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RÉSUMÉ 

Les environnements marins côti ers sont affectés par des apports considérables 

d ' azote organique et inorganique, tant de sources allochtone et autochtone qui ensemble, 

ont une forte incidence sur les biogéocycles s"a rticulant au sei n de ces milieux. Afin de 

mieux comprendre les causes et conséquences de ces apports d"azote dans l'écosystème 

estuarien du Sai nt-Laurent, nous avons réa li sé une étude ayant comme objectifs 

principaux: 1) d'identifier et de quantifier les principaux processus et les mécanismes 

saisonniers impliqués dans le cycle de l'azote à l' échelle de l' estuaire ainsi que dans les 

écosystèmes de type marais sa lant bordant son littoral , 2) de définir le rôle des marais 

côtiers (en tant que puits/source d'azote) sur la dynamique de l' azote en milieu estua rien et 

3) de définir le potentiel de résilience du système estuarien face à l'activité an thropique. 

Afin d"atteindre efficacement ces objectifs généraux sans souffri r d'Lm cadre de travail trop 

vaste, la présente étude a été divisée en plusieurs objectifs spécifiques dont les faits 

saillants sont résumés ci-dessous. 

Nous avons d"abord mis au point une technique de mesure de l'ammonium (NH.j 1-) 

sur lecteur de microplaq ue offrant une limite de détection équiva lente à 5 nM et une 

excellente reproductibilité analytique. Peu sens ible aux charges dissoutes et particulaires, 

cette technique nous permet de mesurer des échantillons aq ueux de faib le vo lume « 1 0 

mL) et de concentration vari able (entre 1 0 et 0.05 ~lM), de façon rapide et efficace. De plus, 

cette approche fluorométrique nous permets d ' évaluer avec précision certaines variab les 

analytiques tell es les blancs, l" effet matrice et la fluorescence intrinsèque des échantillons. 

En second li eu, nous avons déterminé la vari abilité spati ale des espèces de l'azote 

(et plus spéc ifiquement NI-l/ ) présentes dans la colonne d"eau de I" estuaire au ni veau de 

son axe principal au cours de chacune des sa isons de l'année afin de documenter les 

différents processus impliqués. Les concentrations de NH/ mesurées dans l'estuaire du 

Saint-Laurent présentent une importante va ri abilité spatiale et saisonnière; les plus fOlies 

concentrations ayant été relevées en octobre 2005 (A v ± SE; 2.02 ± 0.69 ~lM ) dans 

l'estuaire supérieur ai nsi qu'en mai 2003 (0.84 ± 0.20 flM) dans la couche d'eau 
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intermédiaire froide de l'estuaire maritime. Deux types de processus ont été suggérés pour 

exp liquer ce patron de distribution so it ; les apports fluviaux et la production endogène. 

Notre étude a montré que la contribution allochtone est largement modulée par l ' hydro logie 

du système (980 ± 434 T N moi s· l
) alors que les processus de production pélagique sont 

essentie llement observés en période de forte productivité. D'après la compos ition chimique 

de la matière organique particulaire en suspens ion (SPM ; ChI-a, rapport CIN, amino-acides 

hydrolysab les) présente dans I"estua ire, nous pouvons affirmer que le NH/ de source 

autochtone est issu de processus pélag iques couplés (c'est-à-dire broutage et excrétion 

zoop lanctonique , di sso lution et minérali sation microbienne) affectant la biomasse 

phytoplanctonique fraîche et sénescente. 

En troisième li eu, à partir de données océanographiques obtenues dans l ' estuaire 

maritime, nous avons é labo ré une hypothèse, impliquant des processus d'asssimilation et de 

respiration, pour exp liquer les variations saisonnières simultanées d ' oxygène dissous et 

d ' azote inorganique di ssous (DJN) au se in la colonne d'eau. En effet, une importante 

diminution des concentrat ions en DIN a été ponctuellement observée en juillet 2004 dans la 

masse d'eau hypoxique de I"estuaire maritime (passant de ~25 à ~ 14 ~LM). Alors que de 

fo rtes concentrat ions de Chl-a sont observées dans la masse d'eau superfic iell e, témoignant 

d'une forte activ ité au totrophe, le transfe rt de cette matière labil e de so urce endogène vers 

la couche d'eau profonde a pu mener à un découplage des processus bactérien de 

nitrification/dénitrification au se ll1 du compartiment hypox ique. Ce processus de 

dénitrification pélagique pourrait constituer un mécani sme de stabili sation des 

concentrations d'oxygène dissous prévenant le développement de conditions anoxyq ues 

dans la masse d'eau profonde riche en DIN. 

En quatrième li eu , nous avons déterminé la variabilité spat iale et temporelle des 

communautés bactériennes hété rotrophes dans la colonne d'eau de I" estuaire du Saint-

Laurent afi n de comprendre l"influence du couvert de glace sur ces populations, Deux 

caractéristiques des populations bactériennes ont été prises en compte lors de cette étude, 

soit: les abonda nces totales et la st ructure des communautés (proportion de ce llules 

contenant de fories concentrations d'acide nucl é ique; %HNA). Alors que les populations 
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bactéri ennes présentent dans l 'estuaire supérieur ne montre aucune variabilité significative 

(tant spati ale que temporelle), la di stribution de bactérioplancton au se in de l' estuaire 

maritime présente un patron singulier; les abondances de ce llules bactéri ennes décroissent 

avec la profondeur en période libre de glace et demeurent uniformément di stribuées dans la 

colonne d'eau en période hive rnal e. Cette variabilité peut être expliquée à 81 % par l' effet 

combiné de la température, de la sa linité, de l'oxygène di ssous, de la concentration SPM, 

en Chi-a et de la composition élémentaire de la SPM. Par aill eurs, la vari abilité du %HNA 

peut être ex pliquée à 51 % par l' effet combiné de la concentration en NJ-I./ . N02-+ N03-, 

SPM et de la sa linité. Ensemble, la vari abilité des abondances totales et de la structure des 

populations indiquent que ces communautés sont sensibles a l'évolution des 

ca ractéri stiques phys icochimiques du milieu estuarien; l' abondance des ce llules de type 

HNA demeurant essentiell ement liée à la di sponibilité des éléments nutriti fs azotés. 

En cinquième li eu, nous avons évalué les flux tidaux de nutriments inorganiques 

di ssous (notamment N02- + N03-, NH/ ) entre deux marais (un marais impacté et un marais 

témoin non impacté) de la région de Rimousk i et la masse d'eau estuarienne. En utili sant 

un modèle hydrodynamique numérique (MlKE21-NHD) forcé par des marées prédéfini es, 

les flux sa isonniers de nutriments ont été évalués afin de comprendre l' influence des rejets 

de source anthropique, l' impoliance relative de certains processus biochimiques 

(notamment l' ass imilation et la minérali sation) et du couvert de glace sur le potentiel de 

rétention des marais. Les deux marais à l'étude se compolient généralement comme des 

sources de NH/ (de 8.69 à 30.39 mg N TI m-2) et des puits de N02- + N03- (de 7.84 à 32.14 

mg N ri m-2) pour la masse d ' eau estuarielme et ce, indépendamment de la sa ison ou du 

ni veau de stress anthropique observé. Ces résultats suggèrent que les apports tidaux de 

N02- + N03- sont réduit en NH/ par I"activité bactérienJ1e via la DNRA (di ssimilatory 

nitrate réduction to ammonium). Puisque le NH/ ainsi produit s' accumule sur la frange 

herbacé plus rapidement qu ' il n 'est consommé par les processus de 

nitrification/dénitrification et d ' assimilation, un impoliant flux de NH/ vers l' estuaire est 

observé. Les flux tidaux étant peu affectés par la variabilité des apports de nutriments de 

source anthropique, nous croyons que ces écoulements (atteignant 1.93 m3 
S- I) ont généré 

davantage d 'éros ion que tout autre type d'a ltération écosystémique. 
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En sixième 1 ieu, nous avons réa l isé une sé rie d 'expériences en microcosme ayant 

pour but la détermination du potentiel dénitrifi ant sa isonnier des marais de l'estuaire 

maritime. Faisant appel à une technique d 'enrichi ssement isotopique éprouvée, nous avons 

mesuré les vitesses de production de N2 sous diffé rentes conditions j ugées représentati ves 

du milieu à l' étude. Bien que les taux de dénitrification moyens mesurés varient de façon 

concomitante avec la température. passa nt de 9.6 Ilmol N2 m-2 h-I (2 oC) à 25 .5 Ilmol N2 m-2 

h-I (12 oC), aucune relati on stati stique n' a pu être démontrée. Répondant à plus de 80% de 

la demande en N 0 3-, la nitrification a été identifiée comme la principale source d 'azote 

pour la dénitrification. Pui sque moins de 31% des N03- consommés par le sédiment sont 

dénitrifiés, nOLIs soupçonnons la présence d ' un puits alternatif de N0 3- dans les marais 

côti ers. La DN RA ainsi que certains mécanismes impliqués dans I" oxydation de la matière 

organique et des métaux comptent parmi les processus de consommation suspectés. 

L'ensemble des résultats obtenus témoigne de l'important potenti el épurateur des marais 

côti er sub-arctique. 

En septième li eu, nous avons réa li sé une étude vi sant à 111IeUX comprendre les 

communautés microphytobenthiques (MPB) présentent dans deux marais de l'estuaire 

maritime affectés par des ni veaux de stress anthropique fOl1s di fférents. En nous penchant 

sur l' abondance et la di versité du MPB ainsi que sur les caractéri stiques biogéochimiques 

du sédiment (abondance bactéri enne totale, granulométrie, composition élémentaire, 

concentration de pigments, de pol ysaccharides). Une plus grande di versité de di atomées a 

été observée dans la zone supéri eure du marais impacté avec une dominance des formes 

epipelic alors qu 'aux autres sites, les form es épipsammic prédominent. Parmi les espèces 

epipeli c les plus abondantes, nous avons noté la présence de Dip /oneis interrupta, D. 

smithii, Gyrosigmafasciola, G. spenceri, Navicu/a cly plocephala, N peregrina, N radiosa 

va r. lenella, N sa/inarum, Nit::.schia clausii and N Iryblionella, alors que les espèces 

epipsammic sont principalement représentées par Achnanlhes delicatu/a, Navicu/a 

cryplocepha/a and Cocconeis discu/us. Nos analyses stati stiques ont montrées que 

l' abondance totale de diatomées est corrélée à la di sponibilité des nutriments alors que 

I" abondance relati ve de ce llule de type epipeli c et epi sammic est corrélée à la taille des 

sédiments. Selon nos estimations, la biomasse associée MPB va ri erait de Il à 71 g C m-2 
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dans le marais témoin non-impacté et de 24 à 486 g C m-2 dans le marai s impacté_ 

L ' ensemble de ces résultats montre que l ' activité anthropique a un effet s ignificatif sur la 

composition du MPB des marai s côtiers_ 

L ' ensemble des résultats obtenus dans cette étude nous a permis de réaliser un bilan 

annue l d 'azote dans r estuai re du Saint-Laurent À pal1ir de ce bilan, nous avons pu définir 

l' influence re lative des principaux processus impliqués dans le cycle de l 'azote à l' échell e 

de l'estuaire (eg_ apports flu v iaux : - 85 224 T N a-I
; advection verticale: - 240000 T N a-

I) et présenter le rôl e relativement modeste des marai s côtiers (rétention de DIN : 96 - 660 

T N a-I pour 90 km2
)_ Conformément à ce bilan , nous pouvons affirmer que le potentiel de 

résilience de r estua ire maritime demeure faible et qu ' il demeure fort vulnéra ble aux 

problèmes engendrés par 1-eutrophisation_ 
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A V ANT -PROPOS 

Les travaux de cette thèse s ' inscri vent dans le cadre général d "une vaste étude 

portant sur la pérennité des mili eux côtiers des hautes latitudes dans une pe rspective de 

changements d 'ordre géochimique, écologique et climatique, associés à l'in tens ificati on de 

l' ac tivité anthropique. L ' étude de ces mili eux devenant urgente, le Dr. Émili en Pell eti e r de 

n SMER s ' est vu décerner la Chaire de Recherche du Canada en Écotox icologie Marine 

afi n d 'assurer un suivi temporel de l 'état de santé relati f de ces milieux considérés comme 

f011s vulnérables. La présente étude fournira une première séri e de donn ées re latives à la 

dynamique biogéochimique des marais côti ers de l' estuaire du Saint-La urent. L' un des 

principaux enj eux de cette étude est de documenter le cycl e de l' azote au cours de chacune 

des saisons de l' année, plus particulièrement au cours de l' hi ver, alors que les m ilie ux à 

l'étude sont capti fs des g laces. 
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CHAPITRE 1 

Jntroduction 

1.1 lntroduction générale 

L ' azote est l ' un des éléments clé de la synthèse de la matière organique à partir de 

la matière minérale. Élément constitutif principal des protéines et des gènes, sa 

disponibilité contrôle le fonctionnement de nombreux écosystèmes marins (Yitousek et al. , 

] 997 ; Herbert, ] 999). En régulant la productivité des communautés phytoplanctoniques, 

l'azote joue un rôle prépondérant sur les premiers maillons de la chaîne trophique de 

nombreux environnements marins côtiers où il agit à titre d'élément biolimitant (Carpenter 

et Capone, ] 983). Au sein de tels milieux, I"azote assimilé par les organismes autotrophes 

(majoritairement sous forme d"ammonium NH4 + et de nitrate N03-) provient 

essentiellement d'apports allochtones d'origine continentale amSI gue d ' apports 

autochtones issus de la minéralisation de la matière organique (MO) par les communautés 

microbiennes (Blackburn et Sorensen, ] 988). Indépendamment de son origine, la MO 

contient une paIt de macromolécules azotées telles que des protéines, des acides nucléiques, 

des peptides ainsi que des composés de faible poids moléculaire tels les acides aminés ou 

l 'urée. En milieu marin, ces composés organiques sont affectés par de multiples réactions 

d 'oxydo-réduction catalysées par des communautés microbiennes spécialisées conduisant à 

la formation de produits intermédiaires susceptibles d ' être utilisés à leur tour comme 

nutriment par d 'autres communautés (Herbelt et Nedwell , 1990). 

Alors que dans les environnements océaniques, le recyclage de la MO s ' opère 

directement dans la colonne d ' eau (généralement sous la thermocline) supportant une 

production dite régénérée (Mann et Lazier, 199]), la dynamique des environnements côtiers 

peu profonds est fortement couplée à celle du compartiment benthique (Davidson-Arnott et 

al., 2002). Ainsi , la régénération des nutriments azotés au sein du compartiment 

sédimentaire (principalement contrôlé par la quantité et la qualité des sédiments 

fraîchement déposés, par la diffusion à l' interface eau/sédiment ainsi que par la 
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bioturbati on (Mermill od-81 0ndin el al., 2004) constitue une importante source d 'espèces 

azotées pour la producti on primaire . Lorsque les microfaunes hétérotrophes sont exposées à 

des flux sédimentaires de faible intensité, ces derniers parviennent à dégrader la fraction 

lab il e de la MO déposée ava nt qu 'ell e ne soit enfouie par les macro-orga ni smes benthiques. 

Sous de te ll es conditi ons. la minéra li sation de la MO s'effectue principalement au nivea u 

des séd iments de surface (0-2 cm) via la respiration aérobi e. Par a illeurs, en milieu côtie r 

peu profo nd , le flux de matière organique est f réquemment supérieur aux potenti alités de 

dégradati on aéro bie. L "oxygène di ssous présent des les eaux pOl·a les est a insi rapidement 

consommé par l' activ ité microbienne hétérotrophe dans la colonne sédimentaire. E n 

absence d "oxygène, les accepteurs d ' é lectrons te ls les nitrates (N0 3"), le manganèse (Mn4+), 

le fe r (Fe3+), les sul fa tes (SO/") et les ions bicarbonates (HC0 3") peuve nt être utili sés de 

faço n success ive comme agents oxydants par des communautés bacté ri ennes anaérobies. 

A insi , dans les environnements sédimentaires anoxiques, la minéra li sati on de la MO est 

effectuée par l' acti on conjuguée de communautés bactériennes qui possèdent des activ ités 

métaboliques compl émentaires. L ' utili sation success ive de ces oxydants par les 

communautés bac té ri ennes induit des conditions physico-chimiques di stinctes au sein de 

chac un des ho ri zons sédimentaires qui à leur tour, vont soutenir des processus bactériens 

spéc ifiq ues. Ainsi, le cyc le de razote dans les env ironnements marin s côti ers répond à une 

dynamique complexe, contrôlée à la foi s par des facteurs phys ico-chimiques et des 

processus bio logiques. 
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FigUl-e 1-1 Le cycle de l'azote; les flèches noires représentent les processus de ,-éduction et les 
fl èches grises, les processus d ' oxydation. (Adaptée de Madigan el al., 2002). 

Le cycle de l' azote, présenté de façon schématique à la figure 1-] , décrit la 

success ion de modifications subies par les différentes espèces de l'azote (azote organique, 

Nl-h, NH/ , N2, N20 , NO, N02-, N03-) dans un environnement sédimentaire côtier type, 

présentant une couche de surface oxique et un horizon basa l anox ique. Indépendamment 

des apports advectifs, qui constituent la principale source d 'azote pour les organismes 

évoluant en milieux côtiers, la fixation biologique est un processus possédant une grande 

portée écologique, et ce plus spécialement en milieu oligotrophe, car elle permet un 

transfert direct de l'azote atmosphérique vers le biotope. Bien que 79% de l' atmosphère 

te lTestre soi t composée d ' azote moléculaire libre (N2), cet important réservoir ne constitue 

une source nutritionnelle que pour un nombre restreint d 'organismes capables d ' opérer une 

réduction de cet azote, retrouvé dans ce réservoir sous sa forme la plus stable (c 'est-à-dire 

N=N). Ces organismes dits diazotrophes, appartiennent au groupe des procaryotes et 

possèdent un enzyme particulier; la nitrogénase. La nitrogénase, présente notamment chez 

certains genres de cyanobactéries incluant, les Chromaliaceae , les Ch/orobiadeae, les 

Chloroflexaceae et les Rhodospirillaceae, catalyse la réaction suivante : 

(1) 
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Cette réaction inhibée par la presence d' oxygène est effectuée tant pa r des bactéries 

autotrophes, hétérotrophes photosynthétiques que par des bactéries non photosynthétiques . 

Pa r a ill eurs, le coût énergétique de la fi xa ti on de l' azote étant élevé ( 16 ATP par N 2) il 

apparaît cla ir que les bac téri es diazotrophes autotrophes a ient un avantage sélecti f comparé 

aux organi smes hétérotrophes. Dans les environnements m arins côtiers, le processus de 

fixati on est reconnu pour avoir un e impo rta nte inc idence sur la di sponibilité de l ' azote au 

se in des communautés microbiennes (W hitney el al., 1975). D e plus, les bactéri es fixa tri ces 

assoc iées aux rhi zomes et racines des communautés de mac rophytes (par exemple: 

Sparlina allerniflora, Zoslera marina), présentes dans les environnements intertidaux, sont 

reconnues p our stimuler la croi ssance des végétaux hôtes (Patriquin et Knowles, 1972; 

Capone et Taylor, 1980 ; Blackburn el al. , 1994). Pa r aill eurs, la fa ible d istribution des 

communautés bacté ri ennes possédant cette ca pacité et l' importante d isponi bilité de 

nutriments azotés (notamment NH4 +) restre ingnent l'influence de ce process us sur le bil an 

g lo bal d 'azote des milieux côtiers (Carpenter el al., 1978 ). 

Tel que précédemment mentionné, l' un des aspects cruciaux du cycle de I" azote en 

m ilieu côti er concerne la minéra lisation mi crobienne de la MO labile fraîc hement déposée. 

Dépendamment de sa source et de sa structure molécul aire, la MO subit so it ; une s imple 

réaction de déaminat ion ou encore une sé ri e de réactions métabo liques complexes 

impliquant des hyd ro lyses enzymatiques qui contri buent à fractionner les macromolécules 

azotées (pa r exemple: proté ines, acides aminés, ac ides nuc lé iques, po lypeptides) en 

monomères solubles (a mmonium). Ce processus, nommé ammoni fica ti on peut-être 

exprimé de façon schémat ique comme suit : 

+ + -
R-NH 2 + 2H -7 NH4 + R (2) 

L ' ammonificat ion est un processus large ment répandu en milieu marin côtier, effectué par 

une vaste ga mme de micro-organi smes possédant des enzymes protéinases et peptidases. 

Pa rm i ces organi smes, mentionnons les membres des genres, Baeil/us, Closlridiul11, 

Pro/eus, Pseudol11onas, Serra/in et Vibrio (A lexander, 1977). Dans les environnements 
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côtiers peu profonds, affectés par des flux de MO importants, il a été démontré que 

l'ammonification pouvait soutenir jusqu 'à 80% de la production primaire de ces milieux 

(Jensen el al., 1990). Par ailleurs, l'ensemble de l'ammonium ainsi produit n 'est pas 

entièrement disponible pour les organismes autotrophes occupant ces zones de transition. 

Dépendamment des conditions physico-chimiques qui prévalent au sein de la colonne 

sédimentaire, l 'ammonium peut être adsorbé sur la fraction argileuse (Mackin et Aller, 

1984), subir une réaction d 'oxydation (suppoJ1ée par les nitrites) en milieu anoxique pour 

être transformé en azote moléculaire (anammox) (Dalsgaard el al. , 2003) ou être oxydé en 

nitrites et nitrates, en milieu oxique, par des bactéries chimiotrophes dite nitrifiantes 

(Nishio el al., 1983). 

Constituant un pont entre les espèces réduites et oxydées, la nitrification est un 

processus clé du cycle de l ' azote jouant un rôle prédominant dans la majorité des 

écosystèmes. Agissant comme un puits d 'ammonium et comme une importante source de 

nitrates pour les processus de réduction bactérienne des nitrates (dénitrification et 

ammonification des nitrates), la nitrification procure également une source d 'azote 

importante pour la production primaire dite régénérée. De plus, le couplage de ce processus 

aérobique et des processus anaérobiques, comme la dénitrification, joue un rôle écologique 

significatif dans les environnements marins côtiers puisqu ' il permet le réacheminement de 

J'azote fixé vers le réservoir atmosphérique sous fomle d'oxyde d 'azote et d'azote 

moléculaire (Blackbum et Sorensen, 1988). La nitrification (l'oxydation bactérienne de 

l' ammonium en nitrate en milieu aérobique strict) s'effectue en deux étapes. La première 

étape, catalysée par des bactéries dites nitrosantes (dont les genres les mieux connus sont 

Nilrosonas, Nilrosococcus, Nilrosospira, Ni/ros%bus et N ilrOSol'ibrio) , conduit à la 

production de nitrites à partir de l ' ammonium, alors que la seconde étape, effectuée par les 

bactéries dites nitratantes (Nilrobacer, Nilrosococcus, Nitrospina et N irrospira) permet 

l ' oxydation des nitrites en nitrates (Bock el al., 1992). 

(3) 

(4) 
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Dans les milieux naturels, la nitrification est reconnue pour être régul ée par de nombreux 

facteurs environmentaux tels la température, le pH , la salinité, la concentration en 

ammonium et en oxygène dissous ainsi que par la présence de racines de macrophytes et de 

terriers de la macrofaune épibenthique (Herbert , ] 999). 

A lors que la nitrification implique l'oxydation séquentielle des espèces réduites de 

l'azote par des bactéries aérobies, la dénitrification est un processus réductif par lequel des 

bactéries chimiotrophes utilisent les nitrates comme accepteur d'électrons lors de la 

respiration (Blackburn et Sorensen, 1988). La production d'espèces azotées gazeuses (N2 et 

N 20) à partir de la réduction bactérienne des nitrates se nomme dénitrification (eg. Wang el 

al. , 2003) alors que la production d ' ammonium. via ce même processus, se nomme 

ammonification des nitrates ou DNRA (dissimilatory nitrate reduction to ammonium) (par 

exemple : Gardner el al., 2006). Ces processus peuvent être exprimés schématiquement via 

les réactions suivantes: 

(5) 

(6) 

Un groupe impo11ant de bactéries anaérobies appartenant au genre Pseudomomas, 

capables de synthéti ser différents types d ' enzymes réductases, peut utiliser les oxydes 

d ' azotes, en occurrence les nitrates, comme accepteurs d'électrons lors de l ' oxydation de la 

MO, en absence d 'oxygène (Knowles, 1981). La dénitrification est un processus bactérien 

possédant un rôle éco logique déterminant ; en plus de participer au maintient de la 

biolimitation de l'azote de certains environnements marins côtiers (Howarth , 1988), la 

dénitrification offre un mécanisme naturel pour atténuer l 'effet des apports de nutriments 

azotés de source anthropique au sein de milieux impactés (Seitzinger, J 988). De ce fait , la 

dénitrification est en mesure d ' agir de façon significative sur le processus d 'eutrophisation 

(par exemple Nowicki el al., 1997) qui gagne inexorablement les zones côtières de p311 le 

monde (Cloern , 200 1). 
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1.2 Problématique envir'onnementale 

À l'instar du carbone, l' azote est l'un des constituants dont le cycle naturel est le 

plus modifié par les activités humaines (Boyd, 2001). Alors qu'au cours de la période 

préindustrielle, la fixation biologique globale était estimée à environ 100 millions de tonnes 

d ' azote par année (Martinez et Béline, 2002), l'activité anthropique est parvenue à niveler 

voire supplanter ce taux de fixation d'origine naturelle. Pour faire face à une croissance de 

la population de l ' ordre de 1 milliard d'individus tous les 12 ans, la transformation de 

l ' azote moléculaire en formes bio-assimilables se situe désormais à 290 millions de tonnes 

par an, dont 80 millions de tonnes provenant de la synthèse d'engrais chimiques destinés à 

des fins agricoles (Galloway, 1998). Dans le but d'alimenter une population toujours 

grandissante, la production et l'utilisation massive de ces engrais s'est accrue de façon 

exponentielle (Vezjak el al., 1998), engendrant une importante augmentation des émissions 

d ' oxydes d'azote (NOx et N 20) et d ' ammoniac (NH 3) qui atteindraient respectivement 31 , 

15 et 54 millions de tonnes par an (Olivier el al., 1998). Toujours dans le but de pallier à 

cette croissance démographique, l ' industrie agroalimentaire génère chaque année des 

millions d ' animaux d 'élevage. Le flux annuel d'azote ingéré par ces animaux est de l ' ordre 

de 110 millions de tonnes, dont seules 10 millions de tonnes sont transformées en produits 

alimentaires, alors que 100 millions de tonnes d'azote associé aux déjections animales sont 

rejetées de façon plus ou moins directe dans les écosystèmes (Marti nez et Béline, 2002). En 

plus de contribuer à l' effet de serre (N20), ces émissions de produits azotés sont transférées 

vers les eaux de surfaces et souterraines, puis vers les environnements de transition où elles 

sont les précurseurs de graves problèmes d ' eutrophisation (Cloern, 2001; Flindt et al. , 

1999; Martinez et Béline, 2002 ; Livingston, 2001). Bien qu 'à l'échelle du globe et sur une 

échelle temporelle relativement longue, la fixation demeure en équilibre avec les processus 

de dénitrification (concept de Redfield), la rapidité avec laquelle l ' activité anthropique 

affecte le bilan d ' azote global (quelques décennies) laisse présager d ' éventuelles 

pel1urbations tant au niveau du cycle du carbone que du cycle de phosphore (Falkowsky, 

1997). 

Parallèlement à la problème agroalimentaire généralement associée aux régions 

rurales, l ' étalement urbain engendre de profonds changements au niveau des écosystèmes 
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riveraInS, estuariens et manns côtiers (Nedwell el al., 2002). Ces mili eux demeurent 

largement affectés par les eaux d 'égouts municipaux , constituants une source ponctue ll e 

importante d ' éléments nutritifs azotés pour ces écosystèmes. Bien que la majorité des 

municipalités moderni sent leurs stations d ' épuration (Laurin, 2006), un nombre important 

d'entre e ll es rejette toujours leurs effluents dans les eaux côtières. Les champs d 'épuration, 

encore largement utili sés par les particuliers, libèrent aussi de l"azote pouvant être 

transpol1é dans les eaux souterraines jusqu 'aux eaux côtières. De plus, le développement 

d'une multitude d 'acti v ités industrielles et commerciales assoc iées à l' urbani sation est 

susceptible d 'a ltérer le cycle de l' azote en milieux côtiers (Verity, 2002 ; Vitousek el al. , 

1997). À l' échell e du bass in versant, cette altération se traduit par une mobil isation accrue 

des espèces azotées tant par les voies te rrestres (Nedwell el al., 2002) qu'aériennes (Corne Il 

el al., 2003). À l' échelle du globe, ces mêmes émi ssions d ' azote contribuent au 

réchauffement planétaire (N20) et conséquemment, à la remontée du ni vea u moyen des 

océans (Ma nn et Lazier, 1991 ; Galloway, 1998). 

Le concept d ' eutrophisation , généralement employé pour caractériser les 

env ironnements riches en nutriments, a été introduit par Nauman dès le début du 20e siècle 

(Na uman , ] 9] 9). La communauté scientifique s ' est ainsi depui s longtemps intéressée aux 

effets de la charge nutritive dissoute sur les populations d ' algues pélagiques en faisant 

appel à deux concepts antagonistes soit, l'o ligothrophie et l 'eutrophie. À l" échelle du globe, 

l'eutrophisation s'accentue de façon dramatique jour après jour et engendre la détérioration 

de la qualité des eaux côtières (Vezjak el al., 1998; Cloern , 2001 ; Vitousek el al. , 1997 

Rabalais et Nixon, 2002; Howarth et Marino, 2006). De façon généra le, les mili eux 

estuariens seraient les env ironnements les plus touchés (Flindt el al., 1999) . De plus, la 

problématique concernant la dispersion massive de produits azotés ne serai t pas limitée aux 

régions chaudes et surpeuplées du globe, mais pourrait avoir des répercuss ions importantes 

sur les mili eux marins côtiers des hautes latitudes, puisque J' azote agit à titre d ' élément 

biolimitant sur bon nombre de ces environnements (Livingston, 200 1). Par conséquent, 

l"écosystème de l' estuaire du Saint-Laurent ne serait pas à l'abri de ce problème. Les 

env ironnements estuariens, plus préc isément ceux de type marais côti ers, seraient 

part iculi èrement vulnérables à cette problématique, pui squ ' il s sont affectés par des 
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échanges d ' ea u limités (Herbert, 1999). Ces milieux se trouvant fréq uemment à la 

confluence de ri vières, de ruisseaux et d ' émi ssa ires va ri és, voient depuis quelques années 

leur dynamique profondément pel1urbée (Page el al. , 1995 ; Herbert, 1999; Mason el al. , 

2003 ; Flindt el al. , 1999). Menacés par les changements climatiques, par la baisse des 

apports d 'eau douce, par la diminution des appol1s sédimentai res a lluvia ux et par la 

remontée eustat ique du ni vea u marin (Boorman , 1999; Dionne, 1986), leur pérennité jadis 

assuré par leur recul sur le continent est rendu impossible eu éga rd à la présence de di gues 

et d ' infrastructures de toutes sortes (Mason el (fI., 2003). Possédant une fa ible capac ité de 

régénération (Dionne, 1986), ces écosystèmes hautement productifs constituent des espaces 

impol1ants pour la biodiversité des écosystèmes riverains (Nixon , 1980), une niche 

écolog ique de choix pour des centaines d ' espèces aquatiques (Boûl'man, ] 999) et un 

réservoir de nutriments inorganiques pour la production primaire pélagique côti ère (Bi ll en 

et Lancelot, ] 988). Occupant la zone de transition entre les environnements continentaux et 

marins, ces mili eux dem eurent des environnements dynamiques très compl exes, 

caractéri sés par un fort couplage des processus marins/continentaux , pé lag iques/benthiques 

(Davidson-Amott el al, 2002). Si le rôle biogéochimique de ces mili eux, notamment sur le 

cycle de l' azote en mili eu estuarien , demeure méconnu ou mitigé (composante 

systématiquement négli gée en modéli sation des systèmes estuari ens), il est toutefois c la ir 

que la destructi on de ces environnements se traduira it par une perte éco log ique sérieuse . 

Bien qu ' il soit généra lement reconnu que les mili eux littoraux de type marais côtier jouent 

un rô le important au nivea u des processus de séquestration/di spersion de l ' azote dans les 

estuaires (Tan et Strain , 1979; Walsh, ] 991 ; Boorman, 1999), les processus phys iques et les 

mécani smes biochimiques responsables de cette dynamique demeurent ignorés d ' un point 

de vue quantitatif (V itousek el al., 1997). Dans la perspecti ve où le problème de 

l'eutrophisation gagnerait en importance (Galloway, 1998), il devient fOl1 oppûl1un de 

comprendre la dynamique géochimique de l' azote de la frange littora le de l' estuaire du 

Sa int-Laurent dans le but d ' entreprendre des actions concrètes pour assurer son intégrité. 

1.3 Objectifs généraux 

Bien que les principaux aspects des cyc les océanographiques de I" estuaire du Saint-

Laurent soit relativement bien connus (par exemple Koutitonsky et Bugden 199 1; 
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Savenkoff el al. , 200 1) on trouve peu de données empiriques permettant de caractériser les 

processus sa isonniers impliqués dans le cycle de l'azote (Greisman et lngram, 1977; Coote 

et Yeats, 1979 ; Vézina el al., 1995; Plourde et Therriault, 2004). Les études traitant des 

impacts environnementaux engendrés par la dispersion de produits azotés de nature 

anthropique au sein de cet environnement demeurent tout aussi rares (J-Jowarth el al. , 1996; 

Ro el al., 1998; Painchaud. 1999; Chambers el a/. , 2001 ; deBruyn el al, 2003). Au cours des 

dernières années, l'observation de conditions hypoxiques dans la masse d 'eau profonde de 

l'estuaire, poss iblement induite par un accroissement de la proportion d'eau chaude et 

pauvre en oxygène en provenance de l'océan Atlantique ainsi que par une augmentation du 

flux de matière organique vers les fond marins (GilbeJ1 et al. , 2005) a relancé les effOJ1s de 

recherche. Ces récents travaux, ainsi que ceux de Thibodeau el al. (2006) ont clairement 

montré les effets croissants de l'eutrophisation sur le milieu estuarien. En revanche, la 

dynamique sa isonnière des nutriments azotés impliqués dans ce phénomène demeure 

largement inconnue. La caractérisation et la quantification des flux de sources endogènes et 

exogènes, leurs contributions relative sur les pools d'azote organique et inorganique de 

l'estuaire ainsi que leurs incidences respective sur les communautés phytoplanctoniques et 

bactériennes demeurent une question ouverte. De plus, le rôle des milieux inteJ1idaux sur le 

cycle biogéochimique de l' azote reste à définir, et ce spécialement au cours de la sa ison 

hivernale. Ainsi , la dynamique de l'azote dans l'estuaire du Saint-Laurent et l'impact des 

marais côtiers bordant son littoral sur cette dernière suscitent donc de nombreuses 

questions. Dans le cadre de cette étude, nous tâcherons de répondre plus spécifiquement à 

trois d 'entre elles énoncées ci-dessous, sous forme d' objectifs généraux: 

1. Identifier et quantifier les prlllcipaux processus et les mécanismes Sa lSOJ1I11 erS 

impliqués dans le cycle de l'azote à l'échelle de l 'estuaire ainsi que dans les 

écosystèmes de type marais salant bordant son littoral. 

2. Définir le rôle des marais côtiers (en tant que puits/source d ' azote) sur la dynamique 

de l'azote en milieu estuarien. 

3. Définir le potentiel de résilience du système estuarien face à l' activité anthropique. 
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1.4 Objectifs spécifiques 

Afin d 'a tte indre effi cacement les obj ectifs généraux présentés sans souffri r d'un 

cadre de trava il trop vaste, la présente étude a été divi sée en plusieurs objectifs spéc ifiques 

qui ont chacun donné li eu à un manusc ript scientifique, Ces trava ux sont présentés aux 

chapitres 2-8 inclusivement. 

1. Mettre au point les techniques analytiques necessa lres à la mes ure des espèces 

azotées (notamment l' ammonium) présentes dans les eaux côti è res présentant des 

caractéri stiques phys ico-chimiques (salinité, charge parti cul aire et di ssoute) 

vari ables. 

2. Déterminer la vari abilité spati a le des espèces de l 'azote (N02-, N03-, N H/ , PON) 

présentes dans la colonne d' eau de l' estuaire au nivea u de son axe principal au cours 

de chac une des sa isons de l'année et identifi er les processus impliqués. Déterminer 

la concentration , la signature é lémentaire (C/N) et moléculaire (proportion re lative 

des acides aminés hydrolysa bles) de la mati ère organique pal1i cul aire présente dans 

les eaux de l' estuaire afin de documenter sa nature, sa source et les processus de 

générati on/dégradation impliqués dans sa dynamique. 

3. Identifi er les principaux processus biochimiques re lati fs au cyc le de l' azote 

impliqués dans le développement des conditions hypox iques observées dans la 

masse d 'eau profonde de l ' estuaire. 

4. Déterminer l' abondance des bacté ri es hétérotrophes présentes dans la co loTme d ' eau 

de l' estuaire et identifier quelles sont les variabl es env ironnementales (notamment 

les espècesde l' azote) qui affectent leur di stribution . 

5. Quantifi er les flux advecti fs sa isonniers (flux tidaux et apports en provenance des 

tributaires) de nutriments inorganiques di ssous (NH/ , N02-, N0 3-, pol, Si(OH)4) 

affectant les mara is de l'estuaire du Sa int-Laurent. 

6_ Quantifi er les principaux processus bac téri ens impliqués dans le cycle de l ' azote des 

marais côti e rs (nitrifi cati on, denitrifi cation , ammonifi cati on) notamment, à l ' aide de 

traceurs isotopiques. 
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7. Caractériser les communautés microbi ennes présentes dans les marais côtiers. 

Les info rm ations recueil li es dans le cadre de chacune de ces études spéc ifiques (2 à 

7) ont été intégrées à di ffé rents modè les présenté au chapitre 9. Dans un premier temps, les 

données des chapitres 5 à 7 ont été introduites dans un modèle conceptuel appliqué à la 

dynamique de l'azote au sei n d 'env ironnements littoraux, dont un marais impacté par 

l'act ivité anthrop ique (le marais de Pointe-au-Père) et d ' un marais non impacté (le marais 

de Pointe-aux-Épinettes). Proposant un schéma quantitati f des échanges d 'azote 

inorganique di ssous (DIN) aux limites d'un réservoir centra l représentant un marais côtier, 

ce modèle nous a permi s de produire des bil ans massiques sai sonniers au sein de chacun 

des mili eux étud iés. À l ' image des études réa li sées par Dame el al. ( 199 1), Childers et al. 

( 1993) et Brock (200 1) sur des environnements de transition simila ire de la côte est 

américaine, ces bilans mass iques nous ont permi s de mieux comprendre le rôle 

écosystémique des marais (en terme de puits ou de source d 'azote pour le mili eu estuarien) 

et la contribution re lati ve des processus impliqués dans le transfel1 d ' azote entre les 

différents rése rvoirs. De fa con comp lémentaire, ces bilans nous ont permi s d 'éva luer 

l' incidence des vari ati ons saisonnières et de l'activité anthropique (affectant des 

caratéristique phys ico-chimiques intrinsèques du mili eu) sur la dynamique de ces mili eux 

intertida ux. 

Dans un second temps, nous avons réali sé un bilan annuel d 'azote inorganique 

d issous ( DIN) au se in de l'estuaire maritime du Sa int-Laurent afin de déterm iner le rô le des 

marais côti e rs sur le cycle de l' azote de ce la rge mili eu de transition. En plus d ' y intégrer 

les fl ux journali ers d' azote assoc iés à la dynamique des marais côti ers, une attention 

part iculi ère a été po rtée à la contri bution des apports fluviaux, aux p rocessus de transport 

advectifs verti caux, à l'acti vité phytoplanctonique et aux processus de recyclage 

sédimentaire. L ' é laboration de ce bilan mass ique annuel nous a permis de quantifi er la 

dynamique de l'azote dans l'estuaire maritime et d 'en déduire le rô le des marais côtiers. De 

p lus, ce même bilan nous a permis de di scuter les effets potenti e ls de l' ac ti vité anthropique 

sur l' estuaire maritime et de facon plus spéc ul ati ve, de définir son potenti e l de résili ence. 



13 

1.5 Sites à l'étude 

1.5.1 Conditions climatiques 

Sur le plan climatique, la région de Bic-Rimouski s ' apparente à l' ensemble des 

basses terres de I" estuaire et du golfe du Saint-Laurent: températures fraîches, périodes 

d ' insolations et de précipitations modérées et SaIson sans ge l re lati vement longue . 

Toutefois, la position géographique de cette région lui confère des aspects plus 

continentaux. La température moyenne annuelle enregistrée est comprise dans l' isotherme 

2.5- 5 oC (minima en j anvier de - 11 °C et maxima en juillet de 17.4 oC; données issues de 

la station météorologique de Rimouski moyennées sur un période de vingt ans). L'inertie 

de la grande masse d 'eau estuarienne demeure responsable de ces conditions thermiques 

clémentes. On peut noter que l' écart entre la température du continent et celle de la masse 

d'eau estuari enne provoque de fréquents brouillards. La région de Bic-Rimouski est parmi 

les moins arrosées du Québec méridional , la moyenne des précipitations annuelles étant 

évaluée à 825 mm . La fraction nivale y contribue pour environ 30%. La période 

d'ensoleillement est la même pour toute la région côtière du Bas Saint-Laurent, soit 1600-

1700 heures/an. Les vents dominants proviennent de l ' ouest dans 53 % des cas sur un 

régime annuel et il s atte ignent une vélocité moyenne de 22 km/ h (Plan directeur Parc du 

Bic). 
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Figure ]-2 Sites à l' étude; l'estuaire du Saint-Laurent (en ha ut), le ma rais de Pointe-aux-
É pinettes (en ba s à gauche) et le mara is de Pointe-au-Père (en bas à droite). 

1.5.2 Descripti on des marais à l 'étude 

Les sédiments meubles constituant les marais du Saint-La urent maritime reposent 

en di scordance angul aire sur les métasédiments schi steux de la province géo log ique des 

Appalac hes . Les contraintes lithosphériques assoc iées à l' orogénie appa lachi enne ont 

déformé les strates rocheuses qui constituent le socle régional, leur confé rant une structu re 

longitudina le ondulante et pli ssée orientée NE-SW. Ce soc le a été aplani du P rim aire au 

Tel1i aire, a lors que l' ensemble de l' édifice est soulevé de nouveau et fragmenté par 

l'érosion di ffé rentiell e. Au Quaternaire, le retrait de la masse de g lace Wi sconsinienne, la 

transgress ion de la mer de Goldthwa it a lai ssé à la base de la colonne sédimentaire des 

marais une lentill e d ' arg il e mass ive . La régress ion progress ive de cette mer a engendré la 
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format ion de terrasses dont la plus basse (la terra sse Rimouski) correspond à l ' estran actuel 

sur leq uel se sont success ivement déposés, sur une puissance de ~ 1 m, des limons, des 

sa bles et des grav iers. L ' unité strati graphique supéri eure, correspondant à la plate-foll11e 

herbacée, est plus riche en mati ère organique que les unités inférieures et forme une 

rhizosphère colonisée par divers espèces de macrophytes tolérantes aux eaux sa um âtres 

(Dionne, 2004). 

Se lon Dionne (1972) et Drapea u (1992), la pé riode hivernale serait propice au 

processus d 'édification des marais côtiers du Saint-Laurent. La g lace qui se forme en 

décembre dans l'estuaire, pour y persister jusqu 'en avril, joue en effet un rôle déterminant 

dans la formation des schorres en transportant des sédiments de toutes ta illes et en 

protégeant la côte de l'action érosive des vagues. Au printemps, la fonte des glaces libère 

une quantité importante de sédiments (moyenne de 100 kg de sédi ments par m 2 de g lace; 

Drapeau, 1992) qui contribue localement au processus d 'accrétion séd imentaire. Ces 

processus glaciels engendrent la formation de barres sédimentaires, de dépress ions, de 

cuvettes et de marelles, qui constituent autant de sites d 'encrage pour la végétation et de 

micro-environnem ents pour les communautés microbiennes. 

Le réseau hydrographique interne des deux marai s à l'étude n 'est pas très é laboré. 

To ut le territoire s' inscrit dans le bassin versant du fleuve Saint-Laurent. Les eaux 

s'écoulent directement dans les marai s par le biai s d ' une série de rui sseaux secondaires. Le 

milieu d'eau douce prend peu d ' impol1ance dans les mara is contrairement au milieu associé 

aux ea ux salées. Exception faite des micro-environnements s itués à l' embouchure des 

tributaires, l' ensemble de la masse d' ea u présente dans les marai s présente une sa linité 

moyenne de 21 ppt s i on fait abstraction des périodes de crues et de pluies intenses. Les 

courbes bathymétriques montrent que les baies constituant les marai s sont peu profondes, la 

ligne de 2 m les confinant entièrement (Fig. ]-2). Les marées dont l'amplitude moyenne est 

de 3.1 m avec un maximum d 'environ 4.9 m, permettent de dégager une vaste zone 

intertidale très pri sée par la faune et la flore. Cette zone intertidal e peut être divisée en 3 

sous-environnements ca ractéri sés par la présence de macrophytes spécialisés: 1) la zone 

médiolittorale inféri eure où l' on peut retrouver des a lg ues brunes (par exemple Fucus bifide 
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et vésiculeux), ainsi que la Zostère marine et la Ruppie maritime, 2) la zone médiolittorale 

intermédiaire principalement caractérisée par la présence de la Spartine à fleurs alternes 

(alterniflore) et la Salicorne d ' Europe, 3) la zone médiolittorale supérieure où l' on observe 

entre autres, la Spaltine étalée, la Glauce maritime, le Plantin maritime, la Liminie de nash , 

l 'Arroches hastées, le Carex écailleux et la Troscart maritime. 

1.5.3 Description du marais de Pointe-aux-Épinettes 

Le marai s de Pointe-aux-Épinettes (48° 21.40'N, 68° 46.75'W), situé dans le parc 

provincial du Bic, est locali sé dans une baie en voie de comblement (l ' Anse à l ' Orignal) 

entre deux massifs d 'âge Cambrien (bordé à l ' ouest par le Mont Chocolat et à l' est par la 

Montagne du Bücheron). Ces massifs Cambriens sont constitués d 'une formation 

conglomératique gréseuse appartenant au groupe de Québec. On retrouve en périphérie du 

marai s de nombreux éléments détritiques grossiers, vestiges de l' érosion de ces massifs qui 

surplombent le marais. À cet effet, un des aspects les plus singuliers de ce marais est son 

vaste estran sablo-graveleux. L ' eau douce s'écoule dans le marais via deux tributaires de 

petite taille « 1 m de large) situés aux extrémités est et ouest du marais. Puisque le bassin 

versant de ce marais (s ' étendant sur 1.7 km2
) est entièrement conscrit au se in d ' un milieu 

forestier , nous avons considéré ce marais comme non-impacté pour les fins de cette étude 

(marais témoin propre). 

1.5.4 Description du marais de Pointe-au-Père 

Le marais de Pointe-au-Père (48° 30.45'N, 68° 28.30'W) est situé dans la réserve 

faunique de Pointe-au-Père (sous la responsabilité de Parc Canada), un refuge pour oiseaux 

migrateurs inauguré en 2002. Ce marais est édifié dans une dépression rocheuse dont l ' axe 

principal est orienté parallèlement à celui du fleuve (NE-SW). JI est abrité des vagues en 

provenance de l' estuaire par une basse crête; une structure géologique longitudinale 

associée au flan immédiat d ' une charnière de pli. On peut expliquer la présence, en relief, 

de cette structure «barrière» en évoquant un processus d 'érosion différentiel associé à 

l' écoulement glaciaire des grands inlandsis quaternaires dans le chenal laurentien. Le 

marais est ainsi suffisamment isolé de l 'estuaire pour pennettre la formation d'une structure 
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microdeltaïque, à la confluence du rUi sseau St-Anne et de l' émissa ire de la route 132, 

composée de dépôts sablo-sliteux , par endroit très riche en mati ère orgaJ1lque. 

Contrairement au marais de Pointe-aux-Épinettes, le marai s de Pointe-a u-Père possède un 

estran vaseux ca racté ri sé par la présence d ' un da ll age de cailloux g lac ie l. Loca li sé au sein 

d ' un bass in ve rsant part ie ll ement urbani sé, ce marai s reçoit des eaux de rui ssell ements des 

égouts pluviaux de la v ill e de Rimouski , d'in sta llations agri co les et de tourbi ères via 5 

tributaires. Ces apports sont à l' origine de nombreux déséquilibres tant de nature 

séd imentol ogique que bi ochimique. On y obse rve un ta lus d 'éros ion, des micro- rav ins et 

micro-fa laises en marge des chenaux tidaux ainsi que de plans de g li ssement engendrés par 

la soluflux ion et la gé liflu xion. Pour l'ensemble de ces rai sons, nous avons considéré le 

marais de Pointe-au-Père comme un mili eu impacté pour les fin s de cette étude. 

1.6 Méthodologie 

Sans élaborer sur des considérations d ' ordre technique, nous présenton s ici les 

travaux d 'échantillonnages nécessaires à la réali sation des di fférents objecti fs spéc ifiques. 

Ces trava ux, menés en para ll è le dans l' estuaire du Sa int-Laurent a insi que dans deux marais 

côti ers (l e marais de Pointe-au-Père et le marais de Pointe-aux-É pinettes), sont ici présentés 

en de ux volets. 

1.6.1 Procédure d 'échantillonnage dans l'estuaire du Sa int-Laurent 

A u cours de six miss ions océanographiques ayant eu li eu en ma i 2003, juillet 2004, 

octobre et décembre 2005, fév ri er 2006 et mai 2007, correspondant aux di ffé rentes 

conditions saisonnières rencontrées dans ce mili eu de transition de haute latitude, nous 

avons effectué une série de travaux au nivea u de la co lonne d' eau de l ' estuai re du Sa int-

La urent. Des échantill ons d 'eau, prélevées à des profondeurs di sc rètes, a insi que des 

mesures physico-chimiques, réali sées sur des profi Is continus, ont été recouvrés à bord du 

N.R. Coriolis JJ et du c.c.G.S . Admundsen à l'a ide d ' une rosette munie de bouteill es à 

clapet (N iskin®) et d'une multi-sonde de type CTD. Dans le but d 'obtenir une couverture 

spati ale représentati ve, nous avons échantillonné une douzaine de stati ons situées le long de 

J'axe princ ipa l de l'estuaire soit, entre la vill e de Québec et l' îl e d'A nt icosti (F ig. 1-3). 

L'i tinéraire nous a permi s d 'échantillonner des ea ux d ' une vaste ga mme de sa linité (0 à 35) 
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et de température (-1 à 15 oC), ca racté ri stiques des gradients observés en milieu estua rien. 

Ai ns i. pour chac une des stati ons défini es, les masses d ' eau en présence (entre 1 et 3) ont été 

I" objet de prélèvements sui vant I" acquisition , en direct, d ' un profil CTD. De plus, là où le 

substrat sédimentaire le permettait , quelques grammes de sédiment de surface ont été 

pré levés à l ' a ide d ' une benne ou d ' un carotti er à boîte à des fin s d 'analyses 

g ra nulométr iques et géoc himiques. 
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Figure 1-3 Situation géographique des stations d'écha ntillonnage dans l'estuaire et le golfe du 
Sa int-La urent. lJ SLE représente l'estuaire supérieur, LS LE l'estuaire maritime et GSL le golfe du 
Saint-Laurent. 

1.6.2 P rocédure d ' échantillonnage dans les marais côtie rs 

Afin de quantifier adéquatement les différents processus physiques et les 

mécani smes biochimiques impliqués dans le cycl e de l 'azote des marais côti ers de 

l' estua ire du Sa int-La urent , nous avons fa it appel à plusieurs stratégies d "échantill onnage. 

Dans un premi er temps, nous nous sommes penchés sur la caracté ri sati on des échanges 

advectifs de nutriments azotés entre la masse d ' eau estuari enne et les marai s côti e rs (flux 
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tidaux) en échantillonnant, sur une base saisonnière, la colonne d ' eau des marai s suivant un 

cyc le complet de marée. Ces travaux ont été réali sés du 3 mars au Il novembre 2004 à 

I"exutoire du marais témoin de Pointe-aux-Épinettes et du marais impacté de Pointe-au-

Père (Station 1 et Il , Fig. 1-4). Au cours de la même année, des échantillonnages 

hebdomadaires à marée basse, effectués à plusieurs stations fixe s (notamment locali sées à 

l' embouchure des différents tributaires des marais à l'étude ; Station A-G, Fig. 1-4) on été 

réal isés afi n de quantifier les apports en azote en provenance des bassins versants et 

d' évaluer leurs conséquences écosystémiques. Parallè lement à ces prélèvements d ' eau, une 

ca rtographie à haute résolution (préci sion ± 1 cm) des marais à l'étude a été réalisée à l 'a ide 

d'une station totale, d'un DGPS (zone supra et inteltidale) et d ' une embarcation légè re 

munie d ' un sonar (zone infratidale). Cette cartographie nous a permis de générer les caltes 

bathymétriques nécessa ires à l 'é laboration d ' un modèle hydrodynamique numérique à 

partir duquel les échanges tidaux de nutriments azotés ont été calculés. De plus, des 

échantillons de glace de mer ont été prélevés aux stations l et]] ainsi qu ' au large des mara is 

afi n de procéder à des analyses biochimiques et ainsi mieux comprendre l'i ncidence de la 

banquise sur les flux d 'azote entre l 'estuaire et les marais. 

Dans un deuxième temps, une série de carottes de sédiments (entre 10 et 60 cm) a 

été prélevée dans les mara is à l 'étude (notamment aux sites marqués d ' un carré; Fig. 1-4), 

afi n de procéder à des travaux descriptifs. Ces travaux , incluant des descriptions 

séd imentologiques, des analyses géochimiques a1l1S1 que des identifications 

microbiologiques, nous ont permis de caractériser le substrat des marai s a insi que de 

comprendre les mécanismes de nature biogéochimique impliqués dans leur genèse. Enfin, 

au cours d'un troisième volet, des travaux visant à évaluer l' intensité des processus 

bactériens les plus pertinents (nitrification, dénitrification , ammonification) ont été réali sés, 

notamment, en utili sant des enceintes à incubation (suivis en laboratoire a insi qu ' en 

condition in situ). L'évolution temporelle de la concentration des espèces gazeuses et 

dissoutes de j'azote fut utili sée comme approche indirecte pour quantifi er les processus 

précédemment énumérés (voir Blackburn et Sorensen, 1988). De façon complémentaire, 

j'utilisation de traceurs isotopiques nous ont permis d'affiner la mesure de ces processus et 

de comprendre les effets synergiques du couplage de ces derni ers. 
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Figure 1-4 Sites d 'échantillonnage dans les mara is cô tiers de l'es tuaire du Sainlt-Laurent. La 
bathymétrie est exp.-im ée en mètre. 
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The dete rmination of ammonium (NH4 +) in concentrati ons rang ing fro m nanomolar 

to micromo lar in fresh and bracki sh waters often loaded in high suspended parti cuJate 

matter and d isso lved o rgani c acids is presented . The newly described mic ropJate-based 

fluo rometri c technique is a ll owi ng qui ck automated readings of di ffe rent g ro ups of samples 

with differen t backgro und fluorescence and matri x effects. The lowest detectable 

concentrat ion was est imated to 5 nM using the average detected bJ ank ± 3 SD and th e 

practicaJ detection Jimit (LOD) determined with success ive ca librati on curves was 50 nM 

w ith an exce ll ent repea tability. High loading of susp ended p articul ar matter, coJoured 

organi c ac ids, and sa linity changes we re not interfe ring w ith the accurate determinati on of 

ammonium . To illustrate its robustness and effi c iency, thi s technique has been applied to 

water samples ta ken from ri vers, saltmarshes and estuari es, spanning a large range of 

am monium leve ls and chemica l properti es . Meas urements of ammonium on reddi sh turbid 

waters sampled in south shore of St. Lawrence Estuary showed ammonium concent rati ons 

between 0.05 ± 0.0 ] !lM and 3.89 ± 0.03 !lM, indicating a signi fica nt source of ammonium 

fro m terrestrial and sa ltmarsh ecosystems. 
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2.2 Introduction 

N itrogen ava il ability is one of the major factors regul ating primary producti on in 

coastal environments [1]. T he marine geochemical cyc ling of nitrogen and fl uxes of 

inorgani c nitrogen species (N03-, N02-, NH4 +) and di ssolved organi c nitrogen (DON) in 

coasta l environments are essential to biologica l processes and m arine li fe in oceans [2]. 

Easil y ass imilated and preferentially used by phytoplankton spec ies, ammonium is 

in trod uced into coasta l systems by bacte ri a l minera liza ti on [3]. ln addition , di scharge of 

waste wate rs increases ammonium in ri vers and saltmarshes [4] makes ammonium an 

efficient marker of anthropogenic pollution in coastal wate rs. To understand how in situ 

prod uction and te rres tri al supplies of ammonium affect aquatic biochemica l p rocesses and 

g lobal nitrogen cycling in coastal environments, accurate determinati on of ammonium in 

m icromolar or even sub-micromolar concentrati on is needed. However, prec ise and 

acc urate determinati on of ammonium in fresh and bracki sh waters is often a di ffic ult tas k 

because of the high va ri ability of phys ical and chemi ca l proprieti es of coasta l waters and 

re lated probl ems resulting from sample conservation and contaminati on. 

ln recent yea rs, the use of orthophthadi a ldehyde (O PA) reagent which could so lve 

va ri ous matrix effects and interferen ce problems often encountered w ith other methods was 

deve loped [5-7]. Considering its exce ll ent sensiti vity, low detecti on limit and ubiquity of 

applications, the OPA-sulfite-NH3 reaction is attractive as a reli able method for the 

meas urement of ammonium in nearshore marine environments where sa linity, suspended 

pa rt icul ate matter and water co lo ur change rapidl y from one sample to another. Fo llowing a 

we il established mechani sm, O PA fonn s a complex with ammonium which ex hibits an 

intense fluorescent s igna l [8]. Moreover, the spec ifi c ity of the reacti on has been improved 

by adding sulphite which contributes to eliminate poss ible interferences from di sso lved 

amino ac ids and primary am ines [9]. 

ln thi s paper, we desc ribe an application of the OPA method uSlllg a micropl ate 

florescence reader in an attempt to prov ide a robust method working in a large range of 

ammon ium concent ra ti ons w ith unfiltered coloured samples showing vari able ioni c 

strength and pH . The method has been assessed by determining ammonium in a seri es of 
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low sa linity and reddi sh turbid samples from ri ve rs, saltmarshes and estuaries of eastern 

Canada . 

2.3 Experimental 

2.3.1 Reagents and so lutions 

Working reagent (WR) consisting of a so lution of OPA and sodium sulphite in a 

sod ium borate buffer is prepared followin g publi shed instructions [7]. Only freshly ultra-

pure deionised water was used to prepare WR. standards and blanks. High purity of water is 

a determining factor in the success ofthis method. 

The OPA solution is prepared tirst by di sso lving 1.0 g of olihophthadialdehyde 

(S igma, P-1378) into 25 mL ofhigh-grade pure ethanol (BDH, B-90169). The solution has 

been protected fro m li ght and refri gerated in a brown g lass bottle due to the light sensitivi ty 

of OPA. It is suggested to prepare only the required vo lume of OPA solution for 

preparation of the working so lution and avoid long-term storage ofOPA so lution. 

The sodi um sulphite solution is prepared by adding 1.0 g of sodium sulphite (A.C.S. 

grade Na2S03 from Sigma, S-4672) to 125 mL deioni sed water. This so lution is stable for 

at least one month when stored in a dark g lass bottl e at ambient temperature. 

The borate buffer so lution is prepared by di ssolving 30.0 g of sodium tetraborate 

hydrate (A.C.S. grade Na2B407·1 0 H20 from Sigma, S-9640) into 1 L of de ioni sed water. 

Thi s solution remained stable for months when stored in a glass bottle at ambient 

temperature. 

The working reagent (WR) so lution was prepared by mi xing 500 mL of sodium 

borate buffer so lution , 2.5 mL of sodium sulphite so lution and 25 mL of OPA so lution in a 

carefull y pre-c1eaned g lass boule. A rest period of at least 24 h is required to optimise the 

WR complex ion ahility and decrease the blank response [7]. WR remained stabl e for 

months when stored at 4 Oc in the dark . 
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To ensure high sensitivity and low variability within replicates and because the 

reactivity of the WR changes s lowl y with time, a new ca libration curve is performed for 

each new series of four samples corresponding to the preparation of one microplate as 

shown hereafter. Each calibration cu rve is calcu lated by using five standard solutions in a 

range of expected ammonium concentrations (usually between 0.25 and 2.00 ~lM) from 

successive dilutions of a 50 ~M ammonium solution prepared with freshly deionised water 

using high purity ammonium hydroxide (S igma, A-6899) or ammonium sa lts (Aldri ch , 

326372)[5]. 

2.3.2 lnstrumentation 

Ail measurements were performed using a microplate fluorescence reader (Spectra 

Max Gemin i®, Molecular Devices Sunnyvale, Ca lifomia) operated at ambient temperature. 

The reader is equipped with a dual monochromator a llowing a precise selection (± 1 nln) of 

optimum wavelengths. Ammonium readings in raw fluorescence unit (RFU) were obtained 

at Àex = 360 nm and Àel1l = 430 nm. Microplate-based technique combines fast and 

automated multiple readings and the use of small samples. A lthough reacting and 

transferring smal! samples increase the analytica l error, the possibility of increasing the 

number of replicates on th e same microplate without increasing significantly the working 

load compensates fo r the Joss of precision on single reading. Preliminary work using 96-

weil microplates and 200-~L samples showed standard errors > 10 % and a practical 

detection limit above 100 nM which were considered as unsati sfactory for the purpose of 

our current research on nitrogen cycle in coastal waters. Thus, disposable polystyrene 48-

weil microplates (Costar® type from Coming) allowing larger sample vo lumes were 

adopted for ail ammoni um determinations. Microplates were not reused and fluorescence 

must be read within 5 minutes after the microplate preparation. 

) ,.., ,.., _ . ., . ., Sam pie collection and preservation 

Sma ll Pyrex bottles ( 10 mL) with ground-g lassjoin t and glass stopper or ODB type 

bottles (60-125 mL) were pre-washed wi th HCI 10 % so lution, thoroughly rinsed with 
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deionised water, and then dried in oven. Botties were rinsed twice with water to be 

sampled, fully filled and kept capped in dark on an ice bath until analysis. Such precautions 

made unnecessary the addition of WR to samples during the fi e ld work [7] and si mplifi ed 

the overall fi e ld procedure. Dosage has been performed within two hours after sampling to 

minimize poss ible effects of bacterial and plankton metaboli sm. Incubation at 2, 6 and 12 

Oc of freshly sampled sediment cores collected in the impacted Pointe-au-Père sa ltmarsh 

showed a quantitative reduction of labelled 15N03· to 1 5NH4~ within a few hours in the 

overlying water column indicating a rapid change in nitrogen species in the se brack ish 

waters (unpubli shed results). Filtration of samples is not recommended because of inherent 

well-documented problems resulting from adsorption of ammonium on filters and 

degassing losses [10, Il]. Since the fluorescence OPA method has been found almost 

unaffected by suspended pat1icles [12] , ail samples were analysed without prev ious 

fi Itration . 

2.3.4 Sample preparation and incubation with working reagent 

The reaction between OP A and ammonium ions is s low at ambient tempe rature and 

an optimum incubation period of 4 h has been determined from a kinetic study detail ed 

below (F ig. 1). Attempts of direct incubation in polystyrene microplates indicated a slow 

but quantitative reaction of WR with plastic surface (Fig. 2). Plastic micro plates could 

conta in additi ve products rich in terminal reduced nitrogen used as antioxidant compounds 

to stabilize polymer structure [13]. These products seem to remain available for a s low 

chemical reaction with WR solution and induce a background fluorescence signal. T hus, 

incubation has to be carried out in glass tubes. 
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Figure 11-1 Time course of the reaction of OPA with ammonium at room temperature (22 OC). 
Field samples were collected in a small river and a saltmarsh in the provincial park of Bic close to 
Rimouski. Samples were incubated in 25 mL borosilicate test tubes. Aliquots we"e transferred into 
microplate following given time intervals for nuorescence reading. 
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Figure 11-2 Time course of the ammonium/OPA reaction at room temperature (22 OC). Incubation 
carried directly in polystyrene microplates was compared with incubation in glass tubes followed by 
reading in microplates. Natural freshwater samples were collected from Rimouski River. 
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Accurate determination of ammonium in natural waters has to take in account 

bac kground fluorescence and matrix effect from di ssolved and pal1iculate organi c matter. 

The matri x effect (ME) is related to unidentified natural substances that may a lter the 

intensity of the fluorescence response of ammonium reacted w ith O PA whereas 

background fluorescence is attributed to exi sting compounds natura lly fluorescent at 

determined wave lengths. Sample replicates doped with known amount of ammonium we re 

prepared to evaluate the matri x effect (ME ). 

For each natural sample, duplicate 4.00 mL samples were transferred into two 

di sposable 6-mL borosili cate test tubes. ln one of the tube, ammonium standard solution 

(J 00 ~lL , 50 ~lM NH/ ) was added as a known surrogate together with 1. 00 mL of WR. In 

the remaining tube onl y 1.00 mL of WR was added. Tubes we re ti ghtl y stopped to avo id 

eva poration and air contamination , manually shaken for a few seconds and incubated in 

complete darkness for 4 h at 22 Oc. To evaluate possible contamination or degradati on of 

reagents, blank determin ation (4.00 mL of freshl y deioni sed water and 1. 00 mL of WR 

so l ution) was conducted for each seri es of four samples. Exposure of standards and samples 

to the ambient a ir and light could induce a significant drift of the analyt ica l results. 

2.3.5 Mi croplate preparation 

Following the incubation period , samples in glass tubes were transfe rred into we ll s 

of fl at-bottomed 48-well microplate for fluore scence determination (Fig. 3). F ive standard 

so lutions and fo ur samples ( 1.00 mL each) were triplicately added into micropl ate we ll s. 

Five well s were left fo r reagent blank (BK) and four we ll s for the detenninati on of 

background flu orescence ( BG). Solution used in determining BK was transferred into five 

consecuti ve microplate we ll s whereas BG was eva luated by mi x ing 200 ~L of borate buffer 

solution with 800 ~L of each sam pIe directly in the microplate we il without WR additi on. 

Repeated BG readings for the same sample showed a very low vari ability and thus only one 

reading was preserved in routine analys is. 
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Figure 11-3 A typica l 48-well micropla te scheme showing sta ndards in triplicate on the left side, 
reagents backgl'ound b lanks (BF in 5 wells) a nd sample background blanks (BG) in the middle. 
Samples and samples with surrogate to determine matrix effect (M E) are located on the right si de of 
the plate. The reading of the whole plate takes 30 seconds. 

2.3.6 Calculation method (adapted from [7]) 

The fluorescence signal attributed to the ammonium content in samples (i .e. FNH4 

and FNH4 ADD) can be ca lculated by subtracting blank and background readings (RFBK and 

RF BG) from raw fluorescence obtained for samples (Eg. 1 a and 1 b): 

FNH4 = RFNH4 - RFBK - RFBG 

F NH4 ADD = RF NH4ADD - RF BK - RF BG 

(1 a) 

(1 b) 

The matrix effect (ME) can be calculated for each sample with known FNH4 and 

FNH4ADD values using Eg. 2, where FSTD5 and FSTD4 are fluorescence values of standards 5 

and 4, respectively, after subtraction ofRFBK: 

% ME ={[(FSTD5 - FsTD4)- (FNH4ADD - FNH4)] / [FsTDs- FSTD4]} x 100 (2) 
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As the difference in ammonium concentrations between these two standards is 1.0 

~L1nole and the amount of ammonium added to the sample replicate is also 1.0 /-lmole, a 

lower reading of F NH4ADD will induce a positive % ME. After F NH4 has been corrected for 

background and the ME contribution has been determined, the accurate concentration of 

ammonium in the sample (CORNH4) can be caIculated from ammonium values (CALNH4 ) 

obtained from the standard curve followed by the correction for ME using as shown in Eg. 

3: 

(3) 

2.4 Results and discussion 

2.4.1 Incubation period 

The optimum incubation period of 4 h was determined according to the reaction 

kinetic of a standard solution and field sampI es with OPA over a 32-h period at ambient 

temperature (Fig. ]). Fluorescence intensity increases abruptly at the very beginning of the 

reaction , and then a plateau is reached in approximate 3 h for standards and 4 h for samples. 

Published instructions from [7] suggested a 2 h-incubation period which is considered not 

optimal when examining curves of Fig. 1. The reaction between OPA and ammonium is 

s lower in field samples than standard samples. A longer incubation time provides a better 

reproducibility of the results. The length of the plateau depends on the maximum guantity 

offiuorescent product and its chemical stability, which extends to about 6 h. Incubations of 

tubes at 30, 40 and 50 Oc in thermostatic bath have been tested and results indicate a good 

preservation of reproducibility of the method while reducing time to reach the plateau to 

less than two hours for ail temperatures tested. A warm incubation can be a viable option 

when reaction time has to be drastically reduced, but keeping in mind inconveniences 

introduced by a temperature regulated device and possible side-reactions modifying the 

accuracy of the method . 



35 

Tableau lI-J Examples of ammonium dete r mination (n = 3) in field samples with various physical 
and chemical properties. 

Smnpling 

Sample ID Temp. Sa linn y pH SI' I\'I RF)'..' lu RF •• RF"O F NII4 ME CO R"" Precision 

(C) (mg l ') (RFU ±SD) (RFU) (RFU) (RFU ±SD) (% ±SD) (~ ±SD) (%) 

Rimouski Rive r 0.7 0. 1 7.64 5.64 302. 1 ± 1. 6 165.8 ±3.4 50.0 86.3 ±3.4 20.0 ±0.5 0.05 ±0.0 1 20.0 

Metis Reec r 0.7 00 6.66 4.87 1343.5 ±6.7 98. 1 HO 58.5 11 86.9 ±6.7 24. 1±0.7 1.3 1 ±0.02 14 

Bic Ri, ·er 0.6 0. 1 7.90 3.24 2571. 1 ±5.5 98. 1 ±2.0 32.3 2 11 3.7 ±5.5 40.2 ±0.6 3.89 ±0.03 0.8 

Ste . J\ nne Rive r 9.8 0.3 7.6 1 3.78 1619.4 ±0. 8 239. 0 ±3.3 104.2 1366.2 ±3.3 34.0 ±0.5 2.25 ±0.0 1 04 

Bic Sahma rsh 94 18.0 7.74 12.66 1965.6 ±4.4 239.0 ±3.3. 19.9 1706.7 ±4.4 24.9 ±0.5 2.61 ±0.02 0.8 

Ponlte-all-Père 10.9 15.4 8.0-1 13. 11 784.7 ±5.4 239.0 ±3.3 26.2 5 19.4 ±5.4 19.6 ±0.6 0.34 ±0. 01 2.9 

SahmMsh 

St. Lawrence R r. 'er 8.79 0.8 8. 14 15.21 2307.9 ±4.6 184.6 ±8.3 9.9 2 1 13.4 ±8.3 26.7 ± 1.0 3. 08 ±0. 04 1.3 

St. LélWTence Estuary 3.3 28. 1 8.09 3. 12 958.3 ± 1.3 213.3 ± 13.2 37.6 707.4 ± 13.2 9.9 ± 1. 9 0.88 ±0.04 4.5 

( 10 m depth) 

2.4.2 Background fluorescence (RFs G) 

TheRFBG of natural waters results from the presence of self-fluorescent substances 

and can be quantitatively eva luated using an aliquot of each sample in which WR solution 

is replaced by free-OPA borate buffer so lution that does not react with ammonium to form 

the fluorescent complex. The intensity of th is signal may be significant and reaches > 10 % 

of the RF signal in some natural waters (Table 1). High ly productive waters containing high 

levels of chlorophyll and pigments might exhibit high RFBG values. Variation 111 

background fluorescence depends on the origin of the samples and RFBG must be 

systematically determined and subtracted from measured RF for each sample. 

2.4.3 Matrix effect (ME) 

Some samples, particu larly those from nvers draining peat bogs and saltmarshes, 

are heavily loaded with reddish humic substances exhibiting a strong ME. These substances 

reduce the fluorescence intensity produced by the reaction between OPA and ammonium. 

U nidentified natural di ssolved substances have a quenching effect on the fluorescent 

complex. The ME correction becomes very significant in turbid or strongly coloured water 
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samples, reaching more than 40 % of the RF signal in some ex treme cases (Table 1). Even 

if ME cannot be eliminated by a chemical reaction , thi s effect can be adequately corrected 

by adding a known amount of ammonium to each sample and determining % ME [7]. 

2.4.4 Influence of sa linity 

Low salinity effect is a determining factor in the choice of a method dedicated to 

ammonium determination in nearshore environments. The low ion strength effect (3 %) 

exhibited by the OPA method compared w ith other methods has a lready been di scussed [6]. 

We reassessed thi s sa lt effect for the microplate technique by repetiti ve ly determining 1.00 

~lM of ammonium standards prepared w ith artificial seawater solution of salinity ranging 

from 0 to 35 over 5 successive days (Fig. 4). Deviation (in %) relative to the response of 

freshwater reference was calculated and was found not exceeding 1.8 % on average at 

sa linity 35. The dev iation is more impOltant in low sa linity from 0 to 5 than in the higher 

salinity range. From a mechani stic point of v iew, it seems that the fluorescent isoindole 

formed by the reaction of OPA and ammonium [14] is a lmost not sensitive to the ionic 

strength of the solution. F UIthermore, the addition of a borate buffe r to WR brings the pH 

value of the reaction medium close to 9.0 which mainta ins carboxy lic acids in neutral form s 

and reduces surface adsorption on suspended partic\es and g lass tubes. Considering the low 

dev iati on observed w ithin the entire salinity range, the present method does not require 

correction for sa lt effect as long as the preci sion of ± 2 % is acceptable. Thus blank and 

STD solutions were prepared with pure de ionised water and salinity effect was neglected. 



2,5 

2,0 

~ 

~ 
~ 1,5 
c: 
0 
:;; 
t'Il 

> 1,0 
Itl 
0 

0,5 

0,0 

o 5 10 15 20 

Salinity 

25 

37 

• 2004-01 -27 

• 2004-01-28 
... 2004-01 -29 

• 2004-01 -30 
• 2004-02-02 
-- average 

30 35 40 

Figure 1J-4 Influence of salinity on the fluorescence signal obtained for ammonium (1.00 ).lM) in 
five successive determinations over the entire range of salinity (0-35). Deviation is calculated against the 
response obtained for the same ammonium concenlt'ation in deionised freshwater used as reference. 

2.4.5 Limit of detection and analytical reproducibility 

The performance of the OP A method heavily relies on the purity of deionised water 

used for reagent, standard and blank preparations. Moreover, contamination sources from 

airborne particles and handling are critical factors to be considered in ail steps of the 

protocol , especially in field conditions. Calibration curves calculated with standard 

solutions from 0 to ] 0.00 ~lM are shown in Fig. 5. In ail cases, the linear regression 

provided R2 = 0.99 or better and exhibited no significant variability between successive 

runs over 3 days. The average analytical blank fluorescence contribution was evaluated to 

1] 7 ± 3 RFU This residual fluorescence seems to correspond to ammonium remaining in 

deionized water or from handling and air contamination. The lowest detectable 

concentration was estimated to 5 nM using the average detected blank ± 3 SD. This result 

can be compared to recently published results [15] where a LOD of 7 nM (blank + 3SD) 

was obtained using a flow-injection apparatus operated at 70 oC with OPA reagent. Using 

the slope of calibration curves instead of the average blank value and following the 

calculation method recommended by Miller and Miller (1988) [16] , the practical limit of 
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detection (LOD) of the OPA method uSll1g a microplate-based technique was 0.05 ~lM 

(Ta ble 2) . A we il planed work schedule allows the analys is of 16 samples per hour. 
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Figure IJ-5 Sta ndard curves obtained followin g a 4h-incuba tion at 22°e. A) Jow, B) medium, C) 
high ammonium concentrations. Measurem ents were repea ted in tripJicate over three consecutive days. 
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Tableau 1I-2 Determination of the practica l limit of detection (LOD) of the meth od a cco rding to 1161 
and using five calibration curves obtained in five successive d ays. 

Stand ard Corre lation lntercep t Siope Standard LOD 

Clu-ve coe flic ient Devia t ion (y-a = 3S,f, ) 

(0.25 - 2.00 ~lM) ( R2) (a) (b) (S, ) 

(RFU) (RFU ~tM" I) (~lM) 

A 1.000 100.45 872.70 9.9 1 0.03 

B 0.999 77.38 89 1.27 15.8 1 0.05 

C 0.999 59.33 865.62 18.86 0.07 

D 1.000 74. 17 820.7 1 10.04 0.04 

E 0.999 44.0 1 880.33 18.80 0.06 

Ta ble 3 presents and compares the OPA-microplate-based technique w ith ex isting 

ammonium determination methods using spectrophotometry with idenophenol blue (IPB) 

[17] , voltametry w ith ions selective e lectrodes (ISE) [18] or cathodi c stripping techniques 

(CSV) [1 9], ion-exc lusion chromatography (l EC) [20] and spectrofluorometry with OP A 

reagent [6, 7, 12, 15]. Most methods can reach a LOD below 0.0 1 ~lM , but the ir common 

problem is either their lack of applicability to fresh, brackish and marine waters or their 

excess ive sensitiv ity to coloured waters and suspended parti cul ate matte r. Using OPA-

based methods, authors [6, 7, 12, 15] deve loped a sensiti ve and robust method for 

ammonium in a very large range of water samples with highl y vari abl e propel1i es. The 

improved OPA technique using microplate reader prov ides a LO D comparable to the best 

methods and offe rs the advantages of a semi-automated method (s imple, fast, p rec ise and 

highl y rep roducible with almost no interfe rences). The commercial ava il ability of not 

ex pansive microplates using inert materia l not reacting w ith OPA would allow the 

incubation directly in microplates and reduce the work load by 50 %. 
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Tableau 11-3 Comparison of analytica l characteristics of ammonium determination procedures. 

Method LOD W o r\.; ing A pp a ra t us Sa mp le T ox ic R eferences 
( pM ) ra n ge vo lum e Reage nt s 

a nd (m l) 
lin ea rit y 

(pM) 

IP B 0.007 0.007 - S pec tro p ho to III e te r 5 m 1 Phe no l [17) 
0.7 UV - Vis N itropr uss id e 

ISE 0.2 0 .25 - E lec trode 125 ml n [18] 
10 

CSV 0.004 0.0 10 - E lec tro d es 6 m 1 n [19] 
3 P o te ntio stat 

IEC 0. 125 0.5 - 500 L ig LI id O. 1 m 1 O rga ni c so Iven ts [20 ] 
C hro mat ogra ph 

Ro th· s 0.00 1 Not F ILi o ro m e te r 0. 1 ml OPA [8 ] 
rep o rt ed 0 -

Diace ty lb e n ze ne 
2 -

M e rcap toe t ha no 1 

OPA 0 .002 0.005 - F ILio ro m e te r - 5 ml OPA [6][7)[12][ 15 ] 
250 

M ic ro p la te - 0 .005 0.05 - M ic ro p la te 8 III 1 OPA T his Paper 
ba se d OPA 10 flLl 0 res ce nce 

reade r 

2.4 .6 Field examples 

The microplate technique was tested on water samples collected From rivers, sa lt 

marshes a long the St. Lawrence Estuary over a period of 24 months providing a large 

spectrum of different chemical and phys ical properties (Table l , Fig 6). ln a Il cases, 

samples were anal ysed in triplicate . Standard deviation (SD) with va lues < ± 0.05 ~lM 

showed the good reproducibility of thi s technique for determining CORNH4 . The 

contribution of blank fluorescence under fie ld conditions may be hi gh (30.5 % for Pointe-

au-Père sa ltmarsh) and can reach >50 % of total raw fluorescence when ammonium 

concentration is particu lar ly low as shown by the Rimouski River sample (Table 1). 

Fluorescence generated by natural products (RF BG values) cannot be neglected espec iall y 

for those w ith sub-micromolar concentrations as illustrated by the samples of Ste A nne 
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Ri ver reaching 104 RFU and the Rimouski River where RFBG represented up to 16 % of the 

total RF va lue. The matrix effect remains low for seawater samples « 1 5 %) but reaches 30 

to 40 % of the fluorescence signal in rivers with a strong background value. The preci sion, 

ca lculated from SD of each field analysis in triplicate, averaged ± 2.2 % for ammonium 

concentrations higher than 0.3 ~lM, but increased to ± 20 % with concentrations close to the 

practical LOD in the Rimouski River sample. 
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Figure 11-6 Ammonium concentration determined during a complete tidal cycle in the Pointe-au-
Père sa ltmarsh. Symbols stand for ammonium (e); temperature (0 ); salinity (~) and suspended 
particular matter (0). 

Ammonium concentrations were measured in the Pointe-au-Père saltmarsh over a 

complete tidal cycle (Fig. 6). This impacted littoral environment dominated by Sparlina 

alterniflora is affected by municipal sewage and receives natural reddi sh turbid waters 

from surrounding peat bogs. Parameters including temperature, sa linity and suspended 

particular matter concentration (SPM) were measured during one tidal cycle in July 2004 

and compared with ammonium measurement. Results show ammonium concentrations vary 

from 2.97 ~lM at low tide to 1.2 1 ~M at high tide (Fig. 6) with no particular interferences 

from sa linity, temperature and SPM. 
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2.5 Conclusion 

By adapting the OPA method [6] to a microplate technique, we intended to reduce 

the sample volume to less than ] 0 mL, reduce the working load for multiple replicates and 

increase the robustness of the method for organically loaded samples containing self-

fluorescing molecules and humic substances generating a strong matrix effect. As precise 

and ace urate measurements of the reagent blank, sample background and matrix effect are 

integrated to the automated microplate reading, this technique reduced the variability of the 

fluorescence signal by using a calibration curve for each group of four samples. Providing 

an excellent repeatability, low detection limit, low reagent toxicity and waste, this 

technique was applied with success to natural waters coastal with high contents in 

particulate and dissolved organic matter and variable salinity. 
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CHAPITRE 111 

Temporal and spatial variability of ammonium in the St. Lawrence Estuary (Québec, 
Canada): Significance of allochtonous and autochthonous contributions 

Patri ck Poulin , Emili en Pelletie r, Loui s-Charl es Rainvill e et Phill Archambault 

Submit to Estuarine, Coastal and Shelf Sc ience 

3.1 Abstract 

This study presents the results of four oceanographic exped itions carri ed out in the 

St. Lawrence Estuary (SLE) in May 2003 , Jul y 2004, October 2005 and December 2005. 

Biogeochemical va ri ables (i.e. temperature, salinity, phosphate, s ilicate, nitrite. nitrate , 

suspended paJ1iculate matter, parti cul ate hydrol ysa ble amino ac ids ( PHAA) and 

chlorophyll-a) we re monitored in the water column and related to spati al and temporal 

variability of ammonium (NH4 +). NH4 + concentrations m eas ured through the Upper Estuary 

(USLE) showed a conservative behav ior with decreasing seaward concentrations fo r a il 

sampling periods, except for July 2004 where nea r constant concentrations were observed. 

Maximum NH4 -t concentrations we re observed in surface waters in May 2003 and Jul y 

2004, and minimum va lues were recorded in deep layers in October and December 2005. 

Flux ca lculations showed that seasonal surface N~ + inputs toward the Lower Estuary 

(LSLE) we re hi ghl y va ri able (Av ± SE; 980 ± 434 T N month-I
) w ith the hi ghest seaward 

transport recorded in October (2077 T N month-I
) whil e a low landward transport was 

recorded in Jul y (- 46 T N 1110nth-I
). As the calculated NH/ contribution to the total USLE 

dissolved inorgani c nitrogen (DJN) flu x did not exceed 6% during hi gh productiv ity 

periods (i.e . May 2003 and July 2004), we estimated that the N(NH/ ) med iated production 

accounts for probab ly for less than 2% of the annual phototrophic production in the LSLE 

area. Thus, land-de ri ved ammonium inputs seem to have a weak effect on the LSLE pelag ic 

productivity, although in s itu regenerated NH4 + production may be more important as a 

dissolved nitrogen suppli er. During the hi gh primary production season (J ul y 2004), low 

NH4 + concentrati ons we re observed in the LSLE surface water (0.2 1 ± 0.07 ~lM) while 

translocation of endogenous particulate organi c nitrogen (PON) towards the deep water 

laye rs occurred. As NH/ is known to be eas ily assimilated by phytoplankton, it could 
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contri bute to the increase of labile parti cul ate organi c nitrogen (PON) downward flux in the 

LSLE. Higher NH4 + concentrati ons in the intermediate laye r during producti v ity period 

coupl ed to geochemica l characteri sti cs of susp ended p311icul ate matter suggest a link 

between phototroph ic producti vity, grazing and bac teria l-medi ated minera lizati on p rocesses 

such as ammonifi cation in the LS LE. These processes, a long w ith ca \cul ated ri verine N~ + 

inputs, provide a tirst picture of spati a l and temporal va ri ati ons of N H.:! + loads in the St. 

Lawrence Estuary. 

3.2 Introduction 

The anthropogeni c nitrogen load from land fa rming, orga ni c soil e rosion, urban and 

industri al wastes has increased signifi cantl y over the last decades, globa lly affecting the 

ba lance between non reacti ve and reacti ve nitrogen spec ies (V ito usek el al., 1997). T he 

resulting acc umulati on of reacti ve nitrogen is such that it is now considered as the biggest 

p o llution threat in coasta l waters (R abala is and Ni xon, 2002; How311h and M arino, 2006). 

Estuari ne ecosystems are parti cul arl y sens itive to thi s problem since they link land and sea 

and are active sites of land-based constituent recycling (F lindt el al., J 999). As nitrogen (N) 

spec ies ava ilability regulates primary and secondary productions in coastal marine 

envi ronments (Ca rpenter and Capone, 1983), anthropoge ni c N inputs are recogni zed to 

enhance oxygen consumption by increas ing pelagic p roducti on process (Duarte, 1995). 

Howeve r, the effects of anthropogenic nitrogen inputs on biogeochemica l processes can be 

highJ y diversitied from one estuary to another one due to complex hydrodynamic regimes 

of estuarine systems res ulting from the inte ractions between many contributo rs (e.g. 

freshwater runoff, marin e landward advection , and large scaJe phys ica l forcing), (Bali s, 

1994). A lthough the consequences of these N inputs have been studi ed in numerous 

temperate and tropi ca l estuari es there is an important lack of knowledge about the fa te of 

anthropogeni c nitrogen in some northern large estuari es such as the St. Lawrence Estuary 

(Canada). 

T he St. Lawrence Estuary (SLE) is a naturall y eutrophic and permanentl y stratifi ed 

estuarine ecosystem. W hil e mechani sms invo lved in nutrient repleni shment of the SLE 

surface layer, mostl y from ve rtica l advection processes (G reisman and lngram , 1977; 
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Vézina el al. , 1995 ; Plourde and Therriault, 2004) and upstream riverine inputs (Greissman 

and Ingram, 1977; Coote and Yeats, 1979; Savenkoff eL al. , 2001), have been intensively 

studied in the last decades, seasonal processes implied in ammonium (NH4 +) distribution 

remain poorly defined . Among these mechanisms, the potential role of the land-derived 

NH4 + inputs on the SLE ecosystem is not weil established. Even though real impacts are 

sti Il unknown, severa l authors suggested an increase of the nitrogen load in the St. 

Lawrence Estuary watershed (Howarth eL al. , 1996; Ro el al. , 1998; Painchaud, 1999; 

Chambers el al., 2001; deBruyn el al, 2003). Although not yet linked to thi s N load 

Il1crease, recent studies demonstrated a contribution of anthropogenic induced 

eutrophication in the development of hypoxic conditions in St. Lawrence Estuary deep 

waters (Gilbert el al. 2005; Thibodeau et al. 2006). New information is thus needed to 

understand the extent of marine perturbations induced by anthropogenic N~ + inputs and as 

weil as the effects of future changes of these fluxes in relation with global climate change. 

As NH4 + is generally considered to be preferentially used as a N source by autotrophic and 

heterotrophic plankton species (McCarthy, 1980) and usual1y represents a significant 

fraction of the nitrogen pool in estuarine environment (48% in average according to 

Berman and Brook, 2003), the fate of ammonium in the St. Lawrence Estuary is a cause of 

concem. 

The main objective of this paper is to depict the spatial and temporal distribution of 

NH4 + in the SLE water columJl in relation with biogeochemical variables (i.e . nitrite + 

nitrate (N02- + N03-), si licate (Si(OH)4), phosphate (P043-) , chlorophyll-a (Ch i-a), 

pal1iculate organic carbon (POC), particulate organic nitrogen (PON), and particulate 

hydrolysable amino acids (PHAA). From May 2003 to December 2005, four oceanographic 

expeditions were conducted to gather maximum information on Nlit + in the SLE water 

column. Collected data were used to investigate: 1) the relationship between upstream 

NH4 + inputs and hydrologic processes; 2) the biological use of NH4 + during high 

productivity periods; and 3) the occurrence of bacterial N mineralization processes within 

the whole water column during these high productivity periods. 
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3.3 Materials and methods 

3.3.1 Research area 

St. Lawrence Estuary is a transitional 600-km long funnel-shaped macro-tidal 

environment located in Eastern Canada (Que bec). This large estuary receives freshwater 

from the catchment ' s basin of the St. Lawrence River, the second largest freshwater 

discharge (average Il 900 m3.s- l
) in N0I1h America (EI-Sabh and Silverberg, 1990), and 

the Saguenay River (average 1 600 m3.s-l
) draining the n0l1hern part of Quebec province 

(Schafer el al., 1983). Watersheds of both St. Lawrence and Saguenay rivers support the 

activity of about 57 million people, some large industrial zones and important agricultural 

areas (Chambers el al, 2001). According to EI-Sabh, (1979), the estuarine region system 

begins at the upstream limit of salt intrusion and can be divided into the Upper Estuary 

(USLE: from Quebec City to the mouth of the Saguenay Fjord near Tadoussac ; Fig. 

l ,stations 1 to 5) and the Lower Estuary (LSLE: from Tadoussac to Pointe-des-Monts; 

stations 6 to 10). In this study, the LSLE was extended downstream to Anticosti Island 

(stations 11 to 12) to include upper p311 of the GulfofSt. Lawrence (Fig. 1). The USLE is a 

narrow, shallow « 1 00 m) and turbid corridor characterised by a rough bottom topography 

and a maximum turbidity zone (MTZ) near station 2 (D 'Angle jan and Smith, 1973). In this 

area, landward marine water intrusion and seaward freshwater runoff are affected by 

intense tidal mixing processes (EI-Sabh and Silverberg, 1990). 

The LSLE is a wider and deeper stratified basin with a 350 m depth clay bottom 

central valley; the Laurentian Channel. ]n this area, the combination of fresh and marine 

waters generates a stratification in three main layers previously described by Bugden 

(1988): 1) a surface layer (0 - 20 m) displaying seasonal variations in temperature and 

saI inity in response to surface heat fluxes and freshwater runoff, 2) a cold intermediate 

layer extending from 20 to 150 m depth less affected by environmental changes th an the 

surface layer and 3) a more homogeneous deep water mass (150 m to bottom) that only 

undergoes long term changes due to a relatively steady inward advection (0.5 cm.s- I
) and 

weak vel1ical diffusion . Two main processes are responsible for the replenishment of 

nutrients in the surface water. Over the whole area of the LSLE, seasonal mixing 

processes, mostly during winter, enable the vel1ical advection of nutrient-rich waters from 
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the deeper layer. (Therriault and Lacroix, 1976; Greisman and Ingram, 1977; Vézina el al. , 

1995; Plourde and Therriault, 2004). Moreover, tidally induced up-welling processes occur 

near the mouth of the Saguenay Fjord, bringing nutrient-rich bottom waters to the surface 

and allowing seasonal high biological productivity (EI-Sabh, 1979). The LSLE is also 

strongly affected by an ice coyer which begins to form along the shores in late November 

while complete melting generally occurs in April (EI-Sabh, 1979; Saucier el al., 2003). 

3.3.2 Sampling strategy 

Studying spatial and temporal oceanographic features in a large and deep water 

body like the St. Lawrence Estuary requires imp0l1ant logistic means and a sea-going 

oceanographic vesse \. As it became clear in early 2003 that it wou ld be impossible to get 4 

success ive expeditions within the same year, we adapted our sampling strategy and decided 

to spread over three years our sampling eff0l1s. The first expedition, from May 30 to June 6 

2003 , corresponded to the second half of the spring flood period with mean freshwater 

temperature below 5 Oc. The second expedition, from 24 to 28 July 2004, conesponded to 

full summer period with warm air and sunny days. The third expedition, from 5 to 8 

October 2005, was typical of the fall period on the estuary with rainy and cold weathers. 

Finally, the fOUl1h expedition conducted from 15 to 18 December 2005, clearly 

corresponded to early winter conditions with the beginning of ice formation along 

seashores. Assuming that large-scale oceanographic features did not change drastically 

during these three sampling years, we considered each expedition as representative of 

typical seasonal conditions, but keeping in mind the high seasonal variability often 

encountered in an estuarine environment. 

Water samples were collected at different depths at 12 successive stations located 

along the main axis of the St. Lawrence Estuary between Quebec City and Anticosti Island 

(Fig. 1) on oceanographic ships RV Coriolis 11 and CCGS Amundsen. Station 1 in front of 

Quebec City is not affected by saltwater and represents our upstream freshwater station. 

Vertical profiles of temperature, salinity, and dissolved oxygen (DO) were recorded by a 

Seabird® SBE 9 multi-probe (temperature accuracy ± 0.01 oC, salinity accuracy ± 0.0 1, and 
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DO accuracy ± 0.01 mg.r l
) mounted on a rosette multi-sampler (General Oceanics®). 

Temperature and salinity of samples were validated on board using a dual temperature and 

salinity YSJ® digital probe whereas the probe for DO measurements was validated using 

Winkler titrations (Strickland and Parson, ] 972). Deviations of DO probe compared with 

onboard chemical titration were always < 5% . Water samples were taken on the upward 

casts at different depths (between ] and 6 samples following water depth) using ] 2-1 lever-

action Niskin® bottles (General Oceanics®). Water samples for dissolved Ilutrients 

measurements were filtered onto 0.22 !lm pore-size Nucleopore® membranes and stored in 

the dark at - 80 Oc in 60 ml polyethylene bottles until analysis. Samples for NH4 + 

measurement were directly collected from Niskin® bottle in clean 250 ml DOB glass bottles 

and analyzed onboard. Suspended particulate matter (SPM) was collected by filtration on 

pre-combusted, pre-weighted, 47 mm diameter Millipore® glass fiber membranes (until 

clogging; < ] 0 1) and stored at - 80 Oc until analysis. Filters used for elementary analysi s 

were acidified onboard with 10 ml 1 % HCI solution (v/v) to remove calcium carbonate . 

Water samples for Chl-a determination were filtered onboard, in the dark on 25 mm 

diameter Millipore® glass fiber membranes and stored in the dark at - 80 Oc until analysis. 
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3.3.3 Chemical analyses 

Dissolved nutrients (N02' + N03' , Si(O H)4, and POl ) were ana lyzed by 

co lorimetri e techniques (S trickland and Parson, 1972) using automated Technikon® and 

AA3 Brand+Luebbe® platforms, allowing an overa ll ana lytica l uncerta inty (± 1 cr) under ± 

5% . Determination of NH4 + concentrations was performed onboard usmg a 

spectrofluorometric method described by Poulin and Pelletier (2007). Thi s method provides 

an anal ytical un cel1ai nty of ± 1 % and a detection limit of 0.05 !lM. E lementary ana lyses 

(%Corg, %NOI) of suspended pal1i culate matter (SPM) were made at the GÉOTOP-UQAM-

McGi 11 research center (Un ivers ité du Québec à Montréa l) using a Carlo-Erba® e lementa l 

ana lyzer, and at the ISMER laboratory using an ECS 40 10 Costech® instrument, both 

ana lyzers eq uipped wit h a zero blank auto sampler. Replicates (n = 10) of ce l1ifi ed 
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sediment samples (N IST-1 94 1b) were used fo r quality control of these analyses. The 

analyt ica l error was determined from rep li ca te measurements of standard materi al 

(acetanilide, urea, at ropine, nicotinammide) and averaged ± 5%. POC and PON 

concentrations were ca lculated from SPM and quantitati ve CHN analys is. 

Amino acids (PHAA) were extracted from the filters and hydro lyzed with 2 ml of 6 

N HCI at J 00 Oc fo r 24 h in Pyrex tubes. A fter hyd rol ys is. the ac id solution was centrifuged 

and the supernatant was transfe rred in a glass tube, diluted, and neutrali zed with 6 N 

NaOH. Resulting solutions were filtered on 0.22 ~lm nylon syringe filters, derivati zed with 

a fi uorescent reagent (o-phthaldialdehyde and 2-mercaptoethanol) and th en anal yzed on a 

liquid chromatography system (HPLC) following the procedure deve loped by Lindroth and 

Mopper (1979) and using a phosphate buffer and methanol grad ient. The HPLC system 

included a Shimadzu® SCL- I OA VP controll er, a Shimadzu® LC-I OAD VP pump unit, a 

Shimadzu® FCV-IOAL VP four mobile phase gradient solvent deli very unit , a Shimadzu® 

DGU- 14A degasser unit, a Shimadzu® CTO-l OAC VP column oyen unit (using a Agilent® 

C-18 column [4.6 X 250 mm , 5 ~lm]) and a Water® 470 fluorescence detector (using Àex = 

230 nm, Àem = 445 IlIn). Amino ac id standard was a hydrolyzed protein amino ac ids 

mi xture produced by Sigma® (A 2908) which contained 21 amino ac ids and ammonium 

chloride. The internai standard, aminobutyric ac id , was added during the acid treatment of 

the standard and samples. PHAAs were identified by retention times and quantified using 

sample peaks area, corrected with the internaI standard . Relative errors in duplicate anal ys is 

were < 5%. 

Chl-a was extracted from GFF filters wi th 10 ml of 90% (v/v) acetone for 24 h at 4 
° d . ® C in the dark and Chl-a concentrations were determined using a Turner eSlgn 

spectrophotometer (Àelll = 630 IlIn) according to Strickland and Parson (1 972) with an 

overall analytica l uncertainty (± ] cr) averag ing ± I %. 
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3.3.4 Water column data analysis 

Vertical profiles of dissolved and particulate nutrients at discrete depths were 

interpolated onto a rectangular grid with the CTDFGRID EPIC software (Lukas, R.B. , Dept 

of Oceanography, Univ. of Hawaii), using the method of successive over-relaxation to 

solve programmed partial differential equations (Ames, 1977). 

ln an attempt to describe the seasonal influence of the NH4 + land-derived inputs to 

LSLE, the mixing diagram approach was used. Initially developed by Boyle et al. (1974), it 

was frequently used to depict mixing dynamic of transitional environments (e.g. Morris el 

al. , ] 995 ; Kress and Herut, 1998; Kress el al., 2002). As Greisman and Ingram (1977), we 

postulated that there are only two main sources of nutrients in SLE: freshwater rivers and 

vel1ical mixing occurring from Tadollssac upwelling (in the vicinity of station 6, Fig. 1). 

Assuming the behavior of dissolved salts was conservative in the USLE, measured 

dissolved inorganic nitrogen (DTN) concentrations (N02- + N03-, NH/ ) were plotted 

against salinity for each sampling period. This approach was not used in the LSLE since 

dissolved inorganic nutrients presented a non-conservative behavior indicating the presence 

of significant sinks or sources of DTN in this area. The salinity (PSU) was fixed at 0 for 

station 1 (freshwater) and at 27 for station 5 which represented the average salinity 

recorded during our four expeditions. Using these calculated end-members and mean 

monthly discharges at Québec City, calculated for each sampling period 

(http: //www.osl.gc .ca/fr/donnees/debits/2000.html). we estimated NH4 and DIN fluxes 

reaching the LSLE surface water via the USLE. 

ln order to detel111ine if significant seasonal NH4 + concentration variations were 

present in different SLE water masses, the SLE was divided in four specific sections 

(USLE, LSLE surface ( 0-20 m), LSLE intermediate (20-] 50 m) and LSLE bottom (> 150 

m)) according to discontinuities observed in the topography and water mass characteristics 

previously described (El-Sabh, 1977, Bugden, 1988). An ANOVA was carried out to test 

the surface NH4 + concentration variability with sampling locations in the Estuary (USLE 

and LSLE Surface) and among sampling periods (May 2003 , July 2004, October 2005 and 

December 2005). Normality was verified using the Shapiro-Wilk's test (Zar, 1999) and 
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homoscedasticity was confirmed by graphical examination of the residuals (Quinn and 

Keough, 2002). Data were SQRT transformed to achieve homogeneity of variances and 

normality. When a source of variation was significant, the Tukey-K.ramer test (Sokal and 

Rohlf 1995) was carried out to identify the differences at a = 0.05. 

Stepwise multiple regressions were used to examine relationships between NH4 + 

concentrations and environmental variables (temperature, salinity, O2, N02 .+ N03·, P04
3
., 

Si(OH)4, Chi-a, SPM, PON, POC). The salinity was 10g JO + 1 transformed to meet the 

normality. Based on the Cook ' s distance (Cook and Weisberg, 1982; Quinn and Keough , 

2002), one value was removed from the regression. Normality and homoscedasticity were 

confinned by graphical examination of residuals (Quinn and Keough 2002). The variance 

inflation factor (VIF) to detect collinearity. VIF values were aIl < 10 (highest value 

observed was 2.8) indicating no strong collinearity (Quinn and Keough 2002). 

Diagenetic alteration of sedimentary amll10 acids was assessed uSll1g the 

Degradation Index (DI) developed byDauwe et al. (1999). This index is based on the first 

axi s of a Principal Component Analysis (PCA) of the amino acid composition and 

summarizes, in one variable, the relative cumulative variation of individual PHAA. Dl 

values were calculated from amino acids average molar ratios, standard deviations and 

predetermined factor coefficients (i.e. first axis factor coefficients of the PCA from the 

comprehensive data set of Dauwe et aL , 1999). Dl value indicates the state of diagenetic 

alteration of the organic matter; high values corresponding to fresh organic matter while 

low (negative) values indicating degraded organic mater. 

3.4 Results 

3.4.1 Temporal and spatial variability ofwater tempe rature, salinity and di ssolved oxygen 

During the four sampling periods, important temperature and sa linity changes were 

observed in SLE surface waters in response to seasonal heat fluxes and variations of 

riverine freshwater inputs. ln the upper estuary (USLE stations 1 to 5; Fig. 1), the shallow 

water column was weil mixed and strong tempe rature and sa linity gradients were observed 
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year-round with the lowest salinity monitored at station 1 (freshwater) and the highest one 

at station 5. The mean salinity (ail stations and aIl depths) ranged from 15.77 to ]9.77 and 

was subject to tidal oscillations and freshwater discharges. The lowest mean temperature 

(0.15 OC) was observed in Oecember 2005 and the highest one (12.49 OC) in July 2004. 

Only a slight seasonal variability for oxygen concentrations (general mean = 9.64 ± O. J 4 

mg O2 rI) was observed in USLE, with the lowest mean concentration appearing in July 

2004 and the highest one in December 2005 (Table 1). 

ln the lower estuary section (LSLE stations 6 to 12 ; Fig. 1), seasonal variability of 

salinity and temperature decreased with depth and distance from the channel head. The 

LSLE water column was stratified during our sampling expeditions. The lowest average 

temperature in surface water (0 - 20 111) was monitored in December 2005 and the highest 

one in July 2004. Much less influenced by tides and freshwater discharges, the LSLE-

surface average salinity showed little seasonal changes (general mean =29.10 ± 0.09) while 

the mean tempe rature was near zero (0.40 OC) in December 2005 and raised to 7.84 Oc in 

July 2004. LSLE-surface waters were always weil oxygenated with values ranging from 

9.12 to 11.19 mg O2 rI. 

LSLE-intermediate waters (20 to ISO m) showed little changes in salinity (32 .69 ± 

0.05), but some seasonal fluctuations were observed for temperature (ranging from 0.14 Oc 

in May 2003 to 2.39 Oc in December 2005) and mean dissolved oxygen which decreased 

from near saturation (9.95 mg O2 rI) in May 2003 to 6.04 mg O2 rI in December 2005 . 

LSLE-bottom waters (150 m to bottom) showed very stable conditions (mean temperature 

= 5.25 ± 0.14 oC; mean salinity = 34.52 ± 0.01) indicating no direct influence ofseasons on 

this deep water layer as observed by previous workers. It shouJd be noted that our dissolved 

oxygen concentrations confirmed stable hypoxic conditions with a general mean value of 

2.57 ± 0.15 mg O2 rI with no significant differences between seasons (Table 1). 
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Tableau JJI-J Average values of the physical and chemical variables measllred in SLE during each 
sampling period and caJclllated for USLE (0 m to bottom), LSLE-Surface (0 to 20 m), LSLE-
lntermediate (20 to J50 111) and LSLE-Bottom (ISO m to bottom). AV = Average, SE = Stadard errol', 
na = data not available. 
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3.4.2 Temporal and spatial variability of dissolved nutrients and SPM 

Dissolved nutrient concentrations (N02- + N03-, P043
-, Si(OH)4) showed important 

spatial and temporal variations in surface and intermediate SLE water masses (Table 1). 

Weil mixed waters in the upper estuary (USLE) showed high values in silicate and NOx 

(N02- + N03) in ail seasons, except in July 2004, whereas orthophosphate values remained 

always below 1 !lM with a minimum mean value (0.60 !lM) also appearing in July 2004. 

NO" varied with seasons in both LSLE-surface and intermediate waters indicating 

impol1ant depletion in May 2003 and July 2004. Phosphate and silicate mean values also 

confirmed a seasonal effect in surface and intermediate layers (Table 1). The LSLE-bottom 

layer showed a remarkable stability in nutrient concentrations with not significant changes 

between seasons. 
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ln the upper estuary, SPM and PON concentrations were elevated (reaching 11 4 mg 

rI and 670 ~lg r I in Oecember 2005 at station 2, detailed results not shown) with highest 

Chl-a concentration and CIN ratio observed in Jul y 2004 and October 2005 , respecti ve ly 

(Table 2). Mean POC concentration was particul arly high in December 2005 being almost 

3 times higher than in Jul y 2004 and October 2005 , and 6 times higher than May 2003. 

Re lat ive ly low CIN (9.46) seems to indicate the presence of fresh marine organi c matter in 

USLE in M ay 2003. LSLE-surface waters showed SPM va lues about lOto 15 times lower 

than USLE illustrating the important settling of suspended parti cles in the USLE section 

and dilution process in the lower estuary. POC and PON concentrations were higher in May 

2003 and Jul y 2004 corresponding with the highest Chl-a and CIN va lues observed for aIl 

four ex peditions. Chl-a was clea rl y present in the LS LE-intermediate layer in July 2004 

(1. 33 ~g rI ) and al so in May 2003 at a lower level (Table 2). CIN va lues increased with 

seasons (from spring to w inter) and w ith depth in the LSLE indicating a graduai change in 

the quality of the organic matter. Chl-a reached the LSLE-bottom layer in May 2003 (0.07 

0 .1 2 ~lg r I ) and Jul y 2004 (0. 12 ~lg rI) with a mean CIN value around 9.4. SPM 

concentrations of the LSLE-bottom layer are comparable to values found in surface and 

intermediate laye rs, but lOto 20 times lower than SPM measured in the USLE where 

resuspension and freshwater inputs are the main sources of suspended matter. 

Particulate amino acids (PHA A) were detennined in SPM collected during Jul y 

2004, October and Oecember 2005 expeditions in an attempt to reach a better 

characteri zation of the parti clIlate organic matter (Table 3). The molar ratio between 

tyros ine and PHAA (TyriPHAA), the contribution ofPHAA to total PON (PHAA-N%) and 

the index Dl we re also calclli ated (Table 3). PHAA attained a max imum mean 

concentration in Jul y 2004 in both USLE (0.47 ~lmol mg-I) and LSLE (0.94 ~lInol mg-I) 

w hereas it remained low and almost constant during other sampling seasons (Table 3). The 

PHAA-N% followed a similar seasonal trend with its highest average contribution recorded 

in Jul y 2004 . Ali ca lcul ated Dl were negative and the lowest average Dl was observed in 

Oecember 2005 whereas the highest value was recorded in October 2005 (Table 3). The 

T hyrosine/PHAA molar rati o was max imum in LSLE - Surface waters fo r a il sampling 

exped iti ons (data not ava il able in May 2003) and al ways very low in bottom waters. 
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TableaulJI-2 Average values of suspended particular matter characteristics measured in SLE 
during each expedition and calculated for USLE (0 m to bottom), LSLE-S urface (0 to 20 m), LSLE­
Intermediate (20 to 150 m) and LSLE-Bottom +( 150 m to bottom). AV = Average, ±SE = Standard 
en·or. 

CSLE 

USLE 

usa 
CSLE 

lSLE-SU!f a':e 

LSL E-Suface 

LSLE-S U!face 

LSLE-SU!face 

LSLE-llliief 

LSLE-In"" 

LSLE-lnile . 

LSLE-In~ r 

LSLE-Botlom 
LSLE-Bottom 

LSLE·Bottom 

LSLE-Bottom 

Expedition 

~. lay ?)0 3 

lui Y 200-1 

Oetober 200 .5 

De"" mbe. è0ûS 

'-la:>' ]003 

July 2(iO~ 

Oc tobe r è C<~5 

Derember 2005 

~~. 2C'Û3 

Jul y 2DO.f 

Octobe r ]OOS 

Decernber ,?(lÜS 

:\~. ]')0 3 

lui y 2ÜO~ 

Octobe r ~ 005 

Deœmbe. 2005 

Chi-a 

O. d 

0,13 

133 

003 

0.0: 

ü. 12 

0.0] 

0.00 

SPè-l 

(mgr) 
PŒ" 

( jJg r') 

7.5~ 59.69 2Ui ~5 U2 lnAS 

2.23 1363 3;3 9 -1 . 0~ .. 5.67 96·1.37 51 3 .10 

0.0) 2152 1 ~ .OS 72.l 0 22.99 y!7 34 4"9.13 

14 08 

0.1 1 32 ., 0 20.S0 :!1404 '14.sS 2752.95 1657. 21 1313 

1.93 

US 

1.53 

0.05 

û.Jl 

û.02 

0.01 

0.01 

O{lO 

0.00 

1.07 

1 01 

us 
117 

Ul 

1.0S 

0.7J 

0); 

1.31 

o.';' 

(1.58 

'US 

0. l9 

,}()) 

0. 10 

0.09 

O.l6 

G.t2 

0. 10 

5'- 39 16S-I 31·U7 

60.S 1 I P i 349.26 

lL46 2.38 177.00 

: .l: 1.2~ 5Q.5C 

13.16 ViS 83.33 

l O.OÙ 0"0 67.95 

lU-a lOl 12Ug 

5.5 9 U~ 44.9 7 

1:; 19 3.19 100.91 

HU8 0.89 109.21 

12 15 0.63 140.91 

S3.3.! 

,8.73 

:ns 
7.85 

6.5 4 

11. 36 

6SS 

9., 9 

SlS 
8.04 

SJ] 

9.83 

935 

12.2 ! 

13 19 

C ~; 

::SE 

un 
0.66 

0.32 

073 

0.-15 

o.s~ 

L06 

os» 
0.29 

0.12 
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NHt + concentrations showed variable temporal and spatial distribution patterns 

among sampling expeditions (Fig.2). The highest concentrations (>2.5 ~lM) were observed 

in the upper estuary in May 2003 and October 2005. Ammonium was clearly present at 

concentrations ranging between 0.5 and 2.0 /lM in LSLE-surface and - intermediate layers 

in ail seasons, except in December 2005 (Fig. 2). Through the USLE section, NH4 + 

concentrations showed a seaward decrease for ail sampling expeditions, except in July 2004 

where NHt + presented an almost constant concentration (Table l , Fig. 2). N H4 + 

concentrations in the LSLE surface water layer showed a distinctive distribution pattern 

with below detection limit concentration « 0.01 /lM) sporadically observed in the first two 

meters during each sampling period, and the highest concentrations being often found at the 

thermocline (maximum value of2.41 ~lM observed in May 2003 at 20 m). The lowest mean 

NH4 + concentration was monitored in December 2005 while the highest one was recorded 

in May 2003 (Table 1, Fig. 2). ln the LSLE intenllediate water mass, the mean NH4 + 

concentration remained near the detection limit in October and December 2005, while it 

reached higher values in May 2003 and July 2004 with the maximum one recorded in May 

2003 (1.73 /lM) (Table 1, Fig. 2). NH/ was below the detection li mit in the LSLE bottom 

layer for ail sampling stations and expeditions (Table] , Fig. 2). 
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·1 

Figure II] -2 Ver tica l profile of a mm onium along the main axis of St. Lawrence Estuary between 
Q uébec Bridge (station 1) and Anticosti lsla nd (station 12) fo r the four cruises. Black circles 
correspond to sampling depth. No te that the sca les of the 2 different axes are d ifferent. 

3.4.3 Statistical ana lysis ofnitrogen species var iabili ty 

A significant interaction between sampling periods (May 2003, July 2004, October 

2005 and December 2005) and the region of the Estuary (USLE Surface and LSLE Surface) 

for the variable NH/ concentration (Table 4) according the ANOY A results. An a 

posteriori test showed that N~ + concentration was significantly lower in the LSLE in 

December 2005 and that the highest values were observed in the USLE in May 2003 and 

October 2005 (Fig. 3). Stepwise multiple regress ion mode ls (IoglOsa linity + l , oxygen 

concentration, MPS and PON) exp lained up to 57% of the NJL + concentration . The partial 

R2 showed clearly that the salinity explained a very high portion of the variance in NH4 + 

concentrations, the three other variables having a sma ll er contribution (Table 5). 
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Figure 111-3 Mean (± SE) of surface (0 - 20 m) ammonium concentration obtained for each 
sa mpling period in both St. Lawrence Estuary regions. Different letters indicate a significant difference 
between regions at a given sampling period (a = 0.05). 

Tableau 111-4 Result of two-way analyses of variance (ANOY As) testing the effect among the regions 
of the Estuary (USLE - Surface and LSLE - Surface), and sampling periods (May 2003, July 2004, 
October 2005 and December 2005) and their interaction on ammonium (NH4+). 

Variables Source of vari ation df SS F P 

Region (R) 1 5.061 23.736 < 0.0001 

Sqrt (NH4 +) 
Sampling Period (SP) 3 6.572 10.274 < 0.0001 

R x SP 3 1.901 2.971 0.035 

Error 99 21.109 

Tableau JII-5 Result of multiple stepwise (backward) regression models (stepwise procedure) to 
estimate the ammonium (NH/ ) concentration in the Estuary and Gulf of St. Lawrence. Temperature 
(T, OC), 10glO sa linity +J (Sai, PSU), ch lorophyll-a (Chi-a, ,..g rI), oxygen concentration (Oz, mg rI), 
phosphate (PO/ ',,..M), nitrite and nitrate (N02' + NO)', ,..M), si licate (Si(OH)4, ,..M), suspended 
particular matter (SPM, ,..g rI), particulate organic nitrogen (pON, ,..g rI), particulate organic carbon 
(POC, ,..g rI) were the tested variables. ns: not significant. Partial RZ is given below each regression 
coefficient (±SE), total R I, and mean squared errors (MSE) are also shown. 

Intercept L0910 Sai 0, Chi· a P04
3 

NO;> + NOl Si(OH), SP M POC PON Total R2 MSE 

(' C) (mgl ') (~g l ') (~M ) (~M) (~M ) (mg l ') (~ g l ') (~g l ') (R2 ajusled) 

NH; (~M) 2.9.0.31 ns ·2.02" 0.18 0.092.0.014 ns ns ns ns 0.045.0.008 ns ·0.014 " 0.003 0.579 (0.57) 0379 
Partial R" 0.40 0.052 0.075 0.051 
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3.4.4 NH/ transport through the USLE 

While a significant linear correlation and comparable negati ve mi xing slopes were 

observed between NH/ and sa linity in May 2003, October 2005 and December 2005 , 

indicating a conservative behavior of this nitrogen spec ies through the whole USLE, N~ + 

concentrations were poorly correlated w ith salinity in July 2004. The calculated NH/ 

riverine end-members show that the USLE upstream input varies in an important way 

between sampling periods in response to seasona l hydrologic processes which modulate 

runoff events. Thus, the lowest NH/ ri verine end-member was calculated for July 2004 

and the highest one for October 2005 (Fig. 4). Despite the high va riability of calculated 

riverine end-members, calculated head-LSLE end-members were more constant with year-

around lower values, except for July 2004. NH/ negative mixing slopes suggest that the 

riverine NH/ load acts as a nitrogen source for the LSLE during eve ry sampling period 

with the exception of July 2004. The near-zero mixing slope observed in Jul y 2004 

indicates that sources may be as important as sinks in the LSLE at thi s period. As a 

consequence, the lowest N~+ seaward flux was calculated for July 2004 (with bigh 

uncel1ainty) while the highest va lue was calculated for October 2005 (Table 6, Fig. 4). As 

observed with NH4 + , the net seaward transp0l1 of DTN through the USLE showed imp0l1ant 

seasonal variations with the lowest flux calcu lated for July 2004 and the highest for May 

2003 . The resulting monthly DTN and NOx fluxe s are presented in Table 7. The maximum 

NH4 + contribution to the DTN flux was calculated for October 2005 while a negligible 

contribution was found for July 2004. 

Tableau 1]]-6 Linear regression parameters defined for the mixing diagram of ammonium against 
salinity. Riverine and LSLE end members as weil as nutrient nuxes were calculated from these 
regression lines. P < 0.0001 except for NH/ in May 2003 (P = 0.0002) and July 2004 (P = 0.1748). 
Montly verage discharge at Quebec city (Station J) calculated for each sampling period 
(http://www.osl.gc.ca/fr/donnees/debits/2000.html). 

Rl venne end member LSL E en d Member Rl verineDlschal ge Nulrl ent Fluxes Nulrient Fluxes 

5=0 5=27 

Dissotved nul rient Sampllng penods 5 10pe r' Inlercepl 

(~M ) (~ ) (~M ) (m3 s ') (mol s') (T N monlh ') 

NH4 ' May 2003 ·0.0752 0.7566 3.40 12 1.3708 12430.4490 25.2388 946 

NH, July 2004 0.0039 0. 1478 0.33 18 0 .437 1 11 570.2970 -1.2 184 ·46 

NH4 ' Oc tober 2005 ·0. 1600 0.9384 4.737 4 0 .41 7 4 128 18.9570 55.3779 2077 

NH~ ' Decembe r 2005 ·0.0827 0.924 1 2.3065 0.0736 11 241.3830 25. 1009 941 



Ta blea u 111-7 Din flu xes through the US LE for each sampling period. 

Sampling periods DIN fluxes (T N mo nth-1
) NH/ contribution (%) 

May 200 3 14888 6 

July 2004 1430 0 

October 2005 6232 33 

December 2005 5858 16 

Av 7102 14 

SE 1991 7 

Ta bleau JI 1-8 Stoichiometric a na lyses between Si, N a nd P in SLE super ficial water mass (0 - 2 
for each sa mpling per iod. 

May 2003 July 2004 OClober 2005 
# Sial IonS N'P SI/N SilP N/P Si/N Si/P N/P Si/N Si/P 

52750 0.10 5 1.45 1167.80 2.0 1 2343.00 113.23 0.89 100.37 
119.29 0.18 2 1.37 50.84 0 .59 30.22 66.90 0.83 55.68 

42.71 0.81 34.42 33.39 0.86 28.56 
35.61 0.74 26.43 13.37 1.18 15.72 14 .93 0.85 12.66 
23.29 083 19.32 13.21 1. 16 15.36 13.34 0.88 11.75 
11 .55 1.48 17.15 9. 11 1.90 17.32 10 .88 0.91 9.91 
1604 1.02 16.38 11.50 2.87 33.00 10.73 0.89 9.53 
18.03 1.44 25.89 11.47 3.71 42.55 12.07 0.90 10.89 
2.99 8.24 24.62 10.33 2. 41 24.90 9.79 0.71 6.93 

10 11.46 0.92 10.58 2.60 62.42 162.30 10.89 0.88 9.59 
11 3.24 7.05 22.87 3.83 1.12 4.30 
12 5.25 1.49 7.84 2.20 2186 48. 10 3.94 0.98 3.87 
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m) 

Si/P 

141.82 
68.37 
45.53 
18.04 
16.44 
15.73 
17.01 
15.69 
15.80 
12.72 

7.44 

F igure J11-4 Mixing diagra m of ammonium concentration aga inst sa lini ty in the USLE. (0 = May 
2003, 0 = July 2004, 0 = October 2005 and ~ = December 2005). 
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3.4.5 Variabi 1 i ty of nutrient stoichiometric ratios 

Stoichiometric analyses between Si, N and P were used to identify a potential 

nutrient limitation in the SLE superficial water mass (0 to 2 m only) for each sampling 

period (Table 8). Some divergences of measured dissolved inorganic nutrients ratios From 

the Redfield ratio (Si/N /P = 16/16/1 ; Redfield el al. , 1963), point out to potential limitations 

for primary production: Dissolved N/P ratio < 10 and Si/N ratio > 1 indicate a potential N 

limitation, Si/N ratio < 1 and Si/P ratio < 3 indicate a potential Si limitation, whereas a N/P 

ratio > 30 points out a potential P limitation (e.g. D011ch and Whitledge, 1992; Justic el al., 

1995 ; Kress et al. , 2002). ln the upstream part of the USLE (stations 1 to 3), phytoplankton 

growth was apparently regulated by P limitation during each survey as ail NIP values are 

>30. These results might also indicate a large excess of N species. Although no evidence 

for any nutrient limitation was observed in the LSLE during October and December 2005 

exped itions, a potential N limitation was recorded at stations 9, Il and 12 in May 2003. 

This potential N limitation was also observed at station 6, 10, Il and 12 in July 2004 (Table 

8). 

3.5 Discussion 

3.5.1 NH/ transport through the USLE 

Our results indicate that an impo11ant fraction of the riverine NH4 + reaches the 

LSLE head without being affected by biogeochemical processes occurring in the USLE. 

Thus, a significant transpol1 of allochtonous N~ + toward the LSLE in May 2003, October 

2005 and December 2005 is observed. The poor correlation obtained between NH4 + and 

sa linity in July 2004 could be attribllted to biotic consumption and regeneration processes 

(e.g. assimilation, ammonification and nitrification) occllrring along the USLE. These 

processes are probably linked to the high summer primary productivity (high Chi-a) 

observed in the USLE during the July 2004 survey. This local production led to the 

accumulation of fresh organic matter, as shown by the low C/N ratio, high PHAA 

concentration and high PHAA-N%, which was then accessible for in situ PON 

minerali zation . As microbial degradation of PON releases ammonium through hyd rol ys is 

and deamination processes (Berman and Bronk, 2003), it is likely to observe mineralization 
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of fresh organic matter leading to a higher NH/ input in the USLE during the July 2004 

survey. This PON mineralization , and other N cycling processes, would likely be 

accelerated by the relatively high tempe rature observed in the USLE (12.49 ± 1.98 oC), 

nitrification and denitrification rates being related to temperature (Herbert, 1999). 

Even though NH4 + showed a conservative behavior for ail other sampling periods, 

the high N~ + flux calculated for October 2005 is an impOltant feature. lt illustrates the 

weil documented increase of continental dissolved organic nitrogen (DON) funoff coming 

from the transport of organic detritus toward ri vers and coastal environments (Valiela el al, 

1976). For May 2003 and December 2005 , the calculated NH4 + fluxes though the USLE 

averaged 940 T N month- I
. Because no evidence of NH4 + regeneration or consumption 

processes was observed during these periods , this flux can be considered as a representative 

value of the continental ammonium input in the LSLE, although a more complete 

investigation is requiredto quantify the variability of the continental runoff. 

These results are in agreement with early observations by Steven (1974) who was 

first to suggest that the St. Lawrence River is acting as a significant nutrient source for the 

LSLE. Later, Cootes and Yeats (1979) estimated the NOx seaward flux toward the LSLE 

head at ~ 6000 T N month-I whereas Savenkoff el al., (2001) revised that estimation to ~ 

3857 T N month- I (for summer time only). While our mean calculated NOx seaward flux 

(6120 T N month-I
) remained highly variable but comparable to previously published 

estimates, our study indicates that NH4 + can significantly contribute to DIN flux toward the 

LSLE. NH/ contribution to the DIN seaward flux averaged - 14% (- 990 T N month-I
) , 

with minimum contributions registered May 2003 and July 2004, and maximum values 

observed during low productivity periods (October and December 2005). 

3.5.2 Potential nitrogen limitation in the SLE 

The low light penetration and low salinity in USLE turbid area may act as potential 

limiting factors for autotrophic production in the USLE, since bacterial biomass has been 

observed to 13I·gely exceed phytoplankton biomass in this area (Painchaud and Therriault, 
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1989). The prevalence of vertical advection processes at the head of the LSLE brings P 

rich bottom water to the surface and a potential N limitation became noticeable during high 

productivity periods. However, a potential co-limitation of N and Si could have been 

present during the May 2003 and July 2004 campaigns following Redfield ratios. 

These results are in agreement with Levasseur and Therriault (1987) who repolied 

such a pattern at the head of the Laurentian channel. Although no evidence for any nutrient 

limitation was observed during the October 2005 and December 2005 cruises, N limitation 

was recorded in the LSLE surface water in May 2003 and July 2004. Therriault and 

Levasseur (1985) assessed that nitrate is most likely the limiting nutrient in the LSLE when 

sufficient external radiation energy penetrates the surface layer. The high SilP and SilN 

ratios recorded in the LSLE in July 2004 might indicate the existence of a phytoplankton 

growth event generating an important pool of Si and Chl-a and decreasing the pool of DIN 

in surface waters. A similar production event was also observed in May 2003. Even if 

previous studies repOlied that phytoplankton growth was not initiated before June in the 

LSLE (Sinclair, 1978; Therriault and Levasseur, 1985), Our results indicate that conditions 

were favourable to phytoplankton growth at the end of May 2003 in the LSLE. These 

observations reinforce the idea that increased phytoplankton productivity, first stimulated 

by favourable water column conditions, may contribute to the decrease of DIN 

concentrations in the LSLE surface layer. 

3.5.3 Endogenous NH4 + production in the SLE 

The low Chl-a concentrations observed in USLE and LSLE surface waters during 

December 2005 expedition indicate a very low primary production during that period. This 

low productivity is characteristic of winter time in the SLE, as low surface temperatures 

(often < 0 oC) induce sea ice formation , reducing light penetration in surface layer. Primary 

production being barely absent, it is assumed that the formation of endogenous PON during 

this period is negligible . This assumption is suppOlied by the high SPM CIN and low 

PHAA concentrations observed in the whole SLE water column and by the faet that no 

sign of pelagie NI-l4 + uptake or regeneration processes in present in the whole SLE. Our 

data elearl y show a conservative behavior ofNH/ in the USLE in Deeember, while NH/ 
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concentrations re mained below the detection limit in the whole LSLE water column. This 

NH-t + distribution pattern is characteristic of low productivity periods when phys ica l mixing 

processes are dominant ove r biotic processes in the SLE. 

The picture was very di fferent for May 2003 and Jul y 2004. The high Chl-a 

concentrations measured in both US LE and LSLE waters are indicati ve of high 

producti vity events as previously described for summer peri od (S inclair, 1978 ; Therri ault 

and Levasseur, 1985. Levasseur and Therri ault, 1987). Concomitant low N/P and high Si/N 

and Si/P ratios observed in the LS LE surface water suggest that the phytoplankton bloom, 

which is usuall y initiated in early June, reached an advanced maturation stage in July 2004. 

Typical phytoplankton succession patterns may be di vided into three maturation stages 

(Marga lef, 1958) characteri zed by a progress ive depletion of surface nutri ents. The low 

N H4 + concentrations observed in the LS LE sub-surface in May 2003 and July 2004 may be 

caused by consumption by phototrophic organisms. The geochemica l signature of SPM in 

the LSLE water column provides ev idence for the occurrence of production events 

generating an important pool of newly produced and recyc led endogenous organic matter. 

ln addition, the stat isti ca l analyses confi rmed the occurrence of an important labile SPM 

downward transfer in May 2003 and July 2004 in the LSLE, as significant changes were 

observed in the ve rti ca l profil es of Chl-a and PON concentrations as we il as for the SPM 

C/N ratio. This last observation is in accordance with the results of Levasseur and 

Therriault ( 1987) and Colombo el al., (1 996) who demonstrated that large autochthonous 

partic\es, mostly di atom theca and copepod feca l pellets, were produced in the LSLE during 

phytoplankton growth events. 

As onl y 30% of the autochtonous production of the LSLE was estimated to sett le 

down in the LSLE or seaward exported (Lucotte el al., 1991), a signi ficant proportion of 

the autochtonous paJ1ic\es should be recyc\ed within the LSLE water co lUlnn. While 

parti cles sink, a graduai break down takes place, releas ing DOM in the surrounding waters 

(S mith et al., 1992). Such processes mi ght be important in rega rd to organic matter 

dynamic, as the turnover time of amino ac ids in sinking parti cles might be a few hours onl y 

(0 .2 - 2. J days) (S mith el al 1992). Colombo el al. (1996) have shown that graz ing acti vi ty 
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(predominantly impol1ant at 0 - 50 m depth ; Roy el al. , 2000) has an important influence 

on the composition of autochthonous sinking particles. Zooplankton, in addition to produce 

fecal pellets, breaks down a portion of the pal1iculate matter into smaller particles, colloids 

and DOM. Such zooplankton related DOM has been described by Lampitt el al. (2000) and 

Berman and Bronk (2003). This newly formed DOM pool is assumed to be preferentially 

consumed and mineralized by heterotrophic bacteria (Smith el al. 1992; Davey el al. , 

2001). This process might occur in the whole water column, as total bacterial abundance is 

little influenced by depth in the LSLE (Lemarchand K. , ., unpublished results.). 

Direct NH/ production by phytoplankton excretion (Brezinski, 1988), 

photochemical release (Koopmans and Bronk, 2002) or viral algae Iysis (Bratbak el al. , 

1998), is likely to occur in the LSLE surface water. Solubilization and recycling of labile 

POM by both zooplankton and microbial activities can probably explain increased 

concentrations of N~ + observed in the intermediate layer in May 2003 and July 2004, as 

fresh autochthonous POM sinks from the productive euphotic zone. Bacterial respiration 

being directly related to primary production in aquatic environments (deI Giorgio el al. , 

1997), it is likely that ammonification follows a similar trend in estuarine environments. 

However, new information is needed to determine if there is a coupling between 

ammonification rates and autotrophic biomass production in the SLE. 

3.5.4 Significance of PHAA pattern 

Since hydrolysable amino acids (Pl-LAA) can be used as an indicator of POM source 

as weIl as a marker to study early diagenetic processes occuning in estuarine water and 

sediment (Chen el al. , 2004), our SPM amino-acid analysis may provide more information 

on processes involved in NH4 + spatial and temporal distribution in the LSLE. PHAA 

concentrations showed a clear decrease with depth (by a factor of about 10 times) between 

surface and the bottom deep layer. Surprisingly, the calculated Dl did not give a clear 

indication of the decreasing POM lability with depth which would normally be induced by 

differential mineralization (Dauwe el al. , 1999). Dl values registered in the SLE during 

July 2004 expedition are relatively similar throughout the water colul1ln and are not 

significantly higher than those found during low productivity periods (October and 
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December 2005). This result might be explained by a greater heterotrophic activity during 

summer, the labile organic compounds being quickly recycled while the more refractory 

amino acid containing compounds remained in the water colllmn. Low Dl might also be an 

effect of dilution with land-derived allochtonous organic matter which wou Id have a low 

Dl. 

A detailed examination of the molar ratio of individual amino acids withy total 

PHAA did not allowed to discern a clear spatial or temporal pattern. Only the molar ratio of 

tyrosine (Tyr) showed a significant decrease with depth, similar to the trend observed for 

PHAAs. As Tyr is known to be qllickly degraded by bacteria in marine environment 

(Dallwe ef al., 1999), the variation of its molar ratio in the LSLE is less sensitive to dilution 

with refractory allochthonous POM than Dl. Because Tyr concentrations measured in SPM 

collected in LSLE surface water during a high productivity period are higher than those 

measured in the USLE for the same period, we suggest that Tyr may be a marker of fresh 

organic matter in cases where the dynamic of SPM diagenesis can not be c1early assessed 

by DI values . The steep decrease in tyrosine molar ratios with depth is thus a good indicator 

that autochthonous SPM is mineralized with depth in the LSLE water column. 

Chl-a concentrations measured in fall 2005 were significantly lower than in July 

2004 in both the upper and lower SLE surface waters, indicating a much lower primary 

production. As the labile SPM concentration was low in the LSLE water column (based on 

the average SPM CIN ratio and PHAA concentration), a concomitant low NH4 + mean 

concentration was also observed in the LSLE superficial layer. The relatively high NliJ + 

concentrations observed at stations 9, 10 and] 2 in October 2005 are associated with higher 

than the average Chl-a concentrations (1.13 ± 0.18 Ilg r1)for this water mass. Mechanisms 

involved in elevated NH4 + concentrations measured during this period appears to be related 

to previously described process observed in spring and summer, but may also be linked to 

vertical advection processes which have brought rich nutrient water to the surface layer and 

stirred primary production event as previously observed by Mcguillicuddy et al. , (1998) in 

the Atlantic Ocean . Available data did not allow to decide what could be the favored 

mechanism. 
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3.6 Main findings and conclusion 

The seasonal distribution of dissolved and particulate nutrients in the SLE described 

111 this paper provides a first snapshot of spatial variations of NH; + loads. Our results 

indicates that upstream NH4 + inputs to SLE are highly variable, with the highest seaward 

transport occurring during fall and the lowest one during summer, illustrating the strong 

effect of the seasonal variability of freshwater discharge. Although no potential nutrient 

limitation was observed during fall and winter times, N has been identified as the probable 

limiting nutrient in spring and summer. As ~ + is known to be preferentially consumed by 

phytoplankton, allochtonous NH; + supply is assumed to have a significant effect on the 

LSLE phototrophic productivity. This hypothesis is supported by the small changes in 

NH4 + concentrations registered in May 2003 and July 2004 which seem to indicate that 

NH4 + uptake and production processes are closely balanced, and suggest an important 

recycling of NH/ in the LSLE. Low NH/ concentrations are observed during the 

phytoplankton growing season in the LSLE surface water while translocation of 

endogenous PON towards the deep water layers occurred. As phytoplankton biomass 

assimilates NH/, it contributes to the increase of the downward labile PON flux in the 

LSLE. The observed increase of N~ + concentrations in the LSLE intermediate layer 

during the productive period suggests a coupling between phototrophic productivity, 

grazing and bacterial-mediated mineralization processes, such as ammonification . F1II1her 

investigations based on interdisciplinary researches are needed to better understand multi-

scale processes related to N~ + distribution. 
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CHAPITRE IV 

Evidence for nitrate assimilation and respiration in hypoxic deep waters of the Lower 
St. Lawrence Estuary 

4.1 Abstract 

Patrick Poulin, Émilien Pelletier 

Submit to Marine Chemistry 

This study repolis seasonal changes in di ssolved inorganic nitrogen (DIN), 

dissolved oxygen (DO) and other chemical and biological parameters measured in the water 

column of Lower St. Lawrence Estuary (LSLE), a large and deep nOlihern estuary already 

affec ted by hypoxic conditions. Data from a series of five oceanographic crui ses between 

spring 2003 and winter 2006 allowed the observation of seasonal fine-scale changes in DO, 

DIN, and CIN ratio of suspended particulate organic matter (SPOM) profiles. A transient 

but remarkable DIN depletion appeared in the entire water columJl during summer 2004. 

The hypothesis of a dual assimilation/ respiration process in the hypoxic deep water layer is 

discussed. The presence of impoliant chlorophyll-a concentrations with low CIN ratio in 

SPOM far below the photic zone are indicative of a large reservoir of labile organic carbon 

ava ilable to biodegradation by aerobic bacteria with regeneration of nitrate in surface and 

intennediate layers, but cou Id be the source of a nitrificationldenitrification uncoupling 

process taking place in the deep layer due to DO depletion . Following calculations of N * 

(deficit in nitrate), dN (aerobic partial nitrification) and dN " (anaerobic denitrification), our 

results provide evidences of bacterial oxidation of organic matter by simultaneous oxygen 

(nitrification) and nitrate (denitrification) use in the deep water column. As much as 42-

61 % of nitrate deficit is attributed to denitrification whereas the rest is due to partial 

nitrification (35-47%) with a possible minor contribution from phytoplankton darkness 

assimilation (4-11%). A denitrification response within the water column leading to a 

seasonal nitrate deficit, but leaving DO saturation levels almost unchanged between 

seasons; thi s might be seen as a «protective mechanisl11 » that kept DO leve l within hypoxic 
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conditions (65 ± 10 flM) and prevented the development of anoxic conditions 111 deep 

LSLE at least for the last 15-20 years. 

4.2 lntt'oduction 

Examining historical record of water temperature and dissolved oxygen in St. 

Lawrence Estuary, Gilbert el al. (2005) observed a severe decline of deep-water oxygen 

over the last seven decades and the rise of hypoxic conditions (02 below 65 ~lM level) in 

the lower section of the estuary between the mouth of Saguenay Fjord and Pointe-des-

Monts area. Authors attributed a large part of the deep-water oxygen depletion (up to two 

thirds) to changes in propel1ies of water mass entering the Gulf of St. Lawrence leaving at 

least one third of oxygen losses unexplained by coastal circulation and tentatively attributed 

to an increasing oxygen demand in the estuary. Historical record also revealed an apparent 

stabilization in the oxygen regime in the last 15-20 years (Gilbert el al., 2005). A two-

dimensional model of dissolved oxygen (DO) levels in deep Lower St. Lawrence Estuary 

(LSLE) using a benthic-pelagic coupling approach confil111ed that mineralization of organic 

carbon plays a determining role in generating hypoxic conditions in LSLE, but author 

found inconsistency between calculated and measured sediment oxygen demand in their 

attempt to explain observed DO depletion in the deepest layer of the water column (Benoit 

et al., 2006) . 

DO depletion has been identified as a critical problem in many coastal and estuarine 

ecosystems suppol1ing fisheries (Falkowski el al. , 1980; Rosenberg, 1985 ; Vitousek el al. , 

1997). Hypoxia is operationally defined as DO concentration under 2 mgX I (65 flM), a 

level not fully supporting biological diversity. It has been observed that bottom trawls fail 

to capture demersal fish , shrimp or crab when operated in areas under 2 mg.r l of DO 

(Renaud, 1986). Although this phenomenon can naturally occur in marine coastal areas 

(Helly and Levin, 2004), hypoxia development next to urbanised coastal zones appears to 

be directly related to anthropogenic modification of tributaries (Cloern , 2001). Estuarine 

and coastal waters often receive important nutrient inputs originating from various 

terrestrial sources such as industrial and municipal wastewater, dredged material , 

agricultural and urban runoffs. Recent studies conducted in Gulf of Mexico (Turner el al. , 
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2005), Gulf of California (Beman et al., 2005), Chesapeake Bay (Alderson el al. , 200 1) and 

Pearl River Estuary (Yin el al. , 2004) demonstrated a positi ve re lationship between nutrient 

II1crease in the water column and hypoxia development. Authors pinpointed a direct 

II1c rease of alltochthonous photosynthetic production in response to nutrient loads 

generating an accumulation of organic material in the bottom layer, which in turn increases 

biodegradation ac ti viti es. As most decompose rs are aerobic, oxygen consumption often 

becomes greater than oxygen renewal, creating a continuous depletion in DO 

concentrations (D uarte, 1995). The study of Wolgast el al. (1 998) on Pacific Ocean in 

presence of high parti culate organic matter flux showed that concomitant oxygen and 

nitrate respiration occurred in microzones of aggregates in oxygenated bottom waters and 

caused loss of fixed nitrogen through denitrification. 

Thi s paper aims to examll1e fine scale seasona l changes in dissolved inorgani c 

nitrogen (DIN), DO, and CIN profiles in intermediate and bottom water layers of LSLE in 

an attempt to identify main chemical and biological processes that could influence hypox ic 

conditions in this large estuary. 

4.3 Materials and Methods 

4.3.1 Studyarea 

The lower St. Lawrence Estuary (LSLE) is a stratified 370-km long funnel-shaped 

tidal environment reaching a 350 m depth central glacial va ll ey along the Laurentian 

Channel. This estuary is the catchment basin of the St. Lawrence River (flow rate 11900 

m3.s- l
) taking its origin in North American Great Lakes (EI-Sabh and Si lverberg, 1990), 

and the Saguenay River (1600 m3.s- l
) draining the n0l1hern pal1 of Quebec (Schafer el al., 

1983). Watersheds of both St. Lawrence and Saguenay rivers support the activity of about 

57 millions people, some large industrial zones and important agricultural areas (Chambers 

el al, 200 1; Painchaud, 1999). The LSLE is strongly influenced by the Atlantic Ocean 

regime throllgh winds, tides, landward bottom water intrusions as we il as by surface 

seawa rd freshwater runoff (Koutitonsky and BlIgden, 199 1) The mixing between fresh and 

sa lt waters generates a stratification in three main layers: 1) a surface layer displaying 
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seasonal variations in temperature and sa linity. 2) a cold intermediate layer extending from 

50 to 200 m depth , and 3) a more consistent deep water mass (below 200 m) that only 

undergoes long term changes due to relatively steady inward advection (0.5 cm.s-') and 

weak vertical diffusion (Bugden, 1988). 

This naturally eutroph ic systemis influenced by seasonal dependant ITIlxmg 

processes which contribute to replenish surface water nutrients via the vertical advection of 

nutri ent-rich deep layers (Therriau lt and Lacroix , 1976; Gre isman and Ingram, 1977; 

Vézina el al. , 1995 ; Plollrde and Therriau lt , 2004). ln addition, tidally indllced up-welling 

processes, occurring at the head of Laurentian Channel, bring bottom waters to the surface 

allowing seasonal high biological productivity (EI -Sabh, 1979). While LSLE surface water 

may reach 15 Oc during summer time, ice cover is observed during winter period ; the ice 

begins to form along the shore in late November while complete melting generally occurs 

in April (EI-Sabh , 1979; Saucier el al., 2003). 

4.3.2 Data co ll ection and sampling 

Water samples were collected at different depths at four successive stations located 

along the main LSLE ax is (Fig. 1). Five seasonal surveys (1-3 June 2003 , 25-26 July 2004, 

6-7 October and 17-]8 December 2005 , and 8-9 February 2006) were carried out onboard 

Admunsen and Coriolis JJ oceanographic vesse ls, both equipped with the same sampling 

devices and similar laboratory accommodation. Vertical profiles of temperature, salinity, 

and DO were recorded using a Seabird® SBE 9 multi-probe (temperature accuracy ± 0.01 

oC, sa linity accuracy ± 0.01 , and DO accuracy ± 0.01 mg.r') mounted on a rosette multi-

sampler (General Oceanics®). In addition , water samples were taken on the up casts at 6 

different depths using 12 1 lever-action Niskin® bottles (General Oceanics®). Temperature 

and sa linity of samples were validated on board lIsing dual temperature and salinity YSI® 

digital probe whereas probe for DO measurements were assessed using Winkler titrations 

(Strickland and Parson, 1972). Deviations of DO probe compared with onboard chemical 

titration were always below 5%. Samples for N02' + N03- and pol- determinations were 

filtered onto 0.22 ~lIn pore-si ze Nucleopore® membrane and stored in the dark at - 80 Oc in 
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60 ml polyethylene bottles while samples for NH4 + were directly collected from Niskin® 

bottle in c1ean 250 ml BOD glass bottles and ana lysed onboard. Samples for suspended 

particulate organic matter (SPOM) characterisation were collected by filtration on pre-

combusted, pre-weighted, 47 mm diameter Millipore® glass fibre membranes, acidified 

with 10 ml of 1 % HCI so lution (v/v) and stored at - 80 Oc. Samples for chlorophyll-a (ChI-

a) determination were filtered in dark on 25 mm diameter Millipore® glass fibre membranes 

and stored at - 80 Oc. DIN was ca lculated as the sum ofN02- + N03- and NH/, and is given 

in !lM. 
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Figure IV-t Sampling area in Lower St. Lawrence Estuary. Letters in black circle correspond to 
the sampling stations. 
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4.3.3 Chemical analyses 

Dissolved nutrients (N02- + N03- and POi-) were analysed by colorimetrie 

techniques (Strickland and Parson, 1972) using automated analytic Technikon® and AA3 

Brand+Luebbe® platforms, allowing an overall analytical uncertainty (± ] cr) under ± 5%. 

Determination of NH4 + concentrations was performed onboard, using a microplate-based 

spectrofluorometric method described by Poulin and Pelletier (2007) , which provided an 

analytical uncertainty (± ] cr) of ± 1 %. SPOM elementary analyses were made at both the 

GÉOTOP-UQAM-McGill research centre at Université du Québec at Montréal and ISMER 

using a Carlo-Erba® elemental analyser and a ECS 4010 Costech® instrument equipped 

with a zero blank auto sampler. Replicate analysis (n = 10) of certified sediment sample 

(NIST-1941 b) was used as quality control for these analyses. Analytical error (± 1 cr) was 

detennined from replicate measurements of standard material (acetanilide, urea, atropine, 

nicotinamide) and averaged ± 5%. Particulate organic carbon (POC) was calculated from 

SPOM and quantitative CHN analysis. Pigments (ChI-a) were extracted from GFF filters 

with 10 ml of90% (v/v) acetone for 24 h at 4 Oc in the dark and concentration of Chl-a was 

determined using a Turner design® spectrophotometer (À = 630 nm) according to Strickland 

and Parson (1972) with an overall analytical uncertainty (± 1 cr) averaged ± 1 %. 

4.4 Results 

DO profiles of the four stations sampled in different seasons are presented in Figure 

2 and confirm the sharp decrease of oxygen saturation (%) from the intermediate water 

layer (50 to 200 m) to the deep layer (from 200 III to the bottom) for ail stations at ail 

seasons. Fine scale changes can be observed in the intermediate layer, p3l1icularly in station 

C where the lowest saturation levels are observed in December 2005 followed by October 

2005. Profiles in July 2004 and February 2006 show very similar shapes and are generally 

indiscernible. DO profiles in deep layer show very few seasonal changes; although the 

percent of saturation in February 2006 was usually slightly higher than the others, a 

phenomenon particularly visible in downstream station D where the supply of more 

oxygenated deep waters from the Gulf of St. Lawrence is expected. 
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Figure IY-4 Suspended particulate organic matter ClN ratio profiles of the four stations sampled in 
different seasons. Forms indicate analysed samples. 

DIN profiles (Fig. 3) illustrate similarities between stations and seasons with a 

progressive increase of DIN concentrations in intermediate and deep layers from about 15 

!lM at 50 m depth to about 25-27 !lM at 300 m, except for the summer profile showing a 

major depletion ofDIN for ail stations. Ln July 2004, DIN measured in bottom waters (near 

or below 300 m) averaged 14.4 ± 0.6 ~IM (Av ± SD) which represents an apparent loss of 

about 50% of DIN when compared with observed values in other seasons. NH4 + was 

present only in surface waters and barely absent « 0.02 ~lM) in deep waters for ail stations 

and seasons (results not shown). 

C/N ratios in SPOM (Fig. 4) show distinct profiles for each season, best illustrated 

at station C where CIN profiles progressively move towards higher values from July 2004 

to February 2006 in both intermediate and deep layers. Only downstream station D shows a 

different pattern with July 2004 profile c1early different from others. 
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Seasonal changes in chemical composition of the deep water layer (using only data 

between 250 and 330 m to minimize possible mixing effects with the intermediate layer) of 

LSLE are summarized in Table 1. The first striking feature of this deep water mass is its 

temporal and spatial homogeneity illustrated by only very tiny changes in salinity (34.54 ± 

0.09) and temperature (5.18 ± 0.35 OC) around the year and even amongst the stations. The 

upstream station A is generally slightly cooler and less salt y than downstream station D. 

However, chemical parameters driven by biological activities show remarkable changes 

with seasons . As expected, POC concentrations are quite low in early June 2003 before 

summer high production peak, increased in July 2004, and stayed relatively high in falJ and 

winter months. C/N increased steadily from July 2004 to February 2006. Values of CIN 

ratio around 9-10 are observed in early June 2003. Chl-a was c1early present in deep waters 

in July 2004 (up to 0.22 ~lg ri in upstream station A) and decreased sharply in fall and 

winter. As previously observed in seasonal profiles, DfN was much lower in bottom layer 

in J uly 2004 than in ail the other seasons. Ol1hophosphate concentrations averaged 2.2 ± 

0.2 ~lM and showed few changes between stations and seasons. 

Table 2 reports DO/DIN ratios ranging between 2.41 and 3.48 for ail stations and aIl 

seasons, except for July 2004 where higher values (3 .65 and 5.10) are observed. ln an 

attempt to identify and quanti:fy processes leading to nitrate deficits (including possible 

presence of N02-) in LSLE deep waters, we adopted the approach recently proposed by Li 

et al. (2006) to caJculate empiric parameters deficit in nitrate (N*), aerobic pal1ial 

nitrification (dN) and anaerobic denitrification (dN "). 
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Tablea u JV-J Mean values of particulate orga nic carbon (POC, /lg/I), C/N, chlorophyll-a (Ch l-a 
/lg/I), total dissolved ino"ganic nitrogen (OIN, /lM), dissolved orthophosphate (P /lM), dissolved oxygen 
(DO, /lM), sa linity and temperature ('C) in bottom waters of lower St. Lawrence Estuary. Otherwise 
stated , numbers are average values of 2 samples collected between 250 and 330 m following sta tion 
depth . " NA = data not ava ilable. 

Ea rlyJune End of July Ea rly October Mid-December Ea rly Febmary 
2003 2004 2005 2005 2006 

Station J\ 
POC 83 (300 m) 220(31Sm) 12 1 187 197 
C/N 10.28 9.47 12.50 14 .03 15.75 

Ch l-a 0.080 0.220 0.025 0.006 < 0.00 1 
D IN 27. 1 15.7 25.0 2S.7 26.5 

P 2.5 2.4 2.5 2.4 2.1 
DO 90.63 58.34 63.44 62.50 74.94 

Sa linit y 34.60 34.44 34.48 34.4 1 34.37 
Temperat ure 6.40 5.08 5.07 4.84 4.66 

Station B 144 
POC 29 (300 Ill) 107 (325 Ill) 64 16 1 14.64 
ClN 9.07 7.30 12.27 13.78 < 0.001 

Ch l-a 0.030 0.090 0.0 10 0.003 26.7 
DIN 26.6 15.1 25.6 26.8 2. 1 

P 2.4 2.4 2.5 2.3 68.44 
DO 64.31 55.16 62.50 66.4 1 34 .55 

Sa linity 34 .53 34.48 34.53 34.48 4.95 
Temperat ure 5.23 5.18 4.99 4.98 

Station C 98 
POC NA" 109 (280 m) 11 7 158 15.35 
C/ N 7.68 13.05 14 .06 < 0.00 1 

0 11-a 0.090 0.030 < 0.00 1 27.0 
D IN 13.9 25.4 26.5 2.2 

P 2.3 2.4 2.2 65 .5 1 
00 60.44 66.88 72.4 1 34.54 

Sa linit y 34.46 34.53 34.62 5. 12 
Temperature 5.1 7 5.23 5.24 

Station D 11 5 
PO C 37(3 15111) SO(31Sm) 128 ISO 14 .32 
C/N 9.28 8.10 13.75 14.03 < 0.001 

O1 I-a 0.060 0.]40 0.020 < 0.00 1 27.3 
DIN 26 .8 13.0 24.9 26.5 2.1 

p 2.0 2.1 2.3 2. 1 88.86 
DO 93.09 66.88 69.06 77.8 1 34.62 

Salin it y 34.67 34 .56 34 .64 34.70 5.02 
Temperat ure 5.49 5.37 S.2 1 5.34 
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Tableau IV-2 DOIDJN ratio, N* (nitrate deficit), dN (partial nitrification, /lmol r J
) and dN" 

(denitrification, /lmol ri) defined for the bottom waters of lower St. Lawrence Estuary using the 
average values of 2 samples co llected between 250 and 330 ru following station depth." Wh en Na > N > 
Nb, denitrification (dN " ) is not contributing to the deficit. b Data not avai lable. 

Ea rly Jun e End of July Ea rly October M id-Dece Il1ber Ea r1y February 
2003 2004 2005 2005 2006 

St ation A 
DOIDIl;! 3.34 (300 Ill) 3.72 (315 m) 2.54 2.43 2.84 

N -9.28 -20.59 -1 2.27 -9.77 -4.95 
dN 7.00 9.69 9.72 7.78 4. 18 

dN"' a 8.67 Il. C . n.c . n .c. n.c. 
Station B 2.51 2.61 
DO/ DiN 2.41 (300111) 3.65 (325 ru) 2.44 -7.88 -4 .73 . 

N -8.74 -20.98 -1 1. 97 6. 12 3.97 
dN 6.77 9.55 9.31 n.c. n.c 

clN" n. c 9.24 n .c. 
Station C 2.75 2.43 
DOIDIJ;l NA b 4.35 (280 m) 2.63 -5.27 -5.48 

N -1 9.85 -9.48 4.39 4.39 
clN 7.71 7.65 n.c B .C 

clN" 10.67 n .c. 
Station D 2.94 3.25 
DOIDI J;l 3.48(3 15 m) 5.14(315m) 2.77 -4.41 -3.3 0 

N -3.12 -18.45 -8. 19 3. 80 2.76 
dN 2.8 1 6.49 6.9 1 n. c. n.c 

clN"" n.c . 11 .17 Il .C. 

A relationship between observed nitrate + nitrite concentration (N) and N * is shown 

111 eq. l , where :N = 16(P - 0.181) and P is the measured orthophosphate concentration as 

defined by Gruber and Sarmiento (1997). 

* • N = N - N eq. l 

For dN and dN " calculations, the expected concentration ofN for a complete nitrification 

(Na) and the expected concentration of N during a partial nitrification (N b) are firstly 

illustrated in eq. 2 and eq . 3 respective ly. 

Na = m(P - Po) eq. 2 

eq.3 
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Value m and Po in eq. 2 can be obtained from the linear least square fitting of P 

versus N plot of all deep layer data points, where Po is the value of intercept at N = 0 and m 

is the value of slope. Based on our fitting curve, Po and mare -0.6051 and Il.1460 

respectively, where R2 = 0.8186. A cubic least-square fitting of P versus N plot of ail deep 

layer data points gives Co = 1.7354, CI = 1.7673, C2 = 14.2610 and C3 = -3.9905 with R2 = 

0.8399, which provide the four constants for eq. 3. 

For a given P value, wh en Na > N > N b, it is assumed that the nitrate deficit is only 

caused by the partial nitrification (dN) but not denitrification (dN " ). Therefore, the 

calculation of dN in eg. 4 gives the nitrate deficit. 

dN = Na- N eg.4 

For a given P value, wh en N < Nb, it is assumed that the nitrate deficit is caused by both 

partial nitrification (dN) and denitrification (dN " ), which can be calculated by eg. 5 and eg. 

6 respectively. 

eg. 5 

eg. 6 

Table 2 shows a loss of nitrate (negative N*) for aU stations and seasons but 

especially in July 2004 with N* values often 4 to 5 times lower than February 2006. As 

nitrate deficit can be caused by both partial nitrification and denitrification , Li el al. (2006) 

proposed to used dN as a measurement of partial nitrification (which increases with 

nitrification) and dN " as a measure of denitrification. These results show a partial 

nitrification process occurring year-round at ail stations with the lowest dN values observed 

in February 2006 (3.82 ± 0.73 ~lmol rI) and the highest ones obtained in October 2005 

(8.40 ± 1.34 ~lI11ol rI). ln general , partial nitrification can explain a substantial fraction of 

nitrate deficit registered in the LSLE bottom layer (35-90%). Although the average nitrate 
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loss by partial nitrification measured in July 2004 (8.36 ± 1.54 /J-mol ri) was similar to the 

one observed in October 2005, the nitrate deficit induced by denitrification process was 

found more important. High dN " values (9.94 ± 1.18 ~L1nol ri) were observed only in July 

2004 at ail stations whereas this process was estimated to be negligible for other sampling 

periods because we observed Na > N > Nb for determined P values. ln addition , partial 

nitrification and denitrification processes explained from 89 to 96% of nitrate deficit 

recorded in July 2004 whereas denitrification alone accounted for 42-61 % [(dN " / -N*) x 

100]. 

4.5 Discussion 

Physical properties and chemistry of the deep water layer (below 200 m) of the Gulf 

of St. Lawrence have been closely examined during Phase 1 of the Canadian Joint Global 

Ocean Flux Study (CJGOFS) in 1992-1994 (Savenkoff el al. , 1996). The Anticosti Gyre 

station located about 200 km eastward our station D showed average salinity and 

temperature of34.4 ± 0.1 and 4.8 ± 0.1 oC, respectively, which are slightly lower than mean 

values repol1ed here for LSLE. Gilbel1 el al. (2005) reported a mean temperature of 4.98 Oc 
for the deepest layer of LSLE using data collected from 1984 to 2003 which is again 

slightly lower but not significantly different from our average value (5.18 ± 0.35 oC) for 

years 2003 to 2006. Ali these data confirm the high stability of the deep LSLE layer which 

is only subject to a slow upward advection process with properties varying on a decanal 

time scaJe onJy (Gilbert el al., 2005). 

DetaiJed oxygen profiles between JuJy 2004 and February 2006 (Fig. 2) illustrate 

some fine scale changes not previously reported as the intermediate layer (50 to 200 m) are 

subject to some seasonal fluctuations apparentJy reJated to carbon and nitrogen cycJing with 

lowest DO saturation leveJs observed in December 2005. This temporary Joss of DO is 

attributed to respiration of marine organic matter produced in the surface layer and 

terrestriaJ SPOM (vascular plant debris) imported from the St. Lawrence River watershed. 

C/N profiles support this assumption and exhibit higher values in fall and winter indicating 

a progressive decay of paJ1icuiate organic mater in the water coJumn. This simple and 
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ex pected pattern is not observed in the deepest water layer where D O saturati on leve ls 

remained almost unchanged w ith seasons w ith saturati on values very close to 20% (63-65 

~lM) for stati ons A, B and C and s li ghtl y higher in downstream station D . SPOM sampled 

in LSLE deep waters during Jul y 2004 shows high Chl-a content whil e C/N ratio gives 

evidence for an endoge nic source of SPOM sinking through the water during summer time 

(Ta ble 1 and F ig. 4). As SPOM sampled in Jul y 2004 appears to be only partl y affected by 

pelagic degradati on processes, we suggest that very low tempe rature of the intermediate 

laye r (Sa ucier el al. , 2003) coupled to rapid sinking of these parti c les through the water 

column are fac tors leading to only a partial degradation by bacte ri a l acti v ity during the 

sedimentation process. Thi s hypothes is is sllpported by a prev ious study ca rried by 

Levasseur and Therri ault (1 987) showing that large autochthonous particJes, mostly under 

the form of di atom theca and copepod feca l pe ll ets are produce in the LSLE during 

phytoplankton growth events. 

The most sticking feature of our res ults is the loss of DIN in the who le water 

co lumn sampled in July 2004 wh en compared with other sampling peri ods. Such a 

diffe rence can not be explained by advection or mi xing processes involving a mi xing of 

surface or intermediate nitrate depleted water masses with deep waters, beca llse salinity 

and temperature should have been affec ted the same way, and it is obviously not the case . 

The LSLE deep waters are very stable ail around the year at ail stat ions (Table 1) and are 

not diluted with less dense and warn1er waters during summer (G ilbe l1 el al. , 2005). Only 

two bas ic biologica l mechani sms can consume nitrate in marine env ironment: 

photosynthes is and nitrate respiration. The euphotic zone depth was determined at 26-29 m 

in the Gulf of St. Lawrence (Savenkoff el al., 1996) and is ass umed to be thinner in the 

LS LE due to the presence of fine suspended particl es deri ved from the St. Lawrence Ri ver 

drainage basin . Photosynthes is can not be responsible for carbon fi xa ti on in the LSLE deep 

laye r a lthough Chl-a was present at a il stations in Jul y 2004 (Table 1). However, nitrate 

uptake by phytoplankton ce ll s can occur in darkness and thi s process might be part of the 

ex planation fo r missing DINin summer. 
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The ability of diatoms and flagellates to assimilate nitrogen 111 darkness, the 

cost/benefit ratio for uncoupling nitrogen and carbon uptake (Clark el al. , 2002), and the 

advantages for some diatoms to engage vel1ical migration have been roughly discussed 

when surface layers become nutri ent-depleted (Kanda el al. , 1989; Richardson el al. , 1998; 

Watanabe el al. , 1991). The pal1ial decoupling of carbon fixation and nitrate assimilation 

by fast growing diatoms is considered as a typical situation in the temperate spring bloom 

when N assimilation in light phase alone may be rate limiting (Kanda el al. , 1989). Vel1ical 

migration and dark nitrogen uptake are ex pected to occur in LSLE in late spring and 

summer when the thin euphotic surface layer becomes D1N-depleted by phytoplanktonic 

activity ([ChI-a] = 20.00 ± 7.52 ~lg -1; [DTN] = 3.2 ± 2.0 ~M ; N/P "" 9) at 2 m depth 

observed in July 2004 (results not shown). Assuming that a portion of these phytoplankton 

cells are not ingested by zooplankton in surface layer because of the abundant primary 

production during that period, we suggest that the ability of cells to N assimilation in 

darkness is preserved while cells fall toward deep water laye r. Although our data do not 

allow quantification of the proposed process, we suggest this mechanism might contribute 

in DIN depletion pal1icularly in the intermediate layer (50 to ISO m) since this layer is 

subj ect to an intense mixing process in summer and can sequester cells for a while. For the 

deep layer, Li et al. (2006) have already mentioned in their conclusion that parameters N* , 

dN and dN " are roughly related by - N = dN + dN ". The difference, if any, might be 

attributed to another consuming process such as dark assimilation. We suggest that 4 to 

Il % of mi ssing nitrate in July 2004 in the LSLE deep layer may be induced by dark biotic 

assimilation. 

Nitrate respiration or denitrification is a weil documented process taking place in 

DO depleted marine organic matter-rich sediment (see Herbert, 1999 for a review). As 

denitrification is recognised to be limited by nitrate and organic matter availability, coupled 

nitrificationldenitrification process is commonly observed in surface coastal sediments 

(Jenkins and Kemp, 1984). Denitrification is al so weil documented in anoxic water masses 

particularly in tropical regions where tbe bacterial community can supply to the lack of DO 

by consuming nitrate (Condispoti and Packard, 1980). Nitrate respiration was also 

mentioned as a plausible mechani sm in aerobic bottom waters of NE Pacific Ocean 
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(Woigast el al., 1998). Authors observed a simultaneous use of nitrate and oxygen in 

respiration and postulated that denitrification occurred in microzones of aggregated 

particJes in oxygenated waters (DO = 135 ~LM). LSLE deep layer seems to offer favourable 

conditions for nitrate respiration in hypoxic bottom waters (65 ~M) wh en ri ch organic 

particJes from surface layer high productivity are expol1ed to the bottom. According to our 

data, July 2004 DIN and DO profiles seem both influenced by the abundance of sinking 

organic mater characterized by a low CIN and the presence of preserved Chi-a. FoJJowing 

Li el al. (2006) calculations, our results provide evidences of bacterial oxidation of organic 

matter by simultaneous oxygen (nitrification) and nitrate (denitrification) use (Table 2) in 

the water column. Savenkoff el al. , (1996) proposed bacterial respiration as an impol1ant 

benthic organic matter mineralization process along the Laurentian channel in the Gulf of 

St. Lawrence. However, nitrate respiration had never been rep0l1ed in the LSLE water 

column and only available data on denitrification rate in LSLE sediment (1 .8 to 3.3 ~mol 

N 2 m-2 h-l
) have been proposed by Wang el al. , (2003). According to this study, it is 

unlikely that surface sediment nitrate respiration can explain the low DIN concentrations by 

itselfthroughout the LSLE water column in July 2004 because sediment denitrification rate 

appears too low and DfN profiles do not show a consumption gradient near the bottom. To 

explain nitrate missing from the deep Bering Sea without involving a water column nitrate 

respiration , Lehmann el al (2005) calculated a very high denitrification rate of 9.6 ~mol N 

m-2 h-l which is obviously not the case in the LSLE. Nitrate deficit in deep LSLE is a 

transient phenomenon appearing and disappearing within a few weeks. While low DO 

concentrations may have contributed to limit nitrification , high summer labile orgal1lc 

matter supply and high DIN availability have stimulated denitrification within sinking 

particles. This assumption was first developed by Wolgast el al. , (1998) as these authors 

observed denitrification in deep ocean waters with DO/ DTN ratios 2: 3.8. Our DO/DIN 

ratios in LSLE deep waters in July 2004 ranged from 3.65 to 5.14 and always higher than 

other seasons. 

Historical DO levels reported by Gilbert el al (2005) show an apparent stability of 

%DO saturation (20 ± 3%) from early 1990s up to 2003 although water temperature 

increased rapidly by about 0 .7 Oc in the same period. Our own DO values taken from 2003 
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to 2006 show saturation between 18 and 25% and are in perfect accordance with previous 

data. Following the model of Gilbert et al (2005), DO levels should have been sensitive to 

such an important change in water temperature due to a reduction of oxygen solubility. We 

suggest that decoupling between nitrification and denitrification processes within labile 

S POM in high DIN and \ow DO environment may contribute to stabilise DO 

concentrations in the LSLE bottom layer. lt seems that DO = 65 ± 1 0 ~lM (corresponding to 

about 20% saturation in deep LSLE) acts as a threshold where denitrification becomes a 

favoured mechani sm and «protect» deep waters against a further development of anoxia. 

Such a threshold might be governed by biodynamic factors (energy requirement for using 

DIN versus DO and carbon lability) but our data do not allow further calculations. 

4.6 Conclusion 

Our results bring evidences that uncoupled nitrification/denitrification process can 

occur in hypoxic estuarine deep waters when favourable conditions are present. A massive 

downward ex portation of freshly produced organic matter during summer induced an 

unexpected denitrification response within the deep water column leading to a nitrate 

deficit, but leav ing DO saturation levels almost unchanged between seasons. No evidence 

of a significant contribution to nitrate loss by sedimentary denitrification was observed. 

Denitrification in the water column during episodic massive input of labile organic carbon 

might be seen as a «protective mechanism » that kept DO level within hypoxic conditions 

(65 ± J 0 ~M) and prevented the development of anoxic conditions at least for the last 15-20 

years. This hypothesi s offers an interesting framework to better understand the processes 

involved in hypoxia development in the LSLE and furthermore , to understand how this 

environment will be affected by increasing eutrophication. A number of studies showed an 

increase of total organic matter concentration in St. Lawrence Estuary sediment 

(Louchouarn el al, ] 997; St-Onge et al., 2003 ; Thibodeau el al. , 2006). An increasing 

proportion of marine SPOM reaching bottom sediments in the last three decades 

(Louchouam el al, 1997; St-Onge et al. , 2003) was observed. ln addition Thibodeau el al. , 

(2006) showed a ten-fold increase in the accumulation rate of dinoflagellate cysts and 

benthic foraminifera in the LSLE sediment over the last four decades which can be 

interpreted as a recent increase in pelagic and benthic production. Warmer surface waters 
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induced by climate changes coupled to increasing nutrient import from St. Lawrence River 

drainage basin might trigger this «apparent hypoxic steady-state» and push the system 

toward a complete consumption of available dissolved oxygen within a few decades. 
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CHAPITRE V 

Bacterioplankton distribution in the St. Lawrence Estuary during ice-free and ice-
covered periods: Proportion of high and low nucleic acid content cells 
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5.1 Abstract 

ln sub-Arctic estuaries subject to the presence of seasonal sea Ice, how bacterial 

communities development is inte11wined with environmental variables is still poorly 

understood during the ice-covered period. The aim of this study was to determine the 

seasonal and intra-water mass variability in the abundance and structure (proportion of high 

nucleic acid cells, %HNA) of total heterotrophic bacteria (TB) along the main axis of the 

St. Lawrence Estuary (SLE) during ice-free and ice-covered periods. No significant 

differences were observed in the upper SLE for both sampling periods . ln contrast, the 

distribution of bacterioplankton in the lower SLE showed a decrease of TB with depth in 

ice-free period whi lst, during the ice-covered period, TB were homogeneously distributed 

throughout the water column. This variance could be explained at 8] % by combined 

effects of temperature, salinity, dissolved oxygen (DO), suspended pa11iculate matter 

(SPM), Chlorophyll a (ChIa) and C:N ratio. On the other hand , the %HNA variance could 

be explained at 51 % by the combination of ammonium (NH/ ), sa linity, SPM and nitrite + 

nitrate (N02·+ N03-) concentrations. %HNA and TB variations indicate that the structure 

and abundance of bacterial communities respond in different ways to extemal forcing and 

that low nucleic acid cells may be favored in low productive waters. Moreover, nitrogen 

concentration appeared to be the main factor influencing the %HNA, with no significant 

influence of temperature, whereas distribution of TB appeared to be driven by multiple 

physical and chemical variables. 
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5.2 Introduction 

Heterotrophic bacteria constitute a large and essential component of marine food 

webs (Gasol et al. 1997), playing pivoting roles in major biogeochemical cycles (Legendre 

& Rassoulzadegan 1995) and sharing with phytoplankton the capacity to take up dissolved 

carbon and incorporate it into p311iculate organic carbon (POC) (Revilla et al. 2000). ]n 

oceanic systems not receiving allochtonous inputs of carbon, bacterial production is 

ultimately supported by the supply of organic carbon from primary producers. However, in 

coastal and estuarine waters, allochtonous inputs of carbon can be important and lead to 

bacteria-dominated areas where no coupling with primary production can be observed 

(Findlay et al. 1991, Azam 1998, Del Giorgio & Duarte 2002). 

Sub-Arctic estuaries are highly dynamic aquatic systems where bacterial 

communities are still poorly characterized. In contrast with temperate estuaries, sub-Artic 

estuaries, such as the St. Lawrence Estuary (SLE, Quebec, Canada), are strongly influenced 

by the seasonality and by the formation of a sea ice coyer during winter time. This season 

cycling leads to important changes in hydrodynamic and chemical conditions and, as a 

consequence, 111 biological populations and communities that inhabit year around the 

Estuary. ]n 2005, Gilbel1 el al. reported a significant decrease of oxygen concentrations in 

the bottom waters of the Lower St. Lawrence Estuary (LSLE) in the last seventy years 

(from 125 Ilmol ri in tbe 1930's to an average of 65 Ilmol ri for the 1984-2003 period). 

Although this depletion can be, to some extent, explained by changes in physical and 

cbemical characteristics of the LSLE bottom water mass, one third to one half of the 

oxygen loss cannot be attributable to physica! causes and needs to be better understood 

(Gilbert et al. 2005). Moreover, it has been suggested that cold winters in tbe Gulf of St. 

Lawrence associated with a tbick ice coyer would result in high nitrate replenishment and 

high spring pbytoplankton bloom, whereas warm winters associated with a thin ice coyer 

would result in a low nitrate replenisbment, a low spring phytoplankton bloom and a 

dominance of beterotropbs (Plourde & Therriault 2004). Given the dominance of bacteria 

in communities and ecosystem processes (Azam 1998, Cotner & Biddanda 2002), a high 

heterotrophic activity in surface waters may lead to a higher oxygen demand in the water 

column after warm winters. Considering the ri se of hypoxia in the bottom layer of the 
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LSLE since the 1930s, a better characterization of the heterotrophic bacteria dynamic in the 

whole water column during the ice-covered period is needed to improve our understanding 

the response of sub-Arctic estuaries to environmental changes related to direct and indirect 

anthropogenic activities. 

Most of the heterotrophic bacterial measurements previously conducted in the SLE 

have focused on the euphotic zone (between 0-50 m) during productivity peak periods (Jate 

spring and summer) and only scat·ce data are available on the abundance and composition 

of bacterial communities in this sub-Arctic Estuary (Siron et al. 1993, Painchaud et al. 

1995, Lovejoy et al. 2000) under winter conditions. As tempe rature was demonstrated to be 

the major factor affecting bacterial growth rate in resource unlimited temperate estuaries 

(Revilla et al. 2000), it is important to understand the behavior of the bacterial compartment 

during the ice-covered period to assess the significance of heterotrophic bacteria JI1 

biogeochemical processes involved year-around in carbon and Ilitrogen cycles of SLE. 

The main objective of this study was to assess the seasonal and intra-water mass 

variability of abundance and structure of total heterotrophic bacterial community in the 

main axis of the St. Lawrence Estuary during ice-free (October 2005) and ice-covered 

(December 2005) periods. Nucleic acid content of marine bacterial populations has 

received considerable attention during the last decade (Lebaron et al. 200 1, Longnecker et 

al. 2005 , Nishimura et al. 2005, Sherr et al. 2006). Even if the ecological significance of 

high nucleic acid content cell (HNA) and low nucleic acid content cell (LNA) subgroups is 

still a controversial matter (Ga sol et al. 1999, Longnecker et al. 2006, Sherr et al. 2006, 

Moràn et al. 2007, Scharek & Latasa 2007), the proportion ofHNA cells (%HNA) within 

the total heterotrophic bacteria appears to be a valuable tool for distinguishing the 

assemblages and/or the physiological status of the total population. Two sampling 

campaigns were conducted to (l) describe the spatial distribution of the total heterotrophic 

bacterial community in the SLE, (2) investigate the structure of this community through the 

distribution of HNA and LNA cells and (3) investigate how the heterotrophic bacterial 

community, including differences in %HNA, responds to the presence of an ice coyer in 
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relati on with vari ations of environmental va ri ables (i.e. temperature, sa lini ty, d isso lved 

oxygen, di ssolved inorgan ic nutri ents, suspended particul ar matter, and chl orophyll a). 

5.3 Material and Methods 

5.3. 1 Study site 

T he St. Lawrence Estuary (Quebec, Canada) is a trans itiona l 600-km long funne l-

shaped macro-tidal enyi ronment beginning at the upstream limit of the sa lt intrusion 

(eastern tip of lle d'Orl eans) and divided into two distinct zones: the Upper Estuary (USLE) 

and the Lower Estuary (LSLE) (F ig. 1). The geographical limit between the USLE and the 

LSLE is set near the mouth of the Saguenay Fj ord (between stn5 and stn6), where the 

Estuary fl oor ri ses from 350 m to 25 m generating a tide induced up-we lling process and 

a llowi ng a hi gh bio logica l productivity (Koutitonsky & Bugden 199 1). 
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Figure V-l Sampling a rea a nd loca tion of the sa mpling stations. The dotted line represents the 
geographica l sepal'ation between the Upper (US LE) and Lower (LSLE) St. Lawrence Es tuary. 
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The USLE is a narrow, shallow and turbid corridor characterized by rough bottom 

topography where landward marine water intrusions and seaward freshwater runoff are 

affected by intense tidal mixing processes. This vigorous mixing process contributes to a 

vertical homogeneity in distribution of dissolved and particulate constituents through the 

entire water colllmn and promotes the formation of a maximum turbidity zone arollnd stn2 

(LlIcotte & D'Angle jan 1986). The LSLE is a deep stratified basin featuring a 350 m depth 

smooth bottom central valley; the Laurentian Channel, which is strongly influenced by the 

Atlantic Ocean through winds, tides, landward bottom water intrusions and surface seaward 

freshwater runoff coming from the watershed (Koutitonsky & Bugden 1991). The vertical 

distribution of biological and chemical variables responds to changing stratification 

characteristics imposed by the ice-free and ice-covered periods (EI-Sabh & Silverberg 

1990). The ice formation usually starts in December in the USLE, producing ice floes that 

are pushed downstream by tidal currents and prevailing winds and quickly reaching the 

LSLE and the Gulf in late December - early January. Spring flood and a complete melting 

of the ice cover generally occw· in April (EI-Sabh 1979, Saucier et al. 2003). DlIring the 

ice-free period from May to November, the combination of fresh and marine waters 

generates in the LSLE a stratification in three layers: (1) a surface layer (0 to 20 m) 

displaying high seasonal variations in temperature and salinity, (2) a cold intermediate layer 

(20 to 150 m) less affected by environmental changes than the surface layer, (3) a deep 

layer (150 m to the bottom) that only undergoes long term changes due to relatively steady 

inward advection (0.5 cm S- I) and weak vel1ical diffusion (Koutitonsky & Bugden 1991). 

Under ice-covered conditions, water freezing temperature and very low freshwater inputs 

contribute to homogenize surface and intermediate layers leaving only two thick layers: a 

surface layer corresponding to the first 150 m in depth and the year-around stable deep 

layer. 

5.3.2 Sampling scheme 

Water samples were collected at Il stations located along the main axis of the SLE 

during two multidisciplinary oceanographic cruises (Fig. ]). The first sampling cruise was 

conducted onboard the RV Coriolis Il in October 2005 (from 2005/ ] 0/05 to 2005/1 0/ 1 0) 

while the second sampling campaign was carried on the Canadian Research lcebreaker 
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CCGS Amundsen in December 2005 (from 2005/12/05 to 2005/12/18). At each sampling 

station, vertical profiles of temperature, salinity, and dissolved oxygen (DO) were recorded 

using a Seabird® SBE 9 multi-probe (temperature accuracy ± 0.01 oC, salinity accuracy ± 

0.01 , and DO accuracy ± 0.01 mg ri) mounted on a rosette multi-sampler (General 

Oceanics®). Sample temperature and salinity were validated onboard using a dual 

temperature and salinity YSI® digital probe whereas DO measurements were assessed 

using Winkler titration (Strickland & Parson 1968). Deviations of DO probe compared with 

on board chemical titration were always below 5 %. Water samples were taken from 1 to 6 

depths depending upon the total depth of the water column using 12 L lever-action Niskin® 

bottles (General Oceanics ]nc. , USA). Water sampI es for the determination of 

bacterioplankton abundance and structure were poured into 5 ml Cryovials® tubes and fixed 

with formaldehyde (final concentration = 2 % v/v) before storage at - 80 oc. Water samples 

for dissolved inorganic nutrient concentrations (DIN; ammonium [NH/ ], nitrite and nitrate 

[N02-+ N03-]), suspended particulate matter (SPM), C and N contents in SPM and 

chlorophyll a (Chia) were processed as following: (1) samples for N02-+ N03- analyses 

were filtered onto 25 mm, 0.22 ~lm pore-size Nucleopore® membrane and filtrates stored in 

the dark al - 80 Oc in c1ean 60 ml polyethylene bottles until analysis; (2) samples for NH4 + 

determination were collected in c1ean 250 ml DO glass bottles and analyzed onboard; (3) 

samples for Chia determination were collected on 25 mm Whatman® GF/F filters and 

stored frozen at - 80 Oc while (4) SPM samples were filtered on pre-combusted, pre-

weighted, 47 mm diameter Millipore® glass fibber membranes, until cJogging (maximum 

10 liters). Filters were acidified (to remove carbonates) with 10 ml of 10 % v/v HCI 

solution and stored at - 80 Oc for fUl1her laboratory analyses. 

5.3.3 DIN, SPM and Chia analyses 

Determination of N~ + concentrations was performed onboard, using a microplate-

based spectrofluorometric method which provides an analytical uncertainty (± 1 cr) of ± ] 

%. Determination of N02-+N03- concentrations was made by classical colorimetric 

technique (Strickland & Parson 1968) using an automated analytic AA3 Brand+Luebbe® 
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platform and allowing an overall analytical uncertainty (± 1 0) under ± 5 % (Poulin & 

Pelletier 2007). 

SPM elementary analysis (POC and PON) was performed uSll1g a ECS 4010 

Costech® instrument equipped with a zero blank autosampler. Quality of sample analysis 

was controlled by replicate analysis (n = 10) of a cel1ified sediment sample (NIST -1941 b). 

Analytical error (± 1 0) was determined from replicate measurements of standard material 

(acetanilide, urea, atropine, nicotinamide) and averaged ± 5 %. Filters for ChIa 

determination were extracted in 3 ml of 95 % methanol and sonicated on an ice bath. The 

extract was cleared by centrifugation and filtration through a 0.22 ~L1n Gelman Acrodisc 

filter. A 50 ~d aliquot was then injected in a reversed-phase C8 Waters Symmetry column 

thennostated at 25 oc. Gradient elution was controlled by a Thermo Separation P4000 

pump and used Zapata et al. 's (Zapata et al. 2000) mobile phases A and BI , with A varying 

from 100 % to 60 % in 22 min then decreasing to 5 % at 28 min and stabilizing. Peaks were 

detected using a Spectroflow 980 fluorescence detector in line with a Spectra Focus fast 

scanning absorbance detector. Peaks were identified and quantified using external pigment 

standards with an accuracy of± 0.001 /lM, from DHI Water and Environment (Denmark) 

as detailed in Roy et al. (Roy et al. 1996) and extinction coefficients were taken from 

Jeffrey et al. (J effrey et al. 1997). 

5.3.4 Flow cytometry analyses for bacterial abundance and %HNA 

Frozen samples were thawed and two subsamples were half diluted in TE 10X 

buffer (l00 mM Tris-HCI , 10 mM EDTA, pH 8.0). One ml of the resulting dilution was 

stained with SYBR® Green 1 nucleic acid gel stain at a dilution of 1/5,000 of the 

commercial solution (lnvitrogen, lnc), incubated for 15 min at room tempe rature in the dark 

(Lebaron et al. 2001) and analyzed during 180 s with a EPICS® AL TRA ™ cell sorting flow 

cytometer (Beckman Coulter® Inc.) equipped with a laser emitting at 488 ntn. Fluorescent 

beads (Fluoresbrite YG microspheres l/lm, Polysciences™) were systematically added to 

each sample as an internai standard to normalize cell fluorescence emission and light 

scatter values. Heterotrophic bacteria (TB) were detected in a plot of green fluorescence 
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recorded at 530 ± 30 nm (FU) versus side angle light scatter (SSC). A plot of green 

fluorescence versus red fluore scence was llsed to differentiate between photosynthetic and 

non-photosynthetic prokaryotes. The volume analyzed was calculated by weighing each 

sample before and after each run to calculate cell abllndance. HNA and LNA sllbgroups 

were di scriminated by gating the FLl-versus-SSC plot and respective abundances of both 

subgrollps were determined. The %HNA was determined by the ratio of HNA cells on TB. 

Vertical profiles of TB and %HNA at discrete depths were interpolated onto a rectangular 

grid lIsing the CTDFGRiD EPiC program (Lukas, R.B. , Dept of Oceanography, Univ. of 

Hawaii), with the method of successive over-relaxation to solve programmed partial 

differential equations. 

5.3.5 Statistical analyses 

Spearman's rank correlations were used to test the correlation between bacterial 

population characteristics cre. TB and %HNA) and environmental variables. The 

hypotheses related to seasonal and intra-water mass variability in bacterial abundance and 

%HNA in the St. Lawrence Estuary were tested with analyses of variance. The St. 

Lawrence Estuary water mass was subdivided in four distinct sections (USLE, LSLE 

surface [LSLE Surf.; 0 - 20 m] , LSLE intermediate [LSLE Int. ; 20 - 150 m] and LSLE 

bottom [LSLE Bot. ; > 150 m]) as previously described and according to CTD profiles. Two-

way ANOVAs were carried out to test if the TB abundance and %HNA differ between the 

location in the Estuary (USLE and LSLE Surf.) and among seasons (October and 

December 2005). Other two-way ANOV As we performed to compare the sa me variables 

among the season and the three water layers in the LSLE. The assumptions of 

homoscedasticity and normality were verified by the spread of residuals as suggested by 

Quinn and Keough , (Quinn & Keough 2002) and confirmed by the Shapiro-Wilk's test (Zar 

1999). A transfon11ation was used to respect the statistical assumptions when necessary. 

Furthermore, two outlier values were removed for the two ANOY As comparing seasons 

and stations in the Estllary. Four outlier values were removed from the ANOVA comparing 

the bacterial abundance for the three layers of water and seasons. When a source of 

vari ation was significant, Tukey-Kramer test was carried out to identify the differences at a 

= 0.05 (Sokal & Rohlf 1995). 
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Multiple regression analyses were used to link the environmental parameters (NH4 + , 

N03- + N02-, water temperature, salinity, Chia, DO, SPM and C:N ratio) to TB abundance 

and %HNA variations. We used Akaike's Information Criteria adjusted for sample size 

(ArCc) and adjusted coefficients of determination (r2 adjusted) for model selection (Quinn 

& Keough 2002). The regression model with the smallest AlCc value was considered the 

most parsimonious model explaining variability in bacterial abundance and %HNA. 

Normality was verified using the Shapiro-Wilk's test (Zar 1999) and homoscedasticity was 

confirmed by graphical examination of the residuals (Montgomery 1991). Based on the 

Cook ' s di stance (Cook & Weisberg 1982, Quinn & Keough 2002) three values were 

removed from the TB abundance data and one value from the %HNA data. 

5.4 Results 

5.4.1 Physical variables 

Water collllnn mean temperature in the USLE was 7 oC higher in October than in 

December whereas salinity and DO concentrations remained at similar values during both 

sampling periods (Table 1). As expected from general oceanographic conditions described 

earlier for LSLE, temperature changes were greater between the three layers present during 

the ice-free period, while only two water layers can be di stinguished during the ice-covered 

period. Temperature, salinity and DO concentration recorded in these different layers at 

both sampling periods are reported in (Table 1). Temperature and salinity increased with 

depth in both cases, while DO concentrations decreased with depth. 

5.4.2 SPM, ChIa and DIN di stributions 

The SPM concentrations recorded ll1 the SLE indicate the presence of a highl y 

turbid area in the USLE between stn2 and stn3 , with concentrations reaching - 100 mg ri at 

stn2. The SPM concentrations for the upper Estuary ranged from 1.52 to 77.46 mg ri and 

from 3.71 to 114.44 mg ri in October and December, respectively. SPM concentrations in 

the LSLE were lower than in the USLE (Table 1) and a weak variability was monitored 
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during the two sampling periods with concentration values ranging from 0.42 (intermediate 

layer, Oct.) to 1.77 mg ri (surface layer, Dec.). 

Chia concentrations were very low during in October as weil as in Oecember with 

numerous samples un der the detection 1 imit (Table 1). The highest ChIa concentration in 

the ULSE was observed in October (0.370 fl g ri) while this maximum in December 

sampling was only 0.254 ~lg ri . ln the LSLE, ChIa concentrations observed in surface 

water reached 1.71 0 ~lg ri in October and 0.422 flg ri in December. A s expected, ChIa 

concentrations detennined in intermediate and bottom waters were lower that in surface 

waters and never exceeded 0.240 ~lg ri . 

Tableau V-J Comparison of environmental and biological variables in the USLE and ln Ihe LSLE 
du.-ing Oclober and December 2005. The LSLE waler column was analyzed as a three laye r water 
ma ss, presenting a surface layer (0 to 20 m), and intermediate layer (20 to J50 m) and a bottom layer 
(>50 m). <DL: under the detection limit. 

ULS E 

Oclobc:r 2005 

Te mperature 
oC 

S a.linit~, I)(). I 
mg l 

N0 1- + NO) 
,,]\1 

TH % JlN.-\ 
1 o~ ('cU m..- I 

(n ~ 91 7231".83) 20.44 ( 10.98) 9.34( 0.54) 14.44(25.8 1) 0 11( 0 19) 1 24(1 66) 1737(4.39) 10 57 (5 .07) 638 ( 130) 52( 10) 

Decc ni)e l 2005 

(n ~ 81 024 (0.79) 21.42 (866) 10.3 1(1 89) 24. 15 (37.55) 0.20 (024) 0.56(0.82) 20.27 (4 . 14) "35 (1.94) 6.25 (2.49) 54 (5) 
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OClobcr 2005 
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(n - n) 
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(n 17) 
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(n - 11) 

f)ece/llb t>r 1005 

0 - 10m 
(n 11) 
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(11 /3) 

> /50m 
(11 Il) 

HO( 1 64) 29 43 (136) 974 (067) 1 09 (0. 25 ) 0.63 (0.6 1) 0.54( 0.73 ) 968 (4.56) 7.43 ( 118) 82«370) 61(4) 

1 88 ( 1 1]) 3266 (099) 6.95 (274) 076 (0 19) 006 (0.07) 002(0.01) 16.69(6.08) 9. 21 (2. 17) 444 (0.72) 63 (5) 

507 (0.37 ) 34.4 9 (0. 17) 2.38 (0.68) 1.24 (0.30) 0.02(0.0 1) < DL 25.]2 (0 .33 ) 12.60 (1.78) )92(054) 57 (4) 

0 40(1 08) 2969(1 .67) 104 5 ( 137) 1 09 (04 1) 0. 15 (0. 16) 0.02 (0.02 ) I ISI (3.64) 9.92( 1 <6) Ul (O.3) 57 (3) 

2.39 ( 1 04) 33. 19 (0.95) 6.04(2.59) 0.9 1 (0 36) 0.03 (0.06) < DL 18. 18(6.00) 10.58 (1.52) 3. 48(0.46) 58 ( 3) 

5.08 (0.43) 34.49 (0.20) 2.65 (0.81) 1 07 (0.39) < DL < DL 26.22 (0 .88) 11.24 ( 1.87) 3 38 (118) 53 (2) 

Higher NH4 + concentrations were observed in the USLE than in the LSLE for both 

sampling periods (Table 1). NH/ concentrations reached 4.48 flM in the USLE in October 

and 2. 1 0 ~lM in December while in the LSLE surface layer NH/ reached 2.23 ~lM in 

October and a very low 0.05 ~lM in Oecember. In intermediate and bottom waters, NHt + 



106 

never exceeds 0.05 /-lM in October whereas it remained under our detection limit 111 

December. ln the USLE, N02- + NO)- concentrations ranged fro m 13.80 to 27.74 ~lM 111 

October and from 17.24 to 28.78 /-lM in December. In the LSLE, N02- + NO)-

concentrations increased with depth and decreased with sa linity and were simi lar in 

October and in December (Table 1). 
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Figure V-2 Longitudinal profiles of total bacteria (TB) abundance and % HNA with depth along 
the sa mpling area during (A) October 2005 and (B) December 2005. Sampling depths are indicated by 
black dots. The produced 2n figures present a compressed vertical sca le magnitude xJ450 compared to 
the horizontal scale. 
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5.4.3 Heterotrophic bacteria abundance and structure 

No significant differences were observed in the USLE within both sampling 

periods. TB abundance remained around 6.3 x 105 cell mr 1 with a contribution of 53 % of 

HNA cells (Table 1). The TB maxima were recorded at the head of the USLE and reached 

1.7 x 106 cell mr1 in October and 1.05 x 106 cell mr1 in December (Fig. 2). According to 

the ANOY As, TB abundance and %HNA varied significantly between locations and 

seasons (Table 2). The results of the a posteriori Tukey-Kramer test showed that TB 

abundance was s ignificantly lower in the LSLE in December (TB ~ 3.6 x 105 cell mrl) th an 

in October in both locations (i.e . LSLE and USLE ; TB ~ 6.1 x 105 cell mrl) (Table 2) . 

%HNA did not vary in the same way (Table 2). The %HNA was significantly greater in the 

LSLE area in October than in the USLE in October (LSLE ~ 60 %; USLE ~ 52 %) and th an 

in both sections of the Estuary in December (~ 55 %) (Table 2). 

Tableau V-2 Results of two-way analyses of variance (ANOVAs) testing the effect among the 
position in the Estuary (USLE Suf. and LSLE Suf.) and seasons (October 2005 and December 2005) 
and their interaction on bacterial abundance and % HNA. Transformations are mentioned wh en 
necessary to achieve the assumptions of the ANOVA. Note: LSLE = Lower St. Lawrence Estuary, 
USLE = Upper St. Lawrence Estuary. 

Variables 

Log (Bacterial 
abundance) 

%HNA 

Source of 
vari arion 

Position (P) 
Season (Se) 
P x Se 
Error 

Position (P) 
Season (Se) 
P x Se 
Error 

df 

1 
38 

38 

A posleriori Tukey-Kra mer test 

SS F p 

0.3012 4.533 0.0403 
0.9389 14.133 0.0006 
0.554 8.339 0.0066 
4.4297 

405. 155 Il.836 0.0015 
26..182 0.765 0.3878 

144.533 4.222 0.0474 
1771.744 

Log (Bacterial LSLE-Oct = USLE-Oct = USLE-Dec > LSLE-Dec 
abundancc) 

%HNA LSLE-Oct > LSLE-Dec= USLE-Dec = USLE-Oct 

The results of the second ANOY As testing the effect among the water layers in the 

LSLE and the seasons showed a significant interaction for TB abundance in this stratified 

pal1 of the SLE (Table 3). The a posteriori Tukey-Kramer test showed in October a 
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bacteria l abundance max imum in the surface layer and a minimum in the bottom layer. The 

high mean TB va lue observed in the LSLE surface waters was the resu lt of two high 

recordings at stn9 (1.6 x 106 cell mrl ) and stnl0 (1.1 x 106 cell mr l), w ith respect to other 

stations that showed average abundances of 5.9 x 105 cell mr! (Fig. 2). In contrast, 

bacteria l abundances in December were similar in the three layers (~ 3.6 x 105 ce ll mr!) 

and did not significantl y differ from the abundance obse rved in October in the deep layer 

(3.9 x 105 cell mr!). Even if FLl and SSC signatures of LNA and HNA subgroups were 

similar for the two sampling periods at each depth (F ig. 3), the two main factors (season 

and depth) of the ANOVAs were significant for the %HNA (Table 3). There was no 

difference between surface and intermediate layers, but both presented a significant higher 

%HNA contribution than the bottom layer whatever the season (Table 1). F inally, the mean 

%HNA was significantl y greater in October than in December (Table 3). 

Tablea u V-3 ResuUs of two-way a nalyses of varia nce (ANOV As) testing the effect among the water 
layers in the Lower St. Lawrence Estuary (0-20 m, 20-J50 m and J50 m- bottom) and the seasons 
(Oc tober 2005, Oecember 2005) and their interac tion on bacterial abundance a nd % HNA. 
Transformation was not necessary to achieve the assumptions of the ANOVA. Note: Surf = Surface = 0 
- 20m, Int = Intermediate = 20-J50 m, Bot= Bottom = 150 m to the bottom. 

V:lriables Source of 
df SS F variation p 

Depth (D) 2 1.40 XI OII 23.542 <0.000 1 
Season 1. 98 xl 011 66.657 <0.0001 

Bacterial abundance (Se) 
Dx Se 2 8.28 x l OIO 13.9 13 <0.0001 
ElTor 67 5.41 xl Ol1 

Dep th (D) 2 420.85 17.255 <0.0001 
Season 340.70 27 .938 <0.0001 

% HNA 
(Se) 
D x Se 2 12.32 0.505 0.6058 
En·or 71 1560.44 

A posteriori Tuk ey- Kramer test 

Bacterial 
abundance 

Surf- Oct >lnt-Oct > Bot-Oct = Surf-Dec = Bot-Dec = lJlt-DeC 

% HNA Depth: Intermediate = Surface> Bottom 

Season: Oetober > December 
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5.4.4 Relationship between TB, %HNA and environmental variables 

Multiple linear regressions of bacterial abundances and %HNA distributions along 

the estuarine gradient were performed to determine the major factors affecting these two 

variables. The variance of bacterial abundance was explained at 81 % by the combination 

of tempe rature, salinity, DO, SPM, ChIa and C:N ratio (r2 adjllsted = 0.807, p < 0.0001 , 

root mean square error [RMSE] = 7] 494, n = 85). ln addition , %HNA variance cOllld be 

explained at 5] % by the combination of NH/ , sal inity, SPM and N02-+ N03-

concentrations (r2 adjusted = 0.5 14, P < 0.0001 , RMSE = 3.899, n = 87). As previously 

observed with the Spearman rank corre lation (Table 4), DIN appeared to be the main factor 

influencing the proportion of HNA cells in the bacterial population, with no significant 

influence of temperature , whereas distribution of TB appeared to be driven by multiple 

physical and chemical variab les. ln addition, Spearman rank correlation showed a negative 

relation between TB and NH/ (p < 0.01) and a positive one between %HNA and NH/ (p < 

0.05); traducing the di screpancy between total abundance and population structure (Table 

4). 

Tableau V-4 Spearman rank correlation coefficients between bacterial abundances (cell mrl) and 
%HNA ratios and envit·onmental variables. The number of pair values in each data set is 88. Values** 
are significant at a level of p < 0.01 whereas values* are significant at a level of p < 0.05. 

Depth Te mper.lture Slllinity DO Nn/ NOz - + NOl· SPM Chia CfN ratio 

(m) (oC) (mg rI) (flM) (flM) (mg rI) (fIg rI) 

-0.5 16** 0. 166 -0.604 ** 0.428** 0.646** -0.270* 0.310** 0.534 ** -0.286** 

-0.10 1 -0 .200 -0.043 0.055 -0.215* -0.406** -0.205 0.006 -0.329** 
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F igure V-3 Distribution of HNA and LNA cells at station 9 in the surface (SL), intermediate (IL) 
and deep (DL) layers of LSLE in (A) October and (B) December 2005. Bacteria were detected in a plot 
of green nuorescence recorded at 530 ± 30 nm (FLl) versus side angle light scatter (SSe) and were 
presented on logarithmic scales on the cytograms. Fluorescent beads were added as an internai 
standard to normalize cell nuorescence emission and light sca tter values of each sample. 

5.5 Discussion 

ln the context of current c limate changes, one of the mall1 cha ll enges in microbia l 

ecology is to understand how bacteri a l populations are inte l1wined with env ironmental 

va ri ables in marine systems. Heterotrophic bac teri a are responsible fo r the ultimate 

decompos ition of orga ni c matter, and for the producti on of regenerated nutri ents in marin e 
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waters. Sub-Arctic coastal environments, such as the St. Lawrence Estuary, are of specific 

interest since the presence of an ice cover during about one-third of the year slows down 

gas ex change at the air/water interface, reduces 1 ight penetration and consequently 

decreases photosynthesis while respiration of heterotrophs persists arollnd the year. ln 

addition, the ex tend of the ice cover during winter time was suggested to play a major l'ole 

on nitrate replenishment of surface waters and, as a consequence, on the intensity of the 

phytoplankton spring bloom (Plourde & Therriault 2004). Since bacteria are the most 

abllndant heterotrophic organisms in marine waters, they are active consumers of DO and 

nitrate throughout the water colunm. A recent study demonstrated that distribution and 

abllndance of bacterial taxa in surface coastal waters were strongly influenced by abiotic 

and biotic factors and that their patterns could be highly predictable from environmental 

variables (Fuhrman et al. 2006). As modifications in abundance, activity and composition 

of bacterial assemblages may lead to important variations of biogeochemical processes 

throughout the water column (Rivkin & Legendre 2002), their variations during winter time 

need to be consider as important factors to accurately model the biogeochemical processes 

that take place in cold estllaries on a seasonal scale . 

During this study, the ice-free (October 2005) and ice-covered (December 2005) 

periods were characterized by low Chia concentrations in the surface layer (i.e. between 

0.11 and 0.64 ~lg rI). Despite these low Cbla values, TB abundances recorded in late fall 

were in the same order of magnitude than those reported in the Gulf of St. Lawrence during 

the summer 1994 (Lovejoy et al. 2000). TB abundance and %HNA did not vary 

significantly in the USLE during the two sampling periods. TB values are in agreement 

with those previously repo11ed in the upper part of the SLE (Painchaud & Tberriault 1989). 

The USLE is a weIl mixed area mostly influenced by freshwater inputs coming from the St. 

Lawrence River. The absence of significant differences between October and December 

records suggest that the presence of tbe ice cover did not limit the growth of heterotrophic 

bacteria comp311ment where nutrients are abundant year around. ln contrast, greater 

variations in the LSLE were observed with and without the presence of an ice cover. TB 

abundance was higher in laie fall than in winter whereas the reverse relationship was 

observed for the %HNA. These resuIts suggest that environmental conditions encountered 
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during the ice-covered period act differently on bacterial abundance than on population 

structure, in terms of HNA and LNA cells propo11ion within the whole population. During 

the ice-covered period, bacteria were homogenously distributed in the LSLE water column 

and persisted deep into the aphotic zone where they are assumed to play a dominant role in 

the organic matter cycling. These abundances observed in a cold northern estuary were in 

concordance with the large and relatively constant number of bacterial cells normally found 

in surface and deep ocean waters (i. e. 6.0 x ] 05 ceU mr1 at 0 - 50 m deep and 3.3 x 105 cell 

mr l at > 50 m depth) (Li et al. 2004), and were significantly lower in December than in 

October. Multiple linear regressions of bacterial abundance distribution along the estuarine 

g radient demonstrated that 81 % of the variance of TB abundances can be explained by the 

combination of temperature, salinity, DO, SPM, ChIa and C:N ratio. These results suppol1 

the hypothesi s that the reduction of TB abundance in December could be re lated to the 

presence of an ice coyer limiting the phytoplanktonic production of dissolved organic 

matter in surface waters and the sink ofparticulate organic matter toward deep water layers. 

HNA and LNA bacterial subpopulations have been identified in vanous aguatic 

environments and have been used to characterize free pelagic communities (Li et al. 1995, 

Zubkov et al. 2001 , Nishimura et al. 2005, Sherr et al. 2006). Both subpopulations were 

observed everywhere along the Laurentian Channel and the subpopulation signatures were 

si milar to those previously observed in different aguatic environments (Gasol et a l. 1999, 

Lebaron et al. 200 l , Servais et al. 2003). Despite their similar FL 1 and SSC signatures their 

relative contribution (%HNA) to the heterotrophic bacterial population was variable. 

Unfortunately, direct comparison with other seasons is impossible since no report of HNA 

and LNA cell distributions has been produced until now in the studied area. ln the present 

study, lower percentages of HNA cells were monitored in the deep waters of the Estuary 

(Table 3). This observation is in agreement with Zubkov et al. (200]) who showed that the 

contribution of LNA bacteria to the total bacterioplankton activity in the surface mixed 

laye r of the Celtic Sea did not exceed ] 5 %, but represented up to 30 % of total bacterial 

ac ti v ity in deeper waters. For a long time, the proportion of HNA cells within the total 

bacterial population has been considered as an index of the relative growing activity of 

bacterial assemblages (Gasol et al. 1999) or of metabolically active cells (Lebaron et al. 
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200 l , Servais et al. 2003). Nevertheless, recent studies tend to demonstrate that LNA cells 

could exhibit high growth-specific rates, especially the smallest ones, and that their specific 

activity could be major in some marine environments (Zubkov et al. 200] , Longnecker et 

al. 2005 , Scharek & Latasa 2007). Jnterestingly, significant differences were observed 

between the two sampling periods featuring higher %HNA in October than in December. 

Thi s variation could be explained at 51 % by the combination of NH/, salinity, SPM and 

N02·+ N03- concentrations, suggesting a greater role of nitrogen on HNA cells distribution 

than on TB distribution in the LSLE. The divergence between TB and %HNA variations is 

concordant with the existence of various bacterial comll1unities within marine systems 

which may respond to an external biotic or abiotic forcing in many ways resulting in 

biomass and growth rate differences (White et al. 1991 , Schafer et al. 200 1, Benlloch et al. 

2002, DeLong 2002, Bowman & McCuaig 2003, Giovannoni & Stingl 2005). ln this study, 

TB abundances recorded in the whole water column under the ice coyer were in the same 

order of magnitude than the one recorded in the deep water layer during the ice-free period 

suggesting that heterotrophic bacteria abundance remained relatively constant in win ter 

despite the seasonal lower primary organic matter production and the low temperatures. 

St. Lawrence Estuary data recorded in 2005 under fall and winter conditions clearly 

indicated that TB abundance was negatively correlated with depth , salinity C:N ratio (p < 

0.01 , Table 4) and N02- + N03- (p < 0.05 , Table 4) and positively correlated with DO, 

NH4 + , SPM and Chia (p < 0.0 l , Table 4), whereas %l-INA was negatively correlated with 

N02- + N03-,C:N ratio (p < 0.01, Table 4) and NH/ (p < 0.05 , Table 4) without significant 

correlation with physical variables, DO, SPM and ChIa. These observations confirm that 

TB and %HNA are not regulated by the same process and that the variation of total 

bacterial abundance is not sufficient to understand the progression of the bacterial 

compartment composition year around in our sub-Arctic Estuary. The availability of 

nitrogen, especially NH4 +, appeared to play an impo11ant and antagonistic role on the 

repartition of TB and HNA subgroup in the SLE. The positive correlation of N~ +, SPM 

and ChIa (prox y of primary production) with TB confirms that ammonium is a crucial 

nitrogen compound for primary production, and as a consequence for bacterial production. 

Nitrogen limitation was proposed to explain the end of HNA cell growth phase and the 
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decline of TB after a phytoplankton bloom (Wetz & Wheeler 2004). The negative 

relationship observed between HNA and DfN during our study is in disagreement with this 

finding and could be explained by the fact that even if bacteria account for roughly 40 % of 

the total uptake of inorganic N in the water column, they also contribute to ammonium 

regeneration in marine waters (Kirchman 2000). The absence of relationship between 

%HNA and ChIa during the two sampling periods suggests that in low primary production 

conditions where heterotrophic organisms are dominant, LNA cells may be favored 

compared to HNA cells as it was demonstrated in nutrient limited waters by Zubkov el al. 

(2001). This result is contrasting with the correlation observed between TB and Chia and 

confimls that total bacteria, HNA cells, and LNA cells respond differently to the 

composition of the phytoplankton stocks and that abundance and proportion of HNA 

bacteria may be a useful indicator of relative bacterial activity only in high phytoplankton 

biomass area. We caution that cell mortality due to biotic factors (e.g. predation by 

heterotrophic tlagellates, viral infection) may play a role in the observed distribution of TB, 

HNA and LNA cells during winter and need to be investigated (Gasol et al. 1999, Lovejoy 

et al. 2000 , Shen et al. 2006). 

Our results cJearly demonstrate that the distribution of bacterioplankton in the SLE 

during fall and winter was independent of the water column tempe rature and stratification 

in the LSLE and that TB abundances were homogeneously distributed throughout the water 

column during the ice-covered period. TB abundances were similar to the one recorded in 

most oceanic systems and were mostly affected by the combination of temperature, salinity, 

DO, SPM, Chia and C:N ratio. %HNA and TB abundance varied in the opposite way in 

response to variations of DIN concentrations in the water column during our sampling 

periods characterized by low Chia concentrations. Even if the ecological significance of 

HNA and LNA subgroups is still a controversial matter the propol1ion of HNA and LNA 

cells within the total heterotrophic bacteria could represent an interesting tool for 

distinguishing the progression of bacterial assemblages within the total population in cold 

sub-Artic estuaries. %HNA and TB variations in the SLE during faIl and winter indicate 

that bacterial communities were mostly determined by nitrogen availability and 

phytoplankton stocks and suggest that LNA cells may be favored in low productive waters 
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characterized by low phytoplankton concentrations. As a consequence, the presence of an 

ice coyer limiting light penetration and primary production during three to four months in 

the St. Lawrence Estuary seems to play a greater role on bacterial diversity than on 

bacterial abundance. Fu/1her investigations, particularly during exponential phytoplankton 

blooms, will be conducted to confirm these findings. Further developments are presently 

under progress to highlight the diversity of the dominant bacteria throughout the water 

columJ1 of the Estuary in order to better understand the relationship between the diversity of 

the bacterial community and environmental variables. These data are crucial to determine 

the functional role of these communities and to adequately model their impact on 

biogeochemical cycles in sub-Arctic estuaries in the light of increasing loads of nutrients by 

anthropogenic activities and climate warming. 
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CHAPITRE Vl 

Seasonal nutrient fluxes variability of northern salt marshes: Examples from the 
lower St. Lawrence Estuary 

Patrick Poulin, Émilien Pelletier, Vladimir G. Koutitonski and Urs Neumeier 

Submit to Estuaries and Coasts 

6.1 Abstract 

This study presents the tidal exchange of ammonium, nitrite + nitrate, phosphate 

and silicate between two St. Laurence salt marshes and adjacent estuarine waters. Marshes 

nutrient fluxes were evaluated for Pointe-au-Père and Pointe-aux-Épinettes salt marshes, 

both situated on the south shore of the lower St-Lawrence Estuary in Rimouski are a 

(Québec, Canada). Using field nutrients samples, high precision bathymetric records and a 

hydrodynamic numerical model (M1KE21-NHD) forced with predicted tides, nutrients 

fluxes were estimated through salt marshes outlet cross-sections at four different periods of 

the year 2004 (March, May, July and November). Ca\culated marshes nutrient fluxes are 

discussed in relation with stream inputs, biotic and abiotical marsh processes and the 

incidence of sea ice coyer. ln both marshes, the results show the occurrence of year-round 

and seaward NH'I + fluxes and landward N02- + N03- fluxes (ranging from 9.39 to 30.48 mg 

N d-I m-2 and from -32.07 to -9.59 mg N d- I m-2
, respectively) as weil as variable pol- and 

Si(OH)4 fluxes (ranging from -3.73 to 6.34 mg P d-I m-2 and from - 29.] 9 to 21.9] mg Si d-1 

m-2, respectively). These results suggest that N02- + N03- input to marsh can be a 

significant source of NH4 + through dissimilatory nitrate redllction to ammonium (DNRA). 

This NRt +, accumulating in marsh sediment rather than being removed through coupled 

nitrification- denitrification or biological assimilation , is exported toward estllarine waters. 

From average P and Si tidal fluxes analysis, both salt marshes act as a sink during high 

productivity period (May and July) and as a source, supplying estuarine water during low 

productivity period (November and March). 
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6.2 Jntroduction 

Salt marshes are considered as major features of macro-tidal estua ri es. They are 

recogni sed as dynamic and complex environments that perform many functions va lued by 

human coastal communities. They provide criti ca l functions such as coasta l defence agai nst 

large storm s, w ildlife conservation, organi c materia l burying and nutri ent cyc ling 

(Boorman, 1999). Recentl y, thi s high recognition and apprec iation of the sa lt marsh 

importance aroused the interest of the sc ientifi c community because there is a need to 

understand general mechani sms governing sa lt marsh form ation and shrinking. The hea lth 

and the stability of sa lt marshes are linked to a delicate balance between deposition and 

erosion of sediment. Thi s balance may come under threat due to c limate change, 

concomitant to sea-Ievel ri se and stonn-frequency increase, and coasta l urbani sat ion 

(Fagherazzi el al., 2004) . L ike in other palts of the world , northern sa lt marshes located in 

St. Lawrence Estuary are subj ected to eros ion due to direct and indirect anthropogenic 

press ures (Diolme, 1986; Dionne, 2004). Ex posed to freezing 4 to 5 months each yea r, 

littoral sea ice action of St. Lawrence sa It marshes (e.g.; Allard and Champagne, ] 980; 

D iolme, 1968 ; Dionne, 1989) and sediment dynamics (e.g. ; Sérodes and Dubé, 1983 ; 

D rapeau, ] 992 ; Dionne 2004) were ex tensive ly in vestigated, but our understanding of the 

dynamic of nOlthern marsh environments is still incomplete, espec ia lly during winter 

season when sea ice cove rs the littoral area. There is still a lack of knowledge about 

biogeochemica l processes 111 these icy environments, especia ll y concerning the nitrogen 

(N), phosphorus ( P) and sili ca (S i) cycles. Nutri ent turnover is cause of conce rn as 

concent ra ti ons of di ssolved N and P have increased substantially in many ri ve rs world-wide 

over the last decades, mostl y as a consequence of the intensive use of fe rti 1 ize rs and 

detergents (Rabouill e el al., 2001 ). These increases have occasionall y been held responsible 

fo r increased phytoplankton growth and the development of tox ic a lga l blooms in estua ri es 

and neighbouring coastal regions (Ri egman el al., 1992) . Therefore, it is essenti a l to 

determine rates of nutri ents exchange in northern salt marshes as a first step toward 

predi cting long term behav iour of cold coastal ecosystems under the expected scenari o of a 

g loba l coastal eut rophicati on (J ickell s, 2005). The complex questi on of nutrient cycli ng 

needs to be add ressed in the St. Lawrence Ri ver system since eutrophication has been 



122 

shown to be partially responsible of hypoxia development In the Lower St. Lawrence 

Estuary bottom layer (Thibodeau el al., 2006). 

Since early seventies, nutrients exchange between coastal and marine environments 

attracted the interest for man y researchers (Odum and de la Cruz, 1967; Heinle and Flemer, 

]976, Valiela el al., 1978; Dame el 01. , ]99] ; de la Lanza Espino and Medina, 1993 ; 

Baldwin and Mitchell , 2000; Valiela el al. , 2000; Struyf et al. , 2005; Gardner and Kierfve, 

2006). While contributing to improve our understanding of coastal dynamics, some of the se 

studies have also been subject of discussion . Nutrient flux measurement in coastal zone 

remains a difficult task because material exchanges in intertidal areas are regulated by 

numerous environmental factors interacting at different time and space scales (Fan and Jin, 

1989). ln silu or laboratory sediment incubations using isotopic tracers or microelectrode 

techniques may provide interesting information about local nutrient fluxes , however the 

high spatial heterogeneity of sa it marshes restrains the significance of punctual 

measurements and consequently, the validity of any extrapolation to the whole marsh. 

Despite the large ass0l1ment of factors defining coastal environ ment dynamics, 

hydrodynamic simulation combined with geochemical field measurements at some key 

locations remains an efficient tool to characterize and furthermore compare littoral 

ecosystems. 

ln an attempt to improve our understanding of biogeochemical processes of northern 

sa lt marshes with a long wintering period and estimate their contribution to nutrients 

cycling in adjacent coastal waters, a one-year sampling program has been conducted in two 

nearby salt marshes exposed to similar hydrodynamic conditions, but submitted to different 

anthropogenic pressures. This study describes the exchange of ammonium (NH4 +), nitrite + 

nitrate (N02- + N03-) , phosphate (P043
-) , and silicate (Si(OH)4) between two St. Lawrence 

sa lt marshes and adjacent estuarine waters. The seasonal nutrient fluxes were estimated for 

a low impacted site (Pointe-au-Père salt marsh) and for a pristine site (Pointe-aux-Épinettes 

salt marsh) by using field nutrients samples, high precision bathymetric records and a 

hydrodynamic numerical mode!. The calculated seasonal nutrient fluxes were used (1) to 

define the functional role of salt marsh environment in term of nutrient buffering capacity 
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and (2) to determine whether northern salt marshes can act as a sink or as a source of 

nutrients for adjacent estuarine waters. 

6.3 Site description 

Pointe-aux-Épinettes (PAE) and Pointe-au-Père (PAP) salt marshes are both located 

on the south shore of St. Lawrence Estuary near Rimouski (Québec, Canada) (Fig. 1). The 

St. Lawrence Estuary is a long funnel-shaped tidal environment (400 km), forged by late 

Holocene glacial events, reaching 70-km width and 300-m depth in its outer portion. The 

large dimension ofthis stratified estuary induces typically marine hydrodynamic conditions 

in the Rimouski area. Coastal environments are strongly affected by large-scale physical 

forcing such as tides, winds, and waves reaching up to 4 m during exceptional storms 

(Drapeau, J 992). Semi-diurnal tidal movement induced up-welling occurs near the mouth 

of the Saguenay Fjord and brings nutrient-rich bottom waters to the surface. The mean tidal 

range is 3.3 m and the mean spring tidal range is 4.8 m. The St. Lawrence ecosystem is 

subject to impoJ1ant seasona] variations affecting estuarine water temperature, salinity, 

nutrient concentrations and phytoplanktonic activity. One of the main features is the sea ice 

formation that begins in December and persists until Apri] (Saucier el al. , 2003). Floating 

ice can erode the intel1idal area by ice-scouring and ice-rafting, but it also contributes to 

marsh accretion by imp0l1ing sediment with a large grain-size range. Floating ice reduces 

wave energy and land-fast ice protects marshes from both tidal currents and waves 

(Drapeau, 1992). By ]imiting atmosphere/sediment heat ex changes, sea ice reduces the 

sediment desiccation and stabi]izes underneath water tempe rature s]ightly over the freezing 

point, allowing the maintenance of biological processes. 
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Figure VI-I The Lower St. Lawrence estuary (GI) nested grid set-up used to compute tidal volume 
fluxes at the seaward boundaries of each Pointe-aux-Épinettes (PAE; G4) and Pointe-au-Père (PAP; 
GS) marshes, with intermediate grids G2 and G3. On grid GI, contour interval is 50 m. 

The PAE salt marsh (48° 21.40'N, 68° 46.75'W) is located in the Bic Provincial 

Park, a protected area created in October 1984. The marsh is situated at the far end of a 

protected bay (Anse à l ' Orignal) between two steep hill s composed of Cambrian 

c1aystone/sandstone . The marsh is dominated by areas with homogenous emergent 

macrophyte communities (Spar/ina al/ern[f1om in the lower part, Spar/ina pa/ens and other 

halophytes in the upper part) surrounded by shallow vegetation-free creeks. The marsh 
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receives freshwater runoff by two small streams that serve also as main drainage channels 

(A , B, fig. 2a). Since its 1.7-kn/ watershed is completely within the Park and mainl y 

forested, the PAE marsh can be considered as a pristine environment for the aim of this 

study. 

The PAP salt marsh (48° 30.45'N, 68° 28.30'W) is part of the Pointe-au-Père 

National Wildlife area, a protected site under the responsibility of the Canadian Wildlife 

Service since September 2002. Jt is confined in a shallow elongated basin parallel to the 

main St. Lawrence estuary axis and sheltered from wave actions by a low, partially 

submerged ridge made of Palaeozoic claystone. The lower marsh is also dominated by 

Sparlina allerniflora growing between numerous three-qu3l1er buried boulders while the 

higher marsh presents a more diversified halophyte community. The upper marsh is nearly 

a flat platform which terminates seaward with a steep slope or a micro-cliff of 0.5 m. 

Unlike PAE, the PAP coastline is formed by roads and residential areas. Located in a partly 

urbani sed watershed, this marsh receives nutrient inputs from both agricultural and urban 

runoff. These freshwater supplies enter the marsh by two small rivers (E and G, Fig. 2) as 

weil as by three pluvial and urban sewage overflow drains, (C, D, and F, Fig. 2). Erosion 

structures, such as micro-cliff, micro-ravine and high marsh collapse, occur along drainage 

channel edges. From our point of view, this marsh can be considered as a low impacted 

environment. 

Located 29 km apart, the two studied salt marshes are affected by similar natural 

forcing and large-scale processes. As their relative elevation toward the mean sea level is 

similar, we could assume that both studied areas are comparable in term of their 

developmental stage (Jate Holocene deposit; Dionne, 2004). However, the PA P marsh is 

more exposed to wave action than the PAE marsh . The sedimentary characteristics of both 

marshes are comparable, featuring three superposed facies: 1) basal post-glacial silty-c1ay 

deposited in the Goldthwait Sea, which is exposed on mud flats ; 2) low-marsh sandy-silt 

locally enriched in plant detritus ; and 3) high-marsh facies with fine sediments that are rich 

in organic matter and characterised by the presence of a reduce c1ayey rhi zosphere 

composed of macrophyte roots and stalks (Dionne, 2004). Ice-rafted boulders and cobbles 
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are sprinkled over the whole intertidal area, but are especiall y concentrated at the outer 

edge of the marshes. The upper marshes are characterised by numerous scour-pits (called 

mare/les in French) that are 10-30 cm deep and 1-5 m large. They were formed by a 

combination of ice-scouring and biogeochemical processes and they remain stab le over 

several years (Gauthier and Goudreau, 1983). 
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Figure VI-2 The C4 and CS grids enclosing the Pointe-aux-Épinettes (PAE) and Pointe-au-Père 
(PAP) marshes. A, B, C, D, E, F and G represent sampled tributaries, ] and Il represent marshes outlet 
sampling sites and the dashed lines represent the virtual limit between marshes and estuary used for 
flux calculations. Bathymetries are in meter and the zero contour is the mean sea level. Stations] and II 
are both 0.5 m below the map zero. The lower marsh is located between -0.5 and + ].0 m and upper 
marsh is landward of the 1.0 m contour line. Bathymetry of the study areas comes from high resolution 
field sUl'vey while bathymetry from deeper area is taken from marine chart. 



127 

6.4 Material and Methods 

6.4.1 Water sampling 

Both studied salt marshes were regularly sampled from June 2003 to November 

2004. The first sampling campaign was carried out weekly from 16 June 2003 to 16 June 

2004. Water samples (6 L) were collected at low tide at the mouth of every natural and 

man-made tributaries (Stations A, B, C, D , E, F, G) as weil as at station] and 11 , located at 

the outer marsh limit of PAE and PAP salt marshes, respectively (Fig. 2). These last 

stations were both located at the deepest part of the drainage channels, where water fluxes 

are the highest. Sampling was carried out on both marshes the same day to facilitate further 

comparisons between studied areas. 

The second sampling campaign was conducted seasonally in March , May, July, and 

November 2004. Water samples (6 L) were taken hourly through a complete tidal cycle (12 

h) at stations 1 and IL Seasonal sampling was carried out under favourable meteorological 

conditions, (wind < 5 km h-I
, no rain or snow) on two consecutive days . Using a moored 

light boat, the shallow well-mixed water column was sampled just under surface for 12 

consecutive hours. Water samples were collected in triplicate within 10 minutes to 

determine nutrient concentrations yariability. A graduated perch and a YS] temperature, 

sa linity, dissolved oxygen multi-probe were used to measure tide leyel and in situ physical 

and chemical properties. During winter time (March 2004 sampling), holes were drilled 

through the sea ice coyer (30-35 cm) to sample the water column beneath the ice. Marshes 

sites were found frozen only during March 2004 sampling. 

Ali samples were collected in pre-c1eaned glass and polypropylene bottles. Samples 

for dissolved nutrients determination (P04
3
-, N02- + N03-, and Si(OH)4) were filtered on 

0.22 /-lm nitrocellulose membrane and kept frozen (-80 OC) until analysis. Samples for NH/ 

determination were kept on an ice bed and analysed the same day. Water samples for 

Chlorophyll-a (Chi-a) determination were filtered in the field on 25 mm diameter Millipore 

GF/F glass-fi ber filters , then stored in the dark at - 80 oC until analysis. 
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6.4.2 Flow measurements, water and nutrients fluxes calculations 

During the first sampling series, tributary water velocity was measured usmg a 

digital impeller flow meter (#G02030R, General Oceanic). Stream water fluxes were 

calculated by multiplying the current velocity by the stream cross-section area at 

measurement location , while nutrient fluxes were calculated by multiplying water flux by 

measured nutrient concentration. Monthly averages were computed from the weekly 

measurements of nutrient and fresh water fluxes. 

For the second sampling senes, preliminary tests in fall 2003 showed practical 

difficulties in using flow meters to measure current speed and direction at the outer marsh 

limit. To offset the uncel1ainty generated by important tidal current instability and lateral 

variability. water fluxes through the outlet cross sections of both marshes were computed 

from hydrodynamic simulations using the MIKE21-NHD numerical model (Abbott el al. , 

1981), a commercially available model that is commonly used for coastal studies. This 

model is a vertically integrated finite difference model, calculating elevations and currents 

at each computational grid cell of a rectangular domain. One of the useful feature of the 

MIKE2J-NHD model is that it allows shallows cells to dry during ebbing tides. For the 

present study, a nested-grid approach was used to scale down tidal boundary conditions for 

the marsh grids from a much larger tidal model of the lower St. Lawrence Estuary. The 

nested-grid approach (NHD module) provides the capability to compute regional large grid 

and local fine grid flow fields in a single model setup and simulation. ln this case, the 

nested set up staJ1s with a 390 x 200 grid G 1 of the Lower St. Lawrence Estuary with a cell 

dimension of 8] 0 m (Fig. 1). A second 277 x 211 grid G2 is th en nested in G 1 with a cell 

dimension of 270 m, a third 496 x 157 grid G3 is nested in G2 with a cell dimension of 90 

m, and finally the marshes grids G4 and G5 are nested in the G3 grid , both with cell 

dimensions of30 m. The bathymetric features of the Lower St. Lawrence Estuary (Gl) and 

intermediate (G2 and G3) grids were extracted from Canadian Hydrographie Service maps. 

The bathymetric eharaeteristics of the PAE and PAP marshes grids (G4 and G5) were 

interpolated from high resolution bathymetric surveys produced in the framework of this 

stlldy (Fig. 2). A Leica total station TC 605 was used for mapping inteJ1idai and sllpratidal 
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areas, whereas a Raytheon sonar DE-71 9C (208 kHz) and a Trimble DGPS NT-300 

installed on a light boat were used for mapping subtidal areas of both marshes systems. 

The large G 1 grid was forced by tidal predictions interpolated between Cacouna on 

the so uth shore and Tadoussac on the not1h at its upstream open boundary and by 

interpolated tidal predictions between Sept-Iles on the north shore and Ste-Anne-des Monts 

on the south shore at its downstream open boundary. Tidal forcing along both open 

boundaries was obtained by interpolating results [rom harmonic analysis of hourl y sea 

levels recorded at the four corner stations by the Canadian Hydrographic Service. More 

detai Is about the set up can be found in a similar MlKE21 nested set-up used by 

Koutitonsky and Gidas (1996) to study the dilution ofurban waste waters discharged in the 

coastal zone sorne 3 km southwest of the PAP marsh. The numerical simulation outputs of 

sea level s and currents were computed at each hour in each cell of the G4 and G5 grids as 

weil as waler volume exchanges between salt marshes and the estuary (across the dashed 

lines shown on Fig. 2). An example of sea level and current time series produced by the 

numerical simulation is shown in Fig. 3. 

Nutrients fluxe s between St. Lawrence Estuary and studied marsh ecosystems 

(Outlet Flux) were defined as: 

Oullet Flux = (Marsh Flux·X) + Watershed Flux (1) 

Where Marsh Flux (mg d-I m-2) is nutrients uptake and release at the marsh sediment/water 

interface, Watershed Flux (kg d-I) is the tributaries nutrients inputs and X the flooded marsh 

area (m2
). Nutrients exchanges through marsh cross sections (Outlet Flux ; kg d-I) were 

calculated using the following equations, considering semi-diurnal tide cycling: 

(2) 

(3) 

Outlet Flux = 2 (~ - ex) (4) 

Where ex is the amount nutrient in flooding tide (kg), ~ is the nutrient amount in ebb tide , fJ 

and j2 are the first and last sampling times during the flooding tide, e J and e2 are the first 

and last sampling times during the ebb tide , Q is the tidal water flux , T is the time interval 



130 

between two sampli ngs and C is the n ut rient concentration. Negative nutrient marsh fluxes 

indicate marsh uptake whereas positive fluxes indicate a marsh release . 

Pearson corre lations were performed to assess the re lationship between pa Irs of 

variables considering corre lat ion significance at p < 0.05 . A One-Way Ana lysis of Variance 

(ANOY A) was performed to test if there is a significant difference between measured 

seasona l fluxes with in studied marshes as weil as between marshes . To isolate groups that 

differed from the others, a Tuckey post-hoc test was performed. When ANOV A 

assumpt ions were not respected, a Kruska l-Wa ll is One-Way Analysis of Variance on 

Ranks was perfol1l1ed fo llowed by a Dunn ' s post-hoc test. Differences between groups 

were considered significant at the p < 0.05 level. Statisti cal computations were performed 

with Sigma Stat® version 3.1 1. 
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6.4.3 lce cores co ll ecti on and processing 

Sea ice samples were collected in triplica te in February 4 , 2005 , from one refe rence 

pe lagic s ite located 400 m offshore (48° 3 1.20'N , 68° 28.30'W) and at the oute r edge of 

both studi ed marshes ( i.e. , near stations I and II , Fig. 2). Sampling was done during the 

co ldest period of the winter when air temperature ranged typica ll y between -] 5 and -25 oc. 

Jce cores were ta ken at high tide using a 7.5 cm ice auger. Cold cond iti ons were carefu ll y 

mainta ined during transp011ation and sub-sampling. Three ice secti ons corresponding to 

top, middle, and base of the ice sheet were cut from the cores using an ice saw. Ice secti ons 

were thoroughl y rin sed with deioni sed water (melting ~2 mm of the ex terior surface), and 

then placed in heat-sea led plastic bag and slow ly melted in darkness at 4 oc. 

6.4.4 Chemica l Analysis 

Dissol ved nutri ents (P043
-, N 0 2- + N 0 3-, and Si(OH)4) we re ana lysed by standa rd 

colorimetri c techniques (Stri ckland and Parson , ] 972) with automated Technicon® and 

AA3 Bran+Luebbe® platfo rms, allow ing an ove ra ll analyt ica l unce11ainty (± 1 cr) under ± 

5%. Ammonium (N H4 +) concentrations we re detemlined w ith a spectrofluorometri c 

method previously desc ribed in Poulin and Pe ll eti er (2007). Thi s automated method fo r 

micropl ate reader prov ides an analyti ca l un ce rta inty (± 1 cr) of ± 1 %. Pigm ents (Chi-a) 

were ex tracted from the g lass-fibre filters in JO ml of 90% (v/v) acetone for 24 h at 4 oC in 

the dark , and then Chl-a concentrations we re determined using a T umer Des ign® 

spectrophotometer (À. = 630 nm) according to Strick land and Parson ( 1972), a llow ing an 

overa]] analyt ica l unce11ainty (± 1 cr) of ± 1 %. 

6.5 Results 

6.5 . ] T ributari es freshwate r and di ssolved inorgani c nutri ent inputs 

Compared to PAE salt marsh which rece ived low freshwater and nutrient in puts 

from ils fo rested watershed, PA P sa lt marsh received a lat'ger vo lume of freshwate r 

enri ched in d isso lved inorgani c nutri ents (F ig. 4). In both pri stine and low impacted marsh 

environments, the small est freshwater fluxes (average ± standard dev iati on of weekl y 



132 

measurements) were observed during winter period (December 2003 to March 2004; P AE 

= frozen inlets ; PAP = 0.034 ± 0.058 m3 S·I) whereas the highest ones were measured in 

April 2004 (PAE = 0.035 ± 0.031 m3 S- I ; PAP = 1.933 ± 0.665 m3 S- I) during spring snow 

melting. PAE marsh tributaries showed similar average freshwater flux through summer 

and fall (June-November 2003 ; 0.008 ± 0.003 m3 S-I), whereas PAP marsh freshwater 

inputs showed more variability during the same period (0.241 ± 0.479 m3 S-I), which can be 

related to input of urban sewage. In addition , thi s urban sewage has an important effect on 

stream nutrient concentrations. On average, ammonium, phosphate and nitrate 

concentrations were ] 20, 380 and 770 times greater in tributaries flowing into PAP that 

those discharging into PAE while silicate concentrations were only 2 times greater in PAP 

marsh streams. ln both environments, tributaries nutrient concentrations showed an 

imp0l1ant seasonal variability. In PAE, the highest mean ammonium, nitrate and silicate 

concentration was observed during summer period (NH/ = 0.22 !lM ; N02- + N03- = 0.46 

~lM in June 2003 and Si(OH)4 = 48.79 ~lM in July 2003) whereas phosphate concentration 

remained low ail year around ( 0 0.1 !lM). ln PAP, the highest mean ammonium and 

phosphate concentrations were registered during winter time (NH4 + = 14.97 !lM in 

February 2004 and P043
- = 0.78 !lM in March 2004) while maximum mean silicate and 

nitrate concentration was observed in autumn period (Si(OH)4 = 78.38 in September 2003 

and N02- + N03- = 115.37 in October 2003). 

Affluent nutrient flux followed a similar trend with highest mean fluxes observed in 

April 2004 in both marshes (Fig. 5). Although mean Si(OH)4 fluxes from PAE streams 

remained almost constant through the sampling period (1.] 58 ± 0.841 kg Si d-1
), very low 

P04
3- fluxe s « 0.001 kg P d- I

) as weil as low NH/ and N02- + N03- fluxes were observed 

(from not detected (ND) to 0.00] kg N d- I and from ND to 0.006 kg N d- I
, respectively). 

On the other hand, PAP marsh affluent fluxes showed an important seasonal variability 

with lowest nutrient fluxes measured in February 2004 and highest ones in April 2004 with 

mean fluxes varying from 0.095 to 4.766 kg N d- I for NH/, 0.014 to 0.946 kg P d-I P04
3

-, 

O.] 95 to 55.893 kg N d-I N02 -+ N03-, and 0.4 74 to 8.822 kg Si d-1 Si(OHk 
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Figure YJ-4 Mean monthly streams discharge vs mean monthly stream nutrient concentrations 
showed for Pointe-aux-Épinettes marsh (PAE) and Pointe-au-Père marsh (PAP) on a log/log scale. 
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marshes (monthly average ± standard deviation from weekly measurements taken from 17 June 2003 
to 18 June 2004). From Deeember to Mareh, there is no data in PAE sinee streams are turned to iee. 
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6.5.2 Tides 

Although tide level time series given by the hydrodynamic model are not corrected 

for wind effects, barometric pressure change, marsh roughness (small sca le irregularities) 

and sed iment porosity (inducing asymmetry in tidal level time seri es), a good match was 

observed between modeled tide level and field measurements carried out at stations l and Il 

(Fig" 3 and Table 1). In PAE marsh , the maximal tide height above marsh surface observed 

during studied tide cycles varied From 1 "30 m (14 July 2004) to 2.25 m (lI November 
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2004) whereas, it ranged from 1.40 m (13 Ju ly 2004) to 2.50 m (3 May 2004) in PAP (Fig. 

6 and Table 1). 

The flooded marsh areas (submerged area according to the numerical simulation 

landward of the dashed lines on Fig. 2) varied between 0.16 and 0.26 km2 and 0.32 and 

0.45 km2 in PAE and PAP marshes, respect ive ly. The resulting t ida l flux given by the 

model reached a maximum of 50.9 m3 
S·I in November 2004 and 53.5 m 3 S·I in May 2004 

in PAE and PAP marshes, respect ively. 

Tableau VI-l O utp uts of hydrodyna mic nu merica l model used for Outlet Flux calculation. 
Maxim um tide heights observed a t sites J a nd Il (Max Tide Obs) and maximum tide heights computed 
by the model (Max Tide Model) for these sites are give accord ing to the marsh surface (-0.5 m). The 
flooded marsh area (Flood Area) is the submerged a rea la ndwa rd of the marshes Cl"OSS section (dashed 
lines on Figure 2) at high tide. Max Tida l Flux sta nd for maximu m tida l flu x computed th ro ugh the 
marshes cross section of Pointe-aux-Épinettes (PAE) and Pointe-a u-Père (PAP) sa lt marshes. 

PAE PAP 

Sampling Max Max Flood Flood Max Max Max Flood Flood Max 
lime Tide Tide Area Area Tidal Tide Tide Area Area Tidal 

Obs Model Flow Obs Model Flow 
(m) (m) (km2

) (%) (m3 s ' ) (m) (m) (km2
) (%) (m3 s" ) 

March 2004 1.75 1.8 0.18 64 31.4 2.00 2.0 0.41 87 49.7 
May 2004 2.00 2.0 0.24 86 39.3 2.50 2.5 0.45 95 53.5 
July 2004 1.30 1.3 0. 16 57 19.0 1.40 1.4 0.32 68 29.1 

November2004 2.25 2.3 0.26 93 50.9 2.25 2.3 0.44 93 53.4 

6.5.3 Salt-marsh water-column characteristics 

Water tempe rature, sa linity and Ch i-a concentration ranged over sampling seasons 

from - 0.2 to 23.5 oC, from 11.4 to 31.2 and from 1.02 to 3l.65 ~Lg ri , respectively (Fig 6). 

The lowest tempe rature and Ch i-a concentration, and the highest sa linity were recorded in 

PAP marsh in March 2004, un der sea ice condition. The lowest water salinity was recorded 

in PAP marsh in May 2004 due to a significant contribution of affluent freshwater input to 

the marsh water budget (0 .12 ± 0.14 m3 
S· I) while the highest temperature and Chi-a 

concentration were observed in PAE marsh in J uly 2004. 
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Figure VI-6 Diurnal va ria tions of tide heigbt above ma rsh surface, C hi-a ave,-age concentra tion, 
tempera ture and sa linity monitored a t sta tion J (Pointe-aux-Épinettes, P AE) a nd Il (Pointe-a u-Père, 
PAP) du.-ing the four seasonal surveys_ 



137 

Average nutrient concentrations monitored during seasonal sampling, through 

complete tidal cycles at stations land 11 are illustrated in Figure 7. Before tide flooding (i .e. 

during the tirst hour of sampling), nutrient concentrations measured in marsh runoff 

showed an important seasonal and inter-site variability with the lowest values recorded in 

July 2004 and highest on es in March 2004. Monitored NH/, pol, N02- + N03- and 

Si(OH)4 concentrations ranged from 2.87 !lM (PAP) to 30.74 !lM (PAP), from 0.79 !lM 

(PAP) to 1.73 ~lM (PAE), from 0.37 !lM (PAE) to 17.81 !lM (PAE) and from 6.47 ~lM 

(PAE) to 35.49 ~lM (PAP), respectively. These values were similar to mean dissolved 

nutrient concentrations obtained from weekly survey carried at low tide, at station 1 and II 

(Fig. 8). Only silicate concentrations from PAE marsh registered in March 2004 showed a 

noticeable difference. At high tide, l1utrient concentrations presented similar seasonal 

variations (with lowest nutrient concentrations recorded in July 2004 and highest ones in 

March 2004) and were found very comparable for both studied areas. Observed NH4 +, 

P043-, N02- + N03- and Si(OH)4 concentrations ranged from 1.11 ~lM (PAP) to 5.76 ~lM 

(PAP), from 0.57 ~lM (PAP) to 1.30 ~lM (PAE), from 1.75 !lM (PAP) to 18.72 !lM (PAE) 

and from 11.55 ~lM (PAP) to 23.36 !lM (PAE), respectively. 
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Figure V1-7 Diurnal variations of ammonium (NH/ ), phosphate (pot), nitrite + nitrate (NOz- + 
N0 3-) and silicate (Si(OH)~) average concen tra tions monitored at station 1 (Pointe-aux-Épinettes, PAE) 
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6.5.4 SeasonaJ nutrient tidal fluxes 

Marshes fluxes of dissolved inorganie nutrients through the outer marsh \imits are 

illustrated in Figure 9. Both marshes released NH/ in ail seasons, with the lowest average 

flux measured in May 2004 (4.53 ± 5.84 mg N d-I m-2 in PAP) and the highest one in 

Mareh 2004 (3 7.56 ± 10.89 mg N d-I 111-
2 in PAE). There is no significant differences (p < 
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0.05) between NH/ seasonal fluxes measured within PAE and PAP marshes individually, 

neither between marshes. Monthly averages of P043
- tidal fluxes show that both studied 

marshes may act as a phosphate source for estuarine waters in March and November 2004. 

The data also suggest that marshes may act as a phosphate sink in May and July 2004. 

However, this trend is not statistically significant because of the high variability of 

measurements. Seasonal PO/ fluxes , varying from - 7.29 ± 12.70 mg P d-I m-2 (PAE; July 

2004) to 8.07 ± 24.09 mg P d-I m-2 (PAE; March 2004), and were not statistically different 

from one marsh to the other. There is an important N02- + N03- marsh uptake in ail 

sampled seasons, with average fluxes ranging from - 7.60 ± 10.22 mg N d-I m-2 (PAE; 

November 2004) to - 38.32 ± 10.89 mg N d-I m-2 (PAE; March 2004). However, there is no 

significant differences between N02- + N03- seasonal fluxes measured within PAE and 

PAP marshes individually, neither between marshes. As observed for phosphate, measured 

average Si(OH)4 fluxes showed that both marshes may act as a silicate source for estuarine 

water in March and November 2004 and as a silicate sink in May and July 2004. Although 

seasonaJ Si(OH)4 fluxes were not statistically different in PAP marsh, a significant change 

is observed PAE marsh (p = 0.03) with significant differences noticed between Si(OH)4 

fluxes measured in March and July 2004. However, there is no statistical difference 

between Si(OH)4 seasonal fluxes measured in PAE and in PAP marshes. Measured 

seasonaJ Si(OH)4 fluxes ranged from - 44.40 ± 11.52 mg Si d-I m·2 (PAE, July 2004) to 

35.90 ± 21 .85 mg Si d-I m·2 (PAE, March 2004). 
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Since seasonal nutrient fluxes were stati stica lly similar in both studied sites, 

respective marsh fluxes were averaged to calculate mean seasonal tidal nutri ent fluxes per 

flooded marsh area, which can probably be considered as representati ve of south shore 

marshes of the lower St. Lawrence Estuary. Figure 10 shows clearly the previously 

described seasonal pattern with important N~ + release (ranging from 9.06 ± 11 .02 mg N d-

I m-2 (May) to 30.48 ± 13.43 mg N d-I m-2 (March)) and N02- + N03- upta ke (ranging from 

- 9.59 ± 13.36 mg N d-I m-2 (November) to - 32.07 ± 13.43 mg N d-I m-2 (Mm·ch)) . ]n 
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addi tion, highly va ri able P043
- and Si(O H)4 fluxes (ranging - 3.73 ± 17.43 mg P d-I m-2 

(May) to 6.34 ± 29.70 mg P d-I m-2 (March) and from - 29. 19 ± 16. 18 mg Si d-I m-2 (Jul y) 

to 21.91 ± 26.95 mg Si d-I m-2 (MaI'ch), respective ly) were observed. 
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Figure YJ-IO Estimated marsh nutrients fluxes in the lower St. Lawrence Estuary marshes. Average 
± standard deviation values are given for the four seasonal surveys. 

6.5.5 Ice cores segments characteristics 

The ice cores coll ected at the offshore site near Rimouski , at stat ion] (PAP marsh) 

and station JI (PAE marsh) measured 30, 39, and 42 cm, respectively. Thei r chemica l 

characte ri stics are presented in Table 2. For each site, the surface , intermediate , and bottom 

sect ions of the core presented si mil ar charac teristics. However, inter-site variability a re 

observed w ith highest sa linity, polo, N02- +N03- and Si(OH)4 concentrations observed in 

the offshore ice core. The highest NH4 + concentrations were measured in PAP while, the 

highest Chi-a concentrations monitored in PAE. 
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T ablea u VJ-2 Characteristics (average, A V, and sta ndard deviation , SD) of ice cO"e sections. Jce 
cores were collected the 4 February 2005 fro m one control pelagie site located offshore in the Sa int-
Lawrence estuary (SL E) as weil as in the Pointe-a ux-Épinette (PAE) and Pointe-a u-Père (PAP) salt 
ma rshes. 

Length (cm) Satinity NH; ( ~M ) PO,3. (~M) NO; +NO; (~M) Si(OH), (~M ) Chl. a (~g I l) 

AV SO AV SO AV SO AV SO AV SO AV SO 

SLE Surface 10 11.70 1.35 0.01 0.00 0.68 0.06 6.65 1.33 8.78 1.26 0.05 0.03 
SLE Intermediate 10 8.20 0.26 0.01 0.00 0.58 0.02 4.13 0.28 6.78 0.25 0.04 0.03 

SLE Bottom 10 6.37 0.67 0.21 0.35 0.52 0.01 3.34 0.71 8.84 0.42 0.29 0. 10 

PAE Surface 13 5.20 0.53 0.43 0.48 0.43 0.02 3.28 0.5 1 5.54 0.34 3.22 3.16 
PAE Intermediate 13 4.93 0.06 0. 13 0.04 0.41 0.03 2.39 0.26 5.30 0. 10 2.92 1.18 

PAE Bot1 om 13 5. 13 0.21 0.45 0. 11 0.40 0.02 2.3 1 0.15 5.35 0.20 3.46 1.26 

PAP Surface 14 7.20 0.17 1.52 0.21 0.58 0.08 4.61 0.42 8.40 0.08 1.21 1.24 
PAP Interm ediate 14 5.90 0.56 1.43 0.08 0.52 0.02 3. 12 0.43 7.60 0.69 1.58 0.44 

PAP Bottom 14 5.00 0.26 2.67 0.14 0.53 0.03 2.80 0.19 7.27 0.48 2.60 1.51 

6.6 Discussion 

Thi s paper is first to report around-the-year nutri ent flu xes in no rthern sa lt marshes 

exposed to severe winter conditions inducing a four-month ice cover. We found 

surpri singly acti ve sa lt marshes even during w inter with a siza ble production of ammonium 

and a consumption of N 0 2- +N03· . Seasonal nutrient fluxes measured in both studi ed 

marshes revea led to be stati stically similar within studi ed sites (with the exception of 

Si(OH)4 111 PAE) as we il as between marshes. Thi s similarity is possibl y related to the 

dominance of constant year-round biogeochemica l processes wea kl y affected by 

temperature and light, but not as much as expected by human acti viti es. These find ing are 

di scussed hereafter in regard to each flux of d issolved nutri ents. 

6.6. 1 Validity of marshes nutri ent fluxes ca lcu lati ons 

The numeri ca l hydrodynamic model used to characteri se nutrient flu xes between St. 

Lawrence Estuary marshes and coastal waters prov ided new insights for understanding the 

seasonal dynamic of northern sa lt marshes. For a il simulations, the hydrodynamic model 

reproduces well the obse rved water levels (Table 1). Therefore, the hydrodynamic model 

used in thi s study is probably as we Il adapted than similar models which have been used fo r 

other geoc hemica l studi es in coastal are a (e .g. Zheng el 01. , 2004). 
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]n idea l conditions, the weekly and seasonal data sets should have 

overlapped for the whole study period. However, for practical reasons, the data sets 

overlapped only for a pOl1ion of the study period. Both data sets covered a full year but the 

weekly sampling sta rted earlier and stopped before the third and fourth seasonal tidal 

sampling event occurred. Although this complication may weaken the significance of 

calculated marsh fluxes, we argue that it won ' t changes the main conclusions of thi s study. 

Because marshes fluxes calculated for the two studied sites remain statistically similar 

despite the very di stinct watershed fluxes, we think that inter annual variability of 

prec ipitation (which modulate watershed nutrients fluxes) have a weak effect on marshes 

systems nutrients fluxes . Nevertheless, hi storical weather data obtained from 

Meteorological Serv ice of Canada for Rimouski area show s imilar total precipitation 

vo lume for J ul y 2003 and 2004 (117.6 and] 38.8 mm) and in November 2003 and 2004 

(104.6 and l05 .0 mm, respectively) which should strength the validity of this study. ln 

addition , the s imilitude observed between nutrient concentrations measured at low tide 

during weakly and seasona1 sampling survey (Fig. 8) confirms the significance of seasona1 

based interpretation of marshes nutrients fluxe s. 

6.6.2 Incidence of tributaries 

The geomorphology of PAP marsh is characterized by a drainage channel network 

deeply incised in a vegetated platform. Field observations showed that a large p011ion of 

flushed water from the major affluents is directly evacuated to the Estuary by these 

channels without being in contact with the marsh surface, limiting the possibility of nutrient 

uptake or transformation by plants and microbiota . Therefore, we suggest that elevated 

affl uent di scharges measured in PAP marsh (Fig. 4) promoted active erosion processes and 

contributed little to eutrophication. Flood events induced by rain storms and snow me lting 

coup1ed with a reduced sediment upload (due to upstream sediment retention by artificial 

obstacles) have increased channel flow and general marsh vu1nerability to erosion 

processes . Erosion structures often observed in PAP include channel edge slumping, cliff 

formation. and di splacement of Sparlina rafts. Howeve r, as nutrients can be a 1imiting 

factor in coastal envi ronment productivity (Justic el al. , 1995), affluent inputs may induce 

significant modification of the balance between autotrophic and heterotrophic activities in 
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marsh areas as weil as in adjacent coastal waters. While PAE marsh streams correspond to 

< 0.]% ofN(N02- + N03-) and P(P043
-) and between 11-34% ofSi(Si(OH)4) marsh uptake, 

these tributaries account for negligible 0.02% ofN(NH/ ) and less than 17% of Si(Si(OH)4) 

marsh release through tidal cycle (as defined by the relative contribution of Watershed Flux 

on Marsh Flux). Assuming that this pattern is representative of pristine marsh areas along 

the south shore of the St. Lawrence Estuary, it turns out that the only noticeable 

contri but ion of natural affluent runoff to nearby coastal waters resides in the si 1 icate budget. 

On the other hand , the potential contribution of impacted affluents to salt marsh nutrient 

budget shows to be considerably different. PAP marsh streams provide from 2 to 58% of 

N(N02- + N03-) , 32 to 124% of p(P043
-), and up to 65% of Si(Si(OH)4) marsh uptake. ln 

addition. PAP marsh tributaries account for up to 15% of N(NH/ ), 6% of P(P043-) and 

55% of Si(Si(OH)4) of marsh nutrient releases. More investigations are needed to clearly 

relate anthropogenic nutrient load , microbial diversity and productivity in northern salt 

marsh environments, since these environments are light limited most part of the year due to 

either their high water turbidity in spring and fall or the presence of a ice coyer in winter. 

Because streams input does not generally exceed PAP marsh total N and P potential 

demand (as defined by Marsh flux) , we can conclude that anthropogenic activities have not 

induced an important nutrient pollution problem in this particular case. According to our 

field observation, elevated tributaries discharge measured in PAP marsh has promoted 

erosion processes rather than other types of alteration, which could modify the ecosystem 

function in term of nutrient regeneration capacity. However, this suggests that there is a 

potential impact of watershed runoff on estuarine water as runoff had minimal contact with 

the PAP marsh platfornl itself at low tide. 

6.6.3 Seasonal processes potentially implied in tidal nutrient fluxes 

ln agreement with the classical study of Nixon (1980) about coastal marshes, the 

results presented here show that south shore St. Lawrence Estuary (SLE) marshes act as an 

important year-round N02- + N03- sink and a NH4 + source in spite of a four-month ice 

coyer (Fig. 10). This dissolved inorganic nitrogen ex change pattern has been reported in 

many temperate salt marsh environments (Dame and Gardner, 1993; Groszkowski, 1995; 

Campana , 1998, Ziegler el al. , ] 999; Valiela el al. , 2000; Neubauer el al., 2005) . 
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Using labelled nitrogen (, sN), Poulin el al. (2007) recently showed that among 

possible nitrate consumption mechanisms in StE marshes, denitrification (bacterial 

reduction of N03- to N 2) and DNRA (Dissimilatory Nitrate Reduction to Ammonium) 

represent the most obvious bacterial processes. Although the relative contribution of 

bacterial processes to nitrate uptake is not weil defined in SLE marshes, denitrification is 

estimated to remove 19-31 % of N03- marsh uptake (with no cJear temperature 

dependence). The remaining fraction is assumed to be removed by DNRA, Mn2
+ oxidation 

(Luther el al. , 1997), Fe2
+ oxidation (Straub el al. , 1996), N 20 production (via incomplete 

denitrification; Robinson el al. , 1998) as weil as by biological assimi lation (Dugdale and 

Goering, 1967). From a seasonal point of view, N02- + N03- assimilation by autotrophic 

community appeared to be weak compared with bacterial consumption since significantly 

higher N02- + N03- uptake has been observed in PAE during winter sampling (when sea ice 

cover restraint autotrophic activity. low chlorophyll in water samples) compared to ice-free 

seasons. Even if this picture might constitute a plausible explanation, more investigations 

are needed to better understand the role of autotrophic activity in winter-freezing marshes 

in regard to specific nutrient requirements and fine scale temporal assimilation patterns. 

DNRA is widely recognized as an important NH4 + source in shallow coastal 

environments (An and Gardner, 2002) and seems also play an impol1ant year-round role in 

SLE marshes as shown by the significant negative correlation between N02- + N03- and 

NH4 + fluxes (r2 = 0.84, p = 0.05 ; calculated with data presented on Fig. 10). This 

correlation is indicative of a coupling between N02- + N03- retenti on and NH4 + production 

in cold salt marsh sediment. Ammonification (NH4 + bacterial production from nitrogenous 

macromolecule such as polyamino-sugar, protein, peptide, nucleic acid , amino acids) 

should also be considered here as a possible significant mineralization process in coastal 

vegetated sediment (Blackburn el al. , ] 994). Ammonification generally increases with 

temperature, labile vegetative material deposition, sewage (as in PAP marsh), and oxygen 

availability (Herbert, 1999). Thus, it could represent a substantial seasonal NH/ source for 

StE tidal marshes, especially during summer and fall when higher water temperature and 

high evapotranspration (promoting dewatering and oxygen penetration in sediment) occur 
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(Rocha, 1998). However, this contribution may be hidden by biological ass imilation 

because NH4 + is known to be preferentially used by phytoplanktonic species (Maier el al. , 

2000), and high Chl-a concentration was observed in the marsh water column. Finally, 

coupled nitrification- denitrification process (bacterial oxidation of NH/ to N03- followed 

by the reduction of N03- to N 2) , which is recognized as an important process under the 

previously described summer conditions (Herbert, 1999), may play an additional role in 

term ofNH/ consumption, but lack of results preclude from more specific conclusion. 

In opposition to the complex inter-relationship of nitrogen species, average P04
3-

tidal fluxes show a simple seasonal trend with P04
3- release in March and November and 

uptake in May and July. Some authors have reported a similar seasonal pattern in temperate 

marsh environments (Reimold and Daiber, 1970; Wolaver and Spurrier, 1988) and a 

number of biogeochemical mechanisms have been proposed to explain this behaviour. For 

example, macrophyte species (such as Spartina alterniflora) may act as an impol1ant pol 
sink in marsh environment when the communityis weil established (i.e. in summer). ln 

addition to autotrophic activity, P dynamic remains closely related to Fe cycle (Roden and 

Edmonds, 1997). Generally, P04
3
- is sequestered by Fe3

+ in both oxic sediment and water 

column whereas pol is released from anoxic sediment during the reduction of Fe3
+ to 

Fe2
+. Even if iron redox processes might be driven by abiotical processes alone, bacterial 

activity (such as iron-reducing and su1phate-reducing bacteria using Fe3
+ and SO/- as the 

terminal electron acceptor for anaerobic respiration) IS recognized as predominantly 

responsible of P04
3

- release (Bostrom et al. , 1988). ln addition, some authors have 

proposed that bacteria containing polyphosphates as P stOl'age compounds can hydrolyse 

these products to P04
3

- under anaerobic conditions (Wentzel et al., ] 986; Gachter and 

Meyer, 1993) while P04
3
- may be released from the hydrolysis of organic matter by 

bacteria which own enzymes like nucleotidases (Azam and Hodson, 1979). Since organic 

matter availability increase during autumn period, bacterial uptake of low molecular weight 

organic compounds su ch as proteins and fatty acids may promote P04
3
- release during fall 

and winter. Moreover, Vepraskas and Faulkner (2001) have shown that P04
3

- may 

precipitate as calcium phosphate or co-precipitate with carbonates in sediment with pH >7. 

Since ail these mechanisms may be involved in the marsh P cycle, additional studies are 
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needed to better understand the synerg ic effects of minerai reaction on tidal flux in co ld 

marshes . 

Both marshes acted as a S i(OH)4 sink during high producti vity period (M ay and 

Jul y) and as a suppli er of Si to the estuarine water during low producti vity peri od 

(November and M m·ch). Biological uptake has a notable inc idence on seasona l marsh 

sili cate flu xes . Benthi c di atoms identifi ed in both marshes (eg. Achnanlhes delicalula, 

Navicula CJyplocephala, Cocconeis discu/71s ; unpubli shed res ults) co loni sing marsh 

surface sediments during summer, incorporate Si(OH)4 to produce biogeni c sili cate tests 

(S i02) , which can be buried when new sediment is deposi ted on the marsh. In additi on, 

marsh graminea Ce .g. Spartina a/terniflora and Sparlina palen) abundant a long the St. 

Lawrence Estuary coastline, may act as a potenti a l sink during grow ing season (Si content 

fro m 5-1 5% of tota l dry we ight in graminea; Struyf el al. , 2005). After the grow ing season, 

the decay of vegetal materi a l in marsh areas is considered as a signifi cant source of 

amorphous sili ca (Wil\ ey and Spivac k, 1997). 

6.6.4 Role of sea ice 

O ur res ults supp0l1 the hypothesis that sea ice has many direct and indirect effects 

on marsh nutri ent fluxes in w inter in spite of low water temperature and low light energy. 

From an ecosystem po int of v iew, the most obvious effect of the ice coyer is re lated to 

pelagic phytoplanktonic productivity. Because autotrophic producti on is limited by light 

ava ilabil ity during winter time in the St. Lawrence Estuary (Therriault and Levasseur, 

1985), nutri ent-rich deep waters brought to the surface by verti ca l advection processes are 

not depleted by bio logica l acti vity. Surface water samples col\ected offshore Rimouski city 

in February 2006 showed concentrations of NH/ , P04
3-, N 0 2- + N 0 3- and Si(OH)4 

averaging 0.28, 0.94, 13.47 and 12.61 IlM , respectively, whil e Chl-a concentrati on 

remai ned near the limit of detection (0.01 Ilg ri ) (data not shown). High nutrient 

concentrations measured in marsh flooding water during the March 2004 survey (Fig. 7) 

most probabl y stimulated mi crobial nutri ent transform ati on processes in the marsh. As 

observed by Jungle el al. (2004) in the Arcti c environment. it can be assumed that SLE 
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marshes are co lonised by cold-adapted microbial communities contributing signifi cantly to 

the marsh nutri ent budget, even under winter conditions. 

ln addition to e levated nutri ent concentrations in estuarine waters, sea ice induces 

several physical and chemical modifications in water column and sediments of SLE 

marshes which in turn affect tidal nutri ent fluxes. ]n marine coasta l environment, sea ice 

grows via fractionated crystallisation. This process increases underneath water salinity (see 

F ig. 6) and the pool of exchangeable nutri ents in marsh sed iments by decreasing their 

sorption capacity (Liu et al. , 2002; Hou el al. , 2003). Moreover, sea ice coyer red uces 

sediment exposure to atmospheric oxygen by limiting sediment dewatering which usuall y 

occurs between tidal inundations via evaporation and drainage . This process enhances 

anoxic conditions in marsh sediments and anaerobic processes such as DNRA, P043- and 

Si(OH)4 minerali zation. Sea ice mechanical action on marsh platforms like compaction 

(A rgow and FitzGerald, 2006), ice drifting, and rafting (Drapeau, ] 992 ; Pejrup and 

Andersen, 2000) may enhance these biochemical processes by changing the redox gradi ent 

of the sediments and by increas ing migration of pore water and colloidal matter through 

water/sediment interface . These ice- induced perturbations may promote benthic turnover 

rate of organic matter as weil as tidal nutrient ex change in SLE marshes. 

Sea ice contributes also to the nutrient budget by storing seawater nlltrients through 

wi nter time and releasing them during spring (Brooks el al. , 1999). Although nutrient 

concentrations measured in the sampled ice cores were re latively low compared to 

undem eath water (Table 2), ice could act as an additional nutrient source in the earl y spring 

for marsh env ironment. However, ice may be accumulated on marshes or transported 

toward open waters during melting event, therefore the relative contribution of melt waters 

remain difficult to define. ln addition, sea ice is a favourable environment for a wide range 

of cold adapted phytoplanktonic and bacterial spec ies (Sullivan and Palmisano, 1984; 

Junge el al., 2004). Even if significant Chl-a concentration was observed in ice cores 

samples, the pheopigment/Chl-a ratio (5.24 ± 1.53 , n = 27 ; data not shown) remained high 

and argues for the presence of senescent phytoplanktonic ce ll s incorporated to ice during its 

formation. Coming both from water column and surface sediment, thi s old production is 
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assumed not to deplete nutrient concentrations within sea ice interstitial water. Total 

bacterial abundance was important in ice cores (5.24 x 105 ce ll mr 1 ± 0.86, n =27; data not 

shown), but the activity of this bacterial community is sti ll unknown at tempe rat ure weil 

below 0 Oc. Although bacterial mineralization/consumption process occurring in icy 

environment may affect temporal evolution of ice nutrient concentrations and consume 

organic carbon as already observed in Antarctic fast ice (Delille el al., 2002), data are not 

available for St. Lawrence Estuary. Using Trousselier et al. (1997) bacterial biomass 

conversion index (i .e. 60 fg C ce ll- 1
) and applying it to our total ce ll s measurement, we 

observed that bacterial biomass found in St. Lawrence Estuary ice cores (- 30 mg C m -3) is 

comparable to other icy environment such Arctic (2.4-220 mg C m-3; Grad inger and Zhang, 

1997) and Antarct ic (10-200 mg C m-3
; Delille et al. , 2002) sea ice. Nevertheless, new 

information are needed to better understand the relationship between total biomass, 

diversity and activity of the bacterial community implied in nutrients cycles and pinpoint a 

possible structure/function link in this cold environment. 

6.7 Conclusion 

Nutrient fluxes measured in this study argue for a sign ificant role of northern salt 

marshes in the estuarine annual nutrient budget. As most of measured seasonal nutrient 

fluxes were statistically comparable in both studied marshes, it can be concluded that south 

shore SLE marsh env ironments are year-round active nutrient processors . A series of 

interrelated biogeochemical changes involved 111 biotic and abiot ic organic-matter 

mineralization processes generated by daily shifting between atmospheric exposure and 

tidal inundation have been illustrated. Among these processes, denitrification, DNRA, and 

ammonification , are pinpointed as the most sign ificant ones since important landward N02-

+ N03- flux and seaward NH/ were observed. These transformation processes by marsh 

microbial community are ecologically essential to estuarine nutrient cycling, as 

denitrification contributes to remove ex cess of anthropogenic nitrogen loads; DNRA and 

ammonification supply the estuarine autotrophic activity as N~ + is the preferential 

nitrogen form used by phytoplanktonic species (McCarthy, 1980). 
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This importance of salt marshes should be brought even more sharply into focu s 

because of the threats posed by the predicted global warming, rise of sea level , and urban 

expansion along the coastline (BoOl'man, 1999). Because they reached an advanced stage of 

development, the lower St. Lawrence Estuary marshes are becoming more vulnerable to 

increased erosive forces since man y years (Morisette, 2006; Bernatchez and Dubois, 2008) 

and they represent no more than 90 km2 (Dionne, 1986). These marshes possess a strong 

nutrient regeneration potential even during wintertime and need restoration eff0l1s to 

recover their significant contribution to the whole St. Lawrence estuarine system. 
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CHAPITRE VU 

Seasonal variability of denitrification efficiency in northern salt marshes: An example 
from the St. Lawrence Estuary 

7.1 Abstract 

Patrick Poulin, Emilien Pelletier and Richard Saint-Louis 

Marine Environmental Research 63, 490-505 

ln coastal ecosystems, denitrification is considered as a key process in removll1g 

excess dissolved nitrogen oxides and participating in the control of eutrophication process. 

Little is known about the role of salt marshes on nitrogen budget in cold weather coastal 

area. Althollgh coastal salt marshes are known as important sites for organic matter 

degradation and nlltrient regeneration, bacterial mediated nitrogen processes , such as 

denitrification , remain unknown in nOl1hern and sub-arctic regions, especially under winter 

conditions. Using labelled nitrogen e SN), denitrification rates were measured in an eastern 

Canadian salt marsh in August, October and December 2005. Freshly sampled undisturbed 

sediment cores were incllbated over 8 h and maintained at their sampling temperatllres to 

evaluate the influence oflow temperatures on the denitrification rate. From 2 to 12 oC, 

average denitrification rate and dissolved oxygen consumption increased form 9.6 to 25.5 

Ilmol N2 m-2 h- I and from 1.3 to 1.8 mmol O2 m-2 h- I
, respectively, with no statistical 

dependence of temperature (p > 0.05). Nitrification has been identified as the major nitrate 

source for denitrification, supplying more than 80% of the nitrate demand. Because no 

more than 31 % of the nitrate removed by sediment is estimated to be denitrified , the 

presence of a major nitrate sink in sediment is suspected. Among possible nitrate 

consumption mechanisms, dissimilatory reduction of nitrate to ammonium (DNRA), metal 

and organic matter oxidation processes are discussed. Providing the first measurements of 

denitrification rate in a St. Lawrence Estuary salt marsh, this study evidences the necessity 

of preserving and restoring marshes. They constitute an efficient geochemical filter against 

an excess of nitrate dispersion towards coastal waters even under cold northern conditions. 
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7.2 lntroduction 

Denitrification is the dissimilatory reduction of nitrogen oxides (N02-; N03-) to 

gaseo us nitrogen (N2). A large group of anaerobic bacteria of the genus Pselldomonas, 

synthesizing different types of reductases, can use reduced nitrogen oxides as e lectron 

acceptors in the absence of oxygen (Knowles, 1981). Denitrification is recognised as the 

key process to maintain nitrogen limitation in coastal waters (Howarth , 1988). Jt removes 

excess dissolved inorganic nitrogen loads (Seitzinger, 1988), decreasing the amount of 

fixed nitrogen available to the primary producers (Nixon, 1981). As a consequence, 

denitrification is impoliant in controlling the eutrophication Jevel in coastal environments 

(eg. Nowicki el al. , 1997) that are increasingly affected by anthropogenic nutrient inputs 

(Cloern , 200 1). The exposure of terrestriaJ organic matter and nutrient inputs to estuaries 

(Gearing and Pocklington, 1990) leads to high primary productivity and high organic 

matter deposition , and therefore results in high bacterial mineralization , which causes a 

depletion of oxygen supplies in the sedimentary compartment (Dualie, 1995). Formed in 

the upper littoral zone of mid and high latitudes, coastal salt marshes are known as a major 

feature of macrotidal estuaries (Jickells and Rae, 1997). Affected strongly by tidal flooding 

and by riverine runoff, marsh areas are recognised to act as an important bioprocessor of 

nitrogen spec ies (Aziz and Nedwell , 1986) which play many critical roles of eco logical and 

economical values (BoOJ-man, 1990). Although the nitrogen cycle in North- West Atlantic 

Coast and Western E urope temperate salt marshes (Kaplan el al. , 1979; Aziz and Nedwell , 

1986; Koch el al. , 1992; Thompson, 1995 ; Eriksson el al., 2003) has been studied 

extensively, our understanding of the dynamic of sub-arctic marsh environments is still 

incomplete, specially du ring winter time when sea ice covers littoral area. There is stilllack 

of knowledge about biogeochemical processes in these icy environments, especially the 

nitrogen cycle and the rate of microbial-mediated nitrogen transformations su ch as 

denitrification . As the first step toward predicting decennial behaviour of cold coastal 

ecosystems under the actual scenario of global coastal eutrophication (Cloern , 2001 ; 

Jickell s, 2005), it is essential to determine rates and pathways vi a which fixed nitrogen is 

metabolised by bacteria. 
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The main objective of thi s sludy is to eva luate seasonal denitrifi cation rates in a 

northern sa lt marsh subject to frozen conditions for four months of year. Us ing labell ed 

nitrate (1 5N 0 3-) (N ielsen, 1992), denitrification rates were measured in Pointe-au-Père salt 

marsh sediment (St. Lawrence Estuary, Québec, Canada) in August, October and December 

2005; w ith weather conditions corresponding to summer, fa ll and w inter, respectively. 

F reshl y sampled intac t cores were incubated under in situ temperatures to evaluate the 

influence of temperature on N 2, di ssolved inorganic nitrogen (DIN) and O2 fluxes resulting 

from denitrifi cation and minera li za tion processes . During the late experiment in December, 

sediment cores were co llected under a thin ice cover to quantify deni trification rates under 

the co ldest conditions occurring in thi s coastal region . The quantitative signifi cance of 

denitrification as weIl as re lati ve contribution of biochemical processes, such as organic 

matter mineralization to the cold salt marsh nitrogen cyc le, has been di scussed. It is the first 

time to directl y. measure the denitrification rate in a St. Lawrence Estuary sa lt marsh and 

estimate the relative importance of denitrification as a nitrate removal process in northem 

estuari es. 

7.3 Materials and methods 

7.3. 1 Studi ed site 

The Po inte-au-Père sa lt marsh (48° 30.3 0'N, 68° 28.30'W) is located on the south 

shore of the St. Lawrence Estuary in the city of Rimouski (Québec, Canada) (F ig. 1). Thi s 

marsh has been part of the Pointe-au-Père National Wildlife Area protected by Canadi an 

Wildlife Serv ice (Environment Canada) since September 2002. Confined in an elongated 

basin parall el to the main Estuary ax is and sheltered from wave actions by a longitudinal 

Palaeozoic structure, thi s 22.6 ha marsh is dominated by areas with homogenous emergent 

macrophyte (Sparlina allerniflora) communities surrounded by vegetation-free network 

creeks. Due to its low slope, the floodwater complex ly spreads ove r marsh area durin g 

semi-diurnal cycJic tidal excursion ; tidal water enters by a large inlet at the western border, 

progresses latera ll y and smoothl y over mud fl ats, as energy of the incoming tide is 

di ssipated by fri cti on on the inner bay. Located in a partl y urbani sed watershed, thi s marsh 

receives nitrogenous inputs in micro-molar concentrations from both agri cultural and urban 
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runoff(Av _ SD; 7.29 ± 16.43 kg DIN d-I). This freshwater runoffenters the salt marsh by 

two main drainage channels along the south-east border (0.28 ± 0.59 m3 S-I). ln addition, 

the St. Lawrence coastal zone is subject to important seasonal variations, which affects 

water temperature and sa linity in response to heat flux and freshwater di scharge . One of the 

main features of Saint-Lawrence cold sa lt marshes is the formation of sea ice that begins in 

ea rl y December and persists until April. This ice cover plays an important role in littoral 

ecosystems. A lthough sea ice erodes tidal flats , it protects the intertidal zone from wave 

action and generates singular sedimentary structures (Dionne, 1998; Drapeau, 1992; 

Serodes and Dubé, ] 983). 

500 m 
'---"""------'-----r-------..I.....-4So30' N 

Figure VII-l Map of Pointe-au-Père salt marsh located along the St-Lawrence Estuary south shore 
in Rimouski. The white area represents the infra-littoral zone, dark grey area the inter-tidal zone and 
light grey area the supra-littoral zone. The black square ,-epresents the lO-m2 sa mpling area. 
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7.3 .2 Sampling procedure 

For each ex periment (carri ed out in August, October and December 2005), 18 

sediment cores (5 to 10 cm long x 9.8 cm i.d.) were collected at low tide in the same 10m2 

area show ing homogenous and spec ifi c surface characteri sti cs (F ig. 1) using a tubul ar 

a luminium corer (l00 cm long x 9. 8 cm i.d .). To minimize perturbation of superfic ial 

sediment, the corer was slowly pushed into the sediment and the core was recovered using 

a small shove l. Each sediment core was delicately truncated at 3 cm below the sediment 

surface , to obtain a 3-cm long x 9. 8 cm i.d. core, and was ca refully transferred to a 

Plex iglas tube (14 .5 cm long x 9.8 cm i.d.) later used as incubation chambers. Tubes with 

cores were transported to the laboratory w ithin 30 minutes to minimize a lterat ion of natural 

biogeochemica l equilibria, and wrapt in aluminium foil to avo id photochemica l reactions. 

ln additi on, 50 L of surface sea water was collected from the Pointe-au-Père bio log ica l 

station pier (F ig. 1) and stored in an ac id pre-cleaned polypropylene bottl e to perform 

incubati on; whose salinity, di ssolved oxygen and nitrate leve l is 25 ± 2, 10 ± 2 mg r' and 

1.8 /-lM (A ugust) - 14.7 ~lM (December), respecti vely. 

7.3.3 Laboratory incubati ons 

ln the laboratory, tubes were placed in a temperature contro lled room set at the 

temperature measured in sediment cores at the sampling site ( i.e. 12, 6, and 2 Oc for 

A ugust, October and December, respective ly) . The tubes were labelled from 1 to 18 and 

sealed at the bottom with rubber stoppers. Tubes 1 to 8 we re used for denitrifi cati on 

measurements, tubes 9 to 12 were L1sed for nitrate (N03-) and ammonium (NH/ ) flux 

measurements whereas tubes 13 to 16 were used for di sso lved oxygen (0 2) flux 

measurements. These 16 caped tubes (named incubation chambers) were incubated in the 

dark , using a large temperature-contro ll ed water bath equipped with a stirring system 

(shaking table type), set at the temperature corresponding to the sampling season. The 

incubation peri od was fi xed at 8 h to avoid expected deve lopment of hypoxic conditions 

([0 2] < 2 mg ri ) in the overl ying water laye r, since preliminary data obtained over the last 

three yea rs showed that Pointe-au-Père sa lt marsh water co lumn is year aro und weil 

oxygenated. The remaining two sediment cores, kept in tubes 17 to 18, we re freeze-dri ed 
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and homogenised for determination of sediment characteristics, including carbon and 

nitrogen element, particle size, trace metal and total hydrolysable amino acid (THAA). 

7.3.4 Denitrification activity 

For the denitrification rate determination , seawater (500 ml) enriched with 35 to 45 

!lM K ISN03 (98 atom % 15N03, Aldrich) was transferred in tubes 1 to 8, giving a water 

layer of about 7 cm height and an air head-space of ~2 cm (281 ml). The concentration of 

N03- in typically impacted salt marsh water was - 20 ~lM. Tubes were capped with rubber 

stoppers equipped with gas-tight sampling ports and stirred for 10 min using a stirring table 

set at ~ 60 RPM to ensure homogenization of spiked nitrate. Then, a 5-ml water sample was 

sampled and replaced by ambient air (using 5-ml gas-tight syringe) to measure the initial 

concentration ofN03- and therefore the initial concentration of 15N03- was ealeulated. Tube 

air head-space was sampled (using a 10 !lI gas-tight syringe) to measure the initial N 2 

isotopic composition. After an 8-h incubation period, sediment cores were manually shaken 

for 2 min in order to equilibrate pore water gases with the overlying water. Air head-space 

of each chamber was sampled onee again to measure final N2 isotopie composition. Before 

each sampling, the gas-tight syringe and the GC-JRMS injection pOli were flushed with 

helium. After collection, air sampi es were immediately introduced in the GC gas port for 

isotopic composition determination to avoid agas storage step and contamination risks. 

7.3 .5 Nitrogen species and dissolved oxygen fluxes 

The procedure described previously was applied to the 8 rema1l1111g incubation 

tubes, but labelled K I5N03 was replaced by unlabelled KN03. These chambers were 

incubated without gas head-space and were sampled hourly during 8 h, using 5 and 25 ml 

gas-tight syringes. For N03- flux measurements, water samples (5 ml) were taken from 

tubes 9 to 12, transferred into 5-ml cryovials and stored at - 80 Oc for further analysis. The 

same procedure was applied to measure NH4 + fluxes except that water samples were 

analysed immediately after sampling. The remaining four chambers (13 to 16) were used 

for O2 flux measurements as 25-ml water samples were transferred in volumetric glass 
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bottles and analysed without delay. To avoid depressurisation in chambers, sampled water 

was replaced by an identical volume of ambient air. 

Using denitrification rate measurement via direct determination of air head-space N 2 

isotopic enrichment from immerged sediments (Niel sen , 1992) can avoid some of the 

problems associated with indirect approaches (e.g. Sorensen, 1978). However, despite their 

advantages, the labelled N2 flux technique suffers of some 3/1efacts mainly caused by the 

non-equilibrium conditions imposed by closed chambers (Hamersley and Howes, 2005), 

particularly for O2. Since sediment cores were incubated without considering diurnal tidal 

inundation and dewatering cycle, photosynthetic O2 production as weil as atmospheric 

advection, sedimentary O2 supply was blocked. This artefact could alter cham ber chemical 

conditions (affecting the redox structure of sediment core and the equilibrium between 

dissolved ionic compounds in the pore water and onto sedimentary paI1icles), and affects 

the balance between aerobic and anaerobic heterotrophy as weil as the overall measured 

nitrification-denitrification rates (Risgaard-Petersen, 2003). By opting for an experimental 

design including short incubation period, relatively large gas headspace and water 

thicknesses, we minimised measurement errors and artefacts linked to c10sed incubation 

chambers. 

7.3 .6 Analyses 

Isotopic composition of air head-space N 2 (14N I4N , 14N ISN and ISNI SN) was 

determined using agas chromatograph/combustion/isotope ratio mass spectrometer system 

(GC/C/IRMS Delta XP Plus®, Thermo Finnigan equipped with a Conflo III interface). Gas 

samples (1 0 ~tl) were injected manually in the GC inlet and nitrogen species were separated 

isothermally at 125 oC by gas chromatography using a DB5 30 m capillary collllnn (0.25 

mm i.d.) with helium as the vector gas and were combusted in an oxidation and reduction 

fumace at 850 and 650 Oc respectively. The gas samples were then passed through a 

cryogenic trap (Iiquid nitrogen) to remove water va pour and condensable gases followed by 

the alternative introduction of pure N2 reference gas and N 2 samples into the mass 
.(' 14N I-lN I-lN1 SN d 15N ISN k d . . Th .. spectrometer lor . , an pea s area etermlllatlOn. e retentlOn tlllle 

for N 2 was 150 sec and mass peaks were integrated over 120 sec. 



165 

Dissolved O2 was measured using the standard Winkler titration method (Strickland 

and Parson, 1968), N03- dosages were made by classical colorimetric technique (Strickland 

and Parson, 1968) using an automated analytic 8ran+Luebbe AA3® platform whereas NHA + 

concentrations were determined using a micro-plate base fluorometric technique (Poulin 

and Pelletier, 2006). Sediment core elementary analyses for carbon and nitrogen (CorglNtot) 

were performed with a ECS 4010 Costech® instrument equipped with a zero blank auto 

sampler, using certified sed iment sample (n = 10) N1ST-1941 b as a reference, whereas 

granulometric analyses were done with Coulter® counter model LS13320C. Trace metals 

(Mn and Fe) were measured in 0.5 g dry sediment samples according to Anschutz el 

01.(2000). Ex traction was carried with 35 ml of 1 N HCI for 6 h. The solutions were 

centrifuged, surnatant was diluted in 1 % HCI and analysed in normal mode with an 

inductively coupled plasma mass spectrometer (lCP-MS Agilent® 7500c) equipped with a 

micro-nebulizer. Metals were quantified with an external linear calibration curve 

established from standard solutions (Multielements standards solution IV , Fluka Chemie, 

Sigma-Aldrich). Total hydrolysable amino acids (THAA) were measured in 0.5 g freeze-

dried, homogenised sediment samples. After hydrolysis with 10 ml of 6 N HCI at 100 Oc 
for 24 h, the supernatant ac id solution was centrifuged, diluted and neutrali zed with 2 N 

NaOH. The solutions were analysed on a Shimadzu® LC 10AD VP HPLC system using a 

Agilent® C-18 column (4 .6 X 250 mm, 5 ~lIn) and a Water® 470 fluorescence detector (Àex 

= 230 nm, Àem = 445 nm) after derivatisation with o-phthaldialdehyde and 2-

mercaptoethanol (Lindroth and Mopper, 1979) using phosphate buffer and methanol 

gradient. Individual amino acids were identified and quantified using amino acid standard 

solution (Sigma®) which contained 21 amino acids and ammonium chloride. 

7 .3.7 Calculations 

Total denitrification rates (Dt) were calculated from chamber alr-space 15N 

enrichment according to Nielsen (1992). The labelled 15N concentration was estimated by 

multiplying its isotopic ratios (14NI 5N/total N2 and 15Nl 5N/total N 2) by the calculated N 2 

concentration in the air trapped in the head-space and in water layer knowing the 
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distribution coefficient of N2 in sea water as a function of temperature (Weiss, ] 970). N03-

denitrification rates coming from overlying water (Dw) and denitrification rates of N03-

produced within the sed iment by nitrification (Dn) were calculated using equations below. 

These equations require three main assumptions: 1) the total amount of 14N 14N inside the 

incubation cham ber does not change during the sample collection period, 2) the 15N 

labelling of the N03- in the sediment is uniform, 3) 14N 15N and 15N I 5N constitute 0.7299 % 

and 0.00] % of total N2 in the air (Nielsen, ] 992) 

(1) 

(2) 

(3) 

Dt = DIS + 014 (4) 

Dn = Dt - Dw (5) 

The 14N03- concentrations were determined in overlying water in incubation chambers 

before 15N 0 3- addition whereas 15N0 3- concentrations were measured as a concentration 

increase in water after the addition. 

Diagenetic alteration of sedimentary ammo acids was assessed usmg the 

Degradation Index (Dl) developed by Dauwe and Middelburg (1998) and Dauwe et al. 

(1999) . This index is based on the first axis of a Principal Component Analysis (PCA) of 

the amino acid composition and summarizes, in one variable, the relative cumulative 

variation of 14 amino acids (aspartic acid, glutamic acid, serine, histidine, thréonine, 

a rgmme, glycine, tyrosine, alanine, méthionine, valine, phenylalanine, isoleucine and 

leucine). Dl values were calculated from amino acids average molar concentration, 

standard deviation and predetermined coefficient factors (i .e. first axis of the Principal 
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Component Analys is from the comprehensive data set of Dauwe et al. , 1999). The Dl sign 

indicates a depletion (-) or an enrichment (+) oflabile organic nitrogen protein in sediment. 

Pearson corre lations were performed in ftrst instance to assess the re lationship 

between pairs of va ri ables considering correlation signiftcance at p < 0.05 level. Thereafter 

a One-Way Analys is of Vari ance (ANOVA) was perfom1ed to test the significant effect of 

a fi xed fac tor (temperature) on dependant variables (denitriftcation, oxygen and nit ra te 

consumptions and ammonification). To isolate groups that di ffered from the others, a 

T uckey post-hoc test was perfonned. When ANOV A assumptions were not respected , a 

Kruskal-Walli s One-Way Analysis of Variance on Ranks was performed followed by a 

Dunn 's post-hoc test. Di f ferences between groups were considered signifi cant at the p < 

0.05 leve l. Compari sons of means were performed with Sigma Stat® version 3.11 from 

SyStat Software ]nc. 

7.4 Results 

Sediment ana lys is revea led that a il cores exhibited quite uniform characteri sti cs 

w ith organic ca rbon abundance ranging from 6.5 to 9.0 %, CIN values rang ing from 13.2 to 

19.4, average parti c le size ranging from 109 toI 98 ~m, manganese and iron concentrati ons 

rang ing from 0.04 to 0.08 ~Lmol g-I (d .w.) and from 4.17 to 4.84 ~mol g-I (d .w.), 

respecti ve ly (Ta ble 1). 

Tota l denitrification rates (Dt = Dw + Dn) measured in Pointe-au-Père sa lt marsh 

sediment varied from 5. 73 to 15.0 1 ~Lmol N 2 m-2 h-I at 2 oC, from 11.18 to 24. 62 ~mol N 2 

m-2 h-I at 6 oC, and from 18.36 to 42.24 ~mol N 2 m-2 h-1 at 12 Oc. Measured Dt rates 

increased w ith temperature but thi s trend is not stati sticall y signiftcant (p > 0.05) (F ig. 2) 

due to a large range of values observed for each series of measurements. For the same 

initial nitrate addition, Dt rates remained impol1ant even under the lowest temperature since 

the average rate at 2 Oc was only 2.6 fold lower than the one determined at 12 oC. 

Denitrifi cati on coming from overl ying water (Dw) ave raged 15, 6 and 2 % of Dt rates at 2, 

6 and 12 oC , respecti ve ly. A lthough representing a minor contribution to Dt rates, Dw 

va lues we re stati sti ca ll y correlated to temperature (p = 0.001 ). D enitrifi cati on produced 
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wi thin the sed iment by nitrification (On) represented the main contribution to Dt rates. 

Stati sticall y correlated to temperature (p = 0.038), On contributed for 85 , 94 and 98 % of Dt 

rates at 2, 6 and 12 oC , respectively. 

Tableau VI1-) Geochemical characteristics (mean values) of sediment samples collected in St. 
Lawrence Estuary salt marsh in 2005. 

Sample Gra in N C CIN [Mn] [Fe] [AA] DI 

Slze 

''----------.---''--''----------''-''------- "----""-'1------=1 (y/m/d) (!lm) (%) (%) (pmol g") (!l11101 g" ) 
--/------

( !l1110 1 g" ) 

2005-08-10 109.6 0.55 6.53 13.96 0.04 4.34 58.28 -0.66 

2005-08-10 109.5 0.54 9.00 19.35 0.04 4.36 49.27 -0.69 

2005- 08-10 NOl ND ND ND ND ND 59.58 -0.66 

2005-10-04 198.5 0.61 6.9 1 13. 19 0.07 4.17 ND ND 

2005-10-04 167.4 0.56 8.18 17 .0 1 0.04 4.52 ND ND 

2005-12-06 156.5 0. 55 6.96 14.86 0.08 4.63 ND ND 

2005-12-06 145.3 0.56 7_67 16.11 0.08 4.84 ND ND 

Di sso lved oxygen sediment consumption rates a lso showed an increasing trend wi th 

temperature, whi ch ranged from 1.25 to 1.43 mmol O2 m-2 h ,, 1 at 2°C , from 1.59 to 1.70 

mmol O2 m"2 h-I at 6 oC , and from 1.63 to 1.94 mmol O2 m "2 h,, 1 at 12 oC ; but thi s was not 

stati stically s ig nificant (p > 0.05) (F ig. 3). However, sediment nitrate consumption and 

ammonium generation rates were both statistica ll y corre lated to temperature (p = 0.001 and 

0 .04, respectivel y). Between 2 and 6 oC , nitrate and ammonium flux es remained 

stati sticall y identica l ( rang ing from 59.25 to 139.4 1 !lmol N03" m "2 h,, 1 and 2.6 1 to 69.70 

~lmo] NH/ m"2 h"l) w hereas they significantl y increased at 12 Oc (2 15.52 to 296. 79 !lmol 

N03" m-2 h-I and 205.56 to 248.62 !lmol NH/ m"2 h-I
) (F ig . 4) . T hi s observation is expected 
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to be c10sely linked to the increase of microbial activ ity with the tempe rature (Sundback el 

al. , 2000). ln addition, a significant linear correlation was observed between nitrate 

consumption and ammon ium generation rates (r = 0.90), which indicated a possible 

mechanistic relationship between these two processes in sal t marsh sed iment. 
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Figure VII-2 Cont ribution of denitrification rates produced within the sediment cores by 
nitrifi cat ion (Dn in grey) and denitrificat ion rates coming from overlying water (Dw in black) to total 
denitrification (Dt) as a function of incubation tempera tures. Va lues represent mean ± SD (n = 8). 
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Figure VlJ-3 Dissolved oxygen uptake rates as a function of incubation temperatures. Values 
represent mean ± SD (n = 4). 
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Figure VI1-4 Nitrate consumption rates (in grey) and ammonium production rates (black) as a 
function of incubation temperatures. Values represent mean ± sn (n = 4). 

A typical HPLC profile of total hydrolysable amino acids (THAA) is given in figure 

5 showing the dominance of aspartic and glutamic acids, serine, threon ine and alanine in 

salt marsh sed iment. THAA concentrations measured in tripli cate on one core sampled 

during summer time (earl y in A ugust 2005), reached 55.71 ± 5.6 1 !lmol g.! (n = 3). The 

average Dl value ca\cu lated for Pointe-au-Père sa lt marsh sediment (-0.67 ± 0.02; n = 3) 

was below the range of va lues usually obtained for coastal sediments (from -0.35 to 1.01) 

as reported by Dauwe el al., (1999) indicating that organic matter in sediment was in an 

advanced decomposition state (Table 1). 
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Figure VH-5 Typical HPLC chromatogram ofTHAA extracted from Pointe-au-Père salt marsh 
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sediment sampled in August 2005. main identitïed amino acids are aspartic acid (Asp), glutamic acid 
(Glu), serine (Se,'), threonine (Thr) and alanine (Ala). 

7.5 Discussion 

A large body of information is available on factors influencing denitrification in 

coastal marine environments (see review by Herbert , 1999). The three main factors 

influencing benthic denitrification are temperature, supplies of N03' and availability of 

organic carbon (Smith el al. , 1985; Yoon and Benner, 1992; Tuominen el al. , 1998). 

Despite these factors , denitrification rates values measured in our cold salt marsh sediments 

are comparable with those obtained by other workers along the North-West Atlantic Coast 

and in Western Europe temperate salt marshes (e.g. Great Sippewissett Marsh (New 

E ngland, USA) 0-357 ~Lmol N 2 m·2 h· l, Kaplan el al. , 1979; Colne Point Marsh (England) 

2.6-6.4 ~Lmol N 2 m·2 h· l, Aziz and Nedwell , 1986; TOITidge Marsh (England) 2.51-59.0 

~Llnol N 2 m·2 b· l, Kocb el al. , 1992; New POli Marsh (Nolih Carolina, USA) 0-]4.6 Jlmol 

N 2 m-2 h-I, Thompson. , 1995; Lagoon of Venise (1talia) 0-]60 ~Llnol N 2 m-2 h-I, Eriksson el 

al., 2003). Although a part of the variation in published denitrification rates could be 

related to differences in experimental designs, values reported here indicate that the 
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denitrifying process is efficient in cold sa lt marsh sediments, even under winter conditions. 

Due to the lack of a significant relationship between mean Dt rate and temperature of 

incubation , the direct effect of temperature was difficult to assess when di ssolved oxygen 

and nutrient concentration variations in the overlying water were taken in account. 

Temperature effects were weak since mean Dt rate at 2 Oc was only 2.6 fold lower than 

during incubation at 12 Oc (Fig. 2). Although the high variability of measured 

denitrification rates needs to be considered to explain the lack of significant relationship 

between mean Dt rates and temperature, the incidence of coupled bac terial processes and 

favourable chemical conditions such as high N03' availability should be considered. ln 

addition , this result could indicate the combined contribution of a cold-adapted microbial 

population, which dominated winter time moderate denitrification activity, with a higher 

tempe rature optimum population being active during summer (Blackburn and Sorensen, 

1988). Howeve r, no information is available on bacterial population succession in the study 

area . 

Denitrification is recognised to be limited by N03' supplies and hence by 

nitrification in coastal sediments (Jenkins and Kemp, ] 984). ln our study, nitrification is the 

main source ofN03- for denitrification , with an average Dn rate contribution reaching 98 % 

of Dt rate at 12 Oc. Since Dn was statistically correlated to tempe rature, thi s result suggests 

that the coupling between nitrification and denitrification is thermo-dependant and 

consequently could be more important under summer than winter conditions in a cold sa lt 

marsh environment. The relative contribution of Dw to Dt cou Id therefore explain the 

observed seasonal trend of denitrification rates. Dw rates, expected to increase with the in 

si/li N03- concentration, was negati ve ly related to temperature (p = 0.001). Because in situ 

N03- concentration was higher in December (14.7 /lM) than in August (1.8 /lM) in the St. 

Lawrence Estuary surface water, due to the incidence of sea ice on primary producers (data 

not shown), Dw contribution to Dt tends to mask seasonal denitrification variation (since 

the sa me 15N0 3- amendment was used for each experiment) . These resuIts indicate a control 

of Dw by N03- concentrations and suggest that N03- could play a substanti a l role in Dt 

limitation in cold salt marsh environment. 



173 

Aerobic respiration is related to tempe rature in coastal sediment (Thamdrup el al., 

1998; Silverberg el al., 2000). However, no statistical relationship can be demonstrated (p > 

0.05) between oxygen consumption rates and temperature in our study (Fig. 3). We 

hypothesize that aerobic microbial minerali zation processes, predominantly responsible for 

oxygen consumption, are affected mainly by the quality and quantity of sedimentary 

organlc matter and much less by temperature. Even if elementary analysis revealed no 

significant trend in organic carbon content with seasons (Table 1), more organic matter is 

available in salt marsh sediment during fall than at the end of summer (Valiela el al. , 1976). 

Since available organic matter may increase during autumn period when dead vegetation is 

added to marsh , it could have increased the overall sediment oxygen consumption during 

incubation calTied in October as weil as in December. Th us, carbon availability is low in 

summer but potential oxygen consumption rates are high because of warmer temperatures, 

while in fall /winter, carbon availability is high but potential rates are limited by colder 

temperatures. Alternatively, a greater proportion of carbon degradation could take place 

during the warmer months via alternative oxidation pathways such as sulphate, iron or 

manganese reduction. 

Average N03- consumption (molecular ratio) represented 46, 42 and 86 % of O2 

respiration rates at 2, 6 and 12 oC, respectively, showing that N03- plays a determining role 

as a terminal electron acceptor for organic matter mineralization. On the other hand, we 

est imated that no more than 3 1 % of N03- removed by salt marsh sediment at 6°e was 

subsequently denitrified (based upon the highest Dt1N03- consumption ratio). Because 

nitrate consumption large ly exceeded denitrification, alternative N03- reduction pathways 

in sediment are suspected. Dissimilatory N03- reduction to NH4 + (DNRA) by heterotrophic 

bacteria has been reported as very important N03- reduction pathway in shallow coastal 

environments (An and Gardner, 2002). On a molar ratio basis, NH4 + average flux reached 

89 % at 12 Oc and 29 % at 6 and 2 Oc of the average N03- consumption (Fig. 4). This result 

and the observed significant positive correlation between nitrate consumption and 

ammonium generation rates (r = 0.90) could indicate that a coupling ex ists between these 

two processes in cold sa lt marsh sediment. However, before considering thi s coupling, we 

need to evaluate the relative contribution of both ammonification processes (NH/ bacterial 
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production from organic matter and DNRA processes) on N H4 + generation rates. AIthough 

we did not measure ISNH/ emichment from ISN03- amendment in thi s study (to determ ine 

DNRA rates), the ca lcul ated Dl (-0.67) from THAA measurement as we il as the CIN ratio 

(13.2-1 9.4) of organic matter suggest that marsh sediment possessed onl y a small amount 

of labile organic material readily ava ilable fo r biologic mineralization (Ta ble 1). 

Mainly related to bacteri al, phytoplanktonic and zooplanktonic ce ll plasma materi al 

(Dauwe and Midde lburg, 1998), asparti c acid , glutamic ac id , serine, threonine and alanine 

stand for thi s labile organic matter pool (Fig. 5). Although amino ac ids from proteins are 

the major orga nic nitrogen source to microbi al ammonification (Pantoja and Lee, 2003), the 

quantitati ve mineralization of THAA present in marsh sediment (55.71 ± 5.6 1 ~mol g-I) 

can not be llsed to explai n the observed NH4 + flux (22 8.5 1 ± 2 1.67 ~M NH4 + m2 h"I). Thus, 

we suggest DNRA constitute a significant nitrogen recycJing process in thi s sedimentary 

environment. Thi s assumption is suppol1ed by a study carried by King and Nedwe ll (1985) 

which shows that N0 3" concentration contributed to determine either how much N0 3- is lost 

to N2 or prese rved as NH4 + in anaerobic sa lt marsh sediment. These authors demonstrated 

that a low N03- concentration ([N03"] < 236 ~M) can enhance DNRA whereas a hi gh N03" 

concentration promoted denitrifi cation. ln addition, Joye and Hollibaugh, (1995) showed 

that sulphur compounds can inbibit denitrifi cation and enhance DNRA. Since only a low 

15N0 3- concentration was used in thi s study (corresponding to natural level) and 

particularl y beca use the presence of sulphur compounds was suspected in our sa lt marsh 

samples (presence of hydrogen sulphide odour during sampling) DNRA should be 

investigated in co ld sa lt marsh sediment as a key N03- remova l process. 

Another N03- sedimentary sink that can be invoked in thi s study is the N03-

reduction by Mn2
+. ]n anoxic sediment, di ssolved ox idants present in pore water are 

recognised to be acti vely used by heterotrophic bacteria as terminal electron acceptor fo r 

OM ox idation, leading to the reduction of ox idized metals. PaJ1i ally reduced metal, such as 

Mn2
+, can be re-ox id ised to MJ102 by N0 3" in the absence of oxygen (Luther el al ., 1997). 

Althollgh thi s ab ioti c process could contribllte to nitrogen cyc ling, reduced Mn likely 

played a marginal contri bution in measured N03- flux considering low Mn2
+ concentration 
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(0.04-0.08 ~Lmo l g-I) meas ured in sa lt ma rsh sedim ent (Tabl e 1) compared to St. Lawrence 

Estuary surface sediment (13.4- 92 .8 ~lmol g-I; Ansc hutz el al., 2000). 

Results based on fi e ld and laboratory studi es (S imek and Coope r, 2002) assessed 

that denitrifi cation processes meas ured in cold sa lt marshes would not be a s igni fica nt 

source of N 20. T hese authors showed that denitrification end products were m ostl y 

determined by sediment pH with low N20 IN 2 production ratios in more ne utra l sediment. 

Because pH of fl ood ing estuarine water in the Po inte-au-Père m arsh va ri ed fro m 6 .5 to 8.5 

(data not shown), denitrification should mostl y produce N 2. A lthough both environments 

mi ght be di f ferent , dinitrogen w as the exclus ive product of denitrifi cation in the Tagus 

Estuary sa lt marsh sediment (Cal1axana and Lloyd, 1999). High o rga nic content and low 

oxygen concentration were assumed to inc rease the demand fo r e lectron accepto rs in sa lt 

marsh sediment , preventing N 20 emi ss ion by denitrifi cation. In additi on , a recent stud y on 

a coasta l embayment located in Eastern Canada reported ve ry low N20 producti on from 

denitrification rang ing from undetectable to 40 pmol N 20 rI d-I (Punsho n and Moore, 

2004). 

The re lati ve ly high microbial o rganic matter degradation propensity observed in sa lt 

ma rsh surface sediment (Table 1) co upl ed w ith high nitrate uptake capac ity measured in 

thi s study a rgue fo r a s ignifi cant rol e of sa lt marsh in estuarine annua l N and C budget. The 

reduced vasc ular plant canopy and coarse sa lt marsh sediment favo ur the deve lopment of 

benthi c mi crobia l communities invol ved in N and C biochemica l cyc les (Aspen el al., 

2004). N eve rtheless, s ince St. Lawrence Estuary marshes are affected strongly by eros ion 

(Dionne, 1986), these areas actua ll y mi ght appear ins ignifi cant in rega rd to estua rine 

bottom sediment surface (~3000 km 2
). While they represented onl y 90 km2 in 1986 

(Dionne, 1986), these marsh areas are becoming more vulnera bl e to inc reased erosive 

forces (Mori sette, 2006). Thus, it is c1 ea r that marsh areas need restoration effort to recover 

a s ignifi cant contribution to the w hole St. Lawrence estuarine system beca use these 

ecosystems possess a st rong nutri ent regene ration potenti a l. Concerning the nitrogen cyc le, 

measured sed imenta ry denitrifi cati on and N03- consumption rates on thi s study were, in 

average . - 6 times hi ghe r th an rates measured in deep sediments of the St. Lawrence 
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marine system (1.8-3.3 ~lmol N 2 m-2 h- 1
; and 13.9-25.5 ~lmol N03- m-2 h-1 ;Wang et al., 

2003). In addition, ass uming that 2.4 mol ofN2 are produced through the mineralization of 

6 g of elemental carbon (Gottschalk, 1979), we can estimate the denitrification contribution 

to the carbon sa lt marsh cycle at < 64 ~lg C m-2 h-1 (using average summer time 

denitrification rate value). This carbon mineralization rate resulting from denitrification is 

16 times higher than the one defined for the Laurentian Through by Wang el ai. (2003) 

evaluated at 4.125 ~g C m-2 h-1 (based on a denitrification rate of 3.3~lmol N m-2 h- 1
). 

Because this study focused only on one specific site, we cannot extrapolate our 

results to the whole St-Lawrence Estuary intertidal system. On the other hand, these results 

combined to those of Wang el al., (2003) suppol1 the idea that cold salt marsh 

environments appear to be an efficient year-round sinks for nitrate, which could contribute 

to the whole St. Lawrence estuarine denitrification capacity if actions are taken to increase 

substantially their surface. This study shows that denitrification accounts for a variable 

fraction of N03- reducing processes and alternative pathways, such as DNRA, appear 

important in sa lt marsh sediment, especially during summer. Further investigations should 

be undertaken to explain the relative contribution ofthese two processes as weil as seasonal 

changes in N03 - reducing bacterial population in this area. Considering that coastal 

wetlands are being lost worldwide (Boonnan, 1999), our resuIts highlight the importance of 

preserving and restoring northern salt marsh areas, as they are part of an efficient 

geochemical filter against nitrate dispersion towards coastal waters. 
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8.1 Abstract 

Microphytobenthos (MPB) abundance and diversity were investigated in two 

nOJ1hern salt marshes of the Lower St. Lawrence Estuary (eastern Canada) where a pristine 

salt marsh within a national park was compared with an impacted one (urban and 

agricultural runoffs). Samples were collected in surface sediment from low and high marsh 

areas at both studied sites. Based on MPB population composition, bacterial abundance, 

chlorophyll-a, phaeopigments and geochemical analyses (Corg, N tob granulometry, 

extracellular polymeric substances), the impacted high marsh area appeared to be 

significantly different from the impacted low marsh , and also from high and low areas of 

the pristine marsh. A higher diversity of diatom species was observed in the impacted high 

marsh area with a dominance of epipelic forms, in opposition to the dominant epipsammic 

forms at the other sites. Dominant epipelic species in sampling sites were Diploneis 

inlerrupla, D. smithii, Gy rosigma foscio/a , G. spenceri, Navicu/a cryplocephola, N. 

p eregrino, N. radiosa var. tene/la, N. salinarum, Nitzschia c1ausii and N. Ily blionel/a. 

Dominant epipsammic species were Achnanlhes de/icatula, Navicu/a cryptocephala and 

Cocconeis discu/us. Statistical analyses showed that MPB density was mainly affected by 

nutrients availability (variance could be explained at 72% by the combined effect of Corg 

and N tot concentration) while the relative abundance of epipelic and epipsammic species 

was related to sediment grain size. Estimated surface biomass ranged from ] 1 to 71 g C m'2 

in the pristine marsh and from 24 to 486 g C m ' 2 in the impacted one. This study provides 

for the first time the MPB composition coupled to geochemical characteristics of surface 

sediment in two northem marshes and underlines potential effects of anthropogenic 

alterations of coastal areas on MPB diversity. 
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8.2 Introduction 

Estuari es and coasta l wetlands are criti ca l transition zones linking terrestrial and 

ma rine habitats. Sa lt marshes depict highl y dynamic environments and are among the most 

p roducti ve ecosystems in the world (Woodward and Wui 2001). They are characteri zed by 

high primary producti on rates and by intense reminerali sation processes within surface 

sed iment (B ill en and La ncelot, 1988). ln addition, they act as natural fi lte rs of a llochtonous 

po llutants and acti ve ly transform nutrient loads received from the watershed before their 

introduction in the coastal environment (Mason et al., 2003; Baldw in and Mitchell , 2000). 

The env ironmental s ignificance of these particul ar ecosystem s is now widely recognized 

and protecti on efforts have been deployed as impacts of human activ iti es on the ecology of 

the coasta l zones became obvious in the last decades (Page et al. , 1995; Boorman, 1999; 

C loern, 1999). 

Sediment-dwe lling microalgae and phototrophic bacteri a (coll ective ly named 

microphytobenthos hereafter. MPB) play a central role in the functi oning of coastal sa lt 

marshes thro llgh their contribution to biogeochemical cycles (Liehr et al., 1994; Troccaz 

1996. A lbel1ano et al., 2003; Sundback el al. , 2006) and stabili zati on of newly deposed 

sediment (Consa lvey, 2002), and to support wetl and consumers such as benthi c 

macrofa llna, meiofauna, fi sh and birds (He ip el al. , 1995 ; Guarini el al., 2002). ln 

te mperate marsh areas, MPB is dominated by di atoms and phototrophic bacteri a. Diatoms 

are considered as the most important primary producers (Brouwer and Sta l, 2001 ) as they 

contribute up to one third of the tota l fi xed ca rbon (S ullivan and CllITin , 2000) in these 

systems. These di atoms can be di vided into two di stinct groups: the epipsammic form s 

attac hed to partic les, and the epipeli c free-liv ing fonns (Round , 1979). Even if some tidal 

fl ats studi es repol1ed the dominance of epipsammic di atoms in MPB communities (Sabbe, 

1993), epipe li c di atoms are generall y the most important component of the autotroph ic 

biomass (Sagan, 2001 ; Forster et al. , 2006) found in these areas. Due to their free-living 

nature, epipeli c di atoms are affected by water movements and can mi grate within the first 

top cm of the sed iment (Saburova and Polikarpov. 2003) a llowing the estab li shment and 

maintenance of epipe li c fonns w ithin sedimentary environments (Consa lvey el al. , 2004). 
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The present lack of know ledge concernmg density and dive rsity of 

microphytobenthos in northern coastal areas limit s our understanding of the capacity of 

res istance and res ili ence of these systems exposed to drastic modifications of c limate or 

nutri ent conditions. ln the present contex t of coastal eutrophication (C loern, 1999) and 

global warming (IPCC, 2007), understanding the dynamic of MPB in sa lt marshes is an 

essenti a l step to model the effects of direct and indirect anthmpogenic activ ities on nutri ent 

loads toward sub-arctic estuarine systems (Boorman, 1999). Sa lt marshes located along the 

south shore of the St. Lawrence Estuary (Eastern Canada) offe r idea l sites fo r studying 

microphytobenthi c communities under severe climatic conditions (Dryade, 1980). Due to 

their geographica l location, these marshes are ex posed to freez ing about fi ve months a yea r 

and their deve lopment is mainl y affected by sea ice action (Dionne, 1998) and sedimentary 

dynamics (Sérodes and Dubé, 1983; Drapeau, 1992; Dionne, 2004). 

Thi s paper prov ides first results on the density and di ve rsity of MPB communities 

inhabiting nOJ1hern sa lt marshes during summer time. Our two studied sites a re located in 

the lower St. Lawrence Estuary (Quebec, Canada) and have been subj ected to diffe rent 

levels of anth ropogenic d isturbances in last decades. The structure of di a tom communities 

was examined in relation to pigment concentrations, tota l bacteri a abundance, ex tracellular 

polymeri c substance concentrati on, sediment grain size di stribution and eJementary organi c 

matter compos ition in an attempt to determine the main environmental factors affectin g 

MPB species di stributi on in s Llch cold environments and the potenti al response of MPB 

community towards anthropogenic perturbations. 

8.3 Materials and methods 

8.3. 1 Study sites 

Two marshes from the south shore of the Lowe r St. Lawrence Estuary (Quebec, 

Canada) were se lected fo r thi s study: the Pointe-aux-Épinettes (PE) and the Pointe-au-Père 

( PP) sa lt marshes (Fig. 1). Both located in the same geographi ca l area (Rimouski , Qc), 

these marshes are affec ted by similar la rge-sca le phys ica l fo rcing such as tides, winds. and 

waves reaching up to 4 m during exceptional storms (Drapeau, 1992). The annual mean 
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tidal range is 3.3 III and the mean spring tidal range is 4.8 m. ln addition, Lower St. 

Lawrence Estuary marshes are exposed to imp0l1ant seasonal variations affecting surface 

water temperature (typically ranging from 0 to 25ÜC), salinity (from lOto 30 ppt), nutrient 

concentrations ([N03'] from 1 to 25 !lM) and biological activity (Poulin, 2008). ln both 

studied sites, low and high marshes areas are included between -] and 0 m and 1 and 2 m, 

respectively (related to the mean sea level). One of the main features is the sea ice 

formation beginning in early December and persisting until April (Saucier el al., 2003). 

Floating ice can erode intertidal zones by ice-scouring and iee-rafting, but it also 

contributes to marsh accretion by imp0l1ing sediment with a large grain-size range. 

The PE salt marsh is located in the Bic Provincial Park (Sépaq), a protected area 

created in October 1984. Enclosed in the Anse à l' Orignal bay and conscripted between two 

rocky elevations on west and east sides, this marsh is dominated by homogenous emergent 

macrophyte community (Sparlina alterniflora, Spartina pallens and other halophytes in its 

upper part) surrounded by free-vegetation network creeks. Because PE marsh watershed is 

p311 of a forested area without agricultural activity, nor residential zone, this marsh was 

considered as a pristine site entirely protected from anthropogenic stressors. 

The PP salt marsh is part of the Pointe-au-Père National Wildlife area , a protected 

area under the responsibility of the Canadian Wildlife Services (Environment Canada) 

since September 2002. Confined in an elongated basin parallel to the main Estuary axis and 

sheltered from wave actions by a longitudinal rocky structure, this marsh is also dominated 

with Sparlina allerniflora community and has geomorphologic characteristics similar to PE 

marsh . While the lower part is characterized by the presence of unconsolidated fine 

sediment and buried boulders, the upper marsh is nearly a flat platform which terminates 

seaward with a micro-cliff of 0.5 m. Unlike PE, the pp coastline is delimitated by roads and 

residential areas. The PP salt marsh has been subjected for decades to various 

anthropogenic pressures (urban sewage and agricultural runoffs. landfills and road 

construction) and is still receiving dissolved nitrogenous inputs from small tributaries (from 

0.095 to 4.766 kg N (NH/ ) d· 1 and from 0.195 to 55.893 kg N (NOx) d-I following the 

season; Poulin, 2008). Freshwater runoffs enter the salt marsh by two main drainage 
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channels a long its so utheast border as well as by four municipal effl uents. ln add ition, 

e rosion structures (micro-c1iffs, micro-ravines, high marsh co ll apses) are noticea ble along 

drainage channels and platform edges. A preliminary survey conducted in May and July 

2004 indicated that surface sediment of pp sa lt marsh was not impacted with organic 

pollutants such as chlorinated compounds (PCBs, DDTs and chlordane), neither with 

pyrogenic polyaromatic hydrocarbons (PAHs). Only aliphatic hydrocarbons and some light 

PAHs were detected and their presence attributed to nearby road traffic (Pelletier, 

unpubli shed results). 
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8.3.2 Samp ling and analyses 

Sediments were sampled in summer 2005 (7- 11 Jul y) from the Pointe-aux-Epinettes 

low marsh zone (PELM ; 48° 21.34'N ; 68° 46.53'W) and high marsh zone (PEHM; 48° 

2 1.2I'N; 68° 46.39'W), and from the Pointe-au-Père low marsh zone (PPLM ; 48° 30.I8'N ; 

68° 28.28'W) and high marsh zone (PPHM; 48° 30.44'N; 68° 27.54'W) as illustrated in Fig. 

1. Six cores were randomly co ll ected using truncated 10 cm3 steri le syringe In a 

predetermined quadrate of 10 n/ and the two first top cm were kept for ana lysis. 

Surface sediment samples were processed for diatom ana lysis fo llowing a 

modification of the Schrader' s method (1974). A 0.5 g sub-sample of dried sediment was 

treated wi th hydrogen peroxide and hydrochloric ac id. The samples were washed with 

distilled water and centrifuged until no ac id remained in the samples. An aliquot of 0.5 ml 

was placed on a coyer s lip and air dried. Permanent s lides were prepared using Hyrax as 

mounting media. A Leitz Wetzlar Olthoplan® microscope, equipped with phase contra st 

and magnification up to x 1000 was used for diatom identification . A minimum of 400 cells 

were counted in random transects for each sample. Diatom abundance was expressed as 

number of cells gO'. For statistica l ana lysis, tychoplanktonic, periphytic, epiphytic and 

epilithic ce]]s were included in the epipsammic gro up whereas planktonic species were 

included in the ep ipeli c group. 

Chlorophyll-a (Chi-a) and phaeopigments (Pheo) were ana lysed by fluorescence 

detection (Strickland and Parsons, 1972). Extracellu lar polymerie substances (EPS) 

concentrations were determined by a phenol-sulphuric acid dosage technique (Underwood 

el al. , 1995) which measures total carbohydrate concentrations. Tota l bacterial abundances 

(TB) were determined by epifluorescence microscopy using a 4',6-diamidino-2-

phenylindole (DAPI) staining procedure adapted from Kuwae and Hosokawa (1999). 

Surface sediment e lementary ana lysis for carbon (Corg) and nitrogen (Ntot) was performed 

with a ECS 4010 Costech® instrument equipped with a zero blank auto-sampler, using 

ce ltifi ed sediment sample (n = 10) NIST- 1 94 1 b as a reference, whereas grain size analyses 

were done using a Coulter® counter model LS] 3320C. 
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8.3.3 Stati sti ca l ana lyses 

Spea rman's rank correlati ons were fir stl y lIsed to test the corre lati on between M PB 

populati on characteri stic s (i. e. epipelic ce ll s abundance, epipsammic ce ll s abundance, tota l 

ce ll s abundance) and env ironmental variables (i. e. ChI-a, Pheo, EP S, Corg, N ot, T B, C lay, 

Silt Fine Sand , M edium Sand and Com'se Sand). Thereafter, multipl e linear regression 

ana lyses were used to link the se env ironmenta l parameters to the va ri ations of MPB 

population characteri sti cs considering corre lation s ignificance at a p < 0.05 leve l. 

Norm al ity and hOll1oscedasticity were confirll1ed by the examination of the res idua ls. 

A nalys is of va ri ance (One Way ANOY A on Ranks) was p erfonned to test th e s ignifi cant 

di ffe rence ofM PB density, epipe lic and epipsa mmic sp ec ies as weil as other env ironmenta l 

va ri able among di ffe rent sampling s ites (PELM , PEHM , PPLM and PPHM). Prior to 

AN OY A, norma lity and homoscedasticity were confirmed by the examination of the 

residua ls. T o isolate g ro ups that di ffered from the others, a Holll1-Sidak and T uckey post-

hoc multipl e compari son procedures was performed. Di ffe rences between groups we re 

conside red significant at the p < 0.05 leve l. Compari sons of means we re perforll1ed with 

S igma Stat® Softwa re Inc. 

8.4 Results 

8.4 .1 Env ironmenta l va ri ables 

Mean (A V ± SD) env ironmenta l variable va lues are presented in Ta bl e J a and 1 b. 

Acco rding to the ANOY As, sampling s ites show signifi cant differences fo r severa l 

vari ables [Corg (p < 0.00] ); N lOt (p = 0.002); CIN (0.002); EPS (p < 0.00 ] ); Chi-a (p = 

0.002) ; Pheo (p = 0 .0] 7); TB (p = 0 .002) and the fi ve sediment types (p < 0.001 )] whil e 

mean C hl-a /Pheo ratio presented not s ignificant inter-site di ffe rences (p = 0.6 11 ). The a 

posteriori test showed that Corg, Chi-a, Pheo, TB as we il as CIN ratio remained stati sti ca ll y 

hi gher in PPH M compared to PELM and PEHM with no signifi cant di ffe rence between 

PPLM and other sall1pling sites. N lOt concentration was found stati sticall y higher in PPHM 

and PP LM compare to PE LM with no significant di fference between PEHM and a il other 

sampling s ites whereas E PS concentrati on remained stati sti ca ll y hi gher in PPHM compare 

to othe r sites . Sediment grain s ize di stribution showed important spati al vari ability with a 
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signifi cant higher proportion of clay and silt in PPHM , a significant higher proportion of 

fin e sand in PPL M and a significant higher proportion of medium and coarse sand in 

PELM. 

Tablea u V IJJ- J Mea n va lues (A V) a nd standard deviations (SD) of sediment cha racter istics ana lyzed 
a t sta tions PELM (Poin te-aux-Épinettes low marsh), PEHM (Poin te-aux-Épi nettes high marsh), PPLM 
(Pointe-a u-Père low marsh) and PPHM (Pointe-a u-Père high ma rsh). 

CI:I~' Sil. Fine sa nd ~ 1 ('diulII sa ntJ CO:lrs l' S:l UÙ 

(% ) ( jyo) ('Vo) (%) (%) 

C.", ( % ) "" 0'(%) CI'" EPS (,l g g' l) « 2 t" U) (2-63 'lm) (6"-2:,,7,un) ( 258--19-1'1111 ) (-I95-2000,u u) 

,,,. 50 AV 50 ..\ V 50 AV 50 AV 50 AV 50 ,\ \ . SO A \ ' 50 AV Sil 

1'[ 1..\1 0.32 0. 16 006 0.0 1 6.39 2.07 22~ 3 . 98 728.25 0.29 0 . ~6 2 . ~ 7 3_ 0~ 3J.39 ll.O7 26.07 ~ 5 ~ 37.98 9.70 

I)[rnl 0.(\7 0. 16 008 0.03 11. 55 -1 .36 ~0~9A2 826.65 1 . ~ 5 o Je) 20. ~~ 7.7 1 37.33 7" , I l 19 3.86 32,4 8 8 . 1~ 

1' 1'1..\ ' 008 0.37 0 20 0.07 7.30 6.22 23-' 1. 73 479,33 1.57 0.22 11.27 209 48.05 1086 17 3-1 3 .... 2 2 1.(}l} 996 

l ' I'tDI 8.06 3.3 1 0 35 0 . 2 ~ 34.69 16.9 1 5658.07 152 1. 37 3. 15 0.3-1 61. 10 680 2060 2. 16 3.Q I 2.23 IISI ~ . 62 

Tableau YJJI 2 Mea n va lues (AV) and sta nda rd devia tions (SD) of microphytobenth ic variables -
ana lyzed a t sta tions PELM (Pointe-aux-Épinettes low marsh), PEHM (Pointe-a ux-Épinettes high 
marsh), PPLM (Poin te-au-Père low marsh) and PPHM (Pointe-a u-Père high marsb). 

Chl-{I( ,':;~" ) l'heo Ülg g" ) C hl-t,/ I'hl'O n :u,t('';" (et,U g:') t\lPB Ùt"ns i l:,' «(''t' II gO' ) [ pipelj(" ( %.) t: pips:unmic ('%) 

.. \ Y Sil AV Sil AV SI} AY Sil AV SO AY Sil A V Sil 

JlEL:\1 62.0:- 36. 18 38.30 23.03 2.86 2.63 1.57E+8 2.8 IE+7 1. 92E+6 1.5QE+5 36.77 609 63.23 12.93 

P I: II ~ 1 8 1. 00 35.54 77.52 26.93 1.29 0.98 1. 7710+8 9 . ~OE+7 1.37E+6 1.02 E+5 26.66 ü 5 73 .6 1 1~ . 6 1 

l'PL.\I 96.22 27.2 8 57. 17 31.25 265 2.24 3. 12E+8 1. 63E+8 1. 5810+6 2.08 E+5 1268 162 87.33 18.0 1 

PPI DI 90. 10 267.49 715. 19 3 19.48 1.17 1 22 2.48E+o 6.7210+8 384E+6 6.82E+5 57.8(1 -1 57 ~1.1 6 ~ . 9 1 
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8.4.2 Microphytobenthos composition 

A total of 53 diatom species were identified during thi s study (Table 2). Most of 

them are benthic species with only six planktonic species observed: Au/acoseira 

subarc/ica, Coscinodiscus margina/us, Cycloslephanos dubius, Ondo/alla auri/a, 

Thalassiosira eccen/rica and T. proschkinae. Among the 47 benthic taxa observed, 24 

belong to the epipelic group, 12 to the epipsammic group, 4 are tychoplanktonic , 4 are 

periphytic, 2 are epiphytic and 1 is epilithic. A great similarity in species composition and 

distribution was observed within and between stations PELM , PEHM and PPLM . The 

lowest number of species (26 taxa) was observed at PPLM whereas the highest one (31) 

was observed at PEHM stations. Jn tenns of MPB density, the lowest values (1.22 xl 06 cell 

g-I) was observed at PEHM whereas the highest one (2.18 x 106 cell g-I) was observed at 

PELM. The three dominant species were: Achnan/hes delica/u/a (abundance ;::: 50%), 

Navicu/a clyp/ocephala (abundance 10-30%) and Cocconeis disculus (abundance 5-]0%). 

MPB diatom density was significantly higher at the PPHM station (p < 0.001) with an 

appreciable difference in the community composition: 44 species were identified and , even 

if A. de/ica/ula remained the most dominant species, it represented less than 20% of total 

microphytobenthos community. The a posteriori test showed that total cells density was 

statistically higher in PPHM compared to PELM and PEHM with no significant difference 

between PPLM and other sampling sites. 

On the basis of their habitat , diatom specles were grouped into epipelic and 

epipsammic fonns. Comparison between sampling sites showed significant differences in 

total MPB density (p < 0.001), epipelic (p < 0.001) and epipsammic (p < 0.001) spec ies 

with significantly higher total abundance in PPHM and no statistical difference between 

other sampling sites. The a posleriori test showed the dominance of epipelic forms in 

PPHM (relative abundance > 57%) compared to PPLM and PEHM whereas epipsammic 

forms are significantly higher in PPLM compared to aIl other sites (relative abundance > 

87%). Ep ipelic species are mainly represented by Diploneis in/errup/a, D. smi/hii , 

Gyrosigma fascio/a, G. spenceri, Navicula C!yp/ocepha/a, N. peregrina, N. radios a var. 

lene//a, N. sa/inarI/m , Ni/~schia clausii and N. /!yb/iane//a while the epipsammic spec ies 

are mainly represented by Achnan/hes de/icalula and Cocconeis disculus. 
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Tableau VJ1)-3 List of microphytobenthic species and their abundance (%) at stations PELM (Pointe­
aux-Épinettes low marsh), PEHM (Pointe-aux-Épinettes high marsh), PPLM (Pointe-au-Père low 
marsh) and PPHM (Pointe-au-Père high marsh) in July 2005. 

Specifie PELM PEHM PPLM PPHM 

habitat TAXA Mean S.D. Mean SD Mean S.D Mean SD 

1 Epipsammic f,4Chnanthes affmis Grun. 1.03 0.72 2.71 2.36 0.50 0.49 136 1.00 

2 Eplpsammlc f4Chnanthes brevlpes var. in fermedia (Kutz.) CI. 0.27 0.24 0.43 0.88 0.07 0.16 0.19 025 

3 Eplpsammlc f4chnanthes delica/ula ( Kütz.) Grun. 50.63 2.85 60.85 5.9 1 65.89 5.84 18.51 581 

4 Eplpsammic ~chnanthes lIexella va r. alpestrÎs Brun 1.23 1.47 5.31 2.15 1.44 2.06 

5 Eplpetic ~mphora coffeaeformis (Ag.) Kütz . 1.87 1.00 3.58 2.01 4.47 144 450 3.08 

6 Planklonlc ~ulacoselfa subarctica (Müll.) Haworth 0.15 0.36 

7 Eplpelic Calone/s sp. 035 0.49 

8 Eplspsamm,c Cocconels dlsculus (Schum.) CI. 7.01 3.70 4.27 2.23 10.02 2.40 12.18 3.46 

9 Eplspsammlc Cocconels pelta/des Hust. 0.26 064 2.94 1 74 096 052 

10 Eplspsammlc Cocconels pmnara Greg. 0.47 0.64 1.10 0.85 1 03 062 088 0.95 

11 Eplspsammlc Cocconeis placentula var. Imeata (Ehrenb.) Van Heurck 0.78 1.9 1 0.64 0.80 0.48 0.73 2.27 2.09 

12 Planktonic Coscmodlscus marginatus Ehrenb. 0.19 0.15 0.07 0. 18 0.05 0.11 0.14 0.24 

13 EpipsammlC Cfenopohra pufchella (Rai ls & Kütz .) Williams & Round 0.14 0.24 

14 Planktonlc Cyclosfephanos dubius (F ricke) Round 0.47 0.29 0.35 0.51 0.06 0.14 

15 Tychoplanklonlc Cye/orella meneghmiana Kütz . 0.76 0.48 0.92 0.56 0.76 0.71 124 0.33 

16 Eplpelie Cyfmdrotheca closterium (Ehrenb.) Reimann & Lewin 0.07 0.16 0.06 0.14 

17 Epipehc Dlplonels rn/errupfa (Külz.) CI. 0.69 0.38 

18 Epipelic Dlplonels sml/hl! (Bréb.) CI. 022 020 

19 Eplpelie Fallacla pygmaea (Kulz.) Slickle & Mann 3.02 4.06 1.92 1.50 0.28 0.33 226 1.46 

20 Eplpsammic Fragllana brevistnata (G run.) Van heurck 0. 15 0.24 

21 T ychoplankloOic Fragtlana capucina (Desm.) 0.19 0.32 

22 EplpsammlC Fragllana p,nnata Ehrenb . 1.62 1.34 0.16 0.25 005 0.13 

23 Eplhthlc Fragtlana vauchenae (Kütz.) Petersen 0.06 0.15 005 0.13 

24 Penphyllc Gomphonema sp. 0.09 0.14 0.06 0.15 0.06 0.14 

25 Epiphytie Grammatophora angulosa Ehrenb. 0.05 0.12 0. 15 0.36 0.05 0.13 

26 Epipeltc Gyrosigma acuminatum (Külz .) Rabenhorst 0. 13 0.21 0.24 0.29 

27 Epipelic Gyrosigma faSClo/a (Ehrenb.) Griffith & Henlrey 0.04 0.09 

28 Eplpelic Gyrosigma spencen (Smilh) CI. 1.01 0.53 

29 Eplphytlc Licmophora paradoxa (Lyng.) Ag. 0. 13 0.20 0.06 0.14 0.05 0.13 

30 TychoplanktoOic Meloslra nummuloides Ag. 0.62 0.89 

31 Eplpehc Navlcu/a cryptocepha/a Kütz. 23.43 3.03 15.80 3.52 5.78 4.16 22.93 6.23 

32 Eplpehc Navlcula dlgltoradiata (Greg.) Rails in Pnlchard 0.74 0.63 0.43 0.86 0.11 0.18 1.29 0.95 

33 Eplpehc Navlcula peregnna (Ehrenb.) Kùtz. 0.60 0.49 

34 Eplpehe Navlcu/a rad,osa var. tenelfa (Bréb.) Grun. 104 0.74 1.16 0.67 0.83 0.59 4.03 1.70 

35 Eplpelie Navlcula sa/rnarum (G run.) CI. & Grun . 0.19 0.46 

36 Eplpehe Nltzschia acummata (Smilh) Grun. 0.51 0.72 0.36 0.15 017 0.19 1.33 0.9ï 

37 Epipehc Nitzsch,a c/auSI/ Hantz. 3.28 322 

38 Eplpelic Nitzschla communis Rabenhorst 198 1.42 0.75 0.72 6.41 1.87 

39 Epipelic Ni/zschia sp. 1.37 1.02 

40 Epipelie Nttzschia d,s tans Greg. 0.07 0.16 1.17 0.64 

41 Eplpelie Nltzschla frustu/um (Kütz.) CI. & Grun . 1.98 1.35 006 0. 15 

42 Eplpelie Nitzschla tub/cola (Grun.) CI. & Grun. 0. 13 0. 15 

43 Epipelic Nt/zschia /ryb/ionella ( Hantz .) Rabenhorst 0.06 0.14 1.79 0.60 

44 PlanClonic Odonfalfa aun/a (Lyngb.) Ag. 0. 14 0.23 0.18 0.14 

45 Eplpsammlc Opephora a/seniJ Molier 0.2 1 0.36 

46 Eplpehe Pleuros/gma aestuaril (Bréb. Ex Kütz.) Smith 0.19 0.33 079 0.42 

47 Penphylic Remena slnua /a (Greg.) Kociolek & Stoermer 0.14 0.23 0.07 0.16 

48 Penphyllc Rholcosphema curvata (KÜ1Z.) Grun. 0.04 0.10 0.05 0.13 0.96 0.66 

49 Eptpehc Sunrella avala Hust. 0.47 0.50 1.00 1.23 

50 Penphyllc Tabu/ana fa bu/a/a (Ag.) Snoeijs 0.10 0.24 0.33 0.47 0.10 0. 16 

51 Tychplanctonlc Tabel/aria floccu/osa (Rolh) Kutz. 0.09 0.22 0.11 0.17 

52 Planktonlc Tha/assios/ra eccentrica (Ehrenb.) CI. 0.86 0.83 0.15 0.24 1.72 0.85 

53 Planktonlc Thalfassioslra proschkinae Makarova 0.26 0.42 1.50 1.41 0.47 0.35 0.27 0.65 

olal number of species 30 31 26 44 
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Multiple linear regressions showed that among a il sampling sites, the variance of the 

dependent variable MPB density was mainly affected by a linear combination of surface 

sediment nutrient concentrations (Table 3). The variance of MPB ce ll density is explained 

at 72% by the combination of Corg and NOl. As total density, the variance of epipe li c species 

abundance could be exp la ined at 8 1 % by the combination of Corg and NOl whereas the best 

fit model showed that variance of epipsammic species cou ld be explained only at 33% by 

coarse sand relative concentration variabi lity. 

Tableau VJ1j-4 Results of multiple linear reg,·ession testing the effect of environ mental variables on 
MPB density and abundance ofepipelic and epipsammic form s at stations PELM (Pointe-aux-Épinettes 
low marsh), PEHM (Pointe-aux-Épinettes high marsh), PPLM (Pointe-au-Père low marsh) and PPHM 
(Pointe-au-Père high marsh). 

Oep Adj 
Variable Rsq" 

Ind 
Coefficient Std Error P Variable 

Density 0.717 Constant 1820772.300 170145.286 < 0.001 
N lo l -3380497.458 1360553.310 0.021 
Corg 373193.078 63288.856 < 0.001 

E pipe lic 0.810 Constant 636319.943 110487.317 < 0.001 
N IOI -3495136.424 883503.084 < 0.001 
Corg 332633 .676 41097.911 < 0.001 

Epipsamm ic 0. 326 Constant 1622117.575 103802.830 < 0.001 
Course sand -12500.474 3588.293 0.002 

The determination of the Shannon and Weaver diversity measures (H ') revealed a 

higher diversity at PPHM station (mean H'= 2.58) compared to mean values of 1.46 bits 

ce]] s-! at stations PELM , PEHM and PPLM. MPB biomass was estimated using calculation 

model proposed by de Jonge (1988). The conversion from /lg Chl-a g-! dry sed iment to mg 

Chl-a m-2 was done by multiplying recorded Ch l-a concentrat ions by 12.7, based on an 

average bulk density of ] .27 g cm-3
, whereas the conversion from Chl-a to carbon was 

obtained using the CICh l-a ratio of 40. The estimated surface biomass at PE marsh ranged 

from 267 to 1762 mg Chl-a m-2 (Il to 71 g C m-2) whi le it ranged from 576 to 12170 mg 

Chl-a m-2 at the pp marsh with the highest values observed in PPHM . These values 
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correspond to carbon concentrations ranging from 132 to 486 g C m-2 at PPHM and from 

24 to 65 g C m-2 at PPLM . 

8.5 Discussion 

Our study is first to depict the sllmmer composition of MPB in two northern salt 

marshes exposed to periodical severe conditions and to different anthropogenic pressures . 

As summer time is the most productive period in nor1hern saIt marshes subjected to 

important seasonal temperatllre variations, this study provides a first look to the highest 

diversity occurring around the year. These first data are crucial to determine microbial 

community shift in sub-Arctic coastal ecosystems that are increasingly affected by climatic 

changes . In a long term perspective. this study will enable us to relate diversity changes to 

variation in functional role ofthese communities within marsh ecosystems. 

MPB abllndance and Chl-a concentration reported in this summer study offer some 

similariti es with those reported in the literature in temperate intertidal areas (AdmiraI el al. , 

1982; Peletier, 1996; Sabbe, 1993 ; Tolomio el al. , 19991; Sagan, 2001). However, 

significant differences were observed between the four sampling stations, with higher MPB 

cell density and Chl-a concentration recorded at the PPHM station compared to aIl PE 

sampling sites. Although these differences may be related to spatial heterogeneity, the 

higher biomass registered at PPHM station cOllld also resuIt from favorable environmental 

conditions forMPB growth . Among important variables involved in MPB growth , nlltrient 

loads due to anthropogenic activities are generally suggested as the most probable factor 

leading to an impor1ant increase of MPB in coastal areas (Rabalais and Nixon, 2002 ; 

Howar1h and Marino, 2006). The particular location of the pp saIt marsh , p311ly enclosed 

within an urbanized area , could contribute to the higher MPB abundance observed at the 

PPHM station as nutrient deposition may be higher in impacted areas compared to pristine 

ones. Due to their diversity and abundance in aquatic systems, diatoms have frequently 

been used as a ProXy of aquatic ecosystem perturbations (e.g. , Agbeti and Dickman, 1989; 

Bennion, 1994; Christie and Smol , 1993 ; Renberg and HuItberg, ] 992; Stoermer and Smol , 

1999; Stoermer el al., 1996; Underwood, 1994; Underwood el al. , 1999). One of the well-

documented effects of nutrient inputs on diatol11 communities is the reduction in number of 
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species along with an increase in the abundance of the remaining ones (Patrick and Reimer, 

1966; De Sève, 1981 ; Cooper, 1995 ; Stoermer and Smol , 1999). Moreover, many diatom 

species are highly sensitive to water quality alterations and could be considered as reliabl e 

ecological indicators through their specific distribution and abundance (e.g., Beaver, 1981 ; 

Douglas and Smol , 1993 ; Lowe, 1974; Patrick, 1977; Patrick and Reimer, 1966; van Dam 

et al. , 1994). Jnterestingly, we observed important differences between pristine and 

impacted sites regarding the structure of microphytobenthic diatom communities. A high 

dominance of epipsammic species within a relatively low diversified community was 

observed at PPLM , PEHM and PELM stations while a slight dominance of epipelic forms 

within a much more diverse community was found at PPHM station . The hi gher diversity 

observed at PPHM station is attributable to the increase of epipelic species and the presence 

of some particular species (such as Diploneis inlerrupla and Gyrosigma acuminalum) 

suggesting the presence of eutrophic conditions at this station. The di screpancy observed in 

Ch l-a concentrations between different sites could be partially attributed to the proportion 

of epipelic versus epipsammic diatoms within the community since epipelic forms are 

generally larger than the epipsammic ones (Underwood et al. , 1995). Although the PP salt 

marsh can be considered as an antropogenic impacted area, the high MPB diversity 

recorded at the PPS station do not reflect the reduction of diatom diversity generally 

observed in tempera te human impacted sites . 

Although our results suggest that MPB cells density and more especially the 

abundance of epipelic form s are mainly affected by the availability of nutrients (see Table 

3), we hypothesize that sediment characteristics could have promoted the settlement of 

epipelic forms cells at the PPHM station. Among marsh sediment characteristics, organic 

matter lability, grain size distribution and sediment stability are discussed hereafter. ln 

general , the CIN ratio represents a valuable proxy of organic matter lability and varies 

between 3 to 6 in healthy phytoplankton population (Parsons el al. , 1977). In our stud y, the 

average CIN ratio ranged from 6.4 to 34.7, but canJlot be used as a relevant proxy to 

determine the lability of the organic matter due to the high relative carbon content (and low 

nitrogen) of the Sparlina rhi zosphere (Sparlina CIN ~ 40; Meyers, 1994). For example, 

Spart ina roots at PPHM station may account for an important proportion of the observed 
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high CIN ratio value that does not necessary stand for the refractory character of interstitial 

sed iment. Nevertheless the Sparlina rizosphere favors water and oxygen diffusion in marsh 

sediment allowing the increase of aerobic bacterial mineralization processes and inorganic 

nutri ent availability. Thus, high epipelic cell abundances at PPHM could be better 

explained by the microbial degradation potential within the Spartina rizosphere than by the 

CIN ratio observed in the sediment. Degradation processes estimated through the Chl-

a/phaeopigments ratio support thi s finding. A ratio of lOis generally observed in growing 

populations but values around 3 usually indicate some cell degradation (Sagan, 2001) or 

important grazing by meiofauna (Cm·iou-Le Gall and Blanchard, 1995). In the present 

study, the lowest mean ratio was recorded at PPHM with no significant differences between 

the sampling sites (Table 1 b). Although this result indicates that MPB community fitness 

was similar among the different sampling sites. it also underlines the importance of 

microbial degradation processes and grazing pressures on MPB community. 

The composition of diatom communities has been previously reported to be 

influenced by the size of the sediment pal1icles (Zong and H0110n, 1998). Previous studies 

in temperate areas showed that epipsammic taxa were mainly associated with sandy 

substrates while epipelic taxa were mainly found in muddy to c1ayey substrates (Sabbe, 

1993 ; Paterson and Hagel1hy, 2001; Sagan, 2001 ; Tolomio el al. , 2002 ; Forster el al., 

2006). Our results in St. Lawrence marshes are in agreement with these findings since the 

abundance of epipsammic fonns can be roughly predicted from coarse sand concentrations 

(Table 3). In addition, the muddy character of the sediments at PPHM station (i.e. high clay 

and silt content ; Table 1 a) may have contributed to the settlement of many epipelic spec ies 

in thi s specific area. According to field observations, we can suggest that specifie sediment 

characteristics have been induced by tidal channels erosion (e.g. drainage work , urban 

sewage overflow drains) which promoted clay suspension and accumulation at the PPHM. 

The presence of epipelic diatoms and bacteria in sediment can also play an important role 

for fine sediment stability and quality. As epipelic diatoms and bacteria have the ability to 

produce large amounts of extracellular polymeric substances (EPS ; mainl y consisting of 

carbohydrates), they contribute to stabili ze sediment, reduce evaporation, produce high 

quantities of organic carbon and favor MPB community settlement (Underwood, 1994; 
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Deccho and Lopez, 1993). The presence of microphytobenthic biofilms was also correlated 

with sediment stability parameters (Consalvey, 2002). According to de Oeckere el al. , 

(2001) the presence of a biofilm could increase the critical erosion threshold of sediment by 

300% inducing a much better res istance against erosion. Thus, epipelic diatoms species 

which move using EPS in unstable shallow estuarine sediments, where burial and erosion 

events are frequent, have a selective advantage compared with epipsammic ones (Round, 

1971; Palmer and Round , 1997). In this study, EPS concentrations were hi gher at PP and 

PE high marshes with significantly higher concentrations registered at PPHM station. The 

dominance of epipelic diatoms at PPHM along with significantly hi gher bacterial 

abundance account for the values observed (Table lb). Similar values were reported by 

Underwood el al. (1995) and correlation of EPS with epipelic diatoms has been prev iously 

shown by Paterson et al. (1990) and Madsen et al. (1993). Even if the EPS concentrations 

measured during this study remained poody correlated with epipelic cell abundance (Adj 

Rsq r = 0.48 ; P iJ 0.001), the importance of microphytobenthic biofilms is weil illustrated 

by the results obtained at PPHM . 

The benthic biomass inhabiting surface sediment in July 2005 was ranging from Il 

to 71 g C m-2 in PE marsh, and 24 to 65 g C m-2 at PPLM with a peak at PPHM (132 to 486 

g C m-2)_ According to the se values, the annual potential marsh productivity can be 

est imated to range from lOto 70 g C m-2 il, considering the annual effect of sea-ice which 

erodes and alters marsh surface sediment. This St. Lawrence salt marsh production may be 

underestimated since marsh biomass evaluation (using Chl-a concentrations) does not take 

in account bacterial and EPS carbon production which could represent up to 30% of the 

MPB production (Hall and Fisher, 1985). For comparison purpose, it should be noted that 

Sagan (2001) observed carbon production ranging from Il to 63 g C m-2 i l in the Mont 

Saint-Michel salt marsh_ Interestingly, the MPB productivity observed in both studied salt 

marshes are in the same order of magnitude that the primary production recorded in the 

adjacent biologically rich St. Lawrence Estuary waters (104 g C.m-2.i l following 

Therriault and Levasseur, 1985) and underlines the important productivity of sub-arctic sa lt 

marshes during summer time. 
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Providing the first results on the abundance and diversity of the MPB communities 

inhabiting northern sa lt marshes during summer time , thi s study pinpoints the potential 

effect of anthropogenic disturbance (other than toxic pollutants) on macrotida l system. 

Evidences have been presented on the role of nutrients, sed iment composition and stabi lity 

on MPB abundance and spec ific di stribution in epipelic and epipsammic forms . Rich 

organic carbon c1ayey substrates could account for the high leve l of production at PPHM 

station along with effluents enrichment even if no direct links have been establi shed yet. In 

addition , the higher di ve rsity observed at the PPHM impacted site suggests that a moderate 

nutrient input may support di versity in such particular case. Re levant correlations were 

obtained between nutri ent concentrations and MPB diatom densi ti es in the sed iment while 

the relative abundance of epipe lic and epipsammic fonns have been rel ated to the sediment 

g rain size di stribution . Thus, even if the higher nutrient input observed al pp marsh could 

act on MPB density and di versity, a lterations of the sedimentary processes by coastal 

urbani zation may have a more specific role on the MPB community structure. Numerous 

studies of sed imenta ry dynamics already demonstrated that St. Lawrence Estuary coastal 

salt marshes became more and more vulnerable to erosion in the last decades (Sérod es and 

Dubé, ] 983 ; Drapeau, ] 992; Dionne, ] 998; Mori sette, 2006). In progress studi es a long the 

St. Lawrence Estuary are focusing on the diversity of dominant MPB and bacteri a species 

throughout seasona] cycle in order to identi fy a poss ible st ructure/function link in thi s co ld 

environ ment. These data are crucial to determine what the fUl1ctional role of these 

communities is and to adequately model organic matter processes in sub-arctic coastal areas 

in the li ght of increasing eutrophication. 
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CHAPITRE IX 

Discussion générale 

9.1 Incidence des rejets d'azote de source anthropique sur l'estuaire du Saint-

Laurent 

Au sein des milieux côtiers densément peuplés, la distribution des nutriments azotés 

est largement affectée par l'activité anthropique (Justic el al. , 1995). À ce chapitre, le Saint-

Laurent n "est pas différent des milieux de transition impactés retrouvés de part le monde. 

Ainsi, Howarth el al. , (1996) ont montré que les flux de nitrates en provenance du bassin 

versant du fleuve Saintt-Laurent auraient augmentés de 1.8 à 5.4 fois depuis l' arrivée des 

colons européens. Une étude pan-Canadienne publiée en 2001 a montré que la pollution 

issue des milieux urbains et industriels atteignait 12 000 tonnes de phosphore par année et 

304 000 tonnes d ' azote par année et que les rejets en provenance des stations d"épuration 

municipales auraient augmentés de 17% entre 1983 et 1996 (Chambers el al. , 2001). De 

plus, les rej ets azotés en provenance du milieu agricole sont source d'inquiétude puisque la 

production agricole a doublé au Canada depuis les 50 dernières années (stimulée par 

l' utili sation massive de li s ier et de fertilisants; Chambers el al. , 2001; Gilbert el al., 2007) 

alors que le dépôts de produits azotés en provenance de l' atmosphère aurait atteint 7 kg N 

ha- I a-I dans la région du Bas Saint-Laurent, une augmentation équival ente à 14 fois les 

niveaux de la période pré-industrielle (0.5 kg N ha-I a-I
; Ro el al. , 1998). Aucune recherche 

n ' indique que la situation ne s'est significativement améliorée au cours des derni ères 

années . D ' ailleurs, une récente étude réalisée par de Bruyn el al. , (2003) a montré une 

augmentation des rejets de matière organique et de nutriments de source agricole et urbaine 

dans les eaux du fleuve . 

Afin de mettre en relief l'effet de l' activité anthropique sur la charge de nutriments 

dissous transitant vers le milieu estuarien, nous citerons ici une étude réalisée par Perakis et 

Hedin , (2002) qui montre que les eaux non impactées issues des systèmes fluviaux des 

forêts sud-américaines, avec une concentration moyenne en nitrates équivalente à 0.1 ~IM , 

sont davantage enrichies en azote organique dissous (acides aminés, protéines, peptides, 
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polypeptides ... ) qu ' en composés azotés inorganiques. L 'écart entre les concentrations en 

N02- + N03' mesurées à Québec de 2003 à 2007 (25.50 ± 13 .88 ~lM ; station 1; salinité = 

0. 1 ppt) et les concentrations rapportées par Peraki s et Hedin constitue un indice éloquent 

de l'effet de l ' activité anthropique du demier siècle sur l' environnement fluvial du Sa int-

Laurent. Par ailleurs, lorsque l' on compare les concentrations de nitrates mesurées dans les 

eaux du fl euve Saint-Laurent à des systèmes tempérés lourdement impactés européen et 

américain , on constate que la charge de nutriments est moins importante dans les eaux du 

Sa int-La urent (où la capacité de rés ili ence du mili eu est plus élevée; nous reviendrons plus 

tard sur cette seconde hypothèse). A insi , l' estuaire de Humber (UK), 500 !lM, Jickell s el 

01. , 2000 ; l'estuaire de Gt. Ouse (UK) 520 ~lM , Sanders el 01., 1997; l' estuaire du Delaware 

(USA) 1 28 ~lM , Fisher el al., 1988; la baie de Chesapeake (U SA) 87 !lM, F isher el al. , 

1988; et le fl euve Mississ ippi (USA) 240 !lM, Ni xon et al. , 1996), présentent tous des 

concentrations de nitrates relativement élevées . Tel que mentionné au chapitre Ill , les 

appol1s fluviaux de nutriments azotés n ' atteignent pas systématiquement l' estua ire, ces 

derniers étant affectés par de nombreux processus biogéochimiques et ce, plus 

particuli èrement en sa ison estivale. De ce fait, les conséquences de ces rej ets sur l' estuaire 

du Sa int-La urent demeurent donc variables et nécessitent d ' être étudiées plus en déta il. La 

complex ité du patron circulatoire impliquant des échanges advecti fs et di ffu sifs entre les 

eaux saumâtres issues du golfe, les eaux océaniques en provenance de l'Atl antique (v ia les 

processus de résurgence verticaux) et les eaux douces d 'origine continental e contribue à 

altérer la s ignature de la pollution anthropique et en amenuise ses effets potenti els. De ce 

fa it , aucune augmentation signifi cati ve des concentrations en éléments nutriti fs azotés n ' a 

pu être observée tant dans les eaux du golfe (Plourde et Thérriault , 2004) que de l' estuaire 

du Sa int-Laurent (cette étude). Considérant, à des fin s de comparai son, la seul e base de 

données di sponible relatant la variabilité saisonnière des concentrations d ' éléments nutritifs 

dans l 'estuaire maritime au cours des années 1970 (radi ale de Rimouski ; Brindle et 

d 'A mour, 1977), et l ' ensemble des données obtenues dans le cadre de cette étude (mai 2003 

à fév ri er 2006 à la station 8), il est intéressant de noter l' importante va riabilité sa isonnière 

a ins i que la relati ve stabilité décennale des vari ables mesurées. Alors que les concentrati ons 

d'oxygène di ssous à la base de la colonne d ' eau amorçaient une importante déc roissance 

(passant de - 110 !lM en 1970 à - 65 ~lM en 1990; Gilbel1 el al., 2005), on ne constate 
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aucune va riation significati ve des concentrations de surface en azote orgal1lque et 

inorganique di ssous pour cette même période (Fig. IX-l et lX-2; les données d ' azote 

organique dissous ne sont di sponibles que pour les périodes d 'échantillonnage mai 2003 et 

juillet 2004). 
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Figure IX-] Concentration d 'azote organique dissous (DON) mesurées à la station 8 (Rimouski). 
Les triangles représentent les données de ] 970 Brindle et d 'Amour, (] 977) obtenues mensuellement 
entre aoû t ] 973 et octobre ] 974. Les cercles noi rs représentent les données obtenues lors des campagnes 
mai 2003 et juillet 2004. 
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Figure IX-2 Concentra tion d 'azote inorga nique dissous (D IN) mesurées à la sta tion 8 (Rimouski). 
Les triangles représentent les données de ] 970 Brindle et d 'A mour, ( J 977) obtenues mensuellement 
entre août 1973 et octobre 1974. Les cercles noirs représen tent les données obtenues lors des campagnes 
mai 2003 et j uillet 2004. 
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De plus, la va ri abilité des rapports stoechiométriques semble plus importante à 

l' échell e sa isonnière que décennale suggérant que les process us de di sso lution et 

d ' assimilation jouent un rôle primordial dans la dynamique des nutriments azotés dans 

l' estuaire du Sa int-Laurent (Fig. IX-3). Alors que l'incidence des processus de di sso lution 

est difficile à déterminer dans l' estuaire maritime à cause du compol1ement non conservati f 

des éléments nutriti fs dans ce milieu hautement dynamique (Chap. 3), les récentes études 

de Louchouarn el al, 199 7; St-Onge el al. , 2003; Gilbert el 01., 2005 , Thibodeau el al., 2006 

et Gilbert el al., 2007 font , ensemble, la démonstration de l ' existence d'un lien causal entre 

l' accroissement des flux de nutriments de source anthropique, les changements au se in des 

communautés phytoplanctoniques (thanatocénose d ' une séri e sédimentaire prélevée près de 

la station 8), l' augmentation des flux de mati ère organique de source marine vers le 

compal1iment sédimentaire (au cours des 3 derni ères décenni es) et le développement de 

conditions hypox iques à la tête du chenal Laurentien. Bien que ces études suggè rent 

l' occurrence d'une lente eutrophi sation du système (tel que observée par Cloern , (2001 ) 

dans de nombreux environnements côtiers) peu d ' informations sont di sponibles concernant 

les processus pélagiques impliqués dans le cycle de l'azote (advection , spéciation , 

ass imilation , respiration , minérali sation). Afin de bien cerner le rôle des processus 

sa isonniers impliqués dans la dynamique de l' azote dans l'estuaire du Saint-Laurent, une 

synthèse des informat ion s recueillies dans cette étude est présentée ci-dessous. 
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Figure JX-3 Ratios stochiométriques des éléments nutritifs mesurés à la station 8 (Rimouski) dans 
la ma sse d ' eau de surface (2 m).Les triangles représentent les données de 1970 selon Brindle et 
d ' Amour, (1977) obtenues mensuellement entre août ] 973 et octobre 1974. Les cercles noirs 
représentent les données obtenues lors des campagnes mai 2003 et juillet 2004. 

9.2 Variabilité saisonnière des processus pélagiques impliqués dans le cycle de 

l'azote 

Au cours des campagnes d ' échantillonJ1age décembre 2005 et février 2006 (saison 

hi vern ale), des températures près du point de congé lation ont été observées au ni veau de la 

couche d ' eau de surface , induisant la form ation d ' un couvert de glace qui limite la 

profondeur de pénétrati on du rayonnement solaire incident (Annexe 1.4). De fa ibles 

concentrati ons de chlorophyll e (Chi-a) sont observées dans la co lonne d ' eau tant de 

l ' estuai re maritime que de l'estuaire supéri eur (Ta bleau JJI-2), alors que les espèces azotées 

di ssoutes (DIN : N H/ et N02' + N03") montrent un compol1ement conservati f dans ce 

derni er. À pal1ir des ca rac téri stiques géochimiques de la mati ère particul aire en suspension 

(Ta bleau lIJ-2) et des profil s d ' éléments nutritifs relevés dans la colonne d 'eau (Tableau 

llI-l ; similaires à ceux rapportés par Coote et Yeats; 1979), nous pouvons déduire, qu 'en 

cette péri ode, l'acti vité phytoplanctonique était très faible dans tout le système. De plus, les 

concentrations de N~ + mesurées dans la co lonne d ' eau de l ' estuaire maritime étant 

inférieur à la limite de détection « 0.01 ~lM ; Ta bleau lll-i et F ig. 1J1-2), nous pensons que 

les process us de broutage (via l ' acti vité zooplactonique) et de minérali sati on (via l' activité 
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bacté ri enne) ne jouaient qu ' un rôl e accessoire dans la dynamique de l ' azote au cours de 

cette pér iode. Les abondances de bactériopl ancton mesurées en décembre 2005 sont 

stati stiquement simila ires sur l' ensemble de la colonne d ' eau de l ' estuaire maritime et 

demeurent comparables à ce lles observées en milieu océanique (~ 3.60 x 105 cell s.mr l ; 

Ta bleau V -1). La présence du couvert de g lace affecterait davantage la diversité des 

communautés bacté riennes que I"abondance tota le de bactéries. Pour des mesures 

d 'abondance similaire, on observe une augmentation de la proportion de ce llules de type 

LNA (fa ible concentration d ' ac ide nucléique) en comparai son aux données obtenues en 

octobre 2005 (Ta bleau V -1 ). 

Le pOl1rait observé en mai 2003 (au printemps) est radicalement diffé rent (Annexe 

1.1). A lors, que les apports fluviaux de DIN atte ignent leur ni veau max imum (~500 T DIN 

d-I
; Ta bleau IlI-6), la signature géochimique de la matière particulaire en susp ension 

échantillonnée dans la colonne d' eau de l' es tuaire maritime suggere la présence d ' une 

importante activ ité phytoplanctonique, générant un important pool de matière organique 

endogène (Tableau JlI-2). Des concentrations d ' ammonium relati vement é levées sont 

observées dans les couches d ' eau supéri eures de l ' estuaire (atteignant] .73 ~M; Fig. IlI-2), 

suggé rant que ce poo l de mati ère organique p3l1iculaire labile est affecté par de nombreux 

processus d ' a ltération . Parmi les processus susceptibles d 'être impliqués dans la production 

pélagique de NH/ , le broutage et l' excrétion zooplanctonique, la di ssolution des macro-

moléc ul es et la minérali sation bactérienne peuvent être mentionnées (Chap. Ill ). Les flux de 

N H4 + en provenance de l' estuaire supéri eur étant modestes durant cette période 

(correspondant à < 6% des flux de DIN), nous pensons que la contribution exogène au pool 

de NH/ obse rvée dans l' estuaire maritime demeure négligeable. De plus, les résultats 

obtenus dans le cadre de cette étude suggèrent qu ' une fraction substantiell e de la matière 

organique particul aire labile nouve ll ement formée est exportée vers les couches d ' eau 

intermédiaire et profonde de l'estuaire maritime (F ig. 1I1-2 et Tableau III-2). Cette dernière 

observation est validée par les précédents travaux de Levasseur et Thérri ault (1987) et 

Colombo el al. (1 996) qUI ont démontré que de larges particules, principalement 

constituées de frustul es de di atomées et de pelotes fécales de copépodes, sont 

abondamment formées lors des événements de forte producti v ité primaire. Comme ces 
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particules sont éventuellement appelées à sédimenter, elle ne sont que partiellement 

dégradées par les processus pélagiques de dissolution et d ' altération bactérienne (Lucotte el 

01., 1991), favorisant l' enrichissement en Si de la base de la colonne d ' eau (Tableau 111-1) 

tel que relaté par Levasseur et Thérriault, (1987). De façon générale, les profils de N02- + 

N03- répertoriés le long de l'axe principal de l' estuaire maritime sont strictement 

comparables aux profils retrouvés dans l ' étude de Plourde et Thérriault (2004) réalisée dans 

le golfe. Les concentrations de N02- + N03- relativement élevées mesurées à la base de la 

colonne d'eau suggèrent la présence de processus de nitrification au sein du chena l 

Laurentien tel que rappol1é par Savenkoff el al. , (1996) et Plourde et Thérriault, (2004) 

dans le golfe. Ces dernières observations sont suppol1ées par des ana lyses isotopiques (S l3C 

et S, sN) effectuées sur la matière particulaire en suspension présente dans la colonne d 'eau 

de l ' estuaire en mai 2003 (Fig. JX-4 et IX-5). 
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Figure IX-4 Composit ion isotopique du carbone organique particulaire (exprimée en %0 par 
rapport à POB) dans l'estuaire du Saint-Laurent au cours de la campagne mai 2003. 
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Figure LX-S Composition isotopique de l'azote particulaire total (exprimée en %0 par rapport à air) 
dans l'estuaire du Sa int-Laurent au cours de la campagne mai 2003. 

La signature isotopique du carbone et de l' azote nous montre l ' incidence des 

processus d'altération diffé rentielle de la matière particulaire autochtone . La composition 

isotopique du carbone nous indique clairement les zones de production primaire (-20%0; 

occasionné par l' ass imilation d ' ions carbonates enrichi s comparé au dioxyde de carbone 

atmosphérique) ainsi que les processus de diagenèse précoce, favorisant l' acc umulation 

préférentielle de matéri aux réfractaires général ement appauvn s en 13C tel les 

polysaccharides au détriment de macromolécul es labiles (glucose, acétate, carboh yd rate, 

lipide) généralement enri chi es en \3 C (Pancost and Pagani , 2006). Cependant, ces processus 

d ' altération moléculaires différentiels sont complexes et spécifiques aux communautés 

fonctionnell es en place et méri terai ent donc d'être approfondis (Fig. lX-4). E n contre 

partie, les composés carbonés sont solubili sés plus lentement que les composés azotés (via 

l ' hydrol yse enzymatique bactérienne; Smith el al. , 1992), la signature isotopique de l'azote 

nous permet de percevoi r beaucoup plus nettement les processus de minérali sation 

bactériens affectant les particules dans la colonne d' eau de l' estuaire ; l' enrichi ssement 
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différentiel de la matière pa11iculaire en suspensIOn signalant l ' occurrence de processus 

d"altération bactériens dans la colonne d 'eau (Fig. lX-5). 

Au cours de la mIssIon de juillet 2004 (été), des concentrations de Chl-a 

relativement élevées ont été observées tant dans l'estuaire supérieur que maritime (Tableau 

lJI-2 et Annexe J .2). Ces concentrations, similaires à celles observées à la fin de mai 2003 

sont caractéristiques d ' événements de forte productivité tels que répertoriés et décrits par 

Sinclair, (1978); Thérriault et Levasseur, (1985) et Levasseur et Thérriault, (1987). Par 

ailleurs, l' obtention de faibles rapports N/P et de rapports SilN et Si /P élevés suggèrent que 

ce bloom phytoplanctonique a atteint un stade de maturation avancé au mois de juillet 2004 

(Margalef, ] 958). Alors qu ' une fraction de la production primaire sénescente est affectée 

par des processus de minéralisation au niveau de la thermocIine, suppol1ant une production 

dite régénérée, la fraction complémentaire est expol1ée vers la base de la colonne d 'eau 

(Chap. 3). Ensemble, les résultats obtenus lors des campagnes d'échantillonnage mai 2003 

et juillet 2004 confirment la présence d ' un important transfert de matière organique 

endogène dans l' estuaire maritime. Nos analyses statistiques confirment cette hypothèse en 

indiquant que ces événements ont significativement modifié les profils verticaux de PON, 

de ChI-a, de PHAA et des rapports CIN de la matière organique (Tableau 111-2 ; TV - J et Fig. 

IV-4). 

Bien que l'extension spatio-temporelle de ces évènements de transfe11 de matière 

autochtone ne peut pas être précisée dans le cadre de cette étude, nous pensons que ces 

épisodes peuvent être reliés, dans une certaine mesure, au développement de l ' hypoxie dans 

la masse d'eau profonde de l'estuaire du Saint-Laurent puisque la respiration bactérienne 

est positivement corrélée à la production primaire dans les milieux aquatiques (deI Giorgio 

el al. , 1997). Ainsi , nous supposons que ces événements de forte productivité sont 

susceptibles d'avoir induit certaines modifications au sein du compartiment bactérien 

pélagique tant au niveau de la composition spécifique des communautés que de l' activité de 

ces dernières (Lovejoy el al. 2000). Bien qu ' à notre connaissance, aucune mesure directe 

d'activité bactérienne n ' ait été réalisée à ce jour dans la colonne d'eau de l' estuaire, 

certaines preuves indirectes ont été obtenues dans le cadre de cette étude. D"abord , les 
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mesures préliminaires d"abondance bactérienne effectuées en septembre 2004, jumelées 

aux résultats présentés au chapitre Y, montrent la présence localisée de concentrations 

supérieures dans la masse d ' eau de surface ainsi que des abondances généralement 

uniformes sur toute la colonne d 'eau. Ces derniers résultats suggèrent l 'occurrence de 

processus hétérotrophes dans toute la masse d ' eau estuarienne indistinctement des horizons 

riches ou non en oxygène dissous . Ensuite, les profils verticaux d'azote organique dissous 

(DON) effectués en juillet 2004 sur la radiale de Rimouski fournissent un indice 

supplémentaire de la présence d"activité bactérienne sur l'ensemble de la colonne d ' eau 

(Fig. IX-I). Puisque la production de DON dans les environnements marins est largement 

imputable à l' activité bactérienne hétérotrophe (Bronk et Gilbert, 1993) nous pensons gue 

les concentrations élevées de DON mesurées en juillet 2004 pourraient constituer un 

indicateur de l'activité bactérienne tel que suggéré par Kirchman el al. (2004) pour la 

matière organique dissoute (DOM) dans les environnements dulcicoles. De tels pulses de 

DON ont été sporadiquement identifiés en aoüt 1974 et juillet 2004 alors que de faibles 

concentrations ont été mesurées au cours de l' été 1973 ainsi gu 'en mai 2003 (Fig. lX-1). La 

relation entre ces pulses et les conditions océanographiques singulières identifiées en juillet 

2004 reste à déterminer. 

Alors que ~ 70% du pool de DON peut être directement utili sé par les communautés 

microbiennes (Seitzingen el al, 2002), les processus d"assimilation et de production 

bactérienne pourraient avoIr induit un découplage des processus de 

nitrification/dénitrification au sein de la masse d ' eau hypoxique (Pearl el al., 2002) menant 

à une diminution des concentrations en N03- (via la dénitrification et la nitrification 

incomplète Li et al. , 2006). Cette hypothèse est supportée par une sene de mesures 

réa li sées dans la colonne d 'eau de l' estuaire maritime montrant une diminution 

concomitante des concentrations de O2 et de N02- + N03- dans la masse d 'eau profonde en 

juillet 2004 (Tableau N-l; Fig. lY-2 et IV-3) affectée par des conditions hypoxiques. Suite 

à de nombreux entretients avec des spécialistes de la géochimie du système laurentien (A. 

Mucci ; D. Gilbert , A. deVernal ; B. Sundby), deux hypothèses ont été retenues pour 

ex pliquer les basses concentrations de N02- + N03- observées à la base de la colonne d 'eau; 

1) une sous-estimation de la concentration en NOx due à des artéfacts liés à la cueillette, à 
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l'entreposage ou à l'analyse des espèces dissoutes azotées et Il) la présence de processus 

d ' assimilation phytoplanctonique et respiration bactérienne. Bien que la première 

hypothèse ne peut être complètement écartée en raison du caractère ponctuel des 

observations, un eff0l1 substantiel a été déployé pour supporter la seconde (Chap. TV). 

Nous pensons que tant les processus de dénitrification en milieu pélagique (Li el al. , 2006) 

que l' assimilation des nitrates dans la zone aphotique (Flynn el a/. , 2002; Clark el al. , 2002) 

pourraient se produire lors des événements estivaux de forte productivité précédemment 

déc rits. 

E n octobre 2005 (automne), les concentrations de Chl-a diminuent 

significativement tant dans les eaux de surface de l ' estuaire supérieur que de l ' estuaire 

maritime. Simultanément, on observe une diminution des concentrations de matière 

particulaire labile dans la colonne d ' eau (Tableau IlI-l) ainsi qu ' une augmentation des 

concentrations de O2 et de N02- + N03- en comparaison aux mesures obtenues en juillet 

2004 (Fig. IV -2; IV -3 et Annexe 1.3). Les apports advectifs de matière particulaire 

endogène vers la base de la colonne d ' eau ayant diminués de façon significative, nous 

supposons que la demande en oxygène par l 'activité bactérienne hétérotrophe aurait 

diminuée de façon concomitante, contribuant à rétablissement d ' un nouvel équilibre entre 

les processus de nitrification et de dénitrification dans la masse d ' eau profonde de l 'estuaire 

maritime. Notons que les processus circulatoires de grande échelle impliqués dans 

l ' advection de la masse d ' eau profonde vers la tête du chenal Laurentien ont pu contri buer 

(dans une proportion indéterminée) au renouvellement des stocks de N02- + N03- au cours 

de la période automnale . Bien que les apports fluviaux de NHt + atteignent leur maximum 

au cours de la période automnale (Tableau 1lI-6) l 'activité phytoplanctonique ne semble pas 

les exploiter puisque les concentrations de Chl-a demeurent relativement faibles dans tout 

le système (Tableau 111-2). E n comparaison aux mesures d ' abondance bactérienne réalisées 

en décembre 2005, les valeurs moyennes obtenues au cours de la période automnale dans 

les masses d 'eau superficielle et intermédiaire demeurent significativement plus élevées 

(c ' est-à-dire 5.9 x 105 cell mr J
) alors que la masse d ' eau de fond ne présente pas de 

variation s ignificative (c'est-à-dire 3.9 x 105 cell mr J
) d ' une saison d'échantillonnage à 

l' autre (Tableau V-J). De plus, le %HNA (cellules contenant des niveaux élevés d 'acides 
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nucléiques) da ns la colonne d' eau de J'estuaire maritime demeure significativement plus 

élevé en automne qu' en hiver et ce indépendamment de la masse d' eau. Ces résultats 

suggèrent qu' à la fi n de la sa ison producti ve, les abondances bactéri ennes tendent à 

s' uni fo rmi ser au se in de la colonne d 'eau, les plus grosses ce llules du bactérioplancton 

(stati stiquement dépendantes des concentrations en nutriments) laissant p lace à de plus 

petites cellules potentiell ement plus compétiti ves pour les ressources nutritives (Zubkov el 

01., 200 1). 

9.3 Variabilité saisonnière des processus impliqués dans le cycle de l'azote au sein 

des marais côtiers de l'estuaire maritime 

Les marais côti ers sont des environnements de transi tion complexes, dont la 

dynamique est étroitement li ée à de nombreux processus physiques (forçage externe, par 

exemple: marées, apports sédimentaires) ainsi qu'à de multiples mécanismes biochim iques 

(régul ation interne, par exemple: activité autotrophe et hétérotrophe) interagissant à des 

échelles spatio-te mporelles très vari ables. La compréhension de ces systèmes, quant à leur 

rô le fonctionnel, constitue donc un véritable défi pour les océanographes. Afin de bien 

comprendre l"incidence sa isonnière des principaux processus phys iques et des mécanismes 

biochimiques impliqués dans la dynamique de l'azote au sein de ce type d'écosystème, 

nous avons déve loppé un modèle conceptuel de type holi stique. Ce modèle a été appliqué à 

la dynamique du marais non impacté de Pointe-aux-Épinettes (PAE; possédant une 

superfi cie de 15 ha) ainsi qu ' au marais impacté de Pointe-au-Père (PAP; 23 ha). Les fi gures 

lX-6 à lX-9 présentent les fl ux saisonniers de nutriments azotés (DlN, N02- + N03- et 

NH/, respec ti vement) entre les différents réservoirs limitrophes des mara is à l'étude en kg 

N 90/), en supposant que l' intensité des flux est constante à l'échell e du marais (± ] km2
) 

et d' une sa ison (c 'est-à-dire 90 jours). 

Les flu x advecti fs de nutriments azotés en provenance des tributaires ainsi que les 

flux tidaux sont issus de mesures de terrain présentées au chap itre VI. Parce que que nos 

mesures de product ion de N20 sont incompletes (Annexe 2) les données de Usui el al. , 

(2001 ; moyenne = 1400 nmol N m-2 h-I
) sont ut ili sées pour éva luer l'incidence re lative de 

ce processus alors que les données du chapitre VIl sont utili sées pour définir la contribution 
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de la dénitrification. Ainsi, les flux associés à la dénitrification incluent la production 

bactérienne de N2 et de N 20. Nous assumerons que les mesures de dénitrification effectuées 

à 6 Oc (moyenne = 17.9 Ilmol N2 m-2 hO') sont représentatives des conditions printanière et 

automnale alors que les mesures effectuées à 2 Oc (moyenne = 10A Ilmol N2 m-2 hO') et 12 

Oc (30.3 Ilmol N2 m-2 If') sont caractéristiques des sa isons hivernale et estivale, 

respectivement. Les données d'apport atmosphérique (pluie et neige) sont issues de Ro eL 

al. , (1998) (données moyennes annue ll es répertoriées à Montmorency, Qc., 5.76 kg N ha-' 

a-') a lors que les données de fixation sont issues de l' étude de Howarth el al., (1996) 

(moyenne = 0.56 g N m-2 a-'). Sur les bases d ' une production microphytobenthique 

moyenne de 35 g C m-2 a-' (Chap. Vlll) nous pouvons établir la demande en azote du 

microphytobenthos à 2AO kg N j-' pour PAE et à 3.68 kg N f' pour PAP et ce, pour 

chacune des saisons libres de glace, en supposant un rapport CIN moyen de 6. À partir des 

travaux de Dai et Weigert , (1996) et Dame el al. , (1991) (réalisés sur des marais à Spartine 

situés dans l' état de la Georgie et de la Caro line du Sud (USA), respectivement) 

l'assimilation de DIN par les phanérogames a été estimée à 14.5 kg N f' pour PAE et 22.2 

kg N / pour PAP (en supposant une production annuelle moyenne de 1 440 g C m-2 a-' [ou 

1 080 g C m-2 pour les 9 mois libres de glace] et un rapp0l1 CIN moyen de 40). Les 

processus d'assimilation du DIN dans les marais côtiers en saison hivernale étant largement 

inconnus, nous avons extrapo lé les flux associés à ce processus à pat1ir des données de 

productivité primaire moyenne établies pour les algues de g lace dans l 'Arctique Canadien 

(41 mg C m-2 f' Gosselin el al., 1998) en supposant une stoech iométrie de 6: 1 (CN) et une 

épaisseur moyenne de glace de 37 cm. En ce qui concerne les bilans saisonniers présentés 

aux figures IX-6 et IX-7, les flux de DJN issus des processus de minéralisation de la 

matière organique (ammonification, nitrification, DNRA) ont été déterminés à posteriori , 

suivant les déficits ou les excédants de DIN définis à l ' aide du modèle. Constituant une 

approximation sommaire, ces flux sont estimés en vue de produire un bilan équi libré. 

En ce qui concerne la seconde série de bilans (N02- + N03- et NH/ ) présentés aux 

figures IX-8 et IX-9), les flux issus de la réduction dissimilaire des nitrates en ammon ium 

(DNRA) sont tirés du chapitre VIL Pour les fins du présent calcul , nous assumons que la 

production moyenne d"ammonium observée au cours des expériences réalisées en 
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microcosme est essentiellement occasionnée par ce processus bactéri en. Ainsi, nous 

ass umons que les flux de NH4 + mesurés à 6 Oc sont représentatifs du DNRA au printemps 

et à l' automne (33. 7 ~Lmol N m-2 h-I) alors qu'aux périodes estiva le et hivernale, ces flu x 

(vraisemblablement sur et sous-estimés respectivement ; voir di scuss ion ci-dessous) ont été 

soigneusement ajustés en vue de produire des bilans équilibrés . Enfin , les flux d 'espèces 

azotées engendrées par la nit rification sont tirés de ce même chapitre Vll et correspondent à 

8.81 ~mol N2 m-2 h-I en période hivernale, à 16.8 ~mol N2 m-2 h-I en période printanière et 

automnale et à 29.7 ~mol N2 m-2 h-I en période estivale. Les apports sous-terrain , le 

rui ssellement, ainsi que l'effet de la macrofaune ont été négligés dans le cadre du présent 

bilan. De plus, nous supposons que les processus d 'accrétion et d 'érosion sont à l'équilibre 

sur une base sa isOlmière. La dynamique sédimentaire des marais de PAE et PAP étant 

actuell ement à l' étude, l' approche quantitative adoptée (plaques d 'accrétion , piège à 

sédiment, radiochimie isotopique sur des séri es sédimentaires) nous permettra d ' aborder cet 

aspect de fa çon plus détaillée (Annexe 3). Conscient de la variabilité spatiale et temporelle 

des processus observés au sein des environnements de type marais côtiers, nous savons que 

les bilans préliminaires produits dans le cadre de cette étude demeurent fort approximati fs 

et que par conséquent, il s devront être utili sés avec di scernement. 

En examinant les flux sa isOlmiers de D1N affectant les marais étudiés (Fig. lX-6 et 

IX-7), nous pouvons d 'abord constater que le marai s de PAP est davantage affecté par des 

apports continentaux que le marais de PAE (moyenne à PAE < 0.01 kg N j-I; moyenne à 

PAP = 2.18 kg N / ). Alors que la contribution des app0l1s continentaux aux flux advectifs 

totaux d 'azote dirigés vers le marai s de PAP est rel ati vement importante (entre 9 et 32%), 

ces déversements ne constituent qu ' une infime fraction des flux de N conduit vers le marais 

de PAE « 0.01 %). Nous pensons que la conséquence première de ces apports azotés dans 

le marai s de PAP est de limiter la rétention de D1N en provenance de la masse d ' eau 

estuari enne (moyenne à PAE = 0.77 kg N fi ; moyenne à PAP = 0.13 kg N TI ), la demande 

des communautés autotrophes et hétérotrophes étant sati sfaite par les charges azotées en 

provenance des émi ssa ires et/ou de la minérali sation de la mati ère organique de source 

allochtone et autochtone. 
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FigUl·e lX-6 Bilan sa isonnier d 'azote inorganique disso us (DIN) pour le marais de Pointe-aux-
Épinette (PAE; présenté en kg N 90t). Les flux négatifs indiquent une perte en azote pour le système 
alors que les flux positifs indiquent un gain. Les flux inscrits in gras sont issus de mesures directes alors 
que ceux inscrits en ita liques sont estimés. fix = fixation ; dénit. = dénitrification ; prée. = apports 
atmosphériques solides et liquides; marées = échanges tidaux; trib. = apports continentaux; assim. = 
assimilation et minér. = minéra lisation. 

De façon généra le, notre modèle semi-quantitatif suggère que ces processus de 

minérali sation participent de façon importante aux apports totaux de DIN vers le marais. En 

moyelm e, la contribution de la minéralisation est estimée à 89 ± 7% (AV ± SD) pour les 

périodes libres de g lace, alors que la contribution relative de la minéralisation en période 

hivernale semble p lus variable d'un marais à l ' autre (33% pour PAP et 72% pour PAE). 

Nous pensons que cette va riabilité résulte d'une méconnaissance de l' acti vité autotrophe et 

hétérotrophe au sein de la banqui se et de la colonne d 'eau sous jacente en saison hivernale. 

Puisque les flux assoc iés à la minérali sati on sont déterminés à partir des demandes définies 

par le modèle, l'incertitude occas ionnée par 1 "insuffisance de données concernant la 

fixatio n et l'assi mil ati on limite notre interprétati on de la dynamique hivernale des 
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environnements étudiés. Des mesures réa li sées sur des carottes de glace prélevées dans les 

marais à l ' étude (Chap. VI) ont montré la présence de pigments chlorophylli ens « 7 ~g r I) 

et de bactéries (entre 3.07 et 8. 32 x 105 cellules mr l) suggérant l' ex istence d ' une 

importante communauté microbienne au se in de cet environnement glacé. Bien que le 

rapport Chl-a/Phéopigment nous indique la présence de cellules relati vement dégradées 

(conférant aux communautés autotrophes un rô le marginal dans le cyc le de l'azote dans ce 

milieu hautement turbide) J' incidence du périphyton sur les flu x géochimiques demeure 

largement inconnue en péri ode hivernal e. 
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Figure JX-7 Bilan saisonnier d ' azote inorganique dissous (DIN) pour le marais de Pointe-au-Père 
(P AP ; présenté en kg N 90fl). Les flux négatifs indiquent une perte en azote pour le système alors que 
les flu x positifs indiquent un gain. Les flux insCl"its in gras sont issus de mesures directes alors que ceux 
inscrits en italiques sont estimés. fix = fixation ; dénit. = dénitrification ; prée. = apports atmospbériq ues 
solides et liquides; marées = échanges tidaux ; trib. = apports continentaux; assim. = assimilation et 
minér. = minéralisation. 
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A u cours des sa isons libres de glace, les processus de minérali sation (qui atteignent leur 

intensité max imum en été) semblent étroitement répondre aux demandes des espèces 

autotrophes halophiles, largement représentées par Sparlina alterniflora, Spartina p al/en 

ainsi que par de nombreuses espèces appal1enant au microphytobenthos (Chap .V III). Selon 

notre modè le, ces processus de dégradation bactérienne pourraient à eux seuls soutenir plus 

de 88% de la production primaire des marai s. Cette hypothèse est supportée par de 

nombreux travaux qui ont montré que l' ammonification a des effets imp0l1ants sur les 

fo ncti ons physiologiques et la croi ssance des communautés autotrophes des zones côtières 

(par exemple N ixon el al. , 1996). Par aill eurs, comme la di sponibilité de l' ammonium est 

reconnue pour inhiber l 'acti vité de la nitrogénase (enzyme nécessa ire à la fi xation de 

1" azote atmosphérique) au se in des marai s à Spartine (Yoch et Whiting, 1986), la 

prédominance des processus d ' ammonification dans les mili eux étudi és nous mene a 

recons idérer à la baisse l ' intensité de la fixation telle que décrite dans le modèle. 

B ien que les bilans d ' azote établi s pour les deux maraIs à l' étude montrent de 

nombreuses similitudes, certa in aspects, li és à l' incidence de l' activité anthropique, 

engendrent des va ri ations appréc iables des différents flux présentés. A lors que, 

l' ass imilati on est plus impol1ante que la minérali sation dans le marais de PAE au printemps 

(condition hypothétiquement induite par l'éclosion printani ère de la flore), la situation 

opposée est observée au cours des autres sai sons investiguées. En première approximation, 

nous pensons que les carac téri stiques intrinsèques de ce milieu non-impacté (caractéri sé par 

la présence d ' un réseau hydrographique élaboré de type anastamosé et par d ' importantes 

étendues de colonies bactéri ennes spécialisées) semble favoriser une intense minéralisation 

du matérie l organique de source allochtone et autochtone. Le bilan saisonnier établi pour le 

marais de PAP demeure di ffé rent ; à l' exception de la sa ison esti vale, où les processus de 

m inérali sation bactéri ens atteignent leur intensité max imale favorisant la di spersion de DfN 

vers le bass in estuarien, l'expression des processus d 'assimilation semble plus importante 

que la minérali sation tant au printemps qu 'à l'automne, qu 'en hiver. Deux hypothèses sont 

ava ncées ex pliquer cette va ri abilité; 1) considérant que les abondances et la compos ition 

spéc ifique du microphytobenthos sont re li ées au ni vea u et à la nature des pel1urbati ons 

observées, il est plausible que les assemblages phytobenthiques pui ssent induire certains 
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changements au niveau du bilan d ' azote du marais de PAP, 2) le marais de PAP étant 

affecté par l'érosion , il est possible que le temps de transition du matériel organique ne soit 

pas suffi samment long pour permettre une diagenèse complète. 

La première hypothèse est suppol1ée par une étude présentée au chapitre VlIl qui 

montre la présence d ' une plus grande abondance de cellules phytobenthiques dans le marais 

de PAP, dominée par des formes épipéliques (notamment Achnanthes de/ica/u/a, Navicu/a 

CIJlp/ocephala et Cocconeis dis cu/us) ayant des demandes en nutriments plus importantes 

que les formes épipsammiques, dominantes dans le marais de PAE. Ainsi , il est intéressant 

de constater que les rejets de nutriments azotés observés dans le marais de PAP ont pu 

stimuler l' activité phytobenthique tant en terme de productivité que de diversité. Tel 

qu'énoncé dans les récents travaux de Emmett (2007), de faibles amendements de 

nutriments azotés peuvent momentanément favoriser la productivité nette d ' un milieu 

donné. Bien que plausible, la seconde hypothèse, essentiellement basée sur des 

observations ponctuelles, mérite d'être approfondie en procédant notamment à des mesures 

de temps de résidence des eaux de ruissellement sur la plate-forme herbacée. 

En tenant compte de la spéciation des espèces de l' azote impliquées dans les flux de 

DIN précédemment décrite, on apprécie davantage l'incidence respective des processus 

impliqués. De plus, ces bilans additionnels présentés aux figures IX-8 et lX-9, nous 

permettent de poser un regard semi-quantitatif sur des processus bactériens associés à la 

minéralisation et à la transformation des espèces azotées tels l ' ammonification , la 

nitrification et le DNRA. 
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flx. dénlt. prée. 159 dénlt. prée. 276 
-159 - 276 

20 nitr. nitr. 

marée trlb. marie trlb. 
601 0.2 250 0.1 

- 289 - 228 0.1 

DNRA 

asslm. 
-153 

asslm. - 258 ammo. 153 ammo. 258 

dénlt. prée. 159 flx. dénit. prée. 85.4 
-159 -85.4 

nitr. 20 nitr. 

marée marée trlb. 
189 621 

- 257 -609 

asslm . ammo. asslm. ammo. 

Figure IX-8 Bilan saisonnier de N02- + N03- (bleu) et NH4+ (rouge) pour le marais de Pointe-aux-
Épinette (PAE; présenté en kg N 90fl). Les flux négatifs indiquent une perte en azote pour le système 
alors que les flux positifs indiquent un gain. fix = fixation; dénit. = dénitrification; prée. = apports 
atmosphériques solides et liquides; marées = échanges tidaux; trib. = apports continentaux; assim. = 

assimilation, ammo. = ammonification; DNRA = réduction dissimilatrice des nitrate en ammonium et 
nitr. = nitrification. 

Ainsi, tel que décrit au chapitre VI, les marais étudiés se comportent généralement 

comme des puits de N02- + NO)- (de 7.84 à 32.1 mg N ri m'2) et des sources de NH/ (de 

8.69 à 30.4 mg N fi m-2) pour la masse d 'eau estuarienne et ce, indépendamment de la 

saison ou des niveaux de stress anthropiques impliqués. En utilisant une simulation 

numérique nous avons fait la démonstration que des masses significatives de N02- + NO)-

sont séquestrées dans la frange herbacée lors des incursions tidales alors que de façon 

simultanée, un important pool de NH4 + est formé dans les eaux de surface et interstitielles 

des marais (Chap. VI) . 
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Figure IX-9 Bilan saisonnier de N02- + N03- (bleu) et NH4+ (rouge) pour le marais de Pointe-au-
Père (PAP; présenté en kg N 90fl). Les flux négatifs indiquent une perte en azote pour le système alors 
que les flux positifs indiquent un gain. fix = fixation; dénit. = dénitrification; prée. = apports 
atmosphériques solides et liquides; marées = échanges tidaux; trib. = apports continentaux; assim. = 
assimilation, ammo. = ammonification; DNRA = réduction dissimilatrice des nitrate en ammonium et 
nitr. = nitrifica tion. 

Puisque NH/ s'accumule plus rapidement qu'il n'est consommé, un important flux de 

NH/ vers la masse d'eau estuarienne est observé. Les apports continentaux de N02' + N03' 

n'excèdent pas la demande biochimique des marais (tel que défini par les bilans), nous 

réitérons que les déversements observés dans le marais de PAP ont davantage induit des 

problèmes d'érosion que tout autre type de perturbations écosystémiques. En effet, de 

nombreuses structures issues de processus érosifs sont visibles dans le marais de PAP 

comme la présence de micro-ravins, de micro-falaises en marge des chenaux tidaux 

al imentés par les tributaires ainsi que de plans de glissement engendrés par la solufluxion et 

la gélifluxion. En général, les déversements de N02' + N03' et de NH/ dans les marais 

côtiers sont potentiellement plus problématiques pour la masse d'eau estuarienne que pour 
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les m ara is eux-mêmes pUlsqu en somme, la di sponibilité de ces esp eces favori sera la 

di sp ers ion de NH4 + vers les ea ux côtiè res. 

L ' intensité des processus biochimiques impliqués dans la dynamique des espèces 

ino rganiques di ssoutes de l'azote dans les marai s côtiers a été déterminée en laboratoire , à 

l ' ai de d ' une technique d 'enri chi ssement isotopique appliquée sur des microcosm es (Chap. 

VU). N ous avons a insi déterminé que la nitrification constitue la principa le source de 

nitrate pour la dénitrifi cation , sa ti sfai sant plus de 80% de la dem ande. D e plus, cette étude a 

montré que moins de 31 % des nitrates consommés par l'activ ité chimiotrophe sont retirés 

des marai s par la dénitrification, alors que la fraction complémenta ire est transformée en 

ammonium via la DNRA. Ce dernie r résultat n ' est cependant p as supporté par les bil ans 

établi s; les N02- + N03- consommés par la dénitrification (production de N 2 et N 20 ) 

atte ignant 52 et 50% de la consommation esti va le tota le (assimilation et DNRA ) dan s les 

marai s de PAE et PAP, respecti ve ment. Comparativement aux expériences m enées en 

microcosme (où des al1éfacts li és au confinement sont systématiquement observés), nous 

p ensons que les bil ans sai sonniers d 'azote réa li sés dans le cadre de cette synthèse sont 

davantage représentati fs de la dynamique des mara is côti ers (notamment concern ant 

ce l1a ines réactions sensibles aux conditions rédox) parce qu'il s tiennent compte du contexte 

environnem enta l. A insi, l' importance re lati ve de la DNRA par rappol1 à la dénitrification 

telle qu ' estimée dans le chapitre VII mérite d ' être révisée. Pui sque la DNRA est un 

p héno mène mo ins sensible à l'effet inhibiteur de l'oxygène que la dénitrifi cation , la 

di sponibilité de la matière organique demeure le princ ipal facteur agissa nt sur l'équilibre 

entre les deux transformati ons (Fazzolari et al. , 1998) A insi, il est fOl1 intéressant de 

constater qu 'en p ériode esti va le, alors que les processus de dégradation hétérotrophe 

atte ign ent leur max imum (stimulés par les températures é levées), la dénitrifi cati on demeure 

plus importante que la DNRA. A lors que le printemps et l' automne p euvent être di stingués 

comme des périodes transitoires, la situation in verse est observée en hiver. A u cours de la 

pé riode hivernale, nous pensons que l 'action é rosive de la banqui se combinée aux 

ép anchements d ' ea ux fro ides et riches en ox ygène et en nitrates favori sent la DNRA 

comparativement à la dénitrifi cati on. D e plus, les contra intes de compress ion appliquées à 

la plate-forme herbacée, induites par le poids de la banqui se au cours des cycles de marées, 
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pourrait contribuer à soutenir la DNRA en mobilisant des sulfures (H2S, FeS2, CuFeS2) vers 

les horizons sédimentaires superficiels. 

Des études ont démontrées que certaines bactéries impliquées dans l'oxydation des 

sulfures en sulfates utiliseraient les nitrates comme agent oxydant (comme accepteur 

d'électrons) donnant lieu à une production significative d'ammonium (Brunet et Garcia-

Gil, 1996). D"autres auteurs ont montré que la disponibilité du carbone organique pourrait 

avoir une incidence importante sur la prédominance respective de ces processus (Kelso el 

al. , J 997; Silver el al. , 2001 ; Tiedje, 1988). Alors que la dénitrification serait favorisée 

dans des environnements relativement pauvres en matière organique (condition rencontrée 

en période estivale), la disponibilité du carbone (induit par l ' action abrasive de la glace en 

période hivernale) favoriserait les organismes qui utilisent les accepteurs d ' électrons de 

façon plus efficace; la DNRA transfert huit électrons pour chaque mole de nitrates réduits 

alors que la dénitrification en permet le transfert de cinq. Nous pensons que des efforts 

substantiel s doivent être déployés pour définir l'intensité des processus de production 

d ' ammonium tel la DNRA et l'ammonification puisque, selon nos modèles, ils constituent 

des processus clés dans la dynamique de razote au sein des marais côtiers du Saint-Laurent 

maritime. 

9.4 Incidence des marais côtiers dans la dynamique estuarienne du DIN 

Constituant un milieu important pour les processus de minéralisation de la matière 

organique et de recyclage des nutriments inorganiques dissous, les marais côtiers peuvent 

être considérés à bien des égards comme de véritables stations d 'épuration tertiaires. La 

nature poreuse de l' assisse sédimentaire constituant les marais favorise l' établissement de 

macro/microflores benthiques spécialisées qui participent activement à la rétention et à la 

séquestration des espèces azotées impliquées dans la problématique de l ' eutrophisation des 

zones côtières. Afin de déterminer les rôles des marais côtiers sur le cycle dans I"estuaire 

maritime du Saint-Laurent, nous avons tenté de définir un bilan provi so ire d ' azote au sein 

de cet env ironnement de transition. (Fig. IX- 10). Bien que fort approximatif, ce bilan 

annuel demeure très utile pour définir le potentiel de résilience de ce milieu au prise avec 

des apports significatifs de nutriments tant de source urbaine, agricole qu'industri e lle. De 
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façon plus spécifique, notre étude à montrée des fluctuation s considérables des appolts 

fluviaux de DIN avec une moyenne annuelle de (AV ± SD) 85 200 ± 67 600 T N a-J (Chap. 

JJ1 ). Sachant que les processus d 'advection veltical sont responsables d'apports totali sant 

plus de 240 000 T N a- J vers la masse d 'eau superficielle de l 'estuaire maritime (Savenkoff 

el al. , 200]), nos données suggèrent que les apports fluviaux contribuent de façon 

significative à la charge de DIN retrouvée à la surface de l'estuaire (- 26%). Des 325000 T 

N a-J transitant par la masse d 'eau superficielle de l'estuaire maritime, 25 300 ± 15 500 T N 

a-J se raient transférées vers le golfe du Saint-Laurent (Sinclair el al., 1976; ou - 8% des 

apports totaux) alors qu 'environ 300 000 T N a- J seraient disponibles pour l 'activ ité 

autotrophe estuarienne. En accord avec les travaux de Thérriault et Levasseur (1985), 

l ' ass imilation du DIN par la production primaire pélagique serait responsable du retrait 

d "env iron 162 000 T N a-J de la couche superficielle (basé sur une production annuelle 

moyenne de 104 g C m-2 a-l, une stoechiométrie de 6: 1 (C:N) et une superfici e de 9 350 

km\ soi t - 54% de la charge de DIN disponible dans la couche d ' eau de surface de 

l ' estuaire maritime. La fraction de DIN résiduelle (soit 138 000 T N a-I
) serait 

vrai semblablement consommée dans les zones littorales (incluant les marai s) par les 

microphytes (diatomées, dinoflagellés, cocolithophoridés), macrophytes (fucus, laminaires) 

et phanérogames (zostère, rupia et spartine) ainsi que par des processus biochimiques 

séd imenta ires (incluant la dénitrification , la nitrification incomplète, l'anammox, la 

réduction des N03- par Mn2+). 
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Figu,-e 1X-1O Bila n annuel d ' azote inorganique dissous (DIN) dans l' estuaire du Sa int-Laurent 
(présenté en T N a- I

) (moyenne ± équart type). 

Les marais côti ers de l 'estuaire maritime seraient responsables du rabattement 

d'environ 96.0 T N(DIN) a'i (se lon la moyenne de nos bilans sa isonniers et considérant une 

superfic ie de 90 km2
; Dionne, 1986) ou de ~ 660 T N(DIN) a'i (se lon la moyenne des 

incu bations sa isonnières réa li sées en microcosme et considérant une superfi cie de 90 km2
) . 

Ce potenti e l de rabattement correspond à ~ 0.44% des appOt1s fluv iaux (c'est-à-dire entre 

0.11 et 0.77%), à ~ 0.1 2% des apports totaux (c'est-à-dire entre 0.03 et 0.20%) ou encore à 

0.28% de la capac ité de rétention des zones littorales (c 'est-à-dire entre 0.07 et 0.48%). 

Dans leur ensemble, ces résultats nous montrent que les marais côtiers ont une incidence 

très limitée sur la dynamique de l'azote dans l ' estuaire maritime, en compara ison à la 

p roduction primaire pélag ique. Bien que l'effi cacité de ces mili eux, à t itre de processeurs 

de nut riments ino rganiques azotés est incontestable, leur superfic ie limitée restre int la 

portée des process us impliqués. De façon plus spéc ifique, le rabattement des N02' + N03' 

atte indraient 840 T N a'i (se lon la moyenne de nos bilans sa isonn iers) ou 1 720 T N a' i 

(se lon nos expéri ence en microcosme), so it entre 1 et 2% des apports fluviaux moyens de 
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N02- + N03- (c'est-à-dire 73 500 T N a-I
). Par ailleurs, la dispersion de NH/ atteindrait 

entre 744 T N a-I (selon la moyenne de nos bilans saisonniers) et 1 060 T N a-I (selon nos 

expériences en microcosme). Puisque la DNRA est au centre de la dynamique des espèces 

inorganiques dissoutes azotées au sein des marais côtiers de l 'estuaire maritime du Saint-

Laurent, le véritable potentiel épurateur de ces derniers réside au niveau de la 

dénitrification. Cette capacité dénitrifiante a été évaluée à 384 ± 168 T N a-I so it ~ 0.5% 

des apports de N02- + N03- en provenance du fleuve. Bien que l'impact de la dénitrification 

dans les marais côtiers puissent paraître insignifiant au vue des masses considérables de 

N02- + N03- transitant par l'estuaire, les populations bactériennes occupant les milieux de 

type marais côtiers demeurent en moyenne 6 fois plus efficaces que celle présentes des les 

sédiments estuariens (Chap. VII). 

9.5 Potentiel de résilience de l'estuaire 

Quoique nous ne disposions que des données de dénitrification benthique de Wang 

el al. (2003) pour estimer des bilans annuels et que nous connaissons la grande variabilité 

sa isonnière des flux de matière organique vers le compartiment benthique (Lavigne el al. , 

1997), nous avons tout de même tenté l 'exercice afin d 'obtenir en première approxiamtion 

de la capacité dénitrifiante des sédiments de l' estuaire. Ainsi , Wang el al. , (2003) ont 

montré que l' activité dénitrifiante dans les sédiments de l'estuaire varient entre 1.80 et 3.30 

~lmol N m-2 h-I so it des valeurs oscillant entre environ 2 060 T N a- I et 3 780 T N a-l, en 

considérant que la superficie de l'estuaire est d'environ 9 350 km2
. En faisant la somme de 

la capacité dénitrifiante moyenne du compartiment benthique et des marais côtiers, nous 

pouvons évaluer la capacité totale annuelle de l'estuaire maritime à 3 300 T N. Ce potentiel 

dénitrifiant correspond à ~ 4% des appol1s de DIN en provenance du fleuve. Même si une 

sous-estimation maj eure de la dénitrification nous amenait à doubler ou tripler cette valeur 

dans une étude future , la contribution de la dénitrification demeurerait relativement 

modeste. Ainsi, une bien faible proportion des nitrates importés dans l'estuaire via 

l 'advect ion de la masse d 'eau profonde et l'écoulement des eaux continentales ou issus de 

la minérali sation de la matière organique tant de source allochtone et autochtone se ra 

retournée ve rs I"atmosphère sous forme d ' azote moléculaire . Malgré que l' on puisse ajouter 

à ce potentiel épurateur l' incidence des processus de dénitrification pélagique 



229 

ponctuellement observés au cours de l'été 2004 (dont l' intensité reste à déterminer), 

I" estuaire maritime du Saint-Laurent demeure vulnérable aux problèmes relatifs à 

l' eutrophi sation . 

Récemment, il a été suggéré que ]' anammox pourrait constituer un processus 

a lternatif d 'épuration très efficace au sem des milieux anaérobies (Dong et Sun , 2007). 

Bien que les marais constituent des sources d ' ammonium pour le système estuarien, il 

demeure que ce processus bacté ri en pourrait affecter le bilan d 'azote élaboré si on venait à 

quantifier le rendement de ce processus dans les marai s et dans les sédiments de l' estuaire. 

Par aill eurs, même si de façon optimiste on parvenait à démontrer que les communautés 

bactériennes impliquées dans l' anammox sont aussi efficace que les communautés 

dénitrifiantes au sein du milieu estuari en (tel que proposé par E ngstrom el al., 2005 dans 

divers milieux côti ers), il en demeure que moins de 10% des apports de DIN en provenance 

du fleuve pourrai t être retranché. Par conséquent, nous pouvons affi rmer qu"à cours terme, 

le potentiel de rési li ence de l ' estuaire maritime demeure relative ment fa ible. Puisque les 

apports de nitrates vers le bass in estuarien sont en hausse depui s les années 90 (dû à 

I"utili sation croi ssante d ' engrais inorganique ; Gilbert el al. , 2007), I" émergence de 

problèmes associés a la prolifération d ' algues toxiques (par exemple : Alexandrium 

lamarense) demeure un ri sque bien rée l. De façon rétroactive, l' ensemble des processus 

assoc iés à l 'eutrophisation du système (abondamment di scutés dans cette étude) pourra it 

mener à une production accrue de N 20 au sein des sédiments estuariens peu profonds (Usui 

el al., 2001 ) et ainsi , augmenter la contribution de l 'écosystème estuari en à la 

problématique des émissions de gaz à effet de serre (Smith , 1990). De plus, l ' écosystème 

Laurenti en serait exposé à une multitude de contaminants et de polluants de source 

anthropique (par exemple: Ray el al. , 1991 ; Hobbs el al. , 2002). Ces substances sont 

susceptibles de perturber les communautés microbiennes endogènes qui jouent un rôl e 

essenti e l dans le mainti en de l'équilibre des écosystèmes tant en terme de production, de 

recyclage des nutriments, qu'en terme de biorémédiation des polluants (S iron el al. , 1993; 

Lebaron el al. , 200 1; Crump el al. , 2003). 
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De multiples facteurs environnementaux régissent l'activité et la survIe des 

microorgani smes en mili eu aquatique. Outre les stress biotiques et abiotiques naturels 

(c ' est-à-dire le rayonnement. la température, la compétition pour les nutriments), on note 

l'apparition de nouvea ux facteurs li és à l'utilisation grandi ssante des zones côtières, tels que 

la présence croissante de substances immunotoxiques et génotoxiques. L'ensemble de ces 

paramètres est susceptible d'affecter le fonctionnement des communautés bactériennes 

marines et d'entraîner, à plus long terme, un dysfonctionnement plus général des 

écosystèmes marins côti ers. Nous devons ajouter à ces effets directs de l ' activité 

anthropique, les effets indirects dont les changements climatiques (lPCC). Cel1aines études 

ont montré que ces changements contribuent actuellement au rehaussement du nivea u 

moyen des mers et à l'érosion des milieux littoraux (Morisette, 2006). Ces mili eux 

const ituant l'ultime interface entre les environnements terrestres et marins demeurent 

affectés par divers processus d'érosion , dont le sapement par les vagues et les courants de 

marées, l'affo uill ement et l'arrac hement par les g laces littorales, le ge l-dégel, la dessiccation 

et les activités biologiques te l le broutage par les faunes aillées. Ainsi , bien que l' estuaire 

du Saint-La urent puisse être considéré comme un important bassin de dilution pour les 

appol1s continentaux, son potentiel de rés illi ence actuel et futur paraît bien mince. 

9.6 Conclusion et perspective 

Notre étude a montré que les modifications écosystémiques induites tant par les 

changements saisonniers que par I"activité anthropique sont susceptibles de produire des 

effets signifi catifs sur la dynamique de I" azote au se in de l 'estuaire du Saint-Laurent. Aux 

vues des objectifs initiaux, à savoir ; 1) identifier et quantifi er les principaux processus et 

les mécani smes sa isonniers impliqués dans le cycle de l' azote à l' échell e de l ' estuaire ainsi 

que dans les écosystèmes de type marai s sa lants bordant son littoral , 2) définir le rôle des 

marais côt iers (en tant que puits/source d'azote) sur la dynamique de l' azote en mili eu 

estuarien, 3) définir le potenti el de résilience du système estuarien face à l' activ ité 

an thropique, nous pouvons tirer les conclusions sui vantes. 

Concemant le premIer objectif, notre étude a montré qu ' au cours des périodes 

automna le et hivernale, tant l' acti vité phytoplanctonique que bactérienne sont appelées à 
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jouer un rôle secondaire dans la dynamique de l'azote au sein de l ' estuaire; les processus de 

mélange physique ordonnant la distribution spatiale des espèces azotées d ' origine 

essentiellement allochtone . Au cours des périodes printanière et estivale, cette tendance est 

inversée . Les processus d ' assimilation, de broutage et d ' excrétion semblent jouer un rôle 

prépondérant sur la dynamique des espèces azotées dans la masse d'eau superficielle de 

l'estuaire . Plus en profondeur, les processus couplés de dissolution des macro-molécules et 

de minéralisation bactérienne affectent de façon importante la composition géochimique du 

matériel particulaire appelé à sédimenter ainsi que les conditions physico-chimiques de la 

colonne d ' eau. Parmi les processus observés au cours des périodes de forte productivité. on 

note la présence d'une importante translocation du pool de matière particulaire de source 

endogène accompagnée d ' une augmentation des abondances bactériennes dans la colonne 

d'eau de l'estuaire . Lors de ces évènements, on observe d'imp0l1antes variations des 

concentrations de DfN , de DON et d 'oxygène dissous vraisemblablement imputables à 

l' activité bactérienne hétérotrophe pélagique. 

Reconnaissant le rôle essentiel du compartiment microbien sur le cycle de l' azote, il 

est impératif de mieux documenter cet aspect en identifiant les constituantes majeures des 

communautés bactériennes impliquées dans le recyclage de la matière organique de source 

autochtone et allochtone. Des efforts substantiels devront être déployés afin de mieux 

comprendre les effets des changements environnementaux (notamment l ' augmentation des 

apports de nutriments) sur la composition des communautés bactériennes estuariennes ainsi 

que les relations entre la diversité bactérienne et la productivité de l'écosystème. 

L ' application de techniques moléculaires telles que l'électrophorèse sur gel en gradient 

dénaturant (DG GE), le séquençage et clonage du rARN 16S et l'hybridation in silu (Abed el 

01., 2002 ; Taton el 01.,2003) pourraient constituer une approche intéressante pour étudier le 

compartiment bactérien de l' estuaire du Saint-Laurent. De plus, les nouveaux outils 

moléculaires, tels que les micro-réseaux, pourraient fournir des informations pel1inentes en 

ce qui concerne la diversité phylogénétique et fonctionnelle des communautés bactériennes 

(G reer el al.. 2001). Enfin , J"utili sation de la géochimie isotopique pourrait nous fournir un 

large éventail d'informations concernant la variabilité des processus de fixation , 
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d ' assimilation et de respiration au sem du milieu estuarien (Pancost et Pagani , 2006 ; 

A ltabet, 2006). 

De façon fort intéressante, la dynamique de l ' azote dans les marai s côtiers de 

l' estuaire maritime semble faiblem ent affectée par les variations sai sonnières . Dans 

l' atteinte du second objectif, notre étude a montré que tant les processus de production de 

DIN (minérali sation) de transfoll11ation (DNRA et nitrification) que de consommation 

(assimilation et dénitrification) seraient peu affectés par la température . Cette première 

série de résultats suggère que les communautés microbiel1J1es évoluant au se in des marai s 

côtiers de l 'estuaire maritime sont bien adaptées aux écarts de température engendrés par la 

success ion des sai sons. Bien que les basses températures, la présence du couvert de glace et 

les faibl es apports de mati ère organique contraignent tant la production primaire que les 

processus de minérali sation , nos bilan s sai sonniers montrent que les communautés 

bactéri ennes responsables de la DNRA pourraient êt re stimulées par I" action mécanique de 

la banquise sur le substrat organo-minéral des marai s. De plus notre étude a montré que les 

marai s côti ers de l'estuaire maritime du Saint-Laurent se comportent généralement comme 

des puits d"azote inorganique di ssous. Indépendamment du contexte sa isonnier ou des 

ni veaux de stress anthropiques observés, les marai s étudiés agissent comme des puits de 

N 0 2- + N 0 3- et des sources de NH/ pour la masse d 'eau estuari enne. Notre étude à montré 

que des masses significatives de N02- + N03- sont séquestrées dans la frange herbacée lors 

des incursions tidales alors que de fa çon simultanée, un important pool de NH4 + est formé 

dans les eaux de surface et interstitiell es des marais. Pui sque ce NH4 + s' accumule plus 

rapidement qu ' il n ' est consommé, un important flux de NH/ vers la masse d ' eau 

estuari enne est observé. Parmi les principaux processus biochimiques impliqués dans cette 

dynamique singulière, nous pouvons mentionner le rôle prépondérant de l ' ass imilation par 

les flores autotrophes ainsi que l' ammonification , la nitrification, la dénitrifi cation et la 

DNRA accompli s par l'activité bactérienne hétérotrophe . 

A fin de compléter notre revue des processus bactériens et de valider les bi lans 

saisonniers produits dans les marais étudi és, il serait fort intéressant d ' investi guer de façon 

plus directe cel1aÎns de ces processus dont l' ammonifi cati on, I"anammox et la DNRA. De 



233 

plus, il serait souhaitable d'explorer les processus rétroactifs existant entre les cycles rédox 

du C, S, Mn, Fe et de l'azote afin d ' approfondir notre conaissance des voies méthaboliques 

impliquées dans le recyclage des espèces azotés (voir Hulth el al., 2005). L ' absence de 

dOilllées détaillées concernant les processus d ' assimilation d ' azote par les micro/macro 

flores (spécialement en période hivernale) a pu conduire à la surestimation ou à la sous-

estimation des flux de DlN impliqués dans ces transformations. Ainsi , il serait oppoliun de 

mieux définir la variabilité spatiale et saisonnière de la productivité des communautés 

autotrophes présentent tant au I1Iveau du sédiment, de la banquise que des marelles. 

Constituant de véritables micro-environnements aux caractéristiques physico-chimiques 

singulières, ces milieux devraient être l'objet d ' études plus poussées car ils abritent de 

multiples colonies microbiennes (formant par endroit de véritables tapis) dont l' activité est 

rétroactivement impliquée tant dans la formation que dans le maintient des marais, que 

dans les processus biochimiques de recyclage des espèces carbonées, phosphatées, soufrées 

et azotées. Les consortiums spécifiques constituant ces tapis microbiens présente une 

grande valeur scientifique car ils sont des analogues modernes des premiers écosystèmes 

côtiers et pourraient donc fournir des indices sur l'origine et l'évolution de la vie (Vincent el 

al. , 2004). Contenant des molécules spécifiques telles des enzymes, des pigments, des 

protéines et peptides leur permettant entre autre, de résister à des variations extrêmes de 

température, les organismes trouvés dans les tapis microbiens suscitent un grand intérêt 

chez de nombreux chercheurs car leur étude pourrait mener au développement de nouvelles 

applications tant sur le plan scientifique qu ' industriel (par exemple Rodgers el al. , 2008). 

En ce qui à trait au troisième objectif, notre étude a montré qu ' une infime 

proportion des nitrates importés dans l' estuaire via l ' advection de la masse d'eau profonde 

et l' écoulement des eaux continentales ou issus de la minéralisation de la matière organique 

tant de source allochtone et autochtone sera retournée vers l'atmosphère sous forme d'azote 

moléculaire. Bien que le bilan annuel préliminaire à pal1ir duquel ces conclusions ont été 

tirées est incertain en raison de multiples approximations, nous pensons que l'estuaire 

maritime du Saint-Laurent demeure vulnérable aux problèmes relatifs à l' eutrophisation et 

que, par conséquent, son potentiel de résilience demeure bien faible. Parmi les incertitudes 

susceptibles d"affecter notre compréhension du système, nous devons d ' abord mentionner 
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le manque d ' information concernant la variabilité spatiale et temporelle des processus 

biochimiques impliqués dans le cycle de l' azote, tel que précédemment mentionné. Ensuite, 

il nous paraît clair que de nombreux aspects concertant la dynamique du pool de DON 

présent dans l ' estuaire mérite d ' être grandement approfondis. 

Sachant que les substances constituant le DON ont un taux de renouvellement ~ 14 

fois plus rapide en milieu côtier qu 'en milieu océanique (Bernam et Bronk, 2003), il paraît 

éviendent que les substances constituant ce pool sont appelées à jouer un rôle important au 

niveau du compartiment microbien des milieux côtiers tant en terme de nutriments qu 'en 

terme de vecteur de population microbienne exogène (Bronk, 2002). Il est donc essentiel de 

définir avec plus de rigueur les constituants moléculaires du réservoir de DON estuarien 

(urée, proteine, acide aminée, nucléotide, substance humique) afin d ' identifier les sources 

potentiels de ces produits azotés. Certaines données préliminaires ont montré la présence 

d ' importantes concentrations de DON tant dans la masse d'eau estuarienne que dans les 

marais côtiers (atteignant plus de 80 ~LM dans le marais de PAE). La caractérisation de ce 

pool nous fournirait un premier outil pour définir l' implication de ces substances dans le 

cycle de l'azote. Enfin, il serait intéressant d ' étudier les processus saisonniers responsables 

de la production/consommation de ces substances dont notamment l'incidence des 

processus photochimiques, de l'activité de certaines bactéries cultivables ainsi que des 

mécanismes de coagulation et de polymérisation induits par les larges variations de salinité 

et de pH rencontrées en milieu estuarien. 

Au cours du dernier siècle, la demande d ' eau a constamment augmenté au Canada, 

et ce notamment à cause de l'accroissement de la population et de la consommation d"eau 

dans les municipalités. De plus, le développement d ' industries énergivores, l'expansion de 

l' agriculture industrielle/irriguée et la hausse du niveau de vie imposent des pressions 

croissantes sur le système laurentien. Il existe à l ' heure actuelle de nombreuses solutions 

qui peuvent aider à réduire les pertes d'éléments nutritifs vers les milieux côtiers. Par 

ailleurs, il est primordial de mener des activités de recherche et de surveillance afin de 

s"assurer que l ' exploitation des ressources aquatiques n ' excède pas la capacité de support 

du milieu. Il est essentiel de ne pas annuler les progrès réalisés grâce au traitement des eaux 
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usées et à d· autres mesures de contrôle en re lâchant les normes ou en se laissant dépasser 

par la croissance démographique et le lobby de I"entreprise pri vée. À cet éga rd , la levée du 

moratoire sur l' é levage porcin ou l ' imposition d·un décret dans la construction du p0l1 

méthanier de Lévis fourni des exemples éloquents. La compréhension et la gestion des 

changements écosystémiques induits par l'activité anthropique sont des défi s de taill e pour 

la communauté sc ientifique et les décideurs publics. Actuell ement, les discussions re latives 

aux réa lités géopo litiques et aux intérêts économiques minent le débat concemant cette 

problématique. Les questions entourant le bien-être des générations futures et la 

conservation du patrimoine environnemental sont trop so uvent considérées comme 

accessoires, voire contraignantes. JI est urgent de trouver des so lutions concrètes aux 

problèmes que nous générons ici et ailleurs. Nous devons nous engager co ll ectivement à 

entreprendre de I" action afi n de remédier à la lente détérioration de notre environnement. 
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ANNEXE J 

Inventaire des conditions physico-chimiques observées lors des campagnes 
d'échantillonnage dans l'estuaire du Saint-Laurent. 
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