification on Arctic
microbial community, who showed similar responses of bacterial loss by viral lysis in the
early bloom, as well as the HNA targeting by viruses. Indeed, it has been considered that
HNA represents the most metabolically active members of the microbial community
(Lebaron et al. 2001). However, it is still discussed among the scientific community about
the metabolic activity of LNA, as some studies did show that LNA can also be an active
part of the microbial population (Zubkov et al. 2001, Brussaard et al. 2005, Wang et al.
2009). This HNA selectivity by viruses remains to be elucidated.

In this case, the negative effect of viral lysis on bacteria most likely allowed the
aggregation of polysaccharide precursors to generate TEP particles by limiting the
degradation potential (reducing the enzymatic activity) of the microbial community. It
should be noted that degradation of polysaccharides by bacterial extracellular enzymes can
be significantly accelerated under acidification conditions, as experimentally shown by
Piontek et al. (2010). These authors reported that a decrease in seawater pH of 0.5 unit
almost doubled the production rates of both enzymes, B-glucosidase, and leucine-
aminopeptidase. In contrast, SLE microbial community was more affected by viral activity

and potential grazing than by pH.

Phase 3

During the decline phase microphytoplankton biomass declined at the end of the
experiment, still showing the same negative responses to low pH. In contrast,
nanophytoplankton biomass reached a second development peak at the end of this phase,
presenting a positive response to low pH, with a 38 % biomass increase in the more acidic
treatment. However, despite the microphytoplankton decline, it still represented the

dominant carbon fraction in the community (~221 and ~3327 pg C L™). Both nano- and



microphytoplankton growth rates were positive, but not significantly affected by low pH.
However, nanophytoplankton growth rate during the second biomass accumulation period
was lower than in the first one (-0.02 and 0.12 d™, respectively). Indeed, microscopic
results showed that diatoms remained dominant, even if they decreased up to 50 — 77 % of
the total community. Interestingly, S. costatum and Thalassiosira spp. (5 - 10 pum) response
to acidification were more pronounced in this phase, showing a negative response of S.
costatum (decrease from 79 % to 17 %), and a positive response of Thalassiosira spp.
(increase from 15 % to 74 %) under low pH conditions. This is in agreement with a
previous study showing that S. pseudocostatum growth is optimal at pH 7.7, and that lower
pH or a more prolonged period under low pH has adverse effects on the development and
growth of this diatom species (Nielsen et al. 2012). The second bloom of
nanophytoplankton is consistent with the increase of Thalassiosira spp. at the end of the
experiment. Thoisen et al. (2015) showed that Thalassiosira spp. growth rate was part of
the group gradually affected by acidification. Our results suggest that S. costatum is
probably more sensitive to low pH than Thalassiosira spp. This supports the hypothesis

that the responses of phytoplankton to acidification are species-specific.

During the postbloom period, it was observed a higher TEP-C accumulation under
low pH (~41 %). This increase came along with the nanophytoplankton biomass variations
under acidic conditions during this phase. These results corroborate other studies where the
production of large amounts of TEP was also attributed to nanophytoplankton (Mari et al.
2001, Passow 2002a, b, Taucher et al. 2015, Bourdin et al. 2016). Indeed, the increase of
nanophytoplankton abundance and more precisely that of Thalassiosira spp. (5 - 10 pum)
most likely helped to produce an important quantity of carbon rich organic matter which
might aggregate into TEP particles at the end of the experiment. In other hand, the decline
of S. costatum could also contributed to the TEP accumulation by releasing fresh
precursors. This hypothesis is supported by TEP significant positive accumulation rate
under low pH treatment (0.03 d™* and 0.12 d™ at low pH) coincident with the DOC negative

accumulation rate (0.015 d* and 0.002 d™ at low pH), which showed a slight decrease
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between the two phases. Such dynamics suggest transformation of organic carbon from

dissolved into particulate through aggregation.

We observed an increase of POC:PON ratio throughout the bloom and stationary
phases. However, this ratio presented a negative response to acidification, decreasing from
34 to 17 at the low pH at the end of the experiment. This was in contrast with previous
studies which showed that elevated pCO, can enhance carbon fixation by phytoplankton
resulting in an increase in accumulation of carbon-rich components (POC and TEP)
(Riebesell et al. 1993, 2007, Wolf-Gladrow et al. 1999, Hutchins et al. 2007, Engel et al.
2014a). Kim et al. (2011b) though found no change in the total organic carbon to nitrogen
(TOC:TON) ratio with increasing pCO, concentration. They suggested that this
discrepancy may be explained by species-specific responses to increased CO,
concentration. In contrast, the lower POC:PON ratio at low pH conditions in this study
could be the result of other type of response to acidification. This is probably due to
adverse effects of pH on carbon fixation by the phytoplankton community and the decrease
of accumulation of organic carbon rich compounds like TEP to the autotrophic biomass.

The DOC:POC ratio decreased in all microcosms during the bloom and stationary
phases, presenting a steeply decrease in more acidic conditions than at high pH. This ratio
presented a significant positive response to acidification, especially during the bloom
period, with values around 3.74 at low pH compared to 1.38 in high pH. This means that
during the bloom the proportion of DOC to POC accumulation was higher at low pH
conditions, which can in turn contributes to explain the lower accumulation of TEP and
POC at low pH during the phase 2 of the experiment. In the stationary phase, the
DOC:POC ratio decreased more in the acidic treatment reaching 1.41 compared to 0.78 at
high pH. The DOC portion decreased relative to POC, explaining the increase of TEP
concentrations at the end of the experiment in the acid treatment. This is probably due to
aggregation of DOC into TEP particles. As indicated by previous studies, one of the
possible fates of DOC is the compartment of TEP (Engel et al. 2004, Riebesell et al.



2007b). Consequently, these results suggest a shift of carbon partitioning from dissolved

into the POC pool via TEP aggregation under low pH.

During this phase, bacterial abundance increased slightly in all microcosms (around
1.02 x10* and 0.80 x10* cells mL™ at pH 6.94). However, their growth rate presented a
significant negative response to pH. Bacteria abundance did not seem to be affected by
viral lysis or very little during this period, as viruses abundance continued to decrease
through phases 2 and 3 with no significant effect from low pH. This decrease was likely
due to depletion of their bacterial target species. This was also associated with a decrease of
virus to bacteria ratio to around 41 viruses per bacteria at the end. Moreover, heterotrophs
were positively affected by low pH in this study during the whole experiment. As discussed
above, this is in agreement with previous studies that showed a high resistance of
heterotrophs and a bacterial regulation by grazing and viruses with decreasing pH in the
Arctic (Piontek et al. 2013, Brussaard et al. 2013, Aberle et al. 2013, Endres et al. 2014).
Here, grazing presumably regulated bacterial abundance, which explains the decrease of
bacteria abundance in the low pH treatment. This suggests that bacteria were most likely

indirectly affected by low pH.

Conclusions

The present study shows that the blooming plankton community was globally
affected by low pH, especially with pH values lower than 7.55, which is within the range
expected by the end of the century (7.9 — 7.3) for the LSLE. Phytoplankton community did
not benefit from acidification, showing a reduced silicic uptake, biomass and growth rates
under low pH, most likely due to adverse effects of pH on the internal cell pH and their
physiological processes. Our results suggest that nanophytoplankton, and more precisely
the diatom Thalassiosira spp., were less sensitive to low pH than the pico- and
microphytoplankton size fractions. On the other hand, heterotrophic flagellates were
stimulated by low pH, thus, showing the presence of species-specific responses to

acidification. TEP accumulation was clearly linked to the phytoplankton community
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composition and the environmental conditions. However, we noted that TEP was mainly
produced by nanophytoplankton during the bloom and stationary phases, and that the
inverse response of TEP at the end of the experiment mimicked nanophytoplankton
dynamics. These negative effects of pH on phytoplankton translated by a reduction of
carbon fixation and biomass build-up by diatoms, which reduced the accumulation of
particulate organic matter (like TEP and POC) under acidification (pH <7.55), though we
noted a shift of carbon partition from dissolved into the POC pool via TEP aggregation.
Under these conditions, TEP aggregation and size particles could be affected by changes in
alkalinity and pH (Mari 2008), which in turn could have an impact on the future organic
matter vertical fluxes with consequences for ecosystem productivity and atmospheric CO,
biological pumping. Further studies are needed to fully assess the consequences of future
changes of not only acidification but warming, hypoxia and nutrient concentration on the

SLE ecosystem.
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CHAPITRE 3

LES EFFETS DE L'ACIDIFICATION ET DU RECHAUFFEMENT SUR LES
PARTICULES EXOPOLYMERIQUES TRANSPARENTE (TEP) DANS UN
ENVIRONNEMENT COTIER DE LA MEDITERRANEE (LAGUNE DE THAU)

Ce troisiéeme article, intitulé « Effects of acidification and warming on transparent
exopolymeric particles (TEP) in a Mediterranean coastal environment (Thau lagoon)», fut
corédigé par moi-méme ainsi que par le professeur Gustavo Ferreyra, le prof. Michel Starr,
le prof. Behzad Mostajir et la prof. Franscesca Vidussi, et mes collégues Dre. Scalett Sett,
Dr. Sébastien Mas, Dre Carolina Cantoni, Dre Anna Luchetta and prof. UIf Riebesell.
L’article sera soumis avec d’autres articles du méme projet de mésocomes (MESOAQUA)
a la revue Biogeosciences en juin 2017. En tant que premier auteur, ma contribution a ce
travail fut I’essentiel de la recherche sur 1’état de I’art, le travail expérimental et de
laboratoire, les analyses statistiques et la rédaction de 1’article. La professeure Francesca
Vidussi chef de projet, le prof. Behzad Mostajir et le prof. Gustavo Ferreyra ont fourni
I’idée originale. Ils ont contribué a la révision et I’amélioration de la qualité de 1’article en
association avec le prof. Michel Starr. Dre Scalett Sett, Dr Sébastien Mas, Dre Carolina
Cantoni, Dre Anna Luchetta ont contribué au travail de terrain et laboratoire. Une version
abrégée de cet article a été présentée a la conférence Québec Océan a Riviére du loup, QC,

Canada a I’automne 2014.
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1.1 RESUME

Le changement global de I'océan devrait modifier le cycle du carbone et affecter les
écosystemes marins. Dans ce contexte, nous présentons ici les résultats d'une expérience en
mésocosmes congue pour étudier les effets séparés et combinés du réchauffement et de
I'acidification sur la formation des particules exopolymériques transparente (TEP) et sur
I'allocation de matiére du carbone organique dans les écosystemes chauds de latitude
moyenne. Au cours du printemps 2012, douze mésocosmes (2,3 m® chacun) ont été
déployés dans la lagune de Thau sous quatre conditions : contréle (22 °C, ~ 445 patm), CO,
élevé (22 °C, ~ 900 patm), température élevée (25 °C, ~ 445 patm) et CO, et température
combinée élevée (25 °C, ~ 900 uatm). Nous avons induit une floraison de phytoplancton
par addition de nutriments et suivi les changements quotidiens dans les différents réservoirs
de carbone (phytoplancton, bactéries, TEP, POC et DIC) pendant 12 jours. A pCO; élevée,
I'accumulation de la teneur en carbone des TEP (TEP-C) était 47 % plus élevée, et le retrait
biologique du carbone inorganique dissous (DIC) était également plus élevé (39 %). Cette
consommation excessive de carbone a été associée a I'accumulation de carbone organique
colloidal (3 fois) par rapport aux niveaux actuels. Ces résultats suggerent une stimulation
de l'agrégation de particules et du partitionnement dans le réservoir de POC sous pCO;
élevée. En revanche, le réchauffement a diminué la prise de DIC et I'accumulation du
carbone particulaire (TEP-C et POC). Cela suggére une réduction de la formation de
particules et des exportations de carbone en faveur de la dégradation microbienne. De fagon
inattendue, nos résultats montrent que I'effet combiné du réchauffement et de I'acidification
n'a eu aucun effet sur les TEP-C, POC et le retrait du DIC, jouant ainsi un réle antagoniste
en particulier sur la production de TEP-C. Cependant, le traitement combiné
réchauffement-acidification a présenté un effet positif sur le carbone phytoplanctonique
(+32 %) et bactérien (+42 %). Dans 1’ensemble, nos résultats suggérent que les conditions
océaniques futures pourraient avoir le potentiel de réduire la séquestration du carbone
particulaire en faveur de l'accélération de la boucle microbienne et conduisant a des

conséquences de rétroaction de I'océan sur le changement global.
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ABSTRACT

Ocean global change is expected to modify the carbon cycle and affect marine
ecosystems. In this context, we present here results of a mesocosms experiment designed to
investigate the separate and combined effects of warming and acidification on TEP
formation and on the organic carbon matter allocation in warm mid-latitude ecosystems.
Twelve mesocosms (2.3 m® each) were deployed in the Thau lagoon during spring 2012
under four conditions: control (22°C, ~445 patm), high CO, (22°C, ~900 patm), higher
temperature (25°C, ~445 patm) and high CO, and temperature combined (25°C, ~900
patm). We induced a plankton bloom by nutrient addition and followed the daily changes in
the different carbon pools (phytoplankton, bacteria, TEP, POC and DIC) over 12 days. At
high pCO,, TEP-C accumulation was 47 % higher, and the biological DIC drawdown was
also higher (39 %). This excess carbon consumption was associated with colloidal organic
carbon accumulation (3 fold) compared to present levels. These results suggest a
stimulation under high pCO, of particle aggregation and partitioning into the POC pool. In
contrast, warming decreased the DIC drawdown and particle carbon accumulation (TEP-C
and POC). This suggests a reduction of particle formation and carbon export in favor of
microbial degradation. Unexpectedly, our results showed that the combined effect of
warming and acidification had no effect on TEP-C, POC and DIC drawdown, playing an
antagonistic role especially on TEP-C production. However, the warming-acidification
combined treatment presented a positive effect on phytoplanktonic (+32 %) and bacterial
(+42 %) carbon. Altogether, our results suggest that future oceanic conditions would have
the potential to reduce the particle carbon sequestration in favor of accelerating the

microbial loop and driving consequences of ocean feedbacks to global change.

Keywords: Transparent exopolymeric particles (TEP), Ocean acidification, Warming,

Global change, Phytoplankton, bacteria, Particulate and dissolved organic carbon.
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INTRODUCTION

Since the beginning of the industrial era large-scale human greenhouse inputs,
particularly atmospheric CO,, have increased exponentially and are expected to impact
marine organisms and ecosystems (Raven et al. 2005, Hare et al. 2007, Riebesell et al.
2009). Nearly one third of annual anthropogenic CO, emissions have been transferred into
the ocean by physical, chemical and biological processes (Sabine et al. 2004, Raven et al.
2005). This absorption process is chemically changing the ocean and occurring at an
unprecedented rate (Rost et al. 2008). In particular, biology has played a central role in
modulating the climate in the past by assimilating the dissolved inorganic carbon (DIC)
through the "biological carbon pump™ process and thereby limiting the rise of atmospheric
CO;, (Schlesinger 2005, Rost et al. 2008). In this context, CO, emission models predict a
rise of pCO; in the atmosphere from 400 to 750 patm (IPCC Scenario 1S92a) or even
>1300 patm (IPCC, 2014) by the end of this century. This rise, together with the input of
other climatically active gases, contributes to global atmospheric mean temperature
increases (Meehl et al. 2007). As a consequence, it is expected a global increase in ocean
temperature ranging between ~ 2 and 6°C by the end of the century (IPCC, 2014). In
addition, it has been estimated that temperature increases may favor the formation of a
stronger and shallow pycnocline which, in turn, may indirectly affect phytoplankton
production and community structure by limiting nutrient supply from deeper layers
(Sarmiento et al. 2004, Doney 2006). In a more stratified ocean, a significant reduction of
CO; fluxes between the atmosphere and the surface waters is expected due to the
supersaturation of this gas in the upper mixed layer (Raven et al. 2005). These processes
will lead to alterations in the ocean’s carbonate system, resulting in a decrease of seawater
pH (Zeebe & Wolf-Gladrow 2001, Rost et al. 2008). These changes in carbonate chemistry,
often referred to as "ocean acidification”, are already occurring and are projected to
intensify in the future reaching a reduction of pH by about 0.4 units by the end of the 21st
century. This value represents a large decline compared to the 0.1 units drop already

observed since the beginning of the industrial revolution (Caldeira & Wickett 2005).
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Ocean warming and acidification will inevitably affect marine organisms in
numerous ways at the physiological (e.g. changing metabolic rates, growth rates and
calcification) and ecological levels (shifts in the community composition, species
succession and trophic interactions) (Falkowski et al. 1998, Boyd & Doney 2002). Global
warming induced modifications of the carbon cycle represent one of the most important
impacts on marine ecosystems (Schroter et al. 2005). These effects involve productivity,
carbon flows, CO, sequestration and resources quality (Yvon-Durocher et al. 2010). Ocean
warming is expected to cause major shifts in the flow of carbon and energy through the
pelagic system due to the differences of temperature sensitivities of marine autotrophic and
heterotrophic activation energy (LOpez-Urrutia et al. 2006, Taucher et al. 2015). In
addition, Wohlers et al. (2009) and Biermann et al. (2014) showed an increase in bacterial
respiration and a concomitant increase in dissolved organic carbon (DOC) in response to
warming. Therefore, they suggested that under warming carbon produced in excess will be
stocked in the dissolved pool instead of being transferred through the food web to the upper

trophic levels.

Mesocosms studies have shown an increased formation of transparent exopolymeric
particles (TEP). TEP consist of acidic sugars exudated by phytoplankton (Alldredge et al.
1993b) and bacteria (Simon et al. 2002b), and their formation by phytoplankton has been
related to a “carbon overflow” due to nutrient limitation (Engel 2002). In this sense,
nutrient limitation prevents biomass accumulation, but not photosynthesis, so that carbon is
excreted as dissolved organic carbon (DOC), passing through the colloidal state (colloidal
organic carbon), and aggregating to form TEP, thereby achieving the transition from the
DOC to POC pool (Chin et al. 1998, Passow 2000, Engel et al. 2004a). This process
facilitates vertical carbon flux to the deep ocean. It should be noted that ~10 % of surface
DOC of the actual ocean can be assembled to form TEP, yielding ~70x10* g of organic
carbon (Verdugo et al. 2004). Other experimental studies have suggested that a higher
assimilation of carbon into organic matter at high CO, may increase extracellular organic
matter release from phytoplankton cells (Engel 2002, Kim et al. 2011, Engel et al. 2014). In

line with these results, several mesocosm experiments showed an increase of TEP
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concentrations associated with a concomitant rise of organic sinking particles under
elevated pCO, conditions, due to enhanced particle aggregation and export of carbon-rich
components (Beauvais et al. 2003b, Riebesell et al. 2007). This process has been proposed
as a negative feedback mechanism, counteracting the future expected increase in
atmospheric CO; levels (e.g. Engel et al. 2004a, Arrigo 2007, Engel et al. 2014).

The extent to which enhanced TEP formation could affect particle sinking in a
warming ocean critically depends on the timing of TEP formation and the interplay with
other biological processes (such as microbial degradation and grazing). Wohlers et al.
(2009) and Biermann et al. (2014) recently showed an increase of TEP concentrations
during mesocosm experiments, while the particulate organic matter and carbon loss by
sinking was reduced at elevated temperatures. However, little is known about how the
combined effects of increased temperature and pCO; (e. g. synergistic, antagonistic or
additive) can affect physiological processes such as carbon assimilation, metabolism and
carbon exudation. In particular, there is a lack of information about how these stressors will
affect the particulate organic matter, especially TEP formation in warm mid-latitude

systems such as the Mediterranean Sea in a future ocean.

In this study, we describe the results of a mesocosms experiment to examine how
TEP formation is affected by enhancing temperature and/or acidification in a
Mediterranean shallow coastal ecosystem: the Thau lagoon. We also describe the separate
and combined effects of warming and acidification on organic carbon matter allocation in
the pelagic plankton system and discuss about possible effects of climate change in the

future ocean.

MATERIALS AND METHODS

Experimental setup
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The study was conducted at the mesocosm facility of the Mediterranean platform for
Marine Ecosystem Experimental Research (MEDIMEER) between May 30 to June 11,
2012. The platform is located on the Thau Lagoon shore in Sete, France (43°24'49"N,
3°41'19"E). Twelve (12) mesocosms of 2 m depth and 1.2 m wide (~2300 L each), were
immersed in the lagoon and filled with prefiltered (<1000 pm) natural surrounding
subsurface waters (1 m) on May 30, 2012 (day 0). Mesocosm bags were made of two
transparent, UV stabilized, 200 mm thick vinyl acetate mixed-polyethylene films separated
by reinforcing nylon mesh which transmitted 77 % of the incident PAR (photosynthetic
active radiation, incident light between 400 — 700 nm, Nouguier et al. 2007). Mesocosms
were covered with transparent (crystal clear PVC film) dome during the whole experiment
to prevent any atmospheric contamination and water exchange. In addition to the dome, the
surface of the mesocosm water was covered with a transparent (crystal clear PVC) film to
reduce gas exchanges. The water column in each mesocosm was constantly homogenized
using a pump (Rule 500, Model 26D, 24 volt) with a turnover time set at 1 d™*. Previous
tests showed that the pump did not affect abundances of bacteria, phytoplankton,
heterotrophic flagellates, and ciliates. However, negative effects of the pumping and the

homogenization systems on more fragile species is not excluded (Vidussi et al. 2011).

The experimental design comprised four treatments: 1) high pCO; (A treatment), 2)
high temperature (T treatment), 3) both high pCO, and high temperature (AT treatment),
and 4) control (C treatment; natural water pCO; and natural in situ temperature). Three

replicate mesocosms were set up for each treatment.

High temperature treatments were under the control of an automated temperature
system and consisted of 3°C increase in water temperature with respect to the in situ natural
temperature control treatments, that matched the temperature of the surrounding water and
were submitted to the same variability (Nouguier et al. 2007).

The temperature increase in the T and AT treatments was gradually achieved in two
steps: 1.5°C at day 1 and then 1.5°C at day 2 using submersible heating elements

(Galvatec) immersed vertically at 1 m depth as detailed in Nouguier et al. (2007). In the
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high pCO, treatments water pCO, was increased to approximately 900 patm using CO,
enriched seawater addition in three steps (addition of 4 - 7 L in acidified mesocosms on
days 1, 2 and 3), reaching final corresponding pHiotar scale Value between 7.73 and 7.80.
Treatments began on 31 May (day 1) for both enhanced temperature and acidification in
related mesocosms. Dissolved inorganic nutrients were added to all mesocosms (final
concentrations: 4 UM NOg, 0.25 pM PO,> and 4uM Si(OH),) at mid-time of the
experiment (day 5) to mimic a nutrient input in the water column, which frequently occurs

in this system due to resuspension of matter upon wind events.

Sampling strategy

Water temperature was monitored every 2 minutes at 3 depths (0.5, 1.0, 1.5 m) using
an array of automatic sensors installed in each mesocosm unit. Salinity, pH, dissolved
oxygen concentrations and chlorophyll fluorescence were monitored every 2 minutes at one
depth (1 m) using automatic sensors installed in one mesocosm per treatment. Water
sampling for the chemical and biological laboratory analysis (see below) was performed
daily every morning (8h00-10h00) at 1 m depth for 12 days. For sampling pH, total
alkalinity (TA), dissolved organic carbon (DOC) and dissolved oxygen, a Niskin bottle
(5L) was used. For the other variables, water was collected into 20 L polycarbonate
carboys by gently reversed pump system. Aliquots were then sampled from the 20 L

polycarbonate carboys or Niskin bottles for chemical and biological analysis.

Nutrient and carbonate analysis

Water samples for nutrient analyses were pre-filtered through GF/F filters and stored

at —20 °C in acid-cleaned polypropylene bottles until subsequent analyses. Nitrate (NO3),
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reactive phosphorus (PO,%) and reactive silicate (SiOs*) were determined using a Flow
Solution 1l autoanalyser (Perstorp Analytical-Alpkem), following standard colorimetric

methods in line with those reported by Grasshoff et al. (1999).

Daily monitoring concerned pH and TA in all mesocosms to confirm that our
manipulation (acidification) changed the system as expected and that the changes reflected

those anticipated in the future ocean.

Samples for pH, expressed in the ‘total hydrogen ion scale’ (pHrs) at 25 °C and total
alkalinity (TA) were drawn from the Niskin bottles directly into cylindrical optical glass
10 cm pathlength cells and into 300 ml borosilicate bottles, respectively, according to
standard operation protocols (Dickson et al. 2007). Samples were analyzed immediately
after sampling at the site laboratory: PHT with a spectrometric procedure (Clayton and
Byrne 1993) and TA with potentiometric titration in an open cell with a difference

derivative readout (Hernandez-Ayon et al. 1999).

The titrating HCI solution was calibrated against certified reference seawater for DIC
and TA (batch no. 117, Scripps Institute of Oceanography; USA). Accuracy was checked
by the titration of replicates (n=6) of reference seawater (batch no. 117), obtaining an
experimental average TA value of 2565.5 + 10.7 mmol kg™ (certified value TA = 2214.06 +
0.24 mmol kg?). Long-term system performance was monitored by a daily analysis of

reference seawater samples (n = 56, SD = 3.4 mmol kg™).

pHt2s was determined spectrometrically using the indicator dye m-cresol purple
(Sigma-Aldrich). Absorbance was measured at 730, 578 and 434 nm before and after dye
addition in 10 cm cells regulated at 25 + 0.05 °C (Clayton & Byrne 1993, Dickson et al.
2007). The pHrys analytical accuracy and precision resulted: - 0.019 + 0.003 pH+t units
(tested against CRM’s provided by Dickson), determined by the triplicate analysis of
samples. Long-term performance was also monitored by analysing the same batch of

reference seawater used to control TA measures.
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The carbonate system parameters (pHr, TA, DIC and pCO,) for in situ temperature
were computed with CO2SYS program (Lewis & Wallace 1998) using the measured
experimental values of pHrs, TA, temperature, salinity, PO,>, SiOs> as input parameters.
We used the best set of CO, constants (k;, k;) recommended by Alvarez (Alvarez et al
2014) for the Mediterranean Sea (Mehrbach et al. 1973 as refitted by Dickson & Millero
(1987) for carbonic acid dissociation, and that of Dickson carbonic acid 1990 for KSO,

equilibrium).

TEP analysis

TEP concentration was determined colorimetrically following the procedure
described in Passow & Alldredge (1995). All mesocosm samples were prepared in
triplicates of 60-100 mL (depending on particle concentration) and filtered onto 0.2 pm
polycarbonate Isopore membrane filters (Merck Millipore) under low vacuum (<10 mbar).
Particles retained on the filters were stained for <5 s with 500 uL of 0.02 % aqueous
solution of Alcian blue in 0.06 % acetic acid (pH 2.5) and subsequently rinsed with 1 mL of
deionised water. The filters were stored at -80 °C until processing. Filters were then soaked
in 80 % sulphuric acid (6 mL) for 2 h and measured spectrometrically at 787 nm, using
stained filters without sample as blanks. Alcian Blue absorption was calibrated using a
solution of the polysaccharide Gum Xanthan. TEP concentrations were expressed in pg
Gum Xanthan equivalents per liter (ug GX eq L™). TEP carbon content was determined
according to Engel & Passow (2001), applying a conversion factor of 0.63 pg C/ug GX eq
L%, It should be noted that this conversion factor was determined for diatom species.
Consequently, TEP-C content, estimated in our study, could present some uncertainties due
to differences in phytoplankton composition.

Particulate organic carbon analysis (POC)
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Water samples (1 L) for particulate organic carbon (POC) analysis were filtered (200
mbar) onto pre-combusted Whatmann GF/F filters (500 °C for 6 hours) and frozen in glass
petri-dishes at -20 °C until analyses. The POC filters were placed in a desiccator above
fuming (37 %) HCI for 2 hours to remove all inorganic particulate carbon (PIC) and
subsequently dried overnight at 60 °C. POC concentrations were then analyzed with an

EuroVector Elemental analyzer (EuroEA-3000).

Phytoplankton and heterotrophic bacteria carbon biomasses

Samples (0.5-1 L) for phytoplankton pigment analysis using HPLC were filtered onto
glass-fibre filters (Whatman GF/F) at a low vacuum (<200 mm Hg), stored in liquid
nitrogen, and then frozen at -80 °C until analysis. For the chlorophyll and carotenoid
analyses, pigments were first extracted in 3 mL of 95 % Methanol for 1 h at 220 °C,
sonicated for a few seconds and finally clarified using glass-fibre filters (Whatman GF/F).
Chlorophyll and carotenoids concentrations were analysed by high performance liquid
chromatography (HPLC) with the method of Zapata et al. (2000) as detailed in Vidussi et
al. (2001). Only Chl a concentrations are reported here and they were converted to carbon
concentrations using the conversion factor C/Chl a = 57 (Latasa et al. 2005).

Samples for counting heterotrophic bacteria using flow cytometry were fixed with
formaldehyde (2 % final concentration), and then frozen and stored at —80 °C until analysis.
Heterotrophic bacteria samples were thawed at room temperature, and stained with nucleic
acid-bound SYBR Green | (2 % final concentration; Invitrogen), and incubated at room
temperature for 15 min in the dark. Mixed fluorescent beads (20 pul) of 0.96 and 2 um
diameters (PolySciences INC.) and Trucount beads (50 puL with known concentration, BD
Biosciences) were added as an internal standard to 280 pL of diluted sample. Heterotrophic
bacteria were then enumerated using a FACSCalibur flow cytometer (Becton—Dickinson)
equipped with an air-cooled laser (488 nm, 15 mW), at a low flow rate (12-15 pl min™) and
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with 2 min acquisition time. Bacteria were detected through the green fluorescence of
SYBR Green I, collected by the FL1 detector (A = 530 nm) of flow cytometer. To calculate
the cell abundance, specific calibrated Becton—Dickinson Trucount™ beads were used. The
flow cytometric data were analysed using the CellQuest Pro software (Becton—Dickinson).
Bacterial abundance were expressed in terms of carbon biomass by using a conversion
factor of 14 fg C cell™ (Zubkov et al. 2001c).

Statistical analysis

One of the replicates of the T treatment and one of the A treatment yielded abnormal
data for several variables due to probable sac perforation during the experiment and
therefore corresponding data were excluded. All statistical analyses were performed using
Statistica (version 7.0) and SigmaPlot 10.0 software. All data were tested for normality and
homogeneity of variance conditions with Kolmogorov-Smirnov and Cochran C tests,
respectively. Repeated-measures analyses of variance (RM-ANOVA) was used to test the
overall effects of main factors in this study (acidification and temperature). Newman-Keuls
post hoc test was used to determine the significance of the differences between group
means in the RM-ANOVA. If differences between treatments were found, univariate
ANOVA tests for each dependent variable (day) were performed and p-values < 0.05 were
considered to indicate statistically significant differences. Effects of each treatment were
calculated in % relative to the control. Changes in dissolved inorganic carbon (ADIC) were
calculated as the difference between the beginning of the exponential phytoplankton growth
subsequent to nutrient addition and the end of the bloom for each treatment (day 6 - 8) and
expressed by pg C L™’ We define here the DIC removal as the balance between
phytoplankton DIC uptake, the DIC produced by respiration and atmosphere gas exchange.
t-test was applied to test the difference of ADIC value between treatments compared to the
control. A linear regression analysis was performed between POC and the sum of TEP-C,

phytoplankton and Bac C-biomass.
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RESULTS

Inorganic nutrient drawdown

Initial nutrient concentrations were low on average in all mesocosms (0.45+£0.31 uM,
0.03£0.01 uM and 2.08+0.58 uM for nitrate, orthophosphate and silicate, respectively) at
day 1 (Fig. 1a, b and c). A peak of orthophosphate (0.14 - 0.23 uM) was observed at day 3
in all treatments, probably due to the acclimation of the organisms to the confined
experimental conditions as previously observed by Neveux et al. (2010) and Mostajir et al.
(2013). This phenomenon may be due to physiological death and subsequent lysis of some
planktonic cells and/or grazing. This is evidenced by the decrease of Chl a and an increase
of DOC concentrations during the same period. As previously mentioned, nutrients were
added to all mesocosms on day 5 in the afternoon, after the daily sampling. Half of the final
nutrient concentrations reached after addition was consumed between that moment and the
following sampling, attaining on day 6 in all mesocosms average values of 2.01+0.15 uM,
0.10+0.02 uM and 6.10+0.85 uM for nitrate, orthophosphate and silicate, respectively.
Furthermore, this sharp uptake continued during the following day (day 7), reaching nitrate
and orthophosphate concentration values similar to those observed before nutrient addition
in all treatments (Fig. 1a, b). In contrast, silicate concentration decreased to ~3.50+0.45
UM, with the exception of higher values in the T treatments. However, no significant
concentration difference between treatments was observed for all nutrients during this

experiment (p>0.05).

Temperature, pH and DIC perturbation

The initial water temperature average within all mesocosms at day 1 was 22.08 +
0.015 °C, and the target treatment temperatures were reached at day 3 (25.94 + 0.20 °C,



123

25.77 £ 0.36 °C, 23.16 + 0.03 °C and 23.13 + 0.02 °C in the T, AT, A and C treatments,
respectively; Fig. 2a). The water temperature in all treatments reproduced the natural daily
changes of the in situ surrounding water. However, the differences between the increased
water temperature treatments (T and AT) with those of C and A treatments was maintained
nearly constant (2.96 £ 0.14 °C) from day 3 to the end of the experiment on day 12.

The target pHt values of 7.778 = 0.016 and 7.802 £ 0.019 units for the A and AT
treatments (Fig. 2b) were reached on day 4, (corresponding to 899 and 848 patm pCO,
scenarios, respectively). On the other hand, the C and T treatments were maintained at
8.064 = 0.001 and 8.010 + 0.003 pHt units, respectively (415 and 475 patm pCO,
scenarios, respectively). A sharp increase in the pH values was observed from day 4 to 8 in
the A and AT treatments, which was consistent with the decrease of DIC value calculated
from carbonate chemistry from 2388 + 1.8 and 2358 + 13 umol kgs,*
(corresponding to 28658.7 + 22 and 28297.8 + 160 pg C L™). pHr values reached 7.987 +

0.012 and 7.964 + 0.013 in the A and AT treatments, respectively, at the end of the

, respectively

experiment, which was accompanied by DIC values of 2300 + 14 and 2290 £ 15 pmol Kgsw
! respectively for the same treatments (corresponding to 27605 + 174 and 27476 + 184 pg
C L%, Fig. 2c). In contrast, lower pH and DIC variability were observed in the T and C
treatments, with pH increasing to 8.033 and 8.126 from days 6 to 8 for T and C treatments,
respectively, which coincided with the decrease of DIC for both treatments reaching 2234

! respectively (corresponding to 26807 and 26666 pg C L™).

and 2222 pmol Kgsw
Thereafter, DIC concentrations increased again up to final concentrations of 2242 and 2243
pmol kge ™ (corresponding to 26906 and 26916 g C L™) at the end of the experiment for

T and C treatments, respectively.
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Figure 1 : Temporal variation of inorganic nutrients (a) nitrate (uM), (b) orthophosphate
(uM) and (c) silicates (UM) (averages +SD) of the mesocosms experiment with the
following treatments: Control, actual temperature and pCO, (black); high pCO,, A (green);
high temperature, T (red) and high pCO, and high temperature, AT (blue).
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Figure 2 : Temporal variation of (a) temperature (°C), (b) pHt insiw@and (c) DIC (umol kgsy
1) (averages + SD) during the mesocosms experiment with the following treatments:
Control, actual temperature and pCO, (black); high pCO,, A (green); high temperature, T
(red) and high pCO, and temperature, AT (blue)



126

Dynamics of organic material build-up

During the experiment, the phytoplankton dynamics expressed in terms of carbon
concentration (Figure 3a) exhibited three phases in the phytoplankton bloom: i) a pre-
bloom from day 1 to 5, where the plankton community acclimated to the experimental
conditions; ii) bloom (exponential phytoplankton growth) from day 5-6 to 7, and iii) a post-
bloom after day 8, when nutrients were exhausted and phytoplankton abundance dropped in

all mesocosms.

Phytoplankton carbon biomass (phyto-C) was low at the start of the experiment and
did not show significant differences between treatments (116.71 + 15.67 pg C L™; p> 0.05).
During the pre-bloom, Phyto-C decreased slightly until day 3 in the T and AT treatments,
and until day 4 in the C and A treatments, most probably due to the acclimation to the
mesocosm confined. Phyto-C significantly increased in the T and AT treatments from day 4
to 6 relative to the C and A treatments (p<0.05). Following the nutrient addition in day 5,
Phyto-C increased until day 7 reaching 178.65 - 236.43 ug C L™, representing an increase
of 28 %, 32 % and 18 % for A, AT and T treatments, respectively, compared to the Control.
Thereafter, Phyto-C decreased continuously in all treatments until the end of the
experiment, attaining similar concentrations than at day 1. Phyto-C showed no significant
difference between treatments during the whole experiment except at day 7 in the acidified
treatments (A and AT; p<0.05). Phytoplankton species composition derived from specific
marker pigments was dominated by diatoms (42-57 % of the total community), followed by
prymnesiophyceae (16-34 %) and dinoflagellates (19-25 %), both during bloom and no-
bloom conditions (F. Vidussi pers. comm. HPLC). Nanophytoplankton cells in the range 3-
6 um represented 49-78 % of the total carbon biomass during the whole experiment,
followed by >6 um nanophytoplankton (19- 47 %) (flow cytometry, data not shown). Thus,

no change was evidenced in phytoplankton succession and community composition.

At the beginning of the experiment, TEP-C concentrations were 435 + 42.66 ug C L
! without significant difference between treatments (Fig. 3b). In the post bloom phase,
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TEP-C concentrations in A and T treatments were respectively higher and lower than the
Control (p<0.05), showing thus throughout the experiment an opposite effect of pCO, or
temperature increase. In contrast, over the whole experiment, the AT treatment did not
induce a significant difference in TEP concentration with respect to the Control. We
observed a significant increase of TEP-C concentration in the A treatment during the post-
bloom (p<0.05) with a maximum value (1381 + 262.77 ug C L™) on day 11, representing a
47 % increase with respect to the Control. In contrast, TEP-C concentrations in the T
treatment decreased significantly (p<0.05) during the post-bloom reaching on day 12 the
lower value (293 + 28.60 pg C L™) in all treatments (33 % less than in the Control; Annex
2.1).
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Figure 3 : Temporal variation of (a) Chl a-C, (b) TEP-C, (c) POC and (d) Bac-C (averages
+ SD) during the mesocosms experiment with the following treatments: Control, actual
temperature and pCO; (black); high pCO,, A (green); high temperature, T (red) and high
pCO, and temperature, AT (blue)
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Average POC concentrations were 626 + 39.82 ug C L™ at the beginning of the
experiment and did not increase until the end of the phytoplankton bloom period on day 7
(Fig. 3c). POC concentrations were significantly higher in the acidified treatments (A and
AT; P<0.01) and a global negative effect of temperature was evidenced (P<0.05). We
observed a significant POC increase in the acidified treatments relative to the Control on
days 7 to 9 (p<0.05), which coincided with the maximum TEP-C concentration observed in
the A treatment. In contrast, POC concentration was lower in the T treatment than in the
control during the post-bloom period and especially on days 10 to 12 (p<0.05; univariate
ANOVA test). During the post-bloom period, POC concentration was 12 % higher in the A
treatment and 22 % lower in the T treatment compared to the Control. After day 9, POC
concentration declined in all treatments, reaching values lower than at the initial ones
(342.69 + 21.43 ug C L™ and 572.45 + 31.99 pg C L™ in the T and A treatments,

respectively).

The initial heterotrophic bacterial-carbon biomass (Bac-C) was on average 172.23 +
16.29 pg C L™ Thereafter, Bac-C biomass was significantly highest and lowest in the AT
and A treatments, respectively, relative to the Control, until the end of the experiment
(p<0.05; Fig. 3d). During the pre-bloom and bloom periods, a significant increase of Bac-C
values was observed in the high temperature treatments (T and AT), compared to the other
treatments (p<0.05). It should be noted that Bac-C was significantly higher in the AT
treatment than in the control during the whole experiment (p<0.05). During the
phytoplankton bloom, the maximum Bac-C values observed for the A and AT treatments,
were 154 + 1.65 pg C L™ and 265 + 54.59 pg C L™ respectively, which represented 22 %
lower and 42 % higher respectively, than heterotrophic bacterial-carbon biomass in the
Control (Annex 2.2).

Net changes in DIC concentration (ADIC) were calculated during the bloom phase
(Fig. 4). In the A treatment, significant high DIC removal (average 352 + 23 pg C L™) was
observed compared to the control (t-test: p<0.01). However, no significant difference was

observed between the other treatments (average 78 + 00 and 253 + 156 pug C L™ in T and
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AT, respectively) compared to the control (253 + 00 ug C L™; t-test: p>0.05). During the
exponential growth period, the carbon-to-nitrate (DIC:NOj3’) ratio increased to 18.25 for the
A treatment and decreased to 3.52 for the T treatment relative to the Redfield C:N ratio of
6.6. Similarly, no difference was observed for C:N ratio for AT treatment 10.43 compared
to the Control 9.97. However, AT and C treatment C:N ratios were higher than the standard
Redfield C:N ratio. Thus, for the same inorganic uptake, the DIC removal represented an
increase of 39 % for the A treatment and a decrease of 69 % for the T treatment, compared
to the C treatment. In contrast, no difference between AT (0.33 %) and C treatments was

observed (Annex 2.2).
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Figure 4 : Dissolved inorganic carbon changes (ADIC) during the bloom phase in the
Control (C), Acidified (A), high Temperature (T) and Acidified and high Temperature (AT)
treatments during the exponential phytoplankton growth. t-test significant difference (**
P<0.01)
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Biological and TEP particulate carbon contribution to the particulate organic carbon

pool

The contribution of TEP-C, Phyto-C and Bac-C concentrations (TPB-C: sum of the
three concentrations) to the particulate carbon pool in the different treatments is shown in
Fig. 5. As displayed in the figure, Bac-C concentration was consistently higher than that of
Phyto-C in all treatments. However, the most important contribution to the TPB-C came
from the TEP-C during the whole experiment. TEP-C concentrations were twice the sum of
Phyto-C and Bac-C concentrations, with 605 + 209 ug C L™ for TEP-C against 111 + 43
and 174 + 44 pug C L™ for Phyto-C and Bac-C, respectively. The highest TPB-C
concentration was observed in the A treatment (Fig. 5b), whereas the lowest value belonged
to the T treatment (Fig. 5¢). The results of the RMANOVA analyses showed overall both
significant positive and negative effects on the TPB-C concentration in the acidified and
warmer treatments, respectively (p<0.05), which was consistent with the main effects
observed for the POC. It is notable that TPB-C concentrations largely exceeded POC levels
in the phytoplankton bloom and post-bloom periods in all treatments. Nevertheless, we
observed a significant correlation between TPB-C and POC for T and AT treatments,
explaining 67 % and 70 % respectively of the variance of POC (r=0.81, p<0.05; r=0.83,
p<0.05 respectively; Table 1) as well as for the control (r=0.83, p<0.05). In contrast, no

significant correlation was found for A treatment.
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Figure 5 : Temporal contribution of the sum of TEP-C, Phyto-C and Bac-C (TPB-C sum)
and POC compartments studied for the a) Control and b) Acid, ¢) Temperature and d) Acid
Temperature treatments. Bars represent phytoplankton-C (black); HBacteria-C (light grey);
;I'EP-C (dark grey) and the black line with points is POC. Units for all variables are pg C L

Table 1 : Results of the linear correlation analyses between POC (ug C L™) as the
dependent variable and the sum of TEP-C, Phyto-C and Bac-C (TPB-C sum, pg C L™?) for
each treatment (independent variable)

Treatments | R p
C 0.83 | 0.02

A -0.16 | ns
T 0.81 | 0.02
AT 0.83 | 0.02
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DISCUSSION

1. Acidification effects

Aggregation and coagulation of dissolved and colloidal carbon compounds (mainly
polysaccharides) specially produced by phytoplankton can lead to a rapid formation of
transparent exopolymeric particles (TEP) and contribute to the particle sinking and carbon
sequestration. In spite of no difference between treatments regarding nitrate uptake, our
results show high TEP-C accumulation in the post-bloom period under high pCO,
conditions. This accumulation can be mainly explained by "carbon overconsumption” and
nutrient stress (Toggweiler 1993, Riebesell et al. 2007b). In the post-bloom period of the A
treatment, TEP-C increase up to 47 % with respect to the control which was consistent with
the observed intensification (+12 %) in POC accumulation in the same treatment. This
result is in agreement with previous studies showing increased extracellular release of
organic rich carbon compounds by phytoplankton under CO, excess and nutrient limitation
(Obernosterer & Herndl 1995, Engel 2002, Engel et al. 2004a, Kim et al. 2011). It has also
been shown that phytoplankton production of TEP is stimulated by higher pCO; conditions
at both, species and community levels (Engel 2002, Engel et al. 2004a, Mari 2008, Pedrotti
et al. 2012), through coagulation and aggregation of individual colloidal polymers to larger
particles (Endres et al. 2014). In this sense, TEP can enhance the total particle abundance as
well as bulk particle stickiness and could play a significant role in the formation of
aggregates, stimulating carbon export under high pCO, conditions, a potential export
mechanism substantiated by Engel et al. (2004b).

The high TEP formation was consistent with the highest inorganic carbon drawdown
in the A treatment (ADIC, 352 pg C L Fig 4). For the same uptake of nitrate, net
community inorganic carbon consumption in the A treatment was 39 % larger than in the
control. These results are in the same range as the DIC drawdown in a natural diatom-

dominated community reported by Riebesell et al. (2007) (39 %) under acidified conditions
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(3xCOy) in the Raune fjorden, Norway. Our DIC results are consistent with the build up of
Phyto-C during the bloom period under high pCO,, showing a positive effect of CO, on
phytoplankton biomass (+28 %) relative to the control in a community dominated by
diatoms (42 - 57 % in all treatments), as in the study of Riebesell et al. (2007). Moreover,
our results showed a high carbon-to-nitrate ratio (~ 18.25) under increased CO, conditions,
more than the Redfield C:N ratio (~6.625), demonstrating a carbon overconsumption under
high pCO,. This is in line with previous studies which demonstrated that elevated pCO, can
enhance both growth rate and carbon fixation by phytoplankton (Riebesell et al. 1993,
2007, Wolf-Gladrow et al. 1999, Hutchins et al. 2007). In addition, a significant loss of
POC by enhanced TEP aggregation and sinking was reported (Wolf-Gladrow et al. 1999,
Riebesell et al. 2000, Engel et al. 2005). Our study demonstrates that the observed
overconsumption of DIC by phytoplankton resulted in an increase of POC and TEP, which

leads to enhanced particulate organic matter accumulation under high pCO; conditions.

The high uptake of DIC over inorganic nitrogen is the result of the phytoplankton
“carbon overflow” mechanism that helps to preserve the metabolic functionality of the cell
when there is an imbalance between light and nutrients (Fogg 1983, Taucher et al. 2015),
releasing it as DOC exudates. However, the absence of acidification effects on DOC
accumulation (data not shown here, Sett pers. comm.) was unexpected since previous
studies showed a stimulation of extracellular release from phytoplankton and to some
extent bacteria (Riebesell et al. 2007, Kim et al. 2011, Engel et al. 2014, Bar-Zeev et al.
2011). We believe that freshly produced DOC (including TEP precursors) was rapidly
partitioned from dissolved into the colloidal and TEP particle phases by coagulation and
aggregation, preventing the accumulation of excess exudates in the dissolved fraction.
Previous studies have shown that abiotic chemical processus (pH, ion density, type and
concentration of precursors and their adhesive properties), and physical processes
(turbulence, particle density, and sedimentation) can transform a substantial fraction of
DOC exudates into TEP on very short timescales (Passow 2000, Engel et al. 2004a). Due to
high surface active nature of TEP-precursors, their turn-over time ranges from hours to

days (Mopper et al. 1995), reducing the ambient precursor concentration but not their
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release rate. Moreover, previous findings showed that waters with high algal activity
produced the highest concentrations of surface-active carbohydrates and new TEP (Kepkay
et al. 1990, Zhou et al. 1998). Consequently, our results suggest that, in high pCO, TEP
production contributes to enhance the particle aggregation and carbon partitioning into the
POC pool.

Another argument which could contribute to explain the high TEP-C accumulation is
that the unexpected low bacterial biomass observed here probably resulted in a limited
enzymatic activity and hence degradation of these particles. Indeed, the surprising result of
this experiment was the negative effect of high pCO, on bacterial biomass in spite of an
increase of aggregated polysaccharides in form of TEP (and the availability of energy-rich
dissolved substrates) which should stimulate bacterial growth and production. This result
contrasts with findings from previous studies which showed that marine bacteria benefit
directly and indirectly from decreasing seawater pH (Grossart et al. 2006, Piontek et al.
2010, 2013, Brussaard et al. 2013, Endres et al. 2014). In particular, Endres et al. (2014) in
an off-shore mesocosm experiment showed an increase in bacterial abundance of 28 %
under high pCO, (3000 patm). The authors suggested that high pCO,/low pH stimulates
both, availability of gel particles as a food source and substrate to grow upon, as well as
enhanced enzymatic hydrolysis of organic matter. Piontek et al. (2010) showed that the
degradation of polysaccharides by bacterial extracellular enzymes was significantly
accelerated during experimental simulation of ocean acidification. These authors have
shown that enzymes B-glucosidase and leucine-aminopeptidase almost doubled their
production rates under a decrease of 0.5 units in seawater pH. Grossart et al. (2006) also
reported increased particle-attached bacteria at high pCO; during the decline of the bloom
when the release of algal-derived organic matter was high. In contrast with these studies,
our results show that acidification have an adverse effect on bacterial biomass, which was
22 % lower under high pCO,. While we do not have information about bacterial respiration
or bacterial carbon demand, the low bacterial biomass seem to present less impact on TEP
degradation. We hypothesize that bacterial biomass at low pH can be controlled by viral

lysis or by flagellates heterotrophic grazing. Brussaard et al. (2013) found a stronger
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regulation of bacterial abundances due to viral lysis at higher pCO, during a mesocosm
experiment in the Arctic. We conclude that the decrease of bacterial biomass and probably
of the bacterial activity in addition to the accumulation of TEP carbon could favor TEP-

mediated particle export and hence provides a negative feedback to rising atmospheric CO..

2.  Temperature effects

Our results demonstrate that temperature had an overall negative effect on TEP
carbon accumulation during the post-bloom, representing a decrease of 33 % of carbon
relative to the control. Although, we observed a small increase of TEP concentration on day
6 presumably as a result of the early onset of the phytoplankton bloom, still TEP-C
decreased after that (Fig 3b). The observed TEP-C reduction was consistent with reduction
of POC accumulation during the same period, representing 22 % less than the control.
These results contrast with the experimental mesocosm studies of Wobhlers et al. (2009),
Biermann et al. (2014) and Seebah et al. (2014) who found a stimulation of TEP production
and aggregation of organic matter at elevated temperatures, while the particulate organic
matter and carbon loss by sinking was reduced. Those results were also associated with a
faster and more intense partitioning of polysaccharides within the DOC compartment
(Wohlers et al. 2009, Engel et al. 2011, Taucher et al. 2012). We speculate that our
contrasting results may be due to the taxonomic composition of the phytoplankton
assemblage during our experiments under warming conditions. Indeed, Claquin et al.
(2008) in a batch culture with eight species of microalgae showed that warming increased
TEP production in 3 diatoms and 2 prymnesiophytes up to an optimal species-specific
temperature (~22 to 25 °C). Furthermore, Taucher et al. (2015) recently highlighted the
importance of diatom species-specific physiological optima and temperature range in
response to warming, where temperature act as a stressor beyond the optimal range. These
authors have shown that a warming from 15 to 20 °C translated in a decrease of 30 % of

TEP accumulation for the diatom Dactyliosolen fragilissimus and not for Thalassiosira
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weissflogii. In agreement with these studies, our phytoplankton community was dominated
by diatoms and prymnesiophytes. Their TEP precursor production was probably sensitive
to high temperature. However, this low TEP-C accumulation does not seem to be due to a
community composition change or phytoplankton succession since no effect on
phytoplankton species composition was observed between treatments. Our results suggest
that reduced TEP and POC accumulation under warming conditions could greatly reduce
the sinking aggregates in this phytoplankton community and thereby limit the particle flux

and carbon sequestration.

During the bloom in the high temperature treatment, the low TEP-C concentration
was consistent with the observed lower net DIC drawdown, 78 pug C L™ compared to 252
ng C L* for the control (i.e., 69 % less under warming). These diminutions of DIC
drawdown at high temperature are consistent with the work of Wohlers et al. (2009). These
authors showed that increasing temperature by 2 - 6 °C resulted in a lessening in the
biological drawdown of DIC by up to 31 % during an indoor mesocosm experiment. More
recently, Taucher et al. (2015) showed a decrease of carbon uptake by 33 % for the diatom
D. fragilissimus in a bach culture under warming conditions. Although the low DIC
drawdown at high temperature could have resulted from a reduction in photosynthetic
carbon fixation such as suggested by Wohlers et al. (2009), this hypothesis cannot be
supported by the phytoplankton biomass results in the present study, which represented +18
% relative to control during the bloom. This latter is consistent with previous mesocosm
(e.g.: Wohlers et al. 2009, Vidussi et al. 2011, Biermann et al. 2014) and microcosm
(Wohlers-ZolIner et al. 2011) studies showing an acceleration of exponential phytoplankton
growth by 1-2 days earlier under warming conditions. In our case, the early onset of the
bloom translated in a small increase of TEP concentration until day 6 and decreased
afterwords. Indeed, temperature controls basic metabolic processes like enzymatic activity
and growth (Feng et al. 2009, Torstensson et al. 2013) for both autotrophic and
heterotrophic organisms until a species optimum. Further increases in temperature would
have unfavorable physiological responses, leading to reduced growth rates and cellular

damage (Boyd et al. 2010), which could probably alter the quantity and quality of TEP
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precursors. However, the negative effects of temperature on TEP production in our study

did not appear to be caused by a change in phytoplankton community as mentioned earlier.

The low TEP-C accumulation can be also explained by the high bacterial biomass
observed here in response to the elevated temperature during almost the whole experiment.
Indeed, bacterial biomass increased by 7 % under warming conditions. This high bacterial
biomass could have enhanced respiration and hence heterotrophic recycling of the organic
matter as evidenced by the negative correlation between bacterial abundance and the
reduction of POC and TEP (r = -0,94 and r = -0,87, respectively) under warming conditions
at the end of our experiment. These results are consistent with previous research on the
effects of temperature on bacterial production and respiration rates (Vazquez-Dominguez et
al. 2007, Hoppe et al. 2008, Piontek et al. 2009, Biermann et al. 2014). According to
Verdugo (2012), experiments using size fractionation emphasize that colloidal rather than
dissolved organic matter are probably the principal source of nutrients for heterotrophic
microbial production in seawater (Simon et al. 2002b). They suggested that gels may
comprise a rich source of microbial nutrients. In agreement with this study, the DOC pool
here, in contrast to TEP pool, remained constant during the bloom and post-bloom periods,
and DOC release did not differ between treatments (not shown). Thus, we hypothesize that,
as a result of the increase of bacterial biomass under warming conditions, the bacterial
enzymatic activity could have prevented the accumulation of colloids and TEP particles by
degradation/respiration. These results may also be due to the potential sensitivity to
temperature on the amount and quality of polysaccharides produced including TEP
precursor by this phytoplankton community and their subsequent conversion to TEP. It has
been previously suggested that warming drives the ecosystem balance in favor of
respiration, consequently increasing CO, production by the microbial community
(Vazquez-Dominguez et al. 2007, Wohlers et al. 2009, Yvon-Durocher et al. 2010). This
could explain the high difference in the net DIC concentration between high temperature
and control treatments as discussed above. This suggests that TEP-C was probably used as
an adequate substrate by heterotrophic bacteria limiting the accumulation of these particles.

This response would accelerate the carbon recycling by the microbial loop against the
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biological C uptake under high temperature conditions; thus, providing a positive feedback

to rising atmospheric CO,.

3. Temperature and Acidification combined effects

Combined elevated temperature and high pCO, (AT), showed no effect on TEP-C
production during the post-bloom period (-2 %) compared to the control (Fig 3b). This
result was also consistent with the lack of change of POC and DOC accumulation in the
same treatment relative to the control. These results contrast with the roller tanks
experiment of Seebah et al. (2014) who showed an increased of TEP production under high
temperature (20 °C vs 15 °C) and pCO, for the diatom T. weissflogii, but with a decrease in
aggregation and sinking velocity of aggregates. However, Taucher et al. (2015) results
suggest a substantial sensitivity of TEP formation in the diatom D. fragilissimus to
temperature and pCO,. Although the lack of a clear trend and the contrasting results
concerning the effect of warming and acidification on TEP accumulation and its fate was
suggested to be highly variable among the dominant phytoplankton species and the
acceleration of the microbial respiration making uncertain the net effect on TEP of
warming and acidification (Taucher et al. 2015). Nevertheless, our results suggest that these

two factors may play an antagonistic role on TEP-C production in a future ocean scenario.

During the bloom, our data showed that Phyto-C increased up to 32 % over the
control value in the AT treatment whereas the increase was only 28 % and 18 % in Aand T
treatments, respectively. This result agrees with previous studies showing an increase in
maximum biomass values under elevated temperature and pCO, conditions (Hare et al.
2007, Torstensson et al. 2013). According to Torstensson et al. (2013) in a batch culture
experiment, phytoplankton growth rate in their warmer treatment (+2.4 to 5 °C) was
stimulated by elevated pCO,. The authors suggested that the interaction between warming
and rising pCO; facilitated the use of available extra carbon to potentially increase
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phytoplankton growth rate. In our case, the availability of excess CO, had probably
protected the cellular metabolic functionality from damage. However, no change in the net
DIC concentrations was observed in the AT treatment relative to the control. It should be
also noted that in our study bacterial biomass was twice higher under combined warming
and acidification (AT) scenario during the bloom, showing an increase of 42 % of bacterial
biomass compared to the control. These conditions had the potential to stimulate bacterial
production and enhance the microbial respiration and recycling, with potential
consequences on energy transfer toward higher trophic levels and sequestration of carbon in
the ocean. In this case, the extent to which TEP-C could form and accumulate most likely
depends on the rate of TEP production by phytoplankton and the interplay with bacterial
remineralisation in a future ocean. All together, this would have the potential to reduce the

particle carbon sequestration with a potent acceleration of the microbial loop.

4.  Temperature and CO, effects on biological and TEP carbon contribution to

the particulate carbon pool

The sum of TEP-C, Phyto-C and Bac-C (TPB-C) was compared to POC for the
different treatments. The treatments showed the same general effect on the TPB-C as on
POC and TEP response. This TPB-C concentration largely exceeded POC concentration in
the bloom and post-bloom period in all treatments (Fig. 5). However, significant
correlations between TPB-C and POC concentrations were found in the high temperature
treatments (T and AT) and the control, which contrasted with the A treatment (Table 1).
This carbon excess in the TPB-C could be due to an increase in the TEP colloidal fraction
especially under acidified conditions, where the TPB-C seemed extremely high. This
dissimilarity can be explained by the difference of carbon concentration between POC and
TEP-C particularly during the post-bloom. TEP-C represented on average 96 % of POC for
warmer (T and AT) and control treatments, whereas it represented 134 % of POC for high

pCO, treatments. This agrees with previous results of Beauvais et al. (2003) in a field
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experiment in the NW Mediterranean sea, who also reported a TEP-C contribution of
183 % of POC using the same pore size filter (0.2 um) and more recently by Annane et al.
(2015) for the St. Lawrence Estuary. These authors suggested that either TEP carbon
content overestimates naturally occurring TEP-C, or POC was underestimated. This can be
explained by: (1) TEP-C content calculated from freshly formed TEP produced in the
laboratory from diatom batch cultures and natural communities naturally overestimates the
occurring TEP-C, since the relationship between TEP and carbon content is species-
specific (Engel & Passow 2001); (2) POC was probably underestimated, since the pore-size
used for the filtrations is larger than that used for TEP (0.2 um for TEP vs. 0.7 um for
POC). Several authors suggested that filters like those used in our work (0.2 pm) are the
most efficient for collecting TEP (Passow & Alldredge 1995, Passow 2002a, Bhaskar &
Bhosle 2008, Wetz et al. 2009, Sun et al. 2012). TEP are characterized as particulate
material, ranging in length continuously from submicron (colloidal) scales (Wells &
Goldberg 1992) to macroscopic particles (marine snow) that can reach a few cm in size
(Alldredge & Silver 1988). It should be noted that the colloidal fraction is very dynamic,
involving high levels of aggregation (Wells 1998). Indeed, Passow & Alldredge (1995)
observed that >50 % of TEP were lost when 0.6 pum filters were used instead of 0.2 um
filters. All these observations highlight the importance of the colloidal carbon fraction of
TEP-C as also shown by Kepkay (2000) and Bar-Zeev et al. (2011). Consequently, we
estimated an operational colloidal carbon concentration for the fraction between 0.2 to
0.7 um (as the difference between TPBC sum and POC). This colloidal fraction represented
1and 1.5 fold for T and AT treatment, respectively, relative to the control and 3 folds under
high pCO,. This suggests that acidification enhance not only the TEP fraction, but also the
colloidal carbon compounds. This may explain why the aggregation rates are usually high

under the acidified conditions (Engel et al. 2004a).

5. Implications for a future ocean
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Global change is warming and acidifying the ocean. This study was performed to
explore the possible responses of TEP-C and the impact of these changes on the carbon

budget under future separate and combined effects of warming and acidification (Fig. 6).

This study showed that acidification may enhance POC accumulation and especially
stimulate the formation of high concentrations of aggregate organic particles like TEP and
colloids. These high particle accumulations resulted from enhanced DIC assimilation by
biological over-consumption of CO,. These increases of organic aggregates would lead to
an increase of sinking and export of organic matter in a more acidified ocean. In addition,
the decrease of bacterial biomass under high pCO, may probably induce lessened microbial
recycling and indirectly contribute to POM accumulation. In this case this would favor
export and sequestration of carbon and hence have a negative feedback on the CO; rising in

the atmosphere (Fig. 6a).

On the other hand, a reduction of accumulation of particulate organic matter (like
TEP and POC) was found under high temperature in our study. Conversely, bacterial
carbon increased, enhancing most likely heterotrophic recycling and respiration of the
organic matter, thereby, replenishing the DIC pool. Hence, probably preventing the
accumulation of TEP-C by reducing the carbon flow to the particulate organic matter or by
degradation of the freshly formed colloids and TEP under high temperature conditions.
This suggests a faster carbon cycling within the microbial loop which would drive the
metabolic balance towards a more heterotrophic community under elevated temperatures.
These processes may weaken the biological carbon pump, ultimately representing a

positive feedback to rising atmospheric CO, (Fig. 6b).

However, even if the combined effect of warming and acidification could favor
phytoplankton biomass accumulation (increase ~58 pg C L), the synergistic effect of these
factors enhancing bacterial biomass (increase ~106.5 pg C L™) and thus probably
heterotrophic respiration, could counteract the global effect of the phytoplankton biomass
accumulation. This is consistent with the lack of changes observed on TEP and POC

accumulation and net DIC drawdown. In the context of a future ocean, warming and ocean
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Figure 6: Conceptual model of the carbon pathway implicated for each scenario a) High
acidification, b) High temperature and c¢) High acidification and temperature. Boxes
represent the different carbon compartments (DIC, phytoplankton, Bacteria, TEP, colloids,
POC and DOC) for each partition. Arrows represent processes of uptake, exudation,
assimilation, aggregation, remineralization and sinking. The positive effect in each
treatment is in bold black and those negative or presenting no effect to change in CO;
and/or temperature are grey. The uptake of DIC by phytoplankton is modulated by CO, and
temperature change. The excess of fixed carbon is exudate as DOC, with a portion of the
DOC rapidly transformed into colloids and TEP by abiotic aggregation process, which
contributes to a large fraction of the POC. This partitioning into particulate fraction is
elevated under the acidification scenario. On the other hand, the warming scenario results
in an increase of bacterial carbon leading to an enhanced respiration of the organic carbon,
thereby, replenishing the DIC compartment, and reducing the accumulation of particulate
organic matter (like TEP and POC) for export. The combined effect of warming and
acidification scenario results in enhanced bacterial carbon, which could counteract the
phytoplankton carbon increase by enhancing the microbial respiration of the organic
carbon, associated with the lack of change in TEP, POC and DIC compartments. Together,
these responses to the combined effect may present a positive feedback to rising
atmospheric CO,. The dotted red square represents the surface layer ecosystem.
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acidification could play antagonistically and most likely favor the microbial loop by
fast recycling organic carbon, causing a simultaneous reduction of carbon export.
Consequently, this may represent a positive feedback on the future atmosphere with release

of CO; in shallow ecosystems like the Thau Lagoon (Fig. 6c).

It should be noted that future scenarios of climate change will include other stressors,
in addition to warming and acidification, which may increase the complexity of plankton
community responses (i.e. increased stratification and nutrient limitation). Thereby, the

extent to which our results can be extrapolated to the real world must be taken with caution.
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CONCLUSION GENERALE

Nos travaux de recherche de cette these représentent une premiere contribution a la
caractérisation des Particules Exopolymériques Transparentes (TEP) dans I’EMSL. L’étude
de la variabilité saisonniére et de la distribution verticale des TEP dans ’EMSL nous a
permis d’obtenir une vision globale de la formation et du devenir de ce type de particule
dans cet écosystéme, ainsi que de leur contribution au réservoir du carbone organique
marin. Cette étude nous a également permis d’explorer certains facteurs environnementaux
qui pourraient affecter la production et la distribution des TEPs (Annane et al. 2015).
Ensuite, ’approche expérimentale en milieu contrdlé nous a permis de comprendre les
réponses des TEP et de I’ensemble de la communauté planctonique quant aux
modifications futures des changements globaux dans deux écosystémes marins : les effets
de l’acidification dans I’EMSL et ceux de I’acidification et du réchauffement en
Méditerranée. L’ensemble des résultats nous a permis d’affiner notre compréhension de la
dynamique du carbone organique dans chaque systéeme et de mieux prévoir les
conséquences de ces changements sur I'impact des TEP dans 1’exportation du carbone

organique en milieux sub-arctique et Méditerranéen.

Les TEP dans PEMSL

Le monitorage de la station IML-4 du printemps a 1’automne 2011 nous a permis de
mettre en eévidence que les TEP sont positivement corrélées a la biomasse
phytoplanctonique dans les eaux de surface. En effet, I’accumulation des TEP a montré¢ la
méme tendance que la succession des floraisons de phytoplancton. Ceci suggére que le
phytoplancton était la principale source de ces particules (chapitres 1, 2 et 3). Les

diatomées centriques ont été le groupe dominant de ces floraisons phytoplanctoniques.
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C'est notamment le cas de Skeletonema costatum, qui était ’espéce dominante pendant
pratiquement toute la période échantillonnée, suivie de prés par des especes correspondant

aux genres Thalassiosira sp. et Chaetoceros sp.

La distribution verticale a montré que la concentration des TEP était maximale en
surface (0 a 10 m de profondeur), en diminuant fortement jusqu’a la profondeur de la
pycnocline et ensuite plus progressivement jusqu’au fond, suivant ainsi la méme
distribution verticale que la biomasse autotrophique durant 1’été et 1’automne. Cependant,
durant le printemps, de fortes valeurs de TEP ont été observées dans toute la colonne d’eau,
en coincidence avec la distribution verticale du POC. Durant cette période, ’EMSL est le
principal collecteur d’apports continentaux du vaste bassin du Saint-Laurent. La majeure
partie (~75 %) de la matiére organique particulaire (POM) terrigéne transportée par le
fleuve Saint-Laurent est déposée sur le fond de ’EMSL (Lucotte et al. 1991), avec son lot
de TEP d’origine allochtone telles que des exsudats microbiens et de macroalgues et
facilitant ainsi I’agrégation et la formation de particules organiques réparties dans la
colonne d’eau durant le printemps. Notre étude suggére que les TEP devraient contribuer a
I’agrégation et I’exportation de particules organiques et inorganiques lourdes (d’avril & mai)

principalement liées aux apports de particules allochtones dans ’EMSL.

Dans les conditions naturelles de ’EMSL, nous avons considéré certains facteurs
biologiques et physico-chimiques du milieu qui ont été identifiés dans d’autres milieux
estuariens comme pouvant influencer 1’agrégation et la distribution des TEP. Par exemple,
on note que le phytoplancton et les bactéries peuvent agir comme sources possibles des
TEP, tandis que la salinité, le pH, les nutriments et la température pourraient contréler
I’agrégation ou la dissolution de ce type de particule. Cependant, mise a part I’influence du
phytoplancton sur la variabilité des TEP en surface, aucune relation significative entre les
TEP et les autres facteurs biologiques et physico-chimiques n'a été trouvée dans les autres

couches d’eau.

Notre étude a également montré 1’importance de la contribution des TEP au réservoir

de carbone particulaire dans ’EMSL. Ces particules présentent la seconde fraction la plus
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importante de carbone organique aprés celle du phytoplancton, soit 41 % contre 54 % en
moyenne du réservoir du POC en surface. Ces TEP représentent donc une importante
fraction du carbone organique dans cet écosystéme, a ne pas négliger. Durant 1’été et
I’automne, nos données indiquent que la contribution des TEP au réservoir du POC a
diminué avec la profondeur, représentant respectivement de 25 & 35 % du POC. On
remarque que la contribution des TEP au réservoir de POC était particulierement élevée au
cours du printemps dans la couche intermédiaire froide et de fond (>94 %) probablement

due a la fraction du carbone organique colloidal qui contribue aux TEP en profondeur.

Effets de I’acidification

Nos travaux des chapitres 2 et 3 présentent les résultats de manipulation
expérimentale pour tester les effets de I’acidification sur I’accumulation des TEP et la
communauté planctonique dans deux écosystémes : ’EMSL et la Méditerranée. Ces deux
expériences ont montré des réponses contraires pour I’ensemble de chaque communauté
face a l’effet d’acidification alors que les deux communautés étaient dominées par les
diatomées. Néanmoins, il semble que la réponse globale de chaque écosysteme a
’acidification soit une conséquence due a la réponse du phytoplancton aux changements de
CO.,/pH. La communauté phytoplanctonique semble étre le compartiment clé dans ces deux
écosystemes qui exercent un controle sur I’efficacité du pompage biologique et le devenir
de la matiere organique dans le cycle du carbone (Fig. 1). L’accumulation des TEP était
clairement dépendante de la réponse de la communauté phytoplanctonique aux
changements de CO,/pH dans les deux écosystéemes. En effet, nous avons montré au
chapitre 2 que le phytoplancton a été affecté négativement, particulierement a faible pH
<7,55 qui est inclus dans la gamme de pH prévue pour la fin du si¢cle (7,9 - 7,3) dans
I’EMSL. Cette communauté phytoplanctonique a montré tout particuliérement une baisse
dans la dépletion de silice dans 1’eau, d’accumulation de biomasse et des taux de croissance

réduits a faible pH. Cela était probablement da a 1’effet indésirable de 1’acidification sur le
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pH interne des cellules et de leurs processus physiologiques. Dans cette étude, seules les
cellules nanophytoplanctoniques et plus précisement la diatomée Thalassiosira spp.,
semblent étre moins sensibles au pH que les fractions du pico et microphytoplancton, ce qui
suggeére une réponse espece-spécifique a l'acidification. On note que I’accumulation des
TEP était principalement produite par cellules nanophytoplanctoniques pendant les phases
de floraison et stationnaire mimant la dynamique de cette classe de taille. Ces effets
négatifs du pH sur la fixation du carbone par le phytoplancton se sont traduits par une
réduction de I'accumulation de biomasse et de DOC exsudé, ce qui a réduit la formation des
TEP et du POC de 10 a 30 % et de 40 a 61 %, respectivement, pour les valeurs de pH
<7,55. Cela a eu pour conséquence de réduire l'accumulation de matiére organique
particulaire dans cette étude sous acidification (pH < 7,55). Par conséquent, nos résultats
suggerent que l'accumulation des TEP et POC pourrait étre considérablement réduite a
faible pH et ainsi limiter le flux de particules et la séquestration de carbone sous conditions
d'acidification future dans I’EMSL.

Nos résultats du chapitre 3 ont montré un effet positif de I’augmentation du CO, sur
la biomasse phytoplanctonique (+28 %) ainsi qu’une assimilation stimulée du DIC (+39 %)
par le phytoplancton sous des conditions d’acidification (pH ~7.73 - 7.8) prévue a la fin du
siecle en Méditerranée. L exces de carbone fixé par le phytoplancton s’est traduit par une
transformation rapide du DOC exsudé en colloides et TEP par un processus d’agrégation
sous exces de CO,. Dans notre étude, 1’agrégation de ces composés carbonés a induit une
augmentation des TEP de 47 % ainsi qu’une augmentation de POC de 12 % sous
acidification. Affectant ainsi 1’abondance totale des particules et I’adhérence de 1’ensemble
des particules, ce type de processus pourrait jouer un role important dans la stimulation de
I’exportation de carbone dans des conditions de pCO, élevée. Nos résultats ont egalement
démontré la surconsommation de carbone sous pCO, élevée avec un ratio C/N élevé
(~18,25) par rapport au ratio de Redfield (C/N~6,625). Par consequent, nos résultats
suggerent que la surconsommation observée de DIC par le phytoplancton a entrainé une

augmentation des TEP et du POC, ce qui conduit & une augmentation de I’accumulation de
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matiére organique particulaire facilitant potenciellement la sédimentation et les flux de

particules carbonées dans des conditions de pCO, élevées en Méditerranée.

Nos résultats des chapitres 2 et 3 ont montré une diminution des proportions de DOC
par rapport au POC surtout dans la phase de post-floraison dans les conditions
d’acidification. Ceci explique 1’augmentation des concentrations des TEP a la fin des deux
expériences et est probablement di a l'agrégation de DOC fraichement produit et
rapidement partitionné de la portion du carbone dissous dans le réservoir de POC par
I'agrégation colloidale et de TEP, empéchant I'accumulation des exsudats en excés dans la
fraction dissoute. Par conséquent, nos résultats suggerent un déplacement de la portion du

carbone dissous dans le réservoir de POC par l'agrégation des TEP sous acidification.

De plus, nos travaux ont montré que l'acidification avait un effet négatif sur la
biomasse bactérienne. Il semble que la biomasse bactérienne était régulée par 1’activité
virale et le broutage des flagellés hétérotrophes, ce qui explique la diminution des bactéries
dans le traitement a faible pH. Cela suggere que les bactéries étaient plus probablement
indirectement affectées par les faibles pH. En effet, les hétérotrophes ont été stimulés par
les faibles pH présentant une augmentation de 43 %. Dans ce cas, cet effet négatif sur les
bactéries a trés probablement permis l'agrégation des précurseurs polysaccharidiques
présents en TEP particulaires en limitant le potentiel de dégradation (réduisant l'activité
enzymatique) de la communauté microbienne. Par conséquent, les faibles biomasses
bactériennes semblent présenter moins d'impacts sur la dégradation des TEP dans les deux

écosystemes.
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Figure 1: Diagramme conceptuel illustrant la réponse de 1’écosystéme de la Méditerranée (a
gauche) et du Saint-Laurent (a droite) et la voie du carbone sous des conditions
d’acidification. Les fleches représentent des processus d'absorption, exsudation,
assimilation, agrégation, reminéralisation et sédimentation. L'effet positif dans chaque
traitement est en noir gras et ceux négatifs ou ne présentant aucun effet au changement de
CO; sont en gris. Les compartiments non échantillonnés sont en ligne pointillée. Le carré
rouge représente 1’écosystéme de la couche de surface. CO, atmosphérique (CO, ATM),
carbone inorganique dissous (DIC), phytoplancton (Phyto), hétérotrophes (Heterotroph),
carbone organique dissous (COD), bactéries (BAC), carbone organique colloidal
(Colloids), particules exopolymériques transparentes (TEP) et carbone organique
particulaire (POC).

Ainsi les résultats des chapitres 2 et 3 montrant la présence d’une réponse espece-
specifique a l'acidification suggerent : (a) qu’il existe une gamme de CO,/pH pour laquelle
la croissance de la communauté phytoplanctonique dominée par les diatomées est optimale
et positive (jusqu’a pH ~7,7), comme pour le cas de la communauté phytoplanctonique de
Méditerranée, et (b) qu’une diminution supplémentaire du pH (ex. pH < 7,55) pourrait

entrainer des effets adverses sur la croissance et la physiologie des cellules. Dinauer &
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Mucci (2017) ont montré tout récemment que I’EMSL présente un flux de CO, air-mer
négatif ou positif entre -21,9 et 15,1 mmol m™ d™*, selon la période de floraison, car le bilan
est contole par le processus de photosynthése et que dans I'ensemble I'estuaire du Saint-
Laurent est une source faible de CO, vers l'atmosphére. Par conséquent, 1’altération de la
pompe biologique par acidification pourrait avoir des conséquences sur le bilan du flux
CO, air-mer de cet estuaire. Ceci pourrait avoir un impact sur les flux verticaux futurs de la
matiére organique avec des conséquences pour la productivité de I'écosysteme et le

pompage biologique du CO, atmosphérique.

Effets de ’acidification et de la température

Nos données sur les effets combinés du réchauffement et de I'acidification ont montré
une stimulation de la biomasse phytoplanctonique avec une augmentation de 32 % suite a
la hausse de la température et de la réduction du pH, par rapport au contrdle (Fig. 2). Dans
notre cas, ces deux facteurs ont joué de fagon synergique sur la communauté
phytoplanctonique pour I’utilisation de 1’excés de carbone en accumulant la biomasse
phytoplanctonique. Cependant, aucun changement n’a €t€ observé dans I’utilisation nette
du DIC. De méme, aucun changement n’a été enregistré pour 1’accumulation des TEP et de
POC ainsi qu’aucune variation de DOC n’a été remarquée entre les traitements. Par
consequent, nos résultats suggerent que ces deux facteurs jouent un réle antagoniste sur la
production des TEP et I’accumulation de matiére organique dans un futur scénario de

changement climatique en Méditerranée.

D’un autre c6té, nos travaux présentés dans le chapitre 3 ont montré une stimulation
de la biomasse bactérienne beaucoup plus élevée dans le scénario combiné de
réchauffement et d'acidification que sous des conditions de réchauffement seul (42 %
contre 7 %, respectivement). Cet effet du réchauffement sur 1’augmentation de la biomasse

bactérienne et stimule la respiration microbienne du carbone organique pourrait expliquer le
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réapprovisionnement du DIC, ce qui pourrait ainsi contrecarrer 1’effet de 1’acidification sur
l'augmentation de la biomasse phytoplanctonique par surconsommation de DIC. Cela
suggere également que les TEP étaient probablement utilisées comme un substrat adéquat
par les bactéries hétérotrophes limitant I'accumulation de ces particules. Dans ce scénario,
la mesure dans laquelle les TEP pourraient se former et s'accumuler dépendrait
probablement du taux de production des TEP par le phytoplancton et de l'interaction avec la
reminéralisation bactérienne dans un futur océan. De telles conditions ont le potentiel de
stimuler la production bactérienne et d'améliorer la respiration microbienne et le recyclage,

avec des conséquences potentielles sur le devenir de la matiére organique dans 1’océan.

Méditerranée
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Figure 2: Diagramme conceptuel illustrant la réponse de 1’écosystéme de Méditerranée et la
voie du carbone sous des conditions de réchauffement et d’acidification. Le réchauffement
a pour effet d’augmenter la biomasse bactérienne et stimule la respiration microbienne du
carbone organique réapprovisionnant ainsi le compartiment du DIC, ce qui pourrait
contrecarrer I’effet de I’acidification sur I'augmentation de la biomasse phytoplanctonique
par surconsommation de DIC, associé a l'absence de changements dans les compartiments
de TEP, POC et DIC. Ensemble, ces réponses a l'effet combiné de rechauffement et
d’acidification peuvent présenter une rétroaction positive a la hausse du CO;
atmosphérique. Les fleches representent des processus d'absorption, d'exsudation,
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d'assimilation, d'agrégation, de reminéralisation et de sédimentation. L'effet positif dans
chaque traitement est en noir gras et ceux négatifs ou ne présentant aucun effet de
changement combiné de CO, et température sont en gris. Le carré rouge représente
I’écosystéme de la couche de surface. CO, atmosphériqgue (CO, ATM), carbone
inorganique dissous (DIC), phytoplancton (Phyto), hétérotrophes (Heterotroph), carbone
organique dissous (COD), bactéries (BAC), carbone organique colloidal (Colloids),
particules exopolymériques transparentes (TEP) et carbone organique particulaire (POC).

Dans le contexte de changements globaux, le réchauffement et I'acidification des
océans pourraient jouer de maniére antagoniste et favoriseront probablement la boucle
microbienne (augmentation ~ 106,5 pg C L) par rapport a la production de biomasse
(augmentation ~ 58 pg C L™) par le recyclage rapide du carbone organique, potentiellement
entrainant une réduction des exportations de carbone. Par conséquent, cela peut représenter
une rétroaction positive sur l'atmosphere future avec la libération de CO, dans les
écosystemes peu profonds. Cependant, les scénarios potentiels incluront d'autres facteurs de
stress, en plus du réchauffement et de l'acidification, qui pourraient accroitre la complexité
des réponses de la communauté planctonique (c'est-a-dire une stratification accrue et une

limitation des nutriments).

Avantages et limitation des systemes expérimentaux utilisés

L’un des objectifs de cette these était d’utiliser des systemes expérimentaux le plus
proches possible de chaque écosysteme. Afin de comprendre et prévoir les conséquences de
I’acidification et du réchauffement au niveau de la communauté et de I’écosystéme, il fallait
tout d’abord prendre en considération les caractéristiques de chaque écosystéme (conditions
du milieu, variabilité naturelle du pH, accessibilité au milieu), les facteurs de stress a
étudier (acidification et/ou réchauffement), ainsi que de considérer les difficultés
techniques et budgétaires (dimensions, nombre d’unités expérimenales, réplicats par

traitement et logistique impliquée). Dans le chapitre 2, nous avons utilisé des microcosmes
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de grand volume en suivant avec un modele expérimental cinétique. Il consistait en un
gradient des niveaux de perturbation de pH par rapport a un microcosme de référence,
sachant que les communautés phytoplanctoniques des écosystemes cotiers et estuariens tels
que ’EMSL sont soumises a une large variation de pH entre 7,4 & 9,2 (Hansen 2002,
Middelboe & Hansen 2007). Le choix d’un systéme expérimental en gradient de pH nous a
permis non seulement de suivre la communauté planctonique lors de la diminution des
valeurs de I’intervalle de pH actuel (pH ~7,8 a 8,3) a celui prévu pour 2100 (pH ~7,4 4 7,9),
mais aussi d’étudier la tendance de chaque compartiment a la diminution de pH. Cela nous
a également permis de déterminer (pH ~7,55) le niveau a partir duquel le pH devient un
facteur de stress défavorable pour la communauté phytoplanctonique et par conséquent

pour le fonctionnement de I'écosystéme planctonique.

Dans le chapitre 3, le systeme expérimental utilisé est un systéme de mésocosmes
pélagiques in situ qui fait partie du réseau MESOAQUA, financé par le Septiéme
Programme-Cadre de I'Union Européenne. Ce systéeme de mésocosmes a été choisi pour
son utilisation dans des écosystemes cotiers et pélagiques avec de faibles variations de pH
contrairement aux écosystemes estuariens. Ces mésocosmes avaient ’avantage de
comprendre 3 réplicats pour chaque traitement, ce qui permet une analyse statistique
robuste (ANOVA a mesures répétées). Ceci nous a permis d’utiliser deux facteurs de stress
(acidification et réchauffement) combinés et séparés afin de bien comprendre ’effet de
chaque facteur et leur interaction sur la biologie et 1’écosystéme. De plus, le grand volume
de chaque mésocosme (2300 L) a permis également le prélévement d’un grand nombre
d’échantillons journaliers et ainsi de réunir une grande quantité¢ d’information a I’aide d’une
équipe scientifigue multidisciplinaire, allant de la biologie cellulaire, a la physiologie,
I’écologie marine et la biogéochimie marine, et composée de chercheurs provenant de
plusieurs pays et institutions. La combinaison d'un large éventail de disciplines dans une
seule etude offre l'occasion unique d'étudier les interactions de la dynamique des
écosystemes et de la biogeochimie et suivre les conséquences des sensibilités a
I'acidification et au réchauffement des océans a travers ce systeme fermé (Riebesell et al.
2010).



154

Une des limites dans ces deux systémes est la durée de I’expérience. En effet, la
durée moyenne pour ce genre d’expérience est entre 10 jours a 1 mois considérant les
phases de développement et sénescence du phytoplancton et des brouteurs. De plus, en
raison de l'influence grandissante de I’effet parois (de I’anglais «wall effect ») et de la
dérive graduelle des communautés isolées du systeme naturel aprés quelques jours, les
réponses des organismes et la chaine trophique associée dans les études de mésocosmes
peuvent ne pas étre adequatement représentatives du milieu naturel (voir Belzile et al.
2006). D’autre part, ce qui n’est pas encore pris en compte dans ces expériences dues aux
difficultés techniques et financiéres, c’est la possible adaptation a long terme ou non aux
facteurs de stress. De plus, I’augmentation des phosphates qui a était observée au début des
deux expériences est probablement le résultat de mortalité ou lyse cellulaire et
d’acclimatation au confinement des mésocosmes quel que soit le volume du mésocosme,
ceci est un facteur a considérer dans le futur surtout dans le cas d’expériences étudiant les
nutriments comme facteur de stress. Cependant, ces systemes expérimentaux mimant
I’évolution du milieu naturel restent pour le moment le meilleur outil expérimental de

perturbation pour explorer les conséquences a long terme des changements climatiques.

Perspectives de recherche

En se basant sur ces premiers résultats de mésocosmes en Méditerranée, il serait
intéressant et important d’explorer des futurs changements sur 1’écosystéme du Saint-
Laurent a I’aide de mésosomes afin d’évaluer pleinement leurs consequences. En effet, il se
pourrait que la réponse de la communauté et 1’allocation du carbone soient quelque peu
différentes du résultat de I’effet de 1’acidification seule. Ces deux facteurs de stress
pourraient agir de facon additive ou antagoniste. Jusqu'a présent, le compartiment des
bactéries dans les chapitres 1 et 2 ne semble pas influencer grandement la dégradation des
TEP et la contribution au réservoir de carbone par leur faible densité ou les effets indirects

de P’acidification. Cependant, un réchauffement des eaux de fond a déja causé une
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augmentation des taux de respiration entre 10 et 32 % dans tout le systeme du Saint-
Laurent et a contribué a I'établissement des conditions hypoxiques séveres dans les fonds de
I’EMSL (Genovesi et al. 2011). Par contre, I’augmentation de la température pourrait
prolonger la période libre de glace et ainsi permettre des floraisons phytoplanctoniques plus
tot au printemps et plus tard a I’automne (Galbraith et al. 2012). Cela nous suggere qu’une
association de ces deux facteurs de stress (réchauffement et acidification) pourrait mener a
un tout autre bilan de carbone dans cet écosysteme estuarien et sa rétroaction sur le flux de

CO, atmosphérique.

De plus, I’'une des difficultés dans notre travail de recherche était d’avoir acces a des
références concernant la variabilit¢ du pH dans ’EMSL. En effet, il existe tres peu de
données historiques sur le pH et le CO, de I’eau de mer dans I’estuaire et le golfe du Saint-
Laurent. Il serait donc souhaitable de mettre en place un programme de monitorage du pH,
CO, et température de surface au niveau de la région cotiere. En effet, le suivi a long terme
du pH des eaux de surface et principalement celui de ’EMSL est indispensable dans la
problématique actuelle et future de ’effet de I’acidification et du réchauffement climatique
sur la structure et la composition des communautés planctoniques, ainsi que sur la
production et le devenir du carbone organique de surface. On estime que ces effets seront
de plus en plus notables dans les écosystemes cotiers et estuariens. L’EMSL est plus
vulnérable aux effets de 1’acidification, car il regoit au printemps des eaux de ruissellement
d’eau douce et des lessivages acides, ainsi qu’une remontée d’eau profonde hypoxique et
acide au niveau du seuil en amont de ’EMSL. De surcroit, c’est une région ou la
production primaire et de zooplancton est élevée et c'est également une zone d'intérét pour
les mammiféres marins. Ceci rend le suivi a long terme de cette zone nécessaire a plus d’un

titre.

Dans I’optique de mieux comprendre la contribution des TEP a I’hypoxie et
I’acidification des eaux de fonds de I’EMSL, il serait nécessaire d’examiner la
reminéralisation de cette matiére et les taux de respiration sous les conditions actuel et futur

des changements climatiques.
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De plus, afin de mieux caracteriser les TEP dans le Saint-Laurent, il serait nécessaire
de les étudier en termes de structure de taille de particules (en utilisant la méthode
microscopique), leur composition chimique, ainsi que leur distribution spatiale et
temporelle et leur contribution & I'exportation et/ou a l'advection du POC dans I’estuaire et

le golfe du Saint-Laurent.

D’autre part, I’une de nos perspectives de recherche est de documenter assez la
formation et la distribution des TEP dans le Saint-Laurent afin de les inclure avec le
processus d’agrégation dans les futures paramétrisations des études de modélisation

biogéochimiques des écosystemes.
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ANNEX 1.1: Summary of the Relationship between particulate organic carbon (POC) and
the sum of transparent exopolimeric particles carbon (TEP-C) and pico-, nano- and
microphytoplankton carbon in all microcosms. The black line represents the regression line
and the red line represents 1:1 relation line
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ANNEX 1.2: Relationship between Nanophytoplankton carbon and transparent
exopolimeric particles carbon (TEP-C) in all microcosms. The black line represents the
regression line and the red line represents 1:1 relation line
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ANNEX 2.1: Summary of the treatment effect for each carbon compartment relative to the
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