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RÉSUMÉ 

Depuis la fin du Petit Âge Glaciaire (1850‒1870 CE) la région des Plaines de l’Abitibi, 
située dans l’est du Canada boréal, subit une augmentation de la fréquence et de la 
sévérité des inondations de dégel printanier. Les projections climatiques prévoient un 
renforcement de la fréquence et de la sévérité de ces inondations, pour lesquelles les 
facteurs et forçages climatiques sont peu connus. Pour cette région productrice 
d’hydroélectricité, l’estimation des impacts potentiels des changements climatiques sur 
le régime hydrologique des rivières constitue une priorité. Le manque de données 
hydrologiques et climatiques instrumentales rend l’étude des indicateurs paléo-
environnementaux nécessaires pour identifier les tendances historiques et les 
trajectoires hydroclimatiques à long terme. 

Des études antérieures au Lac Duparquet indiquent que les éléments de vaisseaux 
(nombre et surface) dans le bois initial de cernes de croissance de frênes noirs (Fraxinus 
nigra Marsh.) peuvent être utilisés comme indicateurs des crues printanières. Ce lac est 
inondé annuellement par des crues lors de la phase de dégel printanier qui peuvent 
s’étaler jusqu’au début du mois de juillet et qui affectent la formation et le 
développement des éléments de vaisseaux des frênes noirs. 

Les objectifs de cette thèse de Doctorat sont (1) de reconstituer et étudier la variabilité 
historique des inondations printanières par l’étude des cernes de crues localement puis 
régionalement, pour déterminer les patrons de cohérence spatiale sur la région des 
Plaines de l’Abitibi entre le déclenchement des inondations et leurs forçages 
climatiques ; (2) de reconstituer et étudier les mécanismes climatiques à l’origine du 
déclenchement des crues printanières historiques ; (3) et d’identifier les tendances 
climatiques à long terme de l’écoulement régional pour anticiper les changements des 
crues printanières et leurs facteurs météorologiques déterminant sous différents 
scénarios de changements climatiques. 

Le premier chapitre de cette thèse utilise l’analyse quantitative de l'anatomie des cernes 
de frênes noirs périodiquement inondés au Lac Duparquet pour reconstituer la 
variabilité historique des débits printaniers de la Rivière Harricana. Les résultats 
indiquent que l’intensité et la fréquence des hauts débits moyens printaniers 
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reconstitués depuis 1771 ont augmenté depuis la fin du Petit Âge Glaciaire, et 
particulièrement depuis 1950, ce qui rejoint d’autres paléo-enregistrements du Québec 
subarctique. Ces changements sont associés, en autres, à l’épaisseur des couverts de 
neige à l’échelle du centre-est du Canada et à des changements probables des 
circulations atmosphériques à large échelle. Les plus hauts débits moyens printaniers 
de la seconde moitié du 20e siècle ont été déclenchés par des hivers froids accumulant 
des couverts neigeux persistants tard au printemps et dont la fonte a été activée en 
même temps que des pluies intenses. Ces conditions climatiques étaient notamment 
associées aux phases négatives de l’indice NINO3.4 - Oscillation Australe (La Niña).  

Le second chapitre analyse les cernes de crues de frênes noirs répartis dans dix plaines 
inondables de quatre grands bassins versants (Mattagami, Abitibi, Harricana, 
Outaouais Amont), et caractérisés par des rivières naturelles et régulées, et des sites 
témoins non inondés. A cette échelle régionale, l’analyse semi-quantitative des cernes 
de crues indique que le signal hydrologique reconstitué pour la rivière Harricana est 
commun aux rivières naturelles des plaines de l’Abitibi sur les dernières 250 années. 
Dans les rivières régulées, les arbres semblent avoir enregistré la dynamique naturelle 
de la rivière avant la création des barrages, puis les manœuvres de gestion des barrages 
et les crues de printemps dépassant leur capacité. 

Le troisième chapitre analyse l'effet de la régulation de la Driftwood River, en Ontario 
sur la production de cernes de crues des frênes noirs riverains. La mise en place du 
barrage a été enregistrée par les cernes de crues. Avant la construction du barrage, des 
fréquences relatives élevées de cernes de crues bien définis ont été enregistrées pendant 
les années de crue connues. Après la construction du barrage, les cernes de crues étaient 
moins distincts, certains correspondant à des années de crues connues et d'autres 
reflétant probablement la gestion du barrage. Par rapport au site en aval du barrage, 
ceux en amont ont enregistré plus de cernes de crues dans la période post-barrage. Les 
résultats ont aussi démontré qu’il était possible de distinguer le signal d'inondation du 
signal de gestion du barrage en échantillonnant des arbres dans de multiples 
peuplements riverains (amont et aval du barrage) et à des distances proches et éloignées 
de la berge. 

Le quatrième chapitre démontre l’utilisation des cernes de crues de frêne noir (un site) 
et des largeurs de bois final de pin gris (Pinus banksiana Lamb.; dix sites) comme 
indicateurs pour la reconstitution des températures printanières. De 1770 à 2016, la 
reconstitution indique que la variabilité interannuelle des températures moyennes 
printanières s’est accélérée depuis la fin du Petit Âge Glaciaire et que la fréquence et 
la sévérité des printemps chauds ont particulièrement augmenté depuis 1940. Ces 
nouvelles données rejoignent les résultats du chapitre I et démontrent une nouvelle fois 
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que les crues historiques majeures étaient associées à des printemps tardifs et froids 
avec un couvert neigeux important durant cette période. Cependant, dans les 40 
dernières années des températures moyennes plus chaudes à la fin du printemps, 
semblent contribuer à avancer la date de la crue printanière et à probablement favoriser 
la contribution de la pluie au lieu de la neige dans les processus d'inondations 
printanières. 

Le cinquième chapitre prolonge la perspective historique apportée par les chapitres 
précédents en analysant les tendances observées dans les enregistrements 
hydroclimatiques puis en projetant les trajectoires potentielles à l'aide de simulations 
de modèles climatiques afin d'anticiper les changements du débit moyen printanier de 
la Rivière Harricana sous deux scénarios de changements climatiques (RCP4.5 et 
RCP8.5). Les analyses de tendances pour le 20e siècle démontrent que le réchauffement 
des températures moyennes hivernales et printanières contribue à diminuer la quantité 
de neige accumulée et son équivalent en eau, au contraire de la pluie qui a augmenté à 
la fois en quantité et en intensité, avec également plus de pluies sur neige. Le dégel des 
rivières au printemps semble aussi être devenu plus hâtif, ce qui soutient les résultats 
de la reconstitution des températures. Par rapport au débit reconstitué du Petit Âge 
Glaciaire et aux observations du 20e siècle et du début 21e siècle, les trajectoires 
hydroclimatiques projetées par huit modèles GCM (modèle climatique à échelle 
planétaire) sur dix suggèrent peu de changements d'ici la fin du 21e siècle. Notamment, 
les projections indiquent une nette compensation de la fonte des neiges par les pluies 
dans les débits, et ce sous les deux scénarios climatiques utilisés (RCP4.5 et RCP8.5). 
Les deux autres modèles GCM de l’ensemble climatique projettent des conditions 
similaires à celles ayant entraîné les inondations printanières majeures du 20e siècle et 
prévoient une augmentation de leur sévérité et de leur fréquence d’ici 2100.  

Finalement, cette thèse contribue à l’avancement des connaissances et de la 
compréhension du climat et des débits printaniers régionaux durant et après le Petit-
Âge Glaciaire et apporte une base pour la compréhension à plus large échelle des 
conditions climatiques qui engendrent des hauts débits printaniers dans l’est du Canada 
boréal. Les différents chapitres sont aussi un apport théorique et méthodologique 
important pour l’échantillonnage et l’analyse des cernes de crues pour les 
reconstitutions dendrohydrologiques en milieu boréal, ainsi que pour l’utilisation 
d’indicateurs du climat printanier, qui restent encore peu représentés en 
dendroclimatologie.  

Mots-clés : dendrochronologie, hydrologie, Fraxinus nigra, Pinus banksiana, Rivière 
Harricana, Lac Duparquet, inondation printanière, est du Canada boréal, Plaines de 
l’Abitibi



 

 



 

 

INTRODUCTION GÉNÉRALE 

0.1 Contexte 

L’hydrologie des rivières de l’est du Canada boréal est caractérisée par un régime nivo-

pluvial à forte saisonnalité des écoulements (Ashmore et Church, 2001; Moore et al., 

2017). Sous l’effet combiné de la fonte du couvert nival et la pluie sur neige lors de la 

phase de dégel au printemps, le faible débit hivernal qui s’écoule sous la glace passe 

rapidement à un débit de crue printanière, fracturant l’emprise des glaces. Le niveau 

d’eau que peuvent atteindre les crues printanières et les dégâts que peuvent causer les 

embâcles de glace emportés par le courant constituent un risque naturel majeur (Buttle 

et al., 2016; Peters et al., 2016). Ces crues peuvent aussi menacer la sécurité des 

barrages hydroélectriques implantés dans le nord du Québec et de l’Ontario, desquels 

dépend plus de 70% de la production énergétique du Canada (Boucher et Leconte, 2013; 

Winsemius et al, 2016; Cherry et al., 2017). En parallèle des changements climatiques 

observés depuis la deuxième moitié du 20e siècle, les inondations deviennent de plus 

en plus fréquentes à travers le monde (Berghuijs et al., 2017; Kundzewicz et al., 2019) 

et particulièrement au Canada (Burn et al., 2016; Burn et Whitfield, 2016; Buttle et al., 

2016; Burn et al., 2016; Burn et Whitfield, 2018; Bush et Lemmen, 2019). Les 

changements climatiques sont le résultat de causes naturelles et anthropiques qui 

affectent, notamment, la concentration en gaz à effet de serre de l’atmosphère (IPCC, 

2014, 2021). Il apparaît donc prioritaire de comprendre les changements 

hydroclimatiques récents et de les comparer à la variabilité historique naturelle pour 
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anticiper leurs conséquences potentielles sur l’hydrologie des crues printanières au 

Canada. 

0.2 Changements hydroclimatiques  

Le réchauffement de la température moyenne annuelle (+2,3°C) et l’intensification des 

précipitations totales annuelles (+30% à +40%) du nord canadien (Nord de 60°N) 

depuis 1950 sont plus important que dans l’ensemble du Canada (+1.7°C, +20%; Zhang 

et al., 2000; Zhang et al., 2001b; Vincent et al., 2015; Bush et Lemmen, 2019; Aÿgun 

et al., 2019). Le réchauffement le plus important est observé en hiver et les projections 

climatiques suggèrent un réchauffement (+2 à +6°C depuis 1950) environ deux fois 

plus conséquent que la température moyenne mondiale tous scénarios d’émissions de 

gaz à effet de serre confondus (IPCC, 2014, 2021; Bush and Lemmen, 2019). Le régime 

des rivières boréales est déjà particulièrement affecté par le réchauffement observé des 

températures (Whitfield et Cannon 2000; Ashmore et Church, 2001; Javelle et al. 2003; 

Buttle et al., 2016; Burn et al., 2016; Burn et Whitfield, 2016; Aygün et al. 2019) avec 

notamment des crues de dégel printanier plus précoces (revues par Prowse et Bonsal, 

2004; Prowse et al., 2007; Aÿgun et al., 2019; Bush et Lemmen, 2019) soutenues par 

un débit hivernal plus élevé (Whitfield et Cannon, 2000; Zhang et al., 2001a; Déry et 

al., 2009; Vincent et al., 2015). En hiver, l’augmentation observée des précipitations 

(+50% ; Bush and Lemmen, 2019) et particulièrement des pluies par rapport à la neige 

(Yagouti et al., 2008; Brown, 2010; Mudryk et al., 2018; Aÿgun et al., 2019; Mudryk 

et al., 2020) soutenue par de plus fréquents gel-dégel, libèrent une plus grande partie 

de l’eau stockée dans les couverts neigeux (Mudryk et al., 2018; Aÿgun et al., 2019; 

Mudryk et al., 2020). Pourtant, dans l’est du Canada boréal, les enregistrements 

hydrologiques démontrent de manière consistante que la fréquence et la sévérité des 

crues printanières ont augmenté durant le 20e et 21e siècle (Déry et al., 2011; Burn et 

al., 2016; Buttle et al., 2016; Burn et Whitfield, 2018; Gaur et al., 2018; Bush et 
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Lemmen, 2019). Les crues de la dernière décennie (2010–2020) sont sans précédent à 

l’échelle des enregistrements hydrologiques du 20e siècle (Burn et Whitfield, 2016; 

Gaur et al., 2018). Les enregistrements paléohydrologiques démontrent aussi une 

augmentation significative du niveau des lacs et de l’activité des glaces depuis 18501 

dans la région du Lac Duparquet (Tardif et Bergeron, 1997b) et dans le Québec 

subarctique (Bégin, 2000; Bégin, 2001; Lemay et Bégin, 2008; Boucher et al., 2011; 

Lemay et Bégin, 2012; Nicault et al., 2014; Nasri et al., 2020).  

Avec le réchauffement projeté, la diminution des couverts neigeux et l’augmentation 

des précipitations totales (Guay et al., 2015; Mudryk et al., 2018), les projections pour 

le nord-est du Canada boréal suggèrent une augmentation des débits maximaux et 

moyens d’automne et d’hiver, et des débits maximaux de printemps plus précoces 

(Québec : Huziy et al., 2013; Guay et al., 2015; MELCC, 2018; Sud Ontario: Cunderlik 

et Simonovic, 2005; Grillakis et al., 2011; affluents du Lac St. Jean: Dibike et Coulibaly, 

2005; Minville et al., 2008; Minville et al., 2009; Minville et al., 2010; affluents du St. 

Laurent: Roy et al., 2001; Quilbé et al., 2008; Boyer et al., 2010; Riboust & Brissette, 

2015). Pour le Québec, une augmentation des fréquences de retour des débits de forte 

sévérité est projetée d'ici à 2050 à 2070, avec les plus fortes augmentations projetées 

pour les rivières du nord du 60°N (Frigon et al., 2010; Huziy et al., 2013; Clavet-

Gaumont et al., 2013a, 2013b, 2017; MELCC, 2018). D’une manière générale 

 

1 En Amérique du Nord, la période 1850‒1870 correspond à la fin du Petit Âge Glaciaire, intervalle 
climatique caractérisé du 16e au 19e siècles par la persistance de phases climatiques multidécennales 
froides centrées sur les années 1650, 1770 et 1850 (Matthews et Briffa, 2005; Viau et Gajewski, 2009). 
Le climat du nord Canadien de la fin du 19e siècle a été caractérisé par des fluctuations importantes des 
températures et des précipitations en réponse à un changement de régime dans les circulations des masses 
d’air à l’échelle terrestre. Notamment, en réponse à une migration du front polaire arctique vers le nord 
(position moyenne pendant le Petit Âge Glaciaire : 48°N ; position moyenne en 1875 : nord du 50°N) 
les masses d’air chaud en provenance de l’océan Pacifique équatorial ont pénétrés plus au Nord du 
Canada (Hofgaard et al., 1999 ; Bonsal, 2006) affectant la variabilité et les extrêmes hydroclimatiques à 
large échelle (Kundzewicz et al., 2019). 
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cependant, comment les changements hydroclimatiques affecteront la fréquence et la 

sévérité des crues printanières reste incertain à l’échelle du nord-est canadien (Gaur et 

al., 2018; Bush et Lemmen, 2019). La modélisation des facteurs hydroclimatiques 

impliqués dans leur déclenchement reste complexe, et la qualité des enregistrements 

climatiques et hydrologiques reste limitante (Dibike et Coulibaly, 2005; Quilbé et al., 

2008; Huziy et al., 2013; Clavet-Gaumont et al., 2017). Particulièrement dans l’est du 

Canada boréal, l’analyse de la variabilité hydrologique naturelle historique est 

contrainte par la faible couverture spatiale et temporelle des enregistrements 

hydroclimatiques (Boucher et al., 2011; Mortsch et al., 2015; Pellerin et al., 2019). 

Cette thèse précise le portrait global des changements observés et des trajectoires 

hydroclimatiques prévisionnelles pour le nord-est du Canada boréal en s’appuyant sur 

une reconstitution de la variabilité hydroclimatique passée des crues printanières, c’est-

à-dire avant la période où les enregistrements climatiques et hydrologiques sont 

disponibles. Reconstituer les débits et les climats historiques peut non seulement 

permettre d’allonger la fenêtre de données disponibles pour appuyer la calibration des 

modèles statistiques mais également de préciser l’analyse des périodes de retour des 

inondations printanières extrêmes. Comparer les évolutions hydroclimatiques récentes 

avec des variations analogues ayant eu lieu dans le passé aiderait aussi à mieux 

comprendre le rôle relatif des facteurs climatiques impliqués dans le déclenchement 

des inondations de printemps, et améliorerait notre compréhension des changements 

observés et prévisionnels.  

0.3 Approche dendrohydrologique 

En paléoclimatologie, parmi les indicateurs étudiés, les cernes de croissance d’arbres 

fournissent de l’information paléohydrologique à une résolution annuelle en raison de 

l’interconnexion entre climat, hydrologie et croissance radiale (Fritts, 1976; 



 

 

5 

Schweingruber, 1996). Hormis les archives manuscrites, les cernes de croissance des 

arbres peuvent fournir des données avec une résolution annuelle continue et sur de 

longues périodes. Les mesures de largeurs de cernes de croissance provenant d'arbres 

à longue durée de vie et poussant dans des conditions environnementales sensibles aux 

stress hydriques sont traditionnellement utilisées pour reconstituer les débits 

historiques, et particulièrement les bas débits (synthèse par Loáiciga et al., 1993; 

Boucher et al., 2010; Meko et Woodhouse, 2011; Meko et al., 2012; Ballesteros-

Cánovas, et al., 2015; Tardif et al., 2021b). Dans les environnements boréaux, où l’eau 

n’est pas un facteur limitant la croissance des arbres, les largeurs et la densité des cernes 

de croissance, ou les isotopes stables sont aussi utilisés pour des reconstitutions 

hydrologiques (Boucher et al., 2011, Nicault et al., 2014, Agafonov et al., 2016; Nasri 

et al., 2020, Meko et al., 2020). Les relations entre cernes de croissance et débit dans 

les environnements boréaux peuvent, en effet, être parfois de faible intensité (Tardif et 

al., 1998; Kames, 2009; Kames et al., 2016). Les arbres poussant dans les plaines 

inondables peuvent aussi permettre de dater les phases d’érosion (départ sédimentaire) 

ou d'aggradation (apport sédimentaire), les variations de niveaux des lacs, et les crues 

de débris, ou les crues glacielles (synthèse par Schweingruber, 1996; Boucher et al., 

2010; Ballesteros-Cánovas et al., 2015; Wilhelm et al., 2018). Hormis les mesures de 

largeurs de cernes, les mesures anatomiques des éléments de vaisseaux (Fig. 0.1) 

enregistrent des signaux climatiques ou environnementaux prévalant pendant la 

croissance des arbres et avec une résolution annuelle à sub-annuelle, et 

particulièrement les stress hydriques (García-González et Eckstein, 2003; Fonti et 

García-González, 2004; Tardif et Conciatori, 2006b; Fonti et García-González 2008; 

Fonti et al., 2009; Fonti et al., 2010;  González-González et al., 2015, et synthèse par 

García-González et al., 2016).  

  



 

 

6 

 
Figure 0.1 Micrographie électronique à balayage (MEB) du bois d’un Fraxinus 
excelsior en plan transversal (TS) et longitudinal tangentiel (TLS) montrant les 
éléments de vaisseaux (EV) et les vaisseaux (V). Les éléments de vaisseaux s’empilent 
un à un pour former les vaisseaux, organes tubulaires creux allongés verticalement dans 
l’axe de la tige et transportant la sève. Photo MEB © SciencePhotoLibrary Limited, 
2022, England. 
 

0.4 Particularité des feuillus à zone poreuse pour l’étude et la reconstitution des 
inondations 

Les feuillus à zone poreuse (e.g., genres Castanea, Fraxinus, Quercus, et Ulmus) sont 

utilisés de longue date en dendrohydrologie (Sigafoos, 1964; Yanosky, 1983; Yanosky 

1984) en raison de leur physiologie vulnérable au stress hydrique et de leur phénologie 

particulièrement hâtive (Tyree et Zimmerman, 2003). En réponse aux inondations, les 

feuillus à zone poreuse produisent des vaisseaux du bois initial plus petits et/ou plus 

nombreux que dans une année de croissance régulière, nommés ‘cernes de crues’ 

(Astrade et Bégin, 1997; St. George et Nielsen, 2000; Tardif et al., 2010). L’ensemble 

TS 

TLS 

EV 
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des mécanismes à l’origine de la formation des cernes de crues restent incertains, mais 

les études physiologiques convergent vers un effet cumulé du manque d’oxygène et de 

l’accumulation anormale de composés issus du métabolisme des arbres notamment 

l’éthylène (Kozlowski, 1984; Jackson, 1985; Yamamoto,1995; Kowlozski, 1997; 

Junghans et al., 2004). Leur formation semble dépendante de la tolérance des feuillus 

à zone poreuse aux inondations, de leur génotype, leur âge, des propriétés physico-

chimiques de l’eau ou encore de la durée des inondations (Kozlowski, 1984; Kowlozski, 

1997; Glenz et al., 2006). St. George et al. (2002) ont démontré que la durée 

d’inondation avait une plus grande influence que le débit maximal sur la taille des 

vaisseaux du bois initial chez Quercus macrocarpa. Les expériences d’inondation de 

Quercus robur démontrent également que leur formation est indépendante de l’âge des 

arbres (Sass-Klaasen et al., 2010; Copini et al., 2016). Plusieurs autres facteurs 

pourraient aussi être susceptibles d’amplifier ou d’atténuer la formation des cernes de 

crues, comme le phasage de la crue par rapport au début ou à la fin de la formation du 

cerne de croissance, ou encore le temps écoulé depuis la dernière crue (Glenz et al., 

2006; Copini et al., 2016). Les cernes de crues ont déjà permis de reconstituer la 

variabilité historique des débits (notamment, chez Quercus robur L. en France, Astrade 

et Begin, 1997 ; et Quercus macrocarpa Michx. au Manitoba, Canada, St. George et 

Nielsen, 2000; St. George et al., 2002; St. George et Nielsen, 2003; Wertz et al., 2013) 

ou de dater des inondations historiques majeures (notamment St. George et Nielsen, 

2002, St. George et Nielsen, 2003, Tardif et al., 2010; Wertz et al., 2013, Therrell et 

Bialecki, 2015, Kames et al., 2016; Meko et Therrell, 2020). Au Lac Duparquet, des 

chronologies continues d’éléments de vaisseaux de frênes noirs (Fraxinus nigra Marsh.) 

périodiquement inondés par les crues printanières (Fig. 0.2) ont aussi permis de 

quantifier les associations entre la variabilité des débits printaniers de la rivière 

Harricana (Fig. 0.2; Fig. 0.3; Fig. 1.1) et la variabilité anatomique des vaisseaux 

(Kames, 2009; Tardif et al., 2010; Kames et al., 2016).   
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Figure 0.2 Représentation matricielle du débit journalier de la rivière Harricana à Amos 
(04NA001-2) de 1914 à 2022. Les données manquantes sont figurées en blanc. 
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0.5 Objectifs de la thèse 

L’objectif principal de cette thèse est de caractériser la variabilité historique des débits 

printaniers, puis de calculer les trajectoires hydroclimatiques potentielles pour la région 

des Plaines de l’Abitibi sous différents scénarios de changements climatiques. Le 

premier volet (chapitres I, II, III) s’attache a) à reconstituer la variabilité historique des 

hauts débits printaniers de la rivière Harricana depuis la fin du Petit Âge Glaciaire par 

l’étude de cernes de crues et à analyser les mécanismes climatiques à l’origine des hauts 

débits de printemps et leurs relations avec les principaux indices de circulations 

atmosphériques affectant le climat de l’Amérique du nord ; b) à étudier la temporalité 

et la cohérence spatiale régionale des hauts débits printaniers dans les bassins versants 

des rivières Mattagami, Abitibi, Harricana, Outaouais amont, et entre contextes 

hydrologiques naturels, régulés par barrage, et contrôles non inondés ; c) à déterminer 

comment la régulation des débits printaniers par un barrage affecte la production de 

cernes de crues (variabilité des éléments de vaisseaux du bois initial) et la largeur des 

cernes de croissance des frênes noirs riverains selon les contextes hydrologiques. Le 

deuxième volet (chapitre IV) s’attache à reconstituer la variabilité historique des 

températures printanières régionales et à analyser les relations entre les hauts débits 

printaniers reconstitués pour la rivière Harricana et l’évolution des températures 

printanières depuis la fin du Petit Âge Glaciaire. Enfin, le troisième volet (chapitre V) 

étudie des trajectoires potentielles futures des hauts débits de dégel printanier de la 

Rivière Harricana, analyse les tendances à long terme dans les variables climatiques et 

leur contribution relative aux hauts débits printaniers, et compare les tendances futures 

estimées par rapport à la perspective historique à long terme détaillée dans les 

précédents chapitres (et particulièrement les reconstitutions des débits de printemps de 

la Rivière Harricana – chapitre I; et des températures printanières régionales – chapitre 

IV). Cette thèse conclut sur l’apport des reconstitutions dendrohydrologiques à la 
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1.1 Abstract 

In eastern boreal Canada, variability in river discharge is poorly understood at the 
multi-century scale due to short instrumental records. In recent decades, increased 
magnitude and frequency of spring floods have raised concerns about the potential 
effects of climate change on flood risk. Unlike tree-ring width, flood rings have a 
demonstrated dendrochronological utility for reconstructing high discharge in boreal 
environments. In this study, twelve chronologies of earlywood vessel cross-sectional 
area (a new hydrological proxy) and ring width were developed from riparian Fraxinus 
nigra trees periodically flooded in spring. These chronologies were used as predictors 
of Harricana River spring discharge, which was reconstructed for the period 1771‒
2016. The reconstruction captured 69% of the variance over a 102-year calibration 
period. The reconstruction indicates that the magnitude and frequency of spring high 
discharge has increased since the end of the Little Ice Age (1850‒1870 CE) and since 
1950. The change from a multi-decadal frequency in the late 19th century to a decadal 
and then interannual frequency in the late 20th century is associated with an increase in 
snow cover over much of central-eastern Canada. The association between the 
reconstructed spring discharge and spring atmospheric circulation indices NINO3.4, 
AMO, NAO may also have changed in these periods and further work is needed to 
assess the stability of these associations. The correlation between reconstructed and 
instrumental spring discharge at the regional scale, as well as the shared features in 
reconstructed discharge and other paleorecords from subarctic Québec suggest a 
common hydrological signal across the study area and for the early 20th to 21st centuries. 
The unprecedently low and high spring discharge in recent decades compared to the 
historical natural variability of the last 250 years also suggests that the increase in flood 
frequency and magnitude originates from climate change.  

Keywords : climate change, atmospheric circulation, dendrohydrology, earlywood 
vessels, Fraxinus nigra, Lake Duparquet 
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1.2 Résumé [Ajout à l’article original] 

Dans l'est du Canada boréal, la variabilité du débit des derniers siècles est peu connue 
en raison du manque d’enregistrements hydrologiques. Au cours des dernières 
décennies, l’augmentation de l’intensité et de la fréquence des crues printanières ont 
suscité des inquiétudes quant aux effets potentiels des changements climatiques sur le 
risque inondation. Contrairement à la largeur totale des cernes de croissance des arbres, 
les cernes de crues se sont avérés particulièrement efficaces en dendrochronologie pour 
reconstituer les hauts débits. Dans cette étude, douze chronologies (de paramètres 
anatomiques de vaisseaux du bois initial, et de largeur des cernes de croissance) ont été 
développées à partir de frênes noirs riverains et périodiquement inondés au printemps. 
Ces chronologies ont été utilisées comme prédicteurs du débit moyen printanier de la 
rivière Harricana, qui a été reconstitué de 1771 à 2016. La reconstitution a capturé 69% 
de la variance sur une période de calibration de 102 ans. La reconstitution indique que 
l’intensité et la fréquence des hauts débits printaniers ont augmentés depuis la fin du 
Petit Âge Glaciaire (1850‒1870 CE) et particulièrement depuis 1950. Le passage d'une 
fréquence pluri-décennale à la fin du 19e siècle à une fréquence décennale, puis 
interannuelle à la fin du 20e siècle est associé à une augmentation du couvert neigeux 
sur une grande partie du centre-est du Canada. L'association entre le débit printanier 
reconstitué et les indices de circulation atmosphérique printaniers NINO3.4, AMO, 
NAO pourrait également avoir changée au cours de ces périodes, et des recherches 
supplémentaires sont nécessaires pour évaluer la stabilité de ces associations. La 
corrélation entre les débits moyens printaniers reconstitués et instrumentaux à l'échelle 
régionale, ainsi que les caractéristiques communes des débits reconstitués et d'autres 
paléo-enregistrements du Québec subarctique, suggèrent un signal hydrologique 
commun dans toute la zone d'étude pour le début du 20e et du 21e siècle. Les débits 
printaniers exceptionnellement haut et bas des dernières décennies comparées à la 
variabilité historique des 250 dernières années suggèrent que l'augmentation récente de 
la fréquence et l’intensité des inondations est due au changement climatique.  

Mots-clés : changement climatique, circulation atmosphérique, dendrohydrologie, 
vaisseaux du bois initial, Fraxinus nigra, Lac Duparquet 
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1.3 Introduction 

Climate extremes and exceptional floods are becoming more frequent worldwide 

(Berghuijs et al., 2017; Kundzewicz et al., 2019) and particularly in Canada (Burn et 

al., 2016; Buttle et al., 2016; Burn & Whitfield, 2016, 2018; Bush & Lemmen, 2019). 

Over the last decade (2010‒2020), flooding has emerged as the costliest natural disaster 

in Canada with insurance payouts exceeding one billion Canadian dollars per year (IBC, 

2020). The 2019 floods in Ontario (McNeil, 2019) and Québec (ECCC, 2020) 

surpassed the 2017 flood level considered, at the time, as the 100-year flood in the 

Ottawa River basin (Turcotte et al., 2019; ECCC, 2020). Given that most Canadian 

communities are located close to water bodies, and given the reliance on hydropower 

in the country, there is an urgent need to plan for future resilience of water and flood 

security management to climate change (Winsemius et al., 2016; Cherry et al., 2017). 

In Canada, observed global warming and projections from greenhouse gases emission 

scenarios indicate a rate of warming about twice as fast as that projected for the rest of 

the Northern Hemisphere (Vincent et al., 2018; Bush & Lemmen, 2019). The majority 

of floods in Canada are generated by either intense rainfall, snowmelt or ice melt 

(Buttle et al., 2016; Burn et al., 2016; Burn & Whitfield, 2018). In northern Canadian 

watersheds where discharge is determined by the accumulation and melting of snow 

and ice, flooding results from a complex combination of excess rain and snow, rain-

on-snow events or ice jams and the magnitude of temperature jump from winter to 

spring (Javelle et al., 2003; Aygün et al., 2019). However, so far, no consistent trend 

in mean or extreme annual precipitation or in annual discharge has been observed for 

Canada as a whole (Aygün et al., 2019). In northern Canada, and particularly in winter, 

an increase in annual precipitation relative to snowfall, was observed (Vincent et al., 

2018). Seasonal snow cover is also projected to decrease during the 21st century with a 

later snow onset and an earlier spring snowmelt (Bush & Lemmen, 2019). This trend 
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is visible in the ice freeze-up and break-up records for south-central Ontario, where a 

longer ice-free period has been observed since the 1900s related to the seasonal 

temperature warming (Fu & Yao, 2015). Analysis of Canada-wide instrumental 

discharge data indicates that the timing and magnitude of seasonal maxima has shifted 

toward higher winter discharge and earlier spring snowmelt since 1950 (Mortsch et al., 

2015). This is consistent with the observed change in the seasonality of river input to 

the Hudson Bay between 1968 and 2008; with an increase in winter discharge, a 

decrease in summer discharge, and an increase in maximum annual discharge being 

observed since the mid-1980s (Déry et al., 2011).  

From a climate change perspective, i) a decrease in snow accumulation would lead to 

a reduction in the magnitude of snowmelt flooding, whereas ii) an increase in extreme 

precipitation events would lead to an increase in rain associated to flooding. 

Hydrological simulations using outputs from regional climate models for northern 

Québec and Ontario (Guay et al., 2015; Wang et al., 2015; Clavet-Gaumont et al., 2017) 

suggest that by 2050 rain and snow amounts will contribute more to discharge in the 

winter and fall months and less to discharge in the summer months than during the 20th 

century. Increases in the magnitude of hydrological extremes are also expected but it 

remains uncertain how the projected change in climate will affect flood frequency and 

magnitude (Gaur et al., 2018). Gaur et al (2019) showed from simulations that under 

various climate change scenarios about 40 to 60 of the 100 most populous Canadian 

cities are expected to experience increasingly frequent flooding by 2100, particularly 

in coastal areas, southern Ontario and northern Canada. For example, in Toronto, the 

return period of the historic 100-year flood would be reduced to a return period of 22 

to 30 years under a minimum climate change scenario (RCP2.6). 

The uncertainties in projecting future hydroclimatic trajectories limit flood risk 

estimations currently based on instrumental records of natural discharge (Mortsch et 
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al., 2015; Buttle et al., 2016). Unfortunately, because of technical and economical 

limitations, the hydrological records in northern Canada are of short length and highly 

dispersed in space (Koshida et al., 2015; Pellerin, 2019). Also, because most Canadian 

hydropower capacity is located in the North (Cherry et al., 2017), the influence of dams 

on lakes and rivers complicate the analysis of climate change impacts using these short 

instrumental records (Ljungqvist et al., 2016). It is thus particularly important to extend 

the existing discharge data spatially and temporally in these regions. Simulations from 

the north of Finland have shown that more frequent freeze-thaw episodes and ice-

flooding in winter or spring could threaten the integrity of hydroelectric facilities or 

force them to divert floodwaters more often to spillways instead of generating power 

(Gebre et al., 2014). To improve planning for the economic and social impacts of future 

climate change, it is essential to understand whether recent changes in discharge and 

flooding in eastern boreal Canada are part of the historical natural variability or whether 

they are unprecedented and associated with recent climate change. 

Paleoindicators can provide proxy data to complement short instrumental discharge 

records and help place them in a historical perspective (Saint-Laurent, 2004; Baker, 

2008; Meko & Woodhouse, 2011; Ballesteros-Cánovas et al., 2015; Wilhelm et al., 

2019). Among the paleoflood indicators, tree rings can be considered an excellent 

hydrological proxy due to the interconnection among climate, hydrology and tree 

growth, and tree-ring chronologies are annually resolved and continuous series (Meko 

& Woodhouse, 2011; Meko et al., 2012). In semi-arid environments, where water 

deficit is a major factor limiting tree growth, ring-width chronologies have been 

successfully used to reconstruct past discharge and especially low discharge (Meko et 

al., 2001; Woodhouse et al., 2006; Biondi & Meko, 2019; Martínez-Sifuentes et al., 

2020). In contrast, in boreal environments where water is not as limiting to tree growth, 

the relationship between tree-ring width and discharge may not be as clear (Tardif et 

al., 1998; Kames et al., 2016). Ring-width chronologies integrate many environmental 
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factors and extracting a specific flood signal can be complex or difficult (Boucher et 

al., 2011; Agafonov et al., 2016). In addition, if spring thaw occurs before the start of 

the growing season, ring-width chronologies may not register variations related to high 

spring water levels. In a northern Québec reservoir, Nicault et al. (2014) showed that 

spring discharge was difficult to reconstruct using a combination of ring widths, 

earlywood density and stable isotope chronologies mainly because flooding occurred 

during the period of tree dormancy. The authors had better results when including ice-

scar frequency in their reconstruction. Indeed, spring flooding in Northern Québec has 

been reconstructed mostly by studying the physical injuries (scars) left on shoreline 

trees by the abrasion of floating ice and debris during spring break-up (Tardif & 

Bergeron, 1997b; Bégin, 2001; Lemay & Bégin, 2008; Boucher et al., 2011; Nicault et 

al., 2014). 

The study of the anatomy of growth rings in trees directly exposed to seasonal floods 

can provide quantitative and continuous predictors of seasonal discharge in boreal 

regions. Anatomical changes in earlywood vessels associated with the physiological 

response to anoxia during persistent flooding (hereafter referred as flood rings) have 

been noted in riparian ring-porous trees (Fraxinus sp., Quercus sp.) following major 

flood years (Astrade & Bégin, 1997; St. George & Nielsen, 2000; Tardif et al., 2010; 

Kames et al., 2016; Nolin et al., 2021b). Recent works (Meko et al., 2020; Dickson, 

2020) indicate that in riparian diffuse-porous trees (Salix sp., Populus sp.) flooding also 

lead to the development of tree-ring anomalies (anatomical irregularities). Flood rings 

have also been experimentally reproduced and been shown to form when ring-porous 

trees are flooded during the period of earlywood vessels formation (Copini et al., 2016; 

Tardif unpublished data). Flood rings are characterized by either an increase in 

earlywood vessel number and/or a reduction in earlywood vessel cross-sectionnal areas 

according to species (St. George & Nielsen, 2000; Copini et al., 2016; Kames et al., 

2016; Nolin et al., 2021b). The timing and duration of flooding relative to the period 
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of earlywood vessel formation and sample location along the tree stem are factors that 

influence flood-ring formation (St. George et al., 2002; Copini et al., 2016). 

Flood rings have been successfully used to detect major floods (St. George & Nielsen, 

2003; Wertz et al., 2013; Therrell & Bialecki, 2015; Meko & Therrell, 2020; Nolin et 

al., 2021b) but few studies have used continuous year-to-year measurements of 

earlywood vessels to study hydroclimate variability (Tardif et al., 2010; Kames et al., 

2016). Recently, Meko & Therrell (2020), in addition to visual identification of flood 

rings, measured the width of the first row of earlywood vessels in ring-porous overcup 

oak (Quercus lyrata Walt.). This work allowed effective reconstruction of spring floods 

in the White River, Mississippi. López et al. (2014) reconstructed summer and annual 

discharge of the Atrato River, Columbia, from the number of vessels in the annual tree 

ring in the diffuse-porous Prioria copaifera. The authors found that in the equatorial 

forest, the number of vessels in the annual ring tends to be higher and the total ring 

width greater in flood years than in dry years. On the other hand, Kames et al. (2016) 

demonstrated that in the boreal forest of Lake Duparquet, earlywood vessel 

chronologies from ring-porous black ash (Fraxinus nigra Marsh.) were more effective 

than ring width in capturing the variability of low and high spring discharge. These 

results support the utility of developing long earlywood vessel chronologies from 

floodplain trees as proxy records of river discharge and flooding. Tree-ring anatomical 

sequences from trees growing directly on floodplains may also allow reconstruction of 

the full range of spring discharge variability in boreal environments. 

The objectives of this study are twofold. First is the multi-century reconstruction of 

annually resolved spring discharge from hydrological proxies: ring width and cross-

sectional area of earlywood vessels from F. nigra trees growing on the floodplain of 

Lake Duparquet. Second is investigation of the temporal stability of the reconstruction 
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and determination of the main climatic and large-scale atmospheric circulations drivers 

associated with multi-century spring discharge variability. 

1.4 Materials and methods 

1.4.1 Study area 

The study was conducted on Lake Duparquet (48°28’ N, 79°16’ W; Fig. 1.1) located 

in the Clay Belt of both Northern Ontario and Québec (Daubois et al., 2015). Lake 

Duparquet forms a 50 km2 waterbody draining north into the James Bay through the 

Abitibi River (Tardif & Bergeron, 1997b). The rivers feeding Lake Duparquet are not 

regulated by dams, making it a unique site for the study of long-term flood dynamics 

in a watershed in which hydroelectric dams have been present downstream since the 

1910s (CEHQ, 2019; Hydro-Québec, 2019). The closest dam to Lake Duparquet is 

located 140 km downstream (Iroquois Falls dam, built in 1914) and regulates Lake 

Abitibi (OMNRF, 2019; OPG, 2019). A natural steep rapids 5 km downstream of Lake 

Duparquet (Rapide Danseur) prevents any effect of downstream dams or regulation on 

the lake level.  

Lake Duparquet is situated at the southern fringe of the boreal ecozone where forests 

can be characterized by an association of balsam fir (Abies balsamea (L.) Mill.), black 

spruce (Picea mariana (Mill.) BSP), paper birch (Betula papyrifera Marsh.), white 

spruce (Picea glauca (Moench) Voss) and trembling aspen (Populus tremuloides 

Michx.) (Denneler et al., 1999). Fraxinus nigra can be found in waterlogged areas and 

riparian forests in pure stands (Tardif & Bergeron, 1997a) or in association with eastern 

white-cedar (Thuja occidentalis L.) and occasionally balsam poplar (Populus 

balsamifera L.) (Tardif & Bergeron, 1992; Denneler et al., 1999; Tardif & Bergeron, 

1999). 
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Figure 1.1 Map of the study area. Geographic location of the study area at the border 
between Ontario (ON) and Québec (QC), in Canada (left panel upper inset). Lake 
Duparquet (red circle in left panel) is located at the head of the Abitibi River basin. 
Discharge record reconstructed is at Harricana River (black squares No. 4 & 5) on the 
upper reach of the Harricana River basin. Other hydrological stations are listed by their 
numbers in Table 1.1. The upper right inset shows locations of riparian Fraxinus nigra 
sampling sites at Lake Duparquet (white dots). 
 

The soils of the region are dominated by deposits from the Quaternary Ojibway Lake 

and by glacial till that transitions into peatlands northward (Daubois et al., 2015). The 

very flat and clayey banks of Lake Duparquet are flooded each spring for a period 

ranging from a few days to months and are largely colonized by F. nigra. The species 

can reach an age of 250 years in these forests (Tardif & Bergeron, 1999). 
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Lake Duparquet area has a sub-boreal climate with a mean annual air temperature of 

0.7°C, mean annual precipitation of 890 mm and mean annual snowfall of 250 mm for 

the period 1971‒2000, as indicated by data from La Sarre weather station data (48°48’ 

N, 79°11’ W ; Fig. 1.1) obtained from Canadian Climate Normals, 

http://climate.weather.gc.ca/climate_normals). Precipitation peaks occur in spring and 

fall, and persistent winter snowpack is common until the month of May (Fig. 1.S1). 

Lake Duparquet is not equipped with a hydrometric station, but its hydrology is 

comparable to that recorded on the Harricana River (48°34' N, 78°07 W; Fig. 1.1) 

located 85 km to the east (Tardif et al., 2010; Kames et al., 2016). Both show a boreal 

regime driven by mixed snow and rain processes. At the end of the ice season, the 

winter snowpack melts and rapidly transforms the low winter discharge into a spring 

freshet peak. The spring breakup flood usually occurs in May and its average 

contribution to annual discharge ranges from 11 to 30% for the period 1915‒2020 

(Water Survey of Canada, https://wateroffice.ec.gc.ca; Fig. 1.S1). Spring recession 

magnitude and summer precipitation generally contribute to high summer discharge. 

In the fall, small floods may be triggered by episodes of intense rainfall, prior to a return 

of river ice and accumulation of snow in winter. 

1.4.2 Sample collection, measurement and crossdating 

In summer 2017 and 2018, 125 increment core samples from 65 trees were collected 

from F. nigra sites exposed to periodical flooding on Lake Duparquet. Cores were 

collected from living trees using a 5mm increment borer and discs were collected from 

old logs or fallen trees. This sampling aimed to update existing F. nigra anatomical and 

ring-width chronologies from Lake Duparquet (Tardif & Bergeron, 1993; Kames et al., 

2016; Tardif et al., 2016). Because flood rings were reported to occur below the water 

level at the onset of earlywood formation (St. George et al., 2002; Copini et al., 2016) 

samples were collected as close as possible to the ground. Wood samples were prepared 

according to standard dendrochronological techniques (Phipps, 1985; Cook & 
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Kairiukstis, 1990) and were sanded on a series of progressively finer grit up to P600 

grade. After cleaning with pressurized air, the sample surfaces were rubbed with white 

chalk to increase the contrast between the vessels and the other cell types (Tardif & 

Conciatori, 2006b; Kames et al., 2016). Tree rings were visually crossdated using the 

pointer-years developed for F. nigra on Lake Duparquet (Tardif & Bergeron, 1993; 

Kames et al., 2016) and the list method (Phipps, 1985). 

Given that F. nigra trees seldom reach many centuries in age (Tardif & Bergeron 1999), 

the oldest and best well-preserved wood samples from Tardif & Bergeron (1993) (11 

cores from 9 trees) and from those collected in 2017 (13 cores from 13 trees) were 

selected for image analysis and anatomical measures. Given our objective to 

reconstruct discharge at the multi-century scale, the oldest samples showing clear tree 

rings with no rot or missing sections were selected after inspection under a 

stereomicroscope. The pre-existing anatomical series from Kames et al. (2016) (40 

cores from 20 trees) and Tardif et al. (2016) (4 cores from 4 trees) were also used. 

Anatomical measurements were produced from high-resolution pictures using 

procedures similar to those described in Tardif and Conciatori (2006b) and Kames et 

al. (2016). The prepared surfaces were scanned by a digital camera (Nikon DS-Fi1) 

mounted on a stereomicroscope (Nikon SMZ1000) to obtain standardized images 

(TIFF format, 20x magnification, 1,600 x 1,200 dpi) of the tree rings. Pictures were 

then processed with the Canny (1986) edge detection algorithm with ImageJ2X 

(Rueden et al., 2017) to automatically delineate the vessel shapes. Each output image 

was then manually corrected using a graphics tablet to verify and improve vessel 

identification. Incomplete areas of lumen at the edges of cores or images were excluded 

from the analysis. Once each vessel shape was clearly delineated, the boundary 

between early and latewood was qualitatively identified as the interruption of the 

largest vessels (Tardif & Conciatori, 2006b; Kames et al., 2016). Each ring was 

analyzed with WinCell Pro v2018c (Régent instrument, 2018) on vessels with a cross-
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sectional area greater than 3,000 μm² (Tardif, unpublished data). For each tree-ring 

sample, 12 continuous variables were measured, including 8 anatomical variables and 

4 ring-width variables. 

Anatomical variables were mean (MVA) and total vessel lumen cross-sectional area 

(TVA) within the earlywood, number of vessels (N), mean vessel area of the 25% 

largest (L25) and smallest vessels (S25), porosity within the earlywood (pE) (defined 

as !"#
#
, with A the earlywood area), density of vessels in the earlywood (dE) (defined 

as $
#
), and hydraulic diameter (Dh) (defined as !∑&!

"

$
"
#
"  with 	𝐷'  equivalent circle 

diameter (in meter) expressed as ∑ 𝐷''
(→* = 2(#

+
 from the Hagen-Poiseuille law 

(Tyree & Zimmermann, 2003). Hydraulic diameter is a more physiologically-based 

expression of water transport in trees than vessel conductance area (Scholz et al., 2013), 

whereas the S25 and L25 chronologies separate the signals that may be carried by 

different classes of vessels size (García-González & Fonti, 2006). 

Ring-width variables were the total ring width (RW), earlywood width (EW), and 

latewood width (LW) (defined as RW-EW), and the proportion of earlywood within 

the total ring-width (EW%RW) (defined as ,-
.-
). The EW was measured with WinCell 

as it was more appropriate for suppressed years, but the RW was measured with 

CooRecorder (Larsson, 2003b), and LW resulted from their difference. 

Because the anatomical measurements of tree-ring series (L25, S25, MVA, TVA, pE, 

N, dE and Dh) were designed to extend the existing chronologies (Kames et al., 2016; 

Tardif et al., 2016) back in time and considering that image analyses are time-

consuming, the measurements did not include years after 1950 for 9 series. Tree-ring 
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width measurements (EW, LW, RW, EW%RW), however, were conducted over the 

entire period of time available. 

1.4.3 Chronology development 

The quality of crossdating and measurement of each of the ring-width series (43 trees 

x 12 variables) was inspected in CDendro (Larsson, 2003a) and COFECHA (Holmes, 

1983) prior to analysis. Series detrending and chronology development were computed 

using the ‘dplR’ package (Bunn, 2008) in R environment (R Core Team, 2020). Some 

302 missing values (representing 0.43% of the total measurements) related to rotten 

parts in the oldest samples were interpolated using the spline filling function in ‘dplR’ 

package. Once the series were completed and quality-checked, a detrending was 

performed to remove low-frequency age-related or stand-related dynamics and to retain 

mainly high-frequency variations (Cook & Kairiukstis, 1990). Individual tree-ring 

series were divided by a cubic smoothing spline function with a 50% frequency 

response at 60 years (Kames et al., 2016). The spline function rigidity was set at 30 

years for 0.19% (41/516) of the series i.e.; when adverse effects at the start or at the 

end of the series (extremely high values) were observed. Series with significant 

autocorrelation were prewhitened using a best-fit autoregressive model (Cook & 

Kairiukstis, 1990) to produce residual chronologies. When autocorrelation was found 

to be non-significant, the standard chronology was preferred (Kames et al., 2016). 

Finally, to lower the influence of outliers, detrended series for individual cores were 

averaged into site chronologies using a bi-weight robust mean (Cook & Kairiukstis, 

1990). Temporal coherence among series was assessed with the inter-series correlation 

coefficient (Rbar), and adequacy of sample size was assessed with the subsample signal 

strength (SSS; Wigley et al., 1984; Cook et al., 1999). The Rbar statistic expresses the 

mean correlation between all possible pairs of the individual tree-ring series, while the 
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SSS reflects the loss of common variance between the series due to the decrease in 

sample size back in time (Wigley et al., 1984; Cook et al., 1999).   

1.4.4 Reconstruction of spring discharge 

Based on Kames et al. (2016), linear regressions were computed between discharge 

variables (predictand) and tree-ring chronologies (predictors) in exploratory analyses. 

For the common period 1915‒2016, the best linear correlation between the Lake 

Duparquet MVA chronology and the Harricana River discharge was found with the 

mean discharge from April 15 to June 30 (r = ‒0.79, p < 0.001), which was therefore 

chosen as the variable to be reconstructed (hereafter, Harricana spring discharge). 

Two stepwise multiple linear regression models were developed to reconstruct 

Harricana spring discharge using the R package "Olsrr" (Hebbali, 2020). In the first 

model (REC1) the 12 predictor chronologies were transformed using principal 

components analysis (PCA) to overcome multicollinearity issues among predictors 

(Hidalgo et al., 2000; Woodhouse et al., 2006). PCA was performed on a correlation 

matrix with the R base environment for a 1771 to 2016 common period, and the number 

of statistically significant principal components (PC) to be used as predictors of 

discharge was selected by a broken stick model (Legendre & Legendre, 2012). To 

account for autocorrelation in tree-ring time series, because tree growth is influenced 

by climate conditions prevailing during the current and the previous growing season, 

lagged PC (‒1, 0, +1 year) were introduced in regression series (Cook & Kairiukstis, 

1990; Meko & Graybill, 1995). The second model (REC2) consisted of the 8 

anatomical and 4 ring-width chronologies and their lags (‒1, 0, +1) without PCA 

transformation. 
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1.4.5 Model performance 

Model assumptions were checked with a standard analysis of residuals, and the final 

models were validated using a split-sample procedure (Snee, 1977; Cook & Kariukstis, 

1990). This cross-validation technique consists of dividing the period of overlap 

between instrumental discharge data and tree-ring chronologies into two sets of half-

calibration and verification of equal length. A first half (1915‒1965) was used to 

calibrate the model, and the second half (1966‒2016) was used to verify the model. 

This procedure was then inverted (1966‒2016 for calibration, 1915‒1965 for 

verification). The overall performance of the models was estimated using the adjusted 

explained variance (adjR²) from calibration, as well as the reduction of error statistic 

(RE; Briffa et al., 1988) and the coefficient of efficiency (CE; Cook & Kairiukstis, 

1990) from validation. Agreement between the reconstructed estimates and 

instrumental data was estimated with the conventional statistics of root-mean-square 

error and mean-absolute error (RMSE, MAE; Cook et al., 1999) and the sign test and 

product-mean test (PMT) calculated on z-scores (Cook & Kairiukstis, 1990). These 

statistics provide information on the ability of the models to reconstruct the discharge 

not used in model fitting. In addition, the daily hydrographs of the Harricana spring 

discharge (April 15 to June 30, calculated for 1915‒2020) were submitted to a K-Means 

clustering analysis (Legendre & Legendre, 2012) to further assess the model 

performance in reconstructing extreme low and high discharge associated with 

individual clusters. 



 

 

29 

1.4.6 Climate and large-scale atmospheric circulations relationships to spring 
flooding 

To assess the degree of association between the reconstructed spring discharge and 

current climatic data, hydrological data, large-scale atmospheric circulation indices and 

existing hydrological reconstructions from subarctic Québec, simple and bootstrapped 

Pearson correlations were calculated. The stationary bootstrapped correction avoids 

bias in variance from multiple spatial and temporal resolutions between autocorrelated 

dataset (Efron, 1979). This was calculated with the R package ‘treeclim’ (Zang & 

Biondi, 2015). Various datasets were obtained to conduct these analyses. Monthly 

climate data were extracted from a 0.5 x 0.5° landmask corresponding to Lake 

Duparquet (48.00°N, ‒79.50°E ; 48.50N°, ‒79.00°E) using the KNMI Climate 

Explorer (https://climexp.knmi.nl; Trouet & Van Oldenborgh, 2013). Monthly gridded 

temperature and precipitation were obtained from 1901‒2016 CRU TS 4.03 (Harris et 

al., 2020) and monthly snow-cover extent were obtained from 1966‒2016 

NOAA/NCDC Rutgers Snow cover at a 1 x 1° resolution (Estilow et al., 2015). 

Correlations were also conducted with Lake Duparquet’s observational ice-breakup 

dates from 1960 to 2016 (Mongrain, 2014; pers. comm. 2017) and reconstructed water 

levels from maximum ice-scar height associated with spring ice-breakup (Tardif & 

Bergeron, 1997b). Existing hydrological reconstructions from subarctic Québec were 

also used. Correlation coefficient between the ice-scar chronologies from Bégin (2001), 

Lemay & Bégin (2008) and Boucher et al. (2011) as well as the May, Spring (March - 

April - May) and annual discharge reconstructions respectively from Boucher et al., 

(2011), Nicault et al. (2014) and Nasri et al. (2020) were compared with the Harricana 

River spring discharge reconstruction using 40-year moving windows lagged by 21 

years to assess temporal stability. Finally, we used discharge data from not only the 

Harricana River itself, but from nine unregulated hydrometric stations (Table 1.1; 

Water Survey of Canada, https://wateroffice.ec.gc.ca) with at least 25 years of records 

and located within a radius of 300 km of Lake Duparquet. 
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The impacts of several large-scale ocean-atmosphere circulation features on the 

variability of hydroclimate and extreme events have been documented in different parts 

of the world (Bush & Lemmen, 2019). For example, across North America and Canada, 

flooding and river ice phenology have shown to be influenced by sea surface 

temperature anomalies in the equatorial Pacific, i.e. phases of the El-Niño Southern 

Oscillation (Bonsal et al., 2006; Kundzewicz et al., 2019). To further assess how large-

scale atmospheric circulation indices correlated to spatial and temporal variations in 

reconstructed spring discharge, we included in these analyses the Atlantic Multidecadal 

Oscillation (AMO) from 1856 to 2016, the Arctic Oscillation (AO) from 1871‒2011, 

the North-Atlantic Oscillation (NAO) from 1821 to 2016 and the reconstructed NAO 

(RNAO) from 1770‒2001 downloaded from 

https://www.psl.noaa.gov/gcos_wgsp/Timeseries/. The El-Niño Southern Oscillation 

(NINO3.4) index for 1854‒2016, and the Pacific Decadal Oscillation (PDO ERSSTv5) 

index for 1880‒2016 were also downloaded from KNMI Climate Explorer (Trouet & 

Van Oldenborgh, 2013).  

The continuous wavelet transformation (CWT) was used to decompose the variance in 

the spring discharge reconstruction in low and high frequencies (Torrence & Compo, 

1998). The temporal variability of the reconstructions was evaluated by transforming 

the time series into CWT on a ω0 = 6 Morlet power spectrum base with the 

"WaveletComp" package in R (Roesch & Schmidbauer, 2018). In this way the Morlet 

wavelet scale is comparable to the Fourrier period (Torrence & Compo, 1998). 
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1.5 Results 

1.5.1 Predictor chronology characteristics 

The 12 anatomical and ring-width chronologies developed for Lake Duparquet cover 

1770 to 2016 (246 years) and have an average sample length of 120 years (Fig. 1.2). 

Crossdated tree-ring series were strongly temporally coherent within the two common 

periods 1855‒1950 and 1940‒2005 (Table 1.2). The number of series in site 

chronologies exceeds 10 from 1820 to 2016, and both 40-year running windows of SSS 

and Rbar demonstrated the stability of the common signal through this period (SSS ≥ 

0.85, Rbar ≥ 0.20; Fig. 1.2). The MVA and L25 chronologies showed a higher SSS 

than the N, pE, and TVA chronologies and an even higher SSS than the rest of the 

chronologies over the first 50 years (1770 to 1820; Fig. 1.2b). To further test the 

stability of the common earlywood vessel signal, we recomputed successively the 

MVA chronology using the 5, 10, 20 and 30 longest series. For n = 5 series, the SSS 

was maintained above 0.70 for the complete 1770‒2016 period (results not shown) 

indicating the potential to provide high-resolution reconstruction when using the 43 

series available. 
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Figure 1.2 Chronology characteristics. A) Tree-ring anatomical and width chronologies 
developed for Lake Duparquet. Abbreviations of chronologies are listed in Table 1.2. 
The grey shade indicates the two-standard-error confidence intervals. B) 40-year 
running windows of subsample signal strength (SSS, green) and mean inter-series 
correlation (Rbar, blue). C) Yearly sample size for ring-width and anatomical 
chronologies expressed as number of trees per year. 
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1.5.2 Reconstruction of Harricana River spring discharge 

Transfer functions were successfully derived for reconstructions REC1 and REC2 

(Table 1.3). In REC1, stepwise regression selected the first (PC1, R2 = 63.87), and the 

second principal component PC2 t+1 (DeltaR2 = 2.98) and PC2 t‒1 (DeltaR2 = 1.65) 

as the best set of predictors. PC1 is driven by variables related to vessel size and number, 

while PC2 is driven mainly by ring-width (result not shown). Three predictors were 

also selected for REC2; MVA chronology (R2 = 61.92), LW t+1 (DeltaR2 = 4.42), and 

EW t‒1 (DeltaR2 = 1.42). In the two models, mean earlywood vessel area and number 

(PC1 in REC1, and MVA in REC2) account for the majority of the explained variance 

of Harricana spring discharge over the calibration period. The coherency between 

observed and reconstructed discharge was strong (Fig. 1.S2) and statistics were similar 

for the two models, whose determination coefficients (R2) differ only slightly: 68.5% 

for REC1 and 67.8% for REC2 (Table 1.3).  

In both models, the cross calibration-verification exercises for the two periods (1915‒

1965 and 1966‒2016) indicated considerable predictive skill (Table 1.3; Fig. 1.3a) and 

approximately normally distributed residuals. The range of reconstructed discharge (73 

to 184 m3/s) remains within that of the observed values (63 to 196 m3/s) and the 

reconstruction errors expressed in the units of observed discharge (MAE) are small and 

similar for both models (12.0 m3/s). The verification statistics RE and CE are strongly 

positive suggesting that low and high frequencies were very well reproduced by the 

two reconstructions (Table 1.3). The year-to-year direction and amplitude in discharge 

are also well reproduced (Fig. 1.3a), as indicated by the significant sign tests and 

product-mean test (PMT; Table 1.3). 
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Figure 1.3 Comparison between observed and reconstructed discharge. A) Instrumental 
(blue) and reconstructed Harricana River spring discharge for the two models REC1 
(black) and REC2 (grey) for the 1915‒2016 calibration period. Horizontal lines mark 
the mean (solid) and ± 1.5 sd (dashed) of the instrumental Harricana spring discharge. 
High (black triangles) and low (white triangles) discharge years exceed the threshold ± 
1.5 sd. B) The four K-Means clusters of daily instrumental Harricana spring discharge 
from April 15 to June 30 and from 1915 to 2020. Shaded areas indicate standard 
deviation within each cluster. The number in parenthesis represents the number of years 
in each cluster. 
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The strength of the common signal and the temporal stability of the reconstructions 

during the period of juvenile growth were assessed by recalculating the models using 

the first 50 years of each tree-ring width and anatomical series. Since sample replication 

decreases over time and the growth rate is maximal in young trees, the noise in these 

parts of chronology may be considered maximal. REC1 from a model limited to the 

first 50 years of the series spans 1770‒2004 and is strongly associated with REC1 from 

the full data (r = 0.884, p < 0.001, n = 231). The restricted REC1 model performs well, 

with statistics adjR2 = 49.3, F = 44.20 and MAE = 14.98 m3/s comparable to those of 

the full REC1 model. Similar stability was observed for the REC2 model (result not 

shown). Given the similarities between both models (r = 0.96, p < 0.001, n = 246), the 

REC1 based on the full data was used for the remaining analyses. 

1.5.3 Extreme low and high discharge 

To assess whether reconstruction (REC1) accuracy differs in years of high vs low 

spring discharge (Fig. 1.3a), thresholds at the mean ± 1.5 sd were calculated from the 

instrumental Harricana spring discharge, 1915‒2016 (high value = 159.8 m3/s, low 

value = 80.3 m3/s). Over the calibration period, high discharge years were 1922, 1928, 

1933, 1947, 1960, 1967, 1974 and 1979 (2019 also but outside the calibration period). 

Low discharge years were 1931, 1963, 1998, 2003, 2010 and 2012 with the four lowest 

discharge values from 1915 to 2016 recorded after 1998 (Fig. 1.3a). For the eight 

highest and six lowest discharge years, the MAE of the reconstruction were comparable, 

being respectively 18.7 m3/s ± 11.3 and 23.8 m3/s ± 6.4. 

The reconstruction’s ability to capture the variability of the Harricana River flood 

regimes was determined by calculating a K-Means clustering of the daily Harricana 

River hydrograph from April 15 to June 30 for years 1915‒2020 to identify conditions 

leading to low and high spring discharge (Fig. 1.3b). Four clusters were identified: 1) 

late break-up with maximum spring discharge, 2) late break-up with low spring 
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discharge, 3) early break-up with minimum spring discharge and 4) early break-up with 

intermediate spring discharge (Fig. 1.3b). The eight highest discharge years identified 

in the calibration data (Fig. 1.3a) were evenly distributed between cluster 1 (n = 4) and 

4 (n = 4), and the six lowest discharge years corresponded to cluster 3. Interestingly, 

the clusters associated with early break-up with minimum to intermediate discharge 

(cluster 4 and mainly cluster 3) have dominated since about 1998 to 2012. Comparison 

of the mean errors (instrumental discharge minus REC1 values) and standard deviation 

corresponding to each cluster indicates that clusters 1 and 4 are slightly underestimated 

and cluster 3 is slightly overestimated in REC1 model (cluster 1: 9.97 ± 16.27, cluster 

2: ‒1.74 ± 13.92, cluster 3: ‒9.60 ± 11.52, cluster 4: 7.27 ± 13.96). This suggests that 

REC1 is robust in reconstructing both the timing and magnitude of spring discharge 

and performs equally well for both low and high discharge. It should be reemphasized 

that the difference between low and high extremes may have intensified in the last 20 

years of the reconstruction (1997‒2016) with more frequent low and intermediate 

levels (cluster 3 = 10/20 years and cluster 4 = 7/20 years; Fig. 1.3b). During this period, 

the low discharge years were less well captured by the reconstruction model (Fig. 1.3a). 

1.5.4 Temporal stability in the spring flood reconstruction 

Three distinct periods can be observed in REC1 as highlighted by both the 10-year 

smoothing spline (Fig. 1.4a) and the CWT analysis (Fig. 1.4b). A first period from 

about 1771 to 1850 shows a low-frequency multi-decadal variability (Fig. 1.4a) and a 

wavelet power spectrum with a persistent and significant high variance close to a 

periodicity of 32 years (Fig. 1.4b). A second period is observed from ~1850 to 1950 

and shows a decadal variability at low frequency (Fig. 1.4a) in which the variance is 

high and significant near a periodicity of 16 years but mixed with smaller patches with 

periodicities of 4 to 8 years (Fig. 1.4a).  
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Figure 1.4 Reconstruction characteristics. A) Reconstruction of Harricana River spring 
discharge (April 15 to June 30) from 1771 to 2016. Decadal variations are highlighted 
by a 10-year smoothing spline (red curve) and confidence intervals correspond to the 
standard deviation envelope (sd = 20.49 m3/s; grey shade). High (red dots) and low 
(blue dots) discharge years exceed the threshold of the mean ± 1.5 sd. Horizontal line 
at 120.60 m3/s marks the mean for the 1771 to 2016 period. B) Decomposition of REC1 
into Morlet 6th power in continuous wavelet transformation. The black lines encircle 
areas were p-value < 0.05, tested against white noise background as lag-1 
autocorrelation in REC1 was not significant. The white shaded area indicates the cone 
of influence where wavelets are stretched beyond the range of reconstructed data and 
may be altered by edge-effects. Variance magnitude range for blue (low) to red (high). 
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A third period from ~1950 to 2016, shows a low-frequency variability that may return 

to multi-decadal frequencies (Fig. 1.4a), with however significant high variance 

patches between 2 and 4-year periodicity bands (Fig. 1.4b). The evolution of spring 

discharge periodicity between these three periods suggest a change in the recent 

variability toward a higher frequency of high spring discharge after the Little Ice Age 

(1850‒1870 CE; Matthews & Briffa, 2005; Fig. 1.4). The majority of high discharge 

years were recorded after the end of Little Ice Age and the highest discharge after 1950 

(1960 and 1979). The majority of the low discharge were also recorded between 1850 

and 1950, but the extreme minima were in 1775, 1901 and 1958 (Fig. 1.4). It should be 

remembered however, that the last low discharge events (1996‒2016) were less well 

captured by REC1 model. 

Using a linear regression of the 30 highest and 30 lowest values from REC1 over the 

period 1771‒2016, the increase in spring maximum discharge can be quantified as 

1 m3/s per decade (R2 = 0.334, p < 0.001; Fig. 1.S3). No linear trends were revealed in 

mean and in the 30 lowest values from REC1 spring discharge: the R2 coefficients are 

close to zero (Fig. 1.S3). In addition, the mean discharge calculated over the three 

periods identified in the CWT (1771‒1850; 1850‒1950; 1950‒2016) remained very 

stable (sd = 0.82 m3/s). However, using a linear regression of the 10 lowest values from 

Harricana River instrumental spring discharge from 1915 to 2016, a trend toward a 

decrease in spring minimum discharge is revealed (R2 = 0.363, p < 0.001; results not 

shown). 

1.5.5 Reconstructed spring discharge, climate, ice-breakup and large-scale 
atmospheric circulation indices 

REC1 spring discharge was significantly correlated with climate conditions leading to 

maximum spring discharge (Fig. 1.5). Field correlations indicated a strong and positive 

association between spring discharge and April and May snow cover across much of 
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central/eastern north Canada with most significant contour encompassing the study 

area, most of Ontario and eastern Manitoba (Fig. 1.5a). Low temperature and abundant 

precipitation in the previous December, during ice freeze-up, were positively and 

significantly associated to spring discharge (Fig. 1.5b). Similarly, both temperature and 

precipitation in spring (March and April) were respectively negatively and positively 

associated with spring discharge (Fig. 1.5b). Maximum spring discharge thus tended to 

occur during years with an early, cold winter, late spring and thick winter snowpack. 

Interestingly both reconstructed and instrumental spring discharge were also 

significantly and positively associated with observed ice-breakup dates for Lake 

Duparquet over the period 1968‒2016 (REC1: r = 0.493, p < 0.001; Harricana 

instrumental: r = 0.346, p < 0.001), indicating that in the latest portion of the 20th 

century, maximum flooding tended to occur in years with a late ice-breakup.  

Correlations of reconstructed discharge (REC1) with large-scale atmospheric 

circulation indices for the common period 1880‒2016 revealed seasonal negative and 

positive associations (Fig. 1.5c). Discharge was significantly negatively correlated with 

January to May NINO3.4 and March to May AMO. For both indices, correlation was 

strongest in April (April NINO3.4, r = ‒0.20; April AMO, r = ‒0.22; p < 0.001). 

Significant positive associations also occurred in summer with June AO (r = 0.16, p < 

0.05) and May to July NAO, with the highest NAO correlation in July (July NAO, r = 

0.30, p < 0.001). The association was not significant with PDO in spring or summer 

PDO but was significant in previous September (r = ‒0.14, p < 0.05). 
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Figure 1.5 Climate signals. A) Spatial correlations maps (p < 0.10) between REC1 and 
April and May (1966‒2016) NOAA Rutgers snow cover. The black square indicates 
Lake Duparquet location. B) Bootstrapped correlation coefficients between REC1 and 
monthly maximum, mean, minimum temperature (maxT, meanT, minT) and total 
precipitation (Ptot; 1901‒2016 CRU TS 4.03). C) Bootstrapped correlation coefficients 
between REC1 and large-scale atmospheric circulation indices for the common period 
1880‒2016. Correlation coefficients in A, B and C panels range from red (positive 
correlation) to blue (negative correlation). Asterisks in B and C panels indicate p-value 
< 0.1 (*), < 0.05 (**) and < 0.01 (***). 
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1.5.6 Spatial agreement between REC1 and hydrological data and 
dendrohydrological reconstructions at the regional level 

REC1 spring discharge is strongly coherent with regional hydrological gauge data over 

the second half of the 20th century (Table 1.4). Correlations with REC1 tended to 

decrease with distance from Lake Duparquet. The highest correlation was observed 

with the ‘upstream Kinojévis River’ gauge (r = 0.92, p < 0.001, n = 29) and the lowest 

correlation with the ‘Northern French River’ (r = 0.52, p < 0.001, n = 50), 

representative respectively of the closest and the farthest from the hydrological stations 

(Table 1.4). 

Reconstructed spring discharge of the Harricana River shares features with other 

hydrological reconstructions from tree-rings and ice-scar chronologies developed for 

boreal and subarctic Québec (Fig. 1.6). REC1 was positively and significantly 

correlated with the ice-scar chronology developed for Lake Duparquet for the period 

1850 to 1989 (r = 0.434; p < 0.001) and in each of the 40-year moving windows lagged 

by 21 years over that period (Fig. 1.6). This suggests that ice scars were more numerous 

during years of high reconstructed spring discharge. Correlations of REC1 with other 

proxies in a 40-year moving window were less temporally coherent but reveal several 

positive associations since the 20th century. The ice-scar chronologies from Corvette 

Lake, Lake Bienville and the reconstruction of the May discharge of the Caniapiscau 

Reservoir were positively correlated with REC1, but the p-value exceeds 0.05 (Fig. 

1.6).  

The ice-scar chronologies showed a gradient of intensification of spring ice scarring 

activity over time, with visible changes in magnitude around the 1870s and 1930s (Fig. 

1.6). The ice-scar chronology from Lake Duparquet and the discharge reconstructions 

from Caniapiscau Reservoir (May, spring and annual) also share the periods of low 

discharge (1825) and high discharge (1875, 1970) but not the persistent drought period 
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of the early 1900s, illustrated mainly in the reconstructed spring discharge of the 

Caniapiscau Reservoir (Fig. 1.6). Moving correlation windows (40 years) also show a 

change in sign of associations between REC1 and the rest of subarctic Québec over 

time. The correlations were predominantly negative until 1850 and changed to 

predominantly positive correlations in 1990, with the exception of Lake Montausier. 

 

 

Table 1.4 Pearson correlation coefficients between reconstructed Harricana River 
spring discharge from April 15 to June 30 (REC1) and mean instrumental discharge 
from April 15 to June 30 at nine hydrometric stations surrounding Harricana River and 
Lake Duparquet. The table is ordered by distance to Lake Duparquet (top to bottom). 
Each correlation in bold corresponds to p-value < 0.001. Note that the periods and 
number of years differ between hydrometric stations. 

No Station  Id Period N 
years 

Distance 
(km) REC1 

1 downstream Kinojévis River 02JB013 1971‒2016 46 30 0.86 
2 upstream Kinojévis River 02JB003 1937‒1965 29 70 0.91 
3 Blanche River 02JC008 1968‒2016 49 80 0.76 
4,5 Harricana River 04NA001‒2 1915‒2016 102 85 0.82 
6 Porcupine River 04MD004 1977‒2015 26 130 0.80 
7 Kipawa River  02JE015 1962‒2011 39 155 0.56 
8 Turgeon River 04NB001 1969‒1999 27 170 0.74 
9 North French River 04MF001 1967‒2016 50 310 0.52 
10 downstream Missinaibi River 04LM001 1973‒2016 43 310 0.69 
11 upstream Missinaibi River 04LJ001 1920‒2016 97 320 0.57 
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Figure 1.6 Comparison of ice-scar chronologies and reconstructed spring discharge 
from Northern Québec. Chronologies are presented in order of decreasing correlation 
with (A) Harricana River reconstructed spring discharge (REC1). Other chronologies 
are as follows: ice-scar frequencies of (B) Lake Duparquet (Tardif & Bergeron, 1997b), 
(C) Corvette Lake (Lemay & Bégin, 2008), (E) Bienville Lake (Bégin, 2001), (F) 
Montausier Lake (Boucher et al., 2011) and reconstructions of Caniapiscau reservoir 
(D) May discharge (Boucher et al., 2011), (G) annual discharge (Nasri et al., 2020), 
and (H) spring (March-April-May) discharge (Nicault et al., 2014). Ice-scar 
chronologies are presented in bar plot while discharge reconstructions are presented in 
positive (red) and negative (blue) area with a 10-years spline. Scales are the same 
between reconstructions, and between ice-scar chronologies. The bottom panel 
presents Pearson correlation coefficients calculated in 40-year moving windows lagged 
by 21 years between REC1 (A) and the above-described tree-ring proxies (B to H) with 
asterisks indicating p-value < 0.05 (*), < 0.01 (**) and < 0.001 (***). 
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1.6 Discussion  

1.6.1 Strength of the Harricana spring discharge reconstruction 

This work provides a unique annually resolved multi-century reconstruction of spring 

discharge and paleofloods for the Canadian northeastern boreal region. The 

performance statistics of the reconstruction are comparable to some of the most 

accurate tree-ring reconstructions of river discharge (Meko & Graybill, 1995; 

Woodhouse et al., 2006; Boucher et al., 2011). This study highlights the potential of 

using riparian trees as hydrological proxies and demonstrates the value of anatomical 

variability in tree rings to reconstruct low and high spring discharge with comparable 

accuracy. The greatest potential has been demonstrated with continuous measurements 

of the cross-sectional area of earlywood vessels (MVA) and number of earlywood 

vessels (N), and particularly with the MVA chronology, which is itself a proxy for 

spring discharge of the Harricana River. The juvenile tree growth in the total 

chronologies or the sample size in the first part of the chronologies were found to have 

a very limited influence on the common signal. Other anatomical and ring-width 

variables used as predictors of spring discharge (S25, L25, TVA, pE, dE, Dh, EW, LW, 

RW, EW%RW) showed less or no association to the spring discharge. 

A recurring difficulty in dendrochronological reconstruction of river discharge is to 

capture adequately both high and low discharge. Most hydrological reconstructions 

have been derived from precipitation-sensitive trees growing in semi-arid 

environments (Meko et al., 2001; Woodhouse et al., 2006; Biondi & Meko, 2019; 

Martínez-Sifuentes et al., 2020) while few have used trees growing directly on 

floodplains (Agafonov et al., 2016, Meko et al., 2020). In arid environments, the 

difficulty lies in capturing high discharge given that sites and trees are sampled to 

maximize drought (low discharge) signal. Also, because flooding is linked to heavy 

rainfall, which can result in moisture no longer being the limiting factor to growth, tree-
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ring width of drought-sensitive trees is not a good indicator of variations in high levels 

of flooding (Meko et al., 1995). In boreal environments, where high discharge is mostly 

associated with spring thaw (Aygün et al., 2019), reconstructions of spring discharge 

using trees from uplands have shown that tree-ring width may not record years of high 

spring discharge when thaw occurs before the beginning of the growing season (Nicault 

et al., 2014). Indeed, the variability of the latewood width in a given year is generally 

higher than that of the earlywood and may negatively influence the earlywood width 

in the following year (Tardif, 1996; Tardif & Conciatori, 2006b), which explains why 

early, late, and total tree-ring widths may not capture the full range of hydrological 

variability (Kames et al. 2016). 

The use of ring-porous trees growing in flood-prone environments and their anatomical 

response to annual floods has demonstrated the usefulness of flood rings in 

dendrohydrology (St. George & Nielsen, 2000; St. George & Nielsen, 2003; Therrell 

& Bialecki, 2015; Kames et al., 2016; Meko & Therrell, 2020). More broadly, in 

environments where the period of flooding is sufficiently long and overlaps the period 

of formation of earlywood vessels in submerged stem portions, flood rings can be used 

to identify historical flood years. In addition, year-to-year measurements of earlywood 

vessel characteristics can extend hydrological records by reconstructing a wider 

hydrological spectrum i.e., from low to high discharge years. 

1.6.2 Spatial coherency of spring discharge and flooding 

Positive and highly significant correlations between REC1 and that of the nine 

surrounding hydrological stations compared well with the results of Kames et al. (2016). 

In addition, the similarities shared with other published paleorecords of spring flooding 

from sub-arctic Québec support a strong common hydrological signal across the study 

area and for the early 20th to early 21st centuries. In their analysis of spring flood 

duration and frequency, Javelle et al. (2003) identified our study area as part of a large 
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homogeneous region from central Ontario to southwestern Québec, mainly explained 

by the distribution of maximum snow depth between 1980 and 1995. When developing 

the regional flood equations for Ontario and Québec, Gingras et al. (1994) had already 

suggested a similar region around our study area where most of the flooding was 

generated by snowmelt from April to June. 

While no latitudinal or longitudinal gradient in the strength of the associations between 

REC1 and hydrological stations was observed, regional differences can be 

distinguished between Lake Duparquet and subarctic Québec (to the north), the Great 

Lakes (to the south), Ontario and Manitoba (to the west of the study area). For example, 

the exceptional spring flood years recorded regionally were not always identical among 

regions, but some floods years were common across eastern Canada : the 1979 flood 

occurred in Manitoba, Ontario, Québec and New Brunswick after intense rainfall 

combined with heavy snowmelt late in the spring (Payette, 1980; Tardif and Bergeron, 

1997b; Burton, 2015); the 2017 spring flood affected the province of Québec (Davies, 

2017); and the more intense spring flood of 2019 affected Ontario and the Great Lakes, 

Québec, and New Brunswick (Bilefsky & Austen, 2019; McNeil, 2019; Turcotte et al., 

2019). However, the return frequency of spring floods over the last 250 years appears 

to be higher in the study area than in Manitoba, for instance, where 10 floods were 

recorded on the Red River for the period 1750‒1999 (St. George et al., 2003) compared 

to 26 floods reconstructed from 1770 to 2016 on the Harricana River.  

At low frequencies, the long-term changes observed in REC1 are also consistent with 

changes identified in an ice-scar chronology from Lake Duparquet (Tardif & Bergeron, 

1997b) and to changes observed in subarctic Québec, where periods of low discharge 

(1820‒1850; 1920‒1950) and high discharge (1870‒1920) are associated with an 

increase in lake levels and glacial activity (frequency and maximum height of ice scars) 

since the 1850s and even more so since the 1950s (Tardif & Bergeron, 1997b; Bégin, 
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2000; Bégin, 2001; Lemay & Bégin, 2008, Boucher et al., 2011; Nicault et al., 2014; 

Nasri et al., 2020). Multi-century ice-scar chronologies from northern Québec share 

similar upward trends in spring flooding over the 20th century with REC1, although 

there are some regional contrasts. Multi-proxy reconstructions of spring discharge for 

the Caniapiscau reservoir (Boucher et al., 2011; Nicault et al., 2014; Brigode et al., 

2016) also showed higher and more variable levels since 1965. In boreal Lake 

Duparquet, an increase in the frequency and magnitude of ice scarring was observed 

since the end of the Little Ice Age (LIA; 1850‒1870 CE; Matthews & Briffa, 2005) 

with a peak increase in the 1930s followed by continued high ice scarring activity 

(Tardif & Bergeron, 1997b). Major spring flood years were also visible in these ice-

scar chronologies, particularly in 1947, 1960 and 1979 (Tardif & Bergeron 1997b; 

Lemay & Bégin, 2008). Recruitment of F. nigra (Tardif & Bergeron, 1999) and Thuja 

occidentalis (Denneler et al., 2008a) trees on the shores of Lake Duparquet has also 

been shown to be reduced along the shorelines relative to higher elevations, in response 

to the increased frequency of flooding and ice scaring since the 19th century that has 

increased the exposure of riparian stands.  

Despite the similarities (positive correlations) between REC1 and ice-scar chronologies 

from Lake Duparquet and subarctic Québec, these records do not always match and 

may represent regional differences and/or fundamental differences in the nature of the 

proxies used. For example, ice scars reflect mainly lake-ice phenology and ice-push 

abrasion while flood rings mainly reflect the persistence of flooding and anoxia. Tardif 

and Bergeron (1997b) suggested that records of ice scars on lakes may not adequately 

reflect flood levels on rivers. Lakes in the Abitibi region freeze earlier and thaw later 

than rivers, and lake ice is also thicker and less mobile than on rivers where the current 

is stronger. In addition, the accumulation of shore ice, the timing between the thaw and 

the maximum water level, or complex differences of ice regime and decay between 

sites are also known to affect the relationship between flood water levels and the height 
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and frequency of ice-scars (Tardif & Bergeron, 1997b; Lemay & Bégin, 2008; Boucher 

et al., 2011; Lindenschmidt et al., 2018). Ice-scar formation are also reflective of 

specific conditions (e.g., daily winds, lake morphology) occurring over a short 

temporal window associated with ice break-up (Tardif & Bergeron, 1997b; Lemay & 

Bégin, 2008) whereas flood rings integrate hydroclimate conditions occurring over a 

larger temporal window and including post ice break-up events like spring precipitation 

leading to prolonged flooding. Ice scars are also recorded at a time trees are dormant 

whereas flood rings and year-to-year changes in earlywood vessels reflects conditions 

leading to long lasting submersion of the stem during active radial growth. 

Results strongly suggest that since 1770 the spring discharge dynamics in northeastern 

Ontario and northwestern Québec has undergone changes. While mean discharge in 

REC1 remained the same over the 1771 to 2016 period, changes were observed in the 

frequency of low to high discharge events through time. Even though reconstructed 

Harricana River spring discharge shows little year-to-year association with discharge 

records from the subarctic Québec, the comparison of datasets allows us to identify 

1870 and the 1930s as breakpoints in the magnitude of spring-discharge increase. 

Evidence supporting a major climate shift at the end of the LIA also comes from 

independent data on fire cycles in the Lake Duparquet region. In eastern boreal Canada 

and since the end of the LIA, a pronounced decrease in the frequency and magnitude 

of forest fires has been linked to a decrease in the frequency of droughts and to an 

increase in precipitation (Bergeron & Archambault, 1993; Drobyshev et al., 2017). 

Bergeron et al., (2001) also support the idea that differences in forest fire frequencies 

and area burned between northeastern Ontario and central Québec may be driven by 

climatic changes since the end of the LIA. 
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1.6.3 Spring discharge, flooding and climatic changes 

While there have been no consistent trends in flooding events for Canada as a whole 

(Aygün et al., 2019; Bush & Lemmen, 2019), century-long discharge data records from 

nival regime catchments in northern Ontario support our findings by showing an 

increasing trend in the average magnitude of spring snowmelt floods since 1916 (Burn 

& Whitfield, 2018). Trend toward earlier timing of spring break-up and flooding during 

the 19th and early-20th centuries has however been reported in discharge records across 

Canada (Bonsal et al., 2006; Vincent et al., 2018), northern Ontario (Fu & Yao, 2015; 

Burn & Whitfield, 2018) and the Great Lakes (Jensen et al., 2007). The 20th century 

flood regime is shown to be affected by faster snowmelt and more intense and frequent 

rain and rain-on-snow events (Bush & Lemmen, 2019). However, our results suggest 

the contrary or at least no trend as indicated by the positive correlation found between 

REC1 and snow-cover extent and a negative correlation with spring maximum 

temperature. No seasonality change has been found either in Harricana River 

instrumental records since 1915 or in tree-ring based chronologies of subarctic Québec 

(Boucher et al., 2011). Regarding the low spring discharge levels, our reconstruction 

has not perfectly captured the low discharge years recorded on the Harricana River 

between 1996 and 2016. This period may constitute a unique period of relatively low 

discharge and ending in 2012, as indicated by the recurrence of major flood in 2013, 

2014, 2017, and 2019. The addition of precipitation-sensitive tree-ring proxies could 

be beneficial for capturing additional variance associated with the increase of spring 

water deficit and late summer droughts (Griffin et al., 2011) documented since the end 

of the LIA (Girardin et al., 2006).  

In this study, recent fluctuations in REC1 were associated with long winters with 

significant snow cover and intense spring precipitation that promotes rapid melting, 

especially in late spring, over much of central-east Canada. The increase in Harricana 
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River spring mean discharge since the end of the LIA is also consistent with recorded 

increases in snow water equivalent, maximum snow depth in Canada (Zhao et al., 2013), 

and the duration of snow cover in northern Québec (Brown, 2010) since 1950. 

Although the influence of ENSO (and PDO) on snow cover variability in Québec has 

been limited in the mid to late-19th century (Bonsal et al., 2001; Bonsal et al., 2006), 

its influence during the 20th century has increased unprecedentedly compared to the 

last seven centuries (Li et al., 2013). The particularly significant associations of ENSO 

with monthly discharge in southern Ontario and Québec beginning in the 1960s (Nalley 

et al., 2012) also support the hypothesis that the increase in Harricana River maximum 

spring discharge could be driven by the increasing influence of ENSO. 

Our reconstruction showed that the phase of NINO3.4 may influence the type and the 

timing of high discharge in the Harricana River. Warm, moist air masses in the 

equatorial Pacific Ocean (warm phase, El-Niño) may be associated with early springs 

and minor flooding, whereas cold, dry air masses (cold phase, La-Niña) may correlate 

with late thaw and maximum spring discharge. This is consistent with ENSO influence 

on inter-annual flood variability across North America. Flooding is influenced 

differently during El-Niño, which is associated with extreme-precipitation floods than 

during La-Niña, which is associated with snowmelt floods (Gurrapu et al., 2016; 

Kundzewicz et al., 2019). There is also evidence that ENSO has strongly influenced 

river ice phenology (freeze-up and break-up timing, duration of river ice-period) since 

1850 in Québec (Bonsal et al., 2001; Bonsal et al., 2006) and that the phase and 

magnitude of the PDO index modulate the impact of ENSO on winter air temperature 

in the Great Lakes region (Rodionov & Assel, 2003). This influences the storage of ice 

and snow in winter, which can then feed the spring thaw floods.  

In contrast to the reconstruction of spring discharge in the Harricana River, where the 

AO and NAO indices may be associated with discharge conditions in summer only, 
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spring snowmelt floods have been mainly associated with these indices in northeastern 

Québec (Boucher et al., 2011; Nicault et al., 2014; Brigode et al., 2016). Although 

NAO and AO had a limited influence on river ice phenology in Canada in the mid-19th 

century (Bonsal et al., 2001; Bonsal et al., 2006), their negative phases influenced the 

climatic conditions of previous winters and springs in northeastern Québec (Boucher 

et al., 2011; Nicault et al., 2014; Brigode et al., 2016). The AMO phase has also been 

associated with the multi-decadal magnitude of flooding across Canada (Burn & 

Whitfield, 2017) and been reported to modulate the relationship between the NAO and 

ENSO indices, particularly in late winter (Zhang et al., 2019). Across the North 

Atlantic Basin, Ballesteros-Cánovas et al. (2019) also hypothesized that flooding could 

be of higher magnitude during coupled negative AMO and PDO and positive AO and 

NAO phases, as in the case of the extraordinary 1936 winter flood in western Europe 

and eastern North America. The more positive phases of PDO since the 1970s are also 

consistent with more frequent El-Niño events (Bonsal et al., 2001). Simulating the 

future of extreme La-Niña and El-Niño events under greenhouse gas warming by 2100, 

Cai et al. (2015) suggested that a greater number of extreme El-Niño events would be 

compensated by La-Niña events about twice as frequent as today. Such La-Niña events 

may be associated with maximum spring discharge in our study. These simulations 

suggest that the frequency and magnitude of maximum spring discharge would 

continue to increase in our study area with future climatic changes. 

The recent variability (especially in terms of frequency) of reconstructed spring 

discharge is therefore supported by climate variability. However, land use changes, or 

even bevear dams, may also have contributed to a lesser extent to the altering of 

regional runoff in the river basins (Kundzewicz et al., 2019). Indeed, the increase in 

maximum discharge in the spring could be linked to an increase in runoff due to 

snowmelt through factors other than climate alone, such as through forest clear-cutting 

or urbanization. However, in the boreal forest of eastern Canada the settlement periods 
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for large agricultural clearings and mine openings date from 1890 and 1910‒1920 

(Boileau, 1999), which does not correspond to the periods of change indicated by the 

reconstruction of spring discharge in the Harricana River (~1850 and 1950). In addition, 

Nolin et al. (2021b), using flood rings as a flood proxy in four river basins distributed 

across northeastern Ontario and northwestern Québec, demonstrated the high spatial 

coherence among natural rivers and for the last 250 years (1770‒2016). Their results 

suggest that the long-term variability observed in the spring flood signal is of climatic 

origin given the coherency observed over an area covering more than 70,000 km2. The 

influence of non-climatic factors (land use changes, beaver dams, etc.) may be limited. 

1.7 Conclusion  

This study demonstrates the usefulness of developing continuous chronologies of 

earlywood vessels (and of visual flood-rings identification) for high-resolution 

reconstruction of annual spring discharge. The reconstructed Harricana River spring 

discharge is robust, with both low and high discharge years being equally well 

reconstructed. Ring-porous species growing in flood-prone environments and the 

plasticity of their anatomical features in response to stem submersion during annual 

spring flood demonstrated to be usefull hydrological proxies. In a context where the 

period of flooding is sufficiently long and overlaps the period of earlywood vessels 

formation in submerged stems, year-to-year measurements of earlywood vessel areas 

should allow us to improve the understanding of long-term changes in regional spring 

discharge. Our high-resolution multi-century reconstruction of spring discharge 

provides evidence of increased high discharge since the end of the Little Ice-Age. The 

likely cause is an increase in snow cover over much of central-east Canada rather than 

warmer air temperature. More work needs to be done to assess the stability of the 

association between REC1 and long-term circulation indices like ENSO, NAO and 

AMO. The strong spatial synchrony of the reconstructed spring discharge 
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reconstruction with instrumental gauge data over a large territory in boreal Québec and 

Ontario for the later 20th and early 21st centuries suggests that the observed increase in 

the frequency and magnitude of flooding (high discharge), especially since the 1950s, 

is likely a consequence of climate change. Given the level of management and dam 

construction on rivers and the lack of hydrological data in northern Canada, 

paleohydrological studies using high-resolution tree-ring proxies are particularly 

relevant and need to be further developed. 
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1.9 Data availability  

Relevant data for this study are available from Nolin, A. F., Tardif, J. C., Conciatori, 

F., Kames, S., Meko, D. M. & Bergeron, Y. (2021). Fraxinus nigra tree-ring dataset 

for dendrohydrology study in the Lake Duparquet, and reconstruction of the Harricana 

River spring discharge, Québec, Canada. Mendeley Data, v2, 

http://dx.doi.org/10.17632/d54gcxz9c5.2. Data include earlywood vessels and tree-

ring width chronologies derived from Fraxinus nigra trees growing in Lake Duparquet 

in eastern boreal Canada (Québec). 

DUPARQUET_Chronologies.csv, as in Fig. 1.2, the 12 anatomical and ring-width 

chronologies developed for Lake Duparquet to reconstruct Harricana River spring 

discharge;  

DUPARQUET_lat_lon.kml, the coordinate data for each station sampled on Lake 

Duparquet;  

HARRICANA_rec&cal.csv, as in Fig. 1.5A, the instrumental and reconstructed 

Harricana River spring discharge for the two models REC1 and REC2;  

metadatas.txt, a set of self-explanatory instructions and descriptions for data files.  

All other data are available upon request to the corresponding author at 

alexandreflorent.nolin@uqat.ca (institutional email),  

alexandreflorent.nolin@gmail.com (permanent email). 
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1.10 Supplementary Materials 

 

Figure 1.S1 Normals for climatic and discharge data. A) Mean monthly climate 
normals for La Sarre station 1971‒2000, http://climate.weather.gc.ca/. B) Daily 
discharge for Water Survey Canada gages 04NA001 and 04NA002 Harricana River 
(1915‒2020) indicating the range of recorded variability. Data obtained from the 
Canada water Survey, https://wateroffice.ec.gc.ca/.  
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Figure 1.S2 Wavelet coherence between instrumental and reconstructed harricana river 
spring discharge. Cross power spectrum (XWT) between instrumental and 
reconstructed (REC1) Harricana River spring discharge (HAR) performed on the 
1915‒2016 period. Black lines encircle areas were p-value < 0.01 tested against white 
noise (as lag‒1 autocorrelation in REC1 and in HAR were not significant) and on 1,000 
Monte-Carlo iterations. Arrows pointing to the right indicates that the variables are in 
phase. 
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Figure 1.S3 Harricana River discharge characteristics. Scatter plot of the reconstructed 
Harricana River spring discharge (15 April to 30 June) from 1771 to 2016. Linear 
regressions are calculated for high discharge years (MAX, 30 highest values), the 
complete reconstruction (MEAN, all values), and low discharge years (MIN, 30 lowest 
values).  
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2.1 Abstract 

In eastern boreal Canada, long-term perspective in water resources and hydroelectric 
dams management is currently limited by the lack of long-term hydrological records. 
The research for new paleohydrological proxies would help fill this hydrological data 
gap and provide regional hydroclimatic predictive trajectories in the context of climate 
change. The development of long annually resolved series of earlywood vessel cross-
sectional area has recently demonstrated a high potential for reconstructing high and 
low discharges. This study analyzes a network of 10 sites scattered around Lake 
Duparquet. The region covers an area of about 20 000 km2 including four river basins 
characterized by natural and regulated rivers, and unflooded control sites. The 
objectives were to assess 1) the spatial coherency in flood-rings chronologies among 
sites and Lake Duparquet, and among hydrological regimes (natural, regulated and 
unflooded control) and 2) their degree of association with i) annually resolved 
chronologies of earlywood vessel cross-sectional area and number, ii) a reconstruction 
of the Harricana River spring discharge and iii) discharge data from eleven hydrometric 
stations distributed in the study area. It was hypothesized that flood rings would be 
consistent among natural rivers and absent from regulated rivers. Results showed high 
spatial coherency among natural rivers with flood rings recording the major floods of 
the last 250 years. Flood ring and earlywood vessel chronologies were strongly 
correlated to both reconstructed and instrumental discharge data. On regulated rivers, 
trees were younger than at the other sites and mainly spring floods that occurred prior 
to dam creation and the few extreme floods after dam creation were recorded by flood 
rings. One hypothesis is that older trees (before dam) most likely recorded the natural 
dynamic of the river, while younger trees (after dam) most likely recorded dam 
management maneuvers and spring flood exceeding dam capacity. Flood rings and 
earlywood vessel chronologies provided comparable and complementary hydrological 
evidences. Flood rings were easily identified visually allowing fast determination of 
major flood years whereas developing earlywood vessel chronologies, while being 
more tedious and time consuming, allowed capturing a larger spectrum of hydrological 
conditions. 

Keywords: Fraxinus nigra, spring floods, earlywood vessels, Lake Duparquet, 
dendrohydrology, flood ring 
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2.2 Résumé [Ajout à l’article original] 

Dans l'est du Canada boréal, la perspective à long terme de la gestion des ressources 
en eau et des barrages hydroélectriques est actuellement limitée par le manque 
d'enregistrements hydrologiques à long terme. La recherche de nouveaux indicateurs 
paléo-hydrologiques permettrait de combler cette lacune en matière de données 
hydrologiques et de fournir des trajectoires hydroclimatiques régionales potentielles 
dans le contexte du changement climatique. Le développement de longues séries, à 
résolution annuelle, de l’aire de la surface des vaisseaux de bois initial (section 
transversale) a récemment démontré un fort potentiel pour reconstruire les hauts et bas 
débits. Cette étude analyse un réseau de 10 sites dispersés autour du lac Duparquet. La 
région couvre une superficie d'environ 20 000 km2 comprenant quatre bassins fluviaux 
caractérisés par des rivières naturelles et régulées, et des sites témoins non inondés. Les 
objectifs étaient d'évaluer 1) la cohérence spatiale des chronologies de cernes de crues 
entre les sites et le lac Duparquet, et entre les régimes hydrologiques (naturel, régulé et 
témoin non inondé) et 2) leur degré d'association avec i) des chronologies à résolution 
annuelle de l'aire calculé en section transversale et du nombre de vaisseaux du bois 
initial, ii) une reconstitution du débit printanier de la rivière Harricana et iii) des 
données de débit provenant de onze stations hydrométriques réparties dans la zone 
d'étude. L'hypothèse était que les cernes de crues seraient cohérents entre les rivières 
naturelles et absents des rivières régulées. Les résultats ont montré une grande 
cohérence spatiale entre les rivières naturelles, les cernes de crues enregistrant les 
principales inondations des 250 dernières années. Les fréquences de cernes de crues et 
les chronologies de vaisseaux du bois initial étaient fortement corrélées aux données 
de débit reconstituées et instrumentales. Sur les rivières régulées, les arbres étaient plus 
jeunes que sur les autres sites et les cernes de crues ont enregistré principalement les 
crues de printemps qui se sont produites avant la création du barrage et les quelques 
crues extrêmes après la création du barrage. Une hypothèse est que les arbres plus âgés 
(avant le barrage) ont probablement enregistré la dynamique naturelle de la rivière, 
tandis que les arbres plus jeunes (après le barrage) ont probablement enregistré les 
manœuvres de gestion du barrage et les crues de printemps dépassant la capacité du 
barrage. Les cernes de crues et les chronologies des vaisseaux de bois initial ont fourni 
des preuves hydrologiques comparables et complémentaires. Les cernes de crues sont 
facilement identifiables visuellement, ce qui permet de déterminer les crues, tandis que 
le développement des chronologies des vaisseaux du bois initial, bien que plus 
fastidieux et plus long, a permis de capturer un plus large spectre de conditions 
hydrologiques. 

Mots-clés : Fraxinus nigra, crues printanières, vaisseaux du bois initial, Lac Duparquet, 
dendrohydrologie, cerne de crue 
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2.3 Introduction 

The hydrological variability observed in recent decades worldwide is unusual and 

raises questions about the potential impacts of climate change on water resources 

(IPCC, 2018). Worldwide, exceptional floods and droughts are becoming more 

frequent and intense and are expected to become even more severe under a warmer 

climate (Berghuijs et al., 2017; Kundzewicz et al., 2019). In Canada, the severity of 

floods in the last decade is unprecedented on the scale of 20th century hydrological 

records (Burn & Whitfield, 2016; Gaur et al., 2018). The Insurance Bureau of Canada 

for Natural Disaster reports nearly $1 billion Canadian dollars spent annually on 

insurance payouts since 2010 (IBC, 2020). For example, the 2019 flood in the Ottawa 

River basin exceeded that of 2017 which was considered the 100-year flood (ECCC, 

2020).  

Since the 1950s northern Canada has warmed by an annual average of 2.3°C and total 

annual precipitation has increased by +35% (Zhang et al., 2000; Bush & Lemmen, 

2019). Global warming directly affects seasonal flows in the boreal region because of 

snow and discharge interactions. The most significant changes observed from 1950 

were in winter where the combination of changes in temperature and precipitation over 

snow cover resulted in higher winter discharges (Vincent et al., 2015; Mudryk et al., 

2018; Aygün et al., 2019; Bush & Lemmen, 2019). Episodes of rain-on-snow or rain-

in-place of snow, and mid-winter thaws feed winter discharge in the boreal rivers 

instead of storing water in the snow cover. Instrumental records of the past century in 

Canada also have shown a reduction in spring discharge and in summer discharge 

associated with a shorter ice season (Aygün et al., 2019; Bush & Lemmen, 2019).  

Hydrological trends across Canada, however, show high spatial variability which 

mainly relates to complex climate and discharge interactions, regional landscape 
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complexities and the lack of long-term hydrological data (Mortsch et al., 2015; Aygün 

et al., 2019; Bush & Lemmen, 2019). In fact, most of the historical hydrometric stations 

in both northern Québec and Ontario were installed at the time of the creation of the 

hydroelectric generating stations which complicate the comparison of hydrological 

records between the pre- and post- dam periods (Table 2.S1). It also remains uncertain 

how the projected climate change will affect the frequency and magnitude of extreme 

floods and droughts (Gaur et al., 2018). Hydrological simulations for northern 

Manitoba, Ontario and Québec estimated the magnitude of the change in the probable 

maximum flood to be between ‒1.5 and +21% by 2070 (Clavet-Gaumont et al., 2017). 

The estimated 100-year snowpack variations ranged from ‒9% to +8% with large 

variations between the southern and northern parts of the provinces. Similarly, the 

simulations for Québec predict earlier spring floods and an increase in winter and mean 

annual discharge with a strong intensity gradient from south to north (Guay et al., 2015). 

Projected changes in hydrological regimes will also affect the management of 

hydroelectric facilities, particularly in northern Canada (Boucher & Leconte, 2013; 

Cherry et al., 2017). One of the major issues concerns the stability of dams throughout 

their lifespan given that Canada's major facilities were built to last more than 100 years 

(Clavet-Gaumont et al., 2017). For Québec, where more than 95% of the energy 

demand is supplied by hydropower with sales representing more than $2.9 billion 

Canadian dollars per year, considering mitigation and adaptation scenarios is essential 

(Hydro Québec, 2020).  

Paleoclimatic proxy data have played an important role in extending hydroclimate 

records to help in planning for future water resource variability. Applications of tree-

ring science to hydrology have allowed, among others, to extend instrumental 

discharge records in time (Meko & Woodhouse, 2011; Boucher et al. 2011; Nolin et 

al., 2021a). Proxy derived from annually resolved tree rings have been used to extend 
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times series of precipitation (Griffin et al., 2013), discharge (Agafonov et al., 2016; 

Nolin et al., 2021a), drought (Biondi & Meko, 2019), or lake levels (Tardif & Bergeron, 

1997b; Bégin, 2001; Tardif et al., 2010), while few have assessed their potential for 

flood reconstruction (St. George & Nielsen, 2003; Tardif et al., 2010; Kames et al., 

2016; Nolin et al., 2021a).  

In recent years, flood rings that form in tree rings from riparian ring-porous species has 

allowed to identify major spring floods in various river basins and prior to instrumental 

records (St. George & Nielsen, 2000; St. George & Nielsen, 2003; Tardif et al., 2010; 

Wertz et al., 2013; Therrell & Bialecki, 2015; Kames et al., 2016; Meko & Therrell, 

2020). In ring-porous tree species (e.g., Quercus and Fraxinus), flood rings are 

characterized by increased earlywood vessel density and/or reduced earlywood vessel 

cross-sectional areas (St. George & Nielsen, 2003; Tardif et al., 2010; Copini et al., 

2016; Kames et al., 2016; Nolin et al., 2021a). Anatomical changes in earlywood 

vessels occur in the submerged portion of the tree stem if flooding happens to coincide 

with the period of active earlywood formation (St. George et al., 2002; Copini et al., 

2016). At Lake Duparquet in northwestern Québec, chronologies of earlywood vessels 

from black ash trees (Fraxinus nigra Marsh.) better reflected spring discharge 

variability than tree-ring widths (Kames et al., 2016) and were successfully used to 

reconstruct Harricana River spring discharge from 1771 to 2016 (Nolin et al., 2021a). 

In contrast to flood studies conducted at Lake Duparquet (Tardif et al., 2010; Kames et 

al., 2016; Nolin et al., 2021a) or the Red River (St. George & Nielsen, 2000; 2003), the 

use of flood rings in North America could be spatially hindered in areas where 

electricity generation has resulted in river regulation. Dam management alters the 

natural availability of water in terms of mean seasonal levels and frequency of flooding 

which in turn affect riparian forests (Stella & Bendix, 2019) and possibly their use as 

discharge proxy. In regulated rivers, correlations between tree-ring width chronologies 
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and discharge tend to decrease whereas those with precipitation tend to increase 

resulting in a decreased effectiveness in reconstructing discharge (Reily & Johnson, 

1982; Schook et al., 2016a; Netsvetov et al., 2019). Up to now, no studies have assessed 

the impact of discharge regulation on flood-rings formation in riparian trees. 

The objectives of this study were twofold. First, the spatial coherency in flood-ring 

chronologies was assessed among a network of ten sites located along four river basins 

in northeastern Canada (Mattagami, Abitibi, Harricana and upper Ottawa Rivers) and 

at Lake Duparquet, and under three different hydrological regimes (natural, regulated 

and at unflooded control). It was hypothesized that the flood-ring chronologies among 

natural river basins will be similar and that they will differ from those originating from 

regulated rivers, especially after the creation of dams. Second, we determined the 

degree of association between flood-ring chronologies and i) continuous annually 

resolved series of earlywood vessel cross-sectional area and number, ii) a 

reconstruction of the Harricana River spring discharge and iii) discharge data from 

eleven hydrometric stations distributed in the study area. It was hypothesized that these 

various datasets will be highly correlated thus illustrating the large-scale spatial 

coherency in the spring flood signal in eastern boreal Canada. 

2.4 Material and methods 

2.4.1 Study area 

The study area encompasses Lake Duparquet and four major river basins (Mattagami, 

Abitibi, Harricana and upper Ottawa Rivers) located in northeastern Canada (Fig. 2.1). 

It roughly covers an area of about 20 000 km2. The Mattagami, Abitibi and Harricana 

Rivers are flowing north and are major southern tributaries of the James Bay in the 

Hudson sea (Déry et al., 2011) while the upper Ottawa River is flowing south to the 

Saint-Lawrence estuary (Fig. 2.1). Lake Duparquet (48°28’N; 79°16’W) is situated in 
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the upstream section of the Abitibi River, near the continental divide (Fig. 2.1). The 

Mattagami and Abitibi Rivers are partially regulated with dams implanted since the 

1910s (CEHQ, 2019; OMNRF, 2019; Table 2.S1) while the Harricana and upper 

Ottawa Rivers are naturally flowing (CEHQ, 2019; OMNRF, 2019). The regional 

hydrological regime is dominated primarily by snowmelt and summer precipitation, 

with most of the annual discharge flowing during the spring breakup flood. For 

example, the mean discharge of the Harricana River in May represents 11 to 30% of 

the total annual discharge over the period 1915‒2020 (Nolin et al., 2021a). 

 

Figure 2.1 Map of the study area. Location of the study area within North America 
(upper inset). The tree-ring sampling sites (red triangles) and hydrometric stations (blue 
squares) are indicated as well as the four major river basins under study. The 
abbreviations refer to those listed in Table 2.1, Lake Duparquet is coded ‘DPL’. 
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The study area is part of the northern Clay Belt of Québec and Ontario where the soils 

are dominated by glacio-lacustrine deposits that transform into peatlands northward 

(Daubois et al., 2015). It is also the southern limit of the boreal forest where mixedwood 

associations are composed of balsam fir (Abies balsamea (L.) Mill.), black spruce 

(Picea mariana (Mill.) BSP), paper birch (Betula papyrifera Marsh.), white spruce 

(Picea glauca (Moench) Voss) and trembling aspen (Populus tremuloides Michx.) 

(Denneler et al., 1999). Riparian areas are dominated by eastern white-cedar (Thuja 

occidentalis L.), and occasionally balsam poplar (Populus balsamifera L.) (Tardif et 

al., 1992; Denneler et al., 1999). Fraxinus nigra can be found in this last associations 

or it can form pure stands (Tardif & Bergeron, 1997a). For this study, F. nigra trees 

were found in a variety of habitats such as oxbow lakes, sediment bars, meanders, or 

lake bays where the soil consists of a fine clay deposit and where the topography allows 

the water table to be accessible most of the year. 

2.4.2 Sampling 

Between 2017 and 2018, ten sites distributed along four river basins were sampled 

including four sites with natural hydrological regime (Lake Duparquet: DPL, Preissac 

Lake: PSL, Harricana River: HAR and Little Abitibi Lake: LAL); four sites with 

regulated hydrological regime (Abitibi Lake: ABL, regulated downstream by the 

Iroquois Falls dam built in 1914; Driftwood River: DFR, regulated downstream by the 

Monteith dam built in 1953, Frederick House Lake: FHL, regulated downstream by the 

Frederick House Lake dam built in 1938; and Mattagami River: MGR, regulated 

upstream by the Wawaitin Falls dam built in 1912, and downstream by the Sandy Falls 

dam, built in 1911; Table 2.S1) and two unflooded control sites in topographically flat 

upland forests (CTL1, CTL2; Fig. 2.1, Table 2.1). Among the regulated river sites, the 

ABL, DFR and FHL sites are located upstream of the dams while the MGR site is 

located between two dams. In total, 929 samples were collected from 470 F. nigra trees 

(Table 2.1). To aid in site selections, aerial photographs and Canada’s National Forest 
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Inventory maps (https://nfi.nfis.org) coupled with SRTM elevation data 

(https://earthexplorer.usgs.gov/) were used.  The Québec (CEHQ, 2019) and Ontario 

dam inventories (OMNRF, 2019) were used to characterize each sampling site 

according to hydrological regimes (presence of a dam and its distance to the sampling 

site). Increment cores were taken from living trees and stem discs were collected from 

dead trees with all samples collected as close to the ground level as possible. Wood 

samples were prepared and sanded following standard dendrochronological procedures 

(Phipps, 1985; Cook & Kairiukstis, 1990). Prior to visual identification of flood rings, 

the prepared sample wood surfaces were rubbed with white chalk to increase the 

contrast between earlywood vessels and other cell types (St. George et al., 2002; Tardif 

& Conciatori, 2006b). 

Table 2.1 Number of Fraxinus nigra trees sampled, and cores collected per site. Sites 
are classified by hydrological regime. The field “Period” indicates the maximum period 
covered by the flood-ring and continuous series of earlywood vessel chronologies. The 
distance provided are in reference to Lake Duparquet’s location. Among the regulated 
river sites, the ABL, DFR and FHL sites are located upstream of the dams while the 
MGR site is located between two dams. 
 
Discharge Code Distance 

(km) Site River 
Basin Trees Samples Period 

Natural 

DPL / Duparquet Lake Abitibi 65 123 1750‒2016 

PSL 70 Preissac Lake Upper 
Ottawa 37 74 1812‒2016 

HAR 85 Harricana River Harricana 120 239 1780‒2016 
LAL 145 Little Abitibi Lake Abitibi 48 96 1793‒2016 

Regulated 

ABL 30 Abitibi Lake Abitibi 12 24 1901‒2016 
DFR 105 Driftwood River Abitibi 43 86 1852‒2016 
FHL 125 Frederick House Lake Abitibi 67 132 1774‒2016 
MGR 150 Mattagami River Mattagami 32 64 1904‒2016 

Control 
CTL1 120 Frederick House Lake Abitibi 24 47 1904‒2016 
CTL2 160 Bruce Lake Mattagami 22 44 1755‒2016 
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2.4.3 Tree-ring data 

Each sample was systematically inspected with a dissecting microscope to visually 

determine the presence of flood ring and their presence was labelled on the core mount 

prior to visual crossdating. Flood rings were categorized into two classes in relation to 

their vessel size, vessel density and organization within the earlywood (Fig. 2.2). This 

visual identification step was carried out by two observers, who each had half of the 

samples amount. A dual numerical code was used, with a F1 indicating a weakly 

defined flood ring (noticeable increase in number of earlywood vessels supported with 

a decrease in earlywood vessel area) and a F2 indicating a well-defined flood ring as 

previously described in F. nigra (Tardif et al., 2010; Kames et al., 2016; Nolin et al., 

2021a; Fig. 2.2). This characterisation of flood rings (F1 or F2) was chosen to account 

for the intensity of flood rings rather than a simple presence-absence index. Given that 

tree elevation and coring height varied within a site and that anatomical changes in 

earlywood vessels (flood ring) were reported to occur solely in the submerged portion 

of the tree stem during active earlywood formation (St. George et al., 2002; Copini et 

al., 2016), adopting a dual numerical code aimed to better capture the flood signal. 

After flood-ring identification on each sample was completed, visual crossdating was 

performed using F. nigra pointed years developed for Lake Duparquet (Tardif & 

Bergeron 1997a; Kames et al., 2016; Nolin et al., 2021a) and the list method (Phipps, 

1985).  

In addition to flood-ring identifications, annual measurements of tree-ring earlywood 

vessels were performed on a subset of trees. The mean cross-sectional lumen area 

(MVA) and the number of earlywood vessels (N) were measured in six F. nigra 

samples. These samples were selected to be the oldest and best-preserved wood 

samples (e.g., clear tree rings, no rot, etc.) from the four river basins and corresponded 

to natural and regulated hydrological regimes: Abitibi River basin (natural, site LAL, 

n = 2); Harricana River basin (natural, site HAR, n = 2); upper Ottawa River basin 
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(natural, site PSL, n = 1); Mattagami River basin (regulated, site MGR, n = 1; Fig. 2.1; 

Table 2.1). The MVA and N chronologies previously developed for Lake Duparquet 

(1771‒2016, n = 43) by Nolin et al. (2021a) were used as references. 

 

Figure 2.2 Segmented earlywood vessels in Fraxinus nigra tree rings. Vessels appear 
black as the result of the digitalization process. The years are given with the 
classification of flood rings: F0 = null, F1 = weakly defined flood ring and F2 = well-
defined flood ring. Notice the difference in the strength of the flood rings between Little 
Abitibi Lake (left) and Lake Duparquet (right) for the year 1960. 
 

Measurement of mean cross-sectional area (MVA) and number (N) of earlywood 

vessel in annually resolved tree rings was performed as described in Nolin et al. (2021a) 

using high-resolution scanned images of the tree rings. The images were acquired from 

a Nikon DS-Fi1 camera mounted on a NIKON SMZ1000 stereomicroscope to produce 

standardized tree-ring images format (1600 x 1200 dpi at x20 magnification). 

Earlywood vessels were automatically detected and digitalized using the Canny edge 

algorithm (Canny, 1986) implemented in ImageJ2X software (Rueden et al., 2017). 

Each earlywood vessel shape was checked and false automatic delimitations (e.g., 

incomplete earlywood vessel lumen areas at the edge of the cores, grouped earlywood 
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vessels, tyloses) were manually corrected with a graphic tablet. After ensuring that each 

earlywood vessel contour delineation was correct, the measurements of annual MVA 

and N were performed using WinCell software Pro v2018c (Régent Instrument, 2018). 

Both MVA and N were measured on earlywood vessel areas greater than 3,000 μm² in 

cross-section (Tardif, unpublished data). The delimitation between earlywood and 

latewood has been qualitatively identified as the abrupt decrease in vessel cross-

sectional area (Tardif & Conciatori, 2006b; Kames et al., 2016). 

Series crossdating and measurements were validated with CDendro (Larsson, 2003a) 

and COFECHA (Holmes, 1983) prior to series’ detrending. Each tree-ring series was 

divided by a cubic smoothing spline function with 50% frequency of response of 60 

years (Cook & Kairiukstis, 1990). Six missing values have been interpolated by the 

Spline filling function of the ‘dplR’ package to detrend the series (Bunn, 2008). 

Detrended series were then combined into standardized chronologies per river basins 

and hydrological regimes using a bi-weight robust mean (when n > 1 series) to lower 

the influence of outliers. This was the case for the Abitibi and the Harricana rivers (n 

= 2 series). All statistical procedures of dendrochronology were conducted with the 

‘dplR’ package (Bunn, 2008) in R environment (R Core Team, 2020). 

2.4.4 Hydrological data 

Daily discharges were downloaded from the Water Survey of Canada, the Reference 

Hydrometric Basin Network and the Centre d'Expertise Hydrique du Québec (Table 

2.S2). Eleven hydrometric stations were selected on natural rivers not regulated by 

dams (Table 2.S2) and with a minimum of 24 years of data, but not necessarily in a 

continuous sequence. Daily discharges were averaged from April 15 to June 30. This 

period best represented the range of discharge variability during the spring flood season 

and can be equated with the period of earlywood formation in F. nigra (Nolin et al., 

2021a). Only years with less than 10 % missing daily values for the period 15 April to 
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30 June (77 days) were considered. This arbitrary threshold was chosen to avoid 

statistical shortcomings in the interpolation of missing values. It should be noted that 

the data for Harricana River came from two hydrometric stations in close proximity (4 

km) and for the same drainage area. They have therefore been grouped into a single 

time series because they overlap with no difference in daily discharge values (Kames 

et al., 2016; Nolin et al., 2021a). In addition to these hydrometric records, the Harricana 

River spring discharge reconstruction from Nolin et al. (2021a) was used for 

comparison. 

2.4.5 Statistical analyses 

The spatial coherency of flood rings among the four river basins and Lake Duparquet 

was assessed using four approaches. First, annual flood-ring series were compiled by 

tree, keeping for each year the code that had the maximum intensity between the two 

radii (0 < F1 < F2). Spearman’s rank correlation coefficients were calculated between 

each flood-ring series per tree (categorical variable: value = 0, 1 or 2) and the 

reconstructed Harricana River spring discharge (continuous variable) over the 

maximum series length (n ranging from 113 to 246 years). The dispersion of correlation 

coefficients between sites, and between hydrological regimes were compared using box 

plots (Legendre & Legendre, 2012). When flood-ring series were compared to the 

reconstruction of the Harricana River spring discharge, which is derived from F. nigra 

trees growing on the floodplain of Lake Duparquet, the dispersion of correlation 

coefficients between sites was compared by geographic distance to Lake Duparquet.  

Second, flood-ring series per tree were used to calculate, for each of the ten sampled 

sites, three flood-ring relative frequencies F1, F2 and F12 (hereafter flood-ring 

chronologies). F1 and F2 can be defined as the annual sum of flood rings for a given 

year, divided by the annual sum of samples for the same year and expressed as the 

percentage of F1 and F2 rings over the total number of samples in a given year. F12 is 
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the sum of F1 + F2 chronologies and was used to determine whether or not the F1 and 

F2 flood-ring classes carry different hydrological signal. Each flood-ring chronology 

(F1, F2, F12) was correlated using Spearman's rank correlation coefficient i) with the 

reconstructed spring discharge of the Harricana River, ii) with spring discharge records 

from 11 hydrometric stations, iii) among river basins, iv) and among hydrological 

regimes. 

Third, and in the same way, earlywood vessel chronologies (MVA and N) were 

correlated using Pearson’s correlation coefficient i) with the reconstructed spring 

discharge of the Harricana River (Nolin et al., 2021a), ii) with spring discharge records 

from 11 hydrometric stations, iii) among river basins, and iv) and among hydrological 

regimes. At last, the periodicities that dominate the variance through time were 

compared using continuous wavelet transform (CWT) on the mean standardized 

earlywood vessel chronologies (MVA and N) from the four river basins. CWT were 

computed on a ω0 = 6 Morlet power spectrum base so the Morlet wavelet scale be 

comparable to the Fourrier period (Torrence & Compo, 1998). Significant peaks in 

spectra were tested against a white-noise background on 1,000 Monte Carlo iterations 

(Torrence & Compo, 1998). All analyses were conducted using R software (R Core 

Team, 2020) and the packages ‘Hmisc’ (Harrell, 2020) for correlations analyses, and 

‘biwavelet’ (Gouhier et al., 2019) for continuous wavelet transformations. 

  



 

 

78 

2.5 Results 

2.5.1 Flood ring coherency across river basins 

The flood-ring chronologies covered the period 1770‒2016 with one tree per river basin 

going back to 1770 (Fig. 2.3). The sample replication indicated that trees sampled from 

the four regulated rivers (ABL, DFR, FHL, MGR) were generally younger than in other 

hydrological regimes with few trees available before the 1850s (n = 4). The F1 and F2 

chronologies (Fig. 2.3) were highly intercorrelated over the common period 1780‒2016 

on Lake Duparquet (ρ = 0.68, p < 0.001), natural rivers (ρ = 0.59, p < 0.001) and 

regulated rivers (ρ = 0.55, p < 0.001), but not on unflooded control sites (ρ = 0.03, p = 

0.606). The F12 chronologies were more strongly correlated to instrumental and 

reconstruted spring discharge than either the F1 or F2 chronologies (Table 2.2, Table 

2.3). The F12 chronologies for both Lake Duparquet (maximum value of 100%) and 

natural rivers (maximum value of 93.3%) demonstrated a higher proportion of flood 

rings than for regulated rivers (maximum value of 39.2%) and unflooded control sites 

(maximum value of 10.0% ; Fig. 2.3). Indeed, each correlation between flood-ring 

chronologies and the different datasets used in this study were highest for Lake 

Duparquet, higher in natural rivers than in regulated rivers, and centered around zero 

for the unflooded control sites (Fig. 2.3, Fig. 2.4, Table 2.2, Table 2.3). In the spatial 

structure of correlations, associations between each flood-ring chronologies and 

instrumental spring discharge records tended to weaken with increasing distance to 

Lake Duparquet and in regulated rivers (Fig. 2.4, Table 2.3); the lowest number of 

significant associations being found with the southernmost hydrometric station of 

Kipawa River (Table 2.3). 
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Table 2.2 Spearman’s rank correlation coefficients (ρ) and p-values (p) between the 
flood-ring chronologies at each site and the reconstructed Harricana River spring 
discharge. F1 and F2 represent weakly and well-defined flood rings and F12 is the sum 
of their relative frequencies. Bold characters denote p-values < 0.05. 

Discharge Sites Period N years 
F1 F2 F12 

ρ p ρ p ρ p 

Natural 

DPL 1771‒2016 246 0.57 0.000 0.63 0.000 0.66 0.000 
PSL 1812‒2016 205 0.44 0.000 0.40 0.000 0.43 0.000 
HAR 1780‒2016 237 0.36 0.000 0.48 0.000 0.44 0.000 
LAL 1793‒2016 224 0.35 0.000 0.46 0.000 0.44 0.000 

Regulated 

ABL 1901‒2016 116 0.13 0.181 0.10 0.263 0.15 0.106 
DFR 1852‒2016 165 0.36 0.000 0.46 0.000 0.43 0.000 
FHL 1774‒2016 243 0.05 0.432 0.21 0.001 0.07 0.267 
MGR 1904‒2016 113 0.29 0.002 0.22 0.017 0.30 0.002 

Control 
CTL1 1904‒2016 113 0.09 0.350 0.05 0.631 0.12 0.196 
CTL2 1771‒2016 246 ‒0.04 0.574 0.02 0.763 ‒0.02 0.697 
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Figure 2.4 Box plot of the dispersion of Spearman’s rank correlation coefficients 
between flood-ring series per tree and the reconstruction of the Harricana River spring 
discharge. Correlations are pooled by river hydrological regime (natural, regulated and 
unflooded control; separated by dotted lines and respectively from top to bottom) and 
by increasing distance from sites to Lake Duparquet. Site abbreviations are defined in 
Table 2.1. The left and right-most edges of the rectangles indicate the interquartile 
range between the 25th and 75th percentiles and the dots indicate outliers outside the 
10th and 90th percentiles. The center line of the graph indicates the median, and the 
diamond indicates the mean. 
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Flood-ring chronology values (F12) were compared to the reconstructed spring 

discharge of the Harricana River for the period 1771‒2016 (Fig. 2.3). Nolin et al. 

(2021a) estimated using the reconstruction mean value + 1.5 standard deviation 

(151.3 m3/s) that the most severe spring flood years had occurred in 1797, 1819, 1861, 

1876, 1880, 1885, 1888, 1890, 1917, 1922, 1928, 1947, 1960, 1967, 1979, 1989, 2013 

and 2014 (Fig. 2.3A). Given the variation in hydrological regimes and the number of 

sampled trees within each, an arbitrary threshold was determined to extract the highest 

F12 values from each regime. These threshold were respectively F12 ≥ 75% for Lake 

Duparquet, F12 ≥ 50% for natural rivers and F12 ≥ 10% for regulated rivers (Fig. 

2.3). According to these three thresholds, the highest values in the F12 flood-ring 

chronologies corresponded well with the 18 years of highest reconstructed discharge 

years since 1771 with respectively 16/18, 14/18 and 10/18 years captured for Lake 

Duparquet, natural rivers and regulated rivers. 

In each of the hydrological regimes, some years with high F12 values (above the pre-

determined thresholds) did not match with the 18 most severe spring floods identified 

using the reconstructed spring discharge of the Harricana River (Fig. 2.3; Table 2.S3). 

For the most part these years were, however, very close to the 151.3 m3/s threshold 

used to estimate the most severe spring floods (Table 2.S3). For Lake Duparquet, the 

five mismatched F12 years with values ≥ 75% (1907, 1909, 1919, 1950 and 1956) 

corresponded to reconstructed discharges between 125.0 and 151.1 m3/s. Similarly, the 

five F12 year with values ≥ 50% for the natural rivers (1808, 1826, 1908, 1919 and 

1974) corresponded to reconstructed discharges between 125.7 and 148.8 m3/s. For the 

regulated rivers, ten F12 values ≥ 10% also corresponded to reconstructed discharge 

ranging from 116.2 to 151.1 m3/s).   
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Ten high F12 values in regulated rivers chronology were also not indicated by 

equivalent high F12 values in natural rivers, Lake Duparquet, or in the reconstructed 

spring discharge of the Harricana River (Fig. 2.3). The F12 chronologies from 

regulated rivers never reached more than 40% with a marked decreased in F2 flood-

ring frequency observed after ca. 1920 (Fig. 2.3D). Looking at the individual regulated 

sites averaged to produce the regulated flood-ring chronologies revealed that both lake 

sites (ABL and FHL) recorded very little flood rings compared to the two river sites 

(DFR and MGR; results not shown). These differences in flood-ring chronologies (F1, 

F2, F12) were further emphasized by the regulated Driftwood River (DFR; 1852‒2016) 

and Mattagami River (MGR; 1904‒2016) being significantly correlated with the 

reconstructed Harricana River spring discharge and not the Abitibi Lake and Frederick 

House Lake (ABL, FHL; Table 2.2). Before the 1920s the chronologies presented few 

flood rings, and after the 1920s flood rings matched the highest spring discharge years 

reconstructed for the Harricana River. 

In the unflooded control sites, the flood rings observed were mostly F1 and were never 

present in more than 10% of the trees (Fig. 2.3E).  Flood-rings series per tree and flood-

ring chronologies in the unflooded control sites showed no significant association with 

the reconstructed Harricana River spring discharge (Table 2.2; Fig. 2.4) or with the 11 

hydrometric records (Table 2.3). Two values corresponded to the highest 18 spring 

discharge years reconstructed in the Harricana River (1819: 10%, 1 tree out of 10 ; 

2013: 4.87%, 2 trees out of 41). 
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2.5.2 Continuous earlywood vessel chronologies 

Continuous chronologies of earlywood vessels spanned different time periods for Lake 

Duparquet (1771‒2016) and for the four river basins (Harricana: 1783‒2016; upper 

Ottawa: 1814‒2016; Abitibi: 1840‒2016; and Mattagami: 1922‒2016; Fig. 2.5 left 

panels). Inter-serie correlations were high in chronologies produced from two tree 

series. For example, in MVA chronologies from Harricana and Abitibi River, r = 0.73 

(n = 129, p < 0.001) and r = 0.68 (n = 119, p < 0.001; Fig. 2.5). Correlations between 

earlywood vessel and F12 chronologies were high in Lake Duparquet (respectively for 

MVA and N, ρ = ‒0.73 and 0.54, p < 0.001, 1771‒2016) and natural rivers (ρ = ‒0.53 

and 0.43, p < 0.001, 1783‒2016). In regulated rivers, correlations were weaker (MVA : 

r = 0.29, p = 0.004, 1922‒2016 ; N : r = ‒0.14, p = 0.186, 1922‒2016). Generally, the 

amplitude of interannual variability was higher in MVA than in N chronologies (Fig. 

2.5) and these two variables were negatively intercorrelated (Lake Duparquet: r = ‒

0.65, p < 0.001, n = 244; Harricana: r = ‒0.47, p < 0.001, n = 232; upper Ottawa: r = ‒

0.41, p < 0.001, n = 199; Abitibi: r = ‒0.58, p < 0.001, n = 175; and Mattagami River:  

r = ‒0.28, p < 0.05, n = 92). The highest spring discharge years reconstructed for the 

Harricana River were well captured by MVA and N chronologies from Lake Duparquet, 

and natural rivers. Each of those chronologies showed 1947 and 1960 as the highest 

spring discharge magnitude in the last 250 years and the years 1880, 1890, 1922, 1989, 

2013, and 2014 also shared particularily high values (Fig. 2.5). 

Correlations of earlywood vessel chronologies among river basins and hydrological 

regimes (Table 2.4) and with hydrometric records (Table 2.5; Fig. 2.1) were highly 

significant. As with flood-ring chronologies, associations with earlywood vessel 

chronologies were found to be highest with Lake Duparquet, higher among natural 

rivers than for regulated rivers and to weaken with increasing distance from Lake 

Duparquet (Table 2.4, Table 2.5). The lowest correlations were found between the 
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MVA and N chronologies from the upper Ottawa River and the southernmost 

hydrometric record of Kipawa River, both flowing South to the Saint-Lawrence River 

(Table 2.4, Table 2.5). Compared to the N chronologies, the MVA chronologies were 

less associated among river basins and showed a greater number of significant 

correlations (10/10 vs 4/10 for MVA; Table 2.4). In the structure of correlations 

between earlywood vessel chronologies and hydrometric records, the opposite was 

observed. The associations between MVA and hydrometric records were about twice 

as high as with N and showed a greater number of significant associations (Table 2.5).  

Table 2.3 Pearson’s correlations (r) and p-values (p) between continuous earlywood 
vessels chronologies from the naturally flowing Lake Duparquet (n = 43), Harricana 
River (site HAR, n = 2), Abitibi River (site LAR, n = 2), upper Ottawa River (site PSL, 
n = 1) and the regulated Mattagami River (site MGR, n = 1). Chronologies abbreviation 
are as follows: (MVA) mean cross-sectional lumen area of earlywood vessels, (N) 
number of earlywood vessels. Pearson’s correlation coefficients are given for the 
common period 1922‒2016 and bold characters denote p-values < 0.05. 

Sites / Chronologies MVA N 

Duparquet / Harricana r 0.81 0.71 
p 0.000 0.000 

Duparquet / Abitibi r 0.61 0.59 
p 0.000 0.000 

Duparquet / upper Ottawa r 0.20 0.51 
p 0.055 0.000 

Duparquet / Mattagami r 0.31 0.50 
p 0.003 0.000 

Harricana / Abitibi r 0.41 0.41 
p 0.000 0.000 

Harricana / upper Ottawa r 0.15 0.40 
p 0.141 0.000 

Harricana / Mattagami r 0.19 0.43 
p 0.060 0.000 

Abitibi / upper Ottawa r 0.17 0.37 
p 0.100 0.000 

Abitibi / Mattagami r 0.19 0.35 
p 0.066 0.000 

Mattagami / upper Ottawa r 0.15 0.28 
p 0.160 0.007 



 

 

88 

Ta
bl
e 
2.
4 
Pe
ar
so
n’
s 
co
rr
el
at
io
n 
co
ef
fic
ie
nt
s 
(r
) a
nd
 p
-v
al
ue
s 
(p
) b
et
w
ee
n 
ch
ro
no
lo
gi
es
 o
f m
ea
n 
lu
m
en
 c
ro
ss
-s
ec
tio
na
l a
re
a 

(M
V
A
) a
nd
 n
um
be
r (
N
) o
f e
ar
ly
w
oo
d 
ve
ss
el
s, 
fr
om
 fo
ur
 ri
ve
r b
as
in
s 
an
d 
10
 in
st
ru
m
en
ta
l r
ec
or
ds
 o
f A
pr
il 
15
 to
 J
un
e 
30
 

m
ea
n 
di
sc
ha
rg
e 
ac
ro
ss
 th
e 
st
ud
y 
ar
ea
. T
he
 fi
el
d 
“I
d”
 is
 th
e 
C
an
ad
ia
n 
fe
de
ra
l h
yd
ro
m
et
ric
 st
at
io
n 
id
en
tif
ic
at
io
n 
nu
m
be
r. 
Th
e 

ta
bl
e 
is
 o
rd
er
ed
 b
y 
in
cr
ea
si
ng
 d
is
ta
nc
e 
be
tw
ee
n 
hy
dr
om
et
ric
 s
ta
tio
ns
 a
nd
 L
ak
e 
D
up
ar
qu
et
 (l
ef
t t
o 
rig
ht
) t
o 
vi
su
al
iz
e 
sp
at
ia
l 

co
he
re
nc
y 
in
 th
e 
co
rr
el
at
io
n 
st
ru
ct
ur
e.
 B
ol
d 
ch
ar
ac
te
rs
 d
en
ot
e 
p-
va
lu
es
 <
 0
.0
5.
 

St
at
io
n 
 

K
in
oj
év
is 

Ri
ve
r 

K
in
oj
év
is 

Ri
ve
r 

Bl
an
ch
e 

Ri
ve
r 

H
ar
ric
an
a 

Ri
ve
r 

Po
rc
up
in
e 

Ri
ve
r 

K
ip
aw
a 

Ri
ve
r 

Tu
rg
eo
n 

Ri
ve
r 

M
iss
in
ai
bi
 

Ri
ve
r 

N
or
th
 

Fr
en
ch
 

Ri
ve
r 

M
iss
in
ai
bi
 

Ri
ve
r 

Id
 

02
JB
01
3 

02
JB
00
3 

02
JC
00
8 

04
N
A
00
1-

2 
04
M
D
00
4 

02
JE
01
5 

04
N
B0
01
 
04
LM
00
1 

04
M
F0
01
 
04
LJ
00
1 

Pe
ri
od
 

19
71
‒

20
16
 

19
38
‒

19
65
 

19
70
‒

20
16
 

19
15
‒2
01
6 

19
77
‒

20
15
 

19
63
‒

20
11
 

19
69
‒

19
99
 

19
73
‒

20
16
 

19
67
‒

20
16
 

19
21
‒

20
16
 

N
 y
ea
rs
 

46
 

28
 

47
 

10
2 

26
 

38
 

24
 

43
 

50
 

96
 

D
ist
an
ce
 (k
m
) 

30
 

70
 

80
 

85
 

13
0 

15
5 

17
0 

31
0 

31
0 

32
0 

R
EC
1 
(1
77
1‒

20
16
) 

/ 
r 

0.
86
 

0.
93
 

0.
76
 

0.
82
 

0.
80
 

0.
55
 

0.
73
 

0.
69
 

0.
52
 

0.
57
 

p 
0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

La
ke
 D
up
ar
qu
et
 

(1
77
0‒
20
16
) 

M
V A
 

r 
‒0
.8
3 

‒0
.8
4 

‒0
.7
4 

‒0
.7
8 

‒0
.8
0 

‒0
.4
9 

‒0
.7
6 

‒0
.6
6 

‒0
.5
4 

‒0
.5
6 

p 
0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
2 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

N
 

r 
0.
67
 

0.
72
 

0.
61
 

0.
62
 

0.
75
 

0.
22
 

0.
64
 

0.
57
 

0.
55
 

0.
46
 

p 
0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
17
9 

0.
00
1 

0.
00
0 

0.
00
0 

0.
00
0 

H
ar
ri
ca
na
 R
iv
er
 

(1
78
3‒
20
16
) 

M
V A
 

r 
‒0
.8
4 

‒0
.8
 

‒0
.6
 

‒0
.8
1 

‒0
.6
9 

‒0
.5
7 

‒0
.5
7 

‒0
.5
6 

‒0
.3
4 

‒0
.4
9 

p 
0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
0 

0.
00
4 

0.
00
0 

0.
01
7 

0.
00
0 

N
 

r 
0.
47
 

0.
60
 

0.
40
 

0.
53
 

0.
40
 

0.
18
 

0.
17
 

0.
23
 

0.
32
 

0.
24
 

p 
0.
00
1 

0.
00
1 

0.
00
6 

0.
00
0 

0.
04
3 

0.
26
8 

0.
43
8 

0.
13
2 

0.
02
6 

0.
01
7 

A
bi
tib
i R
iv
er
 

(1
84
0‒
20
16
) 

M
V A
 

r 
‒0
.4
1 

‒0
.4
9 

‒0
.2
5 

‒0
.4
8 

‒0
.6
5 

‒0
.2
7 

‒0
.6
6 

‒0
.6
1 

‒0
.5
1 

‒0
.5
2 

p 
0.
00
5 

0.
00
9 

0.
09
7 

0.
00
0 

0.
00
0 

0.
10
5 

0.
00
1 

0.
00
0 

0.
00
0 

0.
00
0 

N
 

r 
0.
44
 

0.
42
 

0.
48
 

0.
42
 

0.
75
 

0.
21
 

0.
49
 

0.
61
 

0.
44
 

0.
51
 

p 
0.
00
2 

0.
02
7 

0.
00
1 

0.
00
0 

0.
00
0 

0.
19
9 

0.
01
5 

0.
00
0 

0.
00
1 

0.
00
0 

U
pp
er
 O
tta
w
a 

R
iv
er
 (1
81
4‒
20
16
) 

M
V A
 

r 
0.
21
 

‒0
.4
4 

0.
14
 

‒0
.1
8 

‒0
.1
4 

0.
42
 

0.
33
 

0.
09
 

0.
17
 

‒0
.1
0 

p 
0.
15
6 

0.
01
8 

0.
33
8 

0.
06
5 

0.
51
0 

0.
00
9 

0.
12
0 

0.
57
0 

0.
23
5 

0.
31
7 

N
 

r 
0.
29
 

0.
53
 

0.
37
 

0.
38
 

0.
33
 

0.
20
 

0.
09
 

0.
13
 

0.
06
 

0.
24
 

p 
0.
05
2 

0.
00
4 

0.
01
1 

0.
00
0 

0.
10
2 

0.
22
4 

0.
67
1 

0.
40
3 

0.
66
1 

0.
01
9 

M
at
ta
ga
m
i R
iv
er
 

(1
92
2‒
20
16
) 

M
V A
 

r 
‒0
.0
7 

‒0
.4
6 

‒0
.0
5 

‒0
.2
2 

‒0
.3
3 

‒0
.2
8 

0.
33
 

‒0
.2
6 

‒0
.1
2 

‒0
.2
7 

p 
0.
65
1 

0.
01
5 

0.
74
1 

0.
03
1 

0.
09
5 

0.
09
3 

0.
11
0 

0.
09
3 

0.
39
1 

0.
00
8 

N
 

r 
0.
34
 

0.
45
 

0.
42
 

0.
43
 

0.
45
 

0.
30
 

0.
15
 

0.
42
 

0.
26
 

0.
30
 

p 
0.
02
2 

0.
01
6 

0.
00
4 

0.
00
0 

0.
02
2 

0.
06
9 

0.
49
1 

0.
00
5 

0.
06
9 

0.
00
4 



 

 

89 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
► Figure 2.5 Comparison between continuous earlywood vessel chronologies and their 
continuous wavelet transform among river basins. A) Chronologies of mean earlywood 
vessel cross-sectional (MVA). B) Chronologies of number of earlywood vessels (N). 
Left panel is the comparison between chronologies from Lake Duparquet and from the 
four river basins. The vertical blue bars indicate the 18 years with the highest 
reconstructed spring discharge for the Harricana River and over the last 250 years. 
Those 18 years were defined using a threshold corresponding to the mean + 1.5 SD 
(threshold value =151.3 m3/s; Nolin et al., 2021a). Right panel is the decomposition of 
mean standardized chronologies into Morlet 6th power in continuous wavelet transform. 
The color bar gives the range of variance intensity from low (blue) to high (red) and 
black lines encircle significant high variance tested against a white noise background 
at a p-value < 0.05. The cone of influence is figured in white and delimit areas where 
wavelets are altered by edge-effect. For both A) and B) right and left panels, 
chronologies are as follow: 1) Lake Duparquet, 1771‒2016, n = 43; 2) Harricana River 
basin, site HAR, 1783‒2016, n = 2; 3) upper Ottawa River basin, site PSL, 1814‒2016, 
n = 1; 4) Abitibi River, site LAL, 1840‒2016, n = 2 and 5) Mattagami River, site MGR, 
1922‒2016, n = 1. The Lake Duparquet, Harricana, Abitibi and upper Ottawa River 
chronologies were developed from trees growing with natural discharge, while the 
Mattagami River basin index is from a site where the river is regulated by a dam.  
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Continuous wavelet transformation allowed to investigate the temporal coherency of 

the earlywood vessel chronologies from the different hydrological regimes (n = 1 or  

n = 2 trees) to the more robust Lake Duparquet MVA and N chronologies (n = 43 trees). 

Since the MVA and N chronologies were significantly correlated with the regional 

spring discharge records, it can be hypothezised that the decomposition of their 

periodicities may reflects the decomposition of periodicities affecting regional spring 

discharge. Three major patterns of significant high variance were observed in the power 

spectrum of chronologies from natural regimes (Fig. 2.5 right panels). A first pattern 

of 32-year significant periodicity was persistent in MVA and N chronologies from 

Lake Duparquet up to ~1850 and persisted from ~1800 to 1975 in the Harricana River 

chronologies. In the upper Ottawa River chronologies, only the MVA showed a 

significant 32-year periodicity affecting the variance from ~1850 to 1950. A second 

pattern near a 16-year periodicity was more variable over time and between river basins 

than the 32-year pattern. It started around 1850 in Lake Duparquet and around 1900 in 

other chronologies from natural rivers. A third pattern was the apparition of decadal 

periodicities of 8-years and less from ~1875 and 1900 in chronologies from natural 

rivers except the upper Ottawa River. The chronologies from the regulated Mattagami 

River began in 1922 and were not long enough to support the accurate calculation of 

high periodicities (low frequencies). However, the N chronology showed significant 

high variance similar to that found in natural rivers chronologies. Notably, around a 

decadal periodicity in 1940 and around a 32-year periodicity from 1925 to 1980, 

although outside the cone of influence (Fig. 2.5). 
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2.6 Discussion 

2.6.1 Spatial coherency among spring flood proxy from natural rivers 

In this study, results showed that both flood-ring chronologies (F1, F2, F12) and 

earlywood tree-ring anatomical chronologies (MVA and N), hereafter referred to as 

spring flood proxies, were highly intercorrelated. Spring flood proxies were strongly 

correlated to Harricana River spring discharge and to instrumental data from eleven 

hydrometric records distributed across a wide boreal territory (above 70 000 km2). 

Spring flood proxies provided synchronous evidence of flooding across the four river 

basins with most of the major spring floods reconstructed for the Harricana River for 

the last 250 years being recorded by F. nigra trees growing along Lake Duparquet and 

natural rivers. Major spring floods were also recorded by F. nigra trees from regulated 

rivers but i) in comparison by very few trees and ii) more often in the form of weakly 

defined flood rings. The signal strength although appears to decrease with geographical 

distance to Lake Duparquet and in regulated rivers. The high proportion of individual 

tree showing significant correlation to the reconstructed Harricana River spring 

discharge among natural and, to a lesser extent, regulated rivers also support strong 

spatial coherency. These results confirm the hypothesis of a common hydroclimatic 

variability among the four river basins sampled. These results are also in line with 

studies reporting highly significant associations between mean cross-sectional 

earlywood vessel lumen area (MVA) chronologies from Lake Duparquet and the 

instrumental regional spring discharge data (Tardif et al., 2010; Kames et al., 2016; 

Nolin et al., 2021a). These results also support the fact that the increase in spring flood 

frequency and magnitude reported by Nolin et al. (2021a) since the end of the Little 

Ice Age is regionally coherent.  

The similarities found at low frequencies in earlywood vessel chronologies also support 

spatial coherency between Lake Duparquet and natural rivers and point towards a 
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decrease in the periodicities of high spring discharge since at least 1850. The frequency 

of high spring discharge may have changed from a persistent multi-decadal periodicity 

in the late 19th to early 20th century to a decadal and then interannual periodicity in the 

late 20th century. This result compares well with those of previous studies conducted 

in Lake Duparquet (Tardif & Bergeron, 1997b; Nolin et al., 2021a) and hypothesizing 

a long-term increase in the frequency and magnitude of spring flooding since the end 

of the Little Ice Age (1850‒1870; Matthews & Briffa, 2005). Ideally, the CWT analysis 

would have been conducted on a large number of samples per river basins to extract 

the strongest possible common signal, as it was done with the MVA and N chronologies 

from Lake Duparquet. Indeed, it is possible that factors related to age or stand dynamics 

may interfere with the hydroclimatic signal in earlywood vessel chronologies (Tardif 

& Conciatori, 2006b). For example, the sample from upper Ottawa River presented a 

lot of suppressed years (very small annual ring width) and its MVA chronology was 

not significantly correlated with that of Lake Duparquet. However, the consistency 

expressed by the MVA and N chronologies consisting of 1 to 2 trees per river basin 

compared to the robust Lake Duparquet chronologies (n = 43) still demonstrates a 

strong common signal at both high and low frequencies. It was also demonstrated that 

five F. nigra samples may be sufficient to reconstruct most of the interannual 

variability of the Harricana River spring discharge during the 20th century (EPS > 0.85, 

Rbar > 0.20; Nolin et al., 2021a). Given the similarities observed in the power spectrum 

of the sampled rivers, it would nevertheless be interesting to conduct this CWT analysis 

on a larger number of samples and to study their associations with large-scale 

atmospheric circulations in North America and at different periodicities. 

2.6.2 Comparison of spring flood proxies among natural rivers, regulated rivers, and 
unflooded control sites. 

Compared to F. nigra trees growing along the floodplain of naturally flowing rivers, 

those from regulated rivers (and from unflooded sites) recorded flood rings less 
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frequently and mainly of the weaker type (F1). Flood-ring chronologies from regulated 

rivers showed little interannual variability and were also less correlated with 

hydrometric records. Spring floods identified by flood rings were most coherent with 

those of natural rivers prior to dam creation in the 1920s and for a few extreme floods 

thereafter (e.g., 1947, 1960). Some weak flood rings (F1) were also recorded on 

regulated rivers although they have not been recorded on natural rivers and Lake 

Duparquet and could be the result of dam management maneuvers. Furthermore, trees 

were generally younger in floodplain sites located along regulated rivers compared to 

that along natural rivers and Lake Duparquet, suggesting that the construction of the 

dams may have had a detrimental effect on the existing ash forests. In hydrological 

system that were regulated, DeWine & Cooper (2007) demonstrated for instance, that 

dam construction threatened the recruitment and the persistence of old-growth riparian 

forests in the upper Colorado River. Historically in Ontario, most dams were built to 

raise the water level to the high-water mark identified by surveyors using signs on the 

landscape (Ontario Geological Survey, 1920). Since the dams were built to hold water 

until the maximum natural flood elevation, it is likely that the old riparian forests have 

been permanently flooded and removed from the landscape. The potential to accurately 

reconstruct the historical variability of today's regulated rivers can therefore be lower 

due to a lack of ancient trees. However, the few trees sampled on the regulated rivers 

did record flood rings and this demonstrates that flood ring can be suitable proxy to 

retrieve partial historical discharge records from the trees growing in the shoreline of 

regulated rivers.  

In addition, further work is needed to assess sites differences in regulated hydrological 

systems. Our results indicated variations in the recording of flood rings by F. nigra 

trees located along lakes regulated by downstream dams (single-dam system) and rivers 

regulated by both upstream and downstream dams (multi-dam system). It would be 

interesting to systematically compare flood rings in trees located upstream and 
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downstream of dams, and according to their position on the bank relative to the 

shoreline, to determine if the hydrological signal provided by flood ring can be 

improved by a more targeted sampling strategy. Differences in height between dams 

may also have impacted downstream water levels and flood rings differently. 

In the unflooded control sites, the trees were as old as at Lake Duparquet but had little 

or no flood rings with solely few F1 being observed. The maximum value of F12 never 

reached more than 10% and flood rings were not consistent among samples. They also 

did not match the years for which flooding was observed in other river basins, either 

from the spring flood proxies, the reconstruction of the Harricana River spring 

discharge or from the regional hydrometric records. This confirms that F. nigra trees 

from flooded and unflooded sites carry different climatic signals, mainly because their 

exposures to water stress and drought are different (Tardif & Bergeron, 1997a; Kames, 

2009). Previous studies in the Lake Duparquet region showed, for example, that 

earlywood vessel chronologies from unflooded non-riparian F. nigra stands were i) not 

significantly correlated to those developed from flooded riparian stands and ii) 

presented no significant correlations with instrumental spring discharge (Kames, 2009). 

This is also sustained by ring-width chronologies developed by Tardif & Bergeron, 

(1997a) and Kames (2009) showing a lack of crossdating between riparian and non-

riparian F. nigra trees. The physiological mechanisms of flood-ring formation are still 

poorly understood, but it was hypothesized that stem submersion induces the 

production of ethylene which, in turn, interacts with other growth regulators thus 

affecting the formation of earlywood vessels (Yamamoto et al., 1995; St. George et al., 

2002; Copini et al., 2016). It is therefore unlikely that periods of high humidity (runoff, 

rainfall, etc.) in topographically flat upland forests will cause a physiological response 

similar to that of flooding in riparian forests. 
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2.6.3 Adequacy between spring flood proxies, advantages and limitations  

Spring flood proxies developed in this study (F1, F2, F12, MVA, N) were shown to 

provide similar and complementary information on high spring discharge variability at 

an annual resolution. The continuous quantitative measurement of earlywood vessels 

allowed the extraction of a broader spectrum of hydrological variability compared to 

the semi-quantitative visual identification of flood rings which provided event-year 

chronologies.   

Among the flood-rings chronologies, F1 and F2 in Lake Duparquet and natural rivers 

captured very comparable signal but their summation (F12) captured a slightly broader 

spectrum of hydrological conditions associated with high spring discharge. This result 

suggest that it is worth identifying both weak (F1) and strong (F2) flood-ring types. It 

is hypothesized that differences between F1 and F2 in F. nigra trees for a given year 

may be reflecting differences in coring height or tree exposure (elevation and 

topography) to flooding. In flood years, it has been shown that the decrease in 

earlywood vessel size is maximum at the base of the trees with a gradual decrease along 

the trunk height (St. George & Nielsen, 2002; St. George et al., 2002). Furthermore, 

the timing, intensity and duration of spring floods will also impact the ability of riparian 

F. nigra trees to record a flood ring. St. George et al. (2002) had showed, for instance, 

that the duration of flooding had a greater influence than the peak flood stage on the 

size of earlywood vessels in flooded Quercus macrocarpa.   

Among the anatomical chronologies, MVA and N showed comparable associations to 

instrumental and reconstructed spring discharge. Although we cannot robustly assert 

this result given the limited number of samples that have been used, associations 

between N chronologies and spring discharge were generally higher between river 

basins and in regulated rivers than with MVA chronologies. It could thus be 

hypothesized that earlywood vessels area and number carry slightly different 
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hydrological signal associated with spring flooding in natural and regulated rivers. 

Kames et al. (2016) showed that the MVA and N chronologies extracted from flooded 

F. nigra trees from Lake Duparquet were associated with climate at slightly different 

periods. The MVA and N chronologies were associated with mean monthly 

temperatures and total precipitation from April to May and April to June, respectively. 

In terms of advantages and limitations, the use of the various spring flood proxies, (F12, 

MVA or N) depends on the objectives pursued and the resources available (e.g., 

number of trees, equipment). While quick to develop, visually derived flood-ring 

chronologies like that of numerous pointer years involve processing a larger number of 

samples and require conventional dendrochronology equipment (Tardif & Conciatori, 

2006a; Therrell & Bialecki, 2015; Meko & Therrell, 2020). Continuous earlywood 

vessels chronologies require fewer samples but is demanding in image analysis 

equipment and software, as well as extensive analysis time (Kames et al. 2016, Nolin 

et al., 2021a). Relative frequencies provide information on the number of samples 

affected per year, while continuous chronologies provide annual quantitative 

information (Tardif & Conciatori, 2006a). However, it could be hypothesized that, as 

the number of samples increases, the relative frequency of flood rings could 

approximate the hydrological signal extracted by earlywood vessel chronologies 

composed of far fewer samples. It would thus be possible to use relative frequencies of 

flood rings as spring discharge predictors in reconstruction models, even if 

conventionally flood-ring frequencies has been used to identify past flooding and not 

for the purpose of quantitative reconstruction (St. George & Nielsen, 2002; Therrell & 

Bialecki, 2015; Meko & Therrell, 2020). Examples of approaches combining both 

discrete and continuous flood proxies to reconstruct spring discharge can be found in 

Boucher et al. (2011) and in Nicault et al. (2014). 
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2.7 Conclusion  

In a context of climate change, river regulation, and disappearance of old riparian 

forests, the study of spring flood proxies is becoming a necessity in water management 

and flood risk assessment in northern territories. This study demonstrated the strong 

spatial coherency associated with the use of two spring flood proxies in naturally 

flowing rivers from eastern boreal Canada. It also stressed the potential limitation 

associated with the use of flood rings from trees growing along regulated water bodies. 

Flood rings and direct measurement of the earlywood vessels captured high-resolution, 

comparable, and complementary spring flooding evidence. Even in regulated rivers, 

partial spring flooding history can be inferred from flood rings prior to dam creation. 

Results underline the potential and utility of extending the use of these spring flood 

proxies in dendrohydrology. Future work could study flood rings over a larger area by 

sampling, for example, one natural river per watershed to monitor historical trends in 

large-scale spring floods and study the potential effects of climate change. Flood-ring 

methods could be applied to more southern river basins such as Saint-Lawrence River 

or Ottawa River. It would then be necessary to study the presence of flood rings in 

species such as green ash (Fraxinus pennsylvanica Marsh.) or potentially in diffuse-

porous species. 
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2.9 Data availability  

Relevant data for this study are available from Nolin, A. F., Tardif, J. C., Conciatori, 

F., & Bergeron, Y. (2021). Fraxinus nigra tree-ring dataset for flood history study 

among major river basins near the Lake Duparquet, eastern boreal Canada. Mendeley 

Data, v1. http://dx.doi.org/10.17632/94vjr69fb2.1. Data include flood ring (F1, F2) and 

earlywood vessel chronologies (MVA, N) derived from Fraxinus nigra trees growing 

in eastern boreal Canada near Lake Duparquet (Québec, Canada).  

F1_F2_chrono.csv, as in Fig. 2.3, the F1 and F2 flood-ring chronologies per sites (sites 

are coded as in Table 2.1) with sample replication (n) to reproduce flood-ring 

frequencies;  

LAT_LON.kml, the coordinate data for each site and sampled tree;  

MVA_N_chrono.csv, as in Fig.2.5, the MVA and N chronologies per river basins (river 

basins are coded as in Table 2.1);  

REC1.csv, the reconstruction of the Harricana River spring discharge from 1771 to 

2016 reported in "Multi-century tree-ring anatomical evidence reveals increasing 

frequency and magnitude of spring discharge and floods in eastern boreal Canada" 

published in "Global and Planetary Change" by Nolin et al. 2021a.  

metadatas.txt, a set of self-explanatory instructions and descriptions for data files.  

All other data are available upon request to the corresponding author at 

alexandreflorent.nolin@uqat.ca (institutional email),  

alexandreflorent.nolin@gmail.com (permanent email).  
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2.10 Supplementary Materials 

 
Table 2.S1 Comparison of years of hydropower dam commissioning and years of 
operation of water survey of Canada (WSC) hydrologic stations. References are given 
besides in-service years and listed at the bottom of the table.  

River Dam 
In-service  
year WSC Station 

WSC record 
length 

Abitibi River Abitibi Canyon 19331,3 04ME002 1929‒1994 
Abitibi River Frederick House Lake 19383 04MD001 1938‒1994 
Abitibi River Iroquois Falls 19142 04MC001 1920‒1995 
Abitibi River Island Falls 19252,3 04ME001 1924‒1967 
Abitibi River Monteith Dam 19536 04MB002 2006‒2019 
Abitibi River Otter Rapids 19611,3 04ME004 1961‒1994 
Abitibi River Twin Falls 19213;19222 04MC002 1949‒1995 
Mattagami River Little Long Rapids 19631,3 04LG003 1963‒1994 
Mattagami River Peter Long Lake* 19161 / / 
Mattagami River Sandy Falls* 19111 / / 
Mattagami River Smoky Falls 19265; 19283 04LG001 1926‒1963  
Mattagami River Smooth Rock Falls 19163 04LB001 1920‒1997 
Mattagami River Wawaitin Falls*  19121 / / 
* dam is not equipped with a hydrologic station. 

(1) Ontario Power Generation (2020) Hydroelectric power & River System data. 
https://www.opg.com/powering-ontario/our-generation/hydro/river-system-data/ [2020, June 23];  
(2) H2O Power (2020) H2O Power Locations. https://www.h2opower.com/our-locations/ [2020, June 23];  
(3) Natural Resources Canada (2009) Atlas of Canada 1,000,000 National Frameworks Data. Hydrology – 
Dams. FTP Archived Open Government Catalogue. 
http://ftp.geogratis.gc.ca/pub/nrcan_rncan/archive/vector/framework_cadre/hydrology/analytical/drainage_s
upplemental/dams/ [2020, June 23];  
(4) Centre d’Expertise Hydrique du Québec (CEHQ). (2019). Répertoire des barrages. Ministère de 
l’Environnement et de la Lutte contre les Changements climatiques. Gouvernement du Québec, Ottawa. 
Available at https://www.cehq.gouv.qc.ca/barrages/default.asp [June 23, 2020];  
(5) Ontario River Alliance (2014) Smoky Falls Generating Station, Mattagami River. 
http://www.ontarioriversalliance.ca/smoky-falls-generating-station-mattagami-river/ [June 23, 2020] 
(6)  Ontario Shared Services (2020) Notice of Proposed Procurement for the Monteith Dam Replacement n° 
00002081816. 
https://www.merx.com/public/solicitations/nce/852737790/abstract#:~:text=Monteith%20Dam%20is%20lo
cated%20on%20the%20Driftwood%20River%2C,is%20in%20poor%20condition%20and%20must%20be%
20replaced. [January 25, 2021] 
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Table 2.S3 Comparison between the 18 highest reconstructed spring discharge years 
and the F12 flood-ring relative frequencies. Values highlighted in grey denote F12 
flood-ring frequencies greater than 75% at Lake Duparquet (DPL), 50% at natural 
rivers (NAT) and 10% for regulated rivers (REG). On the left side are represented the 
18 highest spring discharge years for which the average discharge from April 15 to 
June 30 reconstructed from 1771‒2016 (REC1) value was greater than 151.3 m3/s. This 
threshold was calculated over the 1771‒2016 period as the mean + 1.5 standard 
deviation. On the right side, are the other years for which the F12 flood-ring relative 
frequencies were above the thresholds (75%, 50% and 10% in DPL, NAT and REG 
sites) and compared to REC1.  

Year REC1 DPL NAT REG     Year REC1 DPL NAT REG 
1797 161.00 75.0 40.0 0.0     1808 139.16 66.7 60.0 0.0 
1819 157.43 0.0 0.0 0.0     1826 148.88 66.7 50.0 0.0 
1861 153.64 53.8 10.3 0.0     1834 118.86 0.0 8.3 33.3 
1876 171.29 88.6 71.0 9.1     1896 128.15 18.0 13.0 23.1 
1880 160.10 93.3 58.3 25.0     1897 116.17 24.0 4.3 13.3 
1885 159.00 78.3 21.5 7.7     1903 124.67 46.2 20.4 15.8 
1888 164.57 93.6 69.5 30.8     1907 151.05 81.1 27.9 37.5 
1890 170.25 95.8 60.2 23.1     1908 125.70 51.9 52.7 4.2 
1917 159.52 96.4 46.8 25.7     1909 149.43 81.5 40.7 12.5 
1922 173.66 100.0 63.3 34.8     1919 140.75 91.1 58.6 10.0 
1928 175.57 94.7 72.7 13.3     1950 134.24 82.8 32.6 6.6 
1947 177.34 100.0 89.6 39.2     1956 125.02 76.6 20.7 2.5 
1960 179.95 98.4 93.3 30.7     1965 119.56 69.2 44.4 14.3 
1967 163.59 84.6 51.3 2.2     1974 147.05 60.0 68.7 3.4 
1979 184.86 98.4 68.3 11.3     1983 144.61 57.8 14.8 13.2 
1989 161.72 92.2 69.3 6.5     2009 138.62 67.9 41.8 11.9 
2013 170.90 93.3 76.4 15.6          
2014 160.52 86.0 57.5 6.8          
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3.1 Abstract  

In northeastern boreal Canada long-term perspective on spring flooding is hampered 
by the absence of long gauge records. Changes in tree-ring anatomy of periodically 
flooded trees have allowed reconstruction of historical floods in unregulated 
hydrological systems. In regulated rivers, the study of flood rings could recover past 
flood history, assuming that the effects of hydrological regulation on their production 
can be understood. This study analyzes the effect of regulation on the flood ring 
occurrence (visual intensity and relative frequency) and on ring widths in Fraxinus 
nigra trees growing at five sites distributed along the Driftwood River floodplain. 
Driftwood River was regulated by a dam in 1917 that was replaced at the same location 
in 1953. Ring width revealed little to no evidence of the impact of river regulation, in 
contrast to the flood-rings. Prior to 1917, high relative frequencies of well-defined 
flood rings were recorded during known flood years, as indicated by significant 
correlations with reconstructed spring discharge of the nearby Harricana River. After 
the construction and the replacement of the dam, relative frequencies of flood rings and 
their intensities gradually decreased. Flood-ring relative frequencies after 1917 and 
particularly after 1953 were mostly composed of weakly defined (less distinct) flood 
rings with some corresponding to known flood years and others likely reflecting dam 
management. Strength of the correlations with the instrumental Harricana River 
discharge also gradually decrease starting after 1917. Compared to upper floodplain 
trees, shoreline trees at each site recorded flood rings less frequently following the 
construction of the first but especially of the second dam, indicating that water level 
regulation limited flooding in the floodplains. Compared to the downstream site to the 
dam, the upstream ones recorded significantly more flood rings in the post dam period, 
reemphasizing the importance of considering the position of the site along the river 
continuum and site conditions in relation to flood exposure. The results demonstrated 
that sampling trees in multiple riparian stands and along various hydrological contexts 
at a far distance of the dams could help disentangle the flooding signal from the dam 
management signal. 

Keywords : dendrohydrology, black ash, Fraxinus nigra, earlywood vessels, Ontario 
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3.2 Résumé [Ajout à l’article original] 

Dans le nord-est du Canada boréal, l’étude de la variabilité à long terme des inondations 
printanières est restreinte par l'absence de longs enregistrements hydrométriques. Les 
changements dans l'anatomie des cernes des arbres périodiquement inondés ont permis 
de reconstruire les inondations historiques dans les systèmes hydrologiques non régulés. 
Dans les rivières régulées, l'étude des cernes de crues pourrait permettre de retrouver 
l'histoire des inondations passées, en supposant que les effets de la régulation 
hydrologique sur leur production puissent être compris. Cette étude analyse l'effet de 
la régulation sur l'occurrence des cernes de crues (intensité visuelle et fréquence 
relative) et sur la largeur des cernes chez les arbres Fraxinus nigra poussant sur cinq 
sites répartis le long de la plaine inondable de la Driftwood River en Ontario. La 
Driftwood River a été régulée par un barrage en 1917 qui a été remplacé au même 
endroit en 1953. La largeur des cernes annuels a révélé peu ou pas de preuves de l’effet 
de la régulation de la rivière, contrairement aux cernes de crues. Avant 1917, des 
fréquences relatives élevées de cernes de crues bien définis ont été enregistrées pendant 
les années de crue connues, comme l'indiquent les corrélations significatives avec le 
débit printanier reconstitué de la rivière Harricana voisine. Après la construction et le 
remplacement du barrage, les fréquences relatives des cernes de crues et leurs intensités 
ont progressivement diminuées. Les fréquences relatives des cernes de crues après 
1917 et surtout après 1953 étaient principalement composées de cernes de crues 
faiblement définis (moins distincts), certains correspondant à des années de crue 
connues et d'autres reflétant probablement la gestion du barrage. La valeur des 
corrélations avec le débit instrumental de la rivière Harricana a également diminué 
progressivement à partir de 1917. Sur chaque site, et par rapport aux arbres des plaines 
inondables, les arbres des berges ont enregistré des cernes de crues moins fréquemment 
après la construction du premier mais surtout du second barrage, ce qui indique que la 
régulation du niveau d'eau a limité les inondations dans les plaines inondables 
éloignées. Par rapport au site en aval du barrage, ceux en amont ont enregistré plus de 
cernes de crues dans la période post-barrage, ce qui souligne à nouveau l'importance 
de la position du site dans le continuum fluvial et des conditions du site par rapport à 
l'exposition aux inondations. Les résultats ont démontré que l'échantillonnage des 
arbres dans de multiples peuplements riverains et dans divers contextes hydrologiques 
(grande distance des barrages) pourrait aider à démêler le signal d'inondation du signal 
de gestion du barrage. 

Mots-clés : dendrohydrologie, frêne noir, Fraxinus nigra, vaisseaux du bois initial, 
Ontario 
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3.3 Introduction 

Over the last decades, extreme floods and droughts have become more recurrent and 

severe in eastern boreal Canada (Buttle et al., 2016; Bush and Lemmen, 2019; Aygün 

et al., 2019). Understanding if these recent trends are part of the natural hydrological 

variability is critical and studies remain complicated due to a lack of long instrumental 

hydrological series (Mortsch et al., 2015; Bush and Lemmen, 2019; Pellerin, 2019). 

Most gauge stations in remote northern rivers were installed in the 1920s following the 

construction of water regulation systems or hydroelectric facilities which reduced the 

availability of natural records (Pellerin, 2019; Nolin et al., 2021b). Therefore, 

biological proxies such as tree rings have provided hydrological time series in areas 

that lack instrumental records and have allowed dendrohydrologists to extend existing 

instrumental records when available.  

Tree-ring proxies, among others, have been used to successfully reconstruct monthly, 

seasonal, and annual discharge (Boucher et al., 2011; Nolin et al. 2021a), lake level 

fluctuations (Lemay and Bégin, 2008), droughts (Girardin et al., 2006) and floods 

(Boucher et al., 2011; Tardif and Bergeron, 1997b). Recent studies of anatomical 

changes in tree rings of periodically flooded trees (i.e., flood rings) have demonstrated 

their effectiveness in detecting major historical floods and comparing their magnitude 

(St. George et al., 2002; St. George et Nielsen, 2003; Tardif et al., 2010; Therrell and 

Bialecki, 2015; Kames et al., 2016; Meko and Therrell, 2020; Nolin et al., 2021a; Tardif 

et al., 2021a). In riparian ring-porous genus (e.g., Quercus, Fraxinus) flooding of tree 

stems at the time of earlywood formation resulted in decreased earlywood vessel cross-

sectional areas (i.e., flood ring; St. George et al., 2002; Copini et al., 2016). Flood ring 

induced under experimental flooding conditions for amplitudes ranging from 3, 6 or 8 

weeks in 4-years-old pedunculate oak (Quercus robur L.) trees indicated that their 

occurrence was independent of flooding duration (Copini et al., 2016).  
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Developing quantitative earlywood vessel chronologies led to significant 

reconstruction of high spring river discharge compared to the sole use of ring-width 

chronologies (Nolin et al., 2021a). Indeed, ring width of riparian trees showed little, 

and often contrasting, association with flooding (Kames et al., 2016; Tardif et al., 

2021b). For example, in Lake Duparquet, the radial growth of black ash (Fraxinus 

nigra Marsh.) in lowland floodplains (Tardif and Bergeron 1993, Tardif and Bergeron, 

1997a; Kames et al. 2016; Nolin et al., 2021a, Tardif et al., 2021b) and tamarack (Larix 

laricina K. Koch) in alluvial bogs (Girardin et al. 2001) showed a negative impact of 

spring flooding, while radial growth of eastern white-cedar (Thuja occidentalis L.) in 

upper floodplains showed a positive impact of spring flooding (Denneler et al., 2010). 

Few consistent responses have been found between tree-ring width and discharge in 

riparian bur oak (Quercus macrocarpa Michx.) along the Red River (Manitoba, Canada; 

St. George and Nielsen, 2003), but tree-ring widths of riparian European ash (Fraxinus 

excelsior L.), sampled along the Warta River in Poland, demonstrated a positive and 

significant correlation with previous fall (Sep. to Jan.) and current July and September 

maximum river discharge (Koprowski et al., 2018). The presence and/or absence of 

flood rings in tree rings of ring-porous trees depends however on their exposure to 

spring flooding. Depending on the hydrological context, flood rings varied in relative 

frequency and intensity (Nolin et al., 2021b; Tardif et al., 2021b). For instance, Tardif 

et al. (2021a) and Tardif et al. (2021b) demonstrated that flood rings were formed 

mainly in F. nigra trees located in lower floodplain but not in trees exposed to the same 

hydrological regime but growing at higher elevation.  

Fewer trees recorded flood rings in floodplains of regulated rivers compared to those 

of natural rivers, and flood rings in regulated rivers were also less distinct (intense) 

than those in natural rivers (Nolin et al., 2021b). Compared to the hydrological records 

from natural rivers, the natural discharge variability is masked by dam regulation and 

management manoeuvres in regulated river hydrological records (Déry et al., 2016) 
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with a particular reduction in maximum daily and annual peak discharge downstream 

of dams (Williams and Wolman, 1984; Magilligan and Nislow, 2005; Graf, 2006). 

After water-level regulation, floodplain trees would be inundated less frequently due 

to flood attenuation by the dam. The tree rings would therefore be less likely to record 

all the same years of flooding as in nearby natural rivers. The impact of dam regulation 

on riparian forests could thus alter their ability to provide proxy (natural) hydrological 

data when trees have coped to altered hydrological regimes.  

River regulation and dam management alter water availability for both upstream and 

downstream riparian forests in space and time, and are further influenced by an 

interplay of factors such as species’ plasticity, soil moisture, microtopography, etc. 

(Nilsson and Berggren, 2000; Magilligan and Nislow, 2005; Stella and Bendix, 2019). 

Downstream of a dam the water table may be lowered, and the flood peaks attenuated 

with the frequency and magnitude of flooding reduced, suppressed, or shifted in time 

depending on reservoir management (Nilsson and Berggren, 2000; Ashmore and 

Church, 2001; Magilligan and Nislow, 2005; Graf, 2006). The composition of 

floodplain forests downstream of a dam often shifts to more drought tolerant species 

than in the pre-dam period with a loss of old growth trees (DeWine and Cooper, 2007; 

Stallins et al., 2010; Schook et al., 2016b). The response time of riparian forests varies 

widely across hydrological contexts. For example, Smith et al. (2013) found that the 

regulation of the Apalachicola River, initiated 40 years ago in the 1970s, reduced flood 

disturbance which positively affected tree age, and negatively affected radial growth 

and recruitment. 

Hydrological effects upstream of dams have been less commonly studied (Petts, 1980; 

Evans et al., 2007; Baena-Escudero et al., 2021). In the short term, water regulation 

raises the water level for riparian forests upstream of a dam in the portion of the river 

under the influence of the dam (reservoir) resulting in forest mortality or composition 
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change (Nilsson and Berggren, 2000), or in the loss of trees/species presenting flood 

rings. In the longer term, a dam can also cause progressive siltation reducing the river 

cross-section upstream of the dam. For example, Baena-Escudero et al. (2021) 

demonstrated that the siltation induced by dams on the Guadalquivir River in Spain, 

laden with silty sand sediments, resulted in a reduction in the river's discharge capacity 

during floods less than one-hundred years after the dams were built. As a result, higher 

water levels were reached after siltation, for an equivalent discharge before siltation, 

increasing the frequency and duration of flooding of the floodplains along the reservoir 

(Baena-Escudero et al., 2021). Slater and Villarini (2016) also noted that trends in flood 

frequencies among American rivers were different for some river basins that had 

undergone regulation or reduction in the capacity of the main river channel 

(urbanization). However, the length of the dam reservoir varies depending on the 

characteristics of the river and of the dam (Nilsson and Berggren, 2000). Further 

upstream of the reservoir, riparian forests and flood dynamics are not affected and 

retain their natural attributes. 

The impact of river regulation on radial tree growth has been little studied, but 

dendrochronological studies suggest that river damming generally has an adverse effect 

on the radial growth of riparian trees. Downstream of dams, regulation increases the 

sensitivity of riparian tree growth to drought and to low water levels (Reily and Johnson, 

1982; Salzer et al., 1996; Coble and Kolb, 2012). As a result, tree growth is more highly 

correlated to discharge during the pre-dam period and to drought (low discharge) and 

precipitation during the post-dam period (Reily and Johnson, 1982; Stromberg and 

Patten, 1990; Salzer et al., 1996; Coble and Kolb, 2012; Netsvetov et al., 2019). The 

damming also tends to reduce the ring-width variability in the post-dam period (Salzer 

et al., 1996). Reily and Johnson (1982) compared regulation effects on radial tree 

growth of several riparian species along elevation gradients in the Missouri River and 



 

 

116 

demonstrated that tree growth downstream of an altered hydrological regime responds 

in variable ways depending on, among others, tree species and elevation to water levels.  

The aim of this study was to determine how discharge regulation by dams affects both 

ring width and the production of flood rings along various regulated hydrological 

contexts. More precisely, we asked how is radial growth and flood-ring production of 

riparian F. nigra trees impacted by the construction of hydrological dams, and if the 

trees’ ability to record high magnitude flood rings differ according to distance to the 

shoreline and among different sites located upstream and downstream of the dam. It 

was hypothesized i) that flood rings would present no differences between sites prior 

to dam construction whereas ii) after dam construction, flood rings would be recorded 

more abundantly and be of higher intensity upstream. It was also hypothesized that 

dam construction would reduce ring width and its variability, as well as alter the 

correlation structure with discharge and precipitation. In addition to enhancing our 

understanding of the impact of dam regulation on the ability of riparian F. nigra trees 

to record hydrological events, this study addresses sampling strategies that maximize 

the success of generating flood records of riparian trees in a context of hydrological 

regulation. 

3.4 Material and methods 

3.4.1 Study area 

The study area is located on the Driftwood River, meandering in the clayey and 

peatland plains of northeastern Ontario at the southern fringe of the boreal forest (Fig. 

3.1). The source of Driftwood River is located near Lipsett Lake (48°19’49” N; 

80°42’46” W). After flowing north to reach Moose Lake, the river ends in the Abitibi 

River (Fig. 3.1). Because the head of the Driftwood River basin is not easily accessible, 
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the sampling started on the shores of Moose Lake (11 km2) to the confluence with the 

Abitibi River (Fig. 3.1). The Driftwood River was flowing naturally until the 

construction of a log dam in 1917‒1918 at Monteith (OMNRF, 2019; Fig. 3.1, Fig. 3.2). 

The height of the log dam is not known but the structure was built with two spillways 

to store the water in a reservoir and to supply electricity (60-cycle power) to a 

Demonstration Farm for the Ontario Government. In 1941, the generator was 

downsized to a 25-cycle electric power to light a prisoners-of-war camp. The reservoir 

and spillways were maintained but apparently abandoned. In 1952 to April 1953, the 

old log-dam was replaced at the same location by a 5.9-meter-high and 52-meter-long 

concrete gravity structure to supply water for an industrial farm (The old and the new 

on Driftwood River, 1953). It is possible that the dam was built on an existing rapid or 

on a natural constriction of the riverbed as is the case for other rivers in the region. 

Monteith dam is owned and operated by the Ontario Ministry of Natural Resources to 

control the Driftwood River as far upstream as Moose Lake. Most of the year the dam 

is maintained at a fixed operating level of 260.36m (Fig. 3.3; OMNR, 2004). The dam 

is operated solely at spring for flood mitigation with manually operated stop-logs to 

maintain Moose Lake level at, or below, 260.66m (Fig. 3.3; OMNR, 2004). 

Upstream of the Monteith dam a gauge station (04MB002; WSC, 2021; Fig. 3.1 and 

Fig. 3.3) has been in service since 2006 to record water levels about 10 meters upstream 

of the dam. While of short duration, the daily hydrographs indicate that the Driftwood 

River follows a boreal regime with a peak response to ice and snowmelt in spring 

lasting for several weeks. Relatively high-water levels are maintained through the 

summer, probably because of the dam, and with a late recession in winter a few months 

before the freshet (Fig. 3.3). There is no record of the Driftwood River hydrological 

regime prior to the dam, making it impossible to assess the exact impact of the dam on 

flood magnitude or mean water levels upstream and/or downstream. The nearest 

unregulated hydrological record is for the Porcupine River (04MD004), located about 
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50 km to the west with data from 2007‒2019. The drainage areas of the gauge stations 

on the Driftwood and Porcupine Rivers are similar (537 km2 compared to 408 km2) 

allowing a direct comparison. The nearest, longest unregulated records are for the 

Harricana River (04NA001 & 04NA002), located about 200 km to the East, with data 

from 1915‒2021, over a larger drainage area (3 680 km2). 

 

Table 3.1 Location of sampling sites. Data are ordered by increasing distance to the 
dam from top to bottom. Period is the length of flood-ring records. 
Site No. Trees Position to dam Latitude / Longitude Period 

RPR 1 8 1 km downstream 48°38'53"N ; 80°40'42"W 1930‒2017 

DFR 1 6 10 km upstream 48°34'31"N ; 80°40'05"W 1917‒2017 

DFR 2 10 25 km upstream 48°31'03"N ; 80°42'15"W 1879‒2017 

MOL 1 8 27 km upstream 48°31'15"N ; 80°43'13"W 1898‒2017 

MOL 2 11 31 km upstream 48°30'44"N ; 80°44'39"W 1852‒2017 
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Figure 3.1 Map of the study area. Geographic location of the Driftwood River at the 
border between Ontario and Québec in Canada (upper right inset) and within the Abitibi 
River basin (lower right inset). Locations of the Fraxinus nigra sampling sites along 
the Driftwood River are coded as follows: MOL - Moose Lake; DFR - Driftwood River; 
RPR - Rapid River. 
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Figure 3.2 The old and the new on Driftwood River at Monteith. First log dam (a, b) 
and second concrete dam (c) in the years of their construction as compared to today 
structure (d). Historical photos b) and c) by Mrs. C. Clifford were published in an 
unknown local newspaper on May 6, 1953. All historical photos retrieved from the 
digitalized archives of the Monteith Women Institute Tweedsmuir Community History, 
a courtesy of the Federated Women’s Institutes of Ontario (FWIO; 
https://collections.fwio.on.ca). Photo in August 2021 by AFN. 
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Figure 3.3 Comparison of the daily water level of the Driftwood River downstream of 
the Monteith dam (2006‒2020) with the daily water levels of the unregulated Porcupine 
River at Hoyle (~50km west; 2007‒2019) and the daily discharge of the unregulated 
Harricana River at Amos (~200km east; 2006‒2020). Daily data for the year 2007 are 
incomplete at the Porcupine River gauge station. Data were extracted from the 
historical hydrological station data of the Water Survey Canada. The years of maximum 
discharge or water level found during the 2006‒2020 period and in the three rivers are 
highlighted in color. The light blue line represents the year 2019 (maximum discharge 
in the Harricana River), the dark blue line represents the year 2013 (maximum water 
level found in the Porcupine River), and the orange line represents the year 2007 
(maximum level found in the Driftwood River). Dashed line in the upper panel depict 
the operating level (260.36m) of the Monteith dam. 
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3.4.2 Tree-ring data 

Tree-ring were collected in the summer 2017 to investigate the spatial coherency of 

spring floods in eastern boreal Canada (Nolin et al. 2021b). A total of 43 living F. nigra 

trees were sampled in 5 sites representing different hydrological contexts with site RPR 

1 located 1 km downstream of Monteith dam; site DFR 1, located 10 km upstream of 

the dam; site DFR 2 located 25 km upstream on the tip of a meander and 1km 

downstream of the estuary of Moose Lake; site MOL 1 located 27 km upstream at the 

estuary of Moose Lake; and site MOL 2 located 31 km upstream on the opposite shore 

of Moose Lake estuary (Fig. 3.1; Table 3.1). Fraxinus nigra trees growing on the 

shoreline of the Driftwood River are situated close to their northern distribution limit. 

The species grows on fine waterlogged clay soils and occurs in pure or mixed stands 

in association with eastern white-cedar and balsam poplar (Populus balsamifera L.; 

Tardif et al., 1992; Tardif and Bergeron, 1999; Denneler et al., 2008b). The species is 

tolerant to water level fluctuations (Sims et al. 1990) and was sampled in the lower 

floodplains where sensitive fern (Onoclea sensibilis L.) is indicative of long-lasting 

floods (Tardif and Bergeron, 1992). Dominant trees were selected, and two cores were 

collected on trees with the largest diameter with the aim to produce long chronologies. 

Coring was done with a 5mm increment borer on two opposite directions to reach the 

tree center and as close to the tree base as possible. Diameter at breast height was 

recorded as well as the distance of each tree to the shoreline. Each core sample was 

prepared according to standard dendrochronological procedures (Phipps, 1985) and 

sanded with a progressively finer grit. Prior to crossdating, each sample was inspected 

for the presence of flood rings by two observers, each processing half of the samples. 

In F. nigra, flood rings are characterized by a noticeable increase in earlywood vessels 

number which is accompanied by a noticeable decrease of earlywood vessels area 

(Tardif et al., 2010; Kames et al., 2016; Nolin et al., 2020ab; Tardif et al., 2021a). A 

dual numerical code was used to record the level of distinctiveness of flood rings with 
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a F1 code indicating a weakly-defined flood ring and a F2 code indicating a well-

defined flood ring (Nolin et al., 2021b, Tardif et al., 2021a). Crossdating was then 

performed using the previously defined regional F. nigra pointers years (Tardif and 

Bergeron, 1997a; Kames et al. 2016; Nolin et al., 2021b). The age of each tree was 

determined from the oldest core sample and was either the age of the pith or the age of 

the last visible tree ring when the pith was not present on the core. Ring widths were 

measured with CooRecorder (v9.0.1; Larsson, 2003a) on 2400dpi scanned images and 

were validated with CDendro (v9.0.1; Larsson, 2003b) and COFECHA (Holmes, 1983). 

3.4.3 Statistical analysis and independent data 

Both, flood-ring relative frequencies and ring-width chronologies, were generated. 

Flood-ring series were produced from visual identification of flood rings and of their 

intensity (F1 and F2) by two expert observers. Tardif et al., (2021a) demonstrated that 

both flood rings and their intensity could be identified with high consistency by novice 

and expert observers and that visual identification of flood rings could provide accurate 

and reproducible semi-quantitative data. Flood-ring series were pooled by tree, keeping 

the code with the maximum intensity for each year (0 < F1 < F2; Nolin et al., 2021b). 

Flood-ring categories have been shown to respond to the same hydroclimatic variables 

and to be complementary with F1 observed in most years, F2 observed in known high 

flood years, and both F1 and F2 being almost absent from unflooded control sites 

(Nolin et al., 2021b; Tardif et al., 2021a). The relative frequencies of F1 and F2 by sites 

were then calculated by dividing their respective sum by the number of trees per year. 

Both F1 and F2 relative frequencies were also summed (F12). Ring-width 

measurement series were averaged by tree (n = 2 cores) and the old non-overlapping 

portion was kept (n = 1 core) to maximize temporal coverage. Ring-width series were 

standardized by dividing each tree series by its mean to conserve the integrity of the 

low-frequency variations (Cook and Kairiukstis, 1990). Standardized ring-width series 

and F1, F2, F12 relative frequencies were then averaged by sites. To assess a possible 
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effect of distance from the shoreline, each of those series were grouped into two 

distance classes representing shoreline trees [0‒10m] and floodplain trees ]10‒100m]. 

 Nonparametric change-point analysis was performed on mean site ring-width 

chronologies using the "ecp" package (v3.1.3; James and Matteson, 2014). A univariate 

change point analysis was performed for each site, and a multivariate analysis was 

performed using all mean site chronologies at once. Multivariate analysis of change 

points was performed by successive common periods, removing the youngest 

chronology each time until there were only two chronologies left. Change points were 

estimated by iterative hierarchical segmentation of chronologies and tested for 

significance using 1,000 Monte Carlo permutation tests (Matteson, and James, 2014). 

Flood-ring relative frequencies and ring-width chronologies were finally compared to 

four independent instrumental and proxy series. First, daily discharge data from the 

unregulated Harricana River (1915‒2021; WSC, 2021) were used (Fig. 3.1). Second, 

both a reconstruction of the spring (April 15-June 30) discharge and a chronology of 

flood-ring relative frequency for the Harricana River were available for the period 

1771‒2016 (Nolin et al., 2021ab). The reconstructed Harricana River discharge data 

are highly correlated with the instrumental data (r = 0.819, p < 0.001, 1915‒2016) and 

can be used as a proxy for the period before 1915 (Nolin et al., 2021a). At last, 

precipitation data were also retrieved from gridded CRU TS4.04 (Harris et al., 2020) 

using the KNMI Climate Explorer (https://climexp. knmi.nl; Trouet and Van 

Oldenborgh, 2013). Spring (March-April-May) precipitation data were averaged over 

the 0.5° x 0.5° grid cells corresponding to the spatial extent of the sampling sites (48°N; 

‒80°E to 48.5°N; ‒80.5°E; Fig. 3.1) and covering 1901 to 2019.  

The flood-ring relative frequencies (F1, F2, F12) were compared among sites using 

bootstrapped Spearman correlation coefficients (Legendre and Legendre, 2012). Each 
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correlation was calculated on 10,000 random samplings of the chronologies to 

approximate the sampling distribution of the Spearman correlation coefficient and to 

return its mean (Efron, 1979), using the ‘boot’ package (Canty and Ripley, 2021). Ring-

width chronologies were compared among sites and with the aforementioned 

hydroclimatic data using 40-year moving windows of bootstrapped Pearson correlation 

coefficients lagged backward by 5 years (Legendre and Legendre, 2012) using the 

‘treeclim’ package (Zang and Biondi, 2015). All statistical analyses were conducted in 

the R statistical Environment (R Core Team, 2021). 

3.5 Results and discussion 

3.5.1 Impact of regulation on stand structure 

The comparison of daily hydrographs of regulated and unregulated rivers illustrates the 

reduction of spring flood peaks and the maintenance of high-water levels throughout 

the year in the Driftwood River compared to a natural regime (Fig. 3.3). Comparing 

the years of the highest water levels and discharge in the Driftwood, Porcupine, and 

Harricana Rivers also shows that years of high-water levels in the regulated Driftwood 

River do not necessarily correspond to years of high-water levels or high discharge in 

the two other natural rivers (2007 orange line in Fig. 3.3). In the natural Porcupine, and 

Harricana Rivers, the years 2013 and 2019 are known major flood years and show 

comparable high-water level and discharge (blue lines in Fig. 3.3). 

The ages of the trees sampled on the Driftwood River ranged from 32 to 166 years with 

differences observed from upstream to downstream (Table 3.2). The oldest and largest 

F. nigra trees were located at the greatest distance upstream of Monteith dam (MOL 2) 

while the youngest and smallest trees were found at the site right downstream of the 

dam (RPR 1) and at the closest site upstream of the dam (DFR 1; Table 3.2; Fig. 3.4). 

Site DFR 2 presented the most dispersed age class compared to others with tree age 
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ranging from 38 to 138 years (Table 3.2; Fig. 3.4). The difference in age between 

upstream and downstream sites was consistent although the maximum age of a few 

trees was underestimated because of rotten parts (14 of 43 trees) and could therefore 

be assumed to be older. The maximum ages of the trees suggest that sites DFR1, DFR2, 

MOL1, and MOL2 were present prior to the construction of the log-dam in 1917‒1918 

and that RPR1 was established prior to the construction of the second dam in 1952‒

1953 (Table 3.2; Fig. 3.4). On the shores of Moose Lake (MOL 1, MOL 2) F. nigra 

trees formed dense and thick fringe forests from the shoreline to a maximum of 100m 

in the floodplain.  

Further downstream on the Driftwood River (DFR 2, DFR 1, RPR 1) F. nigra trees 

were organized in narrow linear stands along the river and extended to a maximum of 

30m in the floodplain. The old age and extent of the stands suggests that F. nigra trees 

at Moose Lake have survived the dam constructions. In the nearby Lake Abitibi, the 

first damming of the lake in 1915 raised the water level of ca. 1.2 m and caused the 

mortality of the riparian fringe forest (Denneler et al., 2008b). Investigating the spatial 

coherency of flood rings, Nolin et al. (2021b) found significatively shorter flood-ring 

records in regulated rivers compared to natural rivers which suggested that regulation 

may have permanently eliminated old-growth floodplain forests. Several studies also 

reported a negative effect of peak flow regulation recruitment and establishment of 

riparian trees downstream of a dam (DeWine and Cooper, 2007; Smith et al., 2013; 

Schook et al., 2016b). In this study, no additional stands of F. nigra were found 

downstream of RPR 1. 

Beside an effect of regulation, other factors could also explain the age difference 

between sites (oldest upstream, youngest downstream) such as land use changes, timber 

harvest, or natural dynamic of seeds propagation. However, no evidence of land use 

changes and lowland forest harvesting were found in the archives consulted 
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(Geography of Monteith, n.d.; The old and the new on Driftwood River, 1953). Seeds 

of Fraxinus trees (samaras) are morphologically adapted to be dispersed by wind, and 

dispersal by water current in periodically flooded riverine lowlands has also been 

reported (Merritt and Wohl, 2002; Schmiedel and Tackenberg, 2013). 

Fraxinus nigra sexual regeneration at Lake Duparquet was also positively influenced 

by high water levels during spring and early summer, while the species also regenerates 

by vegetative reproduction (Tardif et al., 1994). In the Saône River in France, flooding 

favored Populus regeneration by eliminating seedlings of other flood-intolerant species 

(Astrade and Bégin, 1997). It can thus be hypothesized that river regulation may result 

in a regeneration deficit of riparian F. nigra downstream of the dam and upstream at 

the reservoir. Since only old trees were sampled in this study, the data do not provide 

evidence of an effect of Monteith dams on F. nigra recruitment in the Driftwood River 

floodplains. A future research avenue should thus investigate age classes and seedling 

perennity among floodplain forests and between hydrological contexts. 

 

Table 3.2 Characteristics of Fraxinus nigra stands. Mean values and standard deviation 
by site indicating (1) stem diameters at breast height, (2) maximum tree age, and (3) 
their position in the floodplain relative to the shoreline. Data are ordered by increasing 
distance to the dam from top to bottom. 

Site Diameter Age Distance to shore 

RPR 1 27.5 ±6.3 68.9 ±15.3 13.4 ±11.8 

DFR 1  26.7 ±5.8 89.3 ±10.2 6.8 ±6.4 

DFR 2 35.4 ±10.9 85.0 ±31.2 35.9 ±18.0 

MOL 1 33.9 ±7.1 98.4 ±14.9 8.8 ±5.5 

MOL 2 48.5 ±9.9 122.1 ±31.3 29.5 ±25.6 
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◄ Figure 3.4  Flood-ring chronologies for each of the five sites and organized by 
distance classes to the shoreline (0‒10m and 10‒100m) and for the naturally flowing 
Harricana River. Trees close to the shoreline (0‒10m) are shown with positive bars and 
trees from the floodplain (10‒100m) with negative bars. Grey and black histograms are 
respectively F1 and F2 flood-ring relative frequencies, and the black solid line in the 
background indicates temporal replication among the trees sampled per year. Vertical 
red dashed lines indicate dates of construction of the first and second Monteith dam. 
Blue vertical bars indicate the years with the highest reconstructed spring discharge for 
the Harricana River (threshold value = 151.3 m3/s; Nolin et al., 2021ab). 
 

3.5.2 Flood-ring relative frequencies (pre-dam period) 

The flood-ring chronologies covered 1852‒2017 with a common overlap period 

between 1930 to 2017 (Table 3.1). Little flood-ring data were available prior to the 

construction of the first log-dam (1917‒1918; Fig. 3.4). The most consistent flood-ring 

record for the pre-dam period were found at the most ancient and upstream site MOL 

2 (Fig. 3.4). The high spring discharge years evidenced in the F12 relative frequencies 

from the Harricana River were identified by the years 1880, 1888, 1890, and 1917 

recorded by 33 to 100% of the trees growing on the shoreline and in the floodplain of 

Moose Lake with mainly F2 flood rings (Fig. 3.4). F12 relative frequencies from MOL 

2, MOL 1 and DFR 2 also correlated positively (r = 0.25 to 0.50) and significantly (p 

< 0.05) with the reconstructed Harricana River spring discharge (Table 3.3). Few years 

exhibited high F1 and F2 relative frequencies while not being equaled in the Harricana 

River records and supported the regional contrasts evidenced in years 1896 and 1907 

by Nolin et al. (2021ab). Those two years were similarly characterized by high spring 

discharge and mid to high frequency of flood rings at Lake Duparquet (20% and 81%, 

respectively) and in the Little Abitibi River (38% and 76%, respectively; Nolin et al., 

2021ab). Other years with high F12 relative frequencies for this period in the Driftwood 

River (DFR1, DFR2) demonstrated a good agreement with MOL 2 and with the 

reconstructed Harricana River spring discharge (Fig. 3.4, Table 3.3). Of importance is 

that the relative frequencies of F1 and F2 were higher in trees growing on the shoreline 



 

 

130 

than in the floodplain, where more abundant F1 with lower relative frequencies were 

found (Fig. 3.4). Not all years with F2 values in shoreline trees were matched by 

comparable F2 values in floodplain trees, as is the case for the Harricana River flood 

ring record (Fig. 3.4). Tardif et al. (2021ab) showed that flood rings gradually 

disappeared from low to high elevation floodplains to non-flooded upland stands and 

that microtopography led to differences in trees’ exposure to flood. This result suggest 

that natural historical floods may have flooded for short distances to the shoreline 

which would further increase the sensitivity of the F. nigra forests to a change in flood 

regime or water levels by dams. Overall, the results from the pre-dam period compared 

well with the findings from other regulated rivers in the area which showed a high 

spatial coherency with most flood rings recorded in natural rivers prior to the period of 

dam implementations in the region (1920‒1930s; Nolin et al., 2021b). 

 

3.5.3 Flood-ring relative frequencies (post-dam period) 

In contrast to the flood-rings chronology from the unregulated Harricana River, those 

from the Driftwood River tracked the hydrological changes that occurred after the 

implementation (1917) and the replacement (1953) of Monteith dam. The most striking 

features were the decrease flood-ring relative frequencies and the decrease in the 

number of F2 in the post-dam period (Fig. 3.4). This response was also seen in the 

decrease in the number of sites with a significant correlation of F12 relative frequencies 

with the mean Harricana River instrumental spring discharge (Table 3.3). 
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During the period between the first and the second dam (1918‒1952), high F12 relative 

frequencies with high values of F2 were still recorded during the known high spring 

discharge years of 1922, 1928, and 1947 at upstream sites MOL 2, MOL 1 and DFR 2 

(Fig. 3.4). The F12 relative frequencies from those sites still correlated positively and 

significantly with the instrumental Harricana River mean spring discharge. However, 

the correlations from shoreline trees at MOL 1 presented a non-significant (p < 0.05) 

correlation while in a range of the correlation strength found in the other periods  

(Table 3.3). Few high values of F12 relative frequencies were observed in floodplain 

trees growing on the MOL 2 site compared to the pre-dam period. Abundant F1 flood 

rings of low relative frequency (< 20%) were also observed in floodplain trees at the 

MOL 2 site during 1917‒1952 period, but not in shoreline trees, which contrasts with 

the other flood-ring records from the other four sites (Fig. 3.4). Like the pre-dam period, 

higher F12 relative frequencies, and mostly F2 flood rings were found for trees close 

to the shoreline compared to floodplain trees (Fig. 3.4).   

After the replacement of the dam in 1953, values of F12 relative frequencies decreased 

at all sites compared to the previous two periods, with mainly F1 being recorded. The 

lowest F12 relative frequencies were found near the dam (RPR 1 and DFR 1) and the 

highest values found upstream and at a far distance from the dam (MOL 2, MOL 1, 

DFR 2). Site RPR 1 showed almost no flood rings (37.5% at maximum in 3 out of 8 

trees) although the age of the stand does not allow comparison with a pre-dam period. 

Experimentally induced flood rings however have shown to form in 4-year-old 

pedunculate oak (Quercus robur L.) trees suggesting that young riparian forests should 

be able to record flood history (Copini et al., 2016). The absence of flood rings at RPR 

1 might thus reflect the river regulation.  

At the other sites, flood rings were primarily F1, with high F2 relative frequencies 

found in both known regional flood years and in random years. High spring discharge 
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years 1960, 1967, 1979, 1989, 2013 and 2014 were evidenced in the Harricana River 

record (Fig. 3.4). The 1960 flood was reconstructed as the highest discharge of the last 

250 years in the Harricana River (Nolin et al., 2021a) and showed very high F12 

relative frequencies (approaching 100%) in multiple natural regional rivers (Nolin et 

al., 2021b). In the Driftwood River, high flood-ring relative frequencies of F1 and F2 

types were still found in 1960 after the dam was replaced (Fig. 3.4). Other years with 

high F12 relative frequencies such as 1965 or 2007 may result from the dam 

management in the Driftwood River, or from regional contrasts in spring flooding  

(Fig. 3.4). For instance, year 1965 was characterized by high ice-scar frequency in Lake 

Duparquet (Tardif and Bergeron, 1997b) and by mid to high F12 flood-ring relative 

frequencies in Lake Duparquet (69%) and regional natural rivers (44%; Nolin et al., 

2021b). Year 2007 was the highest spring water level recorded in the Driftwood River 

upstream of the Monteith dam and over the period 2006‒2020, which was not the case 

in the natural Harricana River (Fig. 3.3). The mean spring discharge of the Harricana 

River for year 2007 (91.5 m3/s) was well below the discharge threshold used to define 

high spring discharge years in this river (151.3 m3/s, Nolin et al., 2021ab).  

Floodplain trees recorded very low F12 relative frequencies compared to the shoreline 

trees at all sites (Fig. 3.4). No significant correlation with instrumental mean Harricana 

River spring discharge was either found for F12 from floodplains trees at all sites 

(Table 3.3). Trees of site MOL 2 almost stopped recording flood rings after 1960 and 

it can be assumed that the decrease in the flood peak regime induced by the dam has 

ended the flooding of this site, while maintaining the old-growth forest. The F12 

records from shoreline trees at other sites upstream of the dam (MOL 1, DFR 2, DFR 

1) still correlated positively and significantly with the instrumental Harricana River 

mean spring discharge (Table 3.3). Higher F12 relative frequencies were found after 

~1980 in the shoreline trees at site DFR 2, which may indicate an intensification of 
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spring water storage by the dam over this period compared to the other sites over the 

same period, and to the period before 1980 at site DFR 2 (Fig. 3.4).  

Throughout the flood-ring records in the post dam period, no extremely high relative 

frequencies were found during known date of town settlement, or road and bridge 

construction. The small village of Driftwood city established on the east side of the 

Driftwood River was destroyed in the 1916 fire. The first buildings of the actual 

Monteith were built in 1916, after the fire, and on the opposite side of the river 

(Geography of Monteith, n.d.). No particularly high flood-ring relative frequencies 

were neither found for the years of the construction or modification of roads and 

bridges. The Ontario Highway 11 and Secondary Highway 577 (Fig. 3.1) were built in 

1920 and 1956 respectively, and were modified in 1953, 1958 and 1959 (Highway 11) 

and in 1978 (Highway 577) sometimes associated with muskeg excavations 

(http://www.thekingshighway.ca/list.htm). While the number of samples used in this 

study is a limiting factor, the overall findings agree with those from regional regulated 

rivers where trees recorded few flood rings and of low intensity (F1) after the period 

of dam constructions in the region (1920‒1930s; Nolin et al., 2021b).   

The exclusion of low F12 frequencies or partitioning of F12 frequencies between F1 

and F2 flood rings may allow to separate years of major flood from years of high-water 

stage induced by dam management or other anthropogenic alterations (e.g., bridge 

construction, muskeg excavations). This may become important in a context where it 

is not possible to compare flood-ring relative frequencies to regional hydrologic 

records (instrumental or reconstructed). The high F12 relative frequencies that are 

present in both, shoreline trees (F12 > 75%) and floodplain trees (F12 > 50%), indicate 

that the spring discharge from 1960 and 1965 flooded the shoreline and the floodplain 

trees after the Monteith dam construction. The years for which F2 were recorded in 

both, shoreline, and floodplain trees, also indicated that the years 1960, 1965 and the 
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year 2009 inundated the distant floodplain. Different flood-ring responses to those 

flood years at sites MOL 1 (high relative frequencies) and MOL 2 (low relative 

frequencies; Fig. 3.4) emphasized that sampling sites with different elevation and flood 

exposure gradient might help in disentangling major flood years from water-level 

management events. Moreover, in this study, cores were taken at varying heights due 

to varying wood quality (i.e., rot, frost scars…). It would be interesting to include 

sampling height in future analyses since flood rings has been shown to solely occur 

below water level (Copini et al., 2016) and/or to weaken along with stem height and 

with increasing distance to the ground (St. George et al., 2002). Studying the flood-

ring distribution in relation to stem height could provide a proxy for flood height and 

it would add to information that can be provided by flood-ring intensity. For instance, 

Tardif et al. (2021a), noted that flooded F. nigra trees in close proximity could record 

flood ring of different intensity (F1, F2) supporting the idea that sampling height and 

tree elevation might affect the distinctiveness of flood ring signature. The authors also 

noted that the identification error between two observers was greater for weakly-

defined flood rings (F1) than for well-defined flood rings (F2). 

3.5.4 Ring-width chronologies 

Over the 1930‒2017 common period, the mean correlation between the five site 

chronologies was generally high (r = 0.49 ± 0.24 sd) except for the site RPR1 which 

was weakly correlated with the other sites (r = 0.19 ± 0.28 sd). The highest significant 

correlation among ring-width chronologies was found between the most upstream sites 

MOL 1 and MOL 2 (r = 0.69, p < 0.001). The univariate change point analysis 

identified no change in mean and/or variance in each mean site ring-width chronologies 

that could be related to the first or second dam construction (Fig. 3.5; Table 3.S1). 

Significant change points were detected with low consistency in multivariate analysis 

in years 1909, 1914, 1917, 1941, 1945 and 1974 and 1975 (p < 0.05) over most of the 

common periods used for the multivariate change point analysis (Table 3.S1). The most 
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significant change point was the year 1974, identified in three different combinations 

of mean site chronologies (Table 3.S1). This year does not correspond to any of the 

years of village (1916), road, bridge (1920, 1953, 1956, 1958, 1959, 1978), or dam 

(1917, 1953) constructions that may have possibly affected the hydrology of the 

Driftwood River. Grouping the mean site chronologies into distance classes (shoreline 

and floodplain trees) resulted in no improvement of the results (results not shown). At 

each site, ring-width chronologies showed little association with instrumental 

Harricana River mean spring discharge or average spring precipitation for all period 

considered (before and after 1953, common period 1930‒2016). For example, 

considering the common period 1930‒2016, correlations between ring-width 

chronologies and respectively, river mean spring discharge or average spring 

precipitation were close to zero (mean r = ‒0.02 ± 0.07; mean r = ‒0.07 ± 0.07; n = 5). 

 
Investigation of the temporal stability of these associations also suggested that radial 

growth at none of the sites was significantly and consistently correlated with mean 

spring discharge or precipitation (Fig. 3.6). After the 1970s each mean site chronology 

however demonstrated a change from negative to positive correlations (p > 0.05) 

between the radial growth and mean spring discharge (Fig. 3.6). The correlation 

between radial growth and average spring precipitation was mostly negative, with a 

trend toward positive correlations since about the 1990s at three of five sites (Fig. 3.6). 

Overall, these weak evidences of a dam effect on riparian tree growth demonstrated the 

advantages of flood-rings over ring-width records in flood history studies when ring-

porous species are available. It is also possible that the change created by the Monteith 

dam was not strong enough to affect radial tree growth but still affected the earlywood 

vessels. In this case, further study on a larger number of rivers and hydrological 

contexts is needed to determine if ring widths can be used to supplement flood rings.  
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However, little to no consistent responses between total and sub-annual tree-ring width 

and spring flood discharge has neither been found in riparian Q. macrocarpa (St. 

George and Nielsen, 2002, 2003) nor in F. nigra (Tardif and Bergeron, 1993; Tardif 

and Bergeron., 1997b; Kames et al. 2016; Nolin et al., 2021a, Tardif et al., 2021b). The 

inversion of correlation sign found between ring width and discharge after damming is 

consistent with previous studies of North American rivers (Reily and Johnson, 1982; 

Stromberg and Patten, 1990; Salzer et al., 1996; Coble and Kolb, 2012; Netsvetov et 

al., 2019). Although in our study, the change in sign was the opposite, from a negative 

correlation before 1970 to a positive correlation after 1970. The weak and poorly 

significant correlations in the case of the Driftwood River also contrast with the strong 

and significant changes found in these studies. Most of these studies has however been 

conducted in arid to semi-arid environments where water (precipitation and/or 

discharge) constitutes a limiting factor to growth, which is rarely the case near boreal 

rivers. Since the first dam was built about 100 years ago, it is also possible that the 

riparian forests of the Driftwood River are surviving forests within which the trees 

whose ring widths were severely affected may have died already and thus not appear 

in the data. 

 



 

 

138 

 

Figure 3.5 Standardized tree-ring width series (pale blue line) and mean site 
chronologies (dark black lines), and comparison of mean site chronologies among the 
five sites. Vertical red dashed lines indicate dates of construction of the first and second 
Monteith dam. The red curves are 10-year spline functions and depict decadal 
variations in the mean radial tree growth at each site. 
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Figure 3.6 Bootstrapped moving Pearson correlations between individual site ring-
width chronologies a) Harricana River spring (April 15 to June 30; 1869‒2017) 
discharge, and b) the CRU TS 4.04 mean spring precipitation (MAR-APR-MAY-JUN; 
1901‒2017). The mean spring discharge of the Harricana River used in this analysis is 
constructed from the reconstructed (1869‒1914) and instrumental (1915‒2017) series. 
Pearson correlation coefficients were calculated by 40-year moving windows lagged 
backward by 5 years and range from red (positive correlation) to blue (negative 
correlation). Grey color indicates no data. Asterisks in a) and b) panels indicate p-value 
< 0.1 (*), < 0.05 (**), and < 0.01 (***). Vertical red dashed lines indicate dates of 
construction of the first and second Monteith dam. 
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3.6 Conclusion 

This study demonstrated the feasibility of extracting hydrological information from 

regulated rivers and in particular in the pre-dam period. The flood rings successfully 

recorded the spring floods in the pre-dam period as indicated by comparison with 

instrumental and reconstructed records from nearby unregulated rivers. The number of 

trees recording flood rings as well as their intensity within tree rings (F1, F2 types) 

decreased after the construction of the first dam in 1917‒18 and particularly after its 

replacement in 1952‒53. Compared to flood-ring chronologies, ring width 

chronologies in the sampled trees were weakly correlated to the instrumental and 

reconstructed discharge of the Harricana River and did not record river regulation and 

at any distance to the shore. On the contrary, trees within 10m from the shoreline 

recorded more well-defined flood rings and of higher intensity (F2) than those further 

away, thus presenting a better association with known regional flood years. Comparing 

to the downstream site to the dam, the upstream ones recorded significantly more flood 

rings in the post-dam period, reemphasizing the importance of considering the position 

of the site along the river continuum and site conditions in relation to flood exposure. 

Our results suggests that a sampling strategy taking advantage of tree sampling at a far 

distance upstream from the dam and along various hydrologic contexts may maximize 

the flood signal recorded by riparian ring-porous trees in regulated rivers. A good 

strategy might be to sample upstream of any natural or rapid restrictions in a river, as 

these restrictions back up some of the water to the riparian zone during flood events. 

Given the importance of hydropower in northern Canada and the need for hydrological 

proxies in a context of climate change, it remains critical to continue developing 

dendrohydrological research using riparian trees and to better understand the 

interaction between hydrological proxies and water level regulation. 
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3.7 Data availability statement 

Relevant data for this study are available from Nolin, A.F., Tardif, J.C., Conciatori, F., 

& Bergeron, Y. (2021) Fraxinus nigra flood ring dataset for the study of flood history 

(1850‒2017) of the Driftwood River, northwestern Ontario. Mendeley Data, v1., 

http://dx.doi.org/10.17632/6pgc25nk27.1. Data include sample replication (N) and 

flood-ring frequencies (F1, F2) derived from Fraxinus nigra trees growing in the 

floodplain of the Driftwood River in northwestern Ontario.  

DriftwoodFR.csv, as in Fig. 3.4, F1 and F2 flood-rings chronologies per sites and 

distance class with sample replication (N) to reproduce the flood-ring frequencies. 

Harricana River F1 and F2 flood ring chronologies from Nolin et al., 2021b are also 

provided.  

DriftwoodRW.csv, as in Fig. 3.5, the mean site chronologies of total ring width with 

sample replication (N).  

LAT_LON_Driftwood.kml, the coordinate data for each F. nigra stand sampled on the 

Driftwood River, including Monteith dam location, in Google Earth format (.kml).  

meatadatas.txt, a set of self-explanatory instructions and descriptions for data files.  

All other data are available upon request to the corresponding author at 

alexandreflorent.nolin@uqat.ca (institutional email), 

alexandreflorent.nolin@gmail.com (permanent email). 
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4.1 Graphical abstract 

 

Charred jack pine snags provide unique paleoclimatic data in the Canadian boreal forest. 
Spring temperature reconstructions from these trees indicate cooler than average 
springs at the end of the Little Ice Age, with multi-decadal cold and warm phases, 
before transitioning to warmer springs since ~1940. Most of the highest regional spring 
discharge are also consistent with the reconstructed variability in cool spring 
temperatures and show high spatial coherence with the historical extent of snow cover 
in central and northeastern Canada. 
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4.2 Abstract 

Few records of spring paleoclimate are available for boreal Canada, as biological 
proxies recording the beginning of the warm season are uncommon. Given the spring 
warming observed during the last decades, and its impact on snowmelt and 
hydrological processes, searching for spring climate proxies is receiving increasing 
attention. Tree-ring anatomical features and intra-annual widths were used to 
reconstruct the regional March to May mean air temperature from 1770 to 2016 in 
eastern boreal Canada. Nested principal component regressions calibrated on 116 years 
of gridded temperature data were developed from one Fraxinus nigra and ten Pinus 
banksiana sites. The reconstruction indicated three distinct phases in spring 
temperature variability since 1770. Ample phases of multi-decadal warm and cold 
springs persisted until the end of the Little Ice Age (1850‒1870 CE) and were gradually 
replaced since the 1940s by decadal to interannual variability associated with an 
increase in the frequency and magnitude of warm springs. Significant correlations with 
other paleotemperature records, gridded snow cover extent and runoff support that 
historical high flooding were associated with late, cold springs with heavy snow cover. 
Most of the high magnitude spring floods reconstructed for the nearby Harricana River 
also coincided with the lowest reconstructed spring temperature per decade. However, 
the last 40 years of observed and reconstructed mean spring temperature showed a 
reduction in the number of extreme cold springs contrasting with the last few decades 
of extreme flooding in the eastern Canadian boreal region. This result indicates that 
warmer late spring mean temperatures on average may contribute, among other factors, 
to advance the spring break-up and to likely shift the contribution of snow to rain in 
spring flooding processes.  

Keywords: Climate change, dendroclimatic reconstruction, spring temperature, 
generalized additive mixed models (GAMM), Fraxinus nigra, Pinus banksiana. 
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4.3 Résumé [Ajout à l’article original] 

Peu de données paléoclimatiques printanières sont disponibles dans l'est du Canada 
boréal car les indicateurs biologiques enregistrant le début de la saison de végétation 
sont rares. Étant donné le réchauffement printanier observé au cours des dernières 
décennies, et son effet sur la fonte des neiges et les processus hydrologiques, la 
recherche d’indicateurs paléoclimatiques printaniers est d’importance. Les 
caractéristiques anatomiques des cernes et les largeurs intra-annuelles ont été utilisées 
pour reconstruire la température moyenne régionale de l'air de mars à mai et de 1770 à 
2016. Des régressions en composantes principales imbriquées, calibrées sur 116 ans de 
données de température, ont été élaborées à partir d'un site de Fraxinus nigra et de dix 
sites de Pinus banksiana. La reconstitution a indiqué trois phases distinctes dans la 
variabilité des températures printanières depuis 1770. Des phases multi-décennales de 
printemps chauds et froids ont persisté jusqu'à la fin du Petit Âge Glaciaire (1850‒1870 
CE) et ont été progressivement remplacées depuis les années 1940 par une variabilité 
décennale à interannuelle associée à une augmentation de la fréquence et de la 
magnitude des printemps chauds. Les corrélations significatives trouvées avec d'autres 
données de paléotempératures, l'étendue des couverts neigeux et le ruissellement, 
soutiennent que les crues historiques majeures étaient associées à des printemps tardifs 
et froids avec un couvert neigeux important. La plupart des crues printanières 
reconstituées pour la rivière Harricana voisine ont également coïncidé avec les plus 
basses températures printanières reconstituées par décennies. Cependant, dans les 40 
dernières années des températures printanières moyennes plus chaudes contrastent avec 
les dernières décennies d'inondations extrêmes dans l'est du Canada boréal. Ce résultat 
indique que des températures moyennes plus chaudes à la fin du printemps peuvent 
contribuer, entre autres facteurs, à avancer la crue printanière et probablement à 
favoriser la contribution de la pluie au lieu de la neige dans les processus d'inondation 
printanière. 

Mots-clés : Changement climatique, reconstitution dendroclimatique, température 
printanière, model additif mixte généralisé (GAMM), Fraxinus nigra, Pinus banksiana  
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4.4 Introduction 

Boreal territories are prone to the impacts of climate warming given the importance of 

snow accumulation and snowmelt in their hydrological cycle (Buttle et al., 2016; 

Aygün et al., 2019). In northern Canada, and particularly since 1948, annual average 

temperature has increased three times faster (+2.3°C) than the Earth's global rate (Bush 

and Lemmen, 2019). The greatest observed warming occurred in winter and spring 

months resulting in a significant decrease in the length of the ice season (Bush and 

Lemmen, 2019). Spring snowmelt and ice break-up have occurred earlier since the 

beginning of the 20th century and this trend has been consistent across Canada (Zhang 

et al., 2001a; Burn and Hag Elnur, 2002; Prowse and Bonsal, 2004; Duguay et al., 2006; 

Cunderlik and Ouarda, 2009; Déry et al., 2009; Fu and Yao, 2015; Jones et al., 2015; 

Vincent et al., 2015; Aygün et al., 2019; Chen and She, 2020). Similarly, and since the 

1950s, monthly mean discharge across Canada has shown significant increases in 

March and April, and significant decreases in May (Zhang et al., 2001a). The timing 

of river and lake ice break-up has also been found to be significantly and negatively 

correlated with spring air temperature across Canada (Duguay et al., 2006; Fu and Yao, 

2015; Chen and She, 2020). As a result, snow cover extent and duration declined and 

particularly in the eastern part of the country (Brown, 2010; Mudryk et al., 2018; 

Aygün et al., 2019). Snow water equivalent (SWE) has generally declined in Canada 

since the 1950s except in northern and central Québec where it has increased (Brown, 

2010; Aygün et al., 2019). In this region, increased mid-winter thaw, winter rainfall 

instead of snow, and rain-on-snow events (Brown, 2010; Jeong et al., 2018; Vincent et 

al., 2018) may also contribute to increase the SWE by ice layering, and thus the water 

available for spring runoff from snowmelt. Increasing air temperatures increase the rate 

of evaporation and atmospheric humidity, which is particularly noticeable in winter at 

high latitudes because total precipitation (snow and rain) is normally limited by below-

freezing temperatures and low atmospheric humidity (Davis et al., 1999; Zhang et al., 
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2000). The warming of northern and eastern Canada since 1900 was then associated 

with an increase in the number of heavy rainfall events in spring and in the number of 

heavy snowfall events in autumn and winter (Zhang et al., 2001b). Warm extremes are 

also becoming warmer and more frequent, while cold extremes are becoming less cold 

and less frequent, particularly in northern Canada and since the 1950s (Vincent et al., 

2018; Wan et al., 2019).  

Trend analyses in flood frequency and magnitude in northeastern Canada consequently 

demonstrated increases during the 20th and 21st centuries (Burn and Whitfield, 2016; 

Buttle et al., 2016; Burn and Whitfield, 2017; Bush and Lemmen, 2019; Nolin et al., 

2021a). In the Lake Duparquet area (northwestern Québec) the frequency and 

magnitude of spring flooding increased since 1850‒1870 (Tardif and Bergeron, 1997; 

Nolin et al., 2021a) which correspond to the end of the Little Ice Age in northeastern 

Canada (Viau and Gajewski, 2009). Particularly since the last century (1900‒2016), 

high spring discharges therein have been positively associated to cold and early winter 

and to cold and late spring with a persistent snowpack (Nolin et al. 2021a). However, 

an increase in the rainfall-to-total-precipitation ratio during the spring-summer season 

in the Arctic (1979‒2015; Han et al., 2018) suggests that the increase in snowfall 

currently observed in northeastern Canada might be transitory. Climate change 

scenarios for northern Canada project a 2 to 17% increase in total precipitation by 2100, 

with a shift from snow to rain in the spring and fall (Bush and Lemmen, 2019). 

Future climate projections for Canada consider multiple possible regional changes in 

mean air temperature, with low emissions scenarios projecting a +2.0°C increase and 

high emissions scenarios projecting a +6.0°C increase by 2100 (Bush and Lemmen, 

2019). Climate change scenarios indicate an increase in flood risk over northern 

Canada and a decrease in flood risk over northeastern Québec (Gaur et al., 2018). Snow 

cover projections point toward a general decrease in snow accumulation in winter 
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(Mudryk et al., 2018) and toward a quicker spring snowmelt over the next hundred 

years (Minville et al., 2008). Regional climate model projections for northern Québec 

and Ontario consequently indicate that rain may contribute more to seasonal discharge 

in winter by 2050 compared to the 20th century (Guay et al., 2015; Wang et al., 2015; 

Clavet-Gaumont et al., 2017).  

The 20th century warming trend associated with anthropogenic activities (Bush and 

Lemmen, 2019) is now superimposed to the natural internal climate variability 

(Vincent et al., 2015; Wan et al., 2019). Knowledge of this natural variability remains 

dependent on instrumental and observational data, but the availability of climate and 

hydrological data is poor in northeastern Canada, with very few records predating the 

1950s (Mortsch et al., 2015; Bush and Lemmen, 2019; Nolin et al, 2021b). Analyses 

of past variability in spring flood risk and projected hydroclimatic changes remain 

limited (Mortsch et al., 2015; Buttle et al., 2016; Gaur et al., 2018; Nolin et al., 2021a). 

In addition, given that most of Canada’s electricity generation relies on hydropower 

plants located in the north (Cherry et al., 2017), understanding natural hydroclimatic 

variability and placing ongoing hydroclimatic changes in a historical context is crucial 

for flood risk management (Ashmore and Church, 2001; Boucher et al., 2011; Bush 

and Lemmen, 2019). 

Tree rings have proven to be one of the most versatile proxy for studying climate 

variations on the scale of the last centuries to millennia and various tree-ring records 

have been developed to reconstruct precipitation (Griffin et al., 2013), temperature 

(Jacoby et al., 1988; Girardin et al., 2009; Tardif et al., 2011), snowpack (Shamir et al., 

2020; Mood et al., 2020; Touchan et al., 2021), or extreme events such as droughts 

(Girardin et al., 2006; Hoffer and Tardif, 2009) and floods (Boucher et al., 2011; 

Ballesteros-Cánovas et al., 2020; Nolin et al. 2021a). Across northern North America, 

temperature reconstructions have been successfully derived from annual tree-ring 
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widths (Jacoby and D’Arrigo, 1989) and/or maximum latewood density data (Briffa et 

al., 1994; Briffa et al., 2001; Davi et al., 2003; Youngblut and Luckman, 2008; 

Anchukaitis et al., 2013; Gennaretti et al., 2014) as well as its surrogate blue intensity 

(Wilson et al., 2014) or in use with combination of stable isotopes (Barber et al., 2004; 

Gennaretti et al., 2017). Light rings were also successfully used to reconstruct summer 

temperatures in Interior North America (Girardin et al., 2009; Tardif et al., 2011). In 

the boreal region, tree-ring records are obviously biased toward the active growing 

season and most of the reconstructions (Alaska and Yukon: Davi et al., 2003; Barber et 

al., 2004; Youngblut and Luckman, 2008; Anchukaitis et al., 2013; Northern North 

America: Briffa et al., 1994; Interior North America: Girardin et al., 2009; Tardif et al., 

2011; Northern Québec: Jacoby et al., 1988; Gennaretti et al., 2014; Gennaretti et al., 

2017; Fennoscandinavia: Briffa et al., 1988) have focused on the maximum 

temperature of the warm season or summer temperature with very few attempts to 

reconstruct spring or winter temperature variability from tree rings (Guiot, 1987).  

As the largest temperature changes reported by instrumental records since the early 20th 

century in northern Canada occur during the ice season (Bush and Lemmen, 2019; 

Aygün et al., 2019), it is important to develop temperature reconstructions for winter 

and spring. Chronologies developed from intra-annual tree-ring widths may contain 

such climate signals compared to those of annual tree-rings. Total tree-ring widths 

integrate climate signals over several months during the preceding and current growing 

seasons, while earlywood (EW) and latewood (LW) width may integrate climate during 

the season of their formation (Tardif, 1996; Meko and Baisan, 2001; Therrell et al., 

2002; Stahle et al., 2009). In coniferous tree species and across the Northern 

Hemisphere, the EW tends to correlate with climate during the months prior to or 

during the beginning of the growing season (late winter to early spring) while the LW 

tends to correlate with climate during the late growing season (late spring to summer; 

Fritts, 1976; Meko and Baisan, 2001; Therrell et al., 2002; Stahle et al., 2009; Hoffer 
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and Tardif, 2009; Griffin et al., 2013). Functional dependencies between the formation 

of EW and LW tissues are also involved. The formation of EW depends on 

carbohydrates synthesized during the previous growing season and accounts for most 

of the ring width and hydraulic conductivity, while the formation of LW depends on 

photoassimilates synthesized during the current growing season (Kozlowski and 

Pallardy, 1997; Rossi et al., 2013). The inter-correlation between EW and LW can be 

assessed by removing the linear dependency of the LW width on the preceding EW 

width using simple linear regression (Meko and Baisan, 2001; Therrell et al., 2002; 

Griffin et al., 2011) or allometric equation based on the number of tracheids formed 

during the growing season (Camarero et al., 2021). Seasonal climate forcing on EW 

and LW production may, nonetheless, be site and species specific. For example, in 

boreal Sweden EW and LW growth of Scots pine (Pinus sylvestris L.) responded 

positively to spring temperature, although there was a higher correlation between EW 

width and May temperature (Miina et al. 2000). Therrell et al. (2002) showed that LW 

chronologies of Douglas fir (Pseudostuga menziesii Franco.) from northern New 

Mexico responded positively to summer precipitation while LW chronologies from 

southern New Mexico responded positively to spring precipitation. In central Canada, 

only the LW chronology responded positively to mean temperature from April to May 

in jack pine (Pinus banksiana Lamb.) while the EW and LW chronologies of black 

spruce (Picea mariana Mill.) responded negatively to early summer temperature (July 

and July-August respectively; Hoffer and Tardif, 2009).  

Dendroclimatic analyses of black ash (Fraxinus nigra Marsh.) and jack pine (Pinus 

banksiana Lamb.) trees conducted over eastern and central boreal Canada 

demonstrated consistent growth responses to spring climate (Hofgaard et al., 1999; 

Tardif and Bergeron, 1999; Tardif et al., 2001; Girardin and Tardif, 2005; Girardin et 

al., 2006; Huang et al., 2010; Genries et al., 2012; Kames et al., 2016). At Lake 

Duparquet, a warm beginning of the growing season (March - April) negatively 
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affected the number of earlywood vessels of floodplain F. nigra and positively 

influenced their mean cross-sectional area (Kames et al., 2016), while a warm early 

summer (May - June) negatively affected radial growth (Tardif et al., 2001). Warm 

and early spring (March - April) temperatures also favored the radial growth of P. 

banksiana (Hofgaard et al. 1999; Tardif et al., 2001; Girardin and Tardif, 2005; 

Girardin et al., 2006; Hoffer et al., 2009; Huang et al., 2010; Genries et al., 2012). The 

formation of light-colored latewood (so called “light ring”) in P. banksiana was 

moreover correlated to the effect of late winter snowfall and cool early springs 

delaying the onset of cambial activity at the beginning of the growing season (Girardin 

et al. 2009; Tardif et al., 2011). It can thus be hypothesized that chronologies of intra-

annual tree-ring widths of P. banksiana and of earlywood vessels of F. nigra trees may 

contain specific climatic signals related to spring temperature variability, making them 

suitable candidate tree species for spring temperature reconstruction. 

The objectives of this study were threefold: (1) to develop a network of spring-

temperature sensitive tree-ring chronologies in eastern boreal Canada from P. 

banksiana and F. nigra trees, (2) to reconstruct and assess the variability of spring 

temperatures for the last 250 years, and (3) to investigate the associations between 

variations in spring temperature and the recent trends in regional spring flooding since 

the end of the Little Ice Age. 
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4.5 Material and methods 

4.5.1 Study Area 

The study area encompasses a longitudinal gradient within the northern Clay Belt of 

Québec and Ontario near Lake Duparquet, and at the southern fringe of the boreal forest 

(Fig. 4.1). The region is defined by the glaciolacustrine flat sediment deposits 

composing its soils and resulting from the drainage of the proglacial lakes Barlow and 

Ojibway during the last deglaciation (Daubois et al., 2015). The sub-boreal climate of 

the area is characterized by a near freezing mean annual air temperature (0.7°C), a high 

summer humidity (mean annual precipitation of 890mm) and a considerable amount of 

snowfall in fall to spring (mean annual snowfall of 250mm) as indicated for the period 

1971‒2000 by climate normals from ‘La Sarre’ weather station (48°48’ N, 79°11’ W; 

Canadian Climate Normals, http://climate.weather.gc.ca/climate_normals; Fig. 4.1). 

Fire is the main natural disturbance in the study area. Post-fire forests are dominated 

by P. banksiana on nutrient-poor and sandy soils, or in associations with paper birch 

(Betula papyrifera Marsh.) and trembling aspen (Populus tremuloides Michx.) in more 

mesic conditions (Bergeron and Dansereau, 1993). After 80 to 100 years after a fire, 

forest stands transit toward an association of balsam fir (Abies balsamea (L.) Mill.), 

black spruce and white spruce (Picea glauca (Moench) Voss) (Cayford and McRae, 

1983; Bergeron, 2000). Old-growth F. nigra forests grow on the lowland floodplains 

and in association with trembling aspen and eastern white-cedar (Thuja occidentalis L.) 

(Tardif and Bergeron, 1992; Denneler et al., 1999). The oldest living F. nigra 

specimens at Lake Duparquet have been dated to 1750‒1770 (Tardif and Bergeron, 

1999). Pinus banksiana is less long-lived (< 100 year on average; Cayford and McRae, 

1983; Rudolph and Laidly 1990; Hofgaard et al. 1999), and in the absence of prolonged 

fire disturbance, the species is replaced by late successional ones (Cayford and McRae, 

1983; Desponts and Payette 1992). Pinus banksiana chronologies can, however, be 
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extended by using charred snags which are highly resistant to falling and 

decomposition compared to Picea and Abies spp. (Dansereau and Bergeron, 1993; 

Angers et al., 2010). Standing dead trees charred during one or several fires can remain 

under the canopy for several hundred years and thus reflect the growing conditions of 

one or more generations of trees prior to fire (Dansereau and Bergeron, 1993; Angers 

et al., 2010).  

 

Figure 4.1 Map of the study area. Pinus banksiana (black triangles) and Fraxinus nigra 
(green triangle) sampling sites at the border between Ontario and Québec. River basin 
extents are provided for base map, and site codes are listed in Table 4.1. 
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4.5.2 Tree-ring data 

During summer 2018, 722 samples were collected from 345 P. banksiana trees at ten 

sites (Fig. 4.1; Table 4.1) and including 45 samples (22 trees) from Dansereau and 

Bergeron (1993). Samples were prepared according to standard dendrochronological 

procedures (Cook and Kairiukstis, 1990) and crossdated using previous multi-century 

chronologies developed for P. banksiana (Bergeron and Dansereau, 1993; Hofgaard et 

al. 1999; Girardin et al., 2006). Earlywood (EW), latewood (LW), and total ring-width 

(RW) were measured using CooRecorder (v 9.6; Larsson, 2003a) and validated using 

both CDendro (v 9.6; Larsson, 2003b) and COFECHA (Holmes, 1983). Further 

dendrochronological details about the preparation of samples, pre-processing of 

chronologies to avoid biases from the influence of past fires on tree growth, as well as 

a climate-growth sensitivity analysis can be found in the Supplementary Materials. 

Additionally, F. nigra anatomical and ring-width series developed in the floodplain of 

Lake Duparquet by Nolin et al. (2021a) were included in the tree-ring dataset and 

comprised an additional 62 series from 43 trees. Fraxinus nigra series were constituted 

of 12 variables including four ring-width variables (RW, EW, LW, and EW / RW 

proportion) and eight anatomical variables derived from the analysis of earlywood 

vessels (mean lumen cross-sectional area of the total, 25% largest, and 25% smallest 

vessels; total lumen cross-sectional area; number of vessels; porosity within the 

earlywood; density of vessels; and hydraulic conductivity diameter). Further details 

about these series are given in Nolin et al. (2021a).  

4.5.3 Climate data 

Because few weather stations in our study area predate the 1950s (Girardin et al., 2011) 

climate data were extracted from the KNMI Climate Explorer (https://climexp.knmi.nl; 

Trouet and Van Oldenborgh, 2013).  



 

 

158 

Table 4.1 Tree-ring chronologies provenance. Species are Pinus banksiana (PIBA) and 
Fraxinus nigra (FRNI). Code refers to Figure 4.1. (Period is the period after truncation 
to n > 3 samples to account for post-fire regeneration gaps in each site chronologies). 

Species Site Code Lat/Lon N 
trees 

N 
series Period 

Avg 
series 
length 
(years) 

PIBA Blue Lake BLL 48°34’N; 81°44’W 19 39 1855‒2017 105 
PIBA Lake Duparquet DPL 48°28’N; 79°27’W 45 91 1776‒2017 108 
FRNI Lake Duparquet DPL 48°28’N; 79°16’W 43 62 1770‒2016 64 
PIBA Esker Lake ESL 48°20’N; 79°50’W 35 76 1833‒2017 75 
PIBA Frederick House Lake FHL 48°41’N; 81°01’W 40 80 1874‒2017 103 
PIBA Footprint Lake FOL 48°40’N;81°39’W 45 93 1746‒2017 86 
PIBA Jack Pine Lake JPL 49°10’N; 80°39’W 29 65 1809‒2017 90 
PIBA Launay LAU 48°39’N; 78°30’W 18 40 1867‒2017 125 
PIBA Magusi hills MAH 48°29’N; 79°41’W 26 58 1777‒2017 89 
PIBA Mistango Lakes MIL 49°08’N; 80°26'W 25 53 1766‒2017 113 
PIBA Peter Long Lake PLL 48°09’N; 81°24'W 63 127 1723‒2017 79 

        
 

 
Monthly mean gridded CRU TS4.04 (Harris et al., 2020) temperature data were 

extracted from 1901 to 2019 and from a coordinate polygon corresponding to the 

spatial extent of the 11 sampling sites (48°N; ‒78°E to 49°N; ‒81.5°E; Fig. 4.1). From 

the same coordinate polygon, average land spring (March to May) temperatures from 

the Gridded Berkeley Earth Surface Temperature Anomaly Field (1750‒2019; Rohde 

et al., 2013) and the 20th Century Reanalysis V3 (1836‒2015; Slivinski et al., 2019) 

were downloaded as independent verification datasets for the reconstruction diagnostic. 

The Berkeley spring temperature is based on interpolation of an enhanced set of 

weather stations data and given as anomalies relative to Jan 1951 to Dec 1980 (Rohde 

et al., 2013). For the study area, the earliest climate observation of the Berkeley data 

corresponded to the spring of 1897 (Abitibi Post), and within a 500 km radius, the 

spring of 1866 (location(s) unknown). The Hudson's Bay Company fur trading post on 

Lake Abitibi (Abitibi Post, 48°43' N; 79°22' W; Fig. 4.1) is the oldest local source of 
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monthly temperatures with data recovered from 1897 to 1935 (years 1900, 1901, 1917 

and 1922 missing; https://climatedata.ca/) and significantly correlating with Berkeley 

spring temperatures (r = 0.96, p < 0.001). Berkeley temperature for the earlier period 

(1750‒1866) are the result of interpolation of data from climate stations further away 

than 500km (locations unknown) (http://berkeleyearth.lbl.gov/locations/49.03N-

78.37W). The 20th Century Reanalysis, on the other hand, assimilates surface pressure 

observations and an ensemble of ocean-atmosphere circulation models to generate 

estimates of historical weather data (Slivinski et al., 2019). This dataset provides a 

reliable historical context of surface temperature fields from synoptic to climatic time 

scale (Slivinski et al., 2021).  

To investigate the relationship between spring (March to May) temperature and 

regional to large-scale spring discharge, both instrumental (1915‒2020; Water Survey 

of Canada, https://wateroffice.ec.gc.ca) and reconstructed Harricana River spring 

discharge (April 15 to June 30; 1771‒2016; Nolin et al., 2021a), NOAA/NCDC 

Rutgers Snow Cover (March, April, May; 1967‒2016; Estilow et al., 2015) and 

monthly GRUN global gridded runoff (March, April, May; 1902‒2014; Ghiggi et al., 

2019) were used. The reconstruction of the Harricana River spring discharge is derived 

from earlywood vessel cross-sectional area and ring width of F. nigra trees growing 

along the shores of Lake Duparquet, and periodically flooded in spring. The 

reconstruction captured 69% of the variance over a 102-year calibration period (1915‒

2016) and showed high coherency with regional flood-ring frequencies (Nolin et al., 

2021b) and various hydrological paleorecord from subarctic Québec (Nolin et al., 

2021a). Rutgers snow cover is a mapping of Northern Hemisphere snow extent, based 

on digitizing hand-drawn maps from shortwave satellite imagery (1967‒1972; 

resolution ~4km) and very high-resolution radiometer satellite imagery (after October 

1972, resolution ~1km; Estilow et al., 2015). GRUN runoff is a multi-model ensemble 

of hydrological simulations trained with observational discharge data and climate data 
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from a downscaled and corrected version of the 20th Century Atmospheric Reanalysis 

and provided at a 5° x 5° spatial scale (Ghiggi et al., 2019). The association with Lake 

Duparquet spring ice break-up water level reconstructed from maximum ice-scar 

heights (Tardif and Bergeron, 1997b) was also determined, as well as with 

observational ice break-up dates (site DPL; Mongrain et al., 2014; Mongrain, comm. 

pers. 2018). To detect and characterize linear trends in observed hydrological and 

climatic time series, non-parametric Mann-Kendall trend statistic was used (Burn and 

Hag Elnur, 2002; Monk et al., 2011; Mortsch et al., 2015). 

4.5.4 Reconstruction of temperatures 

A composite temperature reconstruction was developed from nested principal 

component regression models (Cook et al., 2003; Frank and Esper, 2005; Girardin et 

al., 2006) to maximize both spatial and temporal coverage of the predictor chronologies 

constituted of 30 P. banksiana (10 sites x 3 variables) and 12 F. nigra (1 site x 12 

variables) chronologies. This method involves splicing the total time span of the tree-

ring data into sub-periods of common intervals to maximize the number of tree-ring 

predictors in sub-periods. Principal components analysis (PCA) was performed on each 

sub-period from a correlation matrix to transform the standard chronologies into a 

reduced number of linear combinations of the original chronologies with reduced 

multicollinearity (Meko and Graybill, 1995; Hidalgo et al., 2000). Eigenvectors with 

an eigenvalue > 1 were retained as potential predictors following the Kaiser-Guttman 

rule in each model (Hidalgo et al., 2000; Frank and Esper, 2005). Since tree growth can 

be influenced by temperature from the previous year, principal components lagged 

forward by one year (𝑡 + 1) were also included in the predictors set to reconstruct 

temperature for the current year (𝑡) (Fritts, 1976; Briffa, 1988).  
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Generalized additive mixed models (GAMMs; Wood, 2017) were used for the 

calibration of transfer function models needed for the spring temperature 

reconstruction. A GAMM is like a generalized linear mixed model (GLMM), except 

that smooth terms are incorporated, which allows for a rich collection of the nonlinear 

relationships, including multiple forms of spline functions. First, a screening of PCA-

reduced standard chronologies (𝑡 and 𝑡 + 1) was done using stepwise multiple linear 

regression analysis (p‒value to enter = 0.05; p‒value to remove = 0.01). The model 

took the form:  

𝑇'.0 = 	𝛽(𝑖010.02() + 𝜀'.0                     (4.1) 

where 𝑇  is the spring temperature, 𝑖01  represents 𝑛01  principal components, 𝑡 

represents the year, and 𝜀 the residual error of each model. The preselected candidate 

predictors were then entered in a GAMM corresponding to each sub-period. Each 

GAMM model included non-linear predictors (tree-ring data) to predictand 

(temperature data) relationships. The GAMM equations took the form: 

𝑇'.0 = 	𝑓(𝑖010.02() +	𝜈' +	𝜀'.0                   (4.2) 

where 𝜈' is an error term with an AR1 (p = 1, q = 0) correlation structure. Smoothing 

function (	𝑓	) of the GAMM were cubic regression splines with a degree of smoothness 

determined using a built-in cross-validation fitting process (Wood, 2003). The 

significance of predictors was re-evaluated within the GAMM models (p < 0.10) to 

avoid variance inflation in the final regression equations. The variables for which the 

smoothing terms were not significant in this first iteration were passed in a second 

GAMM iteration, this time in a linear form:  

𝑇'.3.0 = 	𝑓(𝑖010.02() + 	𝛽5𝑗010.02(7 + 𝜈'.3 +	𝜀'.3.0                           (4.3) 
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where 𝑗01	represents 𝑛01	principal components represented using a linear function ( 𝛽 ). 

Predictors that did not satisfy the p < 0.10 requirement were removed. GAMM 

iterations were repeated until only significant predictors were included in the models. 

Fitted coefficients per periods (transfer functions) were then extracted from each 

GAMM model and applied to their respective PCs to get estimates of spring 

temperature over the period not covered by the instrumental data. Models’ assumptions 

were validated using a standard analysis of the residuals, and each model was 

individually cross-calibrated and validated using the maximum period of overlap with 

instrumental data (116 years) split in half (1901‒1958 / 1959‒2016; 58 years). Final 

models were calibrated over the entire period of available temperature data (1901‒

2016). GAMM modeling was performed using the ‘mgcv’ package v.1.8-36 (Wood, 

2021). Reconstruction efficiency and stability was assessed from the adjusted 

explained variance (AdjR2) and Fisher’s F statistic as well as from standard 

dendrochronological statistics reduction of error (RE, Briffa et al. 1988) and coefficient 

of efficiency (CE, Cook and Kairiukstis, 1990), product-mean test (PMT), sign test and 

mean absolute error (MAE, Cook et al., 1999). All statistical procedures were 

conducted in R v.4.0.3 (R Core Team, 2021). 

4.6 Results 

4.6.1 Reconstruction of spring temperatures 

Twelve transfer functions were developed from the principal components of the tree-

ring intra-annual width and anatomical chronologies and constituted 12 regression 

models covering 12 sub-periods and spanning at most 1723‒2016 and at least 1947‒

2016 (Fig. 4.2ab; Fig. 4.S1; Table 4.S1). Stepwise regressions selected the current year 

PC1 as the main predictor in each model. The first model (1954‒2016) explained 54% 

of the variance in the observed data with five predictors selected. It also performed 
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similarly in the split calibration-verification procedure (Table 4.S1). Calibration R2 and 

verification statistics of the following models decreased with the decline of the number 

of potential predictors (Fig. 4.2c, Table 4.S1). Positive RE and CE, and RE > CE 

indicated that nine of the 12 models covering the period 1770‒2016 had predictive skill 

and that they could be merged in a composite reconstruction of mean spring 

temperature (Table 4.S1). The three remaining models extending to the year 1723 were 

thus excluded from the following analyses (Adj.R2 = 0.12, 0.12, 0.09 respectively; 

Table 4.S1). The mean inter-correlation between the nine selected models also 

demonstrated a high consistency in the reconstructed regional temperature signal, with 

a mean Pearson r = 0.83 ± 0.08 std (Fig. 4.S1). Overall, the reconstruction demonstrated 

good skill to track interannual variability and to reproduce the low-frequency patterns 

found in the instrumental spring temperature data with a slightly higher accuracy to 

capture mean negative (mean departure from instrumental data for negative values, x̄ 

= ‒0.48 ± 0.89 std) than mean positive spring temperatures (mean departure from 

instrumental data for positive values, x̄ = 0.95 ± 0.77 std) over the calibration period 

(1901‒2016; Fig. 4.2; Table 4.S1). The accuracy of the reconstruction to capture 

extreme spring mean high and low temperatures, however, indicated a lower accuracy 

in capturing extreme low temperatures at the beginning of the century (1912, 1917, 

1923, 1926, 1943 and 1950) and then a lower accuracy to capture extreme high 

temperatures at the end of the century (1977, 1986, 1987 and 2010; Fig. 4.2; Fig. 4.S1). 

The average residuals for the 10 years of highest and lowest spring temperatures 

remained comparable between the two half-calibration periods but also evidenced the 

better reconstruction of lowest spring temperatures at the end of the century (1901‒

1958, average residuals for the 10 warmest springs 1.21 ± 0.85 std, and the coldest ‒

1.38 ± 0.80 std; 1959‒2016, average residuals for the 10 warmest springs 1.38 ± 0.83 

std and the coldest ‒0.51 ± 0.83 std). The reconstructed mean spring temperature was 

significantly correlated with the Berkeley mean spring temperature record during the 

entire reconstructed period (r = 0.49, p < 0.001, 1770‒2015, Fig. 4.3c) and consistently 
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across much of central-to-northeastern Canada (Fig. 4.4a; Fig. 4.5a). Comparison with 

the mean spring temperature from the 20th Century Reanalysis also indicated a 

consistent correlation with our spring temperature reconstruction (r = 0.42, p < 0.001, 

1836‒2015) and across a comparable spatial extent (Fig. 4.5). To test the temporal and 

spatial stability of the associations between the reconstructed mean spring temperature 

over Canada, the Berkeley averaged spring temperature anomalies, and the spring mean 

temperature of the 20th Century Reanalysis, 50-years Pearson correlation’ windows 

lagged backward by 25 years were used (Fig. 4.5). The results showed temporally 

consistent correlations centered on the study area, with the exception of the 1892‒1941 

interval where the spatial association decreased in the Great Lakes region in both data 

sets. The highest and most significant spatial correlations (r > 0.60; p < 0.001) with 

both datasets were found for the recent period and extending back to the beginning of 

the 19th century. The lower spatial correlation for the late 18th and early 19th centuries 

reflects the interpolation that has been done from climate stations located more than 

500km from the study area in the Berkeley record and revealing associations being 

significantly higher with northcentral USA than central Canada (Fig. 4.5). 

Three different periods can be distinguished in the reconstruction (Fig. 4.2a, Fig. 4.3a). 

A first period lasting from 1770 to ~1875 was marked by persistent multidecadal cold 

and warm phases of comparable amplitudes. This period lasted until the end of the 

Little Ice Age. From ~1875 to 1940, the amplitude in the decadal variability was 

reduced as highlighted by the 10-year smoothing spline (Fig. 4.2a, Fig. 4.3a). After 

~1940, both the mean spring air temperature reconstruction and observational data 

were marked with a warm period contrasting with the last 250 years and a higher 

frequency of extreme warm spring temperatures. This third period (1940‒2016) was 

also marked by the absence of multidecadal cold phase, and by the persistence of a 

warm phase lasting ~25 years (Fig. 4.2a, Fig. 4.3a). The cold phase that lasted from the 

end of the Little Ice Age until the 1900s and the warming enhancement post the 1950s 
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were more marked and persistent in the Berkeley record, albeit the two records 

(reconstruction and Berkeley) remained coherent at low frequency across those two 

periods (Fig. 4.3).  

Given that the mean monthly and seasonal CRU, and Berkeley temperature timeseries 

showed no AR (1) autocorrelation, Mann-Kendall linear trend investigation was 

conducted. Significant (p < 0.05) linear warming trend were indicated in the month of 

May and overall spring from 1901 to 2019 in observed CRU temperature (τMAR = 0.10, 

p = 0.110; τAPR = 0.10, p = 0.116; τMAY = 0.17, p = 0.007; and τSPRING = 0.17, p = 0.007) 

and Berkeley records (τMAR = 0.13, p = 0.044; τAPR = 0.08, p = 0.175; τMAY = 0.18, p = 

0.005; and τSPRING = 0.18, p = 0.004). The Berkeley records also showed a significant 

warming trend in March, which was not detected in the CRU dataset. As for the mean 

spring temperature reconstruction, it showed a modest linear warming trend over a 

comparable period (τ = 0.14, p = 0.022, 1901‒2016). Over the three periods (1770‒

1875, 1875‒1940, 1940‒2016) standard deviation in reconstructed mean spring 

temperature increased particularly since ~1940 in both positive (respectively, sd = 0.57, 

0.47, 0.74) and negative values (respectively, sd = 0.43, 0.57, 0.64; Fig. 4.2a, Fig. 4.3a). 

Compared to the Berkeley record, which only showed a steady increase in mean spring 

temperature, the calibration data and the reconstruction showed particularly low peaks 

of mean spring temperatures and especially after the 1930s (Fig. 4.2a and Fig. 4.3). The 

last 40 years also showed less occurrence of extreme low spring temperature in each 

record (reconstruction, calibration data, Berkeley; Fig. 4.2a and Fig. 4.3). For instance, 

over the period 1901‒2019, observed spring mean temperature values below the mean 

minus 1.5SD threshold (‒1.85°C) occurred in years 1917, 1923, 1926, 1939, 1943, 

1947, 1950 and 1956, with the coldest temperature recorded being the spring of 1926  

(‒2.87°C). In comparison, during the last 40 years (1980‒2019) the coldest recorded 

temperature was ‒1.66°C in 1996.  
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Figure 4.2 Characteristics of the composite temperature reconstruction. (a) 
Reconstruction of spring (March to May) temperature from 1770 to 2016 with two-
standard-error confidence interval (grey) and decadal variation highlighted by a 10-
year smoothing spline (black). Observed temperature data is illustrated by the dashed 
red line. A horizontal line delineates the reconstructed temperature mean at 0.41°C. (b) 
Sample depth of Fraxinus nigra (FRNI, dark grey) and Pinus banksiana (PIBA, light 
grey). (c) Adjusted multiple correlation coefficient (AdjR2) for each model periods and 
for the calibration (green), verification (blue) and full model (black) equations.  
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Figure 4.3 Comparison from 1770 to 2016 between (a) reconstructed mean spring air 
temperature and (b) Berkeley mean spring air temperature. Warm and cold phases are 
illustrated respectively by red and blue areas and supported by a 10‒yr spline 
highlighting the decadal variability. Note that the two series are presented with a 
different y-axis range. Vertical dashed lines indicate the three periods (1770‒1875, 
1875‒1940, 1940‒2016) distinguished in the reconstruction. (c) Scatterplot of the two 
time-series showing the dispersion of their respective values (blue circles). Years 
highlighted by red circles indicate the ones with the highest discharge values in the 
reconstructed spring mean discharge of the Harricana River since 1770 (discharge 
higher than 151.3 m3/s; Nolin et al., 2021a).  
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Figure 4.4 Spatial correlation maps (p < 0.1) between reconstructed spring mean air 
temperature and March to May (a) Berkeley average temperature anomalies (1770‒
2016), (b) NOAA Rutgers snow cover (1967‒2016) and (c) GRUN runoff (1902‒
2014). Correlation coefficients range from positive (red) to negative (blue). Spatial 
correlations were done using the KNMI Climate Explorer engine (https://climexp. 
knmi.nl; Trouet and Van Oldenborgh, 2013). Green square symbol indicates the study 
area. 
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Figure 4.5 Spatial correlation maps (p < 0.1) between reconstructed mean spring air 
temperature and (a) Berkeley spring average temperature anomalies, and (b) 20th 
Century Reanalysis average spring temperature. Correlations are given for 50-years 
moving windows lagged backward by 25 years and were done using the KNMI Climate 
Explorer engine (https://climexp. knmi.nl; Trouet and Van Oldenborgh, 2013). Green 
square symbol indicates the study area. 
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4.6.2 Relationship to spring flooding 

The reconstructed spring mean temperature showed high coherency with spring 

paleoflood evidence from Lake Duparquet. The reconstruction was negatively and 

significantly correlated with the Harricana River spring (April 15 to June 30) mean 

discharge in both reconstructed (r = ‒0.52; p < 0.001; 1771‒2016) and instrumental  

(r = ‒0.55; p < 0.001; 1915‒2016) dataset. Correlations with instrumental monthly 

mean and maximum discharge of the Harricana River (1915‒2016) also showed that 

the reconstructed mean spring temperature was more strongly associated to late spring 

stage (rmean MAY = ‒0.61; rmax MAY = ‒0.54; rmean JUN = ‒0.58; rmax JUN = ‒0.62; all p < 

0.001) than to early spring stage of the river (rmean MAR = 0.23; p = 0.019; rmax MAR = 

0.29; p = 0.003; rmean APR = 0.33; p = 0.001; rmax APR = 0.11; p = 0.271). Correlations 

with averaged spring discharge (March to May) further demonstrated that the 

reconstructed mean spring temperature was more strongly associated to the spring 

maximum (r = ‒0.50, p < 0.001) than to spring mean discharge (r = ‒0.22; p = 0.030). 

In the Harricana River, maximum discharge occurred on average on May 8 and ranged 

between April 14 and May 29 (1915‒2020). The mean spring temperature 

reconstruction was also negatively and significantly correlated with observed ice 

break-up date (r = ‒0.54; p < 0.001; 1968‒2016) and spring lake water levels 

reconstructed from a maximum ice-scar height chronology (r = ‒0.25; p < 0.001; 1770‒

1990) for Lake Duparquet. The ice break-up at Lake Duparquet over the period 1968‒

2016 occurred on average on May 9 and ranged between April 20 and May 24. No 

significant linear trend toward earlier ice break-up was found in annual ice break-up 

dates for Lake Duparquet (Mann Kendall τ	= ‒0.14, p = 0.162; 1968‒2018).  

In the spring temperature reconstruction, most years with the lowest mean spring 

temperature calculated per decade (1771‒1779, 1780‒1789, …, 2000‒2009, 2010‒

2016; Table 4.2) corresponded to the most severe spring flood years reconstructed for 
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the last 250 years (1771‒2016). A total of 14 years of minimum spring temperature 

(1797, 1861, 1876, 1880, 1888, 1890, 1917, 1922, 1947, 1960, 1967, 1989, 2013, 2014, 

and 2019 also but outside of the calibration period) matched 14 of the 18 years of 

highest spring discharge reconstructed since 1771 (the 1819, 1885, 1928 and 1979 

floods did not matched; Table 4.2). Similar results were obtained using the instrumental 

Harricana River spring discharge over the 1920‒2016 period (1922, 1947, 1960, 1967, 

1989, 2013, 2019 also but outside the calibration period), at the exception of year 2014 

(127.21 m3/s; Table 4.2). While most of the minimum mean temperatures per decade 

were below zero, no apparent threshold at which the temperature corresponds to a high 

spring flood discharge was discernible (Table 4.2). The coldest reconstructed spring 

years also did not always correspond to the highest spring discharge (Table 4.2).  

Significant and negative association was found between the reconstructed mean spring 

temperature and the last day with snow on the ground over the study area, calculated 

from daily Rutgers Snow Cover values as the first day with a value < 0.1 in spring  

(r = ‒0.42, p < 0.001; 1967‒2016). Investigating spatial field correlations indicated 

strong and negative associations between reconstructed spring mean temperature and 

spring snow cover extent across much of central to northeastern boreal Canada (Fig. 

4.4b). Associations were strongest in late spring (April, May) and particularly in May 

with the highest correlations found over the study area and extending to the James Bay 

and the Great Lakes (Fig. 4.4b). Used for validation purposes, spatial correlations of 

the reconstructed mean spring temperature with GRUN runoff indicated positive 

associations in March-April across much of northern Canada switching to negative 

associations in May over our study area (Fig. 4.4c), which is in line with the change in 

the sign of correlation found in the correlation with instrumental Harricana River mean 

and maximum discharge. 
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Table 4.2 Comparison of reconstructed mean spring (March to May) temperature 
minimums and of reconstructed and instrumental mean spring (April 15 to June 30) 
discharge maximums. Values are compared by decade and for the last 247 years. ‘REC 
discharge’ is the reconstructed mean spring discharge of the Harricana River (1771‒
2016) and is taken from Nolin et al. (2021a). ‘HAR discharge’ is the instrumental mean 
Harricana River spring discharge (1915‒2020). Both mean spring discharges are 
average from April 15 to June 30 daily discharge data, while temperature reconstruction 
is average March to May. Years in bold highlight the years that are part of the highest 
mean spring discharge years since 1771. Grey cells highlight the years for which, per 
decade, the minimum spring temperature corresponds to the maximum spring 
discharge. The first (1771‒1779) and last (2010‒2016) periods used for comparisons 
are not complete decades. 

  

Decade 
REC Temperature REC Discharge HAR Discharge 
1st min 2nd min 1st max 2nd max 1st max 2nd max 

1771‒1779 1770 (-0.60) 1776 (-0.32) 1771 (121.75) 1773 (118.24) / / 
1780‒1789 1789 (-0.38) 1783 (-0.09) 1789 (147.36) 1787 (146.60) / / 
1790‒1799 1792 (-0.90) 1797 (-0.82) 1797 (161.00) 1792 (143.92) / / 
1800‒1809 1809 (0.23) 1808 (0.54) 1808 (139.16) 1802 (122.11) / / 
1810‒1819 1818 (-0.07) 1816 (0.11) 1819 (157.43) 1818 (148.66) / / 
1820‒1829 1821 (-1.64) 1823 (-0.45) 1822 (150.29) 1826 (148.88) / / 
1830‒1839 1837 (-1.44) 1838 (-0.21) 1837 (145.53) 1838 (125.09) / / 
1840‒1849 1840 (-1.55) 1849 (-1.18) 1840 (150.69) 1845 (135.12) / / 
1850‒1859 1857 (-0.76) 1851 (-0.72) 1857 (146.67) 1853 (132.10) / / 
1860‒1869 1869 (-0.81) 1861 (0.19) 1861 (153.64) 1867 (132.11) / / 
1870‒1879 1876 (-2.02) 1874 (-0.51) 1876 (171.29) 1873 (147.39) / / 
1880‒1889 1880 (-0.32) 1888 (-0.19) 1888 (164.57) 1880 (160.10) / / 
1890‒1899 1890 (-1.51) 1895 (0.09) 1890 (170.25) 1899 (133.51) / / 
1900‒1909 1909 (-0.85) 1907 (-0.74) 1907 (151.05) 1909 (149.43) / / 
1910‒1919 1919 (-0.69) 1917 (-0.53) 1917 (159.52) 1919 (140.75) / / 
1920‒1929 1922 (-1.24) 1926 (-0.75) 1928 (175.57) 1922 (173.66) 1928 (191.15) 1922 (165.27) 
1930‒1939 1934 (-1.61) 1939 (-1.48) 1939 (137.34) 1930 (132.86) 1933 (160.68) 1939 (151.64) 
1940‒1949 1947 (-1.32) 1940 (-1.17) 1947 (177.34) 1949 (133.73) 1947 (189.79) 1949 (143.99) 
1950‒1959 1956 (-2.04) 1950 (-0.77) 1950 (134.24) 1956 (125.02) 1952 (128.15) 1956 (128.02) 
1960‒1969 1967 (-1.73) 1960 (-0.7) 1960 (179.95) 1967 (163.59) 1960 (196.10) 1967 (171.12) 
1970‒1979 1974 (-2.06) 1976 (-0.41) 1979 (184.86) 1974 (147.05) 1974 (179.85) 1979 (167.19) 
1980‒1989 1989 (-0.48) 1985 (-0.42) 1989 (161.72) 1983 (144.61) 1986 (152.84) 1989 (149.16) 
1990‒1999 1996 (-0.74) 1992 (-0.63) 1996 (144.31) 1995 (125.07) 1997 (131.21) 1990 (125.91) 
2000‒2009 2004 (0.27) 2003 (0.66) 2009 (138.62) 2008 (133.51) 2004 (141.97) 2009 (141.58) 
2010‒2016 2014 (-1.65) 2013 (-0.86) 2013 (170.90) 2014 (160.52) 2013 (156.90) 2017 (152.35) 
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4.7 Discussion 

The reconstructed spring mean air temperature demonstrated evidence of a warming 

phase over the last century compared to the successive warm and cold persistent 

decadal phases observed up to the end of the Little Ice Age (1850‒1870 CE). The 

coldest interval reconstructed i.e., for the period ~1815‒1855, is in line with tree-ring 

reconstruction of summer temperature published in sub-arctic Québec (Jacoby et al., 

1988; Briffa et al., 1994; Gennaretti et al., 2014; Gennaretti et al., 2017) depicting this 

period as the coldest in the last millennium. The ~1815‒1865 cold phases in northern 

Québec coincide with low solar activity (Guiot, 1987) and active volcanic decades 

(notably the April 1815 eruption of Mount Tembora, Indonesia; Jacoby et al., 1988; 

Briffa et al; 1994; Gennaretti et al., 2014; Gennaretti et al., 2017). Both the observed 

CRU temperature and Berkeley records demonstrated significant warming of May and 

overall, of spring over the 1901‒2019 period and the greatest reconstructed warming 

in spring mean air temperature has been detected starting since about 1940.  

Observed maximum discharge of the Harricana River (1915‒2020) and ice break-up 

dates for Lake Duparquet (1968‒2018) also indicated that the onset of spring flooding 

over the 20th century occurred on average in late April and early May. This suggest that 

air temperature in March and April may have had a greater influence on flood initiation 

than air temperature in May. While across Canada, minimum, mean, and maximum 

spring temperatures have generally warmed since 1950 (Zhang et al., 2001a), the 

projected mid-century (2030‒2059) monthly temperature changes of the Great Lakes 

Basin also suggest that future increases in maximum temperatures are likely to be 

higher from May to October than in any other months, and with the smallest increase 

found in April (Zhang et al., 2018). The influence of the warming phase of spring 

temperatures reconstructed since ~1940 must therefore be put into perspective when 
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analyzing the relationship between spring temperature and flooding since significant 

linear warming trend in observed data was mostly found in May. 

Independent regional studies already identified the 1850‒1870s and 1930‒1950s as 

breakpoints in the regional hydroclimate history. For instance, ice-scar frequencies and 

lake level changes for Lake Duparquet (Tardif and Bergeron, 1997b) and other lakes 

from high-boreal Québec (Lemay and Bégin, 2008; Boucher et al., 2011) pointed 

toward an increase in the magnitude and frequency of flooding since the end of the 

Little Ice Age and increasing since the 1930 to 1950s. Reconstruction of spring 

discharge in the Harricana River associated recent increases in flood frequency and 

magnitude with cold, snowy winters and late springs. Late spring snowmelt under the 

combined effect of spring precipitation and cold spring temperature marked the highest 

discharges of the century (Nolin et al., 2021a). High spatial coherency was found in 

this study between spring mean air temperature, the snow cover extent and the GRUN 

runoff. This result demonstrates the consistent control of spring temperature over 

snowmelt and runoff over central to northeastern Canada and particularly in late spring. 

The change in the sign of correlation between temperature, instrumental Harricana 

River discharge, and GRUN runoff suggests that discharge in March and April was 

associated to warm and early springs (positive correlation), and that discharge in May 

(and June) was associated to cold and late springs (negative correlation) with a 

persistent and thick snowpack. However, no significant linear trend was found in 

annual ice break-up dates for Lake Duparquet to support a trend toward earlier spring 

flooding. Indeed, per decade, much of the late and cold spring years were associated 

with the highest spring discharge years reconstructed for the Harricana River over the 

last 250 years (except for the years 1819, 1885), which was also supported by 

instrumental discharge data (except for year 2014). The years 1819 and 1885 represent 

regional contrasts in spring flooding with moderate flood-ring relative frequencies 
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recorded in regional rivers contrasting with high flood-ring frequencies and earlywood 

vessel records in Harricana River and Lake Duparquet (Nolin et al., 2021ab).  

It should be noted that the F. nigra series from Lake Duparquet (43 trees) were used to 

reconstruct the mean spring discharge of the Harricana River. The present 

reconstruction of mean spring temperature contains these same 43 series (11% of the 

trees used), reduced in PC components with 345 other P. banksiana tree series (Table 

4.1). The detrending of F. nigra series was also not the same in both studies (smoothing 

spline with a 50% frequency of response at 60 years in Nolin et al. 2021a; generalized 

negative exponential model detrending in the present study; cf. Suppl. Mat.). The use 

of the same proxies (43 trees) in both the Harricana River mean spring discharge and 

regional mean spring temperature reconstructions may influence the correlation 

between the two reconstructions. The decadal comparison between mean spring 

temperature and Harricana River mean spring discharge (1920‒2016; Table 4.2), 

however, showed that results between instrumental and reconstructed Harricana River 

mean spring discharge were similar. 

The variance explained by the present reconstruction (23 to 54%) is somewhat in the 

range of summer temperature reconstructions conducted over northeastern Canada 

using total ring-width of coniferous trees (Jacoby et al., 1988; Gennaretti et al, 2014) 

or multiproxy tree-ring approaches (Jacoby et al., 1988; Briffa et al., 1994). The present 

reconstruction underestimates extreme cold spring temperatures at the beginning of the 

century, and extreme high temperatures at the end of the century. Possible reasons 

include (1) the difficulty to capture a spring climate signal at the beginning of the 

growing season using dendrochronological proxies (Schweingruber, 1996; Rossi et al., 

2013), (2) the spatial and temporal heterogeneity of historical data in the early 

calibration period (Girardin et al., 2011), (3) the diminution of tree-ring predictors 

going back in time, and (4) spring temperature variability and extremes that are not 
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captured by tree ring proxies as tree-growth is never 100% explained by climate factors 

(McCarroll et al., 2015). Indeed, the initiation of the tree-ring growth remain difficult 

to defined climatically (Schweingruber, 1996; Rossi et al., 2013) and some of the 

variance in early spring temperatures might not be fully captured by P. banksiana trees 

if warm temperatures arise when trees have not yet begun their cambial activity. For 

example, in this reconstruction, the springs 1987 and 2010 showed the largest 

underestimation of extreme high spring temperature observed during the calibration 

period. The years 1987 and 2010 are among the three earliest breakups recorded at 

Lake Duparquet since 1968, along with the year 1998 (1987: April 23, 1998: April 23, 

and 2010: April 22, 1968‒2018 average being May 9). Observed CRU mean April 

temperature since 1901 were also highest in years 1955, 1984, 1987 and 2010 with 

values ranging from 4.84 to 5.25°C, as compared to a mean April temperature of 

0.77°C over the 1901‒2019 period.  

Increases in the magnitude of both extreme warm and extreme cold reconstructed 

spring mean temperatures during the 1930s‒1970s contrast with those reconstructed 

over the 1770‒2016 period. These extremes also contrast with the Berkeley record but 

are consistent with our calibration data set. During the early stages of global warming 

(1930s), it is likely that the increase in near-freezing temperatures instead of below-

freezing temperatures in winter and spring favored precipitation (snow and/or rain) and 

quicker melting (Davis et al., 1999; Zhang et al., 2000; Zhang et al., 2001b). One 

hypothesis could be that the occurrence of both cold (late spring, long-lasting snow 

cover) and warm extremes (early spring, quicker snowmelt) increased the frequency 

and magnitude of flooding observed in the region since 1930‒1950 (Tardif and 

Bergeron, 1997b; Nolin et al., 2021ab) although this hypothesis still requires to be 

confirmed. Tardif et al. (1997b) had hypothesized that earlier spring melt with heavy 

rainfall could increase the risk of ice-breakup at a time the ice cover is thick, thus 

increasing the magnitude of flooding. The reduction in the number of cold springs in 
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the last 40 years of the reconstructed and observed spring mean temperature would also 

contrasts with the assumption that spring floods are for the most part due to snowmelt 

during cold and late springs. This result indicates that warmer late spring mean 

temperatures on average may contribute, among other factors, to advance the spring 

break-up and to likely shift the contribution of snow to rain in spring flooding 

processes. Such change in flooding processes have already been reported in Canada 

since about the 1950s (Burn and Whitfield, 2016; Aygün et al., 2019; Bush and 

Lemmen, 2019) and similar trends are projected by most hydrological simulations 

across Canada and for Québec (Guay et al., 2015; Gaur et al., 2018; Bush and Lemmen, 

2019). Warmer winter temperatures in northern Canada are expected to reduce snow 

accumulation and promote mid-winter melt, which should contribute to a decrease in 

SWE, while warmer spring temperatures are expected to accelerate snowmelt (Bush 

and Lemmen, 2019; Aygün et al., 2019). Warmer spring temperature in northern 

Canada should also increase the likelihood of rain-on-snow events as well as the spring 

rainfall to snowfall ratio in future years (Zhang et al., 2000; Ashmore and Church, 

2001; Bush and Lemmen, 2019). Snow water equivalent had however increased in 

northern and central Québec since 1950 (Brown, 2010; Aygün et al. 2019). In terms of 

timing, earlier freeze-up and break-up trends have been observed in south-central 

Ontario since the 1900s (Fu & Yao, 2015), but not at Lake Duparquet. Using a cluster 

analysis of the Harricana River daily hydrographs, Nolin et al. (2021a) also noted that 

early spring break-ups with minimal to intermediate discharge dominated between 

1998 and 2012 when compared to the period 1915‒2020. Our present results further 

showed an inverse relationship between the reconstructed mean spring temperature and 

the last day with snow on the ground over our study area and for the 1967‒2016 period.  

Climate model simulations for the whole Québec project a +10% to +15% increase in 

precipitation (from south to north) by 2050 with a net change in winter and spring 

precipitation forms, contributing to a 0 to 5% increase (again from south to north) in 
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the contribution of winter months to annual streamflow, and an increase in average 

spring flood volume of about 5% (Guay et al., 2015). The frequency of extremes and 

their maximum magnitudes are also expected to increase by up to +20% for Québec by 

2070 led by rain instead of snow (Clavet-Gaumont et al., 2017). At this point, it remains 

hazardous to clearly dissociate a snowmelt-driven flood from a rainfall-driven flood in 

our study area, and it remains to be determined how the increase in spring temperatures, 

the reduction in snow cover, and the increase in rainfall will interact with the flood 

regime in snowmelt driven river basins. For instance, the years 1989 and 1999 in the 

Harricana River were characterized by two peaks triggered by the snowmelt in late 

spring, and by heavy precipitation event in early summer (not shown). 

Future research could aim at a reconstruction of precipitation or of snow parameters 

(e.g., snow cover extent, snow depth or snow water equivalent) to further investigate 

the relationship between precipitation, snowmelt and flooding and allow to predict 

consistent hydroclimatic trajectories under various climate change scenarios. For 

instance, Mood et al. (2020) developed a reconstruction of the snowpack variability 

from annual ring-widths of high-elevation Pacific Silver Fir (Abies amabilis Douglas 

ex. J. Forbes) in British Columbia. Similar reconstructions also come from areas where 

tree growth is more water limited. For instance, Touchan et al. (2021) reconstructed 

multi-millennial variability on April 1st SWE from EW and LW width chronologies of 

Giant Sequoia (Sequoiadendron giganteum J. Buchh. ex Lindl.) in California and 

Colorado, US. The studies of Mood et al., (2020) and Touchan et al., (2021) benefited 

from manual snow records since the 1950s to calibrate the tree-ring predictors. In the 

same way, Shamir et al. (2020) used principal components analysis of snowpack-

related climatic variables, derived from a high-resolution hydrological model, to 

explain respectively 48 and 35% of the variance in earlywood and latewood width 

chronologies of four coniferous tree species growing in mountains of central Sierra 

Nevada, US. Overall, these results suggest that tree species responding to climate 
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parameters of the early growing season, such as P. banksiana and F. nigra might be 

suitable candidates to reconstruct snow variability and further investigate the 

relationships between spring snow cover, temperature and flooding. 

4.8 Conclusion  

This work presents a new Pinus banksiana tree-ring network and a well-verified 

reconstruction of regional spring mean air temperature consistent across much of 

central-to-northeastern Canada and since year 1770. The 12 transfer functions 

calculated explained 23 to 54% of the observed spring mean temperature variability 

over the last 247 years with a decreasing efficiency back in time which correspond 

mainly to the decrease in the number of available tree-ring data in the early years of 

the reconstruction. The end of the Little Ice Age was characterized by cooler than 

average springs and multidecadal cold and warm phases before transitioning toward a 

warming of late spring (May) temperature, and particularly after the 1940s and in the 

last 40 years. Most of the highest spring flooding reconstructed in the nearby Harricana 

River matched with the decadal variability reconstructed in low spring temperature. 

The coherency found with the snow cover extent and the gridded runoff across much 

of central-to-northeastern Canada also support that high historical spring flooding were 

mainly triggered by long lasting snow cover in late spring. However, over the last 40 

years of the reconstruction, the reduction in the number of cold springs may suggest 

that spring flooding may now be related less to the persistence of late spring snow 

cover, but rather to earlier snowmelt and increased precipitation contribution to 

discharge. These changes in boreal hydrology and flooding appear to be a likely 

consequence of the recent warming trend observed in mean spring temperatures. 

Further research is needed to understand whether changes have occurred in the distinct 

contributions of current snow and precipitation to spring flooding to allow for reliable 

regional hydroclimatic trajectory projections. Among other things, it will be necessary 



 

 

180 

to determine whether or not future changes in spring temperature will lead to changes 

in the relative supply of rain and snow to the spring flood dynamics in eastern boreal 

Canada. 

4.9 Data Availability statement.  

Relevant data for this study are available from Nolin, A. F., Girardin, M. P., Tardif, J. 

C., Guo, X. J., Conciatori, F., & Bergeron, Y. (2021) Pinus banksiana and Fraxinus 

nigra dataset for the study of spring temperature in eastern boreal Canada. Mendeley 

Data, v1. http://dx.doi.org/10.17632/kk2rsk7rj6.1. Data include tree-ring width and 

wood anatomical chronologies (PIBA_FRNI_Chronos.csv) with their respective 

sample depth (PIBA_FRNI_SampDepth.csv) and the reconstructed spring mean 

temperature (PIBA_FRNI_RecSpringTemp.csv), as well as the gps position of the 

sampling sites (LAT_LON_RecSpringTemp.kml), and a set of self-explanatory 

instructions and descriptions for data files (metadatas.txt). All other data are available 

upon request to the corresponding author at alexandreflorent.nolin@uqat.ca 

(institutional email), alexandreflorent.nolin@gmail.com (permanent email).  
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4.11 Supplementary Materials  

4.11.1 Construction of tree-ring chronologies 

Prior to detrending of the individual tree-ring series (P. banksiana and F. nigra), the 

first 10th years of growth were removed when the tree center was present to remove 

noise associated with post-fire establishment and differing rates of canopy closure. The 

series exceeding 200 years long (restricted at MIL site) were limited to 125 years in the 

following analyses in order to minimize age-related biases of old trees whose LW width 

decreases significantly and tends towards a variance in LW width close to zero (Griffin 

et al., 2011; Girardin et al., 2012; Fig. 4.S2). As many burned trees and snags did not 

have a center due to rot, and to overcome shortcomings in missing center interpolation, 

the iterative detrending method proposed by Girardin et al. (2012) was applied to 

individual tree-ring series of P. banksiana and F. nigra. Series were first standardized 

using a power transformation based on Cook and Peters (1997) and detrended using a 

generalized negative exponential modelling (GNE). In this procedure the GNE function 

is first used as detrending and when it does not converge, the detrending curve is 

selected between a Hugershof function and a linear model based on the highest 

coefficient of determination (R2). One advantage of this method is the equivalent 
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weight assigned to slow and fast-growing trees allowing to reduce noise related to site 

and biological effect without altering the low-frequency trends (Girardin et al. 2012). 

To further reduce the localized noise in tree-ring data and emphasize the common 

(climatic) signal, tree-mean series were averaged by sites using a Tukey’s bi-weight 

robust mean to lower the influence of outliers (Cook and Kairiukstis, 1990). Due to 

post-fire related recruitment of P. banksiana trees in time, the chronologies had internal 

missing parts and did not always overlap. Parts of mean-site chronologies with low 

replication (n ≤ 3) were excluded as most of those parts were the results of old snags 

transitioning between generations of pines and may have reflected conditions of sudden 

fire-opened forests. If less than three successive years were missing in each site 

chronology, the missing entries were filled by the corresponding years in the average 

chronology of all sites (representing 15 over 9750 annual values). Alternatively, when 

more than three successive years were missing, missing entries were filled by the 

corresponding site mean (straight line) to keep the site in the predictors pool 

(representing 363 over 9750 annual values and confined to the recent part of the MIL 

site series: no internal values were replaced by the mean). From this step, tree-ring 

chronologies were not pre-whitened to preserve as much low-frequency variability as 

possible in the temperature reconstruction model. Temporal autocorrelation was 

corrected on the model’s residuals. However, for the sole purpose of climate-growth 

sensitivity analysis, chronologies of the two tree species with significant 

autocorrelation were prewhitened using a best-fit autoregressive model (Cook and 

Kairiukstis, 1990) before being compared to instrumental monthly minimum, 

maximum and mean temperature. 
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4.11.2 Strength of tree-ring chronologies  

A total of 388 P. banksiana and F. nigra trees (784 series; Table 4.1; Fig. 4.S2) were 

included in the climate-growth sensitivity analysis. After truncation resulting from the 

corrections for young and old series and parts with low replication (n < 3 trees), P. 

banksiana width chronologies spanned a common period of 1770‒2016 and a 

maximum period of 1723‒2016 covered only by the PLL site (Table 4.1, Fig. 4.2b; Fig. 

4.S2). Common growth signals in P. banksiana indices were analogous between 

chronologies and sites. The common signal was also stable over the two common 

periods calculated between sites to maximize the number of years and series per site 

(1874‒1953 and 1930‒2017) with mean inter-series correlation coefficients (Rbar) 

being respectively RW = 0.29 ± 0.05; EW = 0.27 ± 0.04; LW = 0.27 ± 0.04 (Table 

4.S2). The mean expressed population signal (EPS) indicated that the sample-size was 

sufficient to capture the regional population growth-signal with respectively RW = 0.85 

± 0.07; EW = 0.85 ± 0.07; LW = 0.85 ± 0.06 over the two common periods, and that a 

minimum of about 30 trees per site was required to obtain EPS > 0.85 (Table 4.S3). 

4.11.3 Sensitivity of tree-ring chronologies to temperature  

The highest correlations were found between the chronologies of the two tree species 

and the mean temperature of March and April and, to a lesser extent with mean May 

temperature, with good consistency between sites and species (min and max not shown; 

Fig. 4.S3). Overall, Pinus banksiana LW chronologies demonstrated the most 

consistent and positive responses to mean temperature in March, April, and May, 

compared to Pinus banksiana RW and EW chronologies and to Fraxinus nigra 

chronologies (Fig. 4.S3). Strongest positive spring responses were found in the month 

of April and with P. banksiana LW chronologies showing the highest correlation 

coefficients at 9 out of 10 sites and ranging from r = 0.28 to 0.51 (p < 0.001; 1931‒

2017). Pinus banksiana RW, EW, and LW chronologies responded positively to mean 

temperature in March, April, and May at the FOL and JPL sites, in March and April at 
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the BLL site, in April and May at the DPL site, and in April at the BLL, DPL, FHL, 

FOL, JPL, LAU, MAH, and PLL sites (8 out of 10 sites; Fig. 4.S3). Chronologies 

generated from trees of site MIL showed low correlations to spring mean temperature, 

which could be related to the difference in the common period used for the sensitivity 

analysis (1901‒1953; Fig. 4.S3). Warm autumns were favorable to EW, LW and RW 

growth of P. banksiana at 4 to 7 sites out of 10. Chronologies of EW of F. nigra and 

LW of P. banksiana also responded to summer mean temperatures at few sites (Fig. 

4.S3). Among the F. nigra chronologies from Lake Duparquet (DPL), anatomical 

variables displayed a higher response to early-spring mean temperatures (March, April) 

compared to ring-width variables. Maximum correlations were found in April with 

variables related to vessel dimensions (mva, tva, l25, s25; r = 0.40 ± 0.03, p < 0.001) 

and few responses with variables related to vessel number (pe and n respectively; rpe = 

0.27, rn = ‒0.27; p < 0.001; Fig. 4.S3). No latitudinal or longitudinal gradient was found 

among the strength of site-associations to monthly spring mean temperature. As 

chronologies showed consistent and comparable responses to the regional temperature 

signal, nested regression of the mean spring air temperature (March to May) was 

conducted using all available chronologies reduced to nth principal components. 

Exploratory analyses conducted by reproducing the GAMM models with variable 

seasonal windows (March, April, May, March to April, April to May, March to May) 

and different temperature variables (min, mean, max) demonstrated that the 

calibration-verification procedure performed better with the mean spring temperature 

(March to May), and using non-prewhitened (standard) chronologies.  
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Figure 4.S1 Consistence between the nine composite reconstruction models. 
Reconstructed mean spring air temperature as result of the nine GAMM models that 
passed the verifications tests (in blue) compared to the observed mean spring air 
temperature CRU data used for calibration (1901‒2016; in dashed red), and to the final 
reconstruction (in black). The nine sub-periods of common interval corresponding to 
nine models are represented by alternating grey and white background color. 
 

 
Figure 4.S2 Segment plot depicting the length of each of the 345 crossdated Pinus 
banksiana tree mean chronologies (a) before and (b) after age truncation to correct for 
young and old series and low replication (n < 3).  
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Table 4.S2 Mean inter-series correlation coefficient (Rbar) on detrended tree mean time 
series after age correction (10 first years of growth removed, and MIL site cut at 125 
years old). Rbar was calculated over two common periods maximizing the number of 
years and series per site. Slashes (“/”) indicate that series did not span entirely the 
common period. Number of trees per site in both common periods is indicated in the 
last right column. 

Sites 

Ring Width  
(RW) 

Earlywood Width 
(EW) 

Latewood Width 
(LW) N trees 

Rbar 
(1930‒
2017) 

Rbar 
(1874‒
1953) 

Rbar 
(1930‒
2017) 

Rbar 
(1874‒
1953) 

Rbar 
(1930‒
2017) 

Rbar 
(1874‒
1953) 

1930‒
2017 

1874‒
1953 

BLL 0.32 0.33 0.28 0.34 0.29 0.28 17 16 
DPL 0.28 0.24 0.27 0.25 0.27 0.23 27 41 
ESL 0.29 / 0.26 / 0.29 / 17 / 
FHL 0.34 0.33 0.30 0.30 0.33 0.29 38 40 
FOL 0.29 0.23 0.27 0.23 0.22 0.27 19 36 
JPL 0.29 0.21 0.25 0.24 0.25 0.23 19 13 
LAU 0.25 0.25 0.23 0.24 0.28 0.28 18 17 
MAH 0.31 0.25 0.29 0.27 0.29 0.23 18 22 
MIL / 0.39 / 0.40 / 0.35 / 22 
PLL 0.27 / 0.25 / 0.29 / 36 / 
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Table 4.S3 Expressed population signal (EPS) of the tree-mean chronologies after age 
correction (10 first years of growth removed, and MIL site cut at 125 years old). EPS 
was calculated over two common periods maximizing the number of years and series 
per site. Slashes (“/”) indicate that series did not span entirely the common period. 
Number of trees per site in both common periods is indicated in the last right column. 

Sites 

Ring Width  
(RW) 

Earlywood Width 
(EW) 

Latewood Width 
(LW) N trees 

EPS 
(1930‒
2017) 

EPS 
(1874‒
1953) 

EPS 
(1930‒
2017) 

EPS 
(1874‒
1953) 

EPS 
(1930‒
2017) 

EPS 
(1874‒
1953) 

1930‒
2017 

1874‒
1953 

BLL 0.83 0.88 0.80 0.88 0.81 0.85 17 16 
DPL 0.88 0.86 0.88 0.87 0.88 0.86 27 41 
ESL 0.91 / 0.89 / 0.91 / 17 / 
FHL 0.95 0.92 0.94 0.92 0.94 0.91 38 40 
FOL 0.87 0.80 0.86 0.79 0.83 0.83 19 36 
JPL 0.82 0.72 0.79 0.76 0.79 0.75 19 13 
LAU 0.83 0.84 0.82 0.83 0.85 0.86 18 17 
MAH 0.86 0.71 0.85 0.73 0.85 0.69 18 22 
MIL / 0.90 / 0.91 / 0.89 / 22 
PLL 0.92 / 0.91 / 0.93 / 36 / 
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5.1 Abstract 

Reliable hydrological projections are needed to manage and plan for the potential 
effects of climate change on water resources and associated flood risks. In eastern 
boreal Canada, however, current assessments of future hydroclimatic trajectories are 
confronted to discharge data scarcity and water regulation. In this study, we present a 
long-term perspective (past to future) on the Upper Harricana River discharge 
associated with spring flood episodes (April 15 to June 30, A15J30). Climate predictors 
for mean A15J30 discharge, which included observed rainfall, temperature and snow 
data, were screened using an iterative Boruta Random-Forest selections applied to 107 
years of observations, capturing 72% of the variance. The retained machine learning 
model was then applied to climate projections from a CMIP5 ensemble of 10 Global 
Climate Models (GCMs) under RCP4.5 and RCP8.5 scenarios and compared to a tree-
ring based reconstruction of past discharges to evaluate whether future variability was 
projected outside the historical range (1771‒2021). Trend analyses for the 20th century 
show that warmer winter and spring average temperatures contributed to a decrease in 
the amount of snowpack and its water equivalent, while rainfall has increased. Spring 
ice break-up also appears to have become earlier. Compared to the reconstructed Little 
Ice Age discharge, observations indicated increased frequency and magnitude of high 
mean A15J30 discharge. Projected hydroclimatic trajectories suggested a higher 
contribution of rainfall to winter and spring discharge, offset by a sharp decrease in 
snowpack, thereby resulting in a modest decrease in discharge by the end of the 21st 
century. Of note, however, is that projections from two GCMs out of ten reproduced 
the historical conditions leading to high spring flooding and projected increasing 
magnitude and frequency of the mean A15J30 discharge. At the scale of the 10-GCMs 
ensemble, this scenario remains unlikely, but it should be taken into consideration by 
stakeholders as a precautionary principle, when planning for mitigating future effects 
of climate change on water resources and flood risks for eastern boreal Canada. 

Keywords: boreal hydrology, climate change, spring flooding, Random Forest, CMIP5, 

Global Climate Models  
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5.2 Résumé 

Des projections hydrologiques fiables sont nécessaires pour gérer et planifier les effets 
potentiels du changement climatique sur les ressources en eau et les risques 
d'inondation. Dans l'est du Canada boréal, les évaluations actuelles des trajectoires 
hydroclimatiques futures se heurtent à la rareté des données de débits et à la régulation 
des rivières. Dans cette étude, nous présentons une perspective à long terme (du passé 
au futur) sur le débit de la rivière Upper Harricana associée aux épisodes de crues 
printanières (15 avril au 30 juin, A15J30). Les prédicteurs climatiques du débit moyen 
A15J30, qui comprenaient des données observées sur les précipitations, la température 
et la neige, ont été sélectionnés à l'aide d'une sélection itérative de Boruta - Forêt 
d’arbres décisionnel (‘Random Forest’) appliquée à 107 années d'observations et 
capturant 72 % de la variance. Le modèle par apprentissage automatique retenu a 
ensuite été appliqué aux projections climatiques d'un ensemble CMIP5 de 10 modèles 
climatiques globaux (GCM) dans le cadre des scénarios RCP4.5 et RCP8.5. Les 
projections du modèle par apprentissage automatique ont ensuite été comparées à une 
reconstitution des débits passés basée sur les cernes d'arbres pour évaluer si la 
variabilité future était projetée en dehors de la gamme de variabilité historique  
(1771–2021). Les analyses de tendances pour le 20e siècle démontrent que le 
réchauffement des températures moyennes hivernales et printanières contribuent à 
diminuer la quantité de neige accumulée et son équivalent en eau, au contraire de la 
pluie qui a augmenté. Le dégel des rivières au printemps semble aussi être devenu plus 
hâtif. Par rapport au débit reconstitué du Petit Âge Glaciaire, les observations indiquent 
une augmentation de l'ampleur et de la fréquence du débit moyen de la période A15J30. 
Les trajectoires hydroclimatiques projetées suggèrent aussi une contribution plus 
importante des précipitations au débit hivernal et printanier, compensée par une forte 
diminution du manteau nival, entraînant ainsi une modeste diminution du débit d'ici la 
fin du 21e siècle. Toutefois, deux GCM sur dix reproduisent les conditions historiques 
entraînant de fortes crues printanières et prévoient une augmentation de la magnitude 
et de la fréquence du débit moyen de la période A15J30. À l'échelle de l'ensemble de 
10 GCM utilisé, ce scénario demeure toutefois peu probable, mais il devrait être pris 
en considération par les parties prenantes en tant que principe de précaution, lors de la 
planification de l'atténuation des effets futurs du changement climatique sur les 
ressources en eau et le risque inondation dans l'est du Canada boréal. 

Mots-clés : hydrologie boréale, changement climatique, crue printanière, Random 

Forest, CMIP5, modèles climatiques globaux (GCM). 

 



 

 

196 

5.3 Introduction 

A warmer future climate will have impacts on the frequency, magnitude, timing and 

location of extremes floods across the Northern Hemisphere (Cunderlik & Ouarda, 

2009; Hirabayashi et al., 2013; IPCC, 2014; Burn & Whitfield, 2018; Gaur et al., 2018). 

While temperature has risen by +2.3°C in eastern boreal Canada since 1950 at a rate 

two times higher than the rest of North America (IPCC, 2014; Bush & Lemmen, 2019), 

there are trends towards both increasing and decreasing frequency and magnitude of 

river spring flooding over the past two centuries (Whitfield & Cannon, 2000; Burn & 

Whitfield, 2016; Buttle et al., 2016; Burn & Whitfield, 2017; Aÿgun et al., 2019; Bush 

& Lemmen, 2019; Zadeh et al., 2020). As most rivers of eastern boreal Canada are 

snowmelt-driven, there are major concerns that future changes in both temperature and 

precipitation could lead to more extreme flooding than those currently observed 

(Whitfield & Cannon, 2000; Ashmore & Church, 2001; Adam et al., 2009; Aygün et 

al., 2019; Bush & Lemmen, 2019). Indeed, the magnitudes attained by the floods of the 

past decade (2010‒2020) across Canada were unprecedented on the scale of the 20th 

century hydrological records (Burn & Whitfield, 2016; Gaur et al., 2018). Nonetheless, 

a greater proportion of decreasing flood magnitude trends were observed when 

investigating longer records (60 years), indicating that flood magnitude did rise in the 

past (Zadeh et al., 2020). 

Given that about 70% of Canada’s hydropower capacity is located in northern Québec 

and Ontario (Cherry et al., 2017), changes in spring flood dynamics may have profound 

consequences on the economy, dam safety management and the design of future 

hydraulic structures (Bush & Lemmen, 2019). Reliable hydrological projections are 

thus needed to better manage and plan for the potential effects of climate change on 

water resources and associated flood risks (Boucher & Leconte, 2013; Cherry et al., 

2017). The assessment of future hydroclimatic trajectories in eastern boreal Canadian 
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rivers is however hampered by the scarcity of discharge data and by the regulation of 

rivers and water bodies by hydraulic structures (Clavet-Gaumont et al., 2013a; Mortsch 

et al., 2015; Cherry et al., 2017; Kundzewicz et al., 2018; Pellerin, 2019). In our study 

area most of the gauges were installed during dam construction in the 1920 and 1930s 

(Nolin et al., 2021b). Dam management is now superimposed on natural discharge 

variability, which limits the study of long-term trends in discharge and floods, 

particularly at the watershed scale (Burn & Hag Elnur, 2002; Burn et al., 2010; Mortsch 

et al., 2015).  

Future hydroclimatic trajectories in eastern boreal Canada have been investigated at 

the regional scale (Huziy et al., 2013; Clavet-Gaumont et al., 2013a; Guay et al., 2015; 

Clavet-Gaumont et al., 2017) or at smaller watershed scales (Cunderlik & Simonovic, 

2005; Dibike & Coulibaly, 2005; Minville et al., 2008, 2009, Oubennaceur et al., 2021). 

Overall, geographical differences in observed hydroclimatic trends indicate that 

climate change may have various impacts on river processes at the watershed scale 

(Ashmore & Church, 2001; Burn & Hag Elnur, 2002; Cunderlik & Ouarda, 2009; Gaur 

et al., 2018; Wang et al., 2021), accompanied by complex spatial and temporal 

variability. Overall, it remains difficult to compare the varying hydrological projections 

due to the diversity of climate scenarios, climate projections and spatial resolution, 

hydrological models, and difficulties in quantifying uncertainties (Clavet-Gaumont et 

al., 2013a; Lucas-Picher et al., 2021). The different working scales also hinder 

comparisons. For instance, small river watersheds remain more sensitive to climate 

variability since the discharge of small drainage areas does not incorporate the same 

natural climate variability and climate factors than large drainage areas (Hirabayashi et 

al., 2013; Rokaya et al., 2018; Castaneda-Gonzalez et al., 2019; Lucas-Picher et al., 

2021). Fine-scale climate parameters, such as the effects of lakes on regional 

temperature and precipitation, or the effects of a localized convective rainstorm on 

runoff, can be difficult to model with coarse spatial resolution climate models for small 
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watersheds (Lucas-Picher et al., 2021). Spring floods simulated with coarse climate 

data can thus result in smaller peak discharge than those simulated with finer-resolution 

climate data (Clavet-Gaumont et al., 2013ab; Castaneda-Gonzalez et al., 2019). 

Especially at the scale of small river watersheds, these uncertainties make long-term 

planning of territories development and water management difficult when projections 

are not available locally. 

Potential changes in the seasonal discharge over eastern Canada have been projected 

for various river basins (Québec: Huziy et al., 2013; Guay et al., 2015; MELCC, 2018; 

Western Québec: Oubennaceur et al., 2021; Eastern Québec: Riboust & Brissette, 2015) 

and for various river sections (southern Ontario: Cunderlik & Simonovic, 2005; 

Grillakis et al, 2011; Lac St. Jean tributaries: Dibike & Coulibaly, 2005; Minville et 

al., 2008; Minville et al., 2009; Minville et al., 2010; St. Lawrence River tributaries: 

Quilbé et al., 2008; Boyer et al., 2010). Each projection suggested a reduction in 

summer minimum discharges, an increase in fall and winter maximum and mean flows, 

as well as earlier spring maximum discharges. However, how projected hydroclimatic 

changes will affect the frequency and magnitude of extremes events still remain unclear. 

Uncertainties arise because modeling the complexity of hydroclimatic factors involved 

in spring flooding remains difficult and because the projections themselves remain 

dependent on the quality of the climate and hydrological data used as model inputs 

(Dibike & Coulibaly, 2005; Quilbé et al., 2008; Huziy et al., 2013; Clavet-Gaumont et 

al., 2017). In general, in Québec, return frequencies of high magnitude discharges were 

projected to increase by 2050 and 2070, with the largest increases expected in northern 

rivers (Frigon et al., 2010; Huziy et al., 2013; Clavet-Gaumont et al., 2013a, 2017; 

MELCC, 2018). The projected increase in the magnitude of spring flooding in northern 

Québec is supported by increases in both maximum rainfall and snowpack (Guay et al., 

2015; Clavet-Gaumont et al., 2017), although an increase in snowmelt contribution is 

likely to be transient (Guay et al., 2015; Bush & Lemmen, 2019). There is thus a need 
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to compare observed and projected hydroclimatic changes with historical data to better 

assess the potential changes in the contributions of climatic factors involved in spring 

flooding, particularly at the scale of small river watershed. This study took advantage 

of a multicentury-long record of reconstructed and observed spring discharge in the 

naturally flowing Harricana River, in eastern boreal Canada, to assess potential 

hydroclimatic changes as consequences of projected climate change. The objectives of 

this paper were threefold: (1) to estimate the potential trajectories of discharge 

associated with spring flooding of the natural Harricana River by 2100, (2) to evaluate 

the change in the relative contribution of climatic variables to spring discharge and 

flooding, and (3) to compare future trends (2021‒2100) with the reconstructed trends 

in spring mean discharge (1771–2020). In addition to improving our understanding of 

the impact of climate change on the spring regime of the Harricana River, this study 

addressed a straightforward method to provide future hydrological data needed to 

frame climate change adaptation and decision making. 

5.4 Material and Methods 

5.4.1 Study area 

The Upper Harricana River is located in northwestern Québec and encompasses the 

total area of the Harricana River watershed upstream of the Amos hydrometric station 

(48°35'52"N, 78°06'37"W; Fig. 5.1). The Upper Harricana River watershed was 

selected from the Canadian Reference Hydrometric Basin Network (Brimley et al. 

1999) because it is naturally flowing, under limited human influence (<10% land use 

change over time). It has a 107-year discharge record (1915–2021) consisting of less 

than 5% estimated daily discharge values (Whitfield et al. 2012; Koshida et al. 2015). 

The watershed has an area of 3,724 km2, a flat topography (295 to 505 masl; Fig. 5.1) 

and is largely forested (71%) with few urban areas (3%; Natural Resources Canada, 

2015).  
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Figure 5.1 Map of the study area. Location of the study area within North America at 
the border between Ontario and Québec, Canada (right panel upper inset). Harricana 
River basin is flowing north to James Bay in the Hudson Sea (right panel). The study 
area encompasses the Upper Harricana watershed (left panel), located on the upper 
reach of the Harricana River and delimited by the Amos hydrometric station (red dot). 
  
 
Climate normal temperatures from the Amos meteorological station (7090120; 

48°34’N 78°08’W, 310masl; http://climate.weather.gc.ca/climate_normals; Fig. 5.S1) 

showed for the reference period (1971–2000), an average annual temperature of 1.2 °C 

with a wide range from winter minimum (–52.8°C) to summer maximum (37.2°C). The 

mean average annual snowfall was 248.4mm with seasonal accumulation of 21% in 

fall, 54% in winter and 25% in spring. The snow depth at month-end averaged 0.60m 

in winter and reached a maximum of 1.42m. The mean annual total precipitation 

averaged 918.4mm with heavy rainfall events occurring in the early summer up to a 
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daily maximum of 101.4mm.  The Upper Harricana River flows north to James Bay 

(Fig. 5.1) and has an average annual discharge of 60 m3/s (1915–2020) and a high 

seasonal variability of a boreal regime driven by snowmelt. At the end of the winter, 

the snowpack melts and transforms the low winter discharge (average 1915–2020 = 

35 m3/s) into a spring ice break-up flood that can reach up to 337 m3/s (maximum daily 

discharge observed during the flood of May 1960). The total amplitude of the spring 

flood extends on average from 15 April to June 30 (Nolin et al., 2021a; Fig. 5.S1). 

5.4.2 Hydroclimatic data 

Daily observed discharges for the Upper Harricana River were obtained for the period 

1915 to 2021 from the ministère de l’Environnement et de la Lutte contre les 

changements climatiques du Québec and for gauge 04NA001-2. A 

dendrochronological reconstruction of the mean April 15 to June 30 discharge of the 

Upper Harricana River, from 1771 to 2016 (Nolin et al., 2021a) was used to extend the 

observations. This reconstruction was developed using tree-ring proxies from riparian 

black ash (Fraxinus nigra Marsh.) trees periodically flooded in spring. The 

reconstruction showed high spatial coherency with other palaeohydrological records 

from eastern boreal Canada and subarctic Québec (Nolin et al., 2021ab). Observed ice 

break-up date for Lake Duparquet, located 85km west of the Upper Harricana River 

(Fig. 5.1), were also available from 1968 to 2021 (Mongrain et al., 2014; pers. comm. 

2021). Ice break-up refers to the date when Lake Duparquet was free of ice. 

Given that few meteorological stations predate the 1950s in eastern boreal Canada 

(Girardin et al., 2011), climate data and particularly snow data were interpolated for 

the period 1900–2020 and averaged over the spatial extent of the Upper Harricana 

River watershed using BioSIM (v.10; Régnière et al., 2014; 

https://cfs.nrcan.gc.ca/projects/133). BioSIM uses spatial regressions to interpolate 

daily minimum and maximum air temperature and total precipitation data from nearby 



 

 

202 

Environment and Climate Change Canada meteorological stations, and adjusts for 

elevation, latitude, and longitude differentials with regional gradients (Régnière et al., 

2014). Herafter, BioSIM data will be referred to as observed meteorological data. 

5.4.3 Climate projections and scenarios 

Projected future changes in daily temperature and total precipitation for the Upper 

Harricana River watershed used the Ouranos standard ensemble of bias-adjusted 

climate scenarios (Charron, 2016), which is based on 10 downscaled global climate 

models (GCMs; Table 5.1) from the Coupled Model Intercomparison Project - Phase 

5 (CMIP5 - Taylor et al., 2012). The Ouranos standard ensemble is postprocessed and 

refined at a 10 x 10 km spatial resolution and at a daily time step between 1950 and 

2100 (Charron, 2016). Two future greenhouse gas emission (GHGs) scenarios, or 

representative concentration pathways (RCP) of 4.5 W/m2 and 8.5 W/m2 by 2100 were 

used (IPCC, 2014). Scenario RCP4.5 (‘optimistic’) simulates moderate GHGs 

emissions, +3.2°C worldwide warming by 2100, and a stabilization of the GHGs 

emissions by the end of the century. Scenario RCP8.5 (‘pessimistic’) corresponds to 

high GHGs emissions, +6.3°C worldwide warming by 2100, and few GHGs reduction 

measures taken at the global scale by 2100. Climate ensemble data were averaged for 

the Upper Harricana River spatial extent and for each of the 10 GCMs and two RCPs 

using Ouranos’ Power Analytics and Visualization for Climate Science platform 

(PAVICS; Ouranos, 2022). 

5.4.4 Snowfall and rainfall amounts 

Snowfall and rainfall amounts had to be estimated from the total precipitation amounts 

available in the 10-GCM ensemble. First, for the observed period of weather 

observations (1900–2020), snowfall and snow water equivalent (SWE) were derived 

using the physics equated in Brown et al. (2003) and implemented in BioSIM software.  
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Table 5.1 Climate simulations (r1i1p1) from CMIP5 ensemble used in this study. This 
set of 10 standard scenarios (cb-oura-1.0) was produced by Ouranos to cover the range 
of expected changes in daily temperature and precipitation in the province of Québec.  
No Code Model Institution 

1 BNU BNU-ESM College of Global Change and Earth System Science, Beijing 
Normal University, China  

2 CE2 CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada  
3 CMS CMCC-CMS Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy 

4 A13 ACCESS1.3 Commonwealth Scientific and Industrial Research Organisation, 
and Bureau of Meteorology, Australia  

5 INM INM-CM4 Institute for Numerical Mathematics, Russia 
6 IAL IPSL-CM5A-LR Institut Pierre-Simon Laplace, France  
7 IBL IPSL-CM5B-LR  Institut Pierre-Simon Laplace, France  
8 MPL MPI-ESM-LR Max Planck Institute for Meteorology, Germany 
9 NOE NorESM-1M Norwegian Climate Centre, Norway 
10 GFM GFDL-ESM2M Geophysical Fluid Dynamics Laboratory, USA  
 

These functions determine the temperature at which precipitation falls as snow and at 

which snow melts, using air temperature, longitude, and latitude. To simplify this 

physics-based model, an empirical binary logistic regression model was used to 

estimate the proportion of snow and rain from the projected daily total precipitations 

occurring as a function of the projected mean daily temperatures (Kienzle, 2008; 

Jennings et al., 2018; Fig. 5.S2). The snow-to-rain regressions were derived using 

generalized linear models of a 4-parameter logistic curve: 

𝑌 = 	𝑐 +	 456
(2789	(<(=5>))

+ 	𝜀          (5.1) 

where b is the slope of the inflection point and e is X value producing a response half-

way between the higher (d) and lower asymptote (c), and where ε is the error term. To 

return a percentage of daily total precipitation, the s-shape curve was constrained 

between c = 0 and d = 100. Drizzle and precipitation events below 0.5 mm were 
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removed before calibrating the model and days without precipitation were not 

considered. The final equation took the form: 

%𝑆𝑛𝑜𝑤 = 	0 +	 (@@5@
(2789A@.BC@((!$%&'5@.@DED)F

+ 	𝜀      (5.2) 

%𝑅𝑎𝑖𝑛 = 	100 −%𝑆𝑛𝑜𝑤          (5.3) 

The model successfully reproduced BioSIM daily rainfall and snowfall estimates with 

a highly significant (p < 0.001) linear relationship (R2 = 0.999, n = 21,481 and R2 = 

0.995, n = 16,079 respectively; Fig. 5.S2), low residual standard error (RSE = 0.04 ± 

0.28 mm and –0.01 ± 0.26 mm respectively), and approximately normally distributed 

residuals. 

5.4.5 Potential evaporation 

Daily potential evaporation (𝐸4) was estimated from the daily maximum temperature 

(𝑇GHI) data of each GCM. The following empirical model of Thornthwaite and Mather 

(1955) equated in Girardin and Wotton, (2009) was used: 

𝐸4 = 0.36	 ×	(𝑇GHI) + 𝐿J          (5.4) 

where 𝐿J  is a standard day length adjustment factor varying by month: January to 

March = –1.6, April = 0.9, May = 3.8, June = 5.8, July = 6.4, August = 5.0, September 

= 2.4, October = 0.4, and November to December = –1.6. In this model, only values of 

𝑇GHI > 0 were considered, and negative 𝐸4 values resulting from negative 𝐿J values 

were set to 0. 
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5.4.6 Machine Learning model 

A regression model linking the observed Upper Harricana River A15J30 mean 

discharge to the set of climate data covering the period 1915–2020 was developed as 

follows. First, monthly and seasonal indices including the A15J30 period were 

calculated along with other climatic indices related to flood generating mechanisms 

(Table 5.S1; Suppl. Mat.). These additional indices included, among others, the total 

accumulated precipitation (TAP; sum of daily snowfall accumulated from November 

to December plus the daily total precipitation accumulated from January to April, 

modified from Romolo et al., (2006); Table 5.S1; Suppl. Mat.), and the estimated 

timing of ice break-up (IBU; 100 melting degree days accumulated from a mean daily 

temperature above 0°C, adapted from Williams (1971) and Lamontagne et al., (2021); 

Table 5.S1; Suppl. Mat.).  

To reduce the dimensionality of the dataset which included 259 climate predictors, a 

random forest (RF) classifier trained with the Boruta variable selection algorithm (BRF; 

Kursa et al., 2010) was used to screen optimum predictor variables (Gädeke et al., 2020; 

Masrur Ahmed et al., 2021). Compared to a RF regression (e.g., Fouad et al., 2018), 

BRF incorporates the interactions between variables and iteratively removes the 

irrelevant predictors, using a comparison between predictors and randomized version 

of predictors (shadow variables; Kursa et al., 2010). In other words, BRF tests for each 

variable whether its z-score (i.e., the mean of accuracy loss divided by standard 

deviation of accuracy loss) is higher than the maximum z-score recorded among the 

shadow variables. It then compares the number of times that a variable contributes 

significantly (p < 0.05) more to the model than the best contribution of the shadow 

variables using a binomial distribution. The BRF was computed using the `Boruta`  

R-package (v.7.0.0, Kursa, 2020) and for 1,000 iterations of 500 RF tree bootstrap 

samples. Parametrization of the RF models were set to default as (1) the number of 

variables randomly sampled as candidates at each split (mtry) equal to the number of 
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variables divided by three; and (2) the number of terminal nodes trees in the forest set 

to maximum. 

A stepwise multiple linear regression model was then developed to estimate the mean 

A15J30 discharge of the Upper Harricana River, and took the form:   

𝑌I = 	𝛽@ + 𝛽(𝑋( +⋯+	𝛽'𝑋' + 	𝜀                               (5.5) 

where 𝑌I is the predicted annual mean A15J30 discharge value of the 1 to 𝑖 observed 

climate variables 𝑋; 𝛽@	is the regression constant indicating the value of 𝑌 when all 

𝑋(→' are zero;  𝛽(→' are the estimated regression coefficients from the linear functions; 

and 𝜀 is the error term.  

The linearity and normality of the machine learning (ML) model, as well as the 

independence and constant variance of the errors were checked using standard analysis 

of the residuals (Legendre & Legendre, 2012). The final ML model was validated using 

split sampling (Snee, 1977) where half the period of available observed discharge and 

climate data (1915–1967, 53 years) was used to calibrate the model, and the second 

half (1968–2020, 53 years) was used to verify the model. This procedure was then 

inverted (1968–2020 for calibration; 1915–1967 for validation) to ensure the stability 

of the model over the two split-periods. Variance inflation factor (VIF; eq. 5.6) was 

used to screen the final set of predictors for multicollinearity. The p-value of each 

predictor and the Fisher’s F statistic of the regression, as well as the coefficients of 

determination (R2) and the R2 adjusted for the number of predictors (AdjR2) were used 

to further assessed the model performance in projecting the Upper Harricana River 

mean A15J30 discharge. Average model errors were quantified using the root mean 

square error (RMSE; eq. 5.7) and the RMSE to observations standard deviation ratio 

(RSR; eq. 5.8; Moriasi et al., 2007), as well as the mean absolute error (MAE; eq. 5.9) 
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expressing errors in the unit of the data. Finally, to assess the predictive skill of the 

hydrological model, the Nash-Sutcliffe model efficiency coefficient (NSE; eq. 5.10; 

Nash & Sutcliffe, 1970) and the percent bias (PBIAS; eq. 5.11; Moriasi et al., 2007) 

were used during the calibration / verification exercise. The verified ML model was 

used to project the Upper Harricana River A15J30 mean discharge (2021–2100) using 

the 10-GCMs as inputs. 

𝑉𝐼𝐹(KL!) =	
(

(5.!
(                                                   1	 ≤ 𝑉𝐼𝐹	 ≤ 	+∞                              (5.6) 

𝑅𝑀𝑆𝐸 = 	 (
$
	∑ (𝐸' −	𝑂')M*

'N(                               0	 ≤ 𝑅𝑀𝑆𝐸	 ≤ 1                                (5.7) 

𝑅𝑆𝑅 = 	 .OP,
Q)

S ∑ (R!5,!)(
'
!*#

S∑ (R!5RT	)'
!*#

(
T                              0	 ≤ 𝑅𝑆𝑅	 ≤ 	+∞                             (5.8) 

𝑀𝐴𝐸 =	 (
*
	∑ |𝐸' −	𝑂'|*

'N(                                  0	 ≤ 𝑀𝐴𝐸	 ≤ 	+∞                           (5.9) 

𝑁𝑆𝐸 = ∑ (R!5	RT)(5	∑ (,!5	R!)(
'
!*# 	'

!*#
∑ (R!5	RT)('
!*#

                       −∞	 ≤ 𝑁𝑆𝐸	 ≤ 1                         (5.10) 

𝑃𝐵𝐼𝐴𝑆 = 	 Z∑ (R!5	,!)×	(@@
'
!*#

∑ (R!)'
!*#

[                               0% 	≤ 𝑃𝐵𝐼𝐴𝑆	 ≤ 	100%                 (5.11) 

where for 1 to 𝑛  years 𝑖  , 𝑂'  is the observed discharge of mean 	𝑂#  and standard 

deviation 𝜎!, and 𝐸' is the ML-model estimated discharge of mean 𝐸#. During the split 

calibration-verification exercise, 𝐸' is the estimated discharge from simulation over the 

verification period, not inferred from the pool of observed values used for calibration. 
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5.4.7 Independent hydrological simulations using a 10-GCM ensemble 

The 10-GCM ensemble hydrological simulation done using the ML model were 

compared to those of the Hydroclimatic Atlas of Southern Québec 2022 (DEH22). The 

DEH22 simulations for the Upper Harricana River (river section ABIT01483, drainage 

area = 3,719.5 km2) used the Ouranos standard 10-GCM ensemble set (Table 5.1) with 

the same ensemble members (realization 1, initialization 1, physics 1: r1i1p1) and the 

same climate scenarios (RCP4.5, RPC8.5) as the ML model. The DEH22 simulations 

are currently built as part of a Québec-wide effort to assess future trajectories of river 

dynamics under climate change and used the HYDROTEL distributed physics-based 

model (Fortin et al., 2001) and were provided upon personal request to the ministère 

de l'Environnement et de la Lutte contre les changements climatiques du Québec 

(atlas.hydroclimatique@environnement.gouv.qc.ca).  To correct for the difference in 

the variability of discharge between the ML and DEH22 simulations, empirical 

quantile mapping (EQM; Gudmundsson et al., 2012; Cannon et al., 2015; Crochemore 

et al., 2016) was used to scale each simulation to the distribution of observed discharge 

over a period of common overlap (1971–2000). The EQM method adjusts the empirical 

cumulative distribution function of the simulated discharge data to that of the observed 

discharge data. The correction was then applied to the projected data and allowed for a 

constant extrapolation of extreme values by considering the non-stationarity of the 

correction between the simulated and the projected series (i.e., the correction applied 

on the projected period was not restricted to the discharge values taken during the 

observed period; Gudmundsson et al., 2012; Cannon et al., 2015; Crochemore et al., 

2016). The EQM correction was performed using the ‘hyfo’ R package (v. 1.4.3; Xu, 

2020), and using a built-in algorithm allowing extrapolation of extremes. 

5.4.8 Hydroclimatic trend analysis 

Long-term changes in A15J30 discharge and climate were compared among the 

reconstructed (1771–1920), observed (1921–2020, BioSIM data) and the projected 
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changes (2021–2100) timeseries, as well as among the hydrological models (ML, 

DEH22), the 10 GCMs, and the climate scenarios (RCP4.5, RCP8.5). The significance 

of linear monotonic trends in annual timeseries was assessed using the non-parametric 

Mann-Kendall test (Mann, 1945; Kendall, 1975) after ensuring that no significant serial 

autocorrelation could increase the probability of detecting a trend (Hamed & Rao, 1998; 

Yue et al., 2002). In the case of significant AR (1) autocorrelation, modified Mann-

Kendall test by Hamed & Rao (1998) was preferred to the classical Mann-Kendall test. 

The magnitudes of the annual trend slopes were studied using Theil-Sen’s test, which 

estimated the median of the slopes among all lines through pairs of points (Sen, 1968). 

Patterns of change between hydroclimatic variables and units were compared using 

percent change from the average of the first 10-years of the Theil-Sen’s trend line. 

When estimating the percentage change in the trend line over the entire time series, the 

average value for the first 10 years was preferred to the first data point in the time series 

to avoid the potential effect of an extreme value. To assess trends in the magnitude of 

extremes, linear quantile regressions were used instead of Theil-Sen’s slope, to account 

for the reduction in the degree of freedom in selecting only values above an arbitrary 

threshold within the timeseries (Passow & Donner, 2019). To characterize and 

investigate the projected changes in frequency of extreme high mean A15J30 discharge 

in the Upper Harricana River, a threshold value of 151.3 m3/s was used (Nolin et al., 

2021ab). This value was defined as the average mean A15J30 discharge between 1771 

and 2016 plus 1.5 times the standard deviation and was previously used to investigate 

historical changes in the high spring discharge of the Upper Harricana River. The 

frequency of high mean A15J30 discharge (above 151.3 m3/s) was then assessed per 

decade from 1771 to 2100. Finally, the inter-climate-simulations agreement, defined 

as the number of GCMs used as inputs for DEH22 and for the ML model presenting 

the same sign of change was used to assess the likelihood of the projected changes. 
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5.5 Results 

5.5.1 Machine Learning model conception and evaluation 

Correlation analyses over the 1915–2020 period indicated mostly highly significant 

associations (p < 0.001) between the mean A15J30 discharge of the Upper Harricana 

River and spring (March-April-May) climate variables (Fig. 5.2). The mean A15J30 

discharge was positively associated with snowpack conditions (snowfall, snow depth, 

SWE, TAP), spring timing (SSL, IBU) and with variable involved in snowmelt 

flooding (ROS, MEL, HR10; and Table 5.S1 for definition of abbreviations). It also 

indicated negative associations with mean and maximum temperature. Overall the 

mean A15J30 discharge showed no significant (p < 0.05) AR(1) autocorrelation and 

only a few weak correlations with climate variables in the months preceding January 

(Fig. 5.2).  

The BRF conducted on the complete climate dataset selected 36 climate predictors and 

that conducted on the climate variables excluding the SWE data, retained 31 climate 

predictors (Fig. 5.3). The two BRF selections ranked TAP, total precipitation in spring 

and annual snowfall as the most important climate variables to estimate the A15J30 

mean discharge. Both BRF selections retained comparable predictors (22 identical 

variables) except for 13 variables using SWE (Fig. 5.3). Multiple linear stepwise 

selection performed over the two BRF-selected sets of climate predictors (with and 

without SWE) led to comparable model performances (AdjR2 = 72.3% and 72.0%; F 

= 69.5 and 68.6; RMSE = 14.2 and 14.2, respectively). The model with SWE retained 

the timing of SWE minimum while the second model retained the estimated timing of 

ice break-up (IBU). Since daily SWE data were not available in the downscaled climate 

projections for Québec, the ML model excluding SWE was selected for the subsequent 

analyses. Climate variables used in the ML model included TAP (R2 = 39.7%), total 

A15J30 rainfall amount (Delta R2 = 14.4%), IBU (Delta R2 = 14.1%) and snowfall 
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maximum in May (Delta R2 = 4.9%; Table 5.2a; Fig. 5.4). Variance inflation factors 

remained close to 1 with for each predictor ensuring no multicollinearity in the final 

set of climate predictors (Table 5.2a).  

Overall, the ML model demonstrated robust representation of the observed Upper 

Harricana River A15J30 mean discharge and successfully tracked interannual 

variability and reproduced low-frequency trends (Fig. 5.4) as indicated by a high F-

statistic and NSE (Table 5.2b). Correlations calculated for each of the 10 GCM between 

the projections from the ML model and the independent projections by the DEH22 

model showed very high consistency (rRCP4.5 = 0.84 ± 0.05 std, rRCP8.5 = 0.83 ± 0.04 

std; 2021–2100). Cross calibration and verification statistics indicated approximately 

normally distributed residuals and a higher performance estimating the mean A15J30 

discharge over the second (1968–2020) compared to the first half-period (1915–1967), 

although both RMSE and MAE remained low over the two calibration periods (Table 

5.2b; Fig. 5.4). Slightly higher accuracies were found in capturing extreme low (mean 

departure from observed data for the 10 highest observed discharges, x̄ = –18.5 ± 15.8 

std) than extreme high mean discharge (mean departure from observed data for the 10 

lowest observed discharges, x̄ = 12.2 ± 11 std; Fig. 5.4), as also indicated by negative 

and positive PBIAS value over the first and second calibration periods respectively 

(Table 5.2b).  
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Figure 5.2 Associations between mean April 15 to June 30 discharge and selected 
climate variables over the 1915–2020 period. a) monthly and seasonal variables as 
detailed in Table 5.S1. b) climate variables aggregated according to different time 
periods as detailed in Table 5.S1. Note that the X axes are different between a) and b) 
panels. Pearson correlation coefficients range from red (positive correlation) to blue 
(negative correlation). Asterisks indicate p-value < 0.01 (*), < 0.05 (**) and < 0.001 
(***). See Table 5.S1 for definition of abbreviations. 
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Figure 5.3 Comparison between observed (grey) and estimated (blue) Harricana River 
mean April 15 to June 30 discharge over the calibration period (1915–2020). Dashed 
line highlights the mean of the observed discharge at 121.01 m3/s. 
 
 
 
Table 5.2a Annual Stepwise selection statistics for the full period calibration (1915–
2020). See Table 5.S1 for definition of abbreviations. 

Variable R2 AdjR2 RMSE Std. Error p-value VIF 
TAP 0.40 0.39 21.02 0.03 2.00e–16 1.01 

Rainfall A15J30 0.54 0.53 18.42 0.03 1.48e–09 1.03 
IBU 0.68 0.67 15.42 0.15 4.31e–09 1.03 

Snowfall MAY 0.73 0.72 14.25 0.72 4.07e–05 1.06 
 
 
 
Table 5.2b Annual Regression statistics for the split-sampling calibration and 
verification procedure, and the full period calibration. See Table 5.S1 for definition of 
abbreviations. 

Calibration Verification AdjR2 R2 RSR 
(%) RMSE 

MAE 
(m3/s) Fstat NSE 

PBIAS 
(%) 

1915–2020 1915–2020 0.72 0.73 0.52 13.91 10.96 68.56 0.73 0 
1915–1967 1968–2020 0.65 0.68 0.60 15.91 9.91 25.14 0.63 –1.30 
1968–2020 1915–1967 0.79 0.81 0.46 11.06 13.28 51.23 0.78 0.89 

 

R2 = 0.73 
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◄ Figure 5.4 Boruta – Random Forest (BRF) selection of the climate predictors of the 
mean April 15 to June 30 Upper Harricana River discharge. The BRF selection results 
are presented for (a) the complete climate dataset, and (b) the climate variables 
excluding the SWE data, both over the period 1915–2020. Both a) and b) panels are 
box plots of the z-scores (Importance, Y-axes) ranking the variables (X-axes) according 
to their contribution to the model over 1,000 iterations and compared to the that of the 
shadow variables. Blue box plots are minimal, mean, and maximum importance of a 
shadow variable. Red and green box plots are importance of respectively rejected (non-
significant contribution compared to that of the shadow variables) and confirmed (p < 
0.05) variables. The top insert (beige background) in (a) and (b) presents the full 
selection of the BRF and then the details of the ranking for the selected variables (white 
background). The stepwise multiple linear regression performed among the variables 
indicated important by the BRF in panels a) and b) selected the variables highlighted 
with a red background on each X-axis. See Table 5.S1 for definition of abbreviations. 
 
 

5.5.2 Historical trends in discharge and climate 

Significant linear trends were found in the monthly and seasonal data used to 

characterize the hydrological regime since 1915 (Table 5.3). Trend analysis indicated 

that August and September mean and maximum discharges have decreased, and that 

mean discharges from February to April have increased. September and February 

demonstrated significant negative trends in minimum, mean and maximum discharges. 

Observed changes in discharge ranged within ~20-30% with the most significant trends 

being the decrease in maximum discharge in September and the increase in minimum 

discharge in March (Table 5.3). No change in discharge was determined over the 

A15J30 season nor in the maximum spring discharge since 1915 (Table 5.3). Over the 

reconstructed (1771–1920) and observed (1921–2020) periods, high mean A15J30 

discharge above 151.3 m3/s occurred on average one time per decade, and up to a 

maximum of three times per decade in the 1880s (Fig. 5.5). The estimated timing of 

ice break-up calculated using BioSIM data (IBU, Table 5.S1) showed no changes since 

1915 (Table 5.3). Over the longer term (1901–2020) however, it showed a significantly 

earlier trend by seven days. The observed timing of ice break-up at Lake Duparquet 
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demonstrated no change between 1968 and 2021, occurring on average on 9 May, and 

between 12 April and 24 May (not shown). 

Significant monthly and seasonal linear trends were also identified in the observed 

climate data since 1915 (Table 5.3). Temperature warming has mainly been observed 

using mean temperature with minimum and maximum showing same trends when 

significant (Table 5.3). The most significant warming trends were observed in the 

maximum temperature of January and in the spring mean temperature. While fall to 

spring mean seasonal temperatures have warmed since 1915, there has been no change 

in the frequency of extreme cold days with minimum temperature below –25°C, which 

have implications in the river and lake ice development (ECD, Table 5.S1; Table 5.3). 

The warming of average winter and spring temperatures has coincided with decreases 

in the proportion of precipitation falling as snow and of the snowpack, characterized 

by both a decrease in snow depth and SWE. In contrast, winter and spring rainfall 

increased. For instance, in January, an increase of 2°C in maximum temperature (from 

1.1°C to 2.1°C) coincided with a rainfall increase of 30% and to a snow cover and SWE 

decrease of 20% (Table 5.3). No change was found in the maximum snowfall, the 

frequency of rain-on-snow, nor in the duration of snowmelt. While precipitation 

maximum and intensity have increased in almost each month (most significant increase 

in March), no change were detected in the frequency of freeze-thaw cycles in winter 

and spring. The number of snowmelt events from January through May has even 

decreased (Table 5.3). The timing of the SWE minimum, which estimate the last day 

with snow on the ground in spring (Table 5.S1), decreased by seven days which is as 

early as the magnitude found in the trend for the estimated ice break-up timing (Table 

5.3).  
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5.5.3 Projected impacts of climate change on the mean A15J30 discharge 

The median of the 10-GCM ensemble projected a mean A15J30 discharge variability 

similar to that of the historical range of reconstructed (1771–1920) and observed 

(1915–2020) values with a slight (RCP4.5) to more pronounced decrease (RCP8.5) by 

the end of the century (Fig. 5.5). Under both climate scenarios, the ensemble median 

projected no significant change, and one out of ten GCM projected a decrease in mean 

A15J30 discharge. Similar discharge variability was projected using the 80% interval 

of the ensemble values, and under both climate scenarios. The 80% projected interval 

roughly corresponded to the range of values observed during the 20th century in high 

and low mean A15J30 discharge (Fig. 5.5). The projected mean A15J30 discharge 

compared well with the DEH22 projections, with high consistency between the 

ensemble minimum, median and maximum values (Fig. 5.5). While the ML model 

showed no change, the median of the DEH22 simulations projected a slight decrease 

in mean A15J30 discharge under both climate scenarios and supported by about half 

of the GCMs (RCP4.5: median = –7%, 5 GCMs showed a significant downward trend; 

RCP8.5: median = –14%, 6 GCMs showed a significant downward trend). Considering 

the extreme mean A15J30 discharge projected by the 10-GCMs ensemble, both 

hydrological model simulations demonstrated higher variability than the reconstructed 

and the observed values, in both low and high discharge. 

5.5.4 Projected impacts of climate change on the low and high values and frequency 
of high mean A15J30 discharge 

To assess the projected changes in both low and high mean A15J30 discharge, quantile 

regressions of the 10th and 90th quantiles were performed on both ML and DEH22 

model simulations. It indicated that two to three GCMs (A13, GFM, and to a lesser 

extent CE2) projected an increase in the high mean A15J30 discharge above the 

reconstructed and observed levels (1771–2020; Fig. 5.6). One (RCP8.5) to two 

(RCP4.5) GCMs also projected a decrease in low mean A15J30 discharges below the 
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reconstructed and observed levels (Fig. 5.6). In contrast, the median frequency of high 

mean A15J30 discharge above 151.3 m3/s was projected to stay within the historical 

range of one to two floods per decade by 2100, and under both climate scenarios (Fig. 

5.5). While the frequency of high mean A15J30 discharge over the hindcast period 

(1971–2020) demonstrated a good agreement between the median frequency projected 

by the 10 GCMs under both scenarios, it should be noted that the maximum frequency 

overestimated the observations by one to two events per decade. Without considering 

the values, the maximum frequency of high mean A15J30 discharge was projected to 

decrease by the end of the century under RCP4.5, and to a lesser extent under RCP8.5 

(Fig. 5.5; Fig. 5.7). Comparing the projected maximum frequency among the 10 GCMs 

and hydrological models showed two trajectories between GCMs (Fig. 5.7). Five 

GCMs (BNU, CE2, CMS, IBL, NOE; Table 5.S1) projected similar and stable 

frequencies by 2100, with possible punctual increases up to five times per decade. The 

remaining five GCMs (A13, GFM, IAL, INM, MPL; Table 5.S1) projected increased 

frequency by mid to late century followed by a decrease to the historical frequency or 

below (Fig. 5.7). 

5.5.5 Projected climate change trends by 2100 

The projected mean annual temperature warming for the Upper Harricana River 

watershed ranged between 1°C (RCP4.5) and 2°C (RCP8.5) above the estimated global 

warming by 2100 (Table 5.4). The most significant warming trends were projected in 

the minimum temperature of late fall, winter, and spring. For instance, the mean 

temperature of November and the minimum temperature of May were projected to 

become positive by 2100 under both climate scenarios. These projected warming trends 

were accompanied by a decrease in days with a minimum temperature below –25°C 

and an increase in the frequency of freeze-thaw cycles in winter (Table 5.4). Snowfall 

amounts and contribution to precipitation decreased significantly in October, 

November, April, May (Table 5.4), and the A15J30 period (Table 5.4; Fig. 5.S3). 



 

 

223 

Under RCP8.5 scenario, snowfall amounts were projected to be near zero in May and 

both scenarios projected a near 100% decrease in snowfall amounts for the A15J30 

period (Fig. 5.S3). It should be noted that, even over the hindcast period (1971–2020) 

and in contrast to the BioSIM data, all 10 GCMs did not simulate snowfall in June. The 

ensemble median projected increased snowfall in January and February, however 

associated to increased rainfall. In fact under both climate scenarios, rainfall amount 

and intensity were projected to increase in virtually each month, particularly in winter, 

and to a lesser extent, in early spring (Table 5.4). 

Among the climate variables used as input to the ML model, the TAP was projected to 

increase driven by strong increases in November through April, and A15J30 rainfall 

(Table 5.4). In January and February both the snowfall and the rainfall amounts were 

projected to increase, and under both climate scenarios (Table 5.4). The contribution 

of snowfall to the total precipitation amount however, was projected to decrease in 

October-November, and in April-May, and particularly under RCP8.5 scenario (Table 

5.4). The snowfall accumulation by 2100 was affected by a one-month reduction of the 

ice season length (ISL, Table 5.S1) under RCP8.5, and by a one-month reduction of 

ECD under both climate scenarios (Table 5.4). Consequently, the estimated timing of 

ice break-up in the Upper Harricana River was projected to occur between 15 (RCP4.5) 

to 25 days (RCP8.5) earlier by 2100. 
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Figure 5.6 0.10 (green) and 0.90 (red) quantiles regressions calculated on the 
hydrological models’ outputs (ML and DEH22) produced by each of the 10 GCMs and 
under the two climate scenarios (a) RCP4.5 and (b) RCP8.5. Significant (p < 0.05) 
quantiles regressions are indicated with “***”, respectively for the 0.10 (green) and 
0.90 quantiles (red). Horizontal dashed lines indicate 151.3 m3/s. 
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5.5.6 Assessment of the projected climate changes leading to increased high mean 
A15J30 discharge 

To understand how projected climate changes might affect the upper Harricana River 

toward an increase in the A15J30 high mean discharge, particularly under the RCP4.5 

scenario, the climate variables projected by the A13 and GFM climate models were 

compared to those projected by the 10-GCM ensemble (Fig. 5.6; Fig. 5.7). Each climate 

variable was screened to keep only the 95% extreme values (less than the 0.05 quantile 

or greater than the 0.95 quantile) and compared to the average discharge projected for 

the period A15J30 by the ML and DEH22 models (Fig. 5.8). It should be noted that 

because climate models are random and chaotic in nature, a particular high-water event 

cannot be compared between climate models to assess its climatic mechanisms.  

For each GCM and under both climate scenarios, most of the predicted average high 

discharges for A15J30 were associated with high APR accumulations (accumulated 

snowfall from November to December, plus accumulated total precipitation from 

January to March; ML model: rRCP4.5 = 0.68 ± 0.05 std, rRCP8.5 = 0.67 ± 0.08 std; DEH22 

model: rRCP4.5 = 0.62 ± 0.08 std, rRCP8.5 = 0.54 ± 0.12 std; 2021–2100). Under the 

RCP4.5 scenario, the GFM climate model differentiated from the other GCMs by 

predicting five snowfalls greater than 10 mm in May during the second half of the 21st 

century (2051–2100), while the other climate models predicted zero or two (Fig. 5.8a). 

This was also the only climate model that predicting no change in breakup timing by 

2100 under RCP4.5 (Table 5.4a), with a mean timing predicted in April and some late 

breakups expected in mid- to late May. The high A15J30 mean discharges projected 

by the GFM model were therefore associated with the latest ice breakups and supported 

by the lowest May minimum temperatures and longest ice season length (ISL) in the 

2021–2100 period (Fig. 5.8a). Most of the highest projected discharges also 

corresponded to the highest number of spring freeze-thaw cycles (FTC) and the highest 

amounts of snow in May (Fig. 5.8a). For each GCM, the highest A15J30 rainfalls and 
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highest daily rainfall events (HR10) were particularly consistent with projected high 

spring discharge and especially during the second half of the 21st century (Fig. 5.8a). 

Hydroclimatic associations to the high A15J30 mean discharge projected by the GFM 

climate model were found, to a lesser extent, with the A13 and CE2 climate model 

projections under the RCP4.5 scenario. Both climate models projected smaller 

increases in high A15J30 mean discharges than the GFM model (Fig. 5.6; Fig. 5.8a) 

and mostly associated with rainy spring than with a long ice season, high snowpack, 

and late breakup.  

In the RCP8.5 projections, the climate variables associated with the A13, CE2, and 

GFM models were largely representative of those in the other GCM projections (Fig. 

5.8b). The associations of climate variables with the highest A15J30 mean discharge 

among the climate ensemble showed two distinct trends in the first and second half of 

the century. For the first half of the 21st century, associations similar to those detailed 

in the RCP4.5 scenario were projected. Associations for the second half of the century 

were consistent only with most of the highest TAP index and most of the highest 

A15J30 rainfalls and the highest daily rainfall events (HR10; Fig. 5.8b).  
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Figure 5.7 Comparison of the decadal frequencies of high floods (mean A15J30 
discharge above 151.3 m3/s) among the 10-GCM ensemble and between (a) RCP4.5 
and (b) RCP8.5 climate scenarios. Hydrological simulations are those by the machine 
learning model (grey triangle) and the Hydroclimatic Atlas of Southern Québec 2022 
(DEH22, orange dots). Horizontal dashed line is two high floods per decade and can 
be used to compare graphs among others. 
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5.6 Discussion 

The Upper Harricana River has experienced significant hydroclimatic changes in the 

20th century and quantifying, projecting, and understanding how climate change might 

further affect spring discharge trajectories is critical to the regional management of 

water resources and flood risks. This study provides a unique long-term perspective 

including past, present, and future mean A15J30 discharge variability in the Upper 

Harricana River from 1771 to 2100.   

5.6.1 Observed hydroclimatic changes affecting the mean A15J30 discharge 

The identified 20th century trends in the Upper Harricana River climate and discharge 

are consistent with other results from eastern boreal Canadian studies. Since the 1950s, 

shorter snow cover duration (Brown, 2010; Mudryk et al., 2018; Aÿgun et al., 2019) 

and river and lakes ice cover duration (Fu and Yao, 2015; Rokaya et al., 2018; Aÿgun 

et al., 2019; Bush & Lemmen, 2019; Chen and She, 2020) are consistently reported. 

Winter average temperature warming over eastern boreal Canada has also reduced the 

proportion of precipitation that falls as snow (Yagouti et al., 2008; Brown, 2010; 

Mudryk et al., 2018; Aÿgun et al., 2019; Mudryk et al., 2020) while increasing the total 

precipitations (Zhang et al., 2000; Zhang et al., 2001b; Yagouti et al., 2008; Vincent et 

al., 2018). In the Upper Harricana River watershed SWE has significantly decreased, 

supporting available results for northeastern Canada which generally show decreases 

(Mudryk et al., 2018; Aÿgun et al., 2019; Mudryk et al., 2020), but contrasting with 

increases found in northern Québec (Yagouti et al., 2008; Brown, 2010; Aÿgun, et al., 

2019). 

While changes in maximum spring rainfall intensities observed in the Upper Harricana 

River during the 20th century remains moderate, others eastern boreal Canadian rivers 

demonstrated transition from snowmelt-driven spring floods towards mixed snowmelt 
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and heavy rainfall-driven spring floods, and particularly in the southernmost areas 

(Burn et al., 2010; Ouellet et al., 2012, Burn & Whitfield, 2018; Aÿgun et al., 2019; 

Teufel & Sushama, 2021). No changes were found in the variables accounting for the 

melting mechanisms of the Upper Harricana snowpack such as in the freeze-thaw 

cycles, rain-on-snow events, or the duration of snowmelt in spring, which would 

suggest that the snowmelt intensities have not been more evenly distributed over the 

winter and spring. No change was either demonstrated in the maximum spring 

discharge. It could thus be hypothesized that the observed increases in winter and 

spring rainfall, and in spring rainfall intensity, were not sufficiently intense to trigger 

an increase in spring flooding or were offset by the decrease in SWE, which then 

contributed less to the spring flooding. This is in line with previous research 

hypothesizing that whereas most of the historical spring flooding were associated with 

cold and snow winters, long lasting snow cover and heavy rainfall (Nolin et al., 2021a), 

the warmer average spring temperature in the Upper Harricana River watershed since 

the last 40 years may have likely shifted the contribution of snow vs rain in the spring 

flooding processes (Nolin et al., 2022). In other locations of northeastern Canada and 

during the 20th century, increased frequency and intensity of rainfall on mid-winter and 

spring snow cover (Brown, 2010; Jeong et al., 2018; Vincent et al., 2018; Li et al., 2019) 

has generally augmented the number of freeze-thaw cycles (Yagouti et al., 2008), 

magnifying the spring peak discharge by a generally higher winter discharge (Whitfield 

& Cannon, 2000; Zhang et al., 2001a; Déry et al., 2011; Vincent et al., 2015). In this 

study and from 1915 to 2020 the increase in rainfall had likely offset the decrease in 

snowpack in the contribution to the mean A15J30 discharge of the Upper Harricana 

River which indicated no changes but a slightly increasing frequency of high mean 

A15J30 discharge in the last decade (2010–2020). An increase in both the magnitude 

and frequency of high mean A15J30 discharge has however been demonstrated at the 

scale of the last 250 years (Nolin et al., 2021a), and more broadly, similar trends in 

flood frequency and magnitude were observed in numerous paleorecords of the Little 



 

 

232 

Ice Age across eastern boreal and subarctic Canada having investigated the spring 

discharge (Tardif & Bergeron, 1997b; Bégin et al., 2000; Bégin, 2001; Lemay & Bégin, 

2008; Boucher et al., 2011; Lemay & Bégin, 2012; Nicault et al., 2014; Nasri et al., 

2020; Nolin et al., 2021b). 

5.6.2 Projected hydroclimatic changes affecting the mean A15J30 discharge by 2100 

Projected trajectories of hydroclimatic changes affecting the mean A15J30 discharge 

followed the hydroclimatic trends found in the 20th century and compared well with the 

DEH22 simulations, as well as with other regional and Québec-wide projections issued 

using various models and for various horizons (2050, 2080, 2100). Without daily 

projected hydroclimatic changes it still remains hazardous to distinguish a snowmelt-

driven from a rainfall-driven high spring discharge. However, the decrease in the length 

of the snow season, the sharp decrease in spring snowfall, and the sharp increase in 

spring rainfall and heavy rainfall support the hypothesis of a projected higher 

contribution of rainfall storms in spring flooding dynamics in the future. Our results 

support the likely increase in total annual precipitation expected for northeastern 

Canada, with a sharp transition to more rain than snow in fall and spring (Cohen et al., 

2015; Guay et al., 2015; Wang et al., 2015; Mudryk et al., 2018; Bush & Lemmen, 

2019) associated to increases in both maximum and intensity of rainfall storms (Wang 

et al., 2015). As in the simulations issued by Guay et al., (2015) for northern Québec, 

increased maximum snowfall in mid-winter favored by average temperatures 

remaining below freezing is expected for the Upper Harricana River and under both 

climate scenarios. Modest changes were expected in the mean A15J30 discharge by 

2100, which was projected to likely (8 out of 10 climate model) stay within the range 

of discharges observed during the 20th century, or below. Two climate models, however, 

projected an increasing magnitude and frequency of high discharge outside the range 

of historical variability reconstructed since the end of the Little Ice Age (1771–2020). 

These were associated with climate conditions like those known to have caused major 
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spring flooding across the region (Nolin et al., 2021a, Nolin et al., 2022). This concurs 

with other regional projections of spring flood magnitude and frequency, projecting 

both a decrease in southwestern Ontario (Cunderlik & Simonovic 2005), north central 

Ontario (Gaur et al., 2018), southwestern Quebec (Oubennaceur et al., 2021), and an 

increase in northeastern Quebec and south-central Ontario (Gaur et al., 2018), as well 

as a province-wide rise across Quebec (Clavet-Gaumont et al., 2013a). This result thus 

reemphasizes the importance of considering climate model ensembles and different 

hydrological modeling to assess changes in spring flooding at the watershed scale when 

considering the potential effects of climate change on discharge (Clavet-Gaumont et al. 

(2017). The two GCMs projecting increase vs. eight GCMs projecting similar 

variability in high discharge by 2100 likely reflect the uncertainty that exists in 

representations of future global climate and/or in the biases of using these models at 

the scale of small watersheds like the Upper Harricana River. 

5.6.3 Uncertainties in climate change results 

In climate change projections a major source of uncertainties is often inherent to the 

climate models and downscaling method used (Chen et al., 2011; Clavet-Gaumont et 

al., 2017; Lucas-Picher et al., 2021). Projections were computed using a 10-GCM 

subset of models runs from the CMIP5 ensemble designed by Ouranos to cover the 

global range of the full CMIP5 ensemble over Québec. Further studies involving ML 

models could beneficiate from the use of the newer CMIP6 simulations once they 

would have been bias-corrected and downscaled for Québec. Recent comparison 

between CMIP5 and CMIP6 climate projections over Canada indicated that CMIP6 

projected warming was significantly higher than CMIP5 models under the same 

climate scenario, and that CMIP6 exhibited significant change in the variability of 

extreme precipitation (Sobie et al., 2021). While the SWE was successfully estimated 

using the TAP index, another improvement to our approach could be to beneficiate 

from a more detailed representation of the snow processes in climate model data. For 
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instance, it could help to understand how the decrease in seasonal snowpack and snow 

duration may affect the timing and duration of snowmelt in spring, or to account for 

the evaporation of water directly from the snowpack (sublimation) which is projected 

to increase under warmer snow-season temperatures (Burn et al., 2010). Of importance 

is that the maturity of the snowpack (e.g., density; Brown, 2000) has a significant 

impact on whether heavy rainfall in spring may have a flood-generating potential or 

not (rain-on-snow events; Musselman et al., 2018; Li et al., 2019). In particular, the 

synergy between rain-snow events and freeze-thaw cycles is important for 

understanding how snowmelt can be mobilized for the spring freshet, or conversely, 

whether the formation of ice layers and/or surface crust will delay the mobilization of 

water from the snow. Finally, the future changes in watershed-scale climate were 

projected without taking into account changes in land use practices and changes in 

vegetation composition and structure induced by climate change that may impact 

hydrological processes. In particular, projections suggest significant increase in the loss 

of forest cover and densification of land by hardwood species with increased fire 

disturbance and tree mortality due to water and thermal stresses in the future (Chaste 

et al. 2019; Boulanger et al. 2022) that will certainly have impacts on boreal hydrology.  

The hydrological modeling approach used in this study was similar to that of 

regionalization studies where data from river gauging networks are regressed against 

climatic and physiographic parameters in ungauged basins (Worldwide: Loáiciga, 1997; 

Barbarossa et al., 2017; USA: Vogel et al., 1999; McIntyre et al., 2005; Capesius and 

Stephens, 2009; Fouad et al., 2018). Multiple linear regressions were often used as 

traditional models in hydrological studies for long-term trend and scenarios projections 

(Krstanovic and Singh, 1991; Modini, 2000) or as a baseline for comparison with other 

data-driven techniques (Elshorbagy et al., 2010; Adamowski et al., 2012). There are 

however concerns that it may linearized the relationships between hydroclimatic and 

watershed variables and that annual low and high extreme discharge may generally be 
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underestimated (Krstanovic & Singh, 1991; McIntyre et al., 2005). Therefore, multiple 

linear models performed generally better when used with parameters derived from a 

large number of similar gauged watersheds (McIntyre et al., 2005) or a large number 

of climate predictors (Fouad et al., 2018). Compared to further advanced data-driven 

methods such as learning models or artificial neural networks, they were also 

demonstrated adequate for operational water management and land use planning when 

decisions can be made without detailed or daily hydrologic information or forecasts 

(Hrachowitz et al., 2013) which was the case for this study. 

5.7 Conclusions 

Future development and water resources management within the Upper Harricana 

River watershed will thus need to accommodate to the uncertainties in projected high 

mean A15J30 discharge changes. This study indicates that, climate change during the 

20th century already have affected the proportion of precipitation falling as snow and 

rain, as well as the estimated timing of the river ice break-up. Future winter and spring 

warming was projected to favor rain instead of snowfall, which then contributed more 

to the discharge and compensated for the loss of snowmelt. Modest changes were 

expected in the mean A15J30 discharge of the Upper Harricana River by 2100, which 

was projected to likely (eight out of ten climate models) stay within the range of 

discharges observed during the 20th century, or below. Two out of ten climate models 

however projected increasing magnitude and frequency of high mean A15J30 

discharge associated to climate conditions similar to those known to have led major 

historical spring flooding across the region. While this scenario remains unlikely it 

should be taken into consideration by stakeholders as a precautionary principle to plan 

for mitigating flood risks. 
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5.9 Supplementary Materials 

5.9.1 Adaptation of climate indexes for the Upper Harricana River watershed 

5.9.1.1 Total accumulated precipitation 

As SWE data were available as bias-corrected and downscaled climate change 

simulations, surrogates had to be calculated from the other CMIP5 climate parameters. 

Total accumulated precipitation (TAP) is the sum of the daily snowfall accumulated 

for November to December, and of the daily total precipitation accumulated from 

January to March (Romolo et al., 2006). This index was introduced as a surrogate of 

the peak seasonal SWE and was positively and significantly associated to April 1st 

SWE with high value of TAP corresponding to high values of April 1st SWE in western 

Canada (Romolo et al., 2006). It expresses the variability in the onset and melt of 

snowpack and indicate the amount of runoff that will be available in the spring. Climate 

data interpolated from the Upper Harricana River (1900–2021) showed that persistent 

snowpack, (as indicated by 5 days of consecutive SWE > 1; Table 2) established on 

average on November 07th ± 11 days and was completely melted on average on April 

15th ± 11 days. Including the month of April in the TAP index increased the correlation 

between the mean spring discharge of the Harricana River from r = 0.56 to r = 0.64.  

5.9.1.2 Accumulated melting degree days 

A critical aspect of predicting the spring mean discharge was to estimate the timing of 

ice break-up. Exploratory analysis of the observed data showed that (1) Lake 

Duparquet breakup occurred on average when melting degree days (MDD) had 

accumulated 162.85 ± 37.36°C (1968–2018), (2) that the onset of spring freshet in the 

Harricana River, defined as the last inflexion point in the 10-day moving average of 

the daily discharge before flood peak, occurred on average when the MDD had 
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accumulated 4.62 ± 6.98°C (1915–2021), and (3) that the maximum annual discharge 

in the Harricana River occurred when the MDD had accumulated 146.03 ± 49.85°C 

(1915–2021). Highest correlation coefficient with the Harricana River mean spring 

discharge was found for a threshold of 99 accumulated MDD. An arbitrary threshold 

of 100 MDD accumulated from a mean daily temperature above 0°C was thus chosen 

to be representative of the ice break-up timing, instead of the initial value of 50 MDD 

presented by Williams, (1971). Lamontagne et al., (2021) also observed in Western 

Canada that 40 MDD (or degree-C-days of thaw) was enough to initiate a breakup on 

the Smoky River and that 150 MDD corresponded to the high freshet discharge on the 

Peace River. This correction from observed data increased the correlation between the 

mean spring discharge of the Harricana River and the MDD index from r = 0.30 to r = 

0.39. 

 

Figure 5.S1 Observed climate and discharge at Amos indicating the range of natural 
recorded variability. a) Mean 5-days average of temperature, rainfall, and snowfall 
from 1933 to 2000 for Amos meteorological station (7090120). b) Daily discharge of 
the Harricana River at Amos and from 1914 to 2021 (gage 04NA001-2). The two 
highest maximum spring discharge recorded were in 1960 (337 m3/s on May 11 and 
12) and in 1947 (317 m3/s on May 26). 
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Figure 5.S2 Outputs from the logistic regression model calibrated on daily BioSIM data 
and applied to the CMIP5 data to produce estimates of rain and snow proportions of 
total precipitation as a function of mean air temperature. a) BioSIM daily snow (light 
blue) and rain (dark blue) daily values and their respective curvilinear fits. Model 
estimates compared to BioSIM interpolated values, respectively for b) rain (n = 21,481) 
and c) snow (n = 16,079). 

 

a) 

b) c) 
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Figure 5.S3 April 15 to June 30 mean annual (a) temperature, (b) precipitation, (c) 
rainfall, and (d) snowfall averaged over the Upper Harricana River watershed for the 
period 1950–2100 and for the 10-GCM ensemble. Median values of historical (grey) 
and future projections under RCP4.5 (blue) and RCP8.5 (red) are presented with their 
minimum and maximums ranges (shades). 
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Table 5.S1 Annual climate index used as additional predictors to monthly and seasonal 
climate to develop machine learning model of the mean April 15 to June 30 discharge 
of the Harricana River. Each variable was calculated from 1900–2021 daily BioSIM 
climate series. Each variable calculated with SWE data are presented at the bottom and 
highlighted with a grey cell background. 
Variable Units Description 

CDD °F Cooling degree days, cumulative sum of daily temperature warmer than 
65°F 

DD0 days Degree days above 0°C 

ECD days Extreme cold days, daily minimum temperature inferior to –25°C, as in 
https://climatedata.ca/variable/  

FDD °C Freezing degree days, sum of the departures of the mean daily temperature 
below 0°C, as in Assel, (1980) 

FFF julian 
day 

First fall frost, first day in fall or late summer where daily minimum 
temperature is below 0°C, as in https://climatedata.ca/variable/  

FSL days Frost-season length, duration between the first day with 0°C in autumn and 
the first day with 0°C in spring  

FTC days 
Freeze-thaw cycles, daily maximum temperature higher than 0°C and daily 
Tmin inferior or equal to –1°C, as in https://climatedata.ca/variable/ 

HDD °F Heating degree days, cumulative sum of daily temperature colder than 65°F 

IBU julian 
day 

Timing of lake ice-break up, the date when accumulated melting degree 
days reached 150 using a base of 32°F, adapted from Williams, (1971) (c.f. 
Suppl. Mat.) 

LSF julian 
day  

Late spring frost, sometimes refer to as springtime warming, last day in 
spring or early summer where daily minimum temperature is below 0°C, 
as in https://climatedata.ca/variable/ 

ID days Ice days, number of days where maximum temperature is below 0°C, as in 
https://climatedata.ca/variable/ 

ISL days Ice season length, duration in days between the FFF and the LSF 

% Rain % Mean percent precipitation as rain 

HR10 days Number of extreme single-day rainfall event of at least 10mm, adapted 
from Gleason et al., (2008) 

Rainfall 
intensity mm/day Rainfall intensity 

% Snow % Mean percent precipitation as snow  

TAP mm 

Total Accumulated Precipitation, defined as the total daily snowfall 
accumulated for November and December, and the total daily precipitation 
accumulated from January to April, adapted from Romolo et al., (2006) 
(c.f. Suppl. Mat.) 
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Table 5.S1 (Suite) 
 
Variable Units Description 

MEL days Number melting events where ∆SWE < 0 as in Barnhart et al., (2016) (see 
equation 1) 

ROS days 

Number of rain-on-snow (ROS) events defined as "rainfall of at least 3 mm 
on a snowpack of at least 10 mm SWE and for which the sum of rainfall 
and snowmelt contains a minimum of 20% snowmelt", following criteria 
detailed in Freudiger et al. (2014), Musselman et al. (2018) and Li et al., 
(2019) to identify ROS days that have flood-generating potential. In this 
study, yearly ROS were calculated over a window spanning March 1 to 
June 30. 

SMR mm/day Long-term average snowmelt rate from JAN to MAY as in Barnhart et al., (2016) (see their equation 1) 

SMD days 

Snowmelt duration, duration of the snow ablation phase that extends from 
the day of maximum snow volume to the day of the last recorded positive 
SWE value, adapted from Dyer, (2008) (here, SMD = TMAXSWE - 
TMINSWE) 

SSL days Snow season length, total number of days with at least 1mm of SWE for 5 
consecutive days from previous winter to current spring 

TMAXSWE julian 
day 

Timing of maximum snow water equivalent, estimate for the day of 
maximum snow volume before ablation phase, as in Dyer, (2008) 

TMINSWE julian 
day 

Timing of minimum snow water equivalent, estimate for the last day with 
snow on the ground, adapted from Dyer, (2008) 
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Dans l’est du Canada boréal, les crues printanières font partie intégrale du cycle 

hydrologique des rivières et constituent un risque naturel majeur. Les objectifs de cette 

thèse visaient à (1) reconstituer et étudier la variabilité historique des crues printanières 

par l’étude des cernes de crues, (2) reconstituer et étudier les mécanismes climatiques 

à l’origine du déclenchement des crues printanières historiques, et (3) projeter dans le 

futur les trajectoires prévisionnelles des crues printanières et de leurs facteurs 

climatiques dans l’est du Canada boréal. Ce dernier chapitre présente la contribution 

de ce travail à l’avancement des connaissances et les perspectives de recherches qui 

peuvent être envisagées pour la poursuite des travaux. 

6.1 Variabilité printanière des débits moyens et des températures moyennes 
reconstituées depuis la fin du Petit Âge Glaciaire 

L’ensemble des résultats obtenus démontre que la variabilité printanière des débits 

(chapitre I) et des températures (chapitre IV) au cours des 20e et 21e siècles s’est 

éloignée de la gamme de variabilité reconstituée pour la fin du Petit Âge Glaciaire, et 

ce de manière graduelle. De 1770 à 1870, la variabilité hydroclimatique régionale des 

débits moyens et des températures moyennes de printemps était caractérisée par des 

phases amples persistant plusieurs décennies. Les phases de printemps plus froids que 

la moyenne à long terme (1770–2021) semblent concorder avec des phases de débits 

printaniers de plus haute sévérité que la moyenne à long terme, et inversement. Durant 

cette période, la sévérité et la fréquence des hauts débits printaniers étaient les plus 

basses de la période 1770–2021. Après les années 1850–1870, qui marquent la 

transition du Petit Âge Glaciaire à l’époque contemporaine en Amérique du Nord 

(Matthews & Briffa, 2005), l’amplitude de ces phases a diminué vers des fluctuations 

décennales et ce jusqu’à 1930–1950. La fréquence et la sévérité des inondations 

printanières ont augmenté et restaient associées aux plus basses températures 

moyennes régionales reconstituées. La fréquence et la sévérité des hauts débits de la 
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période 1875–1890 (1876, 1880, 1885, 1888, 1890) contrastent notamment avec la 

période de faible activité des inondations printanières pendant la fin du Petit Âge 

Glaciaire (1770–1870) pendant laquelle seules trois années de hauts débits ont été 

reconstituées (1797, 1819, 1861). Après 1930–1950, la variabilité hydroclimatique des 

débits moyens et des températures moyennes de printemps a été caractérisée par une 

amplitude annuelle à interannuelle, et associée à une augmentation en fréquence et en 

sévérité, à la fois des printemps chauds et des hauts débits. Les plus hauts débits de la 

période 1771–2022 ont été 1947 et 1960. Toutefois, des débits de faible amplitude et 

survenant tôt au printemps ont dominé durant la période 1998–2012 avant les 

inondations printanières de 2013, 2014, 2017 et 2019 qui ont atteint une fréquence 

comparable aux années 1880. 

Ces périodes de changements graduels (1870 et 1930–50) coïncident avec les périodes 

d’augmentations du niveau des lacs et des hauteurs et fréquences de cicatrices glacielles 

enregistrées dans la région du Lac Duparquet et du Québec subarctique (Tardif & 

Bergeron, 1997b; Bégin et al., 2000; Bégin, 2001; Lemay & Bégin, 2008; Boucher et 

al., 2011; Lemay & Bégin, 2012; Nicault et al., 2014; Nasri et al., 2020). Ces périodes 

de changements coïncident également avec une diminution de la fréquence et de la 

sévérité des sécheresses et incendies de forêts dans le centre du Québec et nord-est 

Ontario (Bergeron et al., 2001; Bergeron et Archambault, 1993; Drobyshev et al., 2017). 

Cohérents à large échelle spatiale ces changements hydroclimatiques semblent associés 

à une modification des circulations atmosphériques à plus large échelle et de leur 

contrôle sur la variabilité hydroclimatique interannuelle régionale. 
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6.2 Contrôles climatiques à large échelle et cohérence régionale des hauts débits 
moyens printaniers 

L’ensemble des années de hauts débits printaniers reconstitués pour la rivière Harricana 

(chapitre I) a été observé dans les séries de cernes de crues échantillonnées dans les 

rivières naturelles, et dans une moindre mesure dans les rivières régulées, des bassins 

versants des Plaines de l’Abitibi (Mattagami, Abitibi, Harricana et Outaouais amont; 

chapitre II). Ces deux jeux de données ont été significativement associés à l’ensemble 

des débits instrumentaux disponibles pour les rivières naturelles à travers un territoire 

d’environ 70 000km2, démontrant que l’historique régionale des inondations était 

commune entre ces rivières. Les plus hauts débits moyens printaniers du 20e siècle dans 

la région des Plaines de l’Abitibi ont été générés par des hivers froids et neigeux, des 

printemps tardifs accompagnés de pluies intenses, et ce particulièrement depuis 1950. 

Les analyses de corrélations spatiales ont indiqué que ces associations seraient 

applicables à une large partie du centre-est nord canadien. Cependant, le réchauffement 

des températures moyennes printanières depuis environ 1940, l’absence d’inondations 

majeures entre 1996 et 2012, puis la dernière succession d’inondations majeures (2013, 

2014, 2017, 2019) indiquent que les conditions climatiques à l’origine de leur 

déclenchement pourraient avoir changé. Les analyses de tendances hydroclimatiques 

(chapitre V) dans les données observées du bassin versant de la rivière Harricana ont 

démontré que depuis le début du 20e siècle, le réchauffement des températures 

moyennes hivernales et printanières a réduit la proportion des précipitations nivales. 

Tout en augmentant les précipitations totales et particulièrement les pluies, ce 

changement a probablement limité le rôle de l’équivalent en eau de la neige dans la 

génération des débits moyens de printemps. Ce changement climatique centré sur 1950 

pourrait aussi être une conséquence de l’augmentation de l’influence de l’indice de 

circulation atmosphérique à large échelle El-Niño oscillation australe (ENSO) 

constatée sur les débits de l’est du Canada (Nalley et al., 2012). Cet indice climatique 
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reflète des mécanismes de transport de masses d’air provenant de l'océan Pacifique-

Sud. Les masses d’air chaud et humide des phases ENSO positives (El-Niño) étaient 

associées, dans l’est du Canada boréal, à des printemps hâtifs et de débits moyens 

printaniers de faibles amplitudes. Au contraire, des masses d'air froides et sèches des 

phases ENSO négatives (La-Niña) étaient plutôt corrélées à des dégels tardifs et à des 

débits moyens printaniers de plus haute amplitude. 

6.3 Trajectoires hydroclimatiques prévisionnelles pour les débits moyens printaniers 
de la rivière Harricana 

La variabilité des débits printaniers reconstitués fournit une nouvelle perspective 

historique (1771–2021) rare à l’échelle du Québec et nécessaire à l’évaluation des 

scénarios de changements hydroclimatiques probables. Huit modèles climatiques 

GCM sur 10 utilisés pour projeter le futur hydroclimatique de la rivière Harricana 

(chapitre V) suggèrent peu de changement dans la variabilité des débits moyens de 

printemps à l’horizon 2100 (par rapport à la variabilité observée pendant le 20è siècle 

et la fin du Petit Âge Glaciaire). Les projections à l’horizon 2100 indiquent une nette 

diminution des couverts neigeux (–20 à –30% de chutes de neige sur l’année) 

compensée par une nette augmentation des pluies (+100 à +125mm annuel) 

principalement en automne, en hiver et au printemps. Les pluies intenses, qui 

présentent à l’échelle du Québec un potentiel à générer des inondations printanières, 

devraient augmenter avec l’augmentation la plus importante projetée sous un 

réchauffement plus prononcé (RCP8.5). L’augmentation projetée des cycles gel-dégel 

pourrait aussi contribuer à la formation de couches de glace dans les couverts neigeux. 

La modification de la fréquence et de l’intensité des précipitations et des dégels ne 

semble toutefois pas avoir d’effet sur l’évolution future des débits moyens printaniers. 

Le réchauffement des températures moyennes et l’intensification des pluies suggèrent 

aussi une débâcle printanière plus hâtive d’environ 15 à 25 jours en 2100.  
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Au contraire de ces projections, et toujours à l’échelle de l’ensemble multi-modèle 10-

GCM utilisé (chapitre V), deux modèles climatiques projettent une augmentation de la 

sévérité, et dans une moindre mesure, de la fréquence des hauts débits moyens de 

printemps et selon des conditions climatiques comparables à celles ayant générée les 

inondations majeures historiques (hivers froids, neigeux, débâcle tardive et pluies 

intenses de printemps). Pour les deux modèles hydrologiques comparés et les deux 

scénarios climatiques envisagés, ce résultat semble surtout refléter l’incertitude qui 

existe à ce jour dans les représentations du climat planétaire futur et/ou dans les biais 

de l’utilisation de ces modèles à l’échelle de petits bassins versants comme celui de la 

rivière Harricana. Ces projections sont toutefois une contribution unique pour 

l’hydrologie régionale et viennent supporter les simulations effectuées, sur le même 

bassin versant et selon les mêmes modèles climatiques globaux, par la Direction de 

l’Expertise Hydrique du Québec. La perspective à long terme dans les débits (1771–

2100) accentue aussi le fait que les crues majeures de la deuxième moitié du 20e siècle 

sont sans équivalent depuis les derniers 250 ans. Bien que cela nécessite des recherches 

plus approfondies, ce phénomène pourrait avoir été une des premières conséquences 

du réchauffement climatique, lorsque l’augmentation des pluies printanières n’était pas 

encore compensée par la perte de couvert neigeux dans les débits.  

6.4 Avantages, limites et perspectives de l’utilisation des cernes de crues comme 
indicateur des débits printaniers boréaux  

En plus de contribuer à l’avancement des connaissances et de la compréhension du 

climat et des débits printaniers régionaux durant et après le Petit-Âge Glaciaire, les 

résultats de cette thèse constituent un apport théorique et appliqué important pour 

l’analyse des cernes de crues. Les analyses quantitatives (mesures anatomiques; 

chapitre I et II) et semi-quantitatives (classes visuelles F0, F1, F2; chapitre II et III) de 

cernes de crues ont démontré leur complémentarité et leur potentiel pour extraire de 
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l’information paléohydrologiques en milieu boréal à la fois en rivières naturelles et 

régulées par barrage, et ce, comparativement aux chronologies de largeurs de cernes 

annuels. Ces résultats appuient également l’utilisation des chronologies de nombres et 

de surface moyenne en coupe transversale des vaisseaux du bois initial pour 

reconstituer le signal d’inondations printanières, comme l’avait déjà suggéré Tardif et 

al., (2010) et Kames et al., (2016). En rivières naturelles, les analyses anatomiques ont 

permis de capturer un plus large spectre d’information hydrologique que l’étude des 

fréquences relatives de cernes de crues, mais l’étude des fréquences relatives a permis 

d’inclure un plus grand nombre d’échantillons sur une plus grande surface et a permis 

d’étudier la cohérence spatiale des inondations printanières régionales.  

En rivières régulées, les fréquences relatives de cernes de crues ont aussi permis de 

documenter l’historique régional des inondations printanières avant l’installation des 

barrages, et de reconstituer les inondations printanières majeures après la création des 

barrages (chapitre II et III). L’étude des cernes de crues en contextes hydrologiques 

régulées (chapitre III) démontre qu’il est possible d’extraire de l’information encore 

plus largement, en adaptant la stratégie d’échantillonnage pour tenir compte des 

modifications hydrologiques apportées par le barrage. L’échantillonnage d’arbres 

riverains dans différents contextes hydrologiques (distance au barrage, distance à la 

berge) a permis de distinguer les crues majeures ayant inondé la totalité de la plaine 

alluviale des crues de plus petites amplitudes pouvant être le reflet de la gestion des 

niveaux d’eau par le barrage. Cependant, les résultats de Tardif et al. (2021a) précisent 

que des frênes noirs proches les uns des autres peuvent enregistrer des cernes de crues 

d’intensité différente (F1 et F2) démontrant que la microtopographie peut influencer 

l’exposition des arbres aux inondations. La hauteur de prise d’échantillon 

dendrochronologique semble aussi influencer la distinction des cernes de crues 

(intensité ou présence) puisqu’ils ne se forment que sous le niveau d’eau (St. George 

et al., 2002; St. George et Nielsen, 2002; Copini et al., 2016; Tardif et al., 2021a). Des 
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études supplémentaires sont nécessaires pour comprendre comment les variations 

d’intensité dans la verticalité de la tige (décroissance/disparition du signal au-dessus 

du niveau d’eau; St. George et al., 2002; St. George et Nielsen, 2002) affectent notre 

capacité à extraire de l’information paléohydrologique des fréquences relatives de 

cernes de crues à l’échelle de l’arbre, et à plus grande échelle. 

Les comparaisons entre frênaies riveraines inondées et frênaies contrôles non inondées 

(chapitre II) confortent les résultats des études précédentes (Kames, 2009; Kames 

2016). La signature anatomique des cernes de crues dans les frênes noirs des plaines 

inondables n’est pas confondable avec celles induites par d’autres facteurs 

paléoclimatiques que les inondations. Les observations de Yanosky (1983, 1984) 

suggéraient par exemple que les modifications anatomiques observées pendant les 

crues pouvaient être liée à la perte de canopée. Dans cette perspective, une défoliation 

prononcée, par attaque d’insecte, sécheresse, ou par un feu, qui peuvent aussi réduire 

la taille des vaisseaux du bois initial (e.g., Kames 2009; Braüning et al., 2016), aurait 

donc pu conduire à la formation d’irrégularités anatomiques semblables à celles des 

cernes de crues. Tardif et al., (2021ab) démontrent également que les cernes de crues 

disparaissaient progressivement des plaines inondables riveraines aux peuplements de 

plus hautes terrasses non inondées. Le petit nombre de cernes de crues de faible 

intensité trouvée dans les peuplements contrôles non inondés au chapitre II semblent 

donc plus refléter les disparités d’identification de cernes F1 entre les deux 

observateurs, ceux-ci étant plus difficiles à déterminer que les cernes F2 (Tardif et al., 

2021a).  

Enfin, les résultats du chapitre I précisent que les chronologies de cernes de crues sont 

légèrement moins efficientes pour reconstituer les inondations printanières de faible 

intensité survenant tôt au printemps, c’est-à-dire, lorsque l’initiation de la crue 

printanière survient avant le début de la période de formation des vaisseaux du bois 



 

 

253 

initial (Copini et al., 2016). Dans l’hypothèse où les changements climatiques induisent 

des crues printanières plus hâtives et associées à des gel-dégel et des pluies plus 

fréquents et intenses, il reste à déterminer si l’efficacité des feuillus à zone poreuse à 

enregistrer les inondations printanières pourrait être influencée par ces changements 

(changements de phasage entre la phénologie des crues et la phénologie des arbres). 

Des suivis microcarottes en peuplements inondés, et en conditions expérimentales 

pourraient permettre de suivre et comparer la phénologie de formation des vaisseaux 

du bois initial en fonction des conditions climatiques et d’inondations printanières 

actuelles et futures envisagées. 

6.5 Perspectives méthodologiques pour la caractérisation et la mesure des cernes de 
crues  

Ces travaux de recherche ont également amélioré les techniques de prétraitement des 

images hautes résolutions pour la mesure continue d’éléments de vaisseaux du bois 

initial par rapport aux travaux précédents. L’étude des cernes de crues repose 

historiquement sur des indices de présence visuelle (St. George and Nielsen, 2003; 

Wertz et al., 2013; Therrel et Bialecki, 2015; Meko et Therrel, 2020), des mesures de 

surface moyenne des éléments de vaisseaux en coupe transversale sur un nombre 

restreint d’échantillons (St. George et al., 2002; Tardif et al., 2010; Kames et al., 2016; 

Tardif et al., 2021b), ou plus récemment sur des mesures de largeur de la première 

bande de vaisseaux dans le bois initial (Meko and Therrel, 2020). Il est désormais 

possible de mesurer plus rapidement un nombre plus important d’échantillons avec les 

procédés de préparation des images (réduction du bruit), d’automatisation de la 

délimitation des vaisseaux qui facilitent leur détection et leur mesure avec le logiciel 

WinCell (Fig. 3.2). Des améliorations semblables aux notres (Canny Edge; chapitre I) 

avaient déjà été proposées par Jevšenak et Levanič (2014), et par Land et al., 2017 avec 

CATS (Computer-Aided Tree-Ring Analysis Software) bien que le logiciel ait montré 



 

 

254 

des difficultés à délimiter les vaisseaux des frênes noirs dans nos analyses préliminaires 

(non présentés). L’expérimentation de méthodes émergentes comme la 

macrophotographie automatisée (Griffin et al., 2021), la tomographie à rayons X (i.e. 

De Mil et al., 2016; Buranská et al., 2021) pourrait aussi permettre d’accélérer ces 

procédures dans le futur (García-González et al., 2016; von Arx et al, 2016) et aider à 

développer un réseau de mesures anatomiques cohérent à grande échelle, comme il 

existe déjà pour les mesures de largeurs de cernes, de densité du bois, isotopes, etc. (i.e. 

International Tree-Ring Data Bank).  

6.6 Perspectives de recherche et mot final  

Pour poursuivre le développement des cernes de crues comme indicateur des crues 

printanières, il serait aussi nécessaire de comparer les approches existantes entre-elles 

(microtome / analyses d’image / rayons-X) et les différentes variables (notamment 

diamètre et nombre des vaisseaux, largeur de la première bande de vaisseaux proposée 

par Meko and Therrell, 2020; et variables proposées par Scholz et al., 2013) afin de 

statuer sur leur sensibilité respective aux inondations printanières et facteurs 

hydroclimatiques, mais aussi sur l’efficacité des analyses (temps, coûts, etc). Par 

ailleurs, l’étude des cernes de crues dans d’autres essences de feuillus à zone poreuse 

(Fraxinus pensylvanica, Ulmus americana, Quercus spp., Acer spp.) ou de manière 

plus limitée dans les feuillus à pores diffus (Dickson, 2020; Tardif et al., 2021a) 

permettrait d’élargir le champ d’application de la méthode développée dans cette thèse. 

On peut imaginer échantillonner un petit nombre d’arbres les plus anciens par bassin 

versant sur les rivières naturelles, et sur les rivières régulées, pour dresser un portrait 

global de l’historique des inondations dans le nord du Québec par exemple.  

Cette thèse a apporté une base pour la compréhension à plus large échelle des 

conditions climatiques qui engendrent des hauts débits printaniers dans l’est du Canada 
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boréal. Ces travaux pourraient être poursuivis par une analyse plus détaillée des 

associations entre les débits et les indices de circulations climatiques à grandes échelles. 

Ces associations sont complexes spatialement et temporellement (Bonsal et al., 2008; 

Bonsal & Shabbar, 2011) et nécessitent souvent des décompositions temporelles et 

fréquentielles plus avancées que celles entreprises au chapitre I (cf., Nalley et al., 2012). 

Cela améliorerait aussi nos capacités de prédiction du risque inondation puisque la 

réponse hydrologique des rivières dans l’est du Canada boréal est généralement décalée 

de plusieurs mois à plusieurs années par rapport aux fluctuations des indices 

climatiques à large échelle (Nalley et al., 2012; voir synthèse par Bonsal et Shabbar, 

2008 sur les débits d’étiages). Dans un cadre plus appliqué, la reconstitution du chapitre 

I pourrait aussi participer à réduire l’incertitude associée aux calculs des débits de 

grandes fréquences de retour utilisés notamment, pour dimensionner les ouvrages 

hydrauliques (barrages, protections contre les crues, etc).  

La reconstitution des températures printanières du chapitre IV a permis d’utiliser des 

méthodes jusqu’à ce jour peu utilisées en dendrochronologie (Girardin et al., 2016; 

Girardin et al., 2021). Le modèle de croissance GNE (Girardin et al., 2012) et 

l’utilisation de modèle GAMM, ont permis de réduire le bruit associé à la dynamique 

de recrutement post-feu dans les chronologies de largeurs de cernes saisonniers, de 

conserver un maximum de basses fréquences climatiques, et de prendre en compte des 

relations climat-croissance non linéaires (Suppl. Mat. du chapitre IV). L’ensemble a 

permis la reconstitution des températures moyennes de printemps en milieu boréal, ce 

qui reste encore peu accompli en dendroclimatologie (Guiot, 1987). Il serait intéressant 

de continuer ce travail en remesurant les chronologies existantes de P. banksiana pour 

la région (notamment celles de Hofgaard et al., 1999 datée à 1700 CE) pour consolider 

la partie la plus ancienne de la reconstitution, car l’incertitude était plus élevée à cause 

de la réduction du nombre d’échantillons. Une approche multi-indicateurs pourrait 

aussi être considérée en incluant des mesures d’intensité du bleu (‘blue intensity’; 
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Wilson et al., 2014) ou d’isotopes (Gennaretti et al., 2014, 2017) pour tenter de capturer 

un spectre plus large de variance dans les données observées de températures 

printanières et améliorer la force du signal climatique reconstruit (23% à 54% de 

variance capturée dans les observations). Le chapitre V présente également une 

méthode empirique consistante avec les résultats des simulations de modèles 

hydrologiques mécanistiques physiques. Les modèles mécanistiques fournissent en 

général projections hydrologiques détaillées et quotidiennes, uniquement après une 

longue phase de calibration des équations physiques utilisées pour générer le débit. Le 

modèle du chapitre V propose une alternative consistante, à partir de données publiques, 

pour calculer des projections des débits printaniers à long terme et supporter les prises 

de décisions dans l’aménagement futur du territoire et de sa gestion des risques 

inondations. 

Finalement, l’ensemble de ce travail de recherche démontre le potentiel d’utiliser les 

cernes de crues pour les reconstitutions paléohydrologiques des débits boréaux 

printaniers à large échelle, et l’importance de continuer à développer des indicateurs 

du climat printanier en milieu boréal. Bien qu’il reste plusieurs améliorations à apporter, 

notamment aux projections hydroclimatiques, avant de pouvoir évaluer avec un niveau 

de confiance plus élevée l’effet des changements climatiques sur le futur des 

inondations printanières régionales, l’ensemble de ce travail apporte une nouvelle 

méthodologie et une nouvelle base de réflexion pour mettre en perspective les 

changements hydroclimatiques contemporains et futurs des inondations printanières à 

l’est du Canada boréal. Ces résultats réaffirment la nécessité de continuer à étudier les 

mécanismes climatiques à l’origine du déclenchement des inondations printanières 

pour mieux envisager les adaptations qui seront nécessaires à notre société pour évaluer 

et limiter les risques et effets du changement climatique. 
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