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RÉSUMÉ 

Les tourbières sont des écosystèmes saturés en eau souvent connectés aux aquifères. 

Leur intégrité hydrologique et le maintien de leurs fonctions hydrologiques reposent 

sur leurs capacités à maintenir leurs niveaux de nappe près de la surface. La 

compréhension des processus qui contribuent à maintenir les niveaux est donc 

indispensable pour les protéger. L'objectif principal de cette thèse est de comprendre 

l'influence des propriétés hydrodynamiques, des variations météorologiques et des 

contextes hydrogéologiques sur le niveau d'eau de sept complexes tourbeux de la 

vallée du Saint-Laurent, Québec, Canada. Pour ce faire, sept tourbières ont été 

échantillonnées et instrumentées en ten~nt compte de la diversité des contextes 

hydrogéologiques dans lesquels elles se sont développées. Pour chacune des 

tourbières, trois zones (amont, intermédiaire, aval) ont été identifiées le long d'une 

ligne d'écoulement, et une zone de recharge de l'aquifère a été identifiée. Deux zones 

supplémentaires (minérotrophe et d'alimentation) ont été identifiées pour les 

tourbières qui étaient ceinturées d'une zone pouvant être alimentée par un aquifère. 

Pour chacune des tourbières, des carottes de tourbe de 1 m ont été prélevées dans les 

zones amont, intermédiaire et aval. Des travaux de laboratoire réalisés sur ces carottes 

ont permis de quantifier les conductivités hydrauliques, les coefficients 

d'emmagasinements et la densité apparente sèche des dépôts tourbeux. Toutes les 

zones étudiées sur chaque site ( dans la tourbière et dans l'aquifère) ont. été 

instrumentées de puits d'observation et de piézomètres munis de sondes pour le suivi 

automatique des niveaux d'eau qui ont été en opération de mai 2014 à juin 2016. Les 

séries temporelles et les données de laboratoire ont été analysées à l'aide d'analyse de 

variance, de fonctions d' autocorrélation, de corrélations linéaires, semi-
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logarithmiques et logarithmiques, ainsi que par l'analyse des variations des niveaux 

de nappe liées aux événements pluvieux et aux récessions. Toutes les analyses ont été 

réalisées avec le logiciel R. 

Le premier chapitre de la thèse a permis d'adapter, tester et valider la méthode Water 

Table Fluctuation permettant de quantifier les coefficients d'emmagasinement des 

tourbières. Des coefficients d'emmagasinement entre 0.13 et 0.99 variant sur 20 cm 

ont été calculés. Les valeurs les plus élevées correspondent au niveau maximal de la 

nappe et diminuent rapidement avec la profondeur, suivant une équation 

logarithmique. Une différence significative des capacités d' emmagasinement a été 

observée entre les sites. Cette différence suit un gradient géographique régional du 

sud-ouest vers le nord-est, ce qui concorde avec le gradient des degré jour de 

croissance entre les sept tourbières. 

Le deuxième chapitre a permis de quantifier l'influence des propriétés 

hydrodynamiques des dépôts organiques comme facteurs explicatifs des variations 

des profondeurs de nappe. Pour tous les sites, les densités sèches apparentes varient 

entre 0.02 et 0.22 g/cm3 et les conductivités hydrauliques varient entre 1.4 cm/s et 

3.0*10-6 cm/s. Aucune variation significative des propriétés hydrodynamiques n'a été 

identifiée intra- et inter-sites. Cependant, les niveaux de nappe montrent des 

différences significatives d'un site à l'autre. Ceci est une indication que les propriétés 

hydrodynamiques ne sont pas le seul facteur qui contrôle le niveau des nappes et que 

les contextes météorologiques et hydrogéologiques pourraient être des facteurs 

explicatifs importants. Trois relations mathématiques ont été développées liant les 

coefficients d' emmagasinement à la profondeur, à la densité apparente sèche et à la 

conductivité hydraulique des dépôts tourbeux. Ces équations permettront aux 

modélisateurs de quantifier de manière plus fiable les propriétés hydrodynamiques de 

la tourbe dans des modèles éco-hydrologiques. 
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Le troisième chapitre a permis de mieux comprendre l'influence des conditions 

météorologiques et des contextes hydrogéologiques sur les niveaux de nappe et leurs 

fluctuations dans les tourbières. Les conductivités hydrauliques des zones de recharge 

varient entre l.4*10-7 et 8.5*10-3 cm/set sont fortement corrélées au niveau annuel de 

la nappe dans les tourbières. Les augmentations mensuelles des niveaux de nappe des 

tourbières sont fortement corrélées aux précipitations mensuelles. De manière 

similaire, les diminutions mensuelles des niveaux de nappe sont fortement corrélées 

aux températures moyennes mensuelles. Les résultats ont permis d'identifier qu'une 

baisse de 1 mm/mois dans les précipitations peut entraîner une baisse de 2 mm de la 

nappe de la tourbière, tandis qu'une augmentation de température de 1 °C/mois peut 

entraîner une baisse de 1 cm du niveau de nappe. L'application de cette méthode sur 

d'autres tourbières localisées dans des contextes climatiques différents permettra de 

mieux comprendre la vulnérabilité des tourbières aux changements climàtiques. De 

plus, les analyses d'autocorrélation et de corrélation croisée ont permis de confirmer 

la présence d'un équilibre hydrique entre la zone ombrotrophe des tourbières et leurs 

contextes hydrogéologiques. Cela concorde avec le contrôle qu'exercent les zones de 

recharge sur les niveaux de nappe des tourbières démontré par la présence d'une forte 

corrélation entre la conductivité hydraulique des zones de recharge et les niveaux de 

nappe des tourbières. En ce sens, on distingue les tourbières dépendantes des eaux 

souterraines, ou fortement connectées, par une fluctuation accentuée de leur niveau 

d'eau et les tourbières indépendantes des eaux souterraines, ou faiblement 

connectées, par des variations limitées de leur niveau d'eau. Jusqu'ici, aucune étude 

n'avait encore démontré l'importance des conditions météorologiques et des 

contextes hydrogéologiques sur l'hydrologie des tourbières. 

èette thèse apporte de nouvelles données, une meilleure compréhension et un nouvel 

éclairage du contrôle des facteurs externes sur les niveaux d'eau des tourbières. Les 

résultats de cette thèse pourront être utilisés pour quantifier les fonctions 
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hydrologiques des tourbières et leur connectivité avec les aquifères, et pour évaluer la 

vulnérabilité des tourbières aux pressions apportées par les changements climatiques. 





INTRODUCTION 

0.1 PROBLÉMATIQUE GÉNÉRALE 

À l'échelle de la planète, les tourbières occupent environ 3 % de la superficie terrestre 

(Charman, 2002). Au Canada, ces écosystèmes occupent environ 12 % du territoire et 

jouent un rôle important dans le cycle de l'eau et le cycle du carbone (Tamocai, 

2009). Les tourbières sont des écosystèmes saturés en eau très souvent connectés aux 

aquifères. Elles sont caractérisées par une accumulation de la matière organique qui 

excède la décomposition. Leur intégrité hydrologique et écologique dépend fortement 

du maintien des niveaux de nappe près de la surface (Holden et al., 2006). Une baisse 

des niveaux de nappe dans les aquifères superficiels voisins ( ex. pompage pour 

l'irrigation ou l'alimentation en eau), les changements dans l'occupation du territoire 

(aménagement d'infrastructures routières, exploitation des ressources minières et 

pétrolières, développement de l'agriculture), et les changements climatiques 

(Davidson et J anssens, 2006) représentent des pressions importantes pour la pérennité 

de ces écosystèmes. La conservation des tourbières est donc indissociable d'une 

gestion durable des ressources en eau sur le territoire. 

Il y a plus de vingt-cinq ans, Gorham (1991) estimait que 50 % de la superficie 

des tourbières dans le monde avait été détruite. Au Québec, dans la vallée du Saint

Laurent, il est estimé que depuis la colonisation, entre 40 et 80 % de la superficie 

totale des tourbières aurait disparu (Pellerin et Poulin, 2013) et que 65 % des 

superficies, actuelles seraient perturbées par des activités anthropiques telles que le 

drainage, l'exploitation forestière, l'aménagement du réseau hydro-électrique, la 

construction de routes, l'exploitation de tourbe et l'agriculture (Joly et al., 2008). S'il 

est vrai que l'exploitation et la conversion des tourbières en terres agricoles 
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participent au développement socio-économique du Québec, l'importance de 

reconnaître que la dégradation des tourbières a largement modifié leurs fonctions 

hydrologiques (MDDEP, 2012) est sans équivoque. À titre d'exemple, leur capacité à 

réduire les inondations (Acreman et Holden, 2013), à maintenir les débits de base des 

rivières (Bourgault, Larocque et Roy, 2014) et les niveaux de nappe des aquifères 

(McLaughlin, Kaplan et Cohen, 2014) est transformée, ce qui peut engendrer des 

coûts substantiels pour la société (Fournier et al., 2013). 

0.2 ÉTAT DES CONNAISSANCES 

0.2.1 Définitions 

Selon Rydin et Jeglum (2006), un milieu humide est défini par la présence d'eau 

dans k sol, permanente ou temporaire, en surface ou à faible profondeur. Les milieux 

humides occupent souvent une position de transition entre les milieux terrestres et 

aquatiques, concordant avec la présence de sols hydromorphes et d'une végétation 

composée de plantes hygrophiles capables de tolérer des inondations périodiques. 

Les milieux humides se présentent sous diverses formes : tourbières 

ombrotrophes (bogs), tourbières minérotrophes (Jens), tourbières boisées, marécages, 

marais, étangs, prairies humides et eaux peu profondes (National Wetlands Working 

Group-NWWG, 1997). De façon générale, on distingue l'ensemble de ces milieux 

non seulement en tenant compte des variations de fréquence et d'amplitude des 

niveaux de nappe (hydropériodes ), mais aussi par une combinaison de facteurs 

pédologiques, biologiques et géochimiques qui résultent des conditions 

hydrologiques, hydrogéologiques et géomorphologiques (Mitsch et Gosselink, 2007 ; 

Reddy et DeLaune, 2008), sur lesquelles se base le système de classification canadien 

des milieux humides (National Wetlands Working Group.,NWWG, 1997). 
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Des méthodes de classification récentes, par exemple le Ontario Welland 

Evaluation System (Ontario Ministry of Natural Ressources (MNR), 2013) et le 

Welland Ecosystem Services Protocol for the United States (Adamus, 2011 ), 

permettent de classer les milieux humides de manière à identifier leurs fonctions 

hydrogéologiques, géochimiques et écologiques en tenant compte d'un ensemble de 

critères biotiques et abiotiques comptabiHsés et pondérés sous la forme d'un pointage. 

Cependant, la plupart de ces méthodes ne caractérisent que partiellement les 

différentes fonctions des tourbières et ne permettent pas de différencier adéquatement 

leurs fonctions hydrologiques, une tâche qui exige des travaux de caractérisation et de 

suivi hydrologique approfondis. 

0.2.2 Formation des tourbières 

Les tourbières ( ombrotrophes, minérotrophes et boisées) sont associées à trois 

processus de formation : le comblement, la paludification et la formation primaire de 

tourbe (Rydin et Jeglum, 2006). Le comblement fait référence à l'entourbement d'un 

lac ou d'un plan d'eau, la paludification à l'entourbement d'un sol minéral peu 

humide et la formation primaire à l'entourbement d'un sol minéral préalablement 

humide. Sur les territoires post-glaciaires comme au Québec, les tourbières se sont 

surtout formées par paludification alors qu'une proportion moindre s'est développée à 

partir du comblement de petites dépressions (Payette et Rochefort, 2001 ). Une fois le 

processus d'accumulation initié, la tourbière se développe en favorisant des 

changements de végétation et de microtopographie transformant, à différentes 

échelles (1-10 1 m à 102-103 m) leur morphologie. Ces transformations ont pour effet 

de modifier l'hydrologie (écoulement de surface et écoulement souterrain) et les 

fonctions hydrologiques de ces écosystèmes. Cependant, les mécanismes exacts qui 

contrôlent et modifient la dynamique de formation et développement des tourbières 
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comme la composition du substrat minéral et les variations d'emmagasinement de 

l'eau restent encore mal compris (Belyea, 2013). 

0.2.3 Hydrologie des tourbières 

La dynamique hydrique des tourbières est influencée par une variété de facteurs 

internes (les propriétés physiques de la tourbe telles que la conductivité hydraulique, 

le coefficient d' emmagasinement, la composition de la tourbe, la densité, et en degré 

de décomposition, ou encore la végétation de surface et la géomorphologie locale) et 

externes (le climat, le contexte hydrogéologique et les perturbations anthropiques) qui 

en déterminent le bilan hydrique tel qu'exprimé ci-bas: 

P +SODE+ SUvE - ET - SOvs - SU vs= liS (0.1) 

où P représente les précipitations [L], DE les débits entrants [L], DS les débits 

sortants [L], SU les flux d'eau de surface [L], SO les flux d'eau souterraine [L] et ET 

l' évapotranspiration [L]. 

La conductivité hydraulique est définie par la capacité d'un milieu poreux comme la 

tourbe à laisser circuler l'eau. Le coefficient d'emmagasinement, souvent estimé par 

la porosité effective, est défini comme le volume d'eau drainé par unité de surface 

résultant d'un abaissement unitaire de charge hydraulique (Fetter, 2001). 

0.2.4 Acrotelme et catotelme 

À partir d'analyses de conductivité hydraulique et de densité de la tourbe des études 

ont montré que l'hydrologie des tourbières était contrôlée par la conductivité 

hydraulique des dépôts organiques (Holden et Burt, 2003a ; Lewis et al., 2012). Les 

conductivités hydrauliques très élevées dans la tourbe non décomposée favorisent un 
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écoulement horizontal rapide dans une zone dite « active » correspondant à 

l' acrotelme et un écoulement horizontal beaucoup moins rapide dans une zone dite 

«inerte» correspondant au catotelme (Baird et al., 2016 ; Holden et Burt, 2003b). 

L'acrotelme est composé majoritairement de sphaignes vivantes ayant une forte 

porosité effective, une forte conductivité hydraulique et une faible densité pouvant 

atteindre 90 %, 10 cm/set~ 0,6 g/cm3 respectivement (Holden, 2009 ; Ronkanen et 

Klove, 2008 ; Rosa et Larocque, 2008). Le catotelme est caractérisé par la présence 

de matière organique plus ou moins décomposée et compressée, où la porosité 

effective et la conductivité hydraulique sont faibles, et où la densité est élevée, ces 

paramètres pouvant atteindre 10 %, 10-5 cm/set ~1,1 g/cm3 respectivement (Lewis et 

al., 2012 ; Ours, Siegel et Glaser, 1997 ; Rosa et Larocque, 2008). Cependant, les 

caractéristiques physiques et hydrodynamiques des dépôts tourbeux ne sont pas les 

seuls facteurs contrôlant l'hydrologie des tourbières (Labadz et al., 2010). 

0.2.5 Facteurs internes 

Les rétroactions internes limitent les augmentations et les diminutions 

marquées des niveaux de nappe. Par exemple, en période· de sécheresse, plus les 

niveaux de nappe diminuent, plus l'évapotranspiration diminue, ce qui limite des 

baisses encore plus importantes de la nappe (Waddington et al., 2015). Les 

diminutions en profondeur de la conductivité hydraulique et de la porosité effective 

contribuent à maintenir les niveaux de nappe élevés dans la tourbe (Waddington et 

al., 2015). Inversement, lorsque les niveaux de nappe augmentent dans les horizons 

où la conductivité hydraulique et la porosité effective sont plus élevées, un 

écoulement horizontal rapide est favorisé, ce qui limite les augmentations de niveaux 

de nappe. Dans ce cas, la porosité effective plus élevée favorise également 

l' emmagasinement de l'eau et contribue également à limiter les augmentations de 
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niveaux. Par ailleurs, une forte période de sécheresse accompagnée d'une diminution 

de nappe peut entraîner une perte de pigmentation chez les sphaignes,· ce qui entraîne 

une augmentation de l'albédo et une diminution de l'évapotranspiration (Gerdol et 

al., 1996). 

0.2.6 Facteurs externes 

Selon Reeve et al. (2001 ), les directions de l'écoulement dans les tourbières 

(horizontaux ou verticaux) sont contrôlées par la conductivité hydraulique des 

sédiments minéraux qui sont en contact avec les dépôts organiques. Ainsi, lorsque la 

conductivité hydraulique des sédiments minéraux est élevée, un écoulement peut être 

observé de la tourbière vers l'aquifère ou de l'aquifère vers la tourbière (Ferlatte et 

al., 2014). Toutefois, lorsque la conductivité hydraulique des sédiments minéraux est 

faible, l'écoulement se fait essentiellement au sein même de la tourbe par un 

écoulement de « subsurface » rapide suivant le gradient microtopographique (Van der 

Ploeg et al., 2011). L'eau circulant dans l'acrotelme rejoint alors rapidement les eaux 

de surface des cours d'eau (Grayson, Holden et Rose, 2010 ; Labadz et al., 2010) ce 

qui peut favoriser une réponse rapide des débits de rivière (Holden et Burt, 2003c ). 

Ce phénomène a été particulièrement étudié pour les blanket bogs (Holden et Burt, 

2003c) surtout présentes en Grande-Bretagne et l'Irlande et (Holden, 2005 ; Holden, 

Chapman et Labadz, 2004 ; Soulsby et al., 2015) 

Les conditions météorologiques (à court terme) et climatiques (à long terme) 

jouent aussi un rôle important dans l'hydrologie des tourbières. L'augmentation des 

températures moyennes pendant la saison de croissance entraîne une augmentation de 

l'évapotranspiration et une diminution des niveaux de nappe (Wu et al., 2010). Une 

augmentation des précipitations entraîne une augmentation des niveaux de nappe et 

contrebalance les baisses occasionnées par l' évapotranspiration et l'écoulement. Dans 

la plupart des tourbières, les précipitations excèdent l'évapotranspiration (Lafleur et 
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al., 2005), ce qui contribue à maintenir les niveaux de nappe elevés au sein de la 

tourbière. À long terme, l'importance du climat sur les niveaux de nappe fait encore 

l'objet de discussions (Swindles et al., 2012). Pour certains auteurs, les niveaux de 

nappe des tourbières sont davantage contrôlés par les variations de température 

annuelles (Payne, 2014). Pour d'autres, des précipitations inférieures à 

l'évapotranspiration jouent un rôle prédominant dans le contrôle des niveaux de 

nappe (Charman, 2007). Une étude a même démontrée que les changements 

hydrologiques des tourbières seraient principalement liés à des événements extrêmes 

peu fréquents (Swindles et al., 2010). Dans tous les cas, , les changements 

hydrologiques influencent la composition de la végétation et les processus 

d'accumulation et de décomposition de la tourbe qui, par un ensemble de processus 

de rétroactions, contribuent à maintenir des niveaux de nappe élevés dans les 

tourbières. 

0.2. 7 Emmagasinement en eau 

Les variations de l'emmagasinement en eau (~S) [L] des dépôts tourbeux sont 

calculées à partir de la porosité effective (Sy), de l'emmagasinement spécifique (Ss) 

[L-1], des variations de niveaux de la nappe (~h) [L] et de l'épaisseur (b) [L] des 

dépôts organiques : 

(0.2) 

La porosité effective diminue non linéairement avec la profondeur (Dettmann 

et Bechtold, 2016 ; Moore, Morris et Waddington, 2015 ; Rosa et Larocque, 2008 ; 

Vorob'ev, 1963). L'emmagasinement spécifique (Ss) est défini comme le volume 

d'eau libéré par unité de volume de sol et par unité de variation de la charge 
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hydraulique. Ce paramètre est lié à la contraction et à la dilatation des dépôts 

tourbeux. À court terme, les variations du niveau altitudinal de la surface résultent de 

l'infiltration de l'air dans la porosité effective des dépôts tourbeux suite à un 

abaissement des niveaux de nappe. L'infiltration de l'air augmente le stress effectif 

(Kennedy et Price, 2004). Une portion du poids est alors transférée résultant en une 

perte d'altitude de la tourbe. À long terme, les variations des niveaux sont 

occasionnées par l'oxydation de la matière organique, ce qui favorise la 

décomposition et modifie les propriétés hydrodynamiques des dépôts tourbeux 

(Grover et Baldock, 2013). 

Le concept de « capacité d' emmagasinement » en eau des tourbières mérite 

d'être défini puisqu'il se distingue du paramètre intrinsèque de coefficient 

d' emmagasinement ( ou porosité effective) des dépôts organiques. Puisque 

l'acrotelme favorise la circulation rapide de l'eau (Grayson, Holden et Rose, 2010 ; 

Labadz et al., 2010), une tourbière où les niveaux de la nappe sont relativement 

proches de la surface (±10-15 cm), devrait avoir une capacité d'emmagasinement 

faible, i.e. un volume réduit d'eau pouvant potentiellement être emmagasiné dans la 

zone non saturée. Lorsque les niveaux de la nappe sont bas(< 40 cm), l'écoulement 

plus lent se fait dans les couches plus profondes, moins perméables et moins poreuses 

de la tourbe. Un volume plus important d'eau peut alors être emmagasiné dans la 

zone non saturée advenant un événement pluvieux important. La « capacité 

d'emmagasinement » des tourbières augmente donc à mesure que les niveaux de 

nappe sont bas et le coefficient d' emmagasinement (porosité effective) est faible. 

Plusieurs études ont été réalisées pour décrire les capacités l' emmagasinement 

en eau des tourbières (Moore, Morris et Waddington, . 2015 ; Thompson et 

Waddington, 2013 ; Vorob'ev, 1963) et l'importance des conditions de saturation 

préalables sur l'emmagasinement (Dettmann et Bechtold, 2016). Cependant, ces 

études s'en tiennent souvent à une description technique de l'emmagasinement 

(Rezanezhad et al., 2016) et à la documentation d'un seul site (Carrer et al., 2015), 
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sans tenir compte de la connectivité des tourbières avec les aquifères et des différents 

contextes hydrogéologiques dans lesquelles elles se sont formées. 

0.2.8 Échanges aquifère-tourbière 

Les échanges aquifère-tourbière jouent un rôle important sur l'hydrologie des 

tourbières (Glaser et al., 2006). Ils sont contrôlés par les propriétés hydrodynamiques 

des aquifères et leur topographie, de même que par les propriétés hydrodynamiques 

de la tourbe, la morphologie et la microtopographie de surface de la tourbière. 

Les tourbières peuvent être alimentées directement par les eaux souterraines. 

Dans certaines conditions, l'eau souterraine voyage horizontalement ou verticalement 

depuis l'aquifère voisin ou sous-jacent et alimente les zones périphériques et même 

centrales de ces écosystèmes (Isokangas et al., 2017). Dans d'autres conditions, l'eau 

souterraine participe peu au bilan hydrique des tourbières, notamment lorsque celles

ci sont situées en amont hydraulique d'un bassin versant ou lorsqu'elles reposent sur 

des dépôts peu perméables ou imperméables (Hayashi, van der Kamp et Rudolph, 

1998). Les échanges aquifère-tourbière peuvent être horizontaux (Fraser, Roulet et 

Lafleur, 2001), verticaux (Rossi et al., 2012) ou bidirectionnels (Devito, Waddington 

et Branfireun, 1997). Les échanges aquifère-tourbière peuvent être sujets à des 

inversions locales (Devito, Waddington et Branfireun, 1997) résultant d'une 

inversion des gradients hydrauliques causée par des précipitations importantes ou à 

une importante transpiration en période de sécheresse. Par ailleurs, même si l'eau 

souterraine provenant des aquifères périphériques peut atteindre la tourbe en 

s'écoulant verticalement à partir de la base des dépôts tourbeux dans des zones 

locales de plus grande conductivité hydraulique (Rossi et al., 2012), les écoulements 

se font majoritairement de manière horizontale. Ceux-ci peuvent prendre la forme 

d'écoulement contrôlé par les propriétés hydrodynamiques de la tourbe et de 
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l'aquifère, ou encore de pipe flow, ce qui favorise un écoulement rapide vers 

l'extérieur de la tourbière (Holden et Burt, 2002). 

Les tourbières alimentées par les eaux souterraines sont caractérisées par la 

présence de zones minérotrophes, où l'on retrouve une végétation adaptée à des 

conditions riches en minéraux et moins acides que dans les tourbières ombrotrophes. 

Les tourbières minérotrophes peuvent faire partie de complexes tourbeux en étant 

généralement localiséees en bordure des aquifères et au pourtour des tourbières 

ombrotrophes. D'autres systèmes peuvent être entièrement minérotrophes soit à cause 

de la configuration du site dans lequel elles se sont développées ou soit encore par le 

contexte écoclimatique (White et Payette, 2016). Dans la littérature, lorsqu'une 

tourbière est minérotrophe c'est parce qu'elle est connectée aux eaux souterraines 

(Kl0ve et al., 2011) par opposition aux tourbières ombrotrophes qui ne sont 

alimentées que par les eaux de pluie donc« indépendante des eaux souterraines». 

Les études antérieures ont montré que les échanges aquifère-tourbière peuvent 

être quantifiés de différentes manières : calculs de flux moyens à l'aide de l'équation 

de Darcy (Levison et al., 2014), de bilans hydriques (Fournier, 2008), de bilans de 

masse d'isotopes stables de l'eau (Spence, Guan et Phillips, 2011), d'analyses 

géochimiques d'ions majeurs (Ferlatte, 2014 ; Price et al., 2005) et de modélisation 

numérique (Bourgault, Larocque et Roy, 2014 ; Frei et al., 2012 ; Reeve, Siegel et 

Glaser, 2001 ; Thompson et al., 2004). Ces méthodes exigent une compréhension 

détaillée, aux échelles locale et régionale, des caractéristiques géomorphologiques 

(topographie, épaisseur du matériel minéral, stratigraphie), hydrogéologiques 

( conductivité hydraulique, porosité effective, variation de nappe, débit de base des 

rivières) et géochimiques des tourbières et des aquifères auxquels elles sont 

connectées. En outre, des analyses de séries temporelles ont été utilisées pour l'étude 

des décalages de temps entre les variations de niveaux des tourbières et des rivières 

(Holden et Burt, 2003c ). Ces analyses n'ont toutefois encore jamais été utilisées pour 
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évaluer la connectivité entre les tourbières et les aquifères en tenant compte de 

l'influence des différents contextes hydrogéologiques. 

0.2.9 Contextes hydrogéologiques 

Le développement d'une tourbière peut être initié dans différents contextes 

hydrogéologiques (Brinson, 1993) favorisant la rétention de l'eau des précipitations 

et des eaux souterraines. Les contextes hydrogéologiques des tourbières sont 

caractérisés par les conductivités hydrauliques et les contextes géomorphologiques 

des aquifères (Lukenbach et al., 2015a ; Lukenbach et al., 2015b ). 

Les tourbières peuvent se former dans des contextes géomorphologiques variés 

comme dans des dépressions topographiques originant de différents processus 

(Winter, 2000) où l'eau souterraine fait résurgence, le long des versants d'eskers ou 

de moraines (Comas, Slater et Reeve, 2005). Elles peuvent aussi se former en amont 

et en aval des bassins versants. Ces différents contextes géomorphologiques sont 

associés à des conductivités hydrauliques très variées et déterminent une large gamme 

de conditions de bilans hydriques des tourbières qui s'y retrouvent (Gilvear et 

Bradley, 2009). Les tourbières ne sont presque jamais déconnectées des eaux 

souterraines (Whigham et Jordan, 2003) puisque dans la plupart des cas, elles se sont 

développées en périphérie d'une large gamme de dépôts géologiques peu perméables 

(Avard, 2013) à très perméables (Rossi et al., 2012). 

La caractérisation du contexte hydrogéologique dans lequel les tourbières. se 

sont développées peut se faire de plusieurs façons. Par exemple, les relevés manuels 

(sonde, pelle) permettent de caractériser la nature du substrat minéral sur lequel elles 

se sont développées et en périphérie de celles-ci. L'utilisation de la géophysique par 

géoradar fournit des profils topographiques en continu des dépôts organiques et des 
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matériaux sous-jacents (Proulx-Mclnnis et al., 2013a). Les essais de perméabilité in 

situ (Hvorslev, 1951 ; Rosa et Larocque, 2008 ; Surridge, Baird et Heathwaite, 2005) 

et de drainage (Price, 1996 ; Vorob'ev, 1963) permettent de quantifier les 

conductivités hydrauliques et les porosités effectives des aquifères et des dépôts 

tourbeux. Des essais de pompages peuvent également être réalisés pour la 

quantification des propriétés hydrodynamiques des aquifères (Fetter, 2001 ; Freeze et 

Cherry, 1979). 

0.2.10 Les tourbières du Québec 

Au Québec, plusieurs études ont été réalisées pour comprendre l'hydrologie 

des tourbières. Ces études ont permis de quantifier les propriétés hydrodynamiques 

des dépôts tourbeux (Rosa et Larocque, 2008 ; Whittington et Price, 2006), de mieux 

comprendre l'hydrologie des tourbières naturelles (Carrer, 2014 ; Proulx-Mclnnis et 

al., 2013b) et restaurées (Kefoheson et Price, 2014), de quantifier l'évapotranspiration 

(Proulx-Mclnnis et al., 2014), de quantifier le bilan hydrique dans le contexte du 

développement des tourbières (Larocque et al., 2013). Ces études ont aussi permis 

d'adapter des modèles hydrologiques spécifiquement pour les tourbières (Jutras, 

Rousseau et Clerc, 2009), de commencer à développer une typologie des connexions 

aquifère-tourbière (Ferlatte et al., 2014) et de développer.des indicateurs végétaux et 

géochimiques pour localiser les apports d'eau souterraine (D'Astous et al., 2013 

Larocque et al., 2016). 

Plusieurs travaux ont aussi été réalisés pour évaluer l'influence des tourbières 

dans le cycle du carbone (Cliche Trudeau, Garneau et Pelletier, 2014; Garneau et al., 

2014 ; van Bellen, Garneau et Booth, 2011) en tenant compte de leurs caractéristiques 

morphologiques (McEnroe et al., 2009 ; Pelletier, Garneau et Moore, 2011 ; Pelletier 

et al., 2007). Des travaux ont également été réalisés pour développer des techniques 

de restauration des tourbières (Graf et Rochefort, 2008), pour évaluer les pertes de 
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superficie des tourbières (Pellerin et Poulin, 2013), pour estimer l'effet potentiel des 

changements climatiques sur les niveaux de nappe (Levison et al., 2014) et pour 

améliorer la compréhension de l'impact des facteurs internes et externes sur 

l'évolution des tourbières (Lavoie, Pellerin et Larocque, 2013 ; Magnan, Garneau et 

Payette, 2014) et les transformations associées avec la végétation (Laberge et al., 

2015 ; Pasquet, Pellerin et Poulin, 2015 ; Pellerin et al., 2009). 

Les études sur les fonctions hydrologiques des tourbières de la vallée du Saint

Laurent ont permis d'évaluer les contextes hydrogéologiques sous-jacents à leur 

formation (Larocque et al., 2013). Elles ont aussi permis de quantifier les échanges 

aquifère-tourbière (Avard, 2013) et leur contribution aux débits de base des rivières 

(Bourgault, Larocque et Roy, 2014), ainsi que d'évaluer l'influence des tourbières sur 

les débits de crue (Fournier et al., 2013). Par ailleurs, une étude a été réalisée afin de 

tester l'utilisation des méthodes de caractérisation Wetland Ecosystem Services 

Protcol (WESP) et Ontario Wetland Evaluation System (OWES) dans la 

quantification des fonctions hydrologiques de tourbières du sud du Québec (Larocque 

et al., 2015 ; Lefebvre et al., 2015) 

Aucune étude n'a toutefois encore été réalisée à l'échelle de la vallée du Saint

Laurent pour comprendre l'effet du contexte hydrogéologique sur la capacité 

d' emmagasinement en eau des tourbières. 

0.3 OBJECTIFS 

L'objectif principal de cette thèse est de comprendre l'influence des propriétés 

hydrodynamique des dépôts tourbeux, des variations météorologiques et des 

contextes hydrogéologiques sur les niveaux d'eau de sept complexes tourbeux de la 

vallée du Saint-Laurent, Québec, Canada. 
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Les objectifs spécifiques sont les suivants : 

1. Adapter, tester et valider une méthode in situ permettant de quantifier les 

coefficients d' emmagasinement des tourbières; 

2. Quantifier les propriétés hydrodynamiques des dépôts tourbeux comme 

facteurs explicatifs des variations des profondeurs de nappe des 

tourbières ; 

3. Comprendre l'influence des conditions météorologiques et des contextes 

hydrogéologiques sur les niveaux de nappe et leurs fluctuations dans les 

tourbières. 

Cette thèse se base sur trois constats: 1) il n'existe encore aucune méthode 

uniformisée qui permette· de quantifier à l'échelle régionale les coefficients 

d'emmagasinement des dépôts organiques; 2) l'influence des variations spatiales des 

propriétés hydrodynamiques intra- et inter-sites sur les niveaux de nappe des 

tourbières est enc·ore mal compris; 3) même si la littérature suggère l'importance des 

échanges aquifère-tourbière sur l'hydrologie des milieux tourbeux, les processus en 

jeu n'ont encore jamais été étudiés pour différents contextes hydrogéologiques. 

Les hypothèses sous-jacentes à ce projet de doctorat sont les suivantes: 1) la 

capacité d' emmagasinement en eau des tourbières est limitée par les fortes variations 

des coefficients d'emmagasinement des dépôts tourbeux; 2) les variations inter-sites 

des niveaux de nappe à l'échelle annuelle peuvent être expliquées par les différences 

de propriétés hydrodynamiques des horizons de surface des dépôts tourbeux; 3) les 

niveaux de nappe des tourbières peuvent être influencés par les niveaux dans les 

aquifères voisins soit directement (échanges d'eau) ou indirectement (effet de 

pression), peu import€ la nature de l'aquifère. 

La thèse se divise en cinq parties incluant une introduction générale, trois 

chapitres rédigés sous forme d'articles scientifiques (un article publié, un article 



15 

soumis et un article à soumettre) et une conclusion présentant la contribution 

scientifique de la thèse à l'avancement des connaissances. 

0.4 SITES D'ÉTUDE 

Trois régions administratives du Québec méridional localisées dans la vallée du 

Saint-Laurent et le nord des Appalaches ont été choisies pour l'étude: la Montérégie, 

le Centre-du-Québec et la région Chaudière-Appalaches. Dans ces trois régions, sept 

tourbières ont été instrumentées. Les tourbières de Covey Hill (CH) et de Large Tea 

Field (L TF) sont situées en Montégérie. Les tourbières de Sainte-Séraphine (SSE), du 

lac aux Cyprès (LCY), de VictoriavWe (VIC) et de Villeroy (VR) se situent dans le 

Centre-du-Québec. La tourbière d'Issoudun (ISO) est située dans la région de 

Chaudière-Appalaches (voir localisation des sites sur la Figure 0.1). 

Figure 0.1 

45°N 

Localisation des tourbières étudiées (surfaces vertes) et délimitation 

des bassins versant dans lesquels elles se situent (traits noirs). 
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Les tourbières sont localisées dans les bassins versants des rivières Châteauguay 

(CH et LTF), Nicolet (SSE, LCY et VIC), Bécancour (VR) et du Chêne (VR et ISO). 

Leurs superficies varient entre 0.5 km2 et 10.4 km2 (voir détails au Tableau 0.1). 

L'épaisseur maximale des dépôts organiques de chaque tourbière varie entre 190 cm 

(LCY) et 522 cm (SSE). Les sites de CH, LTF et de VR ont déjà fait l'objet d'études 

afin de mieux comprendre l'hydrologie, l'hydrostratigraphie, la paléoécologie, 

l'évolution récente de la tourbière et les échanges aquifère-tourbière (Larocque et al., 

2013; Lavoie et Colpron-Tremblay, 2013; Levison et al., 2014). 

Tableau 0.1 Description générale des tourbières ombrotrophes étudiées: nom du 

site, latitude, longitude, altitude par rapport au niveau de la mer, superficie, bassin 

versant, contexte hydrogéologique, épaisseurs maximales de tourbe et régime nutritif 

(0 pour ombrotrophe et M pour minérotrophe). 

Altitude Superficie 
Épaisseur maximum 

Site Latitude Longitude 
{m} {km2) 

Bassin Versant Hydrogéologie de tourbe Régime nutritif 
cm) 

CH 45.008 "-73.828 310 0.5 Châteauguay 
Roc fracturé/ 322 M+o 
grès fluviatile 

LTF 45.132 -74.217 51 6.0 Châteauguay Argile marine 493 0 

SSE 46.042 -72.345 84 4.9 Nicolet 
Silt d'origine fluviatile/ 522 M+o 

diamictons 

LCY 45.950 -72~187 106 0.5 Nicolet 
Sable éolien/ 190 0 

couêhé indurée 

VIC 46.023 -72.077 118 2.6 Nicolet Silt d'exondation marine 
360 0 

VR 46.376 -71.838 124 10.4 
Bécàncour/ Sable éolien/ 491 M+o 
du chêne diamictons 

ISO 46.579 -71.597 117 2.8 du Chêne 
Argilè silteuse/ 454 0 

dîamictons 

Le choix des sites d'étude a été basé sur la diversité des contextes hydrogéologiques 

dans lesquels les tourbières se sont développées. Par exemple, la tourbière CH (0.5 

km2; 310 nmm) est caractérisée par une section ombrotrophe et une section 

minérotrophe alimentée par un aquifère rocheux fracturé composé de grès d'origine 

fluviatile. La tourbière ombrotrophe LTF (6.0 km2
; 51 nmm) est fortement drainée et 

s'est développée sur des argiles marines. Le complexe tourbeux SSE (4.9 km2; 
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84 nmm) est caractérisé par une section ombrotrophe et une section minérotrophe 

ceinturées d'un marécage développé sur un dépôt présentant en alternance des silts 

d'origine fluviatile et des diamictons d'origine glaciaire contenant des silts argileux et 

des blocs. La tourbière ombrotrophe LCY (0.5 km2
; 106 nmm) s'est développée à 

partir d'un dépôt sableux remanié par des processus éoliens où l'on trouve 

sporadiquement de fines couches de sable induré. La tourbière VIC (2.6 km2
; 118 

nmm) est une tourbière ombrotrophe qui s'est développée sur des silts d'exondation 

marine. La tourbière VR (10.4 km2
; 124 nmm) est composée d'une section 

ombrotrophe ainsi que d'une section minérotrophe et boisée. Elle s'est développée à 

partir de dépôt sableux remaniés par des processus éoliens alternant avec des 

diamictons d'origine glaciaire et composés de silts argileux. La tourbière ISO (2.8 

km2
; 117 nmm) s'est formée sur des diamictons d'origine glaciaire contenant des 

argiles silteuses et des cailloutis. À l'exception de LCY, qui s'est formée dans le 

sillon d'une ancienne dune, CH, LTF, SSE, VIC, VR et ISO se sont développées dans 

des cuvettes d'érosion fluviatile, juxtaglaciaire ou issue d'érosion postglaciaire. Par 

ailleurs, des âges au radiocarbone (14C) obtenus sur des macrofossiles végétaux 

prélevés à la base des dépôts tourbeux de CH et VR indiquent qu'elles se seraient 

formées entre 13 925 cal BP {CH) (Lavoie, Pellerin et Larocque, 2013) et 10 770 cal 

BP (VR) (Larocque et al., 2013). Les tourbières de CH, LTF, SSE, VIC, VR et ISO 

sont localisées en tête de bassin versant et contribuent à l'alimentation des débits des 

rivières qu'elles alimentent, tandis que celle de LCY ne contient aucun exutoire. 

Selon Levison et al. (2014 ), la contribution de la tourbière de CH au débit de base des 

deux rivières qu'elle alimente serait de 4 %. Les résultats de Levison et al. (2014) et 

Larocque et al. (2013) montrent que les échanges entre l'eau souterraine et les 

tourbières de CH et VR correspondent à 9 % et 27 % des apports d'eau annuels 

respectivement. Toutefois, aucune étude n'a encore été réalisée pour comprendre la 

connectivité aux eaux souterraines des cinq autres tourbières. 
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0.5 MÉTHODOLOGIE 

Pour répondre aux objectifs de cette thèse, chacun des sites a été caractérisé et 

instrumenté suivant une méthodologie similaire comprenant: la caractérisation, 

l'instrumentation, l'échantillonnage et les analyses en laboratoires. Les données 

récoltées ont été traitée à l'aide du programme statistique R (R environement, 2008). 

0.5.1 Caractérisation des sites 

Chacun des sites a fait l'objet d'une caractérisation hydrogéologique avant d'être 

instrumenté. Des sondages manuels ont permis d'estimer les épaisseurs des dépôts 

tourbeux, d'identifier la nature du substratum sur lequel les tourbières se sont 

développées et de mesurer les niveaux de nappe le long d'une ligne d'écoulement de 

l'amont vers l'aval pour chacune des tourbières. Les sondages ont été réalisés sur 

deux transects perpendiculaires à intervalle de 150 m. Pour les aquifères, des 

sondages manuels dans les sédiments quaternaires ont permis de valider les 

informations disponibles sur l'hydrostratigraphie.- Des mesures de niveaux de nappe 

dans les aquifères ont permis d'identifier des zones où les charges hydrauliques 

étaient inférieures à celles des tourbières, celles-ci étant définies comme des zones de 

recharge (de l'aquifère). Des zones où les charges hydrauliques dans les aquifères 

étaient supérieures à celles des tourbières ont également été identifiées et définies 

comme des zones d'alimentation (de la tourbe). La nomenclature « zone de 

recharge» a été retenue en regard de la fonction hydrologique de recharge de la 

tourbière à l'aquifère, tandis « zone d'alimentation» a été retenue pour définir 

l'alimentation en eau depuis l'aquifère vers les tourbières. Des zones d'alimentation 

ont été identifiées seulement dans les complexes tourbeux formés de sections 

minérotrophes et ombrotrophes. 
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Les tourbières LTF, LCY, VIC et ISO ont été divisées en quatre zones incluant 

une zone amont, une zone intermédiaire, une zone aval et une zone de recharge 

(figure 0.2a) . 

Figure 0.2 Schéma conceptuel montrant les échanges aquifère-tourbière 

(flèches rouges et jaunes), les niveaux de nappe des tourbières (ligne pointillée) et des 

aquifères (triangles bleus) et des zones instrumentées pour les tourbières a) qui ne 

sont pas alimentées par les eaux souterraines et b) qui sont alimentées par les eaux 

souterraines. 

Les tourbières CV, SSE et VR comprennent aussi une zone amont, une zone 

intermédiaire, une zone aval et une zone de recharge. Elles incluent également une 

zone minérotrophe et une zone d 'alimentation (figure 0.2b). En raison de sa faible 

superficie, la zone intermédiaire du site LCY n'a pas été instrumentée. Il en va de 

même de la zone de recharge du site LTF, en raison de sa très faible perméabilité. 

0.5.2 Instrumentation des sites 

Chaque site a été instrumenté avec un pluviomètre à bascule (HOBO) 

enregistrant séquentiellement les précipitations supérieures à 0,2 mm. Une sonde pour 
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la mesure de la pression atmosphérique (Solinst Barologger) a été installée à chacun 

des sites. Par ailleurs, chaque zone a été instrumentée à l'aide de puits d'observation 

et de piézomètres. Les puits d'observation ont été utilisés spécifiquement pour les 

tourbières et ont été fabriqués à l'aide de tuyaux de PVC de 2 m de long et de 2.5 cm 

de rayon, crépinés sur toute leur longueur. Les puits d'observation ont été insérés 

dans les dépôts tourbeux à une profondeur de 170 cm, avec une margelle de 30 cm 

au-dessus de la tourbe. Les piézomètres ont été utilisés spécifiquement pour les 

aquifères et ont été fabriqués à l'aide de tuyaux d'acier galvanisé de 2.5 cm de rayon 

et d'une pointe filtrante de type Solinst. Les piézomètres, crépinés sur seulement 30 

cm à leur base, ont été insérés à des profondeurs variant entre 1 et 5 m en tenant 

compte des niveaux de nappe dans l'aquifère minéral, tout en s'assurant qu'ils soient 

le plus près possible de la surface. Tous les puits et les piézomètres ont été 

instrumentés à l'aide de sondes automatisées (Solinst Junior). Les chroniques de 

niveaux de nappe ont été enregistrées à un pas de temps de 5 minutes de mai 2014 à 

octobre 2014 et à un pas de temps de 60 minutes d'octobre 2014 à juin 2016. Deux 

pas de temps ont été utilisés afin d'évaluer la présence de variations de niveaux de 

nappe à haute fréquence. 

0.5.3 Échantillonnage 

Dans chaque tourbière, trois carottes de tourbe de 1 m de longueur ont été prélevées 

le long du transect instrumenté de puits d'observations, dans les zones amont, 

intermédiaire et aval. Les carottes ont été prélevées à l'aide d'un carottier de type Box 

(Jeglum, 1991). Au total, 47 carottes ont été prélevées. Un bloc de tourbe de (40 cm x 

25 cm x 40 cm) a également été échantillonné sur le site LTF. Sur le terrain, une 

évaluation sommaire de l'humification de la tourbe de chaque unité stratigraphique a 

été réalisée à l'aide de la méthode Von Post (Von Post, 1922) permettant de qualifier 

le niveau de décomposition de la tourbe en dix catégories (Hl à HlO). 
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0.5.4 Analyses en laboratoire 

Des analyses de laboratoire ont été réalisées sur l'ensemble des carottes de 

tourbe. Une carotte par tourbière en zone amont (sept carottes au total) a été utilisée 

pour la description de la composition de la tourbe (à des intervalles de 8 cm) en plus 

de mesures de porosité effective (aux mêmes intervalles de 8 cm). La composition de 

la tourbe a été décrite en laboratoire à l'aide d'un microscope stéréoscopique suivant 

la méthode Troës-Smith (1955). Quatre grandes catégories ont été retenues, soit Turfa 

bryophytica, Turf a lignosa, Turf a herbacea et Detritus granosus. Les porosités 

effectives ont été mesurées à partir de la méthode de drainage suggérée par Rosa et 

Larocque (2008) qui consiste à saturer les échantillons de tourbe, à mesurer les 

volumes d'eau gravitaire à la suite de 24 heures de drainage (Vd) [L3
], et à calculer la 

porosité effective à l'aide de la formule suivante: 

s _3L 
y - A*Llh (0.3) 

où A [L2
] est égal à l'aire de l'échantillon perpendiculaire à l'écoulement et ~h [L] la 

variation entre le niveau de nappe initial et le niveau de nappe final. 

De plus, 20 carottes (trois par tourbière et deux à LCY) ont été utilisées pour des 

mesures de densité et 20 autres carottes (trois par tourbière et deux à LCY) ont été 

utilisées pour mesurer les conductivités hydrauliques. Les mesures de densité ont été 

réalisées en laboratoire sur des échantillons de 44 cm3 à partir de la méthode de Dean 

(1974). Les échantillons ont été séchés et pesés ce qui a permis d'obtenir la densité 

sèche (p dry) selon la formule suivante : 

w 
Pdry = V (0.4) 
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Où West la masse de l'échantillon séché [M] et V son volume [L3
]. La conductivité 

hydraulique a été mesurée suivant la méthode des cubes modifiés (MCM) (Rosa et 

Larocque, 2008 ; Surridge, Baird et Heathwaite, 2005). La méthode consiste à 

inonder des blocs de tourbe (7 cm x 7 cm x 8 cm) préalablement saturés pendant 24 

heures, et de calculer, à l'aide de l'équation de Darcy, les débits sortants après 

stabilisation: 

K = Q/Ai (0.5) 

3 
où K est la conductivité hydraulique [LIT] des dépôts tourbeux, Q est le débit [L /T], 

2 
A est l'aire de la section transverse à l'écoulement [L ] et i est le gradient hydraulique 

[L/L]. Cett~ méthode a permis de calculer les conductivités hydrauliques horizontales 

de la tourbe à des intervalles de 8 cm. Finalement, le bloc de tourbe, récolté au site 

L TF, a été utilisé pour réaliser des tests de drainage à haute résolution (à des 

intervalles de 1 cm) sur un plus grand volume de tourbe. 

0.5.5 Traitement des données 

0.5.5.1 Calcul des conductivités hydrauliques 

Des essais de perméabilité à charge variable (injection et retrait) ont été réalisés pour 

évaluer la conductivité hydraulique des aquifères. Les résultats ont été analysés à 

l'aide de la méthode de Hvorslev (1951) suivant les formules: 

H-h 
T0 = ln(-) 

H-H0 

(0.6) 

(0.7) 
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où K est la conductivité hydraulique [LIT], r est le rayon du puit [L], L est la 

longueur de la crépine [L], To est le temps pour lequel ln(H-h)/(H-Ho))= - 1 [T], H est 

la charge statique avant le test [L], h [L] est la charge mesurée au temps t et Ho [L] est 

la charge induite par le slug (t=O) [L]. 

0.5.5.2 Calcul des coefficients d'emmagasinement 

Les données piézométriques et pluviométriques ont été utilisées pour calculer la 

porosité effective (Sy) des dépôts tourbeux en considérant les variations de niveaux 

piézométriques (dh) [L] et les précipitations enregistrées pour chaque événement 

(Pévénement) [L] (Healy et Cook, 2002): 

Pévénement = dh * Sy (0.8) 

Cette équation se base sur l'hypothèse que l'ensemble des précipitations participe aux 

variations des niveaux d'eau mesurées dans les tourbières. 

0.5.5.3 Analyses statistiques 

Les données piézométriques, pluviométriques et de températures ont été 

utilisées pour calculer les précipitations mensuelles (P mois) et les températures 

moyennes mensuelles (T mois) des sites. Des analyses de variance (ANOV A) et des 

tests de comparaisons multiples (« Tukey' s range test ») ont été réalisées sur les 

données de densité, de conductivité hydraulique, de porosité effective et des niveaux 

de nappe pour identifier les différences spatiales (intra- et inter-sites) et temporelles 

( saisonnalité). 
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L' ANOVA a permis d'évaluer si tous les échantillons suivent une même loi 

normale. Dans le cas où l' ANOVA est significative, le test de comparaison multiples 

(« HSD de Tukey,») identifie les couples qui sont distincts. Pour les ANOVA, une 

valeur p inférieure à 1-a, où a est l'intervalle de confiance, permet de rejeter 

l'hypothèse nulle et indique que la moyenne d'au moins une variable nominale 

spatiale ou temporelle est différente. Pour le test « HSD de Tukey », une valeur p 

inférieure à 1-a permet de rejeter l'hypothèse nulle et indique que les moyennes d'un 

couple de variables nominales spatiales ou temporelles sont différentes.· 

0.5.5.4 Analyse des séries temporelles 

Les séries temporelles des niveaux de nappe dans les tourbières ont été 

divisées en deux parties, une partie comprenant les hausses des niveaux de nappe et 

une autre partie comprenant les baisses des niveaux de nappe. L'isolement des 

hausses s'est fait à partir d'un script R calculant automatiquement la somme des 

précipitations pour chaque événement pluvieux (P événement), l'augmentation des 

niveaux de nappe (.~h augmentation) ainsi que les intervalles de temps qui sont associés à 

Pévénement et ~haugmentation, Les baisses des niveaux de nappe (~h diminution) ont été isolées 

en retirant les intervalles de temps associés à ~haugmentation et p événement, 

De plus, les séries temporelles des niveaux de nappe dans les tourbières et 

dans les aquifères ont été utilisées pour le calcul des fonctions d'autocorrélation et de 

corrélation croisée. 

Les autocorrélations quantifient la mémoire temporelle d'un système 

correspondant au temps de dissipation d'un signal qui est aussi un analogue de 

l' emmagasinement. Elles sont calculées à l'aide des équations suivantes : 

(0.9) 

; 
--- - - ---
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(0.10) 

où rk est le coefficient d'autocorrélation, Co [T] est la variance, Ck [T] est la 

covariance, k est le pas de temps, N est le nombre d'observations, test le temps [T] et 

µx est la moyenne de la série Xt. 

Les corrélations croisées quantifient le décalage temporelle entre deux séries 

temporelles où rxy(k) est à son maximum. Elle sont calculées à l'aide des équations 

suivantes: 

(0.11) 

(0.12) 

où rxy est le coefficient de corrélation croisée, Cxy [T] est la covariance, <>x et <>y est 

l'écart type des séries Xt et Yt, k est le pas de temps, N est lè nombre d'observations, t 

est le temps [T] et µx et µy sont la moyenne des séries temporelles Xt et Yt, 

0.5.5.5 Corrélations 

Des corrélations linéaires, semi-logarithmiques et logarithmiques (log-log) ont été 

réalisées à l'aide du programme R (R environement, 2008) sur les données de densité, 

de conductivité hydraulique, de porosité effective en fonction de la profondeur au 

sein des dépôts tourbeux. Des coefficients de corrélations (R 2) ont été calculés pour 

évaluer la force des équations mathématiques dérivées. 



0.6 RÉFÉRENCES 

Acreman, M. et J. Holden. 2013. «How wetlands affect floods». Wetlands, vol. 33, 
no 5, p. 773-786. 

Adamus, P. 2011. «Manual for the W etland Ecosystem Services Protocol for the 
United States (WESPUS)». 
https ://www .novascotia.ca/nse/wetland/ docs/Manual WESPUS .pdf. 

Avard, K. 2013. «Rôle régional des tourbières sur les eaux souterraines de la partie 
basse de la zone Bécancour». Mémoire de maîtrise, science de la Terre et de 
l'atmosphère, Montréal, Québec, Canada, UQAM, 128 p. 

Baird, A.J., A.M. Milner, A. Blundell, G.T. Swindles, P.J. Morris. 2016. 
«Microform-scale variations in peatland permeability and their 
ecohydrological implications». Journal of Ecology, vol. 104, no 2, p. 531-
544. 

26 

Belyea, L.R. 2013. «Nonlinear dynamics of peatlands and potential feedbacks on the 
climate system». In Carbon cycling in northern peatlands, p. 5-18. 
Washington, D.C.: American Geophysical Union. 

Bourgault, M., M. Larocque, M. Roy. 2014. «Simulation of aquifer-peatland-river 
interaction under climate change». Hydrology Research, vol. 45, no 3, p. 425-
440. 

Brinson, M. 1993. A Hydrogeomorphic classification for wetlands. W etlands 
Research Pro gram. US Army Corps of Engineers: 103 p. · 

Carrer, G.E. 2014. «Dynamique des écoulements et du stockage d'eau d'un petit 
bassin versant boréal influencé pas une tourbière minérotrophe aqualysée des 
Hautes-terres de la baie de James, Québec, Canada». Thèse de doctorat, 
Université du Québec, Canada, Institut national de la recherche scientifique, 
320 p. 



27 

Carrer, G.E., A.N. Rousseau, A. St-Hilaire, S. Jutras. 2015. «Mosaic surface storages 
of a small boreal catchment». Hydrological Processes, vol. 29, no 6, p. 845-
858. 

Charman, D.J. 2002. Peatlands and environmental change. Chichester, West Sussex, 
England: Wiley, 301 p. 

Charman, D.J. 2007. «Summer water deficit variability controls on peatland water
table changes: implications for Holocene palaeoclimate reconstructions». The 
Holocene, vol. 17, no 2, p. 217-227. 

Cliche Trudeau, N., M. Garneau, L. Pelletier. 2014. «Interannual variability in the 
C02 balance of a boreal pattemed fen, James Bay, Canada». 
Biogeochemistry, vol. 118, no 1, p. 371-387. 

Comas, X., L. Slater, A. Reeve. 2005. «Stratigraphie controls on pool formation in a 
domed bog inferred from ground penetrating radar (GPR)». Journal of 
Hydrology, vol. 315, no 1-4, p. 40-51. 

D'Astous, A., M. Poulin, 1. Aubin, L. Rochefort. 2013. «U sing functional diversity as 
an indicator of restoration success of a cut-over bog». Ecological 
Engineering, vol. 61, p. 519-526. 

Davidson, E.A. et I.A. Janssens. 2006. «Temperature sensitivity of soil carbon 
decomposition and feedbacks to climate change». Nature, vol. 440, no 7081, 
p. 165-173. 

Dean, W.E. 1974. «Determination of carbonate and organic matter in calcareous 
sediments and sedimentary rocks by loss on ignition: comparison with other 
methods». Journal of Sedimentary Petrology, no 44, p. 242-248. 

Dettmann, U. et M. Bechtold. 2016. «Deriving effective soil water retention 
characteristics from shallow water table fluctuations in peatlands». Vadose 
Zone Journal, vol. 15, no 10, p. 1-13. 



28 

Devito, K.J., J.M. Waddington, B.A. Branfireun. 1997. «Flow reversals in peatlands 
influenced by local groundwater systems». Hydrological Processes, vol. 11, 
no 1, p. 103-110. 

Ferlatte, M. 2014. «Hydrogéochimie des systèmes aquifères-tourbière et traceurs des 
processus d'échange dans deux contextes géo-climatiques du Québec 
méridional». Mémoire de maîtrise, science de la Terre et de l'atmosphère, 
Montréal, Québec, Canada, UQAM, 77 p. 

Ferlatte, M., A. Quillet, M. Larocque, V. Cloutier, S. Pellerin, C. Paniconi. 2014. 
«Aquifer-peatland connectivity in southern Quebec (Canada)». Hydrological 
Processes, vol. 29, no 11, p. 2600-2612. 

Fetter, C.W. 2001. Applied hydrogeology, Fourth edition. Upper Saddle River, New 
Jersey, USA: Prentice-Hall, 615 p. 

Fournier, R., M. Poulin, J.P. Revéret, A. Rousseau, J. Théau 2013. Outil d'analyses 
hydrologique, économique et spatial des services écologiques procurés par les 
milieux humides des Basses-Terres du Saint-Laurent: adaptations aux 
changements climatiques. Rapport final pour Ouranos: 114 p. 

Fournier, V. 2008. «Hydrologie de la tourbière du Mont Covey Hill et implications 
pour la conservation». Mémoire de maîtrise, science de la Terre et de 
l'atmosphère, Montréal, Québec, Canada, Science de la Terre et de 
l'atmosphère, UQAM, 107 p. 

Fraser, C.J.D., N.T. Roulet, M. Lafleur. 2001. «Groundwater flow patterns in a large 
peatland». Journal of Hydrology, vol. 246, no 1-4, p. 142-154. 

Freeze, R. et J. Cherry. 1979. Groundwater. Englewood Cliffs, New Jersey, USA: 
Prentice-Hall, 604 p. 

Frei, S., K.H. Knorr, S. Peiffer, J.H. Fleckenstein. 2012. «Surface micro-topography 
causes hot spots of biogeochemical activity in wetland systems: A virtual 



modeling experiment». Journal of Geophysical Research: Biogeosciences, 
vol. 117, no G4, p. 1-18. 

29 

Garneau, M., S. Van Bellen, G. Magnan, V. Beaulieu-Audy, A. Lamarre, H. Asnong. 
2014. «Holocene carbon dynamics ofboreal and subarctic peatlands from 
Québec, Canada». The Holocene, vol. 24, no 9, p. 1043-1053. 

Gerdol, R., A. Bonora, R. Gualandri, S. Pancaldi. 1996. «C02 exchange, 
photosynthetic pigment composition, and cell ultrastructure of Sphagnum 
mosses during dehydration and subsequent rehydration». Canadian Journal of 
Botany, vol. 74, no 5, p. 726-734. 

Gilvear, D.J. et C. Bradley. 2009. «Hydrological dynamics II: groundwater and 
hydrological connectivity». In The Wetlands Handbook, p. 800. Oxford, UK: 
WileyBlackwell. 

Glaser, P. H., D. I. Siegel, A. S. Reeve, J. P. Chanton. 2006. «Chapter 15 
Hydrogeology of major peat basins in North America». In Developments in 
Earth Surface Processes, A. Martinez Cortizas I.P. Martini, et W. Chesworth, , 
p. 34 7-376: Elsevier. 

Graf, M.D. et L. Rochefort. 2008. «Techniques for restoring fen vegetation on cut
away peatlands in North America». Applied Vegetation Science, vol. 11, no 
4, p. 521-528. 

Grayson, R., J. Holden, R. Rose. 2010. «Long-term change in storm hydrographs in 
response to peatland vegetation change». Journal of Hydrology, vol. 389, no 
3-4, p. 336-343. 

Grover, S.P.P. et J.A. Baldock. 2013. «The link between peat hydrology and 
decomposition: Beyond von Post». Journal of Hydrology, vol. 479, no 4, p. 
130-138. 



30 

Hayashi, M., G. van der Kamp, D.L. Rudolph. 1998. «Water and solute transfer 
between a prairie wetland and adjacent uplands, 1. Water balance». Journal of 
Hydrology, vol. 207, no 1-2, p. 42-55. 

· Healy, R.W. et P.G Cook. 2002. «Using groundwater levels to estimate recharge». 
Hydrogeology Journal, vol. 10, no 1, p. 91-109. 

Holden, J. 2005. «Controls of soil pipe frequency in upland blanket peat». Journal of 
Geophysical Research-Earth Surface, vol. 110, no FI, p. 1-11. 

Holden, J. 2009. «Flow through macropores of different size classes in blanket peat». 
Journal of Hydrology, vol. 364, no 3-4, p. 342-348. 

Holden, J. et T.P. Burt. 2002. «Piping and pipeflow in a deep peat catchment». 
Catena, vol. 48, no 3, p. 163-199. 

Holden, J. et T.P. Burt. 2003a. «Hydraulic conductivity in upland blanket peat: 
measurement and variability». Hydrological Processes, vol. 17, no 6, p. 
1227-1237. 

Holden, J. et T.P. Burt. 2003b. «Hydrological studies on blanket peat: the 
significance of the acrotelm-catotelm model». Journal of Ecology, vol. 91, no 
l,p. 86-102. 

Holden, J. et T.P. Burt. 2003c. «Runoff production in blanket peat covered 
catchments». Water Resources Research, vol. 39, no 7, p. 1-8. 

Holden, J., P.J. Chapman, J.C. Labadz. 2004. «Artificial drainage ofpeatlands: 
hydrological and hydrochemical process and wetland restoration». Progress 
in Physical Geography, vol. 28, no 1, p. 95-123. 

Holden, J., M.G. Evans, T.P~ Burt, M. Horton. 2006. «Impact of land drainage on 
peatland hydrology». Journal of Environmental Quality, vol. 35, no 5, p. 
1764-1778. 



31 

Hvorslev, M.J. 1951. «Time lag and soil permeability in ground-water observation». 
Corps of Engineers US. Army, Vicksburg, Mississippi, no 36, p. 50. 

Isokangas, E., P .M. Rossi, A.K. Ronkanen, H. Marttila, K. Rozanski, B. Kl0ve. 2017. 
«Quantifying spatial groundwater dependence in peatlands through a 
distributed isotope mass balance approach». Water Resources Research, vol. 
53, no 3, p. 2524-2541. 

Jeglum, J.K. 1991. «Definition oftrophic classes in wooded peatlands by means of 
vegetation types and plant indicators». Annales Botanici Fennici, vol. 28, no 
3, p. 175-192. 

Joly, M., S. Primeau, M. Sager, A. Bazoge 2008. Guide d'élaboration d'un plan de 
conservation des milieux humides. de l'Environement et des Parcs Ministère 
du Développement durable. Ministère du développement durable, de 
l'environement et des parcs, Québec, Canada: 68 p. 

Jutras, S., A. Rousseau, C. Clerc. 2009. «Implementation of a peatland-specific water 
budget algorithm in HYDROTEL». Revue canadienne des ressources 
hydriques, vol. 34, no 4, p. 349-364. 

Kennedy, G.W. et J.S. Price. 2004. «Simulating soil water dynamics in a cutover 
bog». Water Resources Research, vol. 40, no 12, p. 1-13. 

Ketcheson, S.J. et J.S. Price. 2014. «Characterization of the fluxes and stores of water 
within newly formed Sphagnum moss cushions and their environment». 
Ecohydrology, vol. 7, no 2, p. 771-782. 

Kl0Ve, B., P. Ala-aho, G. Bertrand, Z. Boukalova, A. Ertürk, N. Goldscheider, J. 
Ilmonen, N. Karakaya, H. Kupfersberger, J. Kvœmer, A. Lundberg, M. 
Mileusnié, A. Moszczynska, T. Muotka, E. Preda, P. Rossi, D. Siergieiev, J. 
Simek, P. Wachniew, V. Angheluta, A. Widerlund. 2011. «Groundwater 
dependent ecosystems. Part I: Hydroecological status and trends». 
Environmental Science & Policy, vol. 14, no 7, p. 770-781. 



32 

Labadz, J., T. Allot, M. Evans, D. Butcher, M. Billet, S. Stainer, A. Yallop, P; Jones, 
M. Innerdale, N. Harmon, K. Maher, R. Bradbury, D. Mount, H. O'Brien, R. 
Hart. 2010. Peatland hydrology. Coll. «IUCN UK Peatland Programme's 
Commission of Inquiry on Peatlands». Oxford University press, UK, 169 p. 

Laberge, V., S. Hugron, L. Rochefort, M. Poulin. 2015. «Influence of different 
bryophyte carpets on vascular plant establishment around pools in restored 
peatlands». Land Degradation & Development, vol. 26, no 8, p. 813-818. 

Lafleur, P.M., R.A. Hember, S.W. Admiral, N.T. Roulet. 2005. «Annual and seasonal 
variability in evapotranspiration and water table at a shrub-covered bog in 
southern Ontario, Canada». Hydrological Processes, vol. 19, no 18, p. 3533-
3550. 

Larocque, M., J. Colpron-Tremblay, M. Lavoie, L. Tremblay 2013. Écohydrologie de 
la grande tourbière de Villeroy. Québec, Canada: 60 p. 

Larocque, M., M. Ferlatte, S. Pellerin, V. Cloutier, J. L. Munger, C. Paniconi, A. 
Quillet. 2016. «Chemical and botanical indicators of groundwater inflow to 
Sphagnum-dominated peatlands». Ecological Jndicators, vol. 64, p. 142-151. 

Larocque, M., S. Gagné, D. Barnetche, G. Meyzonnat, M.H. Graveline 2015. Projet 
de connaissance des eaux souterraines de la zone Nicolet et de la partie basse 
de la zone Saint-François: Rapport final déposé au Ministère du 
Développement Durable, de l'Environnement et de la Lutte contre les 
Changements Climatiques. Québec, Canada: 258 p. 

Lavoie, M. et J. Colpron-Tremblay 2013. Étude paléoécologique de la Grande
Tourbière-de-Villeroy. Rapport déposé au Ministère du Développement 
Durable, de l'Environement, de la Faune et des Parcs, Québec, Canada: 37 p. 

Lavoie, M., S. Pellerin, M. Larocque. 2013. «Examining the role of allogenous and 
autogenous factors in the long-term dynamics of a temperate headwater 
peatland (southem Québec, Canada)». Palaeogeography, Palaéoclimatology, 
Palaeoecology, vol. 386, no 15 September 2013, p. 336-348. 



33 

Lefebvre, R., J.M. Ballard, M.A. Carrier, H. Vigneault, C. Beaudry, L. Berthot, G. 
Légaré-Couture, M. Parent, M. Laurencelle, X. Malet, A. Therrien, A. 
Michaud, J. Desjardins, A. Drouin, M.H. Cloutier, J. Grenier, M.A. 
Bourgault, M. Larocque, S. Pellerin, M.H Graveline, D. Janos, J. Moison 
2015. Portrait des ressources en eau souterraine en Chaudière-Appalaches, 
Québec, Canada. Projet réalisé conjointement par l'Institut national de la 
recherche scientifique (INRS), l'Institut de recherche et développement en 
agroenvironnement (IRDA) et le Regroupement des organismes de bassins 
versants de la Chaudière-Appalaches (OBV-CA) dans le cadre du Programme 
d'acquisition de connaissances sur les eaux souterraines (PACES). Rapport 
final INRS R-1580, soumis au MDDELCC en mars 2015, Québec, Canada: 
246p. 

Levison, J., M. Larocque, V. Fournier, S. Gagné, S. Pellerin, M.A. Ouellet. 2014. 
«Dynamics of a headwater system and peatland under current conditions and 
with climate change». Hydrological Processes, vol. 28, no 17, p. 4808-4822. 

Lewis, C, J. Albertson, X.L. Xu, G. Kiely. 2012. «Spatial variability ofhydraulic 
conductivity and bulk density along a blanket peatland hillslope». 
Hydrological Processes, vol. 26, no 10, p. 1527-1537. 

Lukenbach, M.C., K.J. Devito, N. Kettridge, R.M. Petrone, J.M. Waddington. 2015a. 
«Hydrogeological controls on post-fire moss recovery in peatlands». Journal 
of Hydrology, vol. 530, no November 2015, p. 405-418. 

Lukenbach, M.C., K.J. Hokanson, P.A. Moore, K.J. Devito, N. Kettridge, D.K. 
Thompson, B.M. Wotton, R.M. Petrone, J.M. Waddington. 2015b. 
«Hydrological controls on deep buming in a northem forested peatland». 
Hydrological Processes, vol. 29, no 18, p. 4114-4124. 

Magnan, G., M. Garneau, S. Payette. 2014. «Holocene development of maritime 
ombrotrophic peatlands of the St. Lawrence North Shore in eastem Canada». 
Quaternary Research, vol. 82, no 1, p. 96-106. 

McEnroe, N.A., N.T. Roulet, T.R. Moore, M. Garneau. 2009. «Do pool surface area 
and depth control C02 and CH4 fluxes from an ombrotrophic raised bog, 



34 

James Bay, Canada?». Journal ofGeophysical Research-Biogeosciences, vol. 
114, no 1, p. 1-9. 

McLaughlin, D.L., D.A. Kaplan, M.J. Cohen. 2014. «A significant nexus: 
Geographically isolated wetlands influence landscape hydrology». Water 
Resources Research, vol. 50, no 9, p. 7153-7166. 

MDDEP 2012. Les milieux humides et l'autorisation environnementale. Ministère du 
Développement Durable, de l'Environnement er des Parcs, Québec, Canada: 
52p. 

Mitsch, W.J. et J.G. Gosselink. 2007. Wetlands. Hoboken, New Jersey, USA: John 
Wiley, 582 p. 

Moore, P.A., P.J. Morris, J.M. Waddington. 2015. «Multi-decadal water table 
manipulatjon alters peatland hydraulic structure and moisture retention». 
Hydrological Processes, vol. 29, no 13, p. 2970-2982. 

National Wetlands Working Group-NWWG 1997. The Canadian Wetland 
Classification System Second Edition B.G. Wamer, et C.D.A Rubec. Canada: 
68p. 

Ontario Ministry ofNatural Ressources (MNR) 2013. Ontario Wetland Evaluation 
System: Southern manual. Ministère des Ressources Naturelles de l'Ontario, 
Ontario, Canada: 294 p. · 

Ours, D.P., D.I. Siegel, P.H. Glaser. 1997. «Chemical dilation and the dual porosity 
ofhumified bog peat». Journal of Hydrology, vol. 196, no 1-4, p. 348-360. 

Pasquet, S., S. Pellerin, M. Poulin. 2015. «Three decades ofvegetation changes in 
peatlands isolated in an agricultural landscape». Applied Vegetation Science, 
vol. 18, no 18, p. 220-229. 

Payette, S. et L. Rochefort. 2001. Ecologie des tourbières du Québec-Labrador: 
Presses de l'Université Laval, Sainte-Foy, Canada, 621 p. 



35 

Payne, R.J. 2014. «A natural experiment suggests little direct temperature forcing of 
the peatland palaeoclimate record». Journal of Quaternary Science, vol. 29, 
no 6, p. 509-514. 

Pellerin, S., L.A. Lagneau, M. Lavoie, M. Larocque. 2009. «Environmental factors 
explaining the vegetation patterns in a temperate peatland». Comptes-Rendus 
Biologies, vol. 332, no 8, p. 720-731. 

Pellerin, S. et M. Poulin 2013. Analyse de la situation des milieux humides au 
Québec et recommandations à des fins de conservation et de gestion durable. 
Ministère du Dévloppement Durable, de l'Environnement, de la Faune et des 
Parcs (MDDEFP): 1-104 p. 

Pelletier, L., M. Garneau, T.R. Moore. 2011. «Variation in C02 exchange over three 
summers at microform scale in a boreal bog, Eastmain region, Quebec, 
Canada». Journal ofGeophysical Research-Biogeosciences, vol. 116, no G3, 
p. 1-12. 

Pelletier, L., T.R. Moore, N.T. Roulet, M. Garneau, V. Beaulieu-Audy. 2007. 
«Methane fluxes from three peatlands in the La Grande Riviere watershed, 
James Bay lowland, Canada». Journal of Geophysical Research
Biogeosciences, vol. 112, no Gl, p. 1-11. 

Price, J.S. 1996. «Hydrology and microclimate of a partly restored cutover bog, 
Quebec». Hydrological Processes, vol. 10, no 10, p. 1263-1272. 

Price, J.S., B.A. Branfireun, J.M. Waddington, K.J. Devito. 2005. «Advances in 
Canadian wetland hydrology, 1999-2003». Hydrological Processes, voL 19, 
no 1, p. 201-214. 

Proulx-Mclnnis, S., A. St-Hilaire, A.N. Rousseau, S. Jutras. 2013a. «A review of 
ground-penetrating radar studies related to peatland stratigraphy with a case 
study on the determination of peat thickness in a northern boreal fen in 
Quebec, Canada». Progress in Physical Geography, vol. 10, p. 1-20. 



Proulx-Mclnnis, S., A. St-Hilaire, A.N. Rousseau, S. Jutras, G. Carrer, G. Levrel. 
2013b. «Seasonal and monthly hydrological budgets of a fen-dominated 
forested watershed, James Bay region, Quebec». Hydrological Processes, 
vol. 27, no 10, p. 1365-1378. 

Proulx-Mclnnis, S., A. St-Hilaire, A.N. Rousseau, S. Jutras, G. Carrer, G. Levrel. 
2014. «Automated Soil Lysimeter for Determination of Actual 
Evapotranspiration of a Bog in Quebec, Canada». Journal of Hydrologie 
Engineering, vol. 19, no 1, p. 60-68. 

R environement, Development Core Team. 2008. «R: A language and environment 
for statistical computing». Vienna, Autria, ISBN 3-900051-07-0. 

Reddy, R.K. et R.D. DeLaune. 2008. Biogeochemistry ofWetlands. Boca Raton, 
Florida, USA: CRC Press, 800 p. 

Reeve, A.S., b.I. Siegel, P.H. Glaser. 2001. «Simulating dispersive mixing in large 
peatlands». Journal of Hydrology, vol. 242, no 1-2, p. 103-114. 

Rezanezhad, F., J.S. Price, W.L. Quinton, B. Lennartz, T. Milojevic, P. van 
Cappellen. 2016. «Structure of peat soils and implications for water storage, 
flow and solute transport: A review update for geochemists»; Chemical 
Geology, vol. 429, no 1 July 2016, p. 75-84. 

Ronkanen, A.K. et B. Klove. 2008. «Hydraulics and flow modelling of water 
treatment wetlands constructed on peatlands in Northem Finland». Water 
Research, vol. 42, no 14, p. 3826-3836. 

36 

Rosa, E. et M. Larocque. 2008. «Investigating peat hydrological properties using field 
and laboratory methods: application to the Lanoraie peatland complex 
(southem Quebec, Canada)». Hydrological Processes, vol. 22, no 12, p. 
1866-1875. 

Rossi, P.M., P. Ala-aho, A.K. Ronkanen, B. Klàve. 2012. «Groundwater-surface 
water interaction between an esker aquifer and a drained fen». Journal of 
Hydrology, vol. 432, no 11 April 2012, p. 52-60. 



Rydin, H. et J. Jeglum. 2006. The biology ofpeatlands. Oxford University Press, 
Great Clarendon Street, Oxford, UK, 343 p. 

37 

Soulsby, C., C. Birkel, J. Geris, J. Dick, C. Tunaley, D. Tetzlaff. 2015. «Stream water 
age distributions controlled by storage dynamics and nonlinear hydrologie 
connectivity: Modeling with high-resolution isotope data». Water Resources 
Research, vol. 51, no 9, p. 7759-7776. 

Spence, C., X.J. Guan, R. Phillips. 2011. «The hydrological fonctions of a boreal 
wetland». Wetlands, vol. 31, no 1, p. 75-85. 

Surridge, B.W.J., A.J. Baird, A.L. Heathwaite. 2005. «Evaluating the quality of 
hydraulic conductivity estimates from piezometer slug tests in peat». 
Hydrological Processes, vol. 19, no 6, p. 1227-1244. 

Swindles, G.T., A. Blundell, H.M. Roe, V.A. Hall. 2010. <<A 4500-year proxy climate 
record from peatlands in the North of Ireland: the identification ofwidespread 
summer 'drought phases'?». Quaternary Science Reviews, vol. 29, no 13-14, 
p. 1577-1589. 

Swindles, G.T., P.J. Morris, A.J. Baird, M. Blaauw, G. Plunkett. 2012. 
«Ecohydrological feedbacks confound peat-based climate reconstructions». 
Geophysical Research Letters, vol. 39, no 11, p. 1-4. 

Tamocai, C. 2009. «The impact of climate change on canadian peatlands». Canadian 
Water Resources Journal, vol. 34, no 4, p. 453-466. 

Thompson, D .K. et J .M. Waddington. 2013. «Peat properties and water retenti on in 
boreal forested peatlands subject to wildfire». Water Resources Research, 
vol. 49, no 6, p. 3651-3658. 



Thompson, J.R., H.R. Sorenson, H. Gavin, A. Refsgaard. 2004. «Application of the 
coupled MIKE SHE/MIKE 11 modelling system to a lowland wet grassland 
in southeast England». Journal of Hydrology, vol. 293, no 1-4, p. 151-179. 

Troëls-Smith, J. 1955. «Karakterisering afl0se jordater (Characterisation of 
unconsolidated sediments)». Danmarks Geologiske Undersogelse Series IV, 
vol. 3, no 10, p. 73. 

38 

van Bell en, S., M. Garneau, R.B. Booth. 2011. «Holocene carbon accumulation rates 
from three ombrotrophic peatlands in boreal Quebec, Canada: Impact of 
climate-driven ecohydrological change». The Holocene, vol. 21, no 8, p. 
1217-1231. 

Van der Ploeg, M.J., W.M. Appels, D.G. Cirkel, M.R. Oosterwoud, J.P.M Witte, 
S.M. Van der Zee. 2011. «Microtopography as a drinving mechanism for 
ecohydrological processes in shallow groundwater systems». Vadose Zone 
Journal, vol. 11, no 3, p. 1-11. 

Von Post, L. 1922. «Sveriges Geologiska Undersoknings totvinventering och nogra 
av dess hittils.vunna resultat (SGU peat inventory and some preliminary 
results)». Svenska Mosskulturforeningens Tidskrift, no 16, p. 1-37. 

Vorob'ev, P.K. 1963. «Investigations of water yield oflow lying swamps of western 
Siberia». Transactions of the States Hydrologie lnstitute, no 105, p. 45-79. 

Waddington, J.M., P.J. Morris, N. Kettridge, G. Granath, D.K. Thompson, P.A. 
Moore. 2015. «Hydrological feedbacks in northem peatlands». Ecohydrology, 
vol. 8, no 1, p. 113-127. 

Whigham, D.F. et T.E. Jordan. 2003. «Isolated wetlands and water quality». 
Wetlands, vol. 23, no 3, p. 541-549. 

White, M. et S. Payette. 2016. «Pool size structure indicates developmental stages of 
boreal fens». Botany, vol. 94, no 8, p. 643-651. 



Whittington, P.N. et J.S. Price. 2006. «The effects of water table draw-down (as a 
surrogate for climate change) on the hydrology of a fen peatland, Canada». 
Hydrological Processes, vol. 20, no 17, p. 3589-3600. 

Winter, T.C. 2000. «The vulnerability ofwetlands to climate change: A hydrologie 
landscape perspective». Journal of the American Water Resources 
Association, vol. 36, no 2, p. 305-311. 

39 

Wu, J., L. Kutzbach, D. Jager, C. Wille, M. Wilmking. 2010. «Evapotranspiration 
dynamics in a boreal peatland and its impact on the water and energy 
balance». Journal ofGeophysical Research Biogeosciences, vol. 115, no 4, p. 
1-18. 



CHAPITRE! 

QUANTIFICATION OF PEATLAND WATER STORAGE CAPA CITY USING 
THE WATER TABLEFLUCTUATIONMETHOD 

Marc-André Bourgault 1•
2 *, Marie Larocque1

•
2
, Michelle Garneau2

•
3 

1 Département des sciences de la Terre et de l'atmosphère - Université du Québec à 

Montréal, C.P. 8888, suce. Centre-Ville, Montréal (QC), Canaqa, H3C 3P8 

2 GEOTOP Research Center - Université du Québec à Montréal, C.P. 8888, suce. 

Centre-Ville, Montréal (QC), Canada; tel: 514-987-3000 ext. 1515; fax: 514-987-

7749 

3 Département de Géographie- Université du Québec à Montréal, C.P. 8888, suce. 

Centre-Ville, Montréal (QC), Canada, H3C 3P8 

Sous presse dans Hydrological processes <loi : 10.1002/hyp.11116 



41 

ABSTRACT 

Peat specific yield (Sy) is an important parameter involved in many peatland hydrological 

fonctions such as flood attenuation, baseflow contribution to rivers and maintaining 

groundwater levels in surficial aquifers. However, general knowledge on peatland water 

storage capacity is still very limited, due in part to the technical difficulties related to in situ 

measurements. The objectives of this study were to quantify vertical Sy variations of water 

tables in peatlands using the water table fluctuation method (WTF) and to better understand 

the factors controlling peatland water storage capacity. The method was tested in five 

ombrotrophic peatlands located in the St. Lawrence Lowlands (southem Québec, Canada). In 

each peatland, water table wells were installed at three locations (up-gradient, mid-gradient 

and down-gradient). Near each well, a 1 m long peat core (8 cm x 8 cm) was sampled, and 

sub-samples were used to determine Sy with standard gravitational drainage method. A 

larger peat sample (25 cm x 60 cm x 40 cm) was also collected in one peatland to estimate Sy 

using a laboratory drainage method. In all sites, the mean water table depth ranged from 9 to 

49 cm below the peat surface, with annual fluctuations varying between 15 and 29 cm for all 

locations. The WTF method produced similar results to the gravitational drainage 

experiments, with values ranging between 0.13 and 0.99 for the WTF method, and between 

0.01 and 0.95 for the gravitational drainage experiments. Sy was found to rapidly decrease 

with depth within 20 cm, independently of the within-site location and the mean annual water 

table depth. Dominant factors explaining Sy variations were identified using ANOV A and 

Tukey' s range test. The most important factor was peatland site, followed by peat depth and 

seasonality. Variations in storage capacity considering site and seasonality followed regional 

effective growing degree days and evapotranspiration patterns. This work provides new data 

on spatial variations of peatland water storage capacity using an easily implemented method 

that requires only water table measurements and precipitation data. 

Keywords: peatland, water storage, specific yield, water table fluctuation, drainage 

experiment 
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1.1 INTRODUCTION 

Peatlands play important hydrologie fonctions by attenuating flooding by storing 

water during high precipitation events (Acreman et Holden, 2013), contributing to 

river base flows (Bourgault, Larocque et Roy, 2014) and maintaining groundwater 

levels in superficial aquifers (McLaughlin et al., 2014). However, enhanced 

knowledge on quantification of water storage capacity is needed to better understand 

these peatland hydrological fonctions. In peatlands, peat storage capacity (S) strongly 

varies within the first meter and buffers water table fluctuations, flow velocities and 

evapotranspiration fluxes (White, 1932). For example, when the water table is high, 

flow velocities and evapotranspiration fluxes increase; the opposite happens during 

low water table periods. 

In minerai aquifers, long-term water storage is also controlled by climatic forcing 

such as summer water deficits (Y eh et al., 2006), by anthropogenic activities such as 

groundwater extraction, and to a more limited extent by land drainage which can 

reduce aquifer recharge (Winter et al., 1998). Short-term changes occur mainly in 

response to rainfall, pumping, and evapotranspiration fluxes (Geris et al., 2015 ; 

Healy et Cook, 2002). These processes are also active in peatland ecosystems. They 

are especially important due to the contrasted values of S between the acrotelm and 

the catotelm (Ingram et Bragg, 1984). In addition, peàt S also changes due to 

expansion and compression, which is a seasonal effect of water content variation 

(also named mire breathing; Price et Schlotzhauer, 1999), ice expansion in the peat, 

o~ a longer time scale effect of organic matter oxidation. Therefore, water table 

fluctuation does not occur only when air enters the specific yield (Sy) as the water 

table declines. However, as a first approximation S is usually assimilated to Sy (Price, 

1996). 

Peat Sy can vary by up to two orders of magnitude (0.01 - 1) within the first top 

50 cm (Dettmann et Bechtold, 2016 ; Holden, 2009 ; Vorob'ev, 1963). This buffers 
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peatlands against both inundation and excessive drying (Waddington et al., 2015). Sy 

has been quantified based on field measurements using porous disk infiltrometers 

(Holden, 2009 .; Holden, Burt et Cox, 2001), rain-to-rise ratio (Dettmann et Bechtold, 

2016 ; Letts, Roulet et Corner, 2000 ; McLaughlin et Cohen, 2014 ), tracer tests 

(Ronkanen et Klove, 2008), laboratory drainage experiments (Price, 1996 ; Rosa et 

Larocque, 2008 ; Vorob'ev, 1963), and pressure chamber measurements (Moore, 

Morris et Waddington, 2015). The rain-to-rise ratio method is equivalent to the water 

table fluctuation method (WTF; White, 1932) commonly used in aquifers to quantify 

groundwater recharge (Healy et Cook, 2002). 

The WTF method is a simple alternative to laboratory measurements. It has 

significant potential as an easily implemented, low-cost method to determine peat Sy. 

Because peat deposits are heterogeneous (Baird et al., 2016) and compressible media 

where hysteresis is observed between water table rise and precipitation due to air 

encapsulation, gas bubble production, and unsaturated pore filling (Barton, Andrews 

et Kolka, 2006 ; Nachabe, 2002 ; Ramirez et al., 2015), it is hypothesised that the 

WTF method is more adapted to peatland than conventional laboratory 

measurements. The use of the WTF method in peatlands, offers an excellent 

opportunity to upscale the understanding of water storage capacity using widely 

available data of water table and precipitation. 

The objective of this research was to adapt the WTF method to quantify vertical Sy 

variations in peatlands and better understand the factors controlling their water 

storage capacity. It is assumed that seasonal expansion and compression-expansion of 

peat do not influence the short-term rain .event-based calculation of Sy. lt is also 

assumed that changes in peat surface topography following a single rain event can be 

considered negligible. The WTF method was tested in five ombrotrophic peatlands 
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located in the St. Lawrence Lowlands (Quebec, Canada), and results were compared 

to Sy estimates from laboratory measurements on collected peat samples. 

1.2 STUDY SITES 

The five studied peatlands (Large Tea Field - LTF, Sainte-Séraphine - SSE, Lac 

Cyprès - LCY, Victoriaville - VIC, Issoudun - ISO) are located in the southem part 

of the St. Lawrence Lowlands (Quebec, Canada) in three different watersheds 

(Châteauguay, Nicolet, and Du Chêne) (Figure 1.1 ). Ali sites are headwater peatlands 

formed in topographie depressions, except LCY, which is located on the flank of fine 

to medium aeolian sand deposits. Ali sites are characterized by a hummock and lawn 

microtopography without any surface pools. Hollows and mud bottom were found 

only at sites ISO and VIC. 

The five sites are set in different geological contexts, characterized by Quatemary 

surficial sediments (marine clay, fluvial sandy silt, clayey silty till, aeolian fine to 

medium sand, and regressive marine sand) deposited following the last deglaciation 

since 12,3 kaBP (Richard et Occhietti, 2004) (Table 1). Peat thickness vary between 

40 cm and 522 cm with maximum of 190 cm in LCY, 522 cm in SSE, 493 cm in 

LTF, 345 cm in VIC and 454 cm in ISO. Their surface area ranges between 0.5 and 

6.0 km2 (Table 1 ~ 1) and they have developed as complexes with a central 

ombrotrophic section. Lateral minerotrophic conditions were found only at site SSE. 

Mean annual precipitation (reference period: 1981 - 2010) for the Châteauguay 

(LTF), Nicolet (SSE, LCY, VIC), and du Chêne (Issoudun - ISO) watersheds varies 

between 965 mm (Châteauguay) and 1114 mm (Nicolet), with the driest conditions 

recorded in the LTF region specifically. For all sites (Figure 1.2), minimum monthly 

precipitation occurs during the winter, and maximum monthly precipitation occurs 

during the summer (MDDELCC, 2015). Mean annual temperature (for the same 
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reference period as for mean annual precipitation) varies between 4.8 °C and 6.7 °C, 

with the lowest values in the ISO region. For all sites, minimum and maximum 

temperatures are recorded in January and July respectively (Figure 1.2). Effective 

growing degree days (GGD>O) (reference period: 1974-2000) varies between 1800 

and 2000 for the Châteauguay watershed, between 1600 and 1800 for the Nicolet 

watershed, and between 1400 and 1600 for the du Chêne watershed (Atlas 

agroclimatique du Québec, 2012) (Table 1). 

Vegetation surveys performed at all sites show that Sphagnum spp. (Sph sp. ), Kalmia 

angustifolia (Ka! ang), and Eriophorum vaginatum (Eri vag) are the main species. 

Andromeda glaucophylla (And gla), Aulacomnium palustre (Au[ pal), Chamaedaphne 

calyculata ( Cha cal), Carex spp. ( Car sp. ), Rhododendron groenlandicum (Rho gro ), 

and Polytricum strictum (Pol str) were also found, albeit sparsely (Larocque et al., 

2015; Lefebvre et al., 2015 ; Pasquet, Pellerin et Poulin, 2015). Climatic conditions 

differ slightly from west to east, in terms of effective growing degree days and 

ecoregion vegetation assemblages, from the hickory and maple forest ( Carya 

cordiformis and Acer saccharum) in the western section (L TF), to the lime tree and 

maple forest (Tilia americana and Acer saccharum) eastward, which supports the 

slightly colder and wetter conditions of the ISO site. 

1.3 METHODOLOGY 

1.3 .1 Site instrumentation 

Elevation data were obtained for the five sites from a Digital Elevation Model (DEM; 

1 m x 1 m resolution) derived from airbome light detection and ranging (LiDAR) 

surveys. Absolute errors on elevations vary between 5 and 48 cm (Aguilar et al., 

2010 ; Hodgson et Bresnahan, 2004 ), with the smallest errors for open areas. Based · 
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on the DEM, three locations were identified in each peatland (up-gradient, mid

gradient, and down-gradient) for the installation of wells (Figure 1.3). Distances 

between up-gradient and down-gradient wells vary between 123 and 760 m with 

mean slopes from 0.08 to 0.24% (Table 1.1). 

Water table variations were recorded at these three locations within each site using 

wells constructed from 3 cm OD PVC pipes, with 2 m long intakes perforated with 

0.0254 cm slits from top to bottom, and sealed at their base. All wells were inserted 

into Sphagn,um lawn microforms. Sites were also equipped with three level loggers 

(Solins!), a barometric logger (Solins!), and a rain gauge tipping bucket (Hobo ). The 

level loggers and barometric Joggers were attached to the well screw tops. Water 

table variations, barometric pressure, and precipitation were measured every 5 

minutes from June 2014 to August 2015 (with the exception of the winter months 

between November 2014 and April 2015). Sites were also instrumented with a metal 

bar at clown-gradient locations to monitor changes in topography due to peat 

expansion and contraction. These changes were monitored three times during the 

study period (spring, summer, and autumn) using a reference level located on the 

metal bars. 

1.3 .2 Small cube experiment 

Pive 1 m long peat cores were sampled using a Box corer (8 x 8 cm) (Jeglum, 

1991) at the up-gradient location of each studied peatland. Sampling compression in 

the acrotelm was 10 cm for LTF, 12 cm for SSE, 20 cm for LCY, 8 cm for VIC, and 

2 cm for ISO, and were proportional to the acrotelm thickness. Cores were eut into 

two 50 cm sections using a sharp knife, wrapped in cellophane, and stored at 4 °C. 

Humification analysis was performed on 5 cm peat slices throughout the whole 5 

cores. Sy measurements were performed on 7 x 7 x 8 cm peat samples (14 cores in 

total; 3 for LTF, 3 for SSE, 2 for LCY, 3 for VIC and 3 for ISO) using gravity 
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drainage experiments assuming that Sy can be assimilated to its drainable porosity 

(Price, 1996). 

Gravity drainage was performed in acrylic cubes (7 x 7 x 8 cm) and used to 

estimate Sy following Eq. 1.1 (Freeze et Cherry, 1979), 

s =~ 
y A*Llh 

(1.1) 

where Vd is the drained water volume (cm3
), A is the area of the peat sample 

(7 cm x 7 cm = 49 cm2
), and ~h is the water table fluctuation ( cm). Peat samples 

were resized after 0.5 cm was eut from each side to remove any compression due to 

transportation. Samples were saturated for 24 hours and drained for an additional 24 

hours. Each acrylic cube was connected at the bottom to a 1.3 cm plastic tube 

attached to an adjustable base support to drain the samples. Each drainage experiment 

began by decreasing the height of the plastic tube to that of the bottom of the tested 

sample. Although slightly different from conventional drainage experiments, this 

method was specifically chosen so as to be comparable to the experimental tank 

method described in section 1.4.3. 

For the less decomposed samples, the errors were proportional to the lost volume due 

to compression above the water table. Errors were calculated using the ratio between 

the loss of height and the mean annual water table depth since compression was 

limited to the unsaturated zone. Since compression was not evenly distributed 

throughout the core, errors on Sy measurement were only applied to the upper 20 cm. 

For the more decomposed samples (below 20 cm; all the sites), rapid outflow was 

observed, probably due to secondary porosity created during sample insertion into the 

acrylic cubes. The rapid outflow was measured at the beginning of each experiment 
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and divided by the total volume of the acrylic cubes (7 cm x 7 cm x 8 cm) to quantify 

the maximum error associated with the method. 

1.3 .3 Experimental tank 

The laboratory method developed by Rosa et Larocque (2008) to estimate Sy was 

adapted to quantify the fine~scale, empirical relatîonship between Sy and depth below 

the peat surface. Laboratory experiments were conducted in a 40 cm long, 25 cm 

wide, and 3 6 cm high experimental tank built using 4 mm thick clear acrylic panels 

(Figure 1.4). The peat sample was retrieved from the LTF peatland at the up-gradient 

location. The mean water table depth (26 cm) at this site is equivalent to that of the 

four other studied peatlands, making it representative of all sites for this experiment. 

No compression was observed during sampling. 

In the laboratory, the two sides of the peat sample were supported with perforated 

stainless steel plates to create two experimental reservoirs. These reservoirs were 

connected using flexible 5.1 cm PVC tubing, and redirected to a single outlet to 

control water table elevation within the reservoirs. The tank was filled from the 

bottom with water collected in the field with 4 L Nalgene bottles. A neon lamp 

suspended 15 cm above the tank provided 12 h of daylight to maintain living 

vegetation conditions. 

Drainage experiments were perforrned every centimetre between 0-20 cm, and every 

2.5 cm between 20-36 cm. Drainage intervals were increased below 20 cm so as to 

reduce volumetric error measurements since Sy and drained water decrease with 

depth below the peat surface. Drainage experiments were perforrned twice for the 

upper 20 cm to account for air encapsulation and unsaturated pore filling (Barton, 

Andrews et Kolka, 2006·; Nachabe, 2002). No compression or expansion resulting in 

a change of the peat elevation was observed during the drainage experiments. 
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Sy estimates were obtained using Eq. 1.1, as defined in section 1.4.2 above, but with 

an A= 40 cm x 25 cm= 1000 cm2
• However, Sy could not be estimated below 0.08, 

due to an increase in volumetric error measurements associated with the decreasing 

water volume released from the drainable porosity and to bottom sedimentation 

within the two reservoirs. 

1.3 .4 Water table fluctuation method 

Using the WTF method, specific yield (Sy) was calculated as follows: 

Sy = P/b..h (1.2) 

where P is the amount of precipitation, and ~h is the water level rise following a 

precipitation event. Eq. 1.2 assumes that the time lag between the end of each 

precipitation event and the maximum water level rise is sufficiently short for 

evapotranspiration, net subsurface flow_and water table recession following P events 

(i.e., water reaching the saturated zone is entirely transferred into storage ). The 

method also assumes that recharge is equal to precipitation (i.e., no runoff), that the 

static equilibrium water content profile within the unsaturated zone is attained 

instantaneously following a rain event and that any rain-to-rise ratio deviation from a 

theoretical model will be due to the presence of a capillarity fringe, air entrapment, 

peat expansion and contraction, net subsurface flow, water recession following P 

events and antecedent moisture content of the unsaturated zone. 

A computation script written in the R language (R environement, D.C.T, 2008) was 

developed to identify the precipitation events to be considered and the maximum 

water table rise following each precipitation event. The program automatically 

calculated total precipitation during a given event (P), maximum water level rise 
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following this event (Afl), and Sy using three parameters: the time interval (Timeint), 

the maximum (maxprec) and minimum precipitation (minprec). Timeint was used to 

separate precipitation events. Maxprec and minprec were used to determine which 

precipitation events · to include in the Sy calculation. Small precipitation events were 

excluded based on the assumption that a large proportion of the precipitation. never 

reached the saturated zone during these events. Large precipitation events were also 

excluded since they induced large ~h with depth approximation error. Measurement 

errors on ~h were equal to 1 mm whereas P errors are estimated to be as high as 6.4 

% of total P for small rain events (Chiah, 2003 ; Hodgkinson, Pepper et Wilson, 

2004). Therefore, precipitation events smaller than 1 mm and larger than 35 mm, and 

those associated with water table variations smaller than 10 mm were excluded, 

because the relative error on the rain-to-rise ratio ( equivalent to Sy) was too large in 

these cases. 

While calibrating the R program, variations with Timeint were set between 1 and 10 

hours, maxprec between 20-100 mm and minprec between 0-10 mm. These intervals 

were chosen since precipitation events between 10 and 20 mm easily reached the 

saturated zone and were well constrained vertically. Timeint, maxprec, and minprec were 

calibrated to minimize the residual sum of squared errors (RSSE) between the model 

estimation, using Syobtained from the WTF method, and the·individual laboratory Sy 

values, obtained using the small cube experiment and the experimental tank method, 

while seeking to retain a maximum number of precipitation events. A minimal value 

of Timeint was used to support the hypothesis that subsurface flow was negligible and 

that the night-time recession period ( 4 to 9 hours) was greater than Timeint. This is 

based on the observation that the time lag between the end of a precipitation event 

and the maximum water table increase was less than 3 hours (mean of 2 hours) for all 

rainfall events. 
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For all-time series analysis, Timeint, maxprec, and minprec were set to 3 hours, 35 mm 

and 7 mm, respectively. Time series were resampled at 10, 20, 30, 40, and 60 min, 

and one day time intervals to identify the maximum time step required to calculate 

Sy. Modification· of the selected time intervals had no effect on Sy calculation, except 

for the one day time interval. To optimize calculations, the one hour time series 

interval was used for all Sy calculations. 

All Sy calculated using the WTF method (Sy wTF) were compared between sites, 

depths, location within the peatland, and seasonality, using one-way Analysis of 

Variance (ANOVA) implemented in R. Significant differences found among these 

variables were further analyzed using Tukey's Honest Significant difference (HSD), 

again in R. Finally, all Sy and rates of Sy decrease with depth obtained from the 

WTF, the experimental tank, and the small cube experiment methods were compared. 

1.4 RESULTS 

1.4.1 Surface topography, hydrology and peat humification 

At all locations in the five studied peatlands, the upper 5 cm was composed of living 

vegetation while peat was slightly humified between 10 and 20 cm below the surface 

(H3-H4 (Von Post, 1922). Peat humification increased toward the catotelm, with 

highly decomposed peat (H7-H8-H9) for sites VIC, LCY, LTF, and SSE, and slightly 

to moderately decomposed peat (H4-H5) for site ISO. 

Throughout the five peatlands, water table depths (WTD) varied between 1 and 60 

cm, with a maximum measured variation of 19 cm in LCY, 26 cm in SSE, 24 cm in 

LTF, 15 cm in VIC, and 19 cm in ISO. With the exception of VIC, WTD decreased 

from the up-gradient to the clown-gradient locations (Figure 1.5). Mean WTD for all 
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sites combined varied between 9 and 49 cm for up-gradient locations, between 12 and 

33 cm for mid-gradient locations, and between 6 and 44 cm for clown-gradient 

locations. Mean WTD for all locations in a given site in 2014 and 2015 were 41 cm in 

LCY, 37 cm in SSE, 26 cm in LTF, 19 cm in VIC, and 9 cm in ISO. Acrotelm 

thickness varied between 35 and 55 cm (comprising value of humification lower than 

H5) with mean acrotelm thickness equaled to 55 cm for LCY, 50 cm for SSE, 45 cm 

for LTF, 30 cm for VIC and45 cm for ISO. 

Changes in peat surface topography throughout the study sites and within each 

peatland were on average 1.0 cm during the two monitored growing seasons. One 

extreme value of 5 cm change in peat surface topography was measured at the ISO 

site where ice was still partly presents following the record-cold winter 2014-2015. 

1.4.2 Specific yield estimated using the small cube method experiment and 
experimental tank measurements 

The Sy values estimated using the cube (Sy cube) and the tank (Sy tank) methods 

varied from 0.01 and 0.95 within the first meter (Sy ~ube and Sy tank cannot exceed 1.0) 

(Figure 1.6). The mean Sy tank and Sy cube of the living and slightly humified peat layer 

comprised within the acrotelm was 0.69 and 0.35 for the two methods respectively. 

For the cube method, Sy rates decreased with depth, varying between 0.001 and 

0.030 cm·1• The upper -25 cm showed rates of decrease varying from 0.015 cm·1 to 

0.030 cm·1, whereas the rate of decrease between 25 and 100 cm is indistinguishable 

from O cm·1• The average Sy measurement error for the small cube experiment on the 

0-20 cm samples was 0.49 for LCY, 0.32 for SSE, 0.38 for LTF, 0.42 for VIC and 

0.22 for ISO, with an overall mean of 0.37. The average Sy measurement error due to 

this manipulation was estimated to be 0.05 (n=40), with a maximum value of 0.11. 

For the experimental tank method, the rate of Sy decrease with depth is 0.07 cm·1 

between 10 and 25 cm, and 0.005 cm·1 for the bottom sections (25-30 cm). While 
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modeling Sy tank as a fonction of depth, Sy tank values between O and 10 cm were not 

considered due to the lack of variation with depth associated with the living 

vegetation. 

Between O cm and 20 cm, Sy cube measurements were considerably lower than Sy 

tank, probably due to peat compression during coring for Sy cube which varied between 

2 and 20 cm. No compression was observed during sampling for the tank experiment. 

Hence, the Sy cube measurements should be considered to represent the lower 

boundary of the true Sy values. Even if these data should not be used as absolute 

values, they suggest a non-linear trend of Sy with respect to depth. 

Sy tank values for depth between O and 10 cm were relatively constant, and 

differed considerably from the values obtained at greater depth. This is consistent 

with the greater peat humification below 10 cm, which changed from poorly hum!fied 

(Hl-H2) above 10 cm to slightly humified (H3-H4) below. 

Different regression models for the Sy vs depth relationship (i.e., linear, log, and 

power law) were calculated. Similar to the work of Sherwood et al. (2013), the best 

fit model for both methods were power law models: 

(1.3) 

where ~o = 1.45 and Bi= -0.75, with resulting RSSE = 0.62 for the small cube 

method, and where Bo= 41.41 and ~1= 1.58, with resulting RSSE = 0.19 for the 

experimental tank method. These power law models are used henceforth to describe 

Sy changes with depth. However, the rate of Sy decrease with depth needs to be 

adjusted for each peatland since the mean water table depth, acrotelm thickness and 

peat composition can vary between peatlands. 
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1.4.3 Specific yield estimated using the WTF method 

During 2014 and 2015, a total of 1182 precipitation events were recorded, ranging 

between 1 and 57 .2 mm, with a mean of 5 mm, and precipitation intensity varying 

between 0.2 to 27.6 mm/hour. During this period, ~h values varied from 10 to 178 

mm. Following a rain event, the calculated Sy WTF varied between 0.02 and 2, with a 

mean of 0.59 (Figure 1.7). A total of 99 precipitation events (13%) generated Sy WTF 

values exceeding 1, 183 (24%) resulted in SywTF values between 0.59 and 1, and 465 

(63%) resulted in Sy values smaller than 0.59. Values of Sy WTF above 1 were not 

considered in the analysis since they did not respect the hypothesis that runoff was 

negligible. 

Sy WTF values were highly variable between sites, with values between 0.32 and 0.99 

for ISO, 0.18 and 0.99 for VIC, 0.13 and 0.99 for LTF, 0.25 and 0.90 for SSE, and 

0.29 and 0.88 for LCY (Figure 1.8). The best fit power law equation for the Sy-depth 

models used ~o ranging from 6.69 to 2783.01 and ~1 from -0.94 to -2.23. Modeled 

rates of Sy decrease with depth varied between 0.008 cm-1 and 0.06 cm-1 for all sites, 

with a higher rate of decrease when water table levels were high. The rate of Sy 

decrease with depth shows similar patterns across all sites. 

Results from the ANOVA showed that site, seasonality, within-site location, and 

depth have a significant effect on Sy. Site (p < 0.0001), depth (p < 0.0001), and 

seasonality (p = 0.007) were the strongest factors, while location within the peatland 

was the weakest (p = 0.05; Figure 1.9). 

Considering site (Figure 1.9a), LCY, VIC, and ISO show no significant difference in 

their mean Sy, whereas LTF and SSE, differ strongly from LCY, VIC, and ISO 

(confidence interval of 99%). For depth (Figure 1.9b), groups of 0-5, 5-10, and 10-15 

cm show higher calculated Sy than deeper groups. However, there are no systematic 

significant differences between all depth groups. For seasonality (Figure 1.9c ), Sy 

varies following the seasons and shows no significant difference during the wet 
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periods (May, June, October, and November). Finally, the ANOVA results indicated 

that within-site location was not a dominant factor since no significant difference was 

found between the up-gradient, mid-gradient, and down-gradient locations when 

comparing the different locations in a given peatland or when merging all the sites 

(Figure 1.9d). 

1.5 Discussion 

1.5 .1 Specific yield measurements 

The Sy measurements and rates of decrease obtained in this study were generally 

consistent with the range of values reported for different types of wetlands (peatland, 

blanket peat bog, open water, constructed peatland, cutover bog) and using different 

methods ( e.g., gravity drainage, moisture retenti on measurements, infiltration rate 

experiment, water table fluctuation method, tracer tests) (Table 1.2). Using the WTF 

method, Moore et al. (2015), McLaughlin et Cohen (2014 ), and Dettmann et 

Bechtold (2016) reported Sy values ranging from O to 1.1, from 0.13 to 1.05 and O to 

0.9 within the first 50, 65 and 45 cm respectively. This was equivalent to decreasing 

rates with depth ranging between - 0.007-0.013 cm -1 (Moore, Morris et Waddington, 

2015), 0.02 cm-1 (McLaughlin et Cohen, 2014) and - 0 - 0.08 cm -1 (Dettmann et 

Bechtold, 2016). Using pressure chamber experiment measurements as quantitatively 

equivalent to Sy, Moore et al. (2015) found that Sy varied between 0.1 and 0.7, and 

decreased with depth at a rate ranging between 0.007 and 0.013 cm-1• With 

infiltration measurements, Holden (2009) found that Sy varied between 0.01 and 1.00 

within the upper 20 cm, independently of the surface vegetation (with the exception 

of Eriophorum, where it reached 0.001). This is equivalent to a decrease in Sy with 

depth between - 0.02 and,,..., 0.05 cm-1• Finally, using gravity experiments, Vorob'ev 
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(1963) investigated Sy and the relationship between capillarity fringe and 

gravitational moisture in unforested low-lying swamps (the term used by the author to 

designate peatlands), and fouhd that Sy decreased· non-linearly with depth, from -0.09 

to -0.45, at a rate of -0.04 to 0.06 cm-1 (Table 11). In this study, Sy varied between 

0.13 and 0.99 using the WTF method and between 0.01 and 0.95 using the small cube 

and tank drainage experiments. These results are strong observational evidence of the 

sharp decrease of Sy with depth. Moreover, results obtained using the WTF method 

show almost identical ranges and patterns obtained by Dettmann and Bechtold 

(2016). 

1.5 .2 Comparison of methods 

In this work, the cube method and the experimental tank were combined to determine 

the fine scale variations of Sy as a fonction of depth within the top peat deposit 

( experimental tank) and the general patterns of Sy as a fonction of depth throughout 

the peat column ( cube method). The sampling process can induce artificial 

modifications to the peat. For instance, the use of a box corer to sample peat is an 

imperfect method, especially in peatlands with a thick acrotelm layer that can be 

easily compressed. However, the box corer provides the capacity to sample deeper 

peat cores, thus providing insight into the values of Sy lower within the peat column. 

Sampling the larger peat volume required for the experimental tank induces minimal 

peat compression, but addressed only the top peat layer. Moreover, Sy measurements 

are commonly performed directly in the laboratory on samples that have different 

volumes or in the field where it is hard to evaluate the scale of the measurements. In 

fact, strong heterogeneity of hydrodynamic · properties are usually encountered at the 

local scale and are expected to modify measurements and induce a scale effect 

(Turner et al., 2015). Hence, it is expected that Sy obtained in the laboratory will 

differ from Sy measurements obtained with in situ methods. 
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Comparing results from the three different methods remains challenging also because 

they depart slightly from the Sy definition. For example, the drainage experiments 

(small cubes and tank) measure drainage porosity which is an approximation of Sy. 

Nevertheless, given the fact that the WTF method provided Sy values similar to those 

of the cube method and of the experimental tank and that the results obtained in this 

study are almost identical to the results obtained by Dettniann et Bechtold (2016) 

using the same method, it is hypothesized that the assumption underlying the use of 

the WTF method are reasonable. In future research, the WTF method will need to be 

used in a wide variety of peatlands to full y constrain its validity. 

1.5.3 Factors influencing storage capacity variations 

Many authors (Holden, 2009 ; Moore, Morris et Waddington, 2015 ; Price, 1996 ; 

Thompson et Waddington, 2013) have demonstrated that peatlands vary significantly 

in terms of microtopography (hummock, lawn, hollow, pool), disturbances (fire, 

drainage), hydrogeological context, and hydroclimatic environment (Geris et al., 

2015). These are all factors that have been recognized as affecting storage capacity. 

Pires have been shown to decrease Sy, which increases the flashiness of water table 

fluctuations (Sherwood et al., 2013). Sy differ between humrnocks and hollows as 

these tend to dry up more rapidly and retain more water than hummocks (Moore, 

Morris et Waddington, 2015). Hydrogeological contexts control the connectivity of 

peatlands to aquifers, limiting water table fluctuations (i.e., minerotrophic peatland), 

and hydroclimatic conditions modify precipitation regimes, evapotranspiration, and 

soil moisture dynamics, exerting a control on water storage (Geris et al., 2015). 

In this study, observed Sy differences could not be explained by the presence of 

disturbances or variations in microform, since vegetation assemblages did not show 
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strong evidence of perturbation and microforms did not differ significantly within and 

between sites. Additionally, the hydrogeological context, which was found to differ 

strongly from site to site (Table 1) could not explain the increasing Sy trend observed 

in Figure 1.9a. For example, LCY and VIC have both developed on fine to medium 

sand (high permeability), whereas ISO formed on glacial clayed silt (low 

permeability), yet no statistical difference was found between their means Sy. 

Between site locations, differences in storage capacity are better explained by the 

decreasing trend in effective growing degree days registered from the south-west to 

the north-east St. Lawrence Lowlands. Higher numbers of effective growing degree 

days increase overall evapotranspiration rates. Sites characterized by greater 

evapotranspiration tend to have water tables closer to their respective minimum 

annual water table position, where humification is higher. Therefore, under similar 

precipitation regimes, those sites experiencing higher evapotranspiration rates will 

have lower Sy WTF. However, their dynamic storage capacity will be higher, since 

more space is available before reaching a threshold water-table depth. 

Large variations in Sy with depth within the peat profile (Figure 1.9b) have also been 

reported in the literature (Holden, 2009 ; Moore, Morris et Waddington, 2015 ; 

Vorob'ev, 1963), and correspond to the increasing degree of peat decomposition with 

depth. For instance, a Sy of greater than 0.13 is equivalent to a Von Post degree of 

decomposition between Hl and H5, whereas a Sy of less than 0.13 is equivalent to a 

degree of decomposition between H6 and H9. This link between Sy and degree of 

decomposition has also been reported by Letts et al. (2000), where Sy decreased from 

0.66 to 0.13, with peat type changing from fibric to sapric, and by Boelter (1964), 

also reported Sy as high as 0.80 in undecomposed peat and as low as 0.10 in highly 

decomposed peat. However, results from the current study show that depth is not a 

systematic explanatory factor when all sites were considered together. Similar Sy WTF 

distributions with depth were observed for all sites, independently of the mean annual 
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WTD of each. For example, at LCY where mean annual WTD is 41 cm, Sy WTF is 

almost identical to that of ISO, where mean annual WTD is only 9 cm. Therefore, 

mean annual WTD should not be considered to be a proxy of peatland water storage 

capacity. 

Seasonality is another important control on dynamic storage capacity (Figure 1.9c ). 

Indeed, median Sy wTF is higher during wet periods compared to dry periods. This is 

explained by the fact that evapotranspiration rates are higher during dry periods 

compared to wet periods. Moreover, these results are consistent with recent findings 

by Geris et al. (2015), showing that tree cover temporarily increases the dynamic 

storage capacity during summer due to higher evapotranspiration. 

The absence of a within-site location effect on Sy WTF in this study (Fi,gure 1.9d) has 

strong implications for future research. The absence of spatial variation within the 

studied sites suggests that a single Sy-depth model could be sufficient to represent a 

given site. However, more research is needed to better understand the vertical Sy 

variation of the water table fluctuation layer, due to the various hydrogeological 

contexts and microforms. 

1.5 .4 Implications for peatland understanding and management 

Results from this study have man y hydrological implications in terms of hydrological 

modelling, evapotranspiration feedback, water table climate linkage, and 

understanding peatland water storage capacity at the local and global scales. Many 

authors have studied overland and rapid/slow subsurface flow within peatlands to 

quantify peatland-surface water interactions (Devito, Waddington et Branfireun, 1997 

; Holden et al., 2008 ; Reeve, Siegel et Glaser, 2000 ; Reeve, Siegel et Glaser, 2001 ). 

The WTF method provides a means to quantify the Sy, and therefore to better 
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understand the timing and the transition between overland and subsurface flow within 

peatlands. Two previously established (McLaughlin et Cohen, 2014) Sy ranges were 

also observed in this study: greater than 1, and between O and 1. Sy values greater 

than 1 indicate additional water input from uphill or from the redistribution of 

precipitation within the peatland. When Sy is between O and 1, precipitation 

accumulates within the pore spaces until a threshold, where pore sizes of 

undecomposed peat are too large to hold more water (Holden, 2009). Somewhat 

counterintuitively, this can be interpreted as indicating that the water table does not 

need to reach the surface to be characterized·by a Sy WTF greater than 1. 

Peatland water storage capacity is an important component of flood mitigation 

(Acreman et Holden, 2013). The results obtained with the WTF method offer new 

data that could be very useful for short term transient hydrological/hydrogeological 

models. A single model of vertical Sy could be used in physically-based models to 

simulate peatland dynamics (Reeve et al., 2006). This could lead to more accurate 

estimates of the delay between precipitation and river floods in watersheds containing 

large peatland coverage. However, using long-term transient hydrological models 

requires a thorough understanding of the effect of swelling/shrinking peat soils on 

water storage capacity (Camporese et al., 2006) which is rarely available. 

1.6 CONCLUSION 

The objective of this study was to adapt the WTF method in order to quantify vertical 

Sy variations in peatlands and to better understand the factors controlling peatland 

water storage capacity. This objective was achieved by comparing results from 

laboratory experiments on small and intermediate-size peat samples with results from 

the WTF method. The methods were carried out on five peatlands of the St. Lawrence 

lowlands, at three different locations within each peatland. 
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Although uncertainties in Sy were identified for the cube samples in the upper peat 

layers, similar relationships describing vertical variations with depth reported in the 

literature suggest that results from the WTF are reasonable. Results show that this 

method is a promising tool to quantify Sy and its vertical variation within the water 

table fluctuation layer of peatlands. The power law provides the best description of 

Sy-depth variations. 

Moreover, site location and seasonality are dominant controls upon water storage 

capacity, suggesting that both hydroclimatic context and evapotranspiration are of 

primary importance to understanding peatland water storage capacity. This research 

has shown that within-site location plays a minor role in Sy variations, suggesting 

that the WTF method .could be used to quantify water storage capacity using a single 

dip well. However, further studies are needed to investigate the influence of 

microforms (i.e., hummocks, hollows and pools) and hydrogeological context on 

water storage capacity. 

The WTF method is non-invasive, inexpensive, and can easily be used in a wide 

variety of contexts, since hourly precipitation and peatland water table fluctuation 

data are commonly measured in peatland monitoring projects. This method provides a 

relatively simple means of improving the available data on peatland water storage 

capacity in different conditions, thus contributing to better understand peatland 

hydrological fonctions. 
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1.8 TABLES 

Tableau 1.1 Site descriptions coordinate, altitude, area, distance, and mean slope between up

gradient and down-gradient location, watershed, lithology, dominant species, annual 

evapotranspiration (Atlas agroclimatique du Québec, 2012), and difference between P and ETP. 

Altitude Area Distance Dominant 
Annual 

Site Lat Long 
{m} {km2) (m):slope 

Watershed Hydrogeotogy 
specîes 

ETP P-ETP 
{mm) 

{%) 
Sph sp .. Kal Ang, 

LTF 45.132 -74.217 51 6.0 697:0.08 Chateauguay Marineclay Eri Vag, Rho Ca .. 640-710 neg 
Pol Str, Aul Pal 

SSE 46.042 -72.345 84 4.9 760:0.20 Nicolet Fluvial silt/Glacial Sph sp,, Kal Ang, 
575-701 pos/neg dayey silt Eri Vag, Cha Cal 

LCY 45.950 -72.187 106 0.5 Nicolet Eolian fine to Sph sp, Kal Ang, 
123:0.24 mediumsand Cha Cal, Rho Gro 575 - 701 pos /neg 

VIC 46.023 -72.077 118 2.6 593:0.16 
M . d d Sph sp, Kal Ang1 

Nicolet anneexon ate · EriVag,PolStr, 575-701 pos/neg 
fine sand Cha Cal, Rho Gro 

Sph spi Kal Ang, 
ISO 46.579 -71.597 117 2.8 454:0.23 du Chene Glacial dayey silt Eri Vag, Car sp, 548-611 pos 

And Gia, Cha Cal 

Note. P = precipitation; ETP = evapotranspiration; LTF = large tea field; SSE = Sainte-Séraphine; LCY = 

Lac Cyprès; VIC = Victoriaville; ISO = Issoudun; Sph sp. = Sphagnum spp.; Kal ang = Kalmia 

angustifolia; Eri vag = Eriophorum vaginatum; Pol str = Polytricum strictum; Aul pal = Aulacomnium 

palustre; Cha cal = Chamaedaphne calyculata; Rho gro = Rhododendron groenlandicum; Car sp. = Carex 

spp. 
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Tableau 1.2 Specific yield measurements in wetlands as reported in the literature. 

Rate 
Wetland Depth Sy decrease Method Author Main objective Year 

(cm-1} 
type (cm) 

Dettmann and 
0-0.9 i::::0-0.08 Wîf 

Bechtold 2016 
methological development peatland 0-45 2016 

0-1.1 0.007-0.013 Wîf Moore et al. 2015 site-depth-microforms peatland 0-65 2015 

0.1-0.7 0.007 - 0.013 Pressure chamber Moore et al. 2015 site-depth-microforms peatland 0-50 2015 

Mclaughlin and 
evapotranspiration and 50-0 

0.13-1.05 0.02 Wîf 
Cohen2014 

groundwater exchange open water (above 2014 
estimation surface) 

Mclaughlin and 
evapotranspiration and 60-0 

0.05-0.4 NA Wîf groundwater exchange open water (above 2014 
Cohen2014 

estimation surface) 

Thompson and 
microforms-depth-density-

0-0.85 NA Pressure chamber Waddington 
wildfire alteration 

peatland 0-45 2013 
2013 

0.01-1 0.02-0.05 lnfiftrometer Holden 2009 depth..:cover type 
upland 

0-20 2009 
blanket peat 

Gravity 
Rosaand peat hydrological 

0.23 NA (experimental peatland 0-40 2009 
tank) 

Larocque 2008 properties 

0.75-0.99 NA Tracer tests 
Ronkanen and modelling of water contructêd 

NA 2008 
Klove2008 treatment wetlands peatland 

0.13-0.66 NA Gravify lett et al 2000 
depth - humification -

peatland 0-35 2000 modelling WT variation 

0.25-0.55 ~0.01 Gravity Priœ, 1996 
effect of peat harvesting 

peatland 0-55 1996 
on water balance 

0.04-0.06 ~o Gravity Price; 1996 
effect of peat harvesting 

cutoverbog 0-62 1996 
on water balance 

0.1-0.55 =::0-0.015 Gravity Price 1992 
water budget -

blanket bog 0-250 1992 hydrological processes 

0.09-0.45 0.04-0.06 Gravity Vorob.ev. 1963 depth-cover type 
swamp 

0-20 1963 
!eeat} 

Note. WTF = water table fluctuation 
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Figure 1.1 Locations of the five studied peatlands in the Châteauguay 

(LTF), Nicolet (SSE,LCY, and VIC), and du Chêne (ISO) watersheds of 

southern Québec, Canada. 
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Figure 1.2 Mean monthly precipitation (bars) and temperature (lines) 

between 1981 and 2010 for Châteauguay (black), Nicolet (grey), and du Chêne 

(light grey) watersheds. Note that temperature curves for Châteauguay and 

Nicolet overlap or nearly overlap for much of the year. 

[ ] peat • groundwater Il aquifer 

Figure 1.3 U p-gradient, mid-gradient, and down-gradient locations of the 

instrumented wells in the studied peatlands. Black arrows show general water 

circulation patterns. 
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Neon 

Figure 1.4 Design of the experimental tank with an impermeable base 

support built for the drainage experiment to calculate specific yield variations 

with depth (modified from Rosa and Larocque, 2008). 
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Figure 1.5 Water table depths and precipitation from June 2014 to August 

2015 at the up-gradient (black), mid-gradient (grey), and down-gradient (light 

grey) locations at (a) Large Tea Field (LTF), (b) Sainte-Séraphine (SSE), (c) Lac 

Cyprès (LCY), (d) Victoriaville (VIC) and (e) Issoudun (ISO). The period 

without data corresponds to the winter season. The L TF time series is only from 

June to September 2014 due to technical difficulties with the rain gauge in the 

summer 2015. 
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Variation in specific yield (Sy) with depth using the small cube 

(mean values are plotted for each site), experimental tank (LTF only), and WTF 

(LTF only) methods. The black line shows the Sy-depth relationship using the 

experimental tank method (L TF), and the grey line shows the logarithmic Sy

depth relationship using the cube method (LTF). 
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Figure 1.7 Water table variation (Ah) as a fonction of precipitation (P) for 

ail sites and locations. Each point represents a single precipitation event. Dashed 

lin es and associated value represent the ratio of P/Ah equivalent to Sy. 
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Figure 1.8 Variation in specific yield estimated using the power law model 

applied to the WTF method as a fonction of depth below the surface for ail 

peatlands and ail locations (up-gradient, mid-gradient, and down-gradient) 
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Figure 1.9 Influence of (a) site, (b) depth below the surface, (c) seasonality 

(May to November), and (d) within-site location on specific yield found using the 

water table fluctuation method. Each box plot shows the minimum (lower bar), 

the first quartile (lower portion of the box), the median (bold black line), the 

third quartile (higher portion of the box), the maximum (upper bar), and the 

outliers ( ci rel es). 
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ABSTRACT 

Water table depth in peatlands is strongly linked to physical properties of the peat, such as 

density (p dry), peat composition and humification, hydraulic conductivity (K), and specific 

yield (Sy). Dry bulk density and peat depth are commonly used as indicators of K in eco

hydrological models. However, no mathematical relationship exists to quantify Sy based on 

K and p dry. As a result, eco-hydrological models cannot explicitly reproduce the strong 

buffering capacity of peatlands. The objectives of this study were to analyze the literature

reported mathematical link between all the physical properties to develop new mathematical 

relationships between these parameters, and to evaluate whether variations in the physical 

properties of the peat control water table depth in peatlands. Seven peatlands located in the 

St. Lawrence ,Lowlands (Québec, Canada) were sampled, and 1 m-long peat cores were 

collected from up-gradient, mid-gradient, and down-gradient zones. All cores were used to 

measure p dry, K, Sy, and to estimate peat composition and humification. Statistically 

significant correlations were found between: 1) K and Sy (log-log model), 2) K and depth 

(log-log model), 3) Sy and depth (log-log model), 4) p dry and Sy (log model), and 5) p dry 

and K (log model). No significant difference was found in either K or Sy between sites. 

However, significant differences were found in water table depths. Because they provide a 

fuller description of the peat properties that control water table depths, these newly developed 

fonctions have the potential to improve the capacity of eco-hydrological models to simulate 

time-varying hydrological conditions. 

Keywords: peatland, water table depth, hydraulic conductivity, specific yield, density, 

ecohydrology 
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2.1 INTRODUCTION 

Peatlands are water-dependent ecosystems often connected to aquifers (Rossi et al., 

2012) and rivers (Bourgault et al., 2014), and are characterized by an accumulation of 

organic matter that exceeds its decomposition. The connectivity of peatlands to 

aquifers and rivers, referred to as hydro-connectivity, and their capacity to 

accumulate and store carbon depends on the water table depth (Ise et al., 2008), 

which is strongly influenced by the physical properties of the peat (i.e., density (p 

dry), peat composition and humification, hydraulic conductivity (K), and specific yield 

(Kelly et al., 2014). 

The parameters p dry (Radforth and Brawner, 1977) and depth (Young and Klaiwitter, 

1968) are commonly integrated in eco-hydrological models as indicators of K 

(Frolking et al., 2010) to determine the facility with which water circulates through 

the organic deposit (Fetter, 2001). However, no mathematical equations are reported 

in the scientific literature to link p dry and K to Sy. Even though Sy is known to vary 

strongly with depth (Bourgault et al., 2016), this parameter is either not integrated in 

eco-hydrological models (Frolking et al., 2010), or is considered constant (Morris et 

al., 2012). Since Sy contrais the storage capacity of the peat (Dettmann and Bechtold, 

2016) and its water table reactivity to precipitation (Bourgault et al., 2016), eco

hydrological models therefore cannot explicitly reproduce the strong buffering 

capacity of peatlands (Waddington et àl., 2015). This limits their capacity to 

reproduce water table depths. The limited extent of literature-reported data partially 

explains the oversimplification in eco-hydrological models. For example, even if a 

handful of studies have reported measurements of K (Rosa and Larocque, 2008) and 

Sy (Lapen et al., 2000) across North America (Letts et al., 2000; Quinton et al., 2008) 

and Europe (Baird, 1997; Baird et al., 2016; Holden and Burt, 2003a), data are still 

extremely limited in eastem Canada, where peatlands occupy large surface areas .. 
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The objectives of this study were to analyze the literature-reported mathematical link 

between p dry, peat composition, humification, K, and Sy to develop new 

mathematical relationships between these parameters, and to evaluate whether 

variations in the physical properties of the peat control water table depths in 

peatlands. Measurements of p dry, peat composition and humification, K and Sy were 

performed on 4 7 peat cores in seven peatlands located in the St. Lawrence Lowlands 

(southern Quebec, Canada). Water table variations were recorded over two summer 

periods at three locations (up-gradient, mid-gradient, and clown-gradient) in all of the 

peatlands. 

2.2 SITE DESCRIPTION 

All seven studied peatlands (Covey Hill - CH, Large Tea Field - LTF, Sainte

Séraphine- SSE, Lac Cyprès-LCY, Victoriaville - VIC, Villeroy-VR, and Issoudun 

- ISO) are located in the St. Lawrence Lowlands, with the exception of CH, which 

located in the northernmost extension of the Adirondack Mountains (Figure 1 ). These 

peatlands are located in the Châteauguay (CH, LTF), Nicolet (SSE, LCY, VIC), 

Bécancour (VR), and Du Chêne (VR, ISO) watersheds, and are spread over a distance 

of 250 km in southern Quebec (Canada). Five of the seven studied peatlands (LTF, 

SSE, LCY, VIC, and ISO) have already been described in Bourgault et al. (2016), 

including their geological context, micro-topography, peat thickness, vegetation 

composition, humification, and hydro-climatic contexts. 

The peatlands developed in different geological contexts, characterized by a 

wide variety of quaternary surficial sediments (marine clay, fluvial sandy silt, clayey 

silty till, aeolian fine to medium sand, and regressive marine sand) (Bourgault et al., 
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2016). The CH site is an exception, having developed on fractured Cambrian 

sandstone of the Potsdam Group (Levison et al., 2014). 

Six sites (CH, LTF, SSE, VIC, VR, and ISO) are basin peatlands (National Wetlands 

Working Group-NWWG, 1997) and are set in headwater conditions. LCY is a slope 

peatland (as defined by NWWG, 1997) that developed on fine to medium sand dune 

deposits. The peatlands are characterized by a micro-topography of altemating 

hummocks and lawns. Hollows are only observed at ISO and VIC, while small 

shallow pools are observed at VR. 

Vegetation surveys performed at all sites show that Sphagnum spp. (Sph sp. ), Kalmia 

angustifolia (Ka! ang), and Eriophorum vaginatum (Eri vag) were the main species 

for all sites. Sphagnum spp. (Sph sp. ), Kalmia angustifolia (Ka! ang), and 

Rhododendron groenlandicum (Rho gro) were the dominant species on hummocks. 

On lawns and hollows, Sphagnum spp. (Sph sp. ), Eriophorum vaginatum (Eri vag), 

and Carex spp ( Car sp.) were the dominant species. In shallow pools ( only observed 

in VR), Sphagnum cuspidatum (Sph eus) was found. In sites CH, SSE and VR, 

minerotrophic vegetation was found at the margin of the peatlands and used to 

determine groundwater connectivity (Table 1 ). A/nus rugosa (Ain rug), Iris versicolor 

(Iri ver) and Sphagnum spp. (Sph sp.) were the common species of the minerotrophic 

zones. 

Ali the peatlands began to accumulate following land emers10n after the last 

deglaciation, between ca. 10 770 cal BP (Larocque et al., 2013) in VR, and ca. 13 450 

cal BP in CH (Pellerin et al., 2007). Peatland areas range between 0.5 and 10.4 km2, 

and peat thickness varies between 190 and 522 cm (Table 1). Ali the peatlands have 

central ombrotrophic sections, and some have lateral minerotrophic sections (CH, 

SSE, and VR). Rates of accumulation for the top meter of peat ( only available for CH 

and VR) vary between 0.6 and 1.1 mm.yr-1 for VR (Lavoie and Colpron-Tremblay, 
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2013) and between 0.01 and 4 mm.yr-1 for CH (Lavoie et al., 2013), and includes the 

acrotelm, in which peat is partially decomposed. 

Mean annual precipitation (1981 - 2010) varies between 929 mm (ISO) and 1114 

mm (LTF) (MDDELCC, 2017). For all sites, the minimum monthly precipitation 

occurs during the winter, and the maximum is recorded during the summer. Mean 

annual temperature (1981-2010) varies between 4.8 (ISO) and 6.7 °C (LTF). 

Minimum and maximum temperatures are recorded in January and July respectively 

for the seven sites. 

2.3 METHODS 

Field work was carried out between May 2014 and June 2016. Peat sampling sites 

were located along a transect covering up-gradient, mid-gradient, and down-gradient 

zones in all the peatlands. The three zones were identified using the digital elevation 

model (1 x 1 m resolution) derived from airbome light detection and ranging survey 

(LiDAR). Up-gradient was defined as the highest altitudinal zone, down-gradient the 

lowest altitudinal zone and mid-gradient an intermediate zone. Distances between up

gradient and down-gradient wells varied between 123 and 760 m with mean slopes 

from 0.08% to 0.24% (see Bourgault et al. 2016). 

The LCY peatland does not include a mid-gradient location because of its small area 

(0.5 km2). Twenty sampling locations were thus visited, and two 1 m-long peat cores 

were sampled at each site using a Box corer. One additional peat core was sampled in 

each of the up-gradient locations, for a total of 47 peat cores. Sampling compression 

was measured in the field and ranged between 2 and 20 cm for all sites and locations. 

Mean sampling compression was 4 cm for CH, 5 cm for LTF, 8 cm for SSE, 12 cm 

for LCY, 6 cm for VIC, and 2 cm for ISO. Peat gaps due to compression were not 
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considered in the analyses. Cores were eut into two 50 cm sections using a sharp 

knife, wrapped into two half-cylinder PVC pipes (p dry measurements) or rectangular 

plastic casings (K and Sy measurements) for transportation, and stored at 4°C. In the 

laboratory, one core per sampling location was used for p dry measurements, one for K 

measurements, and one for Sy measurement (Sy measurements were performed only 

in up-gradient locations). Water table variations were recorded at the three locations 

within each site using wells constructed from 3 cm OD PVC pipes, with 2 m long 

intakes perforated with 0.254 mm slits equally spaced by 60 mm from top to bottom, 

and sealed at their base. AU wells were equipped with level loggers (Solinst) that 

recorded water table variations at hourly intervals from June 2014 to May 2016. 

2.3.1 Peat composition and humification 

Peat composition and humification of the up-gradient core of each peatland were 

described. Degree of humification was assessed directly in the field using the 

standard von Post procedure (Von Post, 1922). In the laboratory, peat composition 

was describedat 4 cm intervals following the Troels-Smith (1955) method for up

gradient cores only. Peat composition was described using a stereoscopic microscope 

and classified within four groups, Turfa bryophytica, Turfa lignosa, Turfa herbacea, 

and Detritus granosus. 

2.3.2 Dry bulk density (p dry) 

Twenty 1 m-long peat cores (two for LCY) were used to perform p dry measurements 

(Dean, 1974). To perform this analysis, all cores were frozen for three hours and then 

eut with a sharp knife at 2 cm intervals, corresponding to a volume of 44 cm3. Each 

sliced section was weighed, dried ovemight at 105 °C, and weighed again. p dry was 
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calculated using the following equation, where W is the slice weight after drying and 

V is its volume: 

w 
Pdry = V (2.1) 

For all cores, means were calculated at 8 cm intervals so as to be comparable to K 

and Sy measurements. 

2.3 .3 Hydraulic conductivity (K) 

Twenty 1 m-long peat cores were eut into 343 cm3 (7 cm x 7 cm x 7 cm) samples, for 

a total of 12 samples per core. In the laboratory, each cube was wrapped in a thin wax 

film and submerged into liquid paraffin, as required for the Modified Cube Method 

(MCM) (Surridge et al., 2005). The wax was removed from two sides of the cube to 

measure horizontal saturated hydraulic conductivity (Kh; equivalent to Ksat) and the 

samples were allowed to saturate ovemight. The horizontal saturated hydraulic 

conductivity (hereafter called K) was measured using a constant head permeameter 

(Beckwith et al., 2003; Surridge et al., 2005). The waxed samples were placed on a 

funnel connected to a graduated cylinder, and a thin film of water was maintained on 

their upper face to produce a hydraulic gradient equal to one. By repeating the 

experiment on each sample, discharge (Q) from the peat sample was measured three 

times. Uncertainties between the three experiments were negligible for all samples 

(less than 2%). Mean Kwas calculated using Darcy's Law: 

K = !?.. 
Ai 

(2.2) 

where A ( 49 cm2) is the cross-sectional area and i ( cm.cm-1) is the hydraulic gradient 

(i = 1 ). 
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2.3.4 Storage coefficient (Sy) 

Bourgault et al. (2016) previously reported Sy variations with depth for five of the 

studied peatlands (LTF, SSE, LCY, VIC, and ISO). The Sy values for the other two 

peatlands (CH and VR) are reported here. These cores were eut into 8 cm3 samples 

for a total of 12 samples per core. Sy measurements were performed on these 

samples using the same gravity drainage experiments as those described in Bourgault 

et al. (2016). Gravity drainage was performed in acrylic cubes (8 cm3) and used to 

estimate Sy following Eq. (2) (Freeze and Cherry, 1979), 

(2.3) 

where V d is the drained water volume ( cm3), A is the area of the peat sample (7 cm x 

7 cm = 49 cm2), and ~h is the water table fluctuation ( cm). The peat samples were 

soaked in water for 24 hours prior to the experiment, and then drained for 24 hours. 

Each acrylic cube was connected at the bottom to a plastic tube with a diameter of 1.3 

cm attached to an adjustable base support to drain the samples. Each drainage 

experiment began by decreasing the height of the plastic tube to that of the bottom of 

the tested sample. Sy was measured twice on third of the sampi~ to evaluate the 

experimental errors. 

2.3.5 Data analysis 

Tukey HSD analyses were performed to identify differences between peatlands 

and between site locations, using a 99% confidence interval. Linear regression and 

non-linear regression analyses were performed to identify relationships between K, 

Sy, p dry, depth, and median water table depth. All the mathematical analyses were 

performed using the R statistical software (R environement, D.C.T, 2008). 



89 

2.4 RESULTS 

2.4.1 Water table depth 

Water table depth for all the sites (CH, LTF, SSE, LCY, VIC, VR, and ISO) and 

locations (up-gradient, mid-gradient, and clown-gradient), including winter months 

when snow accumulates at the surface, was between +25 cm (above peat surface) and 

-65 cm (below peat surface). Significant differences were found between sites (Figure 

2), with median water table depths equal to -10 m for CH, -30 m for L TF, -35 m for 

SSE, -41 m for LCY, -16 for VIC, -5 for VR, and -1 for ISO. Two groups could be 

distinguished. The first group (CH, VIC, VR, and ISO), was characterized by shallow 

water table depths, and the second group (LTF, SSE, and LCY) was characterized by 

a deeper water table (Figure 2). However, no significant differences in water table 

depths were found within each of the seven peatlands ( e.g., up-, mid-, and down

gradient). 

2.4.2 Vegetation and humification 

Acrotelm thickness (up-gradient locations) was 32 cm for CH, 57 cm for LTF, 57 cm 

for SSE, 56 cm for LCY, 28 cm for VIC, 21 cm for VR, and 24 cm for ISO, and was 

determined based on the minimum water table depth (Holden and Burt, 2003b) 

(Figure 3). In all sites, the acrotelm is mainly dominated by Turfa bryophytica, with 

varying percentages of Turfa lignosa (up to 40%) and/or Turfa herbacea (up to 30%) 

and/or Detritus granosus (up to 50%) (Figure 3). In the cores from CH, LTF, SSE, 

LCY, and VIC, a sharp transition from Turfa bryophytica to a highly decomposed 

Detritus granosus peat was observed. The transitions were characterized by an 

increase in humification from a non-decomposed Sphagnum-dominated fibric peat (:'.S 

20 cm) to a highly decomposed sapric peat (~ 55 cm), which was expected to strongly 
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affect p dry, K, and Sy (Letts et al., 2000). The cores from VR and ISO were mainly 

composed of Turfa bryophytica for the entire sequence, with interspersed layers of 

Turfa lignosa between 66-74 for VIC and Turfa herbacea between 34-60 cm for VR. 

2.4.3 Dry bulk density 

p dry results varied between 0.02 and 0.22 g/cm3. Variance analysis of p dry showed 

significant difference between sites, with median p dry equal to 0.06 g/cm3 for ISO, 

0.08 g/cm3 for VR, 0.10 g/cm3 for VIC, 0.10 g/cm3 for CH, 0.11 g/cm3 for LTF, 

0:11 g/cm3 for SSE, and 0.14 g/cm3 for LCY (Figure 4). In sites CH, LTF, SSE, 

LCY and VIC, a transition in slope was observed at a depth of 50 cm for CH, 20 cm 

for LTF, 35 cm for SSE, 35 for LCY, and 30 cm for VIC, and a maximum p dry was 

reached at the depth of the transition (Figure 5). In VR and ISO, the maximum p dry 

was found at the base of the cores (1 m depth). Two groups were distinguished, the 

first consisted, of sites CH, ISO, and VR, and the second of sites LCY, LTF, and SSE, 

with the VIC site being between the two groups. No significant differences between 

site locations (up-gradient, mid-gradient, clown-gradient) were recordedwith regards 

top dry. 

2.4.4 Saturated hydraulic conductivity 

Hydraulic èonductivity results show strong variation in K, over nearly six orders of 

magnitude between sites (Figure 6). Experimental errors on K were less than 2% and 

considered negligible. The median Kwas 6.9*10-3 cm/s for CH, 5.1 *10-4 cm/s for 

LTF, 8.0*10-5 cm/s for SSE, 4.0*10-4 cm/s for LCY, 6.4*10-4 cm/s for VIC, 2.3*10-3 

cm/s for VR, and 3.5*10-3 cm/s for ISO, and show no significant difference between 

the sites. The highest K value is 1.4 cm/s at site SSE, while the lowest is 0.000003 

cm/s at site LCY, with an overall median K value of 0.067 cm/s. 
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Similar to p dry, two distinct rates of K decrease with depth were observed: a rapid 

decrease observed within the upper part of the acrotelm, and a small decrease 

corresponding to the catotelm (Figure 7). Regression models were used to represent 

the decrease in measured K with depth. Models for log (K)- depth (see figure 7; blue 

lines) and log (K) - log (depth) (see figure 7; black lines) were compared. Results 

show that the log (K) - depth model best described CH (R2=0.88) and VR (R2=0.42), 

whereas the log (K) - log (depth) model best described LTF (R2=0.55), SSE 

(R2=0.78), LCY (R2=0.86), VIC (R2=0.66), and ISO (R2=0.60). However, the 

difference in R2 between the two models for CH and VR is not significant compared 

to the difference in R2 between the two models for LTF, SSE, LCY, VIC and ISO. 

Therefore, all sites are considered best described using log (K) - log ( depth) models. 

Comparing figure 3 and figure 7, an increase in K is observed in Turfa bryophytica 

peat layers between 22 and 34 cm and 60 and 82 cm for VR and in Turfa herbacea 

between 66 and 74 cm for VIC. This pattern was not observed at the other sites. 

Finally, no significant difference was observed between the different site locations, 

with the exception of SSE and VR, where the Tukey HSD test (Cl= 99%) identified 

a significant difference for the clown-gradient locations. 

2.4.5 Storage coefficient (Sy) 

Result of Sy using the MCM method varied between 0.01 and 0.82 (Figure 8). 

Similarly to K, a rapid change in rates of decrease is observed for all peat cores 

(Figure 9). This rapid decrease is restricted to the acrotelm, with a median Sy of 0.27 

for all sites, whereas a slow decrease is observed .in the catotelm, with a median Sy of 

0.05 for all sites. Median Sy were 0.16 for CH, 0.05 for LTF, 0.03 for SSE, 0.38 for 

LCY, 0.05 for VIC, 0.06 for VR, and 0.09 for ISO, and showed significant 
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differences only between LCY and ISO. Based on previous results from Bourgault et 

al. (2016), no significant differences in Sy were observed across locations (i.e., up

gradient, mid-gradient, and down-gradient) in sites LTF, SSE, LCY, VIC, and ISO. 

2.4.6 Mathematical relationships between p dry, Ksat, Sy, and peat depth 

Strong correlations were found between median water table depth and p dry (Figure 

10), K and depth (see figure 11), Sy and depth (see figure 12), K and p dry (see figure 

13), p dry and Sy (see figure 14), and Sy and K (see figure 15). No correlation was 

found between median water table depth and K (R2 = -0.05), or median water table 

depth and Sy (R2=0.13). K-depth (figure 11), Sy-depth (figure 12), and Sy-K (figure 

15) relationships were best modelled using log-log fonctions: 

log(y) =a* log(x) + P (2.4) 

where y is the dependant variable ( e.g. Sy, K), x is the independent variable ( e.g. 

depth, p dry) and a and ~ are constants controlling the curvature of the relationship. 

Calculated a and~ varied respectively from -3.74 to -2.56 and from 1.26 to 3.17 for 

K-depth relationship (figure 11), from 0.32 to 0.40 and from 0.28 to 0.56 for Sy

depth relationship (figure 12), and from 0.33 to 0.40 and from -0.19 to 0.02 for Sy-K 

relationship (figure 15). K-p dry (figure 13) and Sy- p dry (figure 14) were best 

modelled using semi-log fonctions: 

y = a * log(x) + P (2.5) 

where calculated a and~ varied respectively from -33.90 to -25.01 and from 0.57 to 

0.29 for K- p dry relationship (figure 13) and from -10.20 to -5.87 and from -0.53 to -

0.12 for Sy- p dry relationship (figure 14). Results from this study were compared to 

the K- p dry relationship developed by Radforth and Brawner (1977) and included in 

the Holocene peat model (HPM; Frolking et al., 2011) (figure 13), and the model of 
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K-depth developed by Young (1968), which is included in the Digibog model (Baird 

et al., 2012) (figure 11). 

2.5 DISCUSSION 

2.5.1 Functional correlations between Ksat, Sy, p dry, and depth 

K, Sy, and p dry values measured in this study were well within the ranges of values 

reported in the literature. Baird et al. (2016) showed that K can vary between 10-1 

cm/s and 10-5 cm/s within the first meter of peat sequences. From their data 

compilation, Dettmann and Bechtold (2016) have shown that Sy varies between 0.01 

and 0.95 within the first 50 cm of peat. Compiled values of p dry reported by Loisel et 

al. (2014) for different types of peatlands around the world vary mainly between 0.05 

and 0.20 g/cm3, with a mean value of0.10 g/cm3. 

The strong correlations for the K-depth, Sy-depth, and K-p dry, relationships are 

consistent with the equations used in models (Baird et al., 2012; Frolking et al., 2010) 

and field data based studies (Bourgault et al., 2016; Dettmann and Bechtold, 2016; 

Morris et al., 2015). The equation used in the HPM for the K-p dry relationship 

overestimates results from this study (see figure 13). This is explained by the fact that 

the K-p dry relationship used in the model was derived from sites that might not have 

been located in a similar hydrogeological context. Moreover, because K has been 

shown to be a sensitive parameter in the HPM (Quillet et al., 2013), it would be 

advisable to include the possibility for a region-specific or site-specific K-p dry 

relationship to be used. The exponential fonction of Young (1968), describing the K

depth relationship, underestimates K values of the present study in the top 10 cm and 

overestimates K values between 20 and 60 cm (see figure 11). This underestimation 

of surface K could have an important effect on simulated peatland hydrodynamics, 
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since the surface layer controls water table variations, and therefore water flow 

velocities. Additionally, figure 15 shows a strong positive correlation of Sy as a 

fonction of K. This is also important, as it demonstrates a quantitative relationship 

between these two parameters in peatlands. Finally, a relationship was identified to 

link Sy and p dry (figure 14) that could be included in models using p dry as an 

indicator ofK and Sy. 

However, higher Kat the surface and lower Kat the bottom of a peatland is 

not always observed (see figure 7). As explained by Baird et al. (2016), stratigraphie 

changes in vegetation assemblages and decomposition, within the catotelm, can 

modify the peat pore structure and result in K values equal to or exceeding values 

usually found in shallow, near-surface peat. In the present study, this was observed at 

VR, with higher K values found between 22 and 34 cm and 60 and 82 cm ( see figure 

7 .f), where peat was less decomposed and dominated by Turfa bryophytica. These 

conditions can favor local peatland-aquifer connectivity. 

Additionally, in VR and SSE, K values were lower in clown-gradient locations 

(i.e., close to the peatland margin; see figure 7 .c ). This reinforces the results from 

Lapen et al. (2005), which raised the importance of this lower peatland margin in 

maintaining an elevated water table within the peat deposits. According to Baird 

(2016), the finding of significant difference regarding the hydraulic properties 

between the different locations within the peatlands is crucial because it shows the 

importance of different-scale features ( e.g. micro-topography, patterning, raised bog, 

margin) in the understanding of peatlands fonction both hydrologically and 

ecologically. 

Therefore, the quantitative relationships developed in this paper should be 

used cautiously considering that spatial heterogeneity in. peatlands is common. The 

different fonctions and their parameters variability could be tested using models. 

Additionally, the similarity between the relationships developed in this work and the 
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relationships available in the literature suggests that generalization is conceivable. A 

community effort to assemble existing unpublished data should be considered to 

validate the newly developed relationships. 

2.5.2 Water table depth in peatlands 

In modelling studies, peatlands are generally conceptualized with a highly conductive 

upper layer, corresponding to the acrotelm (high K, high Sy, low p dry, and low 

humification), and a low conductivity bottom layer, corresponding to the catotelm 

(low K, low Sy, high p dry, and high humification) (Baird et al., 2008). In this study, 

the transition was observed within the top 50 cm of peat, similar to what has been 

reported in the literature (see figure 11 and figure 12). For many authors, this strong 

vertical variation in hydrodynamic properties is crucial to understanding differences 

in water table depth. Peatlands characterized by a more conductive upper layer are 

expected to have a lower median water table depth and peatlands with a less 

conductive upper layer is expected to have a higher median water table depth. 

However, this is not what was observed in this study. 

In this study, significant differences in p dry and water table depths were found 

between sites, but no significant differences in K and Sy were observed. Moreover, 

no correlation was found between the hydrodynamic properties and water table depth. 

This suggests that factors other than K and Sy of peat ( e.g., hydro-connectivity, 

climate) are probably involved in the control of water table depth. Moreover, since all 

sites are located in a similar climatic context, it is hypothesized that the connectivity 

between each peatland and a neighbouring river or superficial aquifer should be 

considered and included as control factors of water table depth (Winter, 2001). 
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2.5.3 Implications for eco-hydrological models 

As discussed in Baird et al. (2016), a physically based representation of peat 

hydrology should account for both K and Sy. In indicator-based models, such as the 

HPM, K is quantified using p dry and is used to model the yearly variation in water 

table depth. However, Sy is not represented. In models solving the Darcy flow 

equation ( e.g., Modflow, Digibog), Ksat is vertically discretized as a fonction of 

depth and only Digibog has integrated Sy ( constant value). The absence or the 

simplification of Sy limits the ability of eco-hydrological models to quantify water 

table fluctuations in peatlands, and therefore to reproduce their daily and monthly 

hydrodynamics. And, since peat accumulation and decomposition processes are 

highlr dependent on water table depth (Belyea and Clymo, 2001; Blodau and Moore, 

2003; Moore and Dalva, 1993), simulating carbon dynamics without adequately 

describing the vertical changes of Sy with depth poses a challenge. This is especially 

true when considering that droughts, which occur on a short time scale, can transform 

a temperate peatland from a carbon sink to a carbon source (Fenner and Freeman, 

2011 ). Moreover, Sy is a necessary component of transient modelling. Therefore, the 

quantification of Sy should be a priority in any modelling application aiming to 

downscale eco-hydrological models. Such downscaling is becoming more and more 

important, because peatlands store large amount of carbon (Fenner and Freeman, 

2011) and can be strongly affected by extreme climatic events, such as drought and 

extreme precipitation. 

This work provides new fonctions that could be included in eco-hydrological models. 

For example, the HPM, which describes the accumulation and decay of peat with a 

definition of annual peat layers (Frolking et al., 2010), could integrate the newly 

developed relationship between Sy and p dry (see figure 14). Using this fonction 

would allow to the water table depth to be better determined following precipitation, 
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and therefore the model to be temporally downscaled. Users of models based on the 

groundwater flow equation or Darcy's law, such ~s Digibog (Baird et al., 2012), 

could use the new equation describing Sy as a fonction of depth (see figure 12) to 

better discretize the vertical variation of Sy within the peat profile. If K values are 

available, they could be used to estimate unavailable Sy values (see figure 15). The 

use of these new equations would facilitate model calibration, provide more reliable 

peatland hydrology models, and contribute to a better understanding of peat 

accumulation and decomposition on short time scales (Belyea and Clymo, 2001; 

Blodau and Moore, 2003; Moore and Dalva, 1993). 

However, as demonstrated in this study, describing the hydrodynamic properties that 

control water table fluctuations in peatlands and which are strongly linked to density 

profiles, is not sufficient to fully understand differences in water table depths between 

different sites. It is thus crucial to better understand how the connectivity of peatlands 

with aquifers and rivers can influence peatland hydrology 

2.6 CONCLUSION 

The objectives of this study were to quantify relationships between p dry, depth, K, 

and Sy, to be used in eco-hydrological models, to develop new fonctions that could 

improve eco-hydrological models, and to evaluate whether differences in water table 

depths of peatlands located in the St. Lawrence lowlands could be linked to vertical 

variations in hydrodynamic properties. The first and the second objectives were 

achieved by revisiting two fonctions (K-p dry; K-depth) and developing three new 

fonctions (K-Sy; Sy-depth; Sy-p d~) that could be integrated in future eco

hydrological models. These fonctions could lead to better model calibration, and 

alleviate the necessity for intensive laboratory measurements, while including 
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peatlands in regional models and improving existing steady-state models. 

Importantly, in eco-hydrological models, these fonctions could contribute to 

downscaling models to include processes occurring at smaller time scales and to 

improving models to better describe flow dynamics within peatlands by including Sy. 

The third objective was achieved by comparing the statistical relationsh,ips between 

water table depth and p dry, depth, K, and Sy, and evaluating the strength of the 

correlation between all variables. A significant relationship between p dry and water 

table depth was found, but there was no significant difference in K or Sy between the 

sites. A good linear correlation (R2 = 0.57) was found between p dry and water table 

depth, but this is not the result of a difference in hydrodynamic properties. lt is 

therefore crucial to better understand how the connectivity of peatlands with aquifers 

and rivers can influence water table depth in peatlands, although considerable 

improvements to hydrological modelling of peatlands are expected using the current 

results. 
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Tableau 2.1 Site description: coordinates, altitude, surface area, watershed, hydrogeology, peat 

thickness, microform, and presence or absence of groundwater input 

Altitude Area 
Peat 

Groundwater 
lat long 

(m) (km2) 
Watershed Hydrogeology thickness Microform 

fed 
(cm) 

Fractured Cambrian Hummooklhollow 
4s~oos -73.828 310 0.5 Chateauguay 

sandstone 312 /pools Yes 

45.132 .. 74,211 51 6,0 Chateauguay Marineclay 493 Hummockllawns No 

46.042 -72.345 84 4.9 Nkofet Fluvial silt/Gfaclal 
522 

Hummookllawn 
Yes dayeysilt 

45.950 -72.187 106 0.5 Nicolet Eolian fine to medium 
190 

Hummocktlawn No sand 

Marine exondated fine Hummoo.klholtow 
46~023 -72.077 118 2.6 Nicolet 

sand 360 
s No 

46.376 -71.838 124 10.4 
Becancour/du Eolian sa:nd/Glàdai 

491 
Hummookthollow Yes Chene dayeysilt /pools 

Hummocldhollow 
46.579 -71.597 117 2.8 duChene Glacial clayey silt 454 /pools No 
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2.9 FIGURES 

45' N 

Figure 2.1 Locations of the seven studied peatlands in the Châteauguay (1-

CH and 2-LTF), Nicolet (3-SSE, 4-LCY, and 5-VIC), Bécancour (6-VR), and Du 

Chêne (7-ISO) watersheds of southern Quebec (Canada). 
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Figure 2.2 Water table depths (WTD) for ail locations (op-gradient, mid-

gradient, down-gradient) of the seven sites (CH, LTF, SSE, LCY, VIC, VR, and 

ISO) from June 2014 to May 2016. Colors show significant differences in WTD 

between the sites. Red boxplots show the significant different group composed of 

CH, VIC, VR, and ISO whereas green boxplots show the second group 

composed ofLTF, SSE, and LCY. 
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Figure 2.3 Description of peat composition (shading), peat humification, 

maximum and minimum water table depths (dark grey dashed lines), and 

degree of humification(von Post; black line) from one core (up-gradient) of each 

of the seven sites (CH, LTF, SSE, LCY, VIC, VR, and ISO). Black= Detritus 

granosus ; dark gray = Turfa herbacea ; grey = Turfa lignosa and light grey = 

Turfa bryophytica. 
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Figure 2.4 Bulk dry density variation for ail locations (up-gradient, mid-

gradient, down-gradient) of the seven sites (CH, LTF, SSE, LCY, VIC, VR, and 

ISO). Colors show significant differences in bulk dry density between the sites. 

Red shows the group with the highest p dry and light blue the group with the 

lowest p dry. The group shown in white show both similarities with the green 

group and the dark blue group. 
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Figure 2.5 Variations in dry bulk density (p dry) with depth in the up-

gradient (black), mid-gradient (red), and down-gradient locations (green) of a) 

CH, b) LTF, c) SSE, d) LCY, e) VIC, f) VR, and g) ISO. Black vertical dashed 

lines represent maximum and minimum water table depths in the up-gradient 

location. 
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Figure 2.6 Hydraulic conductivity variations for ail locations (up-gradient, 

mid-gradient, down-gradient) of the sites (CH, LTF, SSE, LCY, VIC, VR, and 

ISO). 
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Figure 2.7 Log K variation with depth in the op-gradient (black), mid-

gradient (red) and down-gradient locations (green) of a) CH, b) LTF, c) SSE, d) 

LCY, e) VIC, f) VR, and g) ISO, including the log-log mode) (black line) and the 

log mode) (blue line), and the R 2 of each. Black vertical dashed lines represent 

the maximum and minimum water table depths in the op-gradient locations. 
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Figure 2.8 Specific yield (Sy) variations for ail locations (up-gradient, mid-

gradient, down-gradient) of the sites (CH, LTF, SSE, LCY, VIC, VR, and ISO). 
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Figure 2.9 Log-log model (black line) of Sy variations with depth in the up-

gradient (black) location of the seven peatlands. The circles correspond to new 

data from this study, and the triangles to data from Bourgault et al. (2016). 

Black vertical dashed lines represent the maximum and minimum water table 

depths in the op-gradient locations. 
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Figure 2.10 p dry as a fonction of median water table depth from June 2014 

to May 2016 for ail locations in the seven peatlands. Black= CH, red= L TF, 

green= SSE, dark blue=LCY, light blue= VIC, pink= VR, and yellow=ISO. The 

black line shows the linear regression model. 
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Figure 2.11 log Kas a fonction of depth for ail locations in the seven 

peatlands (Black= CH, red= LTF, green= SSE, dark blue=LCY, light blue= 

VIC, pink= VR, and yellow=ISO). The black line shows the log-log model 

developed in this paper, the dashed red lines show the upper and the lower log

log model calculated using a confidence interval of 95% on the parameters a and 

p, and the dashed blue line shows the semi-log model developed by Young (1968) 

and used in the Digibog model (Baird et al., 2012). 
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Figure 2.12 Sy as a function of depth for ail locations in the seven peatlands 

(Black= CH, red= LTF, green= SSE, dark blue=LCY, light blue= VIC, pink= 

VR, and yellow=ISO). The black line shows the model developed in this paper. 

The dashed red lines show the upper and the lower log-log model calculated 

using a confidence interval of 95% on the parameters a and p. The circles 

correspond to new data from this study and the triangles represent data from 

Bourgault et al. (2016). 
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Figure 2.13 Log Kas a function of p dry for ail locations in the seven 

peatlands. Black= CH, red= LTF, green= SSE, dark blue=LCY, light blue= 

VIC, pink= VR, and yellow=ISO. The black line shows the semi-log model 

developed in this paper, the dashed red lines show the upper and the lower log 

model calculated using a confidence interval of 95% on the parameters a and 13, 
and the dashed blue line shows the semi-log model developed by Radforth and 

Brawner (1977) and used in the Holocene Peat Model (Frolking et al., 2011). 
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Figure 2.14 Sy as a fonction p dry for ail locations in the seven peatlands 

(Black= CH, red= L TF, green= SSE, dark blue=LCY, light blue= VIC, pink= 

VR, and yellow=ISO). The black line shows the model developed in this study. 

The dashed red lines show the upper and the lower log model calculated using a 

confidence interval of 95% on the parameters a and p. 
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dashed red lines show the upper and the lower log-log model calculated using a 

confidence interval of 95% on the parameters a and p. 
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ABSTRACT 

Peatlands are wetland ecosystems where net primary production exceeds organic matter 

decomposition. They are characterized by a near-surface water table controlled by a 

combination of internai and external processes, influenced by short-term meteorological 

variations and long-term climate change, among other factors. Site-specific conditions, such 

as peat hydrodynamic properties, surface vegetation patterns, and hydrogeological setting, are 

also important controls of water table dynamics. The objective of this paper was to 

characterize the controls exerted by meteorological conditions and by hydrogeological setting 

on water table depth (WTD) and water table fluctuation (WTF) in peatlands and in their 

immediate surroundings. Seven ombrotrophic ecosystems located in or near the St. Lawrence 

Lowlands (southern Quebec, Canada), which have developed in different hydrogeological 

settings, were characterized and monitored. Six zones per site were monitored using dipwells 

and piezometers, with hourly recordings of WTDs: up-gradient, mid-gradient, and down

gradient of the peatland flow, in the peatland minerotrophic zone, as well as in the inflow and 

outflow zones of the adjacent superficial aquifer. The hydraulic conductivity measurements 

of the outflow zone ranged between 1.4* 10-7 and 8.5* 10-3 crn/s, whereas the hydraulic 

conductivity of the inflow zone ranged between 5.6*10-7 and 3.9*10-6 crn/s. 

Evapotranspiration was shown to be the dominant factor controlling cumulative monthly 

water table decreases (MCD), while precipitation dominated the cumulative monthly water 

table increases (MCI). Strong correlations were found between mean peatland WTD and the 

hydraulic conductivity of the outflow zone. Peatlands that were strongly connected with their 

outflow zone showed the greatest variations in water storage, and cross-correlations between 

the outflow and the up-gradient zones. This study sheds new light on aquifer-peatland 

connections, suggesting that WTFs are controlled by meteorological conditions and that 

hydrogeological setting is an important control for MCI and MCD. Moreover, this work 

shows that WTD in ombrotrophic peatlands is influenced by the hydraulic conductivity of the 

outflow zone. This study confirms that peatland-aquifer connectivity influences peatland 

water storage variations, and therefore peatland vulnerability to disturbances in aquifer 

groundwater levels. 



122 

Keywords: peatland, aquifer, water table depth, water table fluctuation, hydrogeological 

setting, meteorological conditions 

3.1 INTRODUCTION 

Peatlands are wetland ecosystems where net primary production exceeds 

organic matter decomposition. They are characterized by near-surface water tables 

controlled by many factors, including meteorological conditions (short term), climate 

(long term) (Schonong et al., 2005; Charman, 2007; Charman et al., 2009), peat 

hydrodynamic properties (specific yield (Sy) and hydraulic conductivity (Ksat); Kelly 

et al., 2014; Bourgault et al., 2016), hydrogeological setting (Glaser et al., 1997; 

Lukenbach et al., 2015), and autogenic ecological processes (Belyea and Clymo, 

2001; Swindles et al., 2012). Net water balance (precipitation minus 

evapotranspiration) is recognized to strongly influence short-term water table 

fluctuation (WTF; Labadz et al., 2010). Reconstruction of past water table depths 

(WTDs) using testate amoebae has been correlated with mean annual temperature 

(Schonong et al., 2005; Payne, 2014). Summer moisture deficit has also been shown 

best explain WTD over the long-term (Charman, 2007). Although the 

hydrogeological setting in which a peatland developed is also known to influence 

WTD (Winter, 2001; Lukenbach et al., 2015), few studies have attempted to 

understand the simultaneou~ relative influences of current meteorological conditions -

and hydrogeological setting on peatland water table dynamics. 

Peat hydrodynamic properties control the velocity of water circulating through 

the horizons. It has been shown that peat Ksat (Rosa and Larocque, 2008; Morris et· 

al., 2015) and peat Sy (Vorob'ev, 1963; Moore et al., 2015; Bourgault et al., 2018) 

can markedly decrease within the top meter of peat horizons. This vertical variability 

exerts a strong control on WTF (Waddington et al., 2015). For instance, as the WTD 
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increases, smaller amounts of rainfall are needed to trigger a water table increase. 

Inversely, when WTD is high (i.e., shallow), a larger amount of rainfall is needed to 

raise the water table, until a threshold is reached and additional precipitation cannot 

be stored. In southern Quebec, Bourgault et al. (2018) have shown that vertical 

variations in peat Sy and Ksat do not differ significantly between peatlands, and thus 

cannot explain the observed · differences in WTD across the studied sites. This 

suggests that peatland connectivity to an adjacent surficial aquifer, determined by the 

hydrogeological setting in which the peatland developed, may be an important control 

ofWTD. 

The hydrogeological setting of a peatland is defined by the nature of the 

geological material adjacent to and underlying the organic deposits, and its hydraulic 

conductivity. Peatlands can be encountered in different geological settings, ranging 

from highly permeable Quatemary sand deposits (Rossi et al., 2012; Bourgault et al., 

2014), to low-permeability sediments, such as silt, clay, or compact till (Ferlatte et 

al., 2014), to bedrock (Branfireun and Roulet, 1998; Levison et al., 2014). Peatlands 

can be found in a variety of geomorphic settings (National Wetlands Working Group

NWWG, 1997; Mitsch and Gosselink, 2007), which will influence whether they 

receive water from an adjacent aquifer (e.g., Ferlatte et al., 2014; Levison et al., 

2014), provide water to it (Rossi et al., 2012), or alternate between these two 

conditions (Devito et al., 1997). 

In the literature, the role of hydrogeological setting on peatland hydrology has 

primarily been considered by identifying aquifer-peatland exchanges using vegetation 

indicators, the groundwater geochemical signature (Larocque et al., 2016), or 

numerical flow modelling (Bourgault et al., 2014; McLaughlin et al., 2014). Sorne 

peatlands have been found to be groundwater dependent, while others are not (Kl0Ve 

et al., 2011 ). Improved understanding of the factors that differentiate groundwater 
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dependent peatlands (GDP) (Kl0Ve et al., 2011) from groundwater independent 

peatlands (GIP) is crucial, since exchanged flows are expected to be an important 

control of peatland WTD. Aquifer-peatland connections can also be exerted indirectly 

through pressure re-equilibration between the organic deposits and the adjacent 

aquifer. This process has been suggested to be an important mechanism to maintain 

water levels both in the peatland (Ingram and Bragg, 1984) and in the surrounding 

aquifer (McLaughlin et al., 2014). Time series analysis is a useful tool to identify 

pressure-induced connectivity and causal relationships. This method has proven 

effective in different hydrogeological conditions, including karst aquifers (Larocque 

et al., 1998; Lee and Lee, 2000; Panagopoulos and Lambrakis, 2006) and alluvial 

aquifers (Cloutier et al., 2014; Larocque et al., 2016), but has not yet been used in 

peatlands. 

The objective of this paper was to characterize the controls exerted by 

meteorological conditions and by hydrogeological setting on WTD and WTFs in 

ombrotrophic peatlands. To attain this objective, precipitation, temperature, and WTD 

time series were analyzed and compared in seven peatlands located in different 

hydrogeological settings in or near the St. Lawrence Lowlands (southem Quebec, 

Canada). 

3.2 SITES DESCRIPTION 

3.2.1 General information 

The seven studied peatlands (Covey Hill (CH), Large Tea Field (LTF), Sainte

Séraphine (SSE), Lac Cyprès (LCY), Victoriaville (VIC), Villeroy (VR), and 

Issoudun (ISO)) are located in or near the St. Lawrence Lowlands (southem Quebec, 

Canada; Figure 3.1). They developed in four different watersheds (Châteauguay 

River, Nicolet River, Bécancour River, and Du Chêne River) and span 250 km on the 
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south shore of the St. Lawrence River. All are set in headwater conditions on sub

watersheds of the main rivers. They are open ombrotrophic systems, with relatively 

similar vegetation coverage ( e.g., Sphagnum spp. (Sph sp. ), Kalmia angustifolia (Kal 

ang), and Eriophorum vaginatum (Eri vag)). They are distinct with regards to their 

hydrogeological setting, altitude (above mean sea level), surface areas, presence of a 

minerotrophic zone, acrotelm thickness, maximum peat thickness, physical properties 

of peat ( e.g., dry bulk density (p dry), Ksat, and Sy), and water storage variation (Table 

3.1). Elevation data from the seven sites were obtained from a digital elevation model 

(DEM; 1 m x 1 m resolution) derived from airbome light detection and ranging 

surveys (LiDAR; MFFP, 2017). 

3.2.2 Meteorological conditions 

Mean annual precipitation (reference period 1981 - 2010) for the 

Châteauguay (CH, LTF), Nicolet (SSE, LCY, VIC), Bécancour (VR), and du Chêne 

(VR, ISO) watersheds varies between 929 and 1114 mm, with the lowest value 

recorded in the LTF region. For all sites, minimum monthly precipitation occurs 

during the winter, and maximum monthly precipitation occurs during the summer 

(Environment Canada, 2016). Mean annual temperatures (reference period 1981 -

2010) vary between 4.8 and 6.7 °C, with the lowest values occurring in the ISO 

region. For all sites, minimum and maximum temperatures are recorded in January 

and July respectively. 

For the study period, hourly precipitation and temperature data are available 

from 2014-04~01 to 2016-06-01. Houri y 'temperature was retrieved from the closest 

meteorological stations (MDDELCC, 2017) and hourly precipitation from rain gauge 

tipping bucket (Hobo) installed at each site. For all the sites, monthly precipitation 
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(Pmonth) (excluding winter periods, snowfall and months with more than 20% missing 

value) varied between 24 and 180 mm, with maximum values recorded in June and 

minimum values recorded in April and September (see complementary material 

Table 3 .2). Monthly temperatures (T month) are similar between the sites, with a 

minimum of -18. 7°C recorded at ISO (April 2015) and a maximum of 32.9 °C at LTF 

(July 2014; see complementary material Table 3.3). Mean yearly temperature in 2014 

was lower than that in 2015 for ail sites. For the same period, evapotranspiration 

(ETP) was calculated using the method of Oudin et al. (2005) ( complementary 

material Table 3.4). Annual potential ETP varied between 607 and 684 mm, with 

minimum values obtained for site ISO (595 mm in 2014) and maximum values for 

site LTF (663 mm in 2015). No significant difference in ETP was found between 

years 2014 and 2015. High ETP occurred during the summer months (June, July, and 

August), varying between 107 and 137 mm. Low ETP occurred during the spring and 

autumn months (April, October, and November, varying between 9 and 48 mm; 

winter months were excluded). 

3.2.3 Hydrodynamic properties of the studied peatlands 

Ksat and Sy were measured by Bourgault et al. (2016) in 1 m peat cores retrieved 

from the present-day surface of each peatland. WTD was measured by Bourgault et 

al. (2018). Ksat varied over nearly six orders of magnitude between sites. The median 

Ksat values were 6.9*10-3 cm/s for CH, 5.1 *10-4 cm/s for LTF, 8.0*10-5 cm/s for SSE, 

4.0*10-4 cm/s for LCY, 6.4*10-4 cm/s for VIC, 2.3*10-3 cm/s for VR, and 3.5*10-3 

cm/s for ISO, and showed that this between-site difference was not significant. 

Median Sy was 0.16 for CH, 0.05 for LTF, 0.03 for SSE, 0.38 for LCY, 0.05 for VIC, 

0.06 for VR, and 0.09 for ISO, with significant differences revealed between LCY 

and ISO (Bourgault et al., 2018). For ail sites, the Sy varied between 0.01 and 0.82, 

with a rapid decrease with depth (Bourgault et al., 2016). Power law models were 
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found to best describe Sy versus depth, and were used to quantify maximum storage 

variations, equal to 74 mm for CH, 192 mm for LTF, 127 mm for SSE, 124 mm for 

LCY, 133 mm for VIC, 65 mm for VR, and 60 mm for ISO (Bourgault et al., 2016) 

(see Table 3.1). 

3.2.4 Hydrogeological setting 

Six of the studied peatlands developed over Quatemary sediments (LTF, SSE, 

LCY, VIC, VR, and ISO) and one (CH) developed directly over the bedrock. All 

peatlands have distinct hydrogeological characteristics (Figure 3.2). Site CH (0.5 

km2; 310 m asl) is characterized by a central ombrotrophic section surrounded by a 

minerotrophic section adjacent to the bedrock (Fournier, 2008; Levison et al., 2014). 

It has developed in a depression on the Cambrian sandstone of the Potsdam Group 

(Figure 3.2a). Year-round continuous base flow is provided to its outlet, even during 

dry periods. These groundwater-surface water exchanges are greater than those of the 

other ombrotrophic systems in St. Lawrence Lowlands. Site LTF (6.0 km2
; 51 m asl) 

is an ombrotrophic peatland that developed on marine clay deposits from the 

postglacial Champlain Sea (Figure 3.2b). Before the peatland was intensively drained, 

its area was estimated to be 51 km2 (Payette and Rochefort, 2001 ), which is more 

than eight times greater than its current size. Unlike the other sites, site L TF has been 

subjected to intensive anthropogenic pressures. Site SSE (4.9 km2
; 84 m asl) is a 

peatland complex composed of a central ombrotrophic section surrounded by a 

minerotrophic section colonized by a swamp. Site SSE has developed in a 

geomorphic context of altemating littoral marine sediment (silt sand and clayey silt) 

and clayey silt diamicton (Figure 3.2c). Site LCY (0.5 km2
; 106 m asl) is an 

ombrotrophic peatland that developed within a sandy dune swale, where a 

discontinuous indurated horizon was found at the mineral-organic contact (Figure 
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3.2d); Site VIC (2.6 km2
; 118 m asl) is an ombrotrophic peatland that developed 

directly from exondated fine silty marine sediment (Figure 3.2e). Site VR (10.4 km2
; 

124 m asl) is a peatland complex composed of a central ombrotrophic section 

surrounded by a minerotrophic section (Larocque et al., 2015). It has formed on 

alternating aeolian medium and fine sands, silt, clayey silt, and reworked diamicton 

from glacial deposits (Figure 3.2f). Finally, site ISO (2.8 km2
; 117 m asl) is an 

ombrotrophic peatland, which developed over a diamicton dominated by a clayey silt 

matrix (Figure 3.2g). 

3.3 METHODOLOGY 

3.3.1 Water level monitoring and hydraulic testing 

The peatlands composed of a central ombrotrophic section surrounded by a 

minerotrophic section (sites CH, SSE, and VR) were separated into six zones: up

gradient (1), mid-gradient (2), and clown-gradient (3), minerotrophic (4), as well as 

inflow (5), and outflow (6). The ombrotrophic peatlands with no minerotrophic 

section (sites LTF, LCY, VIC, and ISO) were divided into four zones: up~gradient 

. (1), mid-gradient (2), and clown-gradient (3) zones, and an oùtflow zone (4). Within 

each peatland, up-gradient (highest altitude) and clown-gradient (lowest altitude) 

zones were located along a longitudinal transect, while the mid-gradient zone was 

located halfway between the two. The up-gradient, mid-gradient, and clown-gradient 

zones were identified using the previously described DEM. The inflow zones were 

located outside. the peatlands. They were characterized by a higher water table than 

that of the associated peatland. They were found exclusively where minerotrophic 

zones were present, and therefore were used as a criterion to identify GDPs. The 

outflow zones were also located outside the peatlands, and were characterized by a 

lower water table than that of the associated peatland. WTD was not measured in the 

infl~w zone of site CH, because of the technical difficulties related to the fractured 
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bedrock aquifer. At site LTF, the WTD of the outflow zone was not measured, 

because it was located in impervious clay. At site LCY, the WTD was not measured 

in the mid-gradient zone, because of the smaU distance between the up-gradient and 

clown-gradient zones. WTD was therefore measured at six locations at sites SSE and 

VR, at five locations at site CH, at four locatio.ns at sites VIC and ISO, and at three 

locations at sites LTF and LCY. 

The peatland dipweUs were constructed from 3 cm outside diameter PVC pipes, 

with 2 m-long intakes perforated with 0.254 mm slits equaUy spaced by 60 mm from 

top to bottom and sealed at the base. In the up-gradient, mid-gradient, and down

gradient zones, the weUs were inserted into Sphagnum lawn microforms. In the 

adjacent superficial aquifer, the piezometers were inserted into the minerai deposits 

500 m from the peatland border. The piezometers were constructed from 3 cm steel 

pipes sealed at the base with a 30 cm Solinst drive point. Piezometers were driven 

into the minerai sediments using a Manual Slide Hammer, with the exception of at 

site CH, where the piezometer was instaUed in a borehole drilled from a previous 

study (Levison et al., 2014). AU weUs and piezometers were instrumented using level 

loggers (Solinst). Water table variations in the peatlands were measured using the 

dipweUs, and head variations in the outflow and inflow zones were measured using 

the piezometers. AU water table depths were measured at an hourly time step, from 

June 2014 to May 2016. To compare the different sites, water level measurements in 

the outflows and inflow zones were normalized using the z-scores, and water table 

variations in the peatlands were reported relative to the surface altitude of their 

respective locations. 

Slug tests were performed to measure the Ksat of the minerai deposits in the 

inflow and outflow zones, using the Hvorslev method (Hvorslev, 1951). A minimum 

of ten slug tests were performed at each piezometer. In the outflow zones, slug tests 
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were performed at depths of 300 cm for CH, 205 cm for SSE, 193 cm for LCY, 281 

cm for VIC, 423 cm for VR, and 161 cm for ISO. These depths were chosen to vary 

between sites to be close to the maximum WTD observed at each during monitoring 

of the outflow zones that took place during summer 2013. In the inflow zones, slug 

tests were performed at a depth of 300 cm for SSE and 220 cm for VR. Ksat values for 

the fractured bedrock at CH are those reported in Levison et al. (2014). 

3.3.2 Time series analysis 

Every water table increase linked to a single precipitation event~ and every 

water table decrease initiated by ETP and lateral water circulation was isolated using 

the techniques described in Bourgault et al. (2016). First, a computation script written 

in the R programming language (R environement D.C.T., 2008) was used to identify 

the maximum water table rise following each precipitation event. The code calculated 

total precipitation during the event (P event), the maximum water level rise following 

the event (~hrise), and the time interval between Pevent and ~hrise. Water table 

decreases were isolated by removing time periods between P event and ~hrise from each 

water table time series. The difference between the maximum and minimum water 

table height (~hdrawdown) was computed. ~hrise and ~hdrawdown were cumulated 

monthly, leading to two new variables, the monthly cumulative increase (MCI) and 

the monthly cumulative decrease (MCD). The data were analyzed to evaluate whether 

Tmonth and Pmonth could be used as indicators of MCI and MCD. In Dargie et al. 

(2017), MCI was strongly correlated with Pmonth for WTDs above the peat surface. 

However, MCI has never been used for peatlands where WTD is below the surface. 

Likewise, the use of MCD as an indicator of the effect of ETP ( considered to be 

proportional to air temperature) has never been reported in the literature. Linear 

correlations were performed between Tmonth and MCD, and Pmonth and MCI. 
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Autocorrelation (r(k)) and cross-correlation (rxy(k)) fonctions were calculated 

using the hourly-monitored water table measurements over periods of 25 days ( 600 

hours), from June 2014 to June 2016. The autocorrelation fonctions were calculated 

both in the ombrotrophic sections of the peatlands and in the outflow zones of the 

aquifers. The autocorrelation fonction is usefol to differentiate water table reactivity 

(i.e., a rapid decrease of r(k) over time is associated with a reactive water table). The 

time lag equivalent to an r(k) value of 0.7 was arbitrarily used to compare the slopes 

of the autocorrelation fonctions of the seven sites. The rxy(k) fonctions were 

calculated between WTD in the up-gradient zone of the peatland (zone 1 in Figure 

3.2) and WTD in the outflow zone of the aquifer (zone 6 in Figure 3.2). The lag time 

between the two time series is quantified as the maximum value of the cross

correlation. 

3.4 RESULTS 

3 .4.1 Water table depths and water table fluctuations 

Results from this study and from data compiled from the previous study of 

Bourgault et al. (2018), reveal significant differences (Anova test: p value = 10-14, 

Tukey's test; p value< 10-10
) between WTDs at the seven studied peatlands. For all 

peatlands, WTD varied between -54 cm (at site LCY; below peat surface; Figure 3.3) 

and 1 cm (at site ISO; above peat surface; Figure 3.3), with WTF varying between 21 

cm (site ISO) and 38 cm (site LCY). WTDs were closer to the surface in April and 

were deeper in August and September (see complementary material Table 3.5). 

WTD in the minerotrophic zones of sites CH, SSE, and VR was between 

22 cm and -17 cm, and varied between 11 and 22 cm (Figure 3.4). Similar to the 

levels within the ombrotrophic section of the peatland, water tables in the 
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minerotrophic zone were higher in April and deeper in August and September (see 

complementary material Table 3.6). No significant differences were found between 

peatlands. 

In the inflow zones, WTD varied between O cm (site VR in April 2016) and -

131 cm (site SSE in July 2014), while WTF varied between 27 cm (site VR in 2014) 

and 115 cm (site SSE; see complementary material Table 3.7). Mean annual WTD 

was -34 cm (SD = 31 cm) for SSE and -48 cm (SD = 23 cm) for site VR. When 

normalized (standard score; Figure 3.5), WTD at site VR showed stronger variation 

than at site SSE. No significant difference in WTD was found between the studied 

peatlands. Similar to the peatlands, the aquifer WTD was closer to the surface in 

April and deeper in August and September. 

In the outflow zones, WTD varied between O and -374 cm, while WTF varied 

between 11 and 95 cm (see complementary material Table 3.8). Mean annual WTD 

was equal to -78 cm (SD = 14 cm) for site CH, -42 cm (SD = 26 cm) for site SSE, -46 

cm (SD = 26 cm) for site LCY, -69 cm (SD = 23 cm) for site VIC, -350 (SD = 20 cm) 

for site VR, and -13 cm (SD = 4 cm) for site ISO. When normalized (standard score; 

Figure 3.6), WTD at sites VR and ISO show the largest variations, whereas WTD at 

site LCY shows the smallest variation of all sites. 

3.4.2 Aquifer hydraulic conductivity 

The Ksat of the outflow zones varied by four orders of magnitude, ranging 

between 1.4*10·7 and 8.5*10·3 cm/s (site LTF was excluded, because Ksat of the 

outflow zone was not measured), whereas the Ksat of the inflow zones varied by only 

one order of magnitude, ranging between 5.6*10·7 and 3.9*10·6 cm/s. The median Ksat 

of the outflow zones was 3.6*10·4 cm/s for site CH (Fournier, 2008) , 5.0*10·9cm/s 

for site LTF (Desaulniers and Cherry, 1989), 1.3*10·4 cm/s for site SSE, 2.9*10·3 
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cm/s for sites LCY, 2.6*10-5 cm/s for site VIC, l.4*10-5 cm/s for site VR, and 4.4*10-

7 cm/s for site ISO. The median Ksat of the inflow zones was 1.3* 10-6 cm/s for site 

SSE, and 1 *10-7 cm/s for site VR. 

With the exception of site L TF, the Ksat of the outflow zones was inversely correlated 

to the mean WTD at the up-gradient well (zone 1, ombrotrophic section), with an R 2 

of 0.7 (Figure 3.7). This suggests that WTD in the ombrotrophic section of the 

peatlands was closer to the surface when the Ksat of the outflow zone was low, and 

that the WTD decreases as the Ksat of the outflow zone increases. No significant 

correlation was found between the mean WTD of the ombrotrophic section and the 

Ksat measured in the inflow zone (not shown). 

3.4.3 Time series analyses 

MCI varied between 61 mm (site LCY) and 451 mm (site LTF), with the 

highest MCI occurring during the highest evaporative period (May to August) and the 

lowest MCI occurring during low evaporative periods (March, April, and November; 

Figure 3.8). MCD varied between 44 and 542 mm for all sites, with the highest MCD 

(at site LTF) occurring during the highest evaporative period (July and August) and 

the lowest MCD (at site ISO) occurring during the lowest evaporative period 

(October and November) (Figure 3.9). 

MCI and Pmonth were strongly correlated for all sites, with R2 values of 0.8 for 

site CH, 0.8 for site LTF, 0.6 for site SSE, 0.8 for site LCY, 0.7 for site VIC, 0.6 for 

site VR, and 0.8 for site ISO (Figure 3.8). The associated slopes varied between 1.0 

and 4.2 mm of MCI per mm of precipitation, with the highest slope for sites LTF 

(slope = 4.2), LCY (slope = 2.3), and SSE (slope = 2.9), and the lowest slope for sites 

VR (slope = 1.0) and ISO (slope = 1.4). MCD and Tmonth were also strongly correlated 
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for all sites, with R2 values of 0.7 for site CH, 0.7 for site LTF, 0.8 for site SSE, 0.9 

for site LCY, 0.7 for site VIC, 0.8 for site VR, and 0.8 for site ISO (Figure 3.9). The 

associated slopes varied between 8 and 18 mm MCD per °C, with the strongest slope 

calculated for sites LTF (slope = 18 mm/°C), LCY (slope = 15 mm/°C), and SSE 

(slope = 10 mm/°C), and the weakest slope calculated for sites VR and ISO (slope = 8 

mm/°C in both cases). Sites LTF, LCY, and SSE show the strongest variation in both 

MCI and MCD, whereas sites VR and ISO show the weakest variation in MCI and 

MCD. WTDs were not significantly correlated to either Pmonth or to Tmonth (not 

shown). 

For the peatlands, r(k) reached a value of 0.7 after 430 h for site CH, 451 h for 

site LTF, 167 h for site SSE, 135 h for site LCY, 158 h for site VIC, 154 h for site 

VR, and 485 h for site ISO (Figure 3.10a). The most rapid decrease in r(k)was 

observed for site LCY, whereas the weakest decrease was observed for site ISO. In 

the adjacent aquifers, r(k) reaches a value of 0.7 after 245 h for site CH, 492 h for site 

SSE, 570 h for site LCY, 301 h for site VIC, 326 h for site VR, and 139 h for site ISO 

(Figure 3.10b). The most rapid decrease in r(k) was observed for site ISO, and the 

slowest decrease was observed for site LCY. 

Cross-correlation fonctions between the outflow zone and the peatland (up

gradient zone) were calculated for all sites (Figure 3 .11 ), except for site L TF because 

of its hydrogeological setting. Maximum rxy(k) was 0.62 for site CH, 0.67 for site 

SSE, 0.65 for site LCY, 0.69 for site VIC, 0.37 for site VR, and 0.30 for site ISO. 

Time lags were similar for all sites, and were less than 16 hours. 
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3.5 DISCUSSION 

3 .5 .1 Water table depths and hydraulic conductivity 

Results of the WTD measured in the different zones of the peatlands (i.e., up

gradient, mid-gradient, down-gradient, minerotrophic) and of the aquifers (inflow, 

outflow) (Larocque et al., 2013; Ferlatte et al., 2014; Levison et al., 2014; Larocque 

et al., 2015; Lefebvre et al., 2015) were similar to values reported in the literature for 

the St. Lawrence Lowlands. 

The Ksat of the superficial aquifers surrounding the peatlands corresponds to the 

ranges previously reported for unconfined aquifers in the St. Lawrence Lowlands. For 

example, commonly measured Ksat of unconsolidated superficial aquifers in the St. 

Lawrence Lowlands varies between 10-2 cm/s and 10-4 cm/s for unconfined sandy 

aquifers and between 10-4 cm/s and 1 o-6 cm/s for silty glacial deposits (Larocque et 

al., 2013; Larocque et al., 2015; Lefebvre et al., 2015). 

3 .5 .2 Groundwater flow dynamics 

In the seven studied peatlands, flow dynamics and flow directions were 

analyzed using water table elevations at the different monitored zon,es. For sites CH, 

LTF, SSE, LCY, VIC, VR, and ISO, water flowed from up- to down-gradient zones 

before reaching the edge of the peatland, where water flowed into the outflow zone of 

the superficial aquifer. This type offlow was also observed by Ferlatte et al. (2014) at 

site VR. Site LTF is an exception, since the low Ksat of the outflow zone characterizes 

the superficial deposits as an aquitard. At sites CH, SSE, and VR, water flowed both 

from the up-gradient zone towards the minerotrophic zone, and from the inflow zone 

toward the minerotrophic zone. The converging water then flowed within the 

minerotrophic zone of the peatland toward the surface outlet. This was also 
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previously described by Ferlatte et al. (2014) in some peatlands of the St. Lawrence 

Lowlands. 

In the current study, four distinct relationships between peatland down

gradient WTD and hydrogeological setting were observed. In the first, water 

converged towards the peatland margin down-gradient and the WTD was doser to 

the surface than in the corresponding up-gradient zone. This was observed at sites 

CH, VR, and ISO, and corresponds to peatland margins in contact with lower Ksat 

minerai deposits (Figures 3.2a and 3.2f). The second case, observed at sites CH, SSE, 

and VR, was characterized by groundwater flowing from the aquifer toward a 

minerotrophic zone, where the WTD was near the surface and strong variation in 

aquifer Ksat was observed (Figures 3.2a, 3.2c, and 3.2t). Thethird case corresponds to 

conditions whereby the WTD in the up-gradient zone was similar to that of the 

corresponding clown-gradient zone. This was observed where peatland margins are in 

contact with higher Ksat sediments (i.e., sites SSE, LCY, and VIC; Figures 3.2c, 3.2d, 

and 2e ). A fourth relationship was also found, whereby clown-gradient WTDs were 

similar to up-gradient WTDs, and the peatland margins were heavily disturbed by 

intensive human activities (i.e., site LTF; Figure 3.2b). 

3.5.3 Meteorological controls of water table depths and fluctuations 

The effect of precipitation and temperature on peatland WTF was quantified 

using MCI and MCD. For the seven peatlands, MCI correlated strongly with Pmonth 

(Figure 3.8), and MCD correlated strongly with T month (Figure 3.9). Linear 

regressions were quantified and used to evaluate the vulnerability of the peatlands to 

changes in precipitation and temperature. According to the definitions given above, 

when MCI minus MCD is negative, the net monthly water balance is also negative. 

Successive negative values indicate increased vulnerability of a peatland to dry 

conditions. Conversely, when MCI minus MCD is positive, the net monthly water 
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balance is also positive and successive positive values favour high water tables and 

,reduce peatland vulnerability to dry conditions. 

With the exception of site LTF, which is highly disturbed, it was generally 

found that sites LCY and SSE (characterized by the strongest changes in MCI and 

MCD) are deposited on sediment that has the highest Ksat· On the other hand, sites 

VR and ISO (characterized by the weakest changes in MCI and MCD) are deposited 

on materials that have the lowest Ksat. These results are important, because they 

suggest that peatlands that are weakly connected to a superficial aquifer have smaller 

WTF and will therefore be less vulnerable to climate change than peatlands that are 

more strongly connected to aquifers and undergo stronger WTF. Consequently, 

improved knowledge of the influence of aquifer-peatland connections is needed. 

The two newly developed indicators, MCI and MCD, are easily accessible 

indicators of peatland vulnerability to meteorological conditions in different 

hydrogeological settings that can be relatively easily implemented. Their usefulness 

will need to be confirmed on other peatlands and on longer decadal and multi-decadal 

periods. 

3.5.4 Aquifer-peatland connections 

Direct aquifer-peatland connections are characterized by water flowing from 

the peatland toward the aquifer and water flowing from the aquifer toward the 

peatland. These fluxes can be quantified using Darcy's-law. They are expected to be 

limited to the upper portion of the peat horizons, due to the rapidly decreasing Ksat 

observed below the first meter of depth (Surridge et al., 2005; Rosa and Larocque, 

2008; Kelly et al., 2014). 
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When water flows toward the peatland, groundwater fluxes contribute to 

maintaining the water table at the surface, and limit WTF in the minerotrophic 

portion of the peatland. Groundwater fluxes have been estimated to contribute 

significantly to the total annual water budget of peatlands. For example, Bourgault et 

al. (2014) quantified that groundwater inflows contributed 50% of the total annual 

water budget in a peatland (Lanoraie, St. Lawrence Lowlands). Levison et al. (2014) 

quantified groundwater inflows as contributing more than 60% of the total annual 

water budget for the CH peatland. 

Flows towards the aquifer (Avard, 2013; Levison et al., 2014) are usually 

relatively small compared to regional recharge values. However, even if the outflow 

is negligible for the aquifer, results from this study suggest that the aquifer can play 

an important role in determining peatland WTD. In fact, for all peatlands (except site 

L TF), the WTD was strongly correlated with the Ksat measured in the outflow zones 

(Figure 3.7). This indicates that high Ksat in the aquifer generates a strong peatland

aquifer connectivity (with peatland water flowing toward the aquifer), resulting in a 

lower mean annual WTD in the peatland. This was not observed at site L TF, because 

the peatland has been heavily disturbed, and the WTD no longer reflects its natural 

conditions. When the aquifer Ksat is low, peatland-aquifer flow exchanges are limited, 

and the mean annual peatland WTD is higher. 

These results are also confirmed using the auto-correlation and cross

correlation fonctions. Site LCY is an example of a strongly connected site. At this 

site, there was a strong cross-correlation between the sandy aquifer and the 

ombrotrophic portion of the peatland (see Figure 3.11). Simultaneously, while the 

ombrotrophic zone of site LCY had the most rapid decrease in r(k) (Figure 3 .10), its 

surrounding sandy aquifer had the slowest decrease (see Figure 3.10b). This could 

indicate that, while WTFs were limited in the aquifer, more reactive WTFs were 
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measured in the up-gradient zone of the peatland, which appears to buffer the aquifer 

water table. 

However, the opposite situation was found for site ISO, which developed on 

low Ksat sediment. A weak cross-correlation between the outflow and the up-gradient 

zone was found, and, while the ombrotrophic section of site ISO was characterized by 

the slowest decrease in r(k), the associated aquifer was characterized by the most 

rapid decrease in r(k). In this case, this could indicate that peatlands deposited on low 

Ksat sediment are weakly connected with the surrounding aquifer, and therefore less 

reactive WTFs will be observed in the peatlands. 

These results are important, since they show that all of the peatlands, with the 

exception of site LTF, are in equilibrium with their respective hydrogeological 

setting, and that the underlying mechanism controlling WTD in the peatlands is the 

Ksat of the outflow zone. The results also show that, even if there is no flow from the 

aquifer toward the peatland, evidenced by the absence of minerotrophic vegetation, 

pressure-induced connectivity between the peatland and the outflow zone exerts a 

control on peatland WTD. The definition of GDPs and GIPs should be revisited to 

include pressure-induced connectivity in addition to exchanged fluxes. The controls 

exerted by the hydrogeological setting on the long-term water table variation should 

also be addressed in future work. 

3.5.5 Groundwater-dependant and groundwater-independent peatlands 

GDPs and GIPs were identified using WTD measurements in the surrounding 

aquifers. GDPs were characterized by inflow zones, where water tables were higher 

than those of the peatlands. GIPs were entirely surrounded by outflow zones, where 

the water tables were lower than those of the peatlands. Sites CH, SSE, and VR were 
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confirmed to be GDPs, as suggested by the presence of a marginal minerotrophic 

zone surrounding the ombrotrophic zone. However, sites LTF, LCY, VIC, and ISO 

were identified to be GIPs. 

The classification of peatlands as GDPs or GDis is important, because GDPs, 

as recognized by the European Water Framework Directive, contribute to maintaining 

good quality groundwater (Moss, 2008). GDPs are one type of groundwater 

dependent ecosystem (Kl0Ve et al., 2011 ), often recognized for their rich biodiversity 

(Murray et al., 2003). Groundwater dependent ecosystems are increasingly 

incorporated into water management poli ci es worldwide (Rohde et al., 2017). 

Lukenbach et al. (2015) have shown that GDPs tend to have lower WTDs 

(Lukenbach et al., 2015) in their ombrotrophic section. This was not observed in the 

current study, and WTD was notable to distinguish GDPs from GDis. 

In light of the previous results, clarification of the influence of the 

hydrogeological setting on distinguishing GDPs and GIPs is needed. The 

hydrogeological setting determines the presence of groundwater inflows, which 

characterize GDPs (Kl0ve et al., 2011 ), for example in eskers (lsokangas et al., 2017) 

or in sandy deltaic environments (Bourgault et al., 2014). However, GDPs can also be 

found in association with low Ksat sediments, such as glacial deposits ( e.g., site VR), 

marine silts ( e.g., site SSE), and in fractured bedrock aquifers ( e.g., site CH). GDPs 

are therefore not restricted to specific geological settings. 

As demonstrated by the measurement of WTD in the aquifers surrounding the 

different peatlands, GDPs are characterized by a zone where hydraulic gradients 

increase toward the peatland. These zones are associated with higher topographie 

features that maintain a high water table (inflow zones; Figure 3.2a, 3.2c, and 3.2e). 

In this study, these zones were located within a maximum of 500 m of the peatland, 

with an · elevation of between 2 and 4 m higher than that of the peatlands. It is 

therefore suggested that the GDPs could be linked with the surrounding local 
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topography. Inversely, GIPs are surrounded by zones where the hydraulic gradients 

indicate water flowing out of the peatland. In these cases, the GIPs are the highest 

topographie features (within 500 m), which makes them easy to identify using high 

resolution topographie maps. 

3.5.6 Implication for future work 

Overall, the results of this study have demonstrated that water table increases 

and decreases in peatlands are controlled by meteorological conditions ( e.g., 

precipitation and temperature ). Importantly, the newly derived indicators (MCI and 

MCD) could be used to evaluate peatland vulnerability. A community effort to 

assemble existing water table measurements in peatlands so as to quantify the 

correlation between monthly meteorological conditions and monthly cumulative 

variations should be considered, and this will help to better understand the resilience 

of peatlands to future climate change. 

This study sheds new light on the connection between aquifers anâ peatlands 

in some specific hydrogeological settings. It is the first time that a strong correlation 

between the hydraulic properties of the outflow zone and the WTD in the 

ombrotrophic section of a peatland is suggested. These results are important because 

they indicate that adjacent superficial aquifers play an important role in peatland 

hydrology, and more precisely on the WTD of ombrotrophic peatlands, which have 

traditionally been assumed to only be impacted by precipitation. As a result, it is 

hypothesized that peatlands that develop in highly permeable hydrogeological 

settings could, throughout their development, be characterized by lower water table 

levels than peatlands that develop on low Ksat minerai material. The former would 

then be more vulnerable to increases in temperature and decreases in precipitation. In 
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addition, since the outflow zone exerts a control on peatland WTD, it is assumed that 

any disturbance occurring in the surrounding aquifers are potential threats to the 

peatland ecosystem, whether the latter are groundwater dependent (i.e., GDP) or 

groundwater independent (i.e., GDI). Further investigation is needed to delineate 

zones within surrounding aquifers so as to better protect peatlands. 

3.6 CONCLUSION 

The objectives of this paper were to quantify the relationship between 

meteorological variables and WTFs, and to èharacterize the impact of the 

connectivity between peatlands and aquifers on WTD in peatlands. This study was 

performed on seven peatlands and their surrounding aquifers, located in or near the 

St. Lawrence Lowlands (southem Quebec, Canada). Two new indicators were 

calculated, monthly cumulative increase (MCI) and monthly cumulative decrease 

(MCD), and were compared with monthly precipitation (Pmonth) and monthly 

temperature (T month). Strong correlations quantified the effects of monthly 

temperature and monthly precipitation changes on WTD. The results show that a 1 °C 

change in monthly temperature imposes a change of between. 8 and 18 mm in 

monthly WTD, and that a 1 mm change in monthly precipitation imposes a change of 

between 1.3 and 4.3 mm in monthly WTD. This method should be validated in 

different climatic contexts and hydrogeological settings to further document the 

vulnerability of peatlands to climate change. 

The comparison of monthly WTDs in peatlands and their surrounding aquifers 

has revealed a significant relationship between the Ksat of the outflow zones and the 

mean annual WTD for all peatlands, with the exception of the heavily impacted LTF 

site. Sites that are strongly connected with their aquifer show significant differences 

between MCD and MCI compared to weakly connected sites. Peatlands that were 

strongly connected with their outflow zone show the strongest cross-correlations and 
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water storage variation, suggesting that the hydrogeological setting does exert some 

control on peatland WTD and WTF. This mechanism should be further explored to 

better understand the long-term WTD responses of peatlands to climate and 

anthropogenic pressures. Because they support new insights regarding peatland 

hydrology where aquifers play a dominant role, the methods developed in this study 

need to be further tested under more variable climatic conditions and hydrogeological 

settings. 
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Figure 3.1 Location of the seven studied peatlands (green areas) in the 

Châteauguay (1-CH and 2-LTF), Nicolet (3-SSE, 4-LCY, and 5-VIC), Bécancour 

(6-VR), and Du Chêne (7-ISO) watersheds (black lines), including the major 

rivers (blue Iines) in southern Quebec, Canada. 



0,-------------,---......,--, ..... 
(") 

N 

a) 

g '-r-----'-'-----,~---------,1 

0 500 1000 1500 
distance (m) 

CO r-- t--,-----,------,-----r-------,,-· 

0 500 1000 1500 2000 
distance (m) 

e) 

& 

N ..-..... ._,._~-~~~---~-~--~ 
0 200 400 600 800 1000 1200 

distance (m) 

~-,--------------------------, 
T"" g) 

0 200 400 600 800 1000 
distance (m) 

152 

b) 

(0 1 
'st' '-,----,--,,-==--,---==--=--==--., 

0 500 1000 
distance (m) 

1500 2000 

0 .~-----~----~-~ ..- '1 ..- , 
:::.' J 
~ l & & s m 1 .ln,.,;.,...,,,._,,: .~,,..,,,,..,.~"'::""-Y:"'--V~,\,'\ 

~ ~1 ·· .. :::;===:·::::::::::;:::: ... 

d) 

E ! .. ·::;:;::.::.::H ..... ;,:H, 
ro 1 

NI 
~ i'-r----,-------,----..-~~~----,-J. 

0 100 200 300 400 500 
distance (m) 

0 500 1000 1500 2000 2500 3000 
distance (m) 

t==-1 clay ~ diacrnicton A dipwell - with black 

i=:-::~! silt Ll diacrnicton 
# zone . 

wîth gravel 

[SJ fraçtured sand I water table 
bedrock variation 

D peat 0 piezorneter 

Figure 3.2 Hydrogeological setting for sites a) Covey Hill (CH), b) Large 

Tea Field (LTF), c) Sainte-Séraphine (SSE), d) Lac Cyprès (LCY), e) 

Victoriaville (VIC), t) Villeroy (VR), and g) Issoudun (ISO), including 
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Figure 3.3 Temporal evolution of the water table depth in the op-gradient 

piezometer (piezometer 1 in Figure 3.2) of each studied peatland, from June 

2014 to June 2016. 
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Water table depth in the minerotrophic zone (piezometer 4 on 

Figure 3.2) of the peatland for sites CH, SSE, and VR from June 2014 to June 

2016. 
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Normalized (standard score) water table depth in the inflow 

zones (piezometer 5 in Figure 3.2) of the aquifer for sites SSE and VR, from 

June 2014 to June 2016. 
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Normalized (standard score) water table depth in the outflow 

zones (piezometer 6 on Figure 3.2) of the aquifer for sites CH, SSE, LCY, VIC, 

VR, and ISO, from June 2014 to June 2016. 
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Figure 3.7 Median (point), minimum (lower bar), and maximum (upper 

bar) hydraulic conductivity of the outflow zone, as a fonction of the median 

water table depth in the up-gradient piezometer (zone 1, ombrotrophic section). 

(Black= CH, red= LTF, green= SSE, dark blue=LCY, light blue= VIC, pink= 

VR, and yellow=ISO). 
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Figure 3.8 Monthly cumulative water table increase (MCI) as a fonction of 

monthly precipitation for the seven sites: a) Covey Hill (CH), b) Large Tea Field 

(LTF), c) Sainte-Séraphine (SSE), d) Lac Cyprès (LCY), e) Victoriaville (VIC), 

f) Villeroy (VR), and g) Issoudun (ISO). Numbers associated with each point 

indicate the mon th for which the MCI was calculated (i.e., 3 = March - 11 = 

November). Symbols indicate the year for which the MCI was calculated (open 

circle = 2014, triangle=2015, cross=2016). 
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Figure 3.9 Monthly cumulative water table decrease (MCD) as a fonction 

monthly mean temperature for the seven sites: a) Covey Hill (CH), b) Large Tea 

Field (LTF), c) Sainte-Séraphine (SSE), d) Lac Cyprès (LCY), e) Victoriaville 

(VIC), f) Villeroy (VR), and g) Issoudun (ISO). Numbers associated with each 

point indicate the mon th for which the MCD was calculated (i.e., 3 = March - 11 

= November). Symbols indicate the year for which the MCI was calculated (open 

circle = 2014, triangle=2015, cross=2016). 
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Figure 3.10 Autocorrelation fonction (r(k)) of water table depth as a 

fonction of time lag (hours) a) at the position of the ugradient piezometer 

(piezometer 1 in Figure 3.2) and b) in the outflow zone (piezometer 5 in Figure 

3.2). 
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Figure 3.11 Crosscorrelation function (rxy(k)) between the piezometer in the 

up-gradient portion (piezometer 1 in Figure 3.2) and the piezometer in the 

outflow zone (piezometer 5 in Figure 3.2). 
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3.9 TABLEAUX 

Tableau 3.1 Characteristics of the studied peatlands, including name, latitude, longitude, watershed, 

altitude, area, maximum peat thickness, hydrogeological setting, acrotelm thickness, presence of 

minerotrophic zone, mean annual temperature (°C), mean annual precipitation (mm), dry bulk density (p 

dry) , hydraulic conductivity (K), storage coefficients (Sy), and storage variation (from Bourgault et al. 2016). 

Maximum 
Acrote lm Minerotro hic Mean annual Mean ~nn.ua l 

Median 
Median Med ian 

Wate r 
Altitude Area peat Hydrogeological p dry storage 

Site Latitud e Longi tude wate rshed 
(km' ) thickness setting 

thi ckness P temperature prec1p1tat1on 
(g/cm' ) 

K (cm/s) Sy variation (m) (cm) zone (·ci (mm) (max, min) (max, min) 
(m) (max, min) (mm) 

Fracmred 0.10 
6.9x10·3 0.16 

1-CH 45.008 -73.828 Chatea uguay 310 0.5 322 cambrian 32 Yes 6.1 929 (0.01-
(O.S - lx 1 O..s) (0.05 - 0.82) 

74 
sandstone 0.22) 

tvlarine No 
0.11 

5. lx l04 0.05 
2-LTF 4S.132 -74.217 Chateauguay 51 6.0 493 

clay 
57 6.7 965 (0.03-

(0.4 - lx l0-5) (0.02 - 0.54) 
191 

0.16) 

Fluvial silt/ Yes 
0.11 

8.0xt0·5 0.03 
3-SSE 46.042 .72.345 Nicole! 84 4.9 512 

glacia l clayey sil! 
57 6.4 1114 (0.03 -

( 1.4 - 3xl0..s) (0.01- 0.56) 
127 

0.19) 

Eolian No 
0.14 4.0xto"' 0.38 

4-LCY 45.950 ·72.187 Nicolet 106 0.5 190 
sand 

56 6.4 1114 (0.02 - (1.1 - 3xl0..s) (0.01 - 0.69) 
124 

0. 19) 
Nfarine 

No 
0.10 6.4x10.., 0.05 

5-VIC 46.023 -72.077 Nicolet 118 2.6 360 exondated 28 6.0 1114 (0.04 -
(0.6 - 5xlO-') (0.01 - 0.49) 

133 
silt 0.15) 

Becancour/ 
Eolian sand/ 0.08 

2.3x to·' 0.06 
6-VR 46.376 -71.838 

du Chene 
124 10.4 49 1 glacial 21 Yes 5.0 1037 (0.02 -

(0.6 - 3x 10-5) (0.01 - 0.59) 
65 

clayey silt 0.1 2) 

Glacial 
0.06 3.5x10·3 0.09 

7-150 46.579 -71.597 du Chene 117 2.8 454 24 4 .8 1037 (0.02 - 60 
clayey silt No 0.10) 

(O. l -2x 104 ) (Ofü - 0.38) 
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3.10 SUPPLEMENTARY MATERIALS 

Tableau 3.2 Total monthly precipitation (mm) in the studied peatlands, from 

April 2014 to June 2016. Precipitation were retrieved from rain gauge tipping 

buckets (Bobo) installed at each site. Asterix indicate the months with 20% and 

less missing values. 

Site year April May June July August September October Noveniber Total 

1-CH 2014 47* 69 28 62 206 

2015 57 118 121 78 87 81 542 

2016 36 36 

2·HF 2014 134 96 77 41 348 

2015 50 143 79 104 77 77 530 

2016 24 52 76 

3-SSE 2014 83 87 43 92 305 

2015 52 72 139 72 96 95 73 599 

2016 43 49* 92 

4-LCY 2014 59 44 103 

2015 71 139 62 96 95 69 532 

2016 43 49 92 

5-VIC 2014 70 70 

2015 112 168 40 94 51 76 541 

2016 47* 47 

6-VR 2014 94 108 65 129 396 

2015 113 154 61 114 135 89 666 

2016 34 66 100 

1 . .iso 2014 95 106 84 119 404 

2015 128 180 103 109 95 615 

2016 62 54* 116 
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Tableau 3.3 Average monthly air temperature (°C) in the studied peatlands, from April 2014 to 

June 2016, including minimum and maximum in parentheses. For each site, data were retrieved 

from the closest meteorological station. 

Site year Aprîl May June July August September October November Mean 

1.CH 2014 2.6 13.5 17.7 18.8 17.8 14.4 9.6 1.4 5.4 
(-6.6-16) (2.6-23.9) (5.4-30.0} {9.1-31} (7.2.'.28.4) (-0.7-29.3} (-1.8-26,3) H1.&-20.2} (-32.2-31.0) 

2015 1.8 15.8 16.1 19.7 18.9 16.7 6.6 4.0 6.2 
(-15.3-12.7) (-1.1-29.6) (2.9-26.7} (6.9-30.9} (8.8-31.5} (0.5-30.6) (-6.6-24.4) (-9.5-21.4) (-30.1-31.S} 

2016 2.2 13.6 17.9 
(-21,2-21.9) (-0.9-31) (5.7-31.5} 

2-LTF 2014 5.7 13.9 19.2 20.4 19.2 15.6 10.6 2.2 6.8 
F.2-27.1) (-1.0-30.6) (5.2-32.2) {9.9-32.9} (7.2-29.6} {-0.7-30.4} (-1.H6.9} {-11.2-20.6} (-33.1-32.9) 

2015 6.5 16.9 17.1 20.6 19.6 16.2 6.7 4.7 6.9 
(-9.8--24.7} (-0.1 .. 30.5} {3.2-27.4) {6.6-31.8} {7.9--31.4) (-0.3-29.6} (-6.6-24.4) (-8.9-22.0} (-29.5-31.8) 

2016 3.7 14.0 18.3 
(-10.3-22.7) (-0.4-31.4} (5.4-31.7) 

3-SSE 2014 5.3 13.5 19.0 20.4 19.4 15.1 9.7 0.9 6.2 
(-8.~25.5) (2.1-28.7) {8.3-29.8) (11.7-31.9} (9.9-29.3} {0.0-29.2) {0.3-25.1} (-10.6-15.4) (-29.9-31.9} 

2015 5.1 15.8 16.7 20.2 20.2 17.8 6.2 3.9 6.3 
(-U.9-21, 7) (0.7-29.6) (4.1-26.0) (9.1-30.0) (11.4-31.3) (2.4-30.8) {-6.0-23.0) (-12.C)-20;1} (-30.7-31.3) 

2016 3.3 13.6 18.3 
(-11.8'-21.3) (0.3-30.4) (6.7-31.3) 

4-LCY 2014 5.3 13.5 19.0 20.4 19.4 15~1 9,7 0.9 6.2 
(..S.S..:25.5) (2.1-28.7) (8.3".29.8} {11.7-31.9} {9.9-29.3} {0.0-29.2) {0.3-25.1) (-10.6-15.4} (·29.9-31.9) 

2015 5.1 15.8 16.7 20.2 20.2 17.8 6.2 3.9 6.3 
H1.9-2t.7) {0.7-29.6) (4.1.:26.0) (9.1-30.0) (11.4-31.3) {2.4-30.8} (-6.0-23.0} (-12.0-20.1) (-30.7-31.3) 

2016 3.3 13.6 18.3 
(-11.8-21.3) {0.3-30.4) (6.7-31.3) 

5-VIC 2014 4.3 12.4 17.7 19.4 18.1 14.0 9.3 -0.2 5.2 
(-10.0-23.0) (-1~5-27.0} (5.1-29.5} (9.9-30.4} (7.7-28.9} (-3.6-28.2) (0.0-24,2) (-11.2-15.5) (-33.1-30.4) 

2015 3.8 14.6 15.5 19.1 19.2 16.4 5.6 -3.1 5.3 
(-13.8~10.1) (-0.9-,28.1} {3.6-25.2} (5.0-30.0) (9.4-31.0} (-0.8-29.4} (-6.9-22.8) (-16.1-19.1) (-29.2-31.0) 

2016 2.0 12.4 17 
(-13.9-19.5} (-2.5-28.3) {4.7-30.5} 

6-VR 2014 3.7 12.3 17.9 19.9 18.3 13.9 8.8 -0.2 5.1 
{·10.8-22.8) (-'2.1 .. 28.2} (4.2-29.7} (8.8-31.2) {5.S..:29.0) (-3.2-28.6} (..0.4-23.6) (-12.HS.9) (-35.5-31.2} 

2015 3.7 14.3 15.8 19.4 19.5 16.6 5.6 2.8 5.3 
(-14.5..:19.5) (~1.0-27.6) {2.3-25~9} {4.S-~1.4) (8.~31.7) {.:1,3-29.9} (-6.4-22.5) (-16.0-20.9} (-30.6-31.7) 

2016 1.9 12.4 17.0 
(-14.2-20,8) , (-'2.7-30.0} (4.8-30.2} 

7-ISO 2014 2.9 11.9 17.8 19.7 18.4 13.5 8.7 -0.3 4.8 
(-12.3-15.7) (-0.1-27.8} (5.3-:29.8) (8.6-30.9) (8.7-28.9) (-1.9-28.1} (-1.8-21.0} (-15.3-14.0) (-34.8-30.9) 

2015 3.5 13.9 15.6 18.9 19.5 16.4 5.3 2.4 5.0 
(-18.7-18.8} (0.0-27.1) {3.0-25.4} (6.2-30.1) (10.3-30.1) (-0.4-28.4} (-7.0-22.0} (-12:3-16.7) (-32.7-30.1) 

2016 4.1 12.6 17 
(-6.9 -19.8) (-2.4-29} {5.6-30.5) 
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Tableau 3.4 Total monthly evapotranspiration (mm) in the studied peatlands, 

from April 2014 to June 2016, calculated using the Ondin et al (2005) method. 

For each site, the temperature data used to calculate ETP were retrieved from 

the closest meteorological station. 

Site year April May June July August September October November Total 

1-CH 2014 45 96 126 132 112 75 43 10 639 

2015 47 109 116 135 118 85 34 19 663 

2016 38 98 122 258 

2-LTF 2014 47 96 125 133 113 76 44 14 648 

2015 48 110 116 135 118 83 34 19 663 

2016 37 97 122 256 

3-SSE 2014 45 96 127 137 116 75 43 11 650 

2015 43 108 114 136 119 85 33 17 656 

2016 38 97 124 259 

4-LCY 2014 45 96 127 137 116 75 43 11 650 

2015 43 108 114 136 119 85 33 17 656 

2016 38 97 124 259 

5-VIC 2014 40 90 119 130 109 70 41 10 610 

2015 37 99 110 130 116 82 31 16 620 

2016 33 90 116 238 

6-VR 2014 37 88 117 130 107 68 38 9 595 

2015 37 98 107 127 114 79 29 15 606 

2016 31 89 114 235 

7-ISO 2014 37 88 117 130 107 68 38 9 595 

2015 37 98 107 127 114 79 29 15 606 

2016 31 89 114 235 
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Tableau 3.5 Average monthly water table depth in the op-gradient zone (piezomete,r 1 in Figure 

3.2) of the studied peatlands, from June 2014 to June 2016, including minimum and maximum 

values in parentheses. 

Site year April May June July August Septembèr October November Annualmean 
WTD 

1-CH 2014 ..,17 -17 -23 "'25 -24 -22 
(-20,-13} (-:21,-13) (-27,-16) {-29,-22} (-28,-19} (-29,-13) 

2015 -15 -24 -21 -22 -20 -27 -25 -22 -23 
{-20,--8} (-30,-19} (-25,-17} (-27,-15} (-25,-15} (-32,-22} {-28,-20} (-25,-18} (-32,.;15} 

2016 -10 -14 -20 40 
(-16,-5) (-16,-13) {~25,-15) (-25,-5) 

2-LTF 2014 -28 -36 -36 -41 -35 
(-34-23) (-46--28} (-47-29} (-47.;35} {-47,-23} 

2015 -24 --29 -29 ~39 -44 -50 -37 -30 -37 
(-25,-23) (-37,-:24) (-35,-24) (-49,-27) (-51,-31} {-57,.:33) (-45,-27} (--40,-28) (-57,-23) 

2016 -24 -32 -40 -29 
(-37,-19) (-44,-25) (-47,-30) (-47,-19) 

3-SSE 2014 -47 -41 -42 -36 -35 -40 
(c-56,-34) (-49,--34) (-46,-39} (-48,-30) (-38,.;30} (-56,-30) 

2015 -33 -40 -40 -45 -46 -43 ..:39 -38 -41 
{-39,~25) (-44,-36) (-45,-34) (-52,-37) (-55,-35) (-57r34) (-43,~34) (-41,-34) (-57,-25) 

2016 -36 --:38 41 -37 
{-40,-31) (-46,-34) (41,-40) (-46,-31} 

4-LCY 2014 -46 -45 -49 -53 47 
(-51,-40) (-52,-37} (-52,-46} (-54,.:52) (-54,-37) 

2015 -38 -44 -45 -48 -49 -48 -46 -45 -46 
f·40,-37) (-50,-38) (-50,-37) (-51,41) (-54,-39) (-54,~38} (-50,-39) (-48,-42) ( .. 54,-25) 

2016 -41 -46 -48 -44 
(47,--34) (-53,-42) (-53,43) (-53.-34) 

5-VIC 2014 -21 -15 -15 -16 
(-46-39) {-2s..:111 (-18-11} {-26,-11) 

2015 -12 -15 -15 -17 -18 -17 -14 -14 -15 
(-21,-7) (-19,-11) {-19,-10) (-24,-12) (-25,-12} {-28,-8} (-18,-9) (-18,-12) (-28,-7) 

2016 .;12 -16 -17 -14 
(-17,-3) (-25,-11) (-24,-13) (-25,-3) 

6-VR 2014 -14 -10 .,9 -6 -6 -9 
(-21-7} (-17 -1} {-11, -6} (-12, -1) (-11,-0) (-21,0) 

2015 -7 -12 -11 -13 -12 .,12 -11 -11 -12 
(-9,-4) (-15,-8) (-15,-6} (·18,-8) (-"16,-7} (-15,-8) (-15,-8) (-15,-8) (-18,4) 

2016 -6 -11 -8 
(-12,-3) (-16,-7} (-16;-3) 

7-ISO 2014 -7 -7 -6 -6 -6 
{-15,-0.2) {-11,-3} (-9, 1) (-15,0) (-15~0} 

2015 -5 -10 -12 -12 -13 -16 --:13 -11 -12 
(-8,-2) (-14,4) (-16,-6) (-16,-6) (-17,-4} (-21,-7) {-19,-5} (-14,-7) (".21,-2) 

2016 -3 -14 -11 4 
(-13,0) (-19,-,10) (-15,-6) (-14,0) 
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Tableau 3.6 Average monthly water table depth in the minerotrophic zone (piezometer 4 in Figure 

3.2) of the studied peatlands, from June 2014 to June 2016, including minimum and maximum 

values in parentheses. 

Site year April May June July August September October November Annualmean 
WTD 

1-CH 2014 0 0 -6 -7 -5 -4 
(-~,3) {-4,4) {-11,-0.5) {;11,-2} (-7,0} (-11,0} 

2015 -2 -7 -2 '-:3 -2 -9 -6 -4 -3 
{-3,1) (-11,-2) {-7,4) (-9,-6} (-8,-5) (-13,..,3) {-9,.;o.s) (:-7,1) (--13,4} 

2016 3 -1 -3 
(-4,13) (-4,1) (-6,-2) 

3-SSE 2014 -7 -4 -6 -2 -4 
{-14, 0) (-10, 0) (-9"'-4) (-10,-4) (-14,0) 

2015 1 -3 .. 3 -8 -9 -7 -3 -'1 -5 
(-1,4) (-5,1) (-7,-'3} {-13,-2) {-15,-3} (-17,-0) (-6J-2) (-4,2) (-17,4) 

2016 1 .:.2 -4 
{-4,6) (-7,2) (-4,-3} 

6'VR 2014 -6 -2 -1 ;..2 2 ~1 
(-11, 0) (-9,4) {-3, 1} (-3, 6) {-2,4} (-11,6) 

2015 9 -1 1 -'3 ~2 -1 0 1 0 
(-1,22) (-3,2} {-2,4) (-7,2} (-10,3} {-6,-3) (.;2,5) {-4,4) {-9,22) 

2016 11 5 
(6,24) {2,7} 
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Tableau 3.7 Average monthly water table depth in the intflow zone (piezometer 5 in Figure 3.2), 

from June 2014 to June 2016, including minimum and maximum values in parentheses. 

Site year April May June July August September October November Annualmean 
wro 

1-CH 2014 -82 -80 -95 -102 ~94 .. 91 
(-89,-70) (-91,-65) {-108,-76) (-116,-75) (-112,-79) (-116,-65) 

2015 -72 -87 -71 -75 -76 -91 -71 -67 -77 
(-73,.:71) (-99,-72} (·85,-61) (-90,-62) {-91,-63) {-99,-71} (-80,-60) (-73,-60) (-99,-60) 

2016 -63 •67 -63 
(73,-53) {-72,-64) (-73,~53) 

3-SSE 2014 -70 ~10 -88 .72 ~52 -71 
{-85,-46) {-83, ~56) {-96,-76) (-97:,,-51) (-58,-27) (-97,-27) 

2015 -8 -23 -37 -61 -68 -60 -47 -30 -46 
{-13,-3) (-39,-9} (-53,-11) (-77,-40} (-85,-42) (-85,-23} (-58,-15) (-39,-16) (-85,.:3) 

2016 -4 -20 -27 -12 
(-23,0} (.39,-4) (-28,-26} (-40,·0) 

4-LCY 2014 -34 -73 -84 -98 -103 ~s2 
(-62,-16) (-92,·35} (.:97,-68) {-104,-86} (-105,-99) (-105,-16) 

2015 -36 -31 ~33 -38 -35 -35 -33 -31 -34 
(-68,-19) (-36,-27} {·38,-27} (-45,-31) (-46,-26) (-47,-25) (-37,-26) (·34,-28) (-68,~19) 

2016 '-24 '-30 -27 
{·31,-15} {-37,-26) (-27,-15} 

5-VIC 2014 -145 -116 -61 -92 
(-147-143) (-149 -56) {-73-54) (-149,-54) 

2015 -48 -52 -53 -77 -89 -69 -58 -55 -64 
(-49,-47) (".59,-46) (-64,-44} (-104,-57) (·121,-57) (-121,-43) (-69,-46) {-60,-50) {-121,-43) 

2016 -51 -60 -56 
{-59,-42) (-81,-52) (-81,-42} 

6-VR 2014 -363 -363 -361 .. 354 -361 
(-373-353} (~374...:355} (-364, -357} (-360, -350) {-374,350) 

2015 -319 -:337 -345 -353 -354 -355 -351 .347 ·348 
(-323,-316) (·344,,323) (·350,-341) (-358;-346} (-360,-346) (-361,-348) (~353,-345) (-352,-344) (-361,~316) 

2016 -324 -343 ·333 
(-337,313} (-348,-336} (-348,-313} 

7-ISO 2014 -13 -14 -12 ...:15 -:14 
(-18,-6) f-16 ,·10) (-16,-6) (-23,9} (-23,-6} 

2015 ·10 -13 .. 13 -13 -9 ·12 -11 -10 -11 
{-17,-2} {-15,-7) (-15,-8) (-23,-2) (-13,0) (-15,-5) (-15,-2) (:-13,-6) (-23,-2) 

2016 -5 ...:14 -11 ...:10 
(-14,0} (-17,...:10} (-14,-5) (-17,0} 
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Tableau 3.8 Average monthly water table depth in the outflow zone (piezometer 6 in Figure 3.2), 

from June 2014 to June 2016, including minimum and maximum values in parentheses. 

Site year April May June July August September October November Annualmean 
WTD 

3-SSE 2014 -88 -113 -69 -27 -76 
(-113, -50) (-128,-94) (-131,-26) {-36,-16) (-131,-16) 

2015 -4 ,-6 -10 -59 -68 .. 55 -28 -19 -35 
H,,-1) (-11,.:1) (-22,-2) (-98,-14) {-106,-22) (-113,-'18) (-43,-12) (-24,.:14} (-113,-1) 

2016 -18 -21 -24 -20 
{-25,-11) (-38,-15) (-24,-23) (-38,-11) 

6-VR 2014 .,74 -73 -79 -58 -48 -68 
(-93-53) (-94 -46} (-84,-71) {-84,-44) {-54, -42) (-94,-42) 

2015 -8 -11 -26 -61 -72 .. 72 -69 -54 -47 
(-50,0} (-24,-7} (-42,-7) {-84,-27) (-91,-45} (-83,-53) (-78,-43) (-61,-47} (~91,0} 

2016 -10 -36 -23 
{-51,0) (-51,-23) (-51,0) 
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CONCLUSION 

Principale contribution de la thèse 

L'objectif principal de cette thèse était de comprendre l'influence des propriétés 

hydrodynamiques, des variations météorologiques et des contextes hydrogéologiques 

sur l'hydrologie de sept complexes tourbeux de la vallée du Saint-Laurent, Québec, 

Canada. Les objectifs spécifiques étaient 1) d'adapter, de tester et de valider une 

méthode in situ permettant de quantifier les coefficients d'emmagasinement des 

tourbières, 2) de quantifier les propriétés hydrodynamiques des dépôts tou:r;beux 

comme facteurs explicatifs des variations des profondeurs de nappe des tourbières, et 

3) de comprendre l'influence des conditions météorologiques et des contextes 

hydrogéologiques sur les niveaux de nappe et leurs fluctuations dans les tourbières. 

Pour ce faire, sept tourbières ont été caractérisées et instrumentées. Les sites étudiés 

sont des complexes tourbeux ombrotrophes, dont trois sont ceinturés d'une zone 

minérotrophe. Ils ont été sélectionnés en raison de leurs contextes hydrogéologiques, 

de leurs connectivités avec les eaux souterraines et de leurs niveaux d'eau. 

La thèse est composée de trois chapitres rédigés sous la forme d'articles 

scientifiques. Le premier article ( chapitre 1) a déjà été publié dans la revue 

Hydrological Processses et porte sur le développement d'une méthode permettant de 

quantifier les coefficients d' emmagasinement des tourbières. Le second article 

( chapitre 2) a déjà été publié dans la revue Ecohydrology. Il présente de nouveaux 

indicateurs des propriétés hydrodynamiques des· tourbières, tels que la densité de la 

tourbe et la profondeur par rapport à la surface au sein des dépôts organiques. Ces 

résultats permettront de mieux représenter les conditions in situ dans les futurs 
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modèles écohydrologiques. Le troisième chapitre a été soumis pour publication dans 

la revue Journal of Hydrolgy. Il présente de nouvelles connaissances sur l'influence 

des conditions météorologiques et des contextes hydrogéologiques sur les niveaux 

d'eau des tourbières. 

Les principales contributions scientifiques de la thèse ont été : 1) de démontrer 

que les propriétés hydrodynamiques jouent un rôle mineur sur le contrôle niveaux de 

nappe des tourbières à l'échelle annuelle 2) d'évaluer l'influence des conditions 

météorologiques sur les niveaux de nappe des tourbières à l'échelle mensuelle et 3) 

de présenter deux processus hydrauliques qui contrôlent les niveaux d'eau des 

tourbières, ce qui démontre l'importance de documenter l'importance de la 

connectivité des tourbières et des aquifères. De plus, la thèse a permis d'identifier la 

présence d'un seuil hydrique qui contrôle les fluctuations maximales des niveaux de 

nappe des tourbières. En outre, puisqu'aucune distinction n'a pu être identifiée intra

et inter-sites dans l'analyse des propriétés hydrodynamiques des dépôts tourbeux, 

cette thèse démontre que les niveaux de nappe des tourbières à l'échelle annuelle sont 

davantage contrôlés par les contextes hydrogéologiques dans lesquels elles se sont 

formées, que par les propriétés hydrodynamiques de la tourbe. 

Originalité et retombées 

Quantification des coefficients d'emmagasinement des tourbières 

La thèse a aussi permis d'adapter la méthode « Water Table 

Fluctuation » couramment utilisée pour les aquifères et basée sur le calcul des 

fluctuations de niveaux d'eau, afin d'estimer les coefficients d'emmagasinement en 

eau des tourbières. La modification de la méthode pour les tourbières représente une 

contribution originale pour l'étude de l'hydrologie des tourbières. Les résultats 

montrent que les coefficients d'emmagasinement varient fortement dans les horizons 

de surface de la tourbe. La saisonnalité des coefficients d' emmagasinement est visible 
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durant les périodes de forte évapotranspiration Guin-juillet-août). Par ailleurs, la 

méthode développée a permis de quantifier une profondeur de nappe maximale au

delà de laquelle les précipitations ne peuvent plus être emmagasinées et circulent 

rapidement dans les horizons de surface des tourbières. La méthode est prometteuse 

et pourra être utilisée dans différents types de tourbières une fois qu'elle aura été 

testée dans une variété de conditions géo-éco-climatiques. Elle apportera une 

meilleure compréhension de la fonction hydrologique d' emmagasinement des 

tourbières qui est encore très peu documentée, bien que particulièrement importante 

notamment pour l'atténuation des inondations. 

Indicateurs des propriétés hydrodynamiques des tourbières 

Les résultats de la thèse ont également permis de documenter les variations intra- et 

inter-sites de la densité sèche apparente, et de la conductivité hydraulique des dépôts 

organiques des sept tourbières étudiées en support à la compréhension de leur 

dynamique hydrologique. Les résultats montrent que les profils verticaux de 

conductivité hydraulique sont très similaires d'une tourbière à l'autre. Il est donc 

proposé d'utiliser des relations mathématiques décrivant les propriétés 

hydrodynamiques de la tourbe qui seraient représentatives des tourbières du Québec 

méridional. Les équations proposées, mettant en relation la densité sèche apparente, 

la conductivité hydraulique et le coefficient d' emmagasinement avec la profondeur au 

sein des dépôts tourbeux, pourront être utilisées lorsque les données mesurées in situ 

ne sont pas disponibles. Elles permettront notamment d'améliorer la représentation 

verticale des propriétés hydrodynamiques dans les modèles numériques 

hydrologiques et éco-hydrologiques afin de quantifier les niveaux de nappe des 

tourbières à différentes échelles temporelles. 
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Influence des conditions météorologiques et des contextes hydrogéologiques sur 

l'hydrologie des tourbières 

La thèse a permis de consolider les connaissances entourant l'effet des conditions 

météorologiques et des contextes hydrogéologiques sur les niveaux de nappe des 

tourbières. Les résultats ont permis de quantifier -le lien entre une augmentation 

mensuelle des niveaux de nappe des tourbières et les précipitations totales, et ent~e 

une diminution mensuelle des niveaux de nappe et les températures moyennes. Pour 

les sept tourbières étudiées, une diminution de précipitations entre avril et octobre de 

1 mm/mois entraîne une diminution des niveaux de nappe entre 1 et 3 mm/mois. De 

plus, une augmentation des températures mensuelles de 1 °C entraîne une diminution 

entre 7 et 13 mm/mois des niveaux de nappe des tourbières. Ces résultats sont très 

importants puisqu'ils permettent de mieux anticiper les impacts des changements 

climatiques sur les tourbières. Les résultats ont aussi permis de démontrer 

l'importance des contextes hydrogéologiques et des propriétés hydrodynamiques des 

zones de recharge sur les niveaux de nappe des tourbières. Les résultats suggèrent 

qu'une tourbière qui s'est développée dans un contexte hydrogéologique perméable 

pourrait, à travers l'ensemble de son développement, enregistrer des niveaux de 

nappe plus profonds qu'une tourbière qui se serait développée sur des dépôts peu 

perméables et où les niveaux seraient plus près de la surface. Les tourbières formées 

sur des dépôts perméables seraient caractérisées par des dépôts organiques plus 

décomposés que les tourbières formées sur des dépôts peu perméables, ce qui met en 

évidence l'importance de considérer les contextes hydrogéologiques dans les 

échanges gazeux tourbière-atmosphère. 

De plus, considérant le contrôle qu'exercent les niveaux de nappe dans les 

aquifères sur ceux des tourbières, toute perturbation induisant une baisse des niveaux 

de nappe des aquifères représente un risque pour l'intégrité hydrologique et 
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écologique de celles-ci. Il est donc conseillé de réaliser davantage d'études qui 

permettront de délimiter des zones au pourtour des tourbières afin d'assurer une 

protection accrue de ces milieux déjà fortement perturbés dans le Québec méridional. 

Ouverture 

D'un point de vue scientifique, les résultats de cette thèse apportent un nouvel 

éclairage au sujet des facteurs qui contrôlent l'hydrologie des tourbières. D'un point 

de vue pratique, la thèse a permis de développer de nouveaux outils qui permettront 

de mieux comprendre les fonctions hydrologiques des tourbières et qui pourront 

éventuellement servir à protéger celles-ci face aux pressions telles que celles induites 

par les changements dans l'utilisation du territoire et les changements climatiques. 

La compréhension de l'hydrologie des tourbières est indispensable à toute 

étude sur ces écosystèmes, notamment sur leurs fonctions de réduction des 

inondations, de maintien des niveaux de nappe et de séquestration de carbone dont les 

processus sont intimement liés à l'hydrologie. Cependant, bien que plusieurs 

recherches aient démontré la forte capacité des tourbières à maintenir leurs niveaux 

de nappe près de la surface, les résultats de cette thèse mettent en lumière 

l'importance d'intégrer l'effet des contextes hydrogéologiques sur la dynamique éco

hydrologique des tourbières. Il est à noter que jusqu'à maintenant, aucun schéma 

conceptuel intégrant l'influence des contextes hydrogéologiques sur les processus de 

rétroactions internes des tourbières n'est disponible dans la littérature. 

Cette thèse favorise l'ouverture à de nombreuses autres études. Elle offre 

notamment de nouveaux outils permettant d'analyser des données déjà disponibles 

afin de mieux intégrer les tourbières dans divers projets qui visent à maintenir les 
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services écosystémiques. Par exemple, l'application de la méthode Water Table 

Fluctuation sur des mesures de niveaux de nappe mesurés dans des tourbières 

localisées dans divers contextes climatiques, permettrait une compréhension accrue 

des facteurs qui contrôlent l'emmagasinement en eau des tourbières et par conséquent 

leur capacité à réduire les inondations. Cette même méthode, par le calcul des 

coefficients d' emmagasinement, pourrait aussi être utilisée comme critère 

d'évaluation hydrologique de la réussite d'un projet de restauration. De plus, les 

résultats de cette thèse pourront, dès maintenant, être utilisés pour établir un réseau de 

suivi à l'échelle de la vallée du Saint-Laurent et potentiellement à l'échelle du 

Québec afin de suivre l'évolution hydrique des tourbières dont plusieurs présentent 

déjà des signes de perturbation hydrologique. 
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