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R£SUM£ 

Les changements intervenant dans lôenvironnement, et notamment les modifications 

dans les moyennes et extr°mes climatiques li®es ¨ lôaugmentation de la concentration 

en CO2 atmosph®rique, ont dôores et d®j¨ des effets mesurables sur les ®cosyst¯mes. 

Les arbres, organismes sessiles et ¨ relativement longue esp®rance de vie, y sont 

particuli¯rement sensibles et constituent par l¨ m°me dôexcellents mod¯les pour ®tudier 

les effets des changements climatiques. Les for°ts bor®ales pourraient °tre 

particuli¯rement affect®es par ces changements, qui, ¨ ces latitudes, seront plus rapides 

et intenses que dans la plupart des autres biomes. Or, le biome bor®al est lôun des 

acteurs majeurs dans le cycle global du carbone. De plus, la for°t bor®ale au Canada, 

est une source de nombreux services ®cologiques, tant en termes de loisirs que de 

biodiversit® et de source de mati¯re premi¯res. Tout bouleversement dans ses capacit®s 

de production, et donc dans ses fonctions, pourrait avoir des r®percussions sur la 

disponibilit® de lôensemble de ces services pour les populations humaines. Des 

pr®dictions r®alistes de la capacit® de r®silience de cet ®cosyst¯me forestier bor®al aux 

conditions climatiques futures permettraient une meilleure estimation de sa capacit® de 

production. Il est important dô®tudier la mani¯re dont les arbres ont dôores et d®j¨ 

r®pondu aux changements environnementaux intervenus au cours des derni¯res 

d®cennies. 

Cette th¯se a pour objectifs dô®tudier les changements intervenus dans la croissance et 

la physiologie des arbres au cours des derni¯res d®cennies, et dôexplorer les facteurs 

environnementaux responsables de ces modifications. Lô®tude sôest port®e sur deux 

essences conif®riennes largement distribu®es en Am®rique du Nord et dôint®r°t 

commercial, lô®pinette noire (Picea mariana) et le pin gris (Pinus banksiana). Nous 

nous sommes bas®s sur une base de donn®es issue dôun inventaire forestier. Ces 

donn®es couvrent un large gradient g®ographique dôest en ouest de la for°t bor®ale 

qu®b®coise nordique et incluent plus de 2000 arbres. Les performances de croissance 

ont ®t® approxim®es au moyen des largeurs de cernes annuels. Les param¯tres 

physiologiques des arbres, incluant lôefficience dôutilisation de lôeau et la conductance 

stomatique, ont quant ¨ eux ®t® approxim®s en mesurant les rapports isotopiques du 

carbone et de lôoxyg¯ne dans le bois des cernes de croissance. 
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Le premier chapitre explore les relations entre les taux de croissance annuels, les 

variations inter-annuelles du climat et divers param¯tres environnementaux. Ce 

chapitre a permis de montrer que les deux esp¯ces pr®sentaient une sensibilit® 

diff®rente au climat saisonnier. Lô®pinette, ¨ lôinverse du pin, est apparue n®gativement 

impact®e par des ®t®s chauds ayant lieu la saison pr®c®dant la formation du cerne. Pour 

cette esp¯ce, les arbres implant®s plus en altitude ®taient ®galement n®gativement 

affect®s par des printemps doux. Cela sôest traduit par des tendances de croissance 

g®n®ralement ¨ la baisse chez lô®pinette. Au contraire, la croissance du pin sôest 

maintenue, ou faiblement am®lior®e, au cours des trois derni¯res d®cennies. Le second 

chapitre ®tudie lôimpact dôun ®pisode de s®cheresse majeur, ayant eu lieu en 1989 dans 

notre territoire dô®tude, sur la croissance et la physiologie des arbres. Ici, nous avons 

montr® que les arbres r®agissaient ¨ des conditions plus s¯ches que la normale en 

augmentant leur efficience dôutilisation de lôeau, notamment ¨ travers une diminution 

de leur conductance stomatique. Une perte de croissance intervenait de fa­on 

synchrone ¨ ces modifications physiologiques et perdurait plus longtemps chez 

lô®pinette. Enfin, le troisi¯me chapitre sôest int®ress® ¨ lôeffet de lôaugmentation de la 

concentration en CO2 atmosph®rique sur lôefficience dôutilisation de lôeau des arbres. 

Il a ®t® montr® que cet effet ®tait fortement amoindri apr¯s avoir retir® les tendances 

li®es au d®veloppement des arbres et des peuplements. Cet effet ®tait nettement plus 

important chez lô®pinette que chez le pin. Par ailleurs, cet effet CO2 ®tait quasiment 

inexistant pour les ®pinettes sur les sites les plus pauvres. 

Lôensemble de ces r®sultats laisse entrevoir un stress plus important pour lô®pinette que 

pour le pin. De cela, nous pouvons poser lôhypoth¯se que lô®pinette serait moins bien 

adapt®e que le pin au r®chauffement climatique ¨ venir ; en raison notamment de ses 

particularit®s morpho-physiologiques. Nos r®sultats sugg¯rent ®galement que certains 

environnements pourraient agir ¨ titre de refuge climatique pour les esp¯ces bor®ales. 

Certaines populations pourraient ®galement °tre d®j¨ mieux adapt®es que dôautres ¨ des 

conditions plus chaudes et s¯ches. Ces populations pourraient °tre de bonnes 

candidates pour des programmes de migration assist®e et devraient faire lôobjet 

dô®tudes plus approfondies dôun point de vue g®n®tique (exp®riences en jardin 

commun). Nos r®sultats tendent aussi ¨ recommander un suivi r®gulier des peuplements 

dô®pinette, incluant ceux sur les sites actuellement productifs sur lesquels les arbres 

pourraient °tre largement impact®s par les stress climatiques ¨ venir. Nous 

recommandons ®galement une ®valuation et une am®lioration des m®thodes dôanalyse 

actuellement en vigueur. La vaste gamme dôanalyses actuellement utilis®es a, 

potentiellement, un impact sur les conclusions produites et limite la comparabilit® des 

r®sultats entre ®tudes. Au regard de nos r®sultats, il serait attendu que la productivit® 

des peuplements dô®pinette d®cline au cours du si¯cle actuel. Les peuplements de pin, 

au contraire, pourraient demeurer productifs, sôils maintiennent une bonne r®g®n®ration 

sous un cycle de feu plus court (la r®ponse aux changements du cycle de feux nôa pas 

®t® ®tudi®e ici).  
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ABSTRACT 

Changes in environmental conditions, and especially modifications in climate averages 

and extremes resulting from a rise in atomsperic CO2 concentrations, have already 

measurable effects on natural ecosystems. Trees, which are sessile and long-lived 

organisms, are particularly sensitive to these changes, which makes these organisms of 

particular interest to study the effects of climate change. Since climate warming is 

stronger and faster at high latitudes, boreal forest ecosystems could be particularly at 

risk of significant impacts. The boreal biome plays a central role in global carbon 

cycling. Canadian boreal forests also provides numerous ecological services, e.g. 

providing jobs and raw materials for the forest industry sector and playing an important 

role in terms of biodiversity. An accurate prediction of the capacity of boreal forests to 

acclimate to a future warmer climate could help inferring its future production capacity. 

So, it is important to study the way boreal trees have already responded to 

environemental changes that have occurred in the past decades. 

The main objectives of this thesis were to study changes that have occurred in the 

growth and physiology of trees during the last decades, and to identify which 

environmental factors were responsible for these changes. Our work focused on two 

boreal conifer species broadly distributed in North America and of high commercial 

value, black spruce (Picea mariana) and jack pine (Pinus banksiana). We used a 

dataset originating from a forest inventory network including more than 2000 trees and 

encompassing a broad gradient of growing conditions. This network covers the Quebec 

province from East to West north of 49ÁN. Annual ring widths were used as a proxy 

for growth performance of trees. Tree-ring carbon and oxygen isotopic signatures were 

measured to approximate intrinsic water use efficiency (iWUE) and stomatal 

conductance, respectively. 

The first chapter examines the relationship between annual growth rates, inter-annual 

climate variability and environmental conditions. We observed that the climate 

sensitivity differed between the two species. Spruce, contrary to pine, was negatively 

impacted by hot summers occurring the year prior to ring formation. For this species, 

trees located at the high end of the elevation gradient (i.e. upslope trees) were also 

negatively impacted by warm springs. This translated to negative growth trends for 

black spruce. Jack pine experienced no change or a slight increase in growth rates 
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during the past three decades. The second chapter focused on the effect of a drought 

event that occurred in 1989 on growth and physiology of trees. Here, we showed that 

trees reacted to drier conditions by increasing iWUE, in particular via a decrease in 

stomatal conductance. We also observed that a growth decline occurred synchronously 

with these changes in physiological parameters. This low growth period was longer-

lasting for black spruce than for jack pine. Finally, in the third chapter, we focused on 

the effect of rising atmospheric CO2 concentrations on trees iWUE. We observed that 

the CO2 effect was strongly lowered after removing the effects of tree and stand 

development. This effect was of higher magnitude for spruce than pine. Site fertility 

also modified the intensity of the CO2 effect, which was almost non-existent within the 

least fertile areas. 

Taken together, these results highlight a higher level of stress in black spruce compared 

to jack pine. From these observations, we can infer that black spruce would be less able 

to acclimate to warming than jack pine, notably because of its morpho-physiological 

traits. Our results also suggest that some areas could act as climatic refugia for boreal 

species. Some tree populations could already be more adapted than others to warmer 

and drier conditions. These populations would be interesting candidates for assisted 

migration programs, and additional studies should be conducted e.g. in terms of genetic 

adaptation (common garden experiments). Based on our results, we recommend a 

regular monitoring of black spruce stands included in the inventory network, especially 

the ones that are currently the most productive. Indeed, trees within these productive 

areas could be those which will experience the greatest impacts of climate change in 

the future. We also strongly encourage an assessment and an improvement of the 

analytical methods currently in use. There is a wide range of methods in use, which 

restrains the comparability of results between studies and could impact conclusions 

because of some limitations or falsified assumptions. In light of our results, the 

productivity of black spruce stands could decline over the current century. At the 

opposite, jack pine stands could maintain their productivity, if their regeneration 

remains unchanged with a shorter fire cycle (response to changes in fire cycle was not 

studied here).   

 

Keywords : Climate change, Quebec, boreal forest, Picea mariana, Pinus banksiana, 

dendroecology, forest inventories, stable isotopes, water-use efficiency 

 

 



 

INTRODUCTION 

0.1 Importance de la for°t bor®ale 

Le biome forestier bor®al, limit® dans ses franges sud et nord par des isothermes de 

respectivement 18ÁC et 13ÁC en juillet, repr®sente approximativement 29% de la 

superficie foresti¯re mondiale, et 73% des for°ts conif®riennes. Au Canada, la zone 

bor®ale se situe entre ~ 45ÁN et 70ÁN (Larsen, 2013) et repr®sente 552 millions 

dôhectares (Figure 0.1). De ceux-ci, 270 Millions dôhectares sont constitu®s de for°t 

bor®ale continue, soit 22% de la superficie mondiale (Brandt et al., 2013).  Le biome 

forestier bor®al est caract®ris® par un climat rigoureux, avec des ®t®s courts et frais, des 

hivers longs et froids, dôimportants contrastes de temp®ratures, et des pr®cipitations 

estivales relativement faibles (Brandt et al., 2013). En raison du climat froid et dôune 

faible proportion dôorganismes d®composeurs, la mati¯re organique morte se d®grade 

lentement et tend ¨ sôaccumuler, ce ph®nom¯ne ®tant particuli¯rement accentu® dans 

les zones de mauvais drainage et o½ lôhumidit® du sol est ®lev®e (Hobbie et al., 2000). 

Les ®cosyst¯mes forestiers bor®aux forment donc un maillon cl® du cycle global du 

carbone, permettant de stocker pr¯s de 32% du carbone mondial (Pan et al., 2011). En 

particulier, 28 Pg de C sont stock®s en for°t bor®ale am®nag®e au Canada (Kurz et al., 

2013), tout sp®cialement dans les sols organiques (Andrieux et al., 2018 ; Kurz et al., 

2013 ; Tarnocai et al., 2009).  

Les basses temp®ratures, associ®es ¨ une saison de croissance courte et ¨ des sols 

pauvres en nutriments directement assimilables, sont autant de facteurs limitant la 

croissance et les capacit®s reproductives de la v®g®tation (Black et Bliss, 1980 ; Jarvis 
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et Linder, 2000). Les for°ts bor®ales sont ainsi relativement peu productives et 

compos®es dôun nombre restreint dôesp¯ces ligneuses comparativement aux for°ts 

temp®r®es et tropicales, ces esp¯ces bor®ales ®tant par ailleurs adapt®es au climat froid 

(Brandt, 2009 ; Sakai, 1983). En particulier, la strate arborescente est, au Canada, 

compos®e en majorit® de conif¯res appartenant aux genres Picea, Pinus, Larix et Abies 

(Brandt, 2009). Parmi les feuillus, on retrouve principalement les genres Populus et 

Betula. Malgr® sa faible productivit®, la for°t bor®ale constitue une importante source 

dôemplois et de mati¯re premi¯re pour les industries de p©te ¨ papier et de bois dôîuvre 

et tient une place majeure dans lô®conomie du Canada. En effet, en 2017, le secteur 

forestier a contribu® ¨ 1,6% du PIB Canadien, soit 24,6 Milliards de dollars, et employ® 

plus de 200 000 personnes (Ressources Naturelles Canada, 2018). 

La majorit® des esp¯ces ligneuses bor®ales poss¯de des traits morpho-physiologiques 

qui ont ®t® s®lectionn®s au fil des g®n®rations pour assurer leur p®rennit® au sein dôun 

paysage fa­onn® par les perturbations naturelles, et en particulier par le feu (Stocks et 

al., 2002). Ces traits incluent le s®rotinisme, côest- -̈dire la production de c¹nes 

prot®g®s par une couche de cire qui ne sôouvrent que sous une forte chaleur comme 

celle produite par un incendie, une ®corce ®paisse ou encore une r®g®n®ration par 

drageons (Stocks et al., 2002). Le degr® dôadaptation des esp¯ces est tel que certaines 

dôentre elles, comme le pin gris (Pinus banksiana Lamb.), sont d®pendantes des 

incendies pour assurer leur r®g®n®ration (Stralberg et al., 2020). En consumant la 

mati¯re organique accumul®e, le feu rajeunit le sol et rend les conditions propices ¨ la 

germination et ¨ la croissance des semis (Payette, 1992). Les feux surviennent selon un 

sch®ma al®atoire et ¨ diff®rents degr®s de s®v®rit® selon le combustible disponible et 

les conditions climatiques (Whitman et al., 2018). Ce caract¯re al®atoire contribue ¨ la 

diversit® dô©ges et de composition des peuplements composant le paysage forestier 

bor®al (Bergeron et al., 2006; Whitman et al., 2018). Des perturbations de moindre 

importance, comme les ®pid®mies dôinsectes ou les ch©blis, vont aussi participer, ¨ plus 

fine ®chelle et dans une moindre mesure, ¨ cette dynamique. Ces perturbations, dites 
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secondaires, ont des effets moins drastiques sur les peuplements forestiers et vont 

contribuer ¨ faire ®voluer leur structure et leur composition apr¯s le passage dôun feu 

(McCarthy, 2001). Cette diversit® de structure et de composition permet ¨ la for°t 

bor®ale dôoffrir, outre le captage du carbone et la mati¯re premi¯re des industries 

papeti¯res, de nombreux autres services ®cologiques aux populations humaines, 

notamment comme source dôalimentation et de loisirs (Gauthier et al., 2015a).  

Figure 0.1. Aire dôextension de la zone bor®ale Nord-Am®ricaine (vert clair; Brandt, 

2009), et aires de distribution de lô®pinette noire (Picea mariana (Mi ll.) B.S.P.; rayures 

rouges) et du pin gris (Pinus banksiana Lamb.; treillis bleu), deux des esp¯ces 

conif®riennes les plus largement distribu®es dans cette zone (source des donn®es: 

USDA Forest Service, 2002). ê droite, le rectangle noir montre la zone dô®tude, qui 

sô®tend de part et dôautre de la province du Qu®bec entre le 49¯me et le 54¯me degr®s de 

latitude Nord. La ligne violette correspond au trac® de la limite dôattribution des for°ts 

commerciales ®tablie en 2018 au Qu®bec. 
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0.2 Le contexte de la limite nordique des for°ts attribuables Qu®b®coises 

De fa­on ¨ assurer la p®rennit® de lôensemble des services ®cologiques fournis aux 

populations, un am®nagement ®cosyst®mique des for°ts est mis en place au Qu®bec. 

Celui-ci pr®conise des pratiques sylvicoles visant ¨ rapprocher la for°t sous 

am®nagement de la for°t naturelle (Gauthier et Vaillancourt, 2008). Ces pr®conisations 

sugg¯rent notamment dôadapter les pratiques sylvicoles dans le but de mimer au mieux 

lôeffet des diff®rentes perturbations naturelles intervenant au sein de la r®gion. Les 

coupes totales, en particulier les coupes avec protection de la r®g®n®ration et des sols 

(CPRS), devraient permettre lôobtention dôun paysage se rapprochant de celui laiss® 

apr¯s le passage dôun feu (Belleau et al., 2007 ; Bergeron et al., 2002). Par ailleurs, les 

coupes partielles devraient aider ¨ lô®volution des peuplements et ¨ lôacquisition 

dôattributs de vieilles for°ts reproduisant les effets des ®pid®mies dôinsectes et des 

ch©blis (Harvey et al., 2002). Plus sp®cifiquement, les recommandations se focalisent 

sur le maintien dôune structure dô©ges et de tailles et dôune composition en esp¯ces 

proches de celles observ®es en for°t non am®nag®e (Gauthier et Vaillancourt, 2008). 

Une attention particuli¯re est notamment port®e ¨ la r®partition de ces attributs au sein 

du paysage (Belleau et al., 2007). La conservation dôune proportion de vieilles for°ts 

en ad®quation avec le r®gime de feux historique r®gional y occupe une place majeure 

(B®lisle et al., 2011 ; Bergeron et al., 2002). Lôobjectif sous-jacent de cet am®nagement 

®cosyst®mique est de conserver et augmenter la diversit® de structure et de composition 

des peuplements au sein du paysage forestier bor®al, en vue dôam®liorer sa r®silience 

aux changements climatiques (Gauthier et Vaillancourt, 2008). 

Les contraintes biophysiques des r®gions nordiques am¯nent des interrogations quant 

aux possibilit®s dôune exploitation des peuplements forestiers situ®s dans ces zones qui 

soit compatible avec les objectifs dôun am®nagement forestier durable (Jobidon et al., 

2015). En particulier, un peuplement forestier, sôil est exploit®, doit pouvoir se 

r®g®n®rer de telle fa­on que sa productivit® soit au moins ®quivalente ¨ celle observ®e 
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avant la coupe. Certains peuplements sont plus susceptibles de se r®g®n®rer, apr¯s feu 

ou apr¯s coupe, en un peuplement caract®ris® par une faible densit® de tiges et donc 

peu int®ressant dôun point de vue ®conomique. Les peuplements implant®s dans les 

r®gions o½ les types de d®p¹ts et le relief sont particuli¯rement contraignants pour la 

croissance de la v®g®tation (Robitaille et al., 2015), et dans les zones o½ le cycle de 

feux est particuli¯rement court (Gauthier et al., 2015b) sont particuli¯rement ¨ risque 

de se r®g®n®rer en un peuplement ¨ faible densit® de tiges. En 2002, une limite avait 

®t® ®tablie par le Gouvernement du Qu®bec, qui sp®cifiait jusquôo½ il ®tait possible 

dôexploiter la for°t bor®ale de fa­on durable. Or, le trac® de cette limite ®tait bas® sur 

un nombre restreint de donn®es ®coforesti¯res. En 2005, un comit® scientifique est 

form® afin dô®valuer cette limite, sur la base de quatre crit¯res biophysiques, ¨ savoir 

les contraintes li®es ¨ lôenvironnement physique comprenant le relief et le type de d®p¹t, 

la capacit® du milieu ¨ assurer une production foresti¯re ad®quate, cette derni¯re ®tant 

d®finie ¨ la fois ¨ lô®chelle du peuplement et de la tige individuelle, le risque associ® 

aux incendies forestiers et les enjeux en termes de maintien de la biodiversit® 

notamment concernant le caribou forestier (Minist¯re des Ressources Naturelles du 

Qu®bec, 2013). Pour ce faire, une ®tude ¨ large ®chelle, incorporant des donn®es 

dôinventaires forestiers, des photographies a®riennes et des donn®es satellitaires, est 

r®alis®e dans un but dôacquisition de connaissances et de cartographie des attributs 

biophysiques des for°ts nordiques (Minist¯re des Ressources Naturelles du Qu®bec, 

2013). Le facteur de risque associ® ¨ chacun des quatre crit¯res biophysiques est 

d®termin® ¨ lô®chelle du district ®cologique, une unit® g®ographique ¨ lôint®rieur de 

laquelle les caract®ristiques biophysiques sont homog¯nes. Des seuils ont ®t® d®finis 

qui caract®risent chaque district ®cologique en fonction de sa sensibilit® ¨ 

lôam®nagement forestier pour chacun des quatre indicateurs biophysiques. Bas®e sur 

ces seuils, une nouvelle limite dôattribution des for°ts commerciales a ®t® d®limit®e et 

mise en place ¨ partir de 2018 (voir Figure 0.1). Cependant, les analyses r®alis®es 

nôincluaient pas, jusquô¨ maintenant, dôinformation sur la sensibilit® des arbres au 

climat et sur leur r®ponse aux changements climatiques observ®s r®cemment. Lôune 
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des recommandations du rapport du comit® scientifique ®tait donc de r®®valuer la limite 

®tablie lorsque des informations seraient disponibles quant ¨ lôeffet des changements 

climatiques sur la capacit® de production des for°ts (Minist¯re des Ressources 

Naturelles du Qu®bec, 2013). 

0.3 Effets des changements climatiques sur la for°t bor®ale 

Les activit®s humaines, et en particulier lôutilisation de combustibles fossiles ¨ des fins 

®nerg®tiques depuis la seconde moiti® du 19¯me si¯cle, ont dôores et d®j¨ induit des 

changements significatifs dans les conditions environnementales, en modifiant 

notamment le climat (Allen et al., 2014). Une augmentation des temp®ratures de 

surface cons®cutive ¨ un accroissement des concentrations en CO2 atmosph®rique de 

plus de 35% depuis la p®riode dôindustrialisation aux alentours de 1850 a ®t® observ®e 

¨ lô®chelle mondiale. Lôintensit® et la rapidit® de ces changements sont telles quôils ont 

renvers® une tendance au refroidissement enregistr®e au cours du dernier mill®naire 

(Kaufman et al., 2009, 2020). Ce r®chauffement est dôautant plus intense et rapide aux 

hautes latitudes, en particulier dans la zone bor®ale, o½ une augmentation de 0.5 ¨ 3ÁC 

des temp®ratures de surface a ®t® enregistr®e au cours du 20¯me si¯cle, et o½ une hausse 

de 4 ¨ 5ÁC y est attendue dôici la fin du si¯cle (IPCC, 2013). Par exemple, dans la zone 

bor®ale qu®b®coise, il a ®t® observ® une hausse de pr¯s de 1ÁC depuis le d®but du 20¯me 

si¯cle, et cette tendance est plus forte sur la p®riode 1970-2018 (Figure 0.2). Pour cette 

m°me p®riode r®cente, les pr®cipitations annuelles tendent au contraire ¨ diminuer 

(Figure 0.2). Il est ®galement pr®dit des extr°mes climatiques, incluant les ®pisodes de 

s®cheresse et les vagues de chaleur extr°me, plus fr®quents, plus intenses, et se 

produisant plus t¹t dans lôann®e comparativement ¨ ce qui ®tait observ® durant la 

p®riode pr®-industrielle (Christidis et al., 2015 ; Vicente-Serrano et al., 2014). 
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Figure 0.2. Tendances climatiques dans la zone bor®ale qu®b®coise. Les lignes noires 

pr®sentent les valeurs m®dianes de temp®ratures annuelles moyennes (panneau du haut), 

de pr®cipitations annuelles totales (panneau du milieu), et dôun indice de s®cheresse, le 

Climate Moisture Index (CMI, panneau du bas) pour 840 points r®partis al®atoirement 

dans la zone bor®ale qu®b®coise. Le climat journalier a ®t® extrait sur la p®riode 1901-

2019 ¨ partir de BioSIM 11. Les tendances (i.e. r®gressions des variables climatiques 

(m®dianes) au cours du temps; droites color®es) sont pr®sent®es pour deux p®riodes 

temporelles : 1901-2019 et 1970-2019. La pente (Senôs slope) est ®galement report®e 

pour chacune des p®riodes, ainsi que sa p-value (corrig®e pour tenir compte de 

lôautocorr®lation temporelle, dôapr¯s Yue et Wang (2004)).  
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Les r®percussions de ces modifications dans les moyennes et extr°mes climatiques sur 

les ®cosyst¯mes naturels et sur les organismes vivants qui les composent sont d®j¨ 

visibles et mesurables. Les arbres, en tant quôorganismes sessiles, sont particuli¯rement 

expos®s ¨ ces changements, dont les effets sont retranscrits notamment dans les taux 

de croissance annuels. Les tendances ¨ lôaugmentation des temp®ratures et les 

changements dans la fr®quence, lôintensit® et la saisonnalit® des extr°mes climatiques 

vont affecter la croissance de lôarbre, via des effets sur ses processus physiologiques et 

sa ph®nologie. Il ®tait commun®ment admis que des conditions plus chaudes ®taient 

b®n®fiques ¨ la croissance des esp¯ces ligneuses bor®ales en allongeant la p®riode 

dôactivit® photosynth®tique et en am®liorant les taux dôassimilation via une efficacit® 

accrue des enzymes (Charru et al., 2014 ; Kauppi et al., 2014 ; Norby et al., 2003 ; Ols 

et al., 2020). Un climat plus chaud pourrait aussi accro´tre les taux de min®ralisation 

de lôazote organique dans les sols bor®aux (Gunti¶as et al., 2012 ; L¿kewille et Wright, 

1997). Cette min®ralisation plus importante pourrait alors augmenter la capacit® 

dôassimilation des arbres et, par cons®quent, leur croissance annuelle (Bonan et Cleve, 

1992 ; Melillo et al., 2011 ; Strºmgren et Linder, 2002). Une atmosph¯re plus riche en 

CO2 devrait ®galement contribuer ¨ am®liorer les taux dôassimilation photosynth®tique 

puisque les arbres seraient ¨ m°me de capter plus de carbone pour une m°me quantit® 

dôeau transpir®e (Norby et Luo, 2004). Cependant, cette relation nôest pas lin®aire, 

puisquôil a ®t® observ® que lôeffet b®n®fique de concentrations plus importantes en CO2 

sôamoindrit lorsque ces concentrations deviennent de plus en plus ®lev®es (Dusenge et 

al., 2020 ; Gill et al., 2002). De plus, les conclusions des ®tudes divergent. Certaines 

®tudes rapportent effectivement une hausse des taux de croissance et de la productivit® 

foresti¯re dans les derni¯res d®cennies (Bond-Lamberty et al., 2014 ; Hember et al., 

2017). Dôautres auteurs nôobservent aucun changement significatif (Gigu¯re-Croteau 

et al., 2019). Enfin, certaines ®tudes rapportent, au contraire, une diminution des taux 

de croissance pour plusieurs esp¯ces et r®gions (Dietrich et al., 2016 ; Girardin et al., 
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2014, 2016a, 2016b). Les auteurs attribuent ces affaiblissements de croissance ¨ des 

stress hydriques et thermiques cons®cutifs ¨ lôaugmentation de la fr®quence et de 

lôintensit® des p®riodes de s®cheresse et des vagues de chaleur extr°mes. En effet, des 

fortes temp®ratures peuvent provoquer lôinactivation des enzymes photosynth®tiques 

et freiner le transport dô®lectrons, r®duisant ainsi les taux dôassimilation 

(Kumarathunge et al., 2020 ; Reich et al., 2018). Les arbres implant®s en climat plus 

froid, qui pr®sentent une moins grande acclimatation aux hautes temp®ratures, y sont 

particuli¯rement sensibles (Isaac-Renton et al., 2018 ; Way et Sage, 2008b). ê ces 

stress thermiques sôajoutent les effets du d®ficit hydrique. Lôentr®e dôeau dans la 

vacuole de la cellule juv®nile permet son ®longation par la pression de turgescence 

exerc®e sur la paroi cellulaire (Rossi et al., 2009). De plus, lôeau transport®e du sol vers 

les feuilles v®hicule les nutriments et apporte les protons n®cessaires aux r®actions 

photochimiques du cycle de la photosynth¯se (Kºrner, 2015 ; Peel, 2013). Ainsi, en 

cas de d®ficit hydrique important, le CO2 capt® ne sera pas, ou seulement partiellement, 

assimil®.  

Ces effets n®gatifs pourraient venir supplanter les effets b®n®fiques des changements 

globaux sur les taux dôassimilation photosynth®tiques et donc avoir un impact 

important sur la productivit® de la for°t bor®ale. En effet, ¨ lô®chelle plus large du 

peuplement forestier, les impacts des stress climatiques se traduisent par des taux de 

mortalit® en augmentation au cours des derni¯res d®cennies (Allen et al., 2010 ; 

Michaelian et al., 2011). Cette plus forte mortalit® est le r®sultat combin® de lôeffet 

direct de la hausse des temp®ratures et dôun d®ficit hydrique plus prononc® sur le 

m®tabolisme des arbres et de leurs effets indirects par lôinterm®diaire de modifications 

du cycle des perturbations naturelles. En effet, des conditions plus s¯ches et plus 

chaudes peuvent augmenter la fr®quence, lôintensit® et la s®v®rit® des incendies 

forestiers et allonger la saison de feux (Terrier et al., 2015). Une augmentation des 

ann®es de feux extr°mes, côest- -̈dire les ann®es durant lesquelles une proportion 

exceptionnellement importante du territoire a br¾l®, a ®t® observ®e au Canada (Hanes 
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et al., 2018). Lôann®e 1989 est notamment caract®ris®e par la surface br¾l®e la plus 

importante enregistr®e sur la p®riode 1950-2019 (pr¯s de 8 millions dôhectares; Hanes 

et al., 2018 ; Soja et al., 2007). La hausse des temp®ratures peut aussi modifier la 

ph®nologie des insectes et autres pathog¯nes (Pureswaran et al., 2015). Un cycle de vie 

plus court pourrait favoriser lôoccurrence dô®pid®mies, ainsi que leur remont®e plus au 

nord (Jamieson et al., 2012 ; Logan et al., 2003 ; Parmesan et Yohe, 2003 ; Powell et 

Bentz, 2009 ; Pureswaran et al., 2015). Des temp®ratures plus ®lev®es ont ainsi ®t® 

associ®es ¨ une perte de croissance plus marqu®e et ¨ des d®g©ts plus importants 

occasionn®s par les pathog¯nes (Brodde et al., 2019 ; Cortini et Comeau, 2020). Les 

stress climatiques pourraient alors entrainer une plus forte susceptibilit® pour les arbres 

de succomber aux attaques dôinsectes (Jamieson et al., 2012), puisque moins de 

ressources carbon®es sont disponibles pour alimenter les m®canismes de d®fense et de 

r®paration (De Grandpr® et al., 2019). Une diminution de la capacit® de r®g®n®ration 

des esp¯ces a ®galement ®t® observ®e ces derni¯res d®cennies, r®sultant potentiellement 

l-̈aussi dôeffets directs et r®troactifs des changements climatiques (Boucher et al., 

2020). 

0.4 De lôarbre ¨ la cellule: les strat®gies dôadaptation 

Les arbres peuvent ajuster certains de leurs param¯tres physiologiques de fa­on ¨ 

limiter les effets n®gatifs des stress hydriques et thermiques sur leur croissance. Par 

exemple, en p®riode de fortes chaleurs et si la ressource en eau est suffisante, les 

stomates, lieux des ®changes gazeux entre la feuille et lôatmosph¯re, sôouvrent plus 

largement pour augmenter la quantit® dôeau transpir®e et abaisser la temp®rature ¨ la 

surface de la feuille (Urban et al., 2017). En conditions de forte chaleur mais de faible 

humidit®, la tendance sera, inversement, ¨ une fermeture plus prononc®e des stomates. 

La fermeture des stomates permet, en diminuant la quantit® dôeau transpir®e, de 

maintenir le potentiel hydrique du xyl¯me et ainsi limiter le nombre de canaux 

conducteurs rendus inop®rants ¨ la suite dôembolies (Brodribb et al., 2014). La capacit® 
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des arbres ¨ maintenir leurs taux de croissance, ¨ limiter les d®g©ts au sein de leur 

r®seau hydraulique et donc ¨ survivre aux ®pisodes climatiques extr°mes d®pend de 

leur strat®gie de gestion des ®changes gazeux, côest- -̈dire la rapidit® et lôintensit® avec 

laquelle ils vont fermer leurs stomates lorsque les conditions deviennent pr®judiciables.  

Diff®rentes strat®gies de gestion des ®changes gazeux sont adopt®es selon les esp¯ces 

et les populations. Ces strat®gies, dont il est fait r®f®rence dans la litt®rature sous le 

terme ç isohydrie è, peuvent °tre class®es le long dôun gradient (Hochberg et al., 2018). 

Certaines esp¯ces et populations, class®es comme ç plus isohydriques è, vont adopter 

une strat®gie consistant ¨ fermer leurs stomates rapidement lorsque les conditions 

deviennent chaudes et s¯ches. Cela limitera les d®g©ts au xyl¯me mais rendra les arbres 

plus ¨ risque de mourir dôun manque de ressources pour assurer leur m®tabolisme de 

base (ç carbon starvation hypothesis è; McDowell et Sevanto, 2010 ; Sala et al., 2010). 

Dôautres esp¯ces et populations, class®es comme ç plus anisohydriques è, vont 

maintenir leurs stomates ouverts plus longtemps apr¯s le d®but de la p®riode de 

s®cheresse, leur permettant de conserver un apport de carbone ®lev®, mais les mettant 

¨ risque de mourir des suites dôun pourcentage de vaisseaux embolis®s trop important 

(ç hydraulic failure hypothesis è; Anderegg et al., 2015a). Lôutilisation dôune strat®gie 

plus ou moins proche de lôune ou lôautre des extr®mit®s du gradient dôisohydrie va 

d®pendre, entre autres, des traits dôhistoire de vie des esp¯ces et en particulier ceux 

touchant ¨ lôanatomie du xyl¯me. Ces diff®rences sont conditionn®es par 

lôenvironnement. Par exemple, la disponibilit® en eau et les conditions ®daphiques 

agissent comme facteurs de for­age sur la s®lection g®n®tique de traits de r®sistance ¨ 

la cavitation (Cochard et al., 2008 ; Maherali et al., 2004). Ainsi, les conif¯res, ®tant 

souvent implant®s dans des milieux plus contraignants que les feuillus, pr®sentent des 

tissus conducteurs plus r®sistants ¨ la cavitation (Larter et al., 2015 ; Maherali et al., 

2004). Plus g®n®ralement, les esp¯ces et populations expos®es ¨ des conditions plus 

arides seront moins vuln®rables ¨ la s®cheresse que celles se retrouvant en milieux o½ 

lôhumidit® nôest habituellement pas limitante (Maherali et al., 2004). 
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0.5 Les cernes de croissances : des indicateurs environnementaux 

Une grand majorit® des changements dans les conditions environnementales qui 

influencent la physiologie et la croissance dôun arbre sont retranscrits dans les cernes 

que cet arbre forme chaque ann®e. Ainsi, la variabilit® inter-annuelle dans les 

dimensions, la composition chimique et la structure de ces cernes nous renseigne sur 

les modifications de lôenvironnement de croissance de lôarbre et dans leur ad®quation 

avec les optimums ®cologiques de lôesp¯ce (Babst et al., 2018). Par exemple, plus les 

conditions environnementales sont ®loign®es des conditions de croissance optimales de 

lôesp¯ce, plus le cerne produit par lôarbre sera mince. Par ailleurs, les changements dans 

les processus physiologiques de lôarbre en r®ponse aux variations de son 

environnement modifient la composition relative en isotopes stables du carbone et de 

lôoxyg¯ne du bois produit annuellement (Gessler et al., 2014). Il y est fait r®f®rence 

sous le terme de ç discrimination è de lôisotope lourd comparativement ¨ lôisotope 

l®ger. La discrimination de lôisotope lourd du carbone intervient majoritairement ¨ 

deux ®tapes cl®s des ®changes gazeux entre lôarbre et lôatmosph¯re (Figure 

0.3). Premi¯rement, lors de la diffusion du CO2 ¨ travers les stomates, les mol®cules 

form®es dôun atome de carbone plus l®ger, i.e. 12CO2, diffusent pr®f®rentiellement 

comparativement aux mol®cules plus lourdes 13CO2 selon un rapport de 4,4ă. Le 

dioxyde de carbone de la chambre sous-stomatique est ainsi appauvri en 13C 

comparativement ¨ la composition chimique de lôatmosph¯re. Dans un second temps, 

lors de lôassimilation du carbone sous forme de sucres, les mol®cules plus l®g¯res sont 

pr®f®rentiellement utilis®es selon un rapport de 27ă. Les sucres form®s sont donc 

encore appauvris en 13C comparativement ¨ lôair de la chambre sous-stomatique. Selon 

lôintensit® avec laquelle lôarbre aura ferm® ses stomates, et selon lôefficacit® des 

enzymes contr¹lant lôassimilation photosynth®tique, le bois produit annuellement 

pourra donc °tre plus ou moins appauvri en 13C (Figure 0.4; Farquhar et al., 1982a). La 

composition en isotopes stables du carbone du cerne, outre les processus 
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physiologiques internes ¨ lôarbre, d®pend de la composition chimique de lôatmosph¯re. 

Le rapport 13C/12C de lôatmosph¯re ®tait relativement constant jusquôau d®but de 

lôindustrialisation (~ -6,4%; McCarroll et Loader, 2004). Or, la consommation 

dô®nergies fossiles et le rejet de CO2 appauvri en 13C ont, depuis 1850, conduit ¨ une 

rar®faction de lôisotope lourd du carbone dans lôatmosph¯re (Keeling, 1979 ; Tans et 

al., 1979). Ce ph®nom¯ne, dont il est fait r®f®rence sous le terme ç Suess effect è dans 

la litt®rature scientifique, est relativement bien connu et document® (Keeling, 1979). Il 

est alors possible de corriger la composition isotopique du carbone des cernes de 

croissance pour la rendre relativement ind®pendante de toute influence 

environnementale directe (Keeling, 1979 ; McCarroll et Loader, 2004). Elle est donc 

uniquement sous lôinfluence directe des deux m®canismes physiologiques majeurs 

gouvernant la croissance des arbres, ¨ savoir la conductance stomatique et 

lôassimilation photosynth®tique. Cette relation permet alors dôapproximer lôefficience 

dôutilisation de lôeau dôun arbre, correspondant au rapport entre le carbone assimil® et 

lôeau transpir®e, ¨ partir du ratio 13C/12C des cernes annuels de croissance (Farquhar et 

al., 1982a ; Gessler et al., 2014 ; Medrano et al., 2015).  

Dôautre part, les mol®cules dôeau form®es de lôisotope l®ger de lôoxyg¯ne, i.e. H2
16O, 

sont pr®f®rentiellement transpir®es au d®triment des mol®cules plus lourdes H2
18O 

(Figure 0.3). Ainsi, plus lôarbre aura ferm® ses stomates avec intensit®, par exemple en 

r®ponse ¨ un ®pisode de s®cheresse long et intense, plus lôeau restant disponible pour 

la formation de la cellulose sera riche en 18O (Figure 0.4). Le signal isotopique du bois 

retranscrit donc celui de lôeau dans la feuille avec un enrichissement de ~27ă et un 

bruit additionnel li® ¨ lôeffet P®clet, côest ¨ dire la diffusion inverse dôeau enrichie en 

18O vers le xyl¯me, et aux ®changes dôatomes dôoxyg¯ne avec lôeau v®hicul®e par le 

xyl¯me (Sternberg et al., 1986). Cette relation permet alors dôutiliser le ratio 18O/16O 

comme approximation des changements intervenus dans la conductance stomatique des 

arbres au cours du temps (Gessler et al., 2014 ; McCarroll et Loader, 2004). N®anmoins, 

la composition en isotopes de lôoxyg¯ne dôun cerne retranscrit aussi, en partie, la 
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signature isotopique de facteurs externes. Ceux-ci incluent la composition isotopique 

des pr®cipitations qui elle-m°me d®pend de la temp®rature (et varie ainsi spatialement 

et temporellement), et la discrimination ayant lieu lors de lô®vaporation de lôeau au 

niveau du sol, les couches profondes du sol pr®sentant une eau moins enrichie en 18O 

que les couches superficielles (Brienen et al., 2012 ; Xu et al., 2020). Ces facteurs sont 

difficilement mesurables directement et doivent °tre estim®s, ou encore leurs effets 

doivent °tre suppos®s constants entre les arbres et les ann®es. Malgr® ces incertitudes, 

le ratio en isotopes stables de lôoxyg¯ne des cernes de croissance est souvent mesur® 

en parall¯le du ratio isotopique du carbone afin de mieux cerner les changements 

intervenus dans la conductance stomatique ind®pendamment de ceux ayant eu lieu dans 

les taux dôassimilation photosynth®tique des arbres (Gessler et al., 2014 ; McCarroll et 

Loader, 2004 ; Scheidegger et al., 2000). 
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Figure 0.3. Principales ®tapes durant lesquelles une discrimination des isotopes lourds 

du carbone et de lôoxyg¯ne intervient. Modifi® de McCarroll & Loader (2004). 
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Figure 0.4. Trois sc®narios de changements des conditions de croissance des arbres, et 

les modifications induites sur (a) lôouverture des stomates, les concentrations internes 

en eau et en CO2, (b) les taux de photosynth¯se et la conductance stomatique, et (c) les 

rapports isotopiques du carbone (ŭ13C) et de lôoxyg¯ne (ŭ18O). Adapt® de Scheidegger 

et al. (2000). 
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0.6 Territoire dô®tude, base de donn®es utilis®e, et esp¯ces ®tudi®es 

Cette th¯se repose sur un ensemble de donn®es compil® par le Minist¯re des For°ts, de 

la Faune et des Parcs du Qu®bec (MFFPQ) dans le cadre du Programme dôInventaire 

£coforestier Nordique (PIEN). Au cours de cet inventaire, 875 placettes-®chantillon 

temporaires ont ®t® d®limit®es, couvrant le Qu®bec dôest en ouest entre le 49¯me et le 

54¯me parall¯les de latitude nord (L®tourneau et al., 2008). Le territoire couvert est 

repr®sent® par des peuplements non am®nag®s r®g®n®r®s apr¯s feu, en majorit® 

compos®s de conif¯res. Ce territoire intersecte trois grands domaines bioclimatiques : 

la pessi¯re ¨ mousses de lôest, la pessi¯re ¨ mousses de lôouest et la pessi¯re ¨ lichens. 

Le r®seau de placettes couvre un large gradient longitudinal, englobant des conditions 

environnementales relativement contrast®es. Le climat est, en g®n®ral, plus chaud et 

plus sec ¨ lôouest, induisant un cycle de feu plus court. Les conditions ®daphiques et 

physiographiques diff¯rent ®galement le long du gradient. ê lôouest, le paysage est 

quasiment d®pourvu de relief et caract®ris® par des sols mal drain®s riches en mati¯re 

organique. Au centre du gradient, le relief est le plus prononc® et le territoire caract®ris® 

par des d®p¹ts de till. La zone la plus ¨ lôest se distingue par un paysage vallonn® et 

des d®p¹ts rocheux ou de moraines (Robitaille et al., 2015). Diverses donn®es 

®cologiques et dendrom®triques ont ®t® recueillies au sein des placettes-®chantillon, 

dont des donn®es ®daphiques, le diam¯tre ¨ hauteur de poitrine (DHP) et la taxonomie 

des arbres de plus de 9 cm de DHP. Entre un et trois arbres dominants ou co-dominants 

ont ®t® ®chantillonn®s par placette et essence en vue dôanalyser la dynamique 

temporelle de croissance des diff®rentes esp¯ces. Il est ¨ noter que, bien que tr¯s ®tendu 

¨ lô®chelle de la province qu®b®coise, le r®seau de placettes ne couvre quôune petite 

partie du gradient climatique inclus dans lôaire de r®partition des deux esp¯ces (Figure 

0.5). 

Les donn®es et ®chantillons de cet inventaire ont ®t® initialement amass®s dans un but 

de production de cartes descriptives des attributs biophysiques de la r®gion bor®ale 
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nordique dans le cadre de lô®valuation de la limite nordique des for°ts attribuables 

(Jobidon et al., 2015). Lôinventaire ®coforestier nordique a permis de compl®ter le 

r®seau de placettes-®chantillon permanentes de lôinventaire provincial, dont la 

couverture ®tait limit®e au sud de lôancienne limite nordique dôam®nagement des for°ts. 

Ces donn®es constituent ®galement une base id®ale pour ®tudier les effets des 

changements climatiques r®cents sur la croissance et la physiologie des arbres en milieu 

naturel. De telles analyses constituaient lôune des recommandations du comit® 

scientifique charg® de lô®valuation de la limite nordique des for°ts, afin dôobtenir une 

image plus pr®cise de la sensibilit® du territoire ¨ lôam®nagement forestier dans les 

conditions environnementales futures.  

La th¯se est focalis®e sur les deux essences majoritaires dans cette zone ¨ savoir 

lô®pinette noire et le pin gris, repr®sentant respectivement 78% et 15% du total des 

arbres ®chantillonn®s. Ces deux esp¯ces, dôimportance commerciale majeure, 

pr®sentent des diff®rences morpho-physiologiques marqu®es qui pourraient influencer 

leur sensibilit® au climat et leur r®ponse aux changements globaux. Le syst¯me 

racinaire de lô®pinette noire est en effet restreint aux premiers centim¯tres de sol, 

essentiellement dans la couche organique. Ce syst¯me racinaire est compos® en 

majorit® de racines adventives, des racines form®es au-dessus du collet racinaire de 

lôarbre, qui sont une adaptation de lôesp¯ce ¨ des sols g®n®ralement mal drain®s et 

gorg®s dôeau (Burns et Honkala, 1990). Chez le pin, m°me si la majorit® des racines se 

situe ®galement dans les couches sup®rieures du sol, une racine pivot permet aux arbres 

un meilleur ancrage et un acc¯s aux ressources en eau et en nutriments situ®es plus en 

profondeur dans le sol min®ral (Burns et Honkala, 1990). Le pin se retrouve par ailleurs 

sur des sites plus drainants et ¨ composante sableuse, contrairement ¨ lô®pinette qui est 

une esp¯ce plut¹t g®n®raliste au regard des conditions ®daphiques des sites quôelle 

occupe. Les deux esp¯ces pr®sentent ®galement diff®rents modes de reproduction. Chez 

lô®pinette, les c¹nes semi-s®rotineux et une reproduction v®g®tative par marcottage 

permettent ¨ lôesp¯ce de se maintenir m°me dans les r®gions o½ le cycle de feux est 
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relativement long. Le pin, au contraire, produit des c¹nes dont lôextr°me majorit® sont 

s®rotineux et ne poss¯de aucun mode de reproduction v®g®tative, ce qui le rend 

d®pendant de lôoccurrence des feux pour sa r®g®n®ration. Au Qu®bec, cette esp¯ce est 

restreinte ¨ la portion ouest de la province, o½ le cycle de feux est plus court, tandis que 

lô®pinette est pr®sente sur toute la largeur de la zone bor®ale nord-am®ricaine (Figure 

0.1 et 0.5).  
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Figure 0.5. Enveloppes climatiques des deux esp¯ces. ê gauche : cartes bivari®es 

pr®sentant la variabilit® des normales 1981-2010 de temp®ratures et de pr®cipitation ¨ 

lôint®rieur de lôaire de r®partition de lô®pinette noire (A) et du pin gris (B). Lô®chelle 

est en percentiles : les r®gions les plus chaudes et s¯ches sont repr®sent®es en rouge; 

celles les plus froides et humides en bleu clair ; et celles caract®ris®es par des conditions 

plus chaudes et plus humides sont repr®sent®es en jaune. ê droite : biplots des normales 

de temp®rature et de pr®cipitation. Les points gris repr®sentent des localisations 

r®parties tous les 0.5 degr®s ¨ travers lôaire de r®partition des esp¯ces. Les points 

color®s repr®sentent les normales climatiques (temp®rature et pr®cipitations, sur la 

p®riode 1981-2010) des placettes-®chantillon. Le climat a ®t® extrait ¨ partir de BioSIM 

11.  
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0.7 Objectifs g®n®raux et structure de la th¯se 

Lôobjectif de cette th¯se est dô®tudier les effets des changements climatiques intervenus 

depuis la p®riode dôindustrialisation sur la physiologie et la croissance de lô®pinette 

noire et du pin gris en for°t bor®ale qu®b®coise. Pour ce faire, nous avons estim® les 

changements intervenus dans les taux de croissance et la physiologie des arbres que 

nous avons approxim®s par des mesures des dimensions et de la composition chimique 

des cernes de croissance. Plus sp®cifiquement, la largeur des cernes a ®t® utilis®e pour 

®valuer lôaccroissement annuel radial des arbres. Par ailleurs, le ratio isotopique du 

carbone a ®t® employ® pour estimer lôefficience dôutilisation de lôeau, ¨ savoir le 

rapport entre la quantit® de carbone assimil®e et la quantit® dôeau transpir®e par un 

arbre. Enfin, le ratio isotopique de lôoxyg¯ne a ®t® mesur® en compl®ment de celui du 

carbone pour ®valuer les changements intervenus dans la conductance stomatique des 

arbres ind®pendamment de ceux ayant eu lieu dans leur taux dôassimilation 

photosynth®tique. Selon les hypoth¯ses et objectifs, nous avons ®tudi® la croissance, 

lôefficience dôutilisation de lôeau et la conductance stomatique sur diff®rentes p®riodes 

temporelles (Figure 0.6). Le but global de ce travail de th¯se est dôavoir une vision ¨ 

large ®chelle spatiale de la capacit® des deux esp¯ces ¨ sôadapter ¨ un environnement 

plus chaud et plus sec, comme celui pr®dit dans les prochaines d®cennies par les 

mod¯les climatiques. 

La pr®sente th¯se est subdivis®e en trois chapitres. Dans le premier chapitre, intitul® 

ñTaxonomy, together with ontogeny and growing conditions, drives needleleaf species' 

sensitivity to climate in boreal North Americaò, lôobjectif est de v®rifier quelles ont ®t® 

les trajectoires de croissance des arbres au sein de notre zone dô®tude entre 1970 et 

2005, et quels facteurs environnementaux les ont influenc®es. Pour r®pondre ¨ cet 

objectif, les trajectoires de croissance sont calcul®es, ¨ lô®chelle de la placette-

®chantillon et pour chaque esp¯ce, ¨ partir des largeurs de cernes annuels. La sensibilit® 

des arbres au climat est ensuite d®termin®e par placette et esp¯ce. Enfin, lôeffet de 
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divers param¯tres environnementaux, incluant des param¯tres li®s ¨ lôontog®nie, ¨ la 

comp®tition, ¨ la physiographie, aux conditions ®daphiques et au climat r®gional, sur 

la sensibilit® des arbres au climat est d®termin® au sein de chacun des trois domaines 

bioclimatiques recoupant notre zone dô®tude. 

Lôobjectif du second chapitre, intitul® ñHigh stomatal limitation on photosynthesis as 

a driver of drought-induced growth decline in boreal conifersò, est de d®terminer si une 

perte de croissance observ®e entre 1989 et 1992 pour les deux esp¯ces sur notre zone 

dô®tude est coupl®e ¨ une r®ponse physiologique des arbres ¨ un ®pisode de s®cheresse 

extr°me ou ¨ une vague de chaleur. Pour ce faire, le ratio en isotopes stables du carbone 

et de lôoxyg¯ne est mesur® pour chaque cerne de la p®riode 1985-1993 sur un sous-

®chantillon de 144 arbres (81 arbres pour lôoxyg¯ne). Les ratios isotopiques sont 

compar®s entre les ann®es, et mis en relation avec le climat de la saison de croissance 

correspondante. 

Enfin, le dernier chapitre, intitul® ñStrong overestimation of water-use efficiency 

responses to rising CO2 in tree-ring studiesò a pour objectif principal de tester lôeffet 

de lôaugmentation de la concentration en CO2 atmosph®rique sur lôefficience 

dôutilisation de lôeau des arbres. Lôefficience dôutilisation de lôeau est estim®e sur un 

sous-®chantillon de 148 arbres ¨ partir du ratio en isotopes stables du carbone des 

cernes de croissance, sur la p®riode 1783-2004. Dans ce chapitre, lôaspect 

m®thodologique est particuli¯rement important, puisque lôeffet CO2 est estim® avant et 

apr¯s avoir tenu compte de plusieurs variables pouvant intervenir en parall¯le du CO2 

sur lôefficience dôutilisation de lôeau, comme la taille de lôarbre, lô©ge du peuplement, 

le climat estival, les d®positions azot®es et la fertilit® du site. Les r®sultats de trois 

mod¯les statistiques diff®rents sont compar®s et discut®s.  
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Figure 0.6. Diff®rentes p®riodes temporelles ®tudi®es selon les trois chapitres de la 

th¯se, superpos®es sur lô®volution de la concentration en CO2 atmosph®rique depuis 

la p®riode pr®-industrielle (pr®-1850). Les diff®rentes variables r®ponses ®tudi®es 

pour chaque chapitre sont aussi r®sum®es. 
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R®sum® 

Il nôy a, actuellement, aucun consensus quant ¨ la mani¯re dont les changements dans 

les conditions climatiques vont affecter la croissance de la for°t bor®ale, o½ le 

r®chauffement est plus rapide que dans les autres biomes. Certaines ®tudes sugg¯rent 

des effets n®gatifs dus aux stress climatiques, alors que dôautres apportent des preuves 

de taux de croisssance en hausse induits par une saison de croissance plus longue. Les 

®tudes sôint®ressant aux effets des conditions environnementales sur les relations 

croissance-climat sont, en g®n®ral, limit®es ¨ des aires dô®tude de dimensions 

restreintes qui nôincluent pas lôensemble de la gamme de variabilit® des conditions 

environnementales. Ces ®tudes fournissent donc une compr®hension limit®e des 

processus en jeu. Nous avons ®tudi® comment les variations environnementales et 

lôontog®nie ont modul® les tendances de croissance et les relations croissance-climat 

de lô®pinette noire (Picea mariana) et du pin gris (Pinus banksiana) en utilisant un jeu 

de donn®es fortement r®pliqu® spatialement provenant dôun r®seau de placettes 

dôinventaire forestier. Nous avons quantifi® les tendances de croissance ¨ long terme ¨ 

lô®chelle de la placette-®chantillon en nous basant sur lôanalyse de mesures de largeurs 

de cernes de 2266 arbres. Nous avons ®valu® la relation entre les taux de croissance 

annuels et les variables climatiques saisonni¯res. Nous avons ®valu® les effets de 

plusieurs variables explicatives sur les tendances de croissance ¨ long terme et sur les 

relations croissance-climat. Ces derni¯res ®taient toutes deux sp®cifiques ¨ lôesp¯ce et 

spatiallement h®t®rog¯nes. Alors que la croissance du pin gris a ¨ peine augment® au 

cours de la p®riode dô®tude, nous avons observ® une diminution de la croissance de 

lô®pinette. Cette baisse de croissance ®tait plus prononc®e pour les peuplements les plus 

vieux. Ce d®clin ®tait potentiellement du ¨ un rapport n®gatif entre les gains de 

croissance directs induits par une meilleure photosynth¯se durant les conditions 

estivales plus chaudes que la moyenne et la perte de croissance intervenant lôann®e 

suivante en raison de lôeffet indirect des vagues de chaleurs ¨ la fin de lô®t® sur 

lôaccumulation des r®serves carbonn®es. Pour les peuplements les plus en ®l®vation, les 
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d®g©ts provoqu®s par les gels tardifs durant les printemps plus doux que la moyenne 

pourraient constituer un facteur de stress additionnel pour les arbres. La comp®tition et 

les facteurs ®daphiques ont aussi modifi® la sensibilit® au climat, ce qui sugg¯re que 

les effets des changements climatiques seront fortement h®t®rog¯nes ¨ travers le biome 

bor®al. 

Mots-cl®s : For°t bor®ale, Canada, changements climatiques, stress climatiques, 

dendro®cologie, Qu®bec
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Abstract 

Currently, there is no consensus regarding the way that changes in climate will affect 

boreal forest growth, where warming is occurring faster than in other biomes. Some 

studies suggest negative effects due to drought-induced stresses, while others provide 

evidence of increased growth rates due to a longer growing season. Studies focusing 

on the effects of environmental conditions on growth-climate relationships are usually 

limited to small sampling areas that do not encompass the full range of environmental 

conditions; therefore, they only provide a limited understanding of the processes at play. 

Here, we studied how environmental conditions and ontogeny modulated growth trends 

and growthïclimate relationships of black spruce (Picea mariana ) and jack pine (Pinus 

banksiana) using an extensive dataset from a forest inventory network. We quantified 

the long-term growth trends at the stand scale, based on analysis of the absolutely dated 

ring-width measurements of 2,266 trees. We assessed the relationship between annual 

growth rates and seasonal climate variables and evaluated the effects of various 

explanatory variables on long-term growth trends and growth-climate relationships. 

Both growth trends and growth-climate relationships were species-specific and 

spatially heterogeneous. While the growth of jack pine barely increased during the 

study period, we observed a growth decline for black spruce which was more 

pronounced for older stands. This decline was likely due to a negative balance between 

direct growth gains induced by improved photosynthesis during hotter-than-average 

growing conditions in early summers and the loss of growth occurring the following 

year due to the indirect effects of late-summer heat waves on accumulation of carbon 

reserves. For stands at the high end of our elevational gradient, frost damage during 

milder-than-average springs could act as an additional growth stressor. Competition 

and soil conditions also modified climate sensitivity, which suggests that effects of 

climate change will be highly heterogeneous across the boreal biome. 
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1.1 Introduction 

The boreal biome is warming faster than other regions of the world (IPCC, 2013). As 

a result of a 35 % increase in atmospheric CO2 concentrations relative to pre-industrial 

conditions, mean annual air temperature has risen by 0.5 to 3 ÁC in boreal North 

America and an additional increase of 4-5 ÁC is expected by 2100 (Price et al., 2013). 

Climate change threatens the ecological, social and economic services that boreal 

forests provide (Gauthier et al., 2015a). It is also unclear whether boreal forests will 

continue to act as a carbon sink or will shift to become a carbon source (Kurz et al., 

2013), thereby renewing the scientific focus on boreal forest ecosystems and on their 

ability to cope with, and to mitigate, global warming. As a proxy for tree vigour, 

secondary growth can be used to study the response of trees to a changing climate and, 

thus, to assess current and future trajectories of the boreal forest.   

In the Northern Hemisphere, evidence of increased mortality rates and decreases in tree 

growth and forest productivity is accumulating, not only for the interior of the boreal 

forest (Cahoon et al., 2018 ; Girardin et al., 2016a ; Hember et al., 2016 ; Zhu et al., 

2016), but also at its northern edge (DôArrigo et al., 2004). These ónegativeô trends 

were linked, amongst other factors, to heat and hydric stresses resulting from rising 

temperatures and more frequent, longer-lasting, and harsher drought episodes (Barber 

et al., 2000 ; Girardin et al., 2016a ; Juday et Alix, 2012 ; Nicklen et al., 2018 ; 

Trugman et al., 2018 ; Zhang et al., 2008). In contrast, other studies provided strong 

evidence for increased growth rates and higher stand productivity (Beck et al., 2011 ; 

Girardin et al., 2011 ; Hember et al., 2017). These ópositiveô trends, which were 

observed mainly for the northernmost forested area, namely, the taiga, were likely due 

to higher rates of carbon assimilation and a longer growing season (Gennaretti et al., 

2014 ; Ju et Masek, 2016). These contrasting observations demonstrate uncertainties 

regarding the persistence of the existing structure, composition and function of the 

boreal biome under future warmer and dryer climatic conditions. 
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Tree sensitivity to climate is highly variable across the globe and is modulated by 

environmental drivers that vary at local to global scales (Babst et al., 2012b ; Girardin 

et al., 2016a). Amongst these drivers, topography creates spatially heterogeneous 

macroclimatic conditions and can modify the way that trees respond to changes in 

regional climate (Hasler et al., 2015 ; Mat²as et al., 2017). For example, in Central 

Europe, water-limited lowland forests are more sensitive to drought, whereas forests in 

the upland portion of the elevational gradient are primarily temperature-limited 

(Altman et al., 2017) and can benefit from stronger and faster warming, which is 

expected for mountainous areas (Pepin et al., 2015). More specifically, higher mean 

summer temperatures could improve the growth of trees at the high end of the 

elevational gradient by increasing the number of wood cells that are produced annually 

through improved xylogenetic processes and hydraulic performance (Castagneri et al., 

2015 ; Dulamsuren et al., 2017). In contrast, some studies have observed decreased 

growth rates, even for trees growing in mountainous sites in both central Europe and 

North America (Dittmar et al., 2003 ; McLaughlin et al., 1987 ; Piovesan et al., 2008), 

which questions the capacity of high-elevation forested ecosystems to better cope with 

climate change (Austin et Niel, 2011).  

The annual growth performance of a tree is linked to its ability to access optimal 

amounts of water, light and nutrients (Fritts, 1971), the availability of which is 

primarily controlled by site-specific abiotic factors, such as soil conditions (e.g., 

Hember et al., 2017). Soil structure, drainage and thickness of the organic layer 

determine soil water-holding capacity (Minasny et McBratney, 2017) and drive 

nutrient cycling (e.g., Cavard et al., 2018). In addition to its direct effects on tree 

growth, soil moisture content alters microclimate and, thus, evapotranspiration rates, 

which may modulate growth-climate relationships (Manrique-Alba et al., 2017). By 

modifying resource availability, inter-individual competition can exacerbate tree 

sensitivity to harsh climatic conditions (e.g. Buechling et al., 2017 ; Ford et al., 2016 ; 

Gleason et al., 2017 ; Jiang et al., 2018 ; Nicklen et al., 2018), or buffer growth gains 
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from favourable periods (Cortini et al., 2012). Ultimately, the capacity of a tree to 

efficiently use resources will also dictate its response to climate (e.g., Carrer et Urbinati, 

2004). Apart from genotype-driven differences, ontogeny-related changes in a treeôs 

physiological needs and in the efficiency of its hydraulic network (Ryan et al., 2006) 

can modify its sensitivity to climate (e.g., Altman et al., 2017). 

The high spatial variability in growing conditions that is encountered in boreal forests, 

together with the multiplicity of interacting effects and feedbacks of environmental 

variables that are present, hinder our understanding of the response of boreal forest 

trees to climate. In regions with geographically limited and sparsely replicated sample 

networks (Gewehr et al., 2014), assessing climate effects on tree growth is very 

difficult (but see Girardin et al., 2016a), given that field-based measurements do not 

cover the full range of variation in growing conditions. Some studies in western boreal 

North America and boreal Europe have examined variations in growth-climate 

relationships along latitudinal and longitudinal gradients (Lloyd et al., 2011) or 

between sites with different slope directions (i.e. north vs south facing sites; Johnstone 

et al., 2010 ; Walker et Johnstone, 2014) and moisture conditions (Walker et Johnstone, 

2014 ; Wilmking et Myers-Smith, 2008). However, studies testing the effect of 

elevation gradient on the trees sensitivity to climate are lacking, particularly in the 

eastern boreal North America. Furthermore, most past studies have focused upon the 

direct effects of abiotic or biotic factors on tree growth, while the feedback effects of 

environmental conditions on growth-climate relationships are still rarely decribed  (But 

see Nicklen et al., 2016, 2018 for the Pacific Coast of North America). 

Here, we used an extensive and well-replicated provincial inventory network that 

provides absolutely dated and annually resolved tree-growth data, as well as site-

specific environmental information for unmanaged forests in eastern boreal North 

America. This network is located at the boundary between the interior boreal forest and 

the taiga, and includes sample plots characterized by highly contrasting growing 
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conditions. Our overall objective was to examine whether the potential impacts of 

recent changes in climate varied as functions of explanatory variables with respect to 

the growth of two needleleaf species that are broadly distributed across North America, 

black spruce (Picea mariana (Miller)  B.S.P.) and jack pine (Pinus banksiana Lambert). 

We first quantified the recent growth trends for the two species which, given the high 

variability in growing conditions, were expected to be heterogeneous across the study 

zone. Then, we determined the climate sensitivity of the two species, i.e., the 

relationship between inter-annual variation of secondary growth rates and fluctuations 

in seasonal values of mean temperature and total precipitation over the period 1970-

2005. We hypothesized that the growth of both species would be negatively impacted 

by higher-than-average temperature during summer and positively affected by higher-

than-average temperature during spring and by higher-than-average precipitation 

during summer. Finally, we assessed how explanatory variables (e.g. climate, 

competition and soil conditions) affected spatial variability in growth-climate 

relationships. We hypothesized that the negative effect of hotter- and dryer-than-

average summers, as well as the positive effect of high spring temperature on tree 

growth, would be exacerbated in stands in the upper portion of the elevational gradient 

because of soil conditions (e.g. higher slope and rocky substrate) prone to a faster 

drainage. We also hypothesised that old stands, as well as trees growing in a highly 

competitive environment and in well-drained sites, would respond more negatively to 

summer heatwaves. 

1.2 Materials and methods 

1.2.1 Sampling area 

Our sampling network covered three degrees of latitude (50.25-53.25ÁN) and nearly 

extended across the entire Province of Quebec (Canada) from east to west (57.5-

78.25ÁW). It was located in the boreal biome, which is characterised by needleleaf-
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dominated forests (Robitaille et al., 2015). Some regional patterns of climatic 

conditions, dominant vegetation and natural disturbance regimes make it possible to 

divide this wide biome into bioclimatic domains (Ansseau et al., 1997). In the north 

portion of the region, the spruce-lichen bioclimatic domain is characterised by a harsh, 

cold and dry climate, resulting in an open black spruce-dominated forest with a lichen 

mat, i.e., the taiga vegetation subzone. South of the 52nd parallel, continuous boreal 

forest that is composed mostly of pure black spruce stands covers the spruce-moss 

bioclimatic domain. The later is subdivided into western and eastern zones based on 

precipitation patterns and fire cycles. The western part is drier and, consequently, more 

prone to wildfire than the eastern zone (Gouvernement du Qu®bec, 2003). Within these 

three main bioclimatic domains, hereafter referred to as ñBoreal West,ò ñBoreal Eastò 

and ñTaigaò (Figure 1.1), lower-level landscape units are defined based upon the 

recurrent arrangements of the main permanent ecological and vegetation features (48 

landscape units are present in our sampling area), which in turn are divided into 

ecological districts (284 ecological districts within our sampling area) that are based 

upon their geological and physiographic features (Ansseau et al., 1997). Please refer to 

the Figure 1.1B for examples of geographical units mentioned throughout the paper. 
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Figure 1.1. (A) Forest inventory plot network. The pink squares and blue triangles 

represent black spruce and jack pine temporary sample plots, respectively. The three 

main bioclimatic domains encompassing the sample network are also delineated. The 

background colour gradient represents the elevation gradient. (B) Geographical units 

involved in statistical analyses, from the broader global scale of the province of Quebec 

to the finer scale of the sample plot. 
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1.2.2 Tree-ring material 

The data that we used for this study were acquired from a sampling program of 400-

m2 randomly distributed temporary circular sample plots (n = 875 plots), which was 

established by the Minist¯re des Ressources naturelles et de la Faune du Qu®bec  

(MRNFQ) from 2005 to 2009 (Programme dôinventaire ®coforestier nordique; 

L®tourneau et al., 2008). In each sample plot, the diameter at breast height (DBH, 1.3 

m) of all living and dead stems (DBH > 9 cm) was measured and environmental and 

stand-level conditions were recorded. Disks were collected for stem analysis from one 

to three dominant or co-dominant trees per species according to the provincial 

normative sampling protocol (Minist¯re des Ressources Naturelles du Qu®bec, 2008). 

We used only black spruce and jack pine data since these species represented most (76 % 

and 15 %, respectively) of the sampled trees. We selected 1-m-height stem-disks as a 

trade-off between basal ring distortion and the number of visible rings (DesRochers et 

Gagnon, 1997). A total of 1914 black spruce and 352 jack pine disks with each having 

a minimum of 20 visible rings, representing 812 sample plots, were retained for 

subsequent analyses. Sample disks were processed using standard dendrochronological 

procedures for acquisition of ring-width measurement series across four radii per disk 

(Minist¯re des Ressources Naturelles du Qu®bec, 2008). For each ring-width series, 

cross-dating and measurements were statistically verified using the program 

COFECHA (Holmes, 1983). No major anomaly in these tree-ring measurements was 

observed, and therefore all were retained for subsequent analyses. 

1.2.3 Climate data and explanatory variables 

For each plot, daily maximum and minimum temperatures (ÁC) and total precipitation 

(mm) were obtained for the period of 1970-2005 using thin plate spline smoothing 

algorithms (ANUSPLIN), which interpolate site-specific estimates at a 0.08Á x 0.08Á 

spatial resolution from historical weather observations, as described in Price et al. 
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(2011). Mean temperatures, which were computed as the average of monthly maximum 

and minimum temperature values, were averaged and precipitation was summed at a 

seasonal scale (meteorological seasons according to Trenberth, 1983: spring = March-

May, summer = June-August, autumn = September-November, winter = December-

February). Readers should refer to Figure S1.1 in Annexe A for an overview of the 

trends in seasonal climate in the study area. 

Stand and environmental conditions were acquired from the plot survey conducted by 

the Minist¯re de la Faune, des For°ts et des Parcs du Qu®bec (Table 1.1, MFFPQ; 

Robitaille et al., 2015). We considered the proportion of clay, sand and silt in the 

mineral soil, organic layer thickness (OLT) and hydrological conditions of the sample 

plot assessed as drainage classes. Elevation and slope were extracted for our sample 

plots from the SRTM 90m Digital Elevation Database v4.1 (Jarvis et al., 2008). For 

stand-level demographic features, minimum stand age was defined as the age of the 

oldest sampled tree in the plot. Stand basal area (BA) was computed as the sum of basal 

areas of all trees with DBH > 9 cm within the plot, on a per-hectare basis. A tree-level 

competition index (CI) was computed as the number of trees that were taller than the 

focal tree, divided by the total number of trees within the plot, to assess assymetric 

competition (Ford et al., 2016), following Weber et al. (2008). To do so, the height of 

all trees within a plot was estimated from DBH using the allometric equations of Fortin 

et al. (2009). Individual CI values were averaged at the plot level to ensure consistency 

with the working scale of the growth-climate analyses. Temperature and precipitation 

normals were computed for the 1970-2005 period to account for the west-to-east 

(continental-to-oceanic) climate gradient. For brevityôs sake, these plot-level 

characteristics will be refered hereafter to as ñexplanatory variablesò. 

 

 



 

Table 1.1 Plot-level statistics for the studied explanatory variables, by bioclimatic domain 

  Boreal West Boreal East Taiga 

  mean sd range (min | max) mean sd range (min | max) mean sd range (min | max) 

Clay (%) 6.69 13.32 0 | 79 4.76 2.86 0 | 18 4.96 6.34 0 | 47.9 

Sand (%) 63.51 30.71 0 | 99.5 66.77 24.13 0 | 99.5 68.55 23.94 0 | 96.5 

Silt (%)  12.11 11.95 0 | 52 18.75 11.31 0 | 53.9 17.93 12.29 0 | 72 

OLT (cm) 21.23 25.45 1 | > 100 18.49 17.35 0 | > 100 15.93 19.66 0 | > 100 

Drainage (unitless) 3 (median class) - 1 | 6 3 (median class) - 1 | 6 3 (median class) - 1 | 6 

Elevation (m a.s.l.) 320.22 89.84 96 | 637 549.55 167.39 100 | 860 522.59 171.4 113 | 912 

Slope (degree) 2.28 1.97 0.13 | 13.15 3.55 3.33 0.13 | 19.58 2.32 2.29 0.13 | 12.36 

Age (years) 105.23 55.82 28 | 294 163.69 65.81 28 | 331 145.59 63.68 30 | 309 

BA (m2 ha-1) 15.89 10.59 0.78 | 49.88 17.27 10.21 0.90 | 55.39 10.57 6.60 0.59 | 35.44 

CI (unitless) 0.77 0.19 0.07 | 1.00 0.79 0.16 0.02 | 0.98 0.69 0.21 0.07 | 1 

Prec. (mm) 807.11 59.07 685.56 | 927.26 956.09 106.87 775.83 | 1174.67 803.74 75.3 668.60 |955.34 

Temp. (ÁC) -1.71 0.61 -3.07 | -0.31 -2.21 1.28 -4.02 | 0.49 -2.28 1.03 -4.35 | -0.93 

Note:  Clay = percentage of clay within the soil; Sand = percentage of sand within the soil; Silt = percentage of silt within the soil; OLT = organic layer thickness; Drainage =  drainage 

classes: from 1: rapid drainage to 6: poor drainage ; Elevation = altitudinal gradient; Slope = terrainôs slope, in degrees; Age = stand age (age of the oldest tree in a plot, computed as 

the number of years between the calendar year of the oldest ring and the calendar year of the most recent ring recorded for a tree); BA = basal area; CI = competition index; Prec. = 
average annual precipitation over the 1970-2005 period; Temp. = average mean annual temperature over the 1970-2005 period. 

3
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1.2.4 Statistical procedures 

To test our working hypotheses, we applied a 3-step statistical procedure involving 

different spatio-temporal scales (see workflow diagram Figure S1.2 in Annexe A). 

Step 1 : Trend analysis 

Ring-width measurements of the four radii were averaged (arithmetic mean statistics, 

see Annexe A, Table S1.3.1 for descriptive statistics of the raw series), and the mean 

ring-width series were converted into basal area increments (ὄὃὍ “Ὑ  “Ὑ ) 

using the function bai.out in the R-package dplr (Bunn, 2008). We assumed the cross-

sections were perfectly circular in shape, and used these as a proxy for secondary 

growth to provide an accurate quantification of wood production with ever-increasing 

tree diameter (Biondi et Qeadan, 2008). Rings that were formed during the first 10 

years were then eliminated, given that they usually exhibit an atypical response to 

environmental drivers compared with more mature rings (Loader et al., 2007). Next, 

BAI were detrended using Generalised Additive Mixed Models (GAMM) to remove 

the remaining ontogeny-induced (i.e., tree age and size) trends. One model was 

constructed for each species and ecological district (See Annexe A, Supplement S1.4 

for information about the BAI chronologies and diagnostic plots of the GAMM 

models). Organic layer thickness was added as a fixed term to account for the spatially-

heterogeneous and mostly time-independent effect of site quality on tree growth 

(Lavoie et al., 2007). BAI values were log-transformed to improve the normality of 

their distributions. The structure of the GAMM model is as follows: 

ÌÏÇὄὃὍ ÌÏÇὄὃ ὕὒὝ ίὃὫὩὅ ὝὶὩὩὍὈὧέὶὃὙρ  

where i represents the individual tree, j represents the species, k represents the plot, l 

represents the ecological district, and t represents the year. BAI is the basal area 
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increment of tree i at specific year t, BA is the basal area of tree i at specific year t 

(computed as the sum of BAI of previous years), OLT is the organic layer thickness of 

plot k, and AgeC is the cambial age (1-m height ring count) of tree i at year t. An 

autoregressive term, AR1 (autoregressive order p = 1, moving average order q = 0), 

was added to account for temporal autocorrelation. We tested the significance of a 

nested random effect (tree nested in plot) by conducting ANOVAs and likelihood ratio 

tests. Because it did not improve the modelôs fit and led to the same results (data not 

shown), we discarded the random term of the plot from the final model and kept only 

the random effect of the tree (TreeID).     

Annual Growth Changes (GC), which were expressed as the percent deviation from 

predicted values of the GAMM model, were then computed following Girardin et al. 

(2016a). GC values were aggregated by year, plot and species using the median 

statistics for computation of GCmedian chronologies (robust statistics; Huber, 2005). 

Because, for several trees, the 2005 growth-ring was the last whole growth-ring, the 

upper temporal limit of the analyses was fixed to 2005 to ensure consistency between 

chronologies. From the GCmedian  chronologies, growth trends were examined over 

two time periods: 1950-2005 and 1970-2005. These periods were marked by significant 

increases in mean annual temperatures of the area (Price et al., 2013) and characterized 

by the highest number of tree rings per calendar year (i.e. the highest sample depth, see 

Annexe A Figure S1.3.2). Linear regressions were applied (GCmedian ~ year), and the 

estimated regression slope was used as a proxy for the long-term growth trend. Trend 

significance was assessed following the statistical procedure described by Yue et al. 

(2004). This method corrects the p-value of the non-parametric Mann-Kendall trend 

test with the effective sample size of the time series to reduce the influence of serial 

correlation (function mkTrend in the R-package fume; Santander Meteorology Group, 

2012). Even if there were trend reversals for a few plots (Figure 1.2), the 1970-2005 

and 1950-2005 trends were globally highly correlated (see Annexe A, Figure S1.5.1). 

For the purposes of comparison, 1970-2005 GAMM-based trends were compared with 
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trends that were estimated from the application of two other commonly used detrending 

methods, namely modified negative exponential models and regional curve 

standardisation (See Annexe A, Figure S1.5.2). 

Step 2 : Growth-climate relationships 

Since weather station data availability and, therefore, climate data accuracy, is better 

for the most recent time periods (Ols et al., 2017), we decided to retain data from the 

shorter and most recent period, i.e., 1970-2005, for climate-growth analyses. Linear 

mixed models were fitted by plot and species, which included residuals of GAMM-

detrended BAI as response variables, together with the set of seasonally aggregated 

climatic variables as fixed terms, and tree identity as a random term. Mean seasonal 

temperature and total precipitation of the year of ring formation were considered as 

explanatory variables. Since trees can allocate carbohydrates that were acquired in the 

growing season to the biomass production of the following year (Granda et Camarero, 

2017), climate data from summer and autumn of the previous year were also considered 

as fixed terms, leading to a total of ten climatic variables (please refer to Annexe A, 

Figure S1.6.1 for the list of climate variables used in linear mixed models). The 

structure of the global model is as follows: 

ὙὩί  ὅὰὭά ὝὶὩὩὍὈ ὧέὶὃὙρ

 

 

where i represents the tree, j represents the species, k represents the plot and t represents 

the year. (TreeID) is a random term that accounts for the variability between individual 

trees. An error term with an AR1 (p = 1, q = 0) correlation structure was added to the 

model which accounts for the serial correlation. Collinearity amongst climatic variables 

was low, with the mean of pairwise Pearson correlations between variables below a 

stringent threshold value of 0.4 (Annexe A, Figure S1.6.1; maximum value of |0.37|; 
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Dormann et al., 2013). Multi-model selection based upon the Akaike information 

criterion corrected for small sample size (AICc), was performed for this global model 

using the package MuMIn (BartoŒ, 2018). A 95% confidence set of models was 

selected for multi-model inference as models whose cumulative Akaike weight is 

below 0.95 (Burnham et Anderson, 2002). Readers can consult Annexe A Figure S1.6.3 

for AICc values of all of the 1024 evaluated models, along with Akaike weights of the 

best model and the number of models used for multi-model inferences. Weighted 

averages of parameter estimates were derived from this set of best approximating 

models, and Studentôs t-statistics were computed as the ratio between the average 

model estimate and its corresponding standard error. These statistics provide both the 

general direction of the growth-climate relationship (i.e., negative or positive slope), 

and the strength of this relationship (the farther from zero the t-value is, the stronger is 

the effect), weighted by the modelôs predictive capacity and based upon the selected 

climatic variables. The 95 % adjusted confidence intervals of the t-statistics were also 

computed, together with Pearson correlations between residuals from the GAMM 

models and predicted values from the climate models (Annexe A, Figure S1.6.2) as an 

additional means of assessing the modelôs predictive capacity. Results of growth-

climate analyses that were based upon residuals from the two additional detrending 

methods are provided in Annexe A, Figure S1.7. 

Slopes from the linear regressions and t-statistics from the climate-growth mixed 

models were interpolated across the whole area using the Empirical Bayesian Kriging 

algorithm of the Geostatistical Analyst tool in ArcGIS v.10.4 (input options: empirical 

transformation of the data, semi-variogram model = exponential-type, search radius = 

1Á, smoothing factor = 0.2). The output raster maps permitted visual examination of 

geographical patterns in long-term growth trends and climate sensitivity. 
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Step 3 : Link with explanatory variables 

The relationships between explanatory variables (listed in Table 1.1) and tree 

sensitivity to climate were assessed by conducting redundancy analyses (RDA) using 

Canoco software v.4.5 (ter Braak et Smilauer, 2009). Because tree sensitivity to climate 

and environmental conditions are highly variable from east to west (see Figure 1.4 and 

Table 1.1), site conditions might affect growth-climate relationships depending upon 

the location of the plot (Wu et al., 2018). If averaged over the whole gradient, the effect 

of these conditions could cancel each other out. Consequently, one RDA was conducted 

per bioclimatic domain as a trade-off between data aggregation and ecological 

relevance, as recommended by Ols et al. (2018b). The t-statistics from the climate 

mixed models were considered as response variables (i.e., the ñspeciesò data matrix) 

and explanatory variables were considered as independant variables (i.e., the 

ñenvironmentò matrix). Climate normals were also included as independent variables, 

together with a dummy variable accounting for the species identity of the sampled tree, 

i.e., the difference in sensitivity to climate between jack pine (the reference level) and 

black spruce. Please refer to Annexe A, Table S1.8.1 for the list of independant 

variables considered in RDA analyses. Latitude, longitude and the average distance to 

the four nearest weather stations (ranging from 3.8 km to 153.1 km, see Annexe A, 

Figure S1.8.1) were added as conditioning variables to remove the effects of spatial 

non-independence of the plots and the potential lack of accuracy in the climate data set 

prior to analysis. Independant variables were transformed to improve the normality of 

their distributions, and then standardised prior to analysis (R package rcompanion; 

Mangiafico, 2017; Tukeyôs ladder of powers; Tukey, 1977). Forward selection of 

independant variables was done using Monte-Carlo permutation tests (n = 9999 

permutations under the reduced model; Ŭ = 0.05). Growth trends were included 

passively in the RDA in order to examine these in context with climate-environmental 
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relationships (such supplementary ópassiveô variables do not influence the ordination). 

To summarise the information that was displayed by the ordination plots (Annexe A, 

Figure S1.8.2), modified t-tests accounting for spatial autocorrelation were conducted 

between each of the RDA-selected independant variables and response variables (i.e., 

tree sensitivity to climate). The function modified.ttest of the R package SpatialPack 

was used (Osorio et al., 2018; Ŭ = 0.05).  

Significant variables were grouped into six sets according to the ecological process 

they represent: stand maturity, competition, altitudinal gradient, soil conditions, 

regional climate, and species identity (also see Annexe A, Table S1.8.1). Variation 

partitioning was then conducted to identify common and unique contributions to the 

total percentage of variation in the matrix of response variables (adjusted R2) explained 

by the model and better address the question of relative influences of the six sets of 

indepedant variables that were considered in the model (Peres-Neto et al., 2006). The 

forward selection procedure used in the RDA led to up to five sets of independant 

variables by bioclimatic domain. The variation partitioning algorithm (varpart) in the 

R-package vegan was used (9999 permutations, partitions computed from adjusted R2; 

Oksanen et al., 2018), which only allows a maximum of four sets of independant 

variables to be considered in a same analysis. To overcome this limitation, we 

determined the unique and common contributions of stand maturity, competition, 

altitudinal gradient, soil conditions and regional climate. Next, we determined the 

contribution of the taxonomic identity of the tree (selected in each of the three 

bioclimatic domains) by comparing it to the contribution of all other independant 

variables grouped together. The dummy species variable in RDAs allowed the 

quantification of the variability in growth-climate relationships resulting from the 

difference between the two species without splitting the data by species, which would 

have lowered the number of sample plot by analysis and consequently the statistical 

power, i.e. the likelihood to correctly reject the null hypothesis. Analyses by species 
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were also tested and results of these analyses are provided as Figure S1.8.3 in Annexe 

A. 

1.3 Results 

1.3.1 Growth trends are spatially heterogeneous and species-specific 

When averaged over the sample plots, dissimilar long-term growth trends appeared 

between species (Annexe A, Table S1.9). Growth rates of black spruce decreased, with 

a trend estimated at -0.35 % y-1 Ñ (std) 1.61 % y-1 from 1950 to 2005. For the 1970-

2005 period, the trend in the annual growth rate was -0.14 % y-1 Ñ 2.44 % y-1. For 

jack pine, both the 1950-2005 and 1970-2005 periods were characterised by an annual 

increase in growth of 0.21 % y-1 Ñ 3.31 % y-1 and 0.21 % y-1 Ñ 3.37 % y-1, 

respectively. However, species-specific growth trajectories were not homogeneous 

across the study region (Figures 1.2 and 1.3; Annexe A, Table S1.9). Growth of black 

spruce increased in the western part of the Boreal West and in the central part of the 

Boreal East between 1970 and 2005, but decreased elsewhere (Figure 1.2). Growth of 

jack pine increased regardless of bioclimatic domain between 1950 and 2005, but 

decreased in the western parts of Boreal West and Taiga between 1970 and 2005 

(Figures 1.2 and 1.3). 
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Figure 1.2. (A) Growth trends for black spruce and jack pine, for the 1950-2005 and 

1970-2005 periods, shown as slope coefficients of the plot-scaled regression models of 

detrended BAI values against calendar years. Empirical Bayesian kriging was applied 

to interpolate plot-based trends across the entire area. Dots highlight significant trends 

(Ŭ = 0.1). The proportion of significant trends is shown at the bottom of each map. (B) 

Distributions of growth trend slopes by species and bioclimatic domain (boxplots). 

Black dots represent the mean value for the specific species and bioclimatic domain. 

Black lines inside the boxplots are median values, and error bars represent the lower 

and upper whiskers (representing the variability outside the upper and lower quartiles). 

The dotted line represents a value of zero, i.e., no trend in long-term growth. 
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Figure 1.3. Median chronologies (red curves) of black spruce (left panels) and jack pine 

(right panels) detrended BAI (growth change) per bioclimatic domain (upper row: 

Boreal West; middle row: Boreal East; lower row: Taiga). Yellow shading and dotted 

lines delimit the bootstrapped 95 % confidence intervals, with LOESS smoothing 

shown by the blue lines (span = 0.2). Violet box and blue shading highlight the two 

time intervals (1950-2005 and 1970-2005, respectively). Black dashed lines denote a 

zero effect, i.e., no deviation compared to the value predicted by the GAMM model. 
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1.3.2 Sensitivity to climate is dissimilar across the landscape 

Growthïclimate response patterns were estimated for the two tree species to identify 

the key climate factors that were driving observed variability in growth (Figure 1.4). 

Summer temperature of the year preceding growth and spring precipitation in the year 

of growth had significant negative relationships with black spruce growth, while winter 

precipitation and winter temperature had a positive influence. The importance of these 

variables was not limited to particular regions but extended across vast areas (Figure 

1.5). Black spruce tree sensitivity to other climate variables was more spatially 

heterogeneous (Figures 1.4 and 1.5). A high level of precipitation during previous-year 

summers had a significant positive effect upon the growth of black spruce within the 

Boreal East and Boreal West; this effect was not statistically significant in the Taiga 

(Figure 1.4). Excess-heat and high precipitation during previous-year autumns 

negatively affected spruce growth in the Boreal West and Taiga but had no significant 

effect in the Boreal East. Within the Boreal East and Taiga, the growth of black spruce 

was increased by hotter-than-average summers occurring during the year of ring 

formation and was decreased by milder-than-average springs. These relationships were 

mostly the opposite of what was observed within the Boreal West. 

The response of jack pine to climate was less statistically significant and often opposite 

to that of black spruce. Regardless of bioclimatic domain, jack pine growth was 

increased by previous-year warm autumns and current-year summer warmth, but it was 

decreased by high winter precipitation (Figures 1.4 and 1.5). Current- and previous-

year wet summers significantly increased the growth of jack pine within the Boreal 

East and Boreal West (Figure 1.4). Jack pine growth was positively correlated with 

mild and wet springs within the Taiga and with mild winters within the Boreal West, 

but was negatively impacted by wet springs within the Boreal East (Figure 1.4). 
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Figure 1.4.  Arithmetic means (black dots) and bootstrapped 95 % confidence intervals 

(rectangles, R=10000 replications) of t-statistic values per bioclimatic domain for black 

spruce and jack pine, for each of the seasonal climatic variables. ñTò and ñPò at the 

beginning of a variableôs name denote temperature and precipitation, respectively. 

Uppercase letters denote climatic variables for the current growing season (winter, 

spring, summer), and lowercase letters denote climatic variables of the previous 

growing season (previous summer, previous autumn). Blue and red rectangles indicate 

a significant (95 % confidence interval excluding zeroes) positive and negative effect, 

respectively, of the climatic variable at the scale of the bioclimatic domain, and grey 

rectangles are for non-significant values.



 

Figure 1.5. Kriging-interpolated growth response significance (based on t-statistics, 1970-2005) to seasonal climatic variable 

(left: temperature, right: precipitation) for black spruce (left panel) and jack pine (right panel). Green-to-blue colours denote 

a negative effect of the climate variable on tree growth, yellow colour means no impact of the climate variable on tree growth, 

and orange-to-red colours denote a positive effect. Dots display significant values, i.e., plots for which the 95 % confidence 

interval of the t-statistics excludes zero. 

4
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1.3.3 Plot-level features had low but significant effects on growth-climate 

relationships 

Sensitivity to climate differed between the two species, especially within the Boreal 

West, where species identity of the sampled trees alone accounted for 15 % of variation 

in growth-climate relationships (Figure 1.6). Such taxononomic variability in growth 

sensitivity to climate can be readily noted in Figures 1.4 and 1.5. Contributions of the 

sets of explanatory variables stand maturity, competition, altitudinal gradient, soil 

conditions, and regional climate to the climate sensitivity variance were much lower. 

The elevational gradient explained the highest proportion of variation in tree response 

to climate within the Boreal East and Taiga (5 % and 9 %, respectively; Figure 1.6). 

Stand maturity, alone or in combination with other explanatory variables, accounted 

for 7 %, 1 % and 5 % of the variation in growth-climate relationships within the Boreal 

West, Boreal East and Taiga, respectively. For competition, these values were 

respectively 3 %, 2 % and 2 %.  

Stands that were composed mainly of old black spruce trees exhibited growth that was 

more negatively correlated with previous-year summer and autumn temperatures, but 

more positively correlated with winter precipitation compared to recently regenerated 

stands (Figures 1.6 and 1.7, and Annexe A, Figure S1.10.1). These old-growth black 

spruce stands also exhibited the steepest declines in growth rates during 1970-2005 

(Annexe A, Figure S1.11.1). The positive effect of warmer-than-average autumns, 

winter and springs on the growth of jack pine was lower for stands that were composed 

of old trees in comparison with more recently regenerated stands (Annexe A, Figure 

S1.8.3). Snowy and mild winters increased the growth of black spruce more than that 

of jack pine, but black spruce growth was more negatively correlated with wet and 

warm springs and with excess-heat during autumns of the previous years than that of 

jack pine. Previous-year wet summers and current-year mild springs decreased the 

growth of stands in the upper portion of the elevational gradient (i.e., above 500 m 

a.s.l.), while excessively high temperatures during current-year summers increased 
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their growth more strongly than for stands at lower elevations (Figures 1.6 and 1.7, and 

Annexe A, Figures S1.10.1 and S1.10.2). Similarly, growth in stands that were 

composed of taller trees (higher CI) was more negatively affected by excess-heat 

during previous-year summers than those stands that were composed of smaller-sized 

trees. Tree growth in more densely populated stands (higher BA) was also more 

positively correlated with winter temperature, but less positively correlated (within 

Boreal East and Taiga) or more negatively correlated (within Boreal West) with 

current-year summer precipitation than stands of lower densities (Figures 1.6 and 1.7 

and Annexe A, Figure S1.8.3).  

The effect of other explanatory variables on tree sensitivity to climate was restricted to 

a specific region, such as soil conditions within the Boreal West and the continental-

to-oceanic climate gradient within the Boreal East, which accounted for 3 % and 5 % 

of the variation in growth-climate relationships, respectively (Figure 1.6). 
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Figure 1.6. Left: The sets of independent variables used in variation partitioning (Please 

refer to Table 1.1 for variable ranges). Middle: Effect of each explanatory variable on 

tree sensitivity to climate, based on autocorrelation-corrected Pearson correlations. The 

relationship between long-term growth trends and climatic variables is also shown 

(uppercase letters: current year; lowercase letters: previous year). Red and blue 

shadings are for negative and positive relationships, respectively, that are significant at 

Ŭ = 0.05. Gray shadings denote non-significant relationships. Significant relationships 

common to at least two bioclimatic domains are emphasised with a dot. Right: 

Proportion of variance explained by each set of independent variables, alone or in 

combination with other sets (Venn diagrams), by bioclimatic domain. The proportion 

of variance explained only by the species (pine or spruce) and the proportion of 

variance unexplained by the selected variables are shown below the diagrams. 
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Figure 1.7. Effect of topographic position on sensitivity to (A) spring temperature, (B) 

summer temperature, (C) previous sumer precipitation, and (D) effect of the age of the 

stand on the sensitivity to previous summer temperature. Blue and orange dots are 

observed values for jack pine and black spruce, respectively. Also shown are the 

Spearmanôs rho coefficient (r) and p-value of the modified t-test corrected for the effect 

of spatial correlation. 
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1.4 Discussion 

Using a dendroecological dataset from a randomly distributed forest inventory network 

that consisted of 812 plots and 2266 trees, we provided an overview of the response of 

two major boreal needleleaf species to recent climate change, across explanatory 

variables that include stand maturity, competition, elevational gradient, soil conditions, 

and regional climate within eastern boreal North America. Our results highlighted 

spatial heterogeneity in long-term growth trends across the studied forest: in some areas 

growth rates decreased, while in others growth increased over the last few decades. 

Tree sensitivity to climate was also highly spatially heterogeneous. Our study 

underscores the utility of employing broadly distributed datasets for assessing the 

complexity of climate change effects on a forest ecosystem (Klesse et al., 2018 ; 

Nicklen et al., 2018).        

The species identity of the tree explained a greater proportion of variation in growth-

climate relationships than did all other explanatory variables in the Boreal West. 

Further, we observed contrasting growth trends between the two species. Our analyses 

suggest that sensitivity to climate is determined primarily by a species-specific set of 

functional traits. Black spruce and jack pine usually occupy sites with different soil 

structures (Balland et al., 2006) and have very different root system architectures and 

physiological efficiencies (Blake et Li, 2003 ; Strong et La Roi, 1983), which could 

explain differences in climate sensitivity.  

We identified previous-year summer temperature and, to a lesser extent, previous-

autumn temperature as two of the climatic factors with the greatest negative effects on 

annual growth rates of black spruce trees. Excess-heat during late summer and autumn 

may lead to declines in carbohydrate reserve accumulation at the end of the growing 

season, thereby negatively affecting spring growth, as was previously observed in both 

boreal North America and northern Europe (Girardin et al., 2016a ; Ols et al., 2018b). 
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Decreased reserve formation of heat-stressed trees can result from accelerated 

respiration, which leads to higher and more rapid use of photosynthates that otherwise 

would be available for storage (Anderegg et Anderegg, 2013 ; Granda et Camarero, 

2017 ; Sala et al., 2012). The steepest declines in observed growth for individuals that 

were the most greatly affected by above-average temperature during summer of the 

year prior to ring formation suggest that hot extremes are one of the primary 

determinants of growth trajectories for boreal black spruce forests, as has been 

observed for white spruce seedlings in plantations by Benomar et al. (2018). The 

deeper root system of jack pine trees could have allowed them to access additional 

water resource in deeper soil layers, and their greater resource use efficiency could 

have prevented them from an overuse of carbon reserves during heatwaves, potentially 

leading to an uninterrupted carbohydrates storage during hotter-than-average late 

growing seasons. The resulting higher amount of photosynthates available the 

following spring could explain the positive correlation between jack pine growth and 

previous autumn temperature. Our results also suggest that in addition to the effect of 

species-specific traits, some variation originated from spatially varying site features 

like stand maturity, position along the elevational gradient, regional climate and soil 

conditions. Yet, these site-level features explained a lower proportion of the variance 

in patterns of growth-climate relationships within bioclimatic domains.  

As predicted from our main working hypothesis, position along the elevational gradient 

explained a low but significant proportion of the variation in tree response to spring 

and summer temperature and to previous summer precipitation. This finding illustrates 

diverging climatic constraints, from water-limited trees at low elevation to trees 

constrained by cold temperatures during the growing season at the high end of the 

elevational gradient. Contrary to our expectations, growth of black spruce was more 

negatively affected by mild springs when located in the upper portion of our elevational 

gradient. This counter-intuitive effect of mild springs was recently observed elsewhere 

(Babst et al., 2012a ; Ols et al., 2017) and could result from earlier onset of 
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physiological activity and growth in response to warming (Gu et al., 2008 ; Richardson 

et al., 2018 ; Vitasse et al., 2017). Late-frost events generally occur more frequently at 

higher elevations and in cold regions such as the Boreal East and Taiga than at lower 

elevation or in relatively warmer regions such as the Boreal West. These events can 

damage early formed shoots and roots, thereby reducing total seasonal growth (Kidd et 

al., 2014 ; Marquis et al., 2020b, 2020a, 2021).  

Summer warmth had a contrasting effect on tree growth, depending upon its occurrence. 

While previous-year high temperatures had negative effects on growth during the 

following growing season, hotter-than-average summers had an immediate and 

positive effect on growth rates during the year of occurrence. The later relationship, 

which had been observed in the Boreal East and Taiga, was more pronounced for stands 

at upper elevation sites than at lower elevations and could be linked to a decrease in 

the risk of late-frost damage and faster snowmelt in early summer (Vitasse et al., 2017). 

Hot summers are also correlated with high solar radiation and, consequently, with 

higher rates of photosynthesis, especially in sites where water is not a factor limiting 

to tree growth, such as stands at the high end of our elevational gradient in the Boreal 

East and Taiga. Temperature generally decreases with elevation, so an increase in 

summer temperature can lead to a greater net beneficial effect on tree growth at higher 

elevations (see Annexe A, Figure S1.12). However, the resulting growth gain would 

have been outweighted by the growth decline due to late frost damage, which could 

explain that growth trends in stands within the central hilly area were more negative 

than in the westernmost stands. 

Effects of other variables on climate sensitivity, such as stand maturity and competition,  

were generally consistent accross regions. Excess-heat during previous-year summers 

and autumns had a significantly greater negative impact on black spruce growth in 

older stands compared to more recently regenerated stands. The increase in climate 

sensitivity with age has been extensively documented (e.g. Altman et al., 2017 ; 
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Schuster et Oberhuber, 2013), and was linked to ontogeny-related 

morphophysiological changes (Ryan et al., 2006) leading to a decrease in hydraulic 

conductance (Magnani et al., 2000). During drought, hydraulic conductance may 

decrease more strongly in old and tall trees because of greater path resistance (Ryan et 

Yoder, 1997); the resulting decreases in stomatal conductance and photosynthesis may 

entail, along with greater metabolic demand in tall trees (Hartmann, 2011), depletion 

of carbohydrate reserves in older stands. This response is a potential explanation for 

the negative relationship between 1970-2005 growth trends and stand age (Annexe A, 

Figure S1.11.1; see also Chen et al., 2016 ; Girardin et al., 2014).  

Competition pressure also significantly modulated the growth-climate relationships. 

Growth of trees in densely vegetated (high BA) stands that were composed of taller 

individuals (high CI) was more negatively correlated with excess-heat during previous-

year summers and less positively correlated to current-year wet summers than in a less 

competitive environment. These relationships could have originated from lower carbon 

assimilation and carbohydrate reserve formation originating from reduced water 

availability (Gleason et al., 2017). In contrast, black spruce trees responded more 

positively to mild winters in densely vegetated compared to more sparsely populated 

stands. This may be due to the stabilizing effect of a dense canopy on local-scale 

hydrothermal properties (Gu et al., 2008 ; Vaganov et al., 1999), similar to the effect 

of high structural diversity (Aussenac et al., 2017).   

Soil conditions accounted for a significant proportion of the variation in growth-climate 

relationships, but this was true only for black spruce in the Boreal West. This region is 

characterised by a contrasting physiography spanning comparatively flat landcapes 

with a high proportion of peatlands in the west to hilly terrain with sandy-loam soils in 

the east (Robitaille et al., 2015; also see Figure 1.1 and Table 1.1), together with 

resulting differences in soil hydrology. During hot summers, the water table of soils 

with a high proportion of organic material is lowered, and in combination with the high 
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degree of dessication of the peat substrate (Gewehr et al., 2014 ; Voortman et al., 2013), 

may have reduced water availability and exacerbated summer heat stress, particularly 

for trees with shallow rooting systems such as black spruce. Paradoxically, an excess 

of water during consecutive wet springs and summers also reduced growth of black 

spruce in Boreal West (Figure 1.5), most likely because of hypoxic stresses resulting 

from elevation of the water table in poorly drained sites (Zobel, 1990). A positive 

correlation between growth of western black spruce trees and the annual area burned, 

which is a proxy for litter and deep organic layer dryness (Molinari et al., 2018), adds 

credibility to the assumption that tree sensitivity to precipitation was strongly 

modulated by soil hydrology in the Boreal West (Annexe A, Figure S1.13).  

Overall, we identified mostly negative growth trends for black spruce and only barely 

positive trends for jack pine during the 1970-2005 period, which confirms the absence 

of climatically-induced stimulation of tree vigour that was previously observed for the 

boreal forest (Girardin et al., 2016a ; Hember et al., 2016 ; Ju et Masek, 2016 ; Zhu et 

al., 2016). However, forest growth trends were spatially heterogeneous, and the 

productivity of some areas increased over the last few decades. Variability in growth-

climate relationships that was explained by the set of variables considered in our 

analysis remained low (< 25 %), as is the case in many studies focusing on ecological 

processes. Our random sampling strategy implies that many factors, which are 

potentially involved in growth-climate relationships, were not considered and could 

not be controlled for, such as the effect of non-tree vegetation, insect epidemics, or 

nutrient cycling. In addition, the genetic diversity of the species under study surely 

induced different responses to climate between populations (Avanzi et al., 2019 ; 

Housset et al., 2016). Based upon our results, we suggest that the warming threshold 

beyond which the productivity of the boreal forest will shift from positive to negative(~ 

+2 ÁC; DôOrangeville et al., 2018) is likely very heterogeneous across the boreal biome, 

but may already have been reached in many of our black spruce stands. 
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R®sum® 

Les ®cosyst¯mes forestiers sont affect®s par une augmentation de la fr®quence, de 

lôintensit® et de la dur®e des s®cheresses. Les arbres r®agissent ¨ ces changements en 

ajustant leur conductance stomatique pour maximiser le compromis entre les apports 

de carbone et les pertes dôeau. Une meilleure compr®hension des cons®quences de ces 

ajustements physiologiques qui interviennent en r®ponse ¨ la s®cheresse sur la 

croissance des arbres pourrait aider ¨ pr®dire le potentiel de productivit® futur des for°ts 

bor®ales. Ici, nous avons utilis® des ®chantillons provenant dôun r®seau dôinventaire 

forestier englobant une vaste aire dô®tude o½ un d®clin dans les taux de croissance de 

lô®pinette noire et du pin gris a eu lieu entre 1988 et 1992, p®riode exceptionellement 

s¯che. Notre objectif ®tait de v®rifier si ce d®clin de croissance r®sultait dôajustements 

physiologiques des arbres ¨ la s®cheresse. Nous avons mesur® les rapports isotopiques 

du carbone et de lôoxyg¯ne dans les cernes de croissance de 95 ®pinettes et 49 pins sur 

la p®riode 1985-1993. Nous avons utilis® la discrimination isotopique du carbone (ȹ13C) 

et de lôoxyg¯ne (ȹ18O) pour approximer respectivement lôefficience dôutilisation de 

lôeau et la conductance stomatique des arbres. Nous avons ®tudi® la mani¯re dont la 

variabilit® inter-annuelle dans la discrimination isotopique ®tait li®e ¨ un indice de 

s®cheresse (Climate Moisture Index, CMI), au d®ficit de pression de vapeur et aux 

chutes de neige annuelles. Nous avons observ® des valeurs significativement plus 

faibles de ȹ13C sur la p®riode 1988-1990 et des valeurs significativement plus ®lev®es 

de ȹ18O en 1988-1989 et 1991 comparativement ¨ la moyenne de la p®riode 1985-1993. 

Nous avons aussi observ® quôun d®clin dans la disponibilit® en eau du sol et une hausse 

dans le d®ficit de pression de vapeur ®taient li®s ¨ des valeurs significativement plus 

faible de ȹ13C et des valeurs significativement plus ®lev®es de ȹ18O, en parall¯le dôune 

croissance significativement plus faible. Cette croissance plus faible persistait durant 

lôann®e suivante chez lô®pinette mais pas chez le pin. Ces r®sultats soulignent quôune 

r®duction de la conductance stomatique r®sultant de conditions plus s¯ches se traduit 

pas des taux de croissance annuels plus faibles, peut-°tre ¨ cause dôune diminution des 
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apports de carbone et dôune modification des strat®gies dôallocation des ressources. 

Lôimpact plus fort et plus long sur lô®pinette comparativement au pin sugg¯re, pour 

cette esp¯ce, une utilisation du carbone moins efficace et un potentiel dôacclimatation 

plus faible aux conditions climatiques plus chaudes et plus s¯ches dans le futur. 

Mots-cl®s : for°t bor®ale; ®pinette noire; pin gris; composition isotopiques des cernes 

de croissance; stress hydrique 
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Abstract 

An increase in frequency, intensity and duration of drought events affects forested 

ecosystems. Trees react to these changes by adjusting stomatal conductance to 

maximize the trade-off between carbon gains and water losses. A better understanding 

of the consequences of these drought-induced physiological adjustments for tree 

growth could help inferring future productivity potentials of boreal forests. Here, we 

used samples from a forest inventory network in Canada encompassing a large study 

area where a decline in growth rates of black spruce and jack pine occurred in 1988-

1992, an exceptionally dry period, to verify if this growth decline resulted from 

physiological adjustments of trees to drought. We measured carbon and oxygen isotope 

ratios in growth rings of 95 spruces and 49 pines spanning the years 1985-1993. We 

used 13C discrimination (ȹ13C) and 18O enrichment (ȹ18O) as proxies for water use 

efficiency and stomatal conductance, respectively. We studied how inter-annual 

variability in isotopic ratios was linked to climate moisture index, vapour pressure 

deficit and annual snowfall amount. We found significantly lower ȹ13C over 1988-

1990, and significantly higher ȹ18O in 1988-1989 and 1991 compared to the 1985-1993 

averages. We also observed that a low climatic water balance and a high vapor pressure 

deficit were linked with low ȹ13C and high ȹ18O in the two study species, in parallel 

with low growth rates. The later effect persisted into the year following drought for 

black spruce, but not for jack pine. These findings highlight that a reduction in stomatal 

conductance resulting from drier conditions translates into lower annual growth rates, 

maybe because of reduced carbon gains and changes in carbon allocation strategies. 

The stronger and longer lasting impact on black spruce compared to jack pine suggests 

a less efficient carbon use and a lower acclimation potential to future warmer and drier 

climate conditions. 

 

Key words: boreal forest; black spruce; jack pine; tree ring isotopes; drought stress 
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2.1 Introduction 

Earthôs surface temperature has increased by an average of 1ÁC since the industrial 

revolution (i.e. ~ 1850; IPCC, 2013). This is largely the result of a rise in atmospheric 

CO2 concentrations caused by the burning of fossil fuels as an anthropogenic energy 

source (Keeling et al., 2015 ; Willeit et al., 2019). Global climate models predict an 

additional warming up to 3ÁC by the end of the 21st century (IPCC, 2013) that will 

increase evaporative demand over large parts of the terrestrial surface, without being 

compensated by higher precipitation inputs (Dai, 2013). An increase in the frequency, 

duration and intensity of climate extremes, such as droughts and heatwaves, is also 

highly likely (Christidis et al., 2015 ; Vicente-Serrano et al., 2014). These changes in 

climate averages, variability and seasonality are already affecting the integrity of 

natural ecosystems worldwide. Forest ecosystems, for example, can be impacted both 

directly through water and heat stresses affecting plant physiology (e.g. Grossiord et 

al., 2020), and indirectly, e.g. via an alteration of disturbance regimes which feed back 

on mortality rates and regeneration capacity of trees (Adams et al., 2010 ; Allen et al., 

2010 ; Boucher et al., 2020 ; Mantgem et al., 2009 ; Peng et al., 2011). Such hot and 

dry extremes could severely decrease the productivity of forest biomes over an 

extended time-period (Restaino et al., 2016 ; Williams et al., 2013 ; Yuan et al., 2019). 

Knowledge on mechanisms governing the physiological response of trees to extreme 

drought events is thus of crucial importance for estimating the future C storage capacity 

of forests. 

Inter-annual and long-term changes in tree growth rates are driven in large parts by 

carbon and water inputs which, in turn, are controlled by two major physiological 

processes: photosynthesis and transpiration. Water inputs, mainly driven by soil 

moisture availability, directly influence plant growth by creating turgor pressure which 

is necessary for wood cells enlargement (Rossi et al., 2009). Water is the main 

component of xylem sap which conveys nutrients from roots to leaves (Peel, 2013). 
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These nutrient inputs cover biochemical requirements of plants, including the intake of 

electron donors needed to convert sunlight energy to adenosine triphosphate (ATP) and 

nicotinamide adenine dinucleotide phosphate (NADPH), the chemical energy and 

reducing power necessary for sugar building (Kºrner, 2015). In other words, without 

sufficient water inputs, trees will not use the carbon acquired because of reduced 

photosynthesis rates and decreased needs for organs elongation (ñsink limitationò; 

Kºrner, 2015). Furthermore, photosynthetic enzyme kinetics are temperature-

dependent and when temperature increases above a certain threshold, carbon 

assimilation rates decrease as a function of soil moisture availability (Kumarathunge et 

al., 2020 ; Reich et al., 2018). Trees can buffer these heat stresses by increasing 

transpiration rates to cool leaf surface, but this is conditional to a sufficient soil 

moisture availability to cover evaporative demand (Urban et al., 2017). Therefore, the 

growth performance of a tree is partly governed by a trade-off between maintaining 

hydraulic integrity (and sufficient water inputs) via stomatal closure and keeping high 

carbon inputs via stomatal opening (i.e. the ñsafety-efficiency trade-offò; see Manzoni 

et al., 2013). The intensity by which a tree will need to regulate stomatal aperture is 

largely dependent on the capacity of xylem conduits to resist embolism (Eisenach et 

Meinzer, 2020 ; Hacke et al., 2001 ; Lens et al., 2011 ; Li et al., 2018). Stomatal 

regulation is thus the key, short-term physiological mechanism by which trees are able 

to avoid xylem cavitation to survive low atmospheric and soil moisture conditions 

(Brodribb et al., 2014).  

Tree species can be located on a continuous gradient of stomatal regulation on the basis 

of the strategy used to control plant water potential during a drought, through the notion 

of isohydricity (Hochberg et al., 2018 ; Tardieu et Simonneau, 1998). Historically, 

isohydricity has been viewed as strictly dichotomic, separating plant species between 

ñdrought tolerantò and ñdrought avoiderò depending on their propensity to maintain a 

high hydraulic conductance under dry conditions (Tardieu et Simonneau, 1998). 

However, results are now accumulating that demonstrate that different species could 
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use different stomatal regulation strategies distributed along a isohydricity continuum 

(Hartmann et al., 2021 ; Hochberg et al., 2018 ; Klein, 2014 ; Mart²nez Vilalta et al., 

2014 ; McDowell et al., 2008). More specifically, some tree species are differentiating 

from others by closing stomata early when dry conditions occur in order to maintain 

their hydraulic function. However, when dry conditions last over an extended time 

period, this high stomatal sensitivity implies a prolonged period without carbon input, 

which leads to a reduction of non-structural carbohydrate supply. Ultimately, trees 

from these more isohydric species are at a higher risk of being impacted by biotic 

agents such as insects, fungus or diseases as a side effect of the lower amount of carbon 

available for defense mechanisms (McDowell et Sevanto, 2010 ; Sala et al., 2010). On 

the other hand, more anisohydric tree species are able to maintain a high stomatal 

conductance and very low water potentials under dry conditions, operating closer to 

their hydraulic limits. These species keep high carbon assimilation rates at the expense 

of a high risk of hydraulic failure, i.e. a too high percentage of faulty conductive vessels, 

which could ultimately kill them (Anderegg et al., 2015a). The stomatal sensitivity of 

plants, and thus their position along the isohydricity gradient, is varying both in space 

and time. First, the selection pressure of environmental factors, especially moisture 

availability, on life-history traits such as the characteristics of conductive vessels and 

rooting system, drive differences in isohydricity between species (Bhaskar et al., 2007 ; 

Feng et al., 2019 ; Isaac-Renton et al., 2018 ; McDowell et al., 2019 ; Wu et al., 2020). 

Secondly, the stomatal sensitivity of a species can change depending on inter-annual 

variations in moisture availability and in drought intensity (Wu et al., 2020). Thus, 

species more prevalent on mesic sites or xeric sites with cold climates usually exhibit 

a high stomatal sensitivity in response to low-magnitude changes in their environment. 

However, these species typically possess more cavitation-resistant xylem vessels 

(Brodribb et al., 2014) allowing them to maintain only a weak stomatal control under 

exceptionally dry conditions (Br®da et al., 2006 ; Li et al., 2018 ; Wu et al., 2020). By 

contrast, species growing in more humid environments generally exhibit a more 

isohydric behaviour but possess xylem vessels more vulnerable to cavitation which 
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force them to apply a very strict stomatal control during extreme droughts (Br®da et al., 

2006 ; Tissier et al., 2004 ; Wu et al., 2020). These differences in isohydricity between 

species drive their resistance to and recovery from droughts (Li et al., 2020). 

Tree rings are archiving inter-annual changes in physiological processes through 

variations in the number of annual wood cells, their properties (e.g. cell wall thickness) 

and chemical composition (e.g. stable isotopes; see e.g. Babst et al., 2018). In particular, 

leaf gas exchange drives the ratio of stable carbon and oxygen isotopes that are 

imprinted in tree-ring biomass (Farquhar et al., 1982b ; Gessler et al., 2014). Tree-ring 

carbon isotope ratio, ŭ13C, depends on atmosphere-to-tree-ring carbon isotopic 

discrimination, which is modulated by the ratio of CO2 concentration within the leaf to 

that within the atmosphere. Thus, ŭ13C is driven both by stomatal conductance and by 

photosynthesis rates (Farquhar et al., 1982b). This relationship makes ŭ13C a good 

proxy for the quantity of carbon a tree assimilates per unit of water transpired, i.e. the 

intrinsic water use efficiency (iWUE; see Farquhar et al., 1989). Indeed, tree-ring 

oxygen isotope ratio, ŭ18O, partly depends on external influences such as the oxygen 

isotopic composition of the source water and the enrichment in 18O occurring before 

water enters the tree hydraulic pathway (Brienen et al., 2012 ; Tang et Feng, 2001 ; Xu 

et al., 2020). The main tree physiological process directly influencing ŭ18O is the 

control of stomatal aperture, which regulates oxygen isotopic discrimination occurring 

when water is transpired (Gessler et al., 2014). Other internal processes, such as the 

ñP®clet effectò and the exchange of oxygen atoms between carbohydrates and stem 

water prior to cellulose formation also act to modify the final ŭ18O signal in tree rings 

(Gessler et al., 2014 ; Sternberg, 2009), but these processes are not influenced by 

changes in environmental conditions. ŭ18O is often measured in combination with ŭ13C 

to gain better understanding of past changes in stomatal control that have occurred 

independently of changes in assimilation rates (i.e. the ñdual isotope approachò; 

Scheidegger et al., 2000). Thus, tree rings offer an annually-resolved proxy to study 

past modifications in treesô physiological processes resulting from environmental 



 

68 

changes. For example, during conditions causing stomatal closure but under which 

trees can maintain high photosynthesis rates, such as short-term droughts and 

heatwaves, transpiration is reduced while carbon assimilation is still fuelled by the 

remaining leaf internal CO2. This lowers the discrimination against the heavier isotopic 

species (i.e. 13C and 18O), leading to less negative ŭ13C and ŭ18O isotope ratios in growth 

rings (Cernusak et al., 2013). However, during a long-lasting drought, internal CO2 

concentrations fall below the level required to efficiently fuel photosynthesis, leading 

to growth rings less depleted in 13C but more enriched in 18O compared with a growth 

ring formed under average climate conditions (Sternberg, 2009). By contrast, changes 

in environment can improve photosynthesis and keep non-limiting moisture 

availability , e.g. after release from overstory competition. Under these conditions, ŭ13C 

will increase as a result of higher photosynthesis rates. By contrast, tree-ring ŭ18O will 

show no change compared with growth rings formed under a highly competitive 

environment. 

Here, we used carbon and oxygen isotope composition of these natural archives to 

approximate iWUE and stomatal conductance of jack pine and black spruce growing 

in non-managed forests of northeastern North America. These two conifer species are 

broadly distributed and of high commercial value. They occupy contrasting ecological 

niches and possess highly different life-history traits. Black spruce is a mostly 

generalist species, growing on a large gradient of soil conditions. This species is 

particularly well adapted to waterlogged, poorly-drained and organic-rich soils, with a 

superficial rooting system mostly composed of adventitious structures (Burns et 

Honkala, 1990). Jack pine is specific to well-drained and sand-rich soils. Its rooting 

habits include a taproot, allowing access to deep soil water reserves (Burns et Honkala, 

1990). These differences lead to contrasting climate sensitivities, black spruce being 

more negatively affected by exceptionally hot conditions during spring and previous 

summer compared to jack pine (Marchand et al., 2019). We previously observed a 

punctual but marked drop in growth rates for these two species within the period 1988-
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1992 (Girardin et al., 2014 ; Marchand et al., 2019), and wanted to understand whether 

carbon and water limitations may have been driving these declines. Here, our main 

objective was to determine if this growth decline was synchronous with a physiological 

response of trees to dry and hot extremes that occurred within the area. We were 

particularly interested in determining the extent to which the contrasting life-history 

traits of black spruce and jack pine influenced their physiological response to drought 

and the magnitude of the subsequent impacts on growth rates. More specifically, we 

made the following hypotheses:  

(1) iWUE would have increased at the same time or close to the date upon which trees 

started to experience a slowdown in growth, so we expect 1988-1989 growth rings to 

be more enriched in 13C compared to adjacent rings.  

(2) This increase in iWUE would be mainly the result of a decrease in stomatal 

conductance, so we also expect 1988-1989 growth rings to be more enriched in 18O 

than adjacent rings.  

(3) Both carbon and oxygen isotope composition in tree rings would be dependent on 

moisture availability, i.e. drier the conditions, more 13C and 18O-enriched the growth-

rings.  

(4) Because jack pine is more abundant on well drained, sandy areas and can access 

deep water reserves, this species should exhibit a more anisohydric behavior than black 

spruce, i.e. we expect a lower inter-annual variability in tree-ring isotope composition 

of jack pine compared to black spruce. 

2.2 Materials and Methods 

2.2.1 Sampling area 

In this study, we took advantage of a provincial forest inventory network covering three 

degrees of latitude and nearly 20 degrees of longitude north of the Quebec limit of 
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commercial forests, i.e. north of 49ÁN (L®tourneau et al., 2008). The territory had 

recorded in 1989 its highest forest area burned (Canadian Forest Service, 2010; two 

million ha; Soja et al., 2007) within the 1959ï2019 period, which is an indication of a 

severe seasonal drought occurrence during that particular period (Girardin et al., 2014). 

As part of the forest inventory, 400m2 circular, randomly distributed, temporary sample 

plots (TSP; n = 875 plots) were established from 2005 to 2009 within needleleaf-

dominated, fire-originating unmanaged forests. These plots encompass a broad 

gradient of climate conditions, from warm and dry climate at the westernmost locations 

(mean 1981-2010 temperature and precipitation normals of -1.40ÁC and 849mm, 

respectively) to cold and moist climate in the eastern portion of the area (mean 1981-

2010 temperature and precipitation normals of -2.17ÁC and 909mm, respectively). As 

a result, the average climatic water balance during the growing season (May-September) 

is more than two times higher in the eastern than in the western part of the study area 

(Figure 2.1). Together with this climate gradient are changes in physiography and soil 

conditions, from flat terrains composed of organic-rich soils in the west to hillsides 

composed of tills in the central portion of the territory, to rocky hilltops further east 

(Robitaille et al., 2015). As a consequence of these differences in regional climate, 

topography and surficial deposits, climatic water balance during the growing season 

(May-September) is more than two times higher in the east than in the west (Figure 

2.1). 

2.2.2 Basal Area Increment data  

Within each TSP, stem disks were collected for stem analyses from one to three upper 

canopy trees per species. Disks were prepared and processed for ring-width 

measurement following standard dendrochronological procedures across four radii per 

disk (Minist¯re des Ressources Naturelles du Qu®bec, 2008). Cross-dating and 

measurements were validated using the program COFECHA (Holmes, 1983). For each 

stem disk, ring widths of the four radii were averaged and converted to basal area 
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increments (BAIt = ́ R2
t ï ́ R2

t-1; function bai.out of the R package dplR; Bunn, 2008). 

As a means of removing biological trends (i.e. those trends arising from increase in tree 

age and size and from changes in competition pressure with stand development), BAIs 

were detrended applying generalized additive mixed models (GAMMs). Readers are 

referred to Marchand et al. (2019) for the detailed statistical procedure (also see 

Annexe B, Supplement S2.1). A growth index (hereafter GI, unit-centered, i.e. a value 

below 1 means an observed BAI lower than the BAI expected for a tree of a specific 

age and size and growing under specific environmental conditions) was then computed 

as the ratio between observed BAIs and values predicted by the GAMMs, for the whole 

trees life-period.  

2.2.3 Isotope measurements 

A subsample of 144 trees (95 spruces and 49 pines) more than 30 years old and exempt 

of missing rings were selected for carbon isotope analysis. The sampled trees were 

randomly selected among a pool of candidate trees growing on relatively similar 

conditions, with elevation ranging between 250 m and 550 m a.s.l., organic layer 

thickness lower than 30 cm, and located on well-drained, sandy or loamy soils. Note 

that the two species never co-occurred within a TSP among the randomly selected trees. 

Trees from stands with highly diverse age and diameter structures were avoided to 

exclude spruce individuals that have had regenerated vegetatively by layering and those 

that have experienced a prolonged period of suppressed growth. The stable oxygen 

isotope ratio, i.e. ŭ18Oring, was measured for a subset of 53 spruces and 28 pines 

randomly chosen among the 144 individuals sampled for carbon isotope analysis.  

From each stem disk, a 0.8cm x 0.8cm wood strip, from bark to bark and including the 

pith was cut using a bandsaw. We focused on the year 1989 as an exceptionally dry 

year. We chose to analyse growth rings formed during the four years directly preceding 

and following this focal year, in order to be able to compare isotopic signatures between 
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years with average climate conditions and extremely dry and hot years, including the 

year 1989. This choice also allows to capture any lag (legacy effect) in the 

physiological response of trees to drought. So, rings covering the period 1985-1993 

were individually separated using a scalpel under a binocular microscope. The thinnest 

rings (ring widths < ~0.1 mm) were separated using a sledge microtome coupled with 

digital cameras. Rings were ground to fine particles using a Retsch MM400 ball mill. 

To limit the risk of contamination by plastic particles (Isaac-Renton et al., 2016), we 

used stainless steel balls and vials during the milling step; coupled with racks allowing 

to process up to 20 samples per batch. Knowing that isotopic signals of wholewood 

and Ŭ-cellulose of studied species are highly correlated (B®gin et al., 2015 ; Harlow et 

al., 2006 ; Walker et al., 2015), we did not proceed with resin, lignin and hemi-

cellulose extractions. We are aware that wholewood leads to additional noise (Gessler 

et al., 2014), which we can account for when studying the link between isotopic signals 

and environmental gradients. About 0.3-1.0 mg of the milled wood material was loaded 

into tin foil capsules and combusted for ŭ13Cring analysis in an elemental analyser (EA 

1100, CE Instruments, Milan, Italy) coupled to an IRMS (Delta+, Thermo Finnigan, 

Bremen, Germany), with an analytical precision better than Ñ0.07 ă (standard 

deviation). About 0.5 mg of wood particles was weighted into silver capsules and 

pyrolyzed for ŭ18Oring analysis in an elemental analyser (Hekatech-HTO, Wegberg, 

Germany) coupled to an IRMS (Delta+ XL, Thermo Finnigan, Bremen, Germany), 

with an analytical precision better than Ñ0.14 ă (standard deviation). Values are 

reported in parts per thousand (per mill, ă), relative to the Vienna Pee Dee Belemnite 

(VPDB) for carbon ratios and to the Vienna Standard Mean Ocean Water (VSMOW) 

for oxygen ratios. All isotope measurements were conducted at the Stable Isotope 

Laboratory (BGC-IsoLab, Max Plank Institute for Biogeochemistry, Jena, Germany). 

The total number of samples analysed was 1292 for carbon isotope ratio, and 726 for 

oxygen isotope ratio.   
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2.2.4 Corrections for non-climatic variability in tree-ring isotope composition 

The ŭ13Cring values were converted to ring-to-atmosphere carbon isotope discrimination 

(ȹ13Cring) using Eq.1 in order to account for the decline in ŭ13C of atmospheric CO2 

resulting from the combustion of fossil fuels by human populations since the industrial 

revolution (Suess effect; Keeling, 1979): 

Eq.1     Ў ὅ , 

where ŭ13Ca represents the atmospheric stable carbon isotope ratio, obtained from 

Graven et al. (2017). 

Contrary to ŭ13Cring that is primarily driven by plant stomatal regulation and 

carbon assimilation, inter-annual variations in tree-ring ŭ18O (ŭ18Oring) could strongly 

depend on the oxygen isotope composition of source water (i.e. mainly precipitation), 

which is in turn related to temperature and atmospheric circulation patterns. As we 

were interested in inter-annual variability in ŭ18Oring as a proxy for changes in tree 

stomatal regulation, it was important to make it free of other time-varying influences. 

To do so, we estimated the stable oxygen isotope content of precipitation (ŭ18Oprec) at 

a monthly scale using Eq.2 following Guerrieri et al. (2019):  

Eq.2  ‏ ὕ πȢυςzὝ  πȢππφzὝ ςȢτςzὖ ρȢτσz ὖ

πȢτφzЍὉὰὩὺȢρσȢππ, 

where Tmean is the monthly average temperature (ÁC), P is the monthly total 

precipitation (in m) obtained from BioSIM 11 (described below), and Elev. is the 

elevation (m a.s.l.), extracted for our sample plots from the SRTM 90m Digital 

Elevation Database v4.1 (Jarvis et al., 2008). 
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Then, we averaged ŭ18OPrec at an annual scale, and calculated the 18O enrichment in tree 

rings relative to the oxygen isotopic composition of precipitations using Eq.3. By doing 

so, we assumed that no discrimination occurred before water entered the hydraulic 

pathway: 

Eq.3     Ў ὕ . 

2.2.5 Climate and environmental variables 

BioSIM 11 was used to obtain climate data for our study plots over the period 1985-

1993. The BioSIM software provides, for a specific location, elevation-adjusted daily 

weather estimates interpolated based on historical observations from the four nearest 

weather stations (R®gni¯re et Bolstad, 1994). Monthly averages of vapour pressure 

deficit (VPD, in hPa) were derived from this daily data. Summer (June-August) VPD 

was used as a proxy for atmospheric water demand. Climate moisture index (CMI, in 

mm) was computed as the difference between monthly precipitation and monthly 

potential evapotranspiration. Growing season (May-September) CMI was used as a 

proxy for climatic water balance during the period of the year when trees are 

physiologically active in our territory. We also extracted the total annual (January-

December) snowfall (converted to water equivalent, in mm). This variable incorporates 

information about inter-annual variability in the length of the growing season as well 

as in the water input as snow (Gaboriau et al., s. d. manuscript submitted). 

An approximation of the time-since-fire (TSF) was computed for each plot from the 

ground-level cambial age of the oldest sampled tree within the plot (obtained from the 

stem analysis). This variable was used in models to control for changes in growth and 

physiology related to modifications occurring in standôs demography (e.g. competition 

pressure) and in soil parameters (e.g. nutrient availability) through time. 
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Between-plot differences in environmental conditions were accounted for in analyses 

by computing a site index (SI). This index is defined as the average height reached by 

a dominant undamaged tree at age 50 (measured at breast height, 1.3m); used as a 

measure of how a tree would, theoretically, perform in regard of a specific set of 

environmental conditions. It was extrapolated to the entire area based on similarities 

with the sampled stands in terms of environmental conditions, which include climate, 

soil surficial deposits, elevation, slope and exposition (Gauthier et al., 2015b; also see 

Supplementary Figure S2.2.1). SI values were available for black spruce only but were 

also a good indicator for jack pine productivity potential for comparable site conditions 

(See Supplementary Figure S3.1). 

2.2.6 Statistical procedure 

To test for inter-annual differences in GI, ȹ13Cring and ȹ18Oring, linear mixed models 

(LMMs) were fitted, which included z-scores of these variables as response variables, 

the year of ring formation, the species identity and their interaction as explanatory 

factorial variables, and the random effect of the tree nested within the plot. z-score 

standardization (i.e. mean-centering and dividing each value by the standard deviation 

of the corresponding individual 9 years time-series) was especially relevant in our case 

because of the high geographical coverage and the high variability that could be the 

result of differences in site conditions and individual performances. Post-hoc 

comparisons between years were performed using the function lsmeans of the R-

package emmeans, with a Tukey adjustment for multiple comparisons. 

To verify if inter-annual variability in growth rates and tree-ring carbon and oxygen 

enrichment was linked with climate variability, LMMs were fitted by species using the 

function lme of the R-package nlme. These models included raw (i.e. non z-scored) GI, 

ȹ13Cring or ȹ18Oring as response variables, summer VPD, May-September CMI, and 

annual snowfall as explanatory variables, the random effect of the tree nested within 
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the plot and an error term with a first-order autocorrelation structure. Since climate can 

affect tree growth of the next growing season, we also included summer VPD and May-

September CMI of the year prior to ring formation as explanatory variables. To control 

for the differences in tree and stand developmental stages and in site conditions, we 

included the inner-bark basal area of the tree, the minimum time-since fire and the site 

fertility index as fixed-effect variables in our models. The inner-bark basal area (BA, 

in mm2) is defined here as the sum of BAIs of previous years. This variable was 

incorporated in models to account for changes in physiology (e.g. drought sensitivity; 

see Girardin et al., 2012) occurring as a result of the increase in tree size. In order to 

obtain comparable estimated regression slopes, explanatory variables were 

standardized (centered using the average value of all plots and divided by the 

corresponding standard deviation) prior to analyses. This standardization also helped 

to keep a low collinearity (VIFs below 3) among explanatory variables: 

Eq.4 ὢ  ͯ ὠὖὈ ὠὖὈὴὶὩὺὅὓὍ ὅὓὍὴὶὩὺὛὲέύὛὍ ὄὃ

ὝὛὊ  
ὝὶὩὩ

ὖὰέὸὧέὶὅὃὙρ  ‐ , 

where Xijt is the response variable (either GI of the year of ring formation (t), ȹ13Cring 

or ȹ18Oring) of a tree i in a plot j at a year t; VPDjt is the summer vapor pressure deficit 

in a plot j at year t; VPDprevjt is the summer VPD of the year prior to ring formation 

in a plot j at year t; CMIjt is the climate moisture index in a plot j at a year t; CMIprevjt 

is the CMI of the year prior to ring formation in a plot j at year t; Snowjt is the total 

annual snowfall at a plot j at a year t; SIj is the site fertility index of the plot j at the 

time of sampling (a time-invariant term); BAijt is the basal area of a tree i at a year t; 

TSFjt is the time elapsed from the last fire for a plot j at a year t (computed as the 

ground-level cambial age of the oldest tree of the plot at year t); Treeij and Plotj denote 

the tree and plot identities; corCAR1 is the error term with a first-order autocorrelation 

structure; and  denotes the residuals of the model. 
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Normality and homoskedasticity of residuals were visually assessed, with no deviations 

from statistical assumptions for linear models. All statistical analyses were performed 

using the R statistical software version 3.6.0. 

 

Figure 2.1. Map of the study zone. Color gradient represents 1981-2010 normals of the 

average May-September Climate Moisture Index (CMI, a proxy for the climatic water 

balance). Symbols represent locations where at least one tree was sampled for isotope 

analyses. Coloured circles are for plots where trees were sampled for carbon isotope 

analysis only, while coloured crosses are for plots where oxygen isotope measurements 

were also conducted. Pink and blue symbols denote black spruce and jack pine trees, 

respectively. Grey circles show locations of the 875 temporary sample plots (TSP) 

established as part of the Northern Ecoforest Inventory program. 
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Figure 2.2. Distribution of observed (i.e. raw) values of the growth index (GI, as the 

ratio between observed BAI and BAI predicted by the Generalized Additive Mixed 

Models, see methods), ȹ13Cring and ȹ18Oring, by year and species. The lower and upper 

hinges of boxplots inside each violin plot show the 25th and 75th percentiles and the 

horizontal line denotes median value. 
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2.3 Results 

2.3.1 Spatial variability in growth, isotope discrimination and climate 

Average 1985-1993 BAI was 240.54 mm2 for black spruce and 306.23 mm2 for jack 

pine. However, these average growth rates were highly variable between trees and plots, 

as standard deviations (S.D.) reached Ñ201.02 mm2 for black spruce and Ñ191.29 mm2 

for jack pine. Once variability from biological processes such as tree ageing and 

demographic processes, and from differences in soil parameters such as thickness of 

the organic layer, was removed (i.e., after detrending), average growth indices became 

highly similar between species (Figure 2.2). However, standard deviation was still high 

(0.34 and 0.29 for black spruce and jack pine respectively). Approximately two third 

of the trees experienced an average 1985-1993 GI below 1, i.e. an average growth rate 

lower than the value expected for a tree of similar age and size.  

A high variability was also observed in tree-ring isotope data. For ȹ13Cring, the two 

species exhibited different 1985-1993 carbon discrimination levels, with an average 

ȹ13Cring of 17.99 ă (Ñ 1 ă) and 20.09 ă (Ñ 0.72 ă) for black spruce and jack pine, 

respectively. 18O enrichment above source water was of similar magnitude between the 

two species, with 1985-1993 averages of 34.92 ă and 35.09 ă for black spruce and 

jack pine respectively. However, these values were also highly variable between trees 

and stands, with S.D. of 2.17 ă and 1.69 ă for black spruce and jack pine, respectively.  

Climate conditions prevailing during 1985-1993 were highly variable depending on the 

geographic location. Figure 2.3 shows that summer atmospheric water demand (VPDjja) 

was higher in the west than in the east (average summer VPD of 6.10 hPa and 3.25 hPa 

in the western and eastern locations, respectively), but that, on average, climatic water 

balance levels did not differ (average May-September CMI of 21.54 and 21.81 mm, in 

the west and east, respectively). Dates of occurrences of dry extremes also differed 
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between east and west. In the west, trees experienced dryer-than-average soil moisture 

conditions in 1989 and 1991 while, in the east, CMI was lower than average in 1988 

only. For atmospheric dryness, both east and west locations experienced dry 

atmospheric conditions in 1989 and 1991. 

2.3.2 Inter-annual differences in growth, carbon and oxygen isotope discrimination 

When disparities resulting from individual and site-specific differences were removed 

(i.e. using z-scored values), inter-annual differences in terms of growth rates and 

isotopic discrimination were emphasized (Figure 2.4). In particular, jack pine trees 

exhibited significantly lower-than-average growth rates during the 1989-1991 period, 

with least-square means of growth indices being 0.44-0.60 standard deviations (S.D.) 

below the 1985-1993 average. For black spruce, this slow growth period persisted 

during the 4-years period 1989-1992, with least-square means of GI 0.32-0.65 S.D. 

below the 1985-1993 average.  

Significant inter-annual differences were also detected in the species-averaged z-scored 

isotope chronologies (Figure 2.4). For black spruce, least-square means of carbon 

isotopic discrimination were 0.51-0.67 S.D. lower in 1988-1990 compared to the 1985-

1993 average, and significantly different from values of adjacent rings. For jack pine 

the decline in ȹ13Cring was less severe, but the 1988-1990 least-square means were 

statistically different from 1986-1987 and 1992 values. This pattern was inverted when 

looking at 1985-1993 least-square means of z-scored iWUE (i.e. higher-than-average 

iWUE during 1988-1990; Supplementary Figure S2.3.1). Least-square mean of 18O 

enrichment was the highest in 1991 for both species (0.98 and 1.16 S.D. above the 

1985-1993 averages for black spruce and jack pine respectively). Mean of ȹ18Oring was 

also 0.55-0.60 S.D. higher-than-average in 1988-1989 for black spruce and 0.42 S.D. 

above the 1985-1993 average in 1989 for jack pine. Interestingly, when looking at the 

least-square means of ŭ180 (non-corrected for precipitation ŭ18O), 1991 values were 
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still higher than the average value for both species, but 1989 values were not 

significantly different from or slightly lower than 1985-1993 averages (Figure S2.4.1). 

Figure 2.3. 1985-1993 climate data. Upper panels show summer (June-August) vapor 

pressure deficit, middle panels show growing season (May-September) climate 

moisture index, lower panels show annual total snowfall. Both raw (left panels) and z-

scored (right panels) values are displayed. Solid lines (ñWestò) display average climate 

(computed as 50th percentiles of bootstrapped values; 5000 replications) for plots 78-

65 W; dashed lines (ñEastò) are for plots 65-58 W. Error bars are 95% confidence 

intervals (2.5th and 97.5th percentiles of bootstrapped values). Gray lines display time-

series for each plot location. 
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Figure 2.4. Z-scored (i.e. the difference between each value and the average value of 

the individual 1985-1993 series was divided by the standard deviation of the series) 

growth index, ȹ13C and ȹ18O values, by year and species. Squares are least square 

means. Error bars are 95% confidence intervals. For a given variable and species, 

different letters indicate significantly different values between years for a given species 

(Ŭ = 0.05). 
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2.3.3 Climate effects on tree growth and isotope discrimination 

High CMI occurring the year of ring formation was linked with significantly higher 

growth indices (GIs) in both black spruce and jack pine, and a high CMI during the 

previous growing season was associated with significantly higher GIs in black spruce 

only (Table 2.1). Lower black spruce and jack pine GIs were observed when summer 

VPD occurring the year of ring formation was high, but only black spruce GIs were 

significantly lower when summer VPD of the year prior to ring formation was high. 

High snowfall was associated with significantly lower jack pine GIs but with 

significantly higher black spruce GIs.  

The significance of the relationships between climate and isotope discrimination was 

also species-specific. High summer VPD the year of ring formation was associated 

with significantly lower carbon isotope discrimination and significantly higher oxygen 

isotope enrichment in both species compared to years of low summer VPD (Table 2.1). 

The relationship between isotopic values and VPD of the previous summer was similar, 

but non-significant in the case of jack pine ȹ13Cring. A high growing season CMI was 

linked with significantly higher ȹ13Cring in black spruce only, but significantly lower 

ȹ18Oring in both species when it occurred the year of ring formation. The significant 

effect of growing season CMI disappeared when looking at the raw ŭ18O of pine (Table 

S2.4.2), and at the iWUE of spruce (Table S2.3.2). When it occurred the year prior to 

ring formation, it was linked with higher ȹ18Oring in black spruce, but was not 

associated with any significant change in jack pine ȹ18Oring. A high annual snowfall 

was linked with significantly lower ȹ13Cring and significantly higher ȹ18Oring in black 

spruce only, with no significant relationships in the case of jack pine. The effect of 

snowfall was no longer significant when using black spruce ŭ18O, while this effect 

switched to significantly positive in the case of jack pine (Table S2.4.2). Outputs from 

models also confirmed the high between-tree and between-plot variability both in terms 

of growth rates and isotope discrimination, with a very low amount of variance 
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explained by the fixed-effect variables alone (very low marginal r-squared values but 

high conditional r-squared values, see Table 2.1). 

Table 2.1. (next page). Outputs of linear mixed models of climate effects on tree growth 

and isotope ratios. One model was fitted by species and response variable, for a total 

of 6 models. Significant effects are highlighted with gray shadings, with significance 

levels as follows: ñ *** ò means p-value Ò 0.001; ñ ** ò means p-values Ò 0.01; ñ * ò 

means p-value Ò 0.05; ñ . ò means p-value Ò 0.1 (i.e. marginally-significant) and ñ NS ò 

indicates non-significant values. Also shown the marginal and conditional r-squared, 

i.e. the percentage of variance explained by the fixed part and the fixed plus random 

part of the model, respectively. Explanatory variables were mean centered and divided 

by the corresponding standard-deviation prior to analyses, leading to regression 

coefficients that are directly comparables between each others. Readers are referred to 

Supporting Information S2.5 for a biplot from a principal component analysis (PCA) 

summarizing results displayed in Table 2.1.  



    Growth Index ȹ13C ȹ18O 

  
 Variables Estimate Std.Error  t-value Signif. Estimate Std.Error  t-value Signif. Estimate Std.Error  t-value Signif. 

B
la

c
k
 S

p
ru

c
e 

Fixed  

effects 

Intercept 0.918 0.051 18.004 ***  17.914 0.127 140.871 ***  35.156 0.486 72.299 ***  

CMI 0.017 0.005 3.804 ***  0.024 0.012 2.024 *  -0.306 0.037 -8.166 ***  

CMIprev 0.023 0.005 4.830 ***  -0.008 0.013 -0.639 NS 0.081 0.041 2.003 *  

Snow 0.008 0.004 1.966 *  -0.034 0.011 -3.190 **  0.164 0.039 4.221 ***  

VPD -0.024 0.01 -2.343 *  -0.119 0.027 -4.495 ***  0.211 0.081 2.607 **  

VPDprev -0.039 0.012 -3.276 **  -0.126 0.030 -4.167 ***  0.212 0.089 2.385 *  

BA -0.156 0.042 -3.709 ***  0.114 0.117 0.984 NS 0.351 0.296 1.185 NS 

TSF 0.003 0.044 0.070 NS 0.040 0.114 0.355 NS 0.207 0.391 0.530 NS 

SI 0.102 0.047 2.173 *  -0.074 0.120 -0.624 NS -0.385 0.458 -0.839 NS 

Random  

effects (SD) 

Plot 0.261     0.558     2.439     

Tree in Plot 0.209       0.734       1.030       

R2 (Marginal/Conditional) 0.153 / 0.819  0.068 / 0.828 0.053 / 0.922 

J
a
c
k
 P

in
e 

 

Fixed  

effects 

Intercept 1.078 0.060 18.082 ***  20.167 0.138 145.943 ***  35.068 0.435 80.644 ***  

CMI 0.029 0.008 3.590 ***  0.021 0.015 1.338 NS -0.127 0.059 -2.166 *  

CMIprev 0.015 0.009 1.581 NS -0.013 0.020 -0.675 NS 0.021 0.072 0.295 NS 

Snow -0.018 0.007 -2.437 *  -0.019 0.018 -1.062 NS 0.040 0.070 0.574 NS 

VPD -0.046 0.018 -2.499 *  -0.145 0.032 -4.562 ***  0.291 0.127 2.297 *  

VPDprev -0.012 0.022 -0.538 NS 0.002 0.036 0.050 NS 0.369 0.149 2.471 *  

BA -0.010 0.043 -0.235 NS -0.018 0.093 -0.194 NS -0.433 0.317 -1.366 NS 

TSF 0.168 0.081 2.082 *  -0.004 0.180 -0.023 NS 0.289 0.540 0.534 NS 

SI 0.007 0.053 0.124 NS -0.165 0.126 -1.310 NS -0.390 0.447 -0.872 NS 

Random 
 effects (SD) 

Plot < 0.001     0.254     < 0.001     

Tree in Plot 0.127       0.604       1.701       

R2 (Marginal/Conditional) 0.089 / 0.204 0.073/ 0.847 0.089 / 0.795 

8
5 
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2.4 Discussion 

2.4.1 A reduction in stomatal conductance during drought leads to growth declines 

We observed that 1988-1989 black spruce ȹ13Cring values were lower and ȹ18Oring 

values were higher compared to the 1985-1993 averages (Figure 2.4). According to the 

conceptual model of Scheidegger et al. (2000), this suggests that trees have closed 

stomata more stringently than before and after the drought period, which could have 

decreased stomatal conductance without inducing changes in photosynthesis rates that 

can be detected using isotopic signatures in tree rings. This decrease in ȹ13Cring and 

increase in ȹ18Oring was coupled with lower growth rates for both species (GI < 1; z-

scored GI < 0). To our knowledge, no insect epidemics occurred within our sampling 

area over the study period (also see Figure 6 in Ols et al., 2018a). A plausible 

explanation for this counter-intuitive relationship (i.e. a reduced growth coupled with 

ï the hypothesis of ï a reduced stomatal conductance and unchanged or slightly 

reduced assimilation rates) could be a modification in carbon allocation strategy of 

black spruce trees to reduce secondary stem and root growth (Way et Sage, 2008a) and 

preferentially save and invest in non-structural carbohydrate (NSC) reserves 

(Hartmann et al., 2015). Indeed, Way and Sage (2008a) found that black spruce 

seedlings grown at elevated temperature experienced up to 60% lower growth rates 

compared to seedlings at ambient temperature because of a heat- and drought-induced 

reduction in cell expansion and division. This decreases the need of carbon for 

structural building and instead allows trees to store carbon in the form of starch and 

sugars (Balducci et al., 2013 ; Muller et al., 2011 ; Way et Sage, 2008a).  For jack pine, 

the isotopic signatures of these two years were close to the 1985-1993 averages, maybe 

meaning that this species maintained physiological processes relatively unchanged 

during the drought. However, in 1991, tree ring ȹ18Oring significantly increased for both 

species and this was not mirrored by any change in ȹ13Cring. This pattern can be 



 

87 

explained by a decrease in assimilation rates that paralleled the decrease in stomatal 

conductance (Scheidegger et al., 2000), maybe the result of a more stringent regulation 

of stomatal aperture which significantly lowered carbon uptake.  

Oxygen isotopic signal in tree rings is strongly dependent on the composition of source 

water. Even if we tried to estimate and remove oxygen isotopic composition of 

precipitation (Eq.2), additional non-physiological mechanisms could have been 

involved in the inter-annual differences in ȹ18Oring. First, the taproot of jack pine (Burns 

et Honkala, 1990) makes this species more responsive than black spruce to deep 

groundwater inputs, especially when comparing jack pine with lowland black spruce 

(Girardin et al., 2008). During years characterized by a fast depletion of surficial water, 

jack pine trees could have relied more into deep-water reserves which are usually 

characterized by a lower 18O enrichment compared with water from soil layers closer 

to the surface (Tang et Feng, 2001). Then, we analysed isotopic signature of the whole 

ring which is integrated over the entire growing season. So, we were unable to 

distinguish changes in ȹ18Oring occurring as a result of a modification in the seasonality 

of precipitation inputs (Xu et al., 2020). Finally, black spruce and jack pine individuals 

selected in this study were located in different sample plots. So, we cannot exclude that 

between-species differences originate from an effect of environmental conditions on 

the sensitivity of trees to drought. 

2.4.2 Black spruce responds stronger to low climatic water balance and high vapour 

pressure deficits in summer than jack pine 

As hypothesized, results from linear mixed models show that an increase in summer 

vapour pressure deficit significantly decreased carbon isotope discrimination and 

increased oxygen enrichment of black spruce and jack pine. On the other hand, growing 

season CMI had only a marginally significant positive effect on black spruce carbon 

discrimination but a highly significant negative effect on oxygen discrimination of both 

species. This later effect was especially high in the case of black spruce. Because of a 
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shallow, adventitious rooting system, black spruce trees have limited access to deep 

groundwater reserves and are almost exclusively rooted in the soil organic layer. These 

findings suggest that spruce trees close stomata more stringently when atmosphere and 

soil conditions become increasingly dry, as a means to save water and maintain their 

hydraulic integrity. This is not surprising since tree species inhabiting wetter 

environments, such as black spruce, generally show a lower resistance to embolism and 

likely have narrower safety margins than species specific to dry environments such as 

jack pine (Choat et al., 2012 ; Wu et al., 2020). Thus, carbon assimilation rates of 

spruce could have declined early during drought and this species could be less efficient 

than pine at refilling embolized vessels and storing carbohydrates within the stem 

(Adams et al., 2017). This could make black spruce particularly prone to a so-called 

ñlegacyò or ñlagò effect in which a dry event induces low growth rates not only the 

year it occurs but also several years later (Anderegg et al., 2015b ; Huang et al., 2018). 

This was observed here through the significant negative effect of summer VDP and 

positive effect of growing season CMI of the year prior to ring formation on black 

spruce growth (Table 2.1 and Annexe B, Supplement S2.5). Interestingly, we did not 

observe any statistically significant lag effect for jack pine. In addition, average carbon 

discrimination was higher for jack pine than black spruce, but there was no difference 

in average oxygen discrimination between the two species.  

Taken together, these results suggest that, instead of different hydraulic behaviours 

which would have led to different ȹ18Oring, the difference between the two species in 

terms of ȹ13Cring could originate from different carbon use efficiencies. Lavigne and 

Ryan (1997) and Ryan et al. (1997) previously observed a lower carbon use efficiency 

for black spruce compared to jack pine in the boreal forest of Saskatchewan. 

Additionally, black spruce reduces the root to shoot ratio as a response to an increase 

in temperature, which exacerbates the negative impacts of droughts by lowering the 

capacity of trees to access water (Way et Sage, 2008a). Together with other morpho-

physiological adaptations to a stressful, waterlogged and cold environment (Burns et 
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Honkala, 1990), this species exhibits a low acclimation potential to warmer 

temperatures (Way et Sage, 2008a). These findings suggest that spruces will be more 

negatively impacted by droughts and heatwaves than pines; with a slower and less 

complete recovery and a more marked lag effect, as observed here.  

We observed a significant effect of total annual snowfall on black spruce growth, 

carbon and oxygen isotope discrimination. Black spruce growth indices were generally 

higher in regions and years characterized by high annual snowfall, which means that 

trees had either higher growth rates than, or growth rates closer to those (in case of GI 

below 1), expected under average climate conditions. The corresponding growth rings 

were more depleted in 13C and enriched in 18O than rings from years and regions with 

low annual snowfall. In jack pine, annual snowfall had a significant, negative effect on 

growth indices only. In years and regions characterized by a more abundant annual 

snowfall, snowmelt and soil thawing can occur late in the season; which can delay the 

start of growth (Vaganov et al., 1999 ; Verbyla, 2015). This is a likely explanation for 

the lower growth indices observed for jack pine trees in years and sites with higher 

snow accumulation. For black spruce, an additional snowpack can have helped to 

protect the shallow root system of trees (Frey, 1983), as well as the newly formed buds 

(Marquis et al., 2020a), which would have outbalanced the negative effect of a delayed 

soil thaw and growth onset. For this species, the significant effect of annual snowfall 

observed on ȹ13Cring and ȹ18Oring was opposite in direction to the effect of soil moisture 

availability and vapor pressure deficit (i.e. ȹ13C decreased and ȹ18O increased with 

high snowfall, with high VPD and low CMI during summer, Table 2.1, Annexe B, 

Supplement S2.5). This is likely an indication of hydric stress, as already stated by 

Walker et al. (2015) in Alaska for the same species. This could also be the result of a 

higher proportion of wood cells formed during the summer season. More summer-

formed cells would lead to a stronger summer drought signal compared to growth rings 

whose initiation started early in spring. It is interesting to note that, for spruce, the 

effect of snow was no longer present when looking at ŭ18O values (Supplementary 
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Table S.4.2). This could be an indication that the ŭ18O signature in tree rings is likely 

a mixing between the signal from source water (snow water and water from deeper soil 

layers is usually more depleted in 18O compared with rain water and water from soil 

layers closer to the surface) and the enrichment occurring after water entered the trees 

hydraulic pathway.   

2.4.3 High inter-tree and inter-plot variability in physiological responses to drought 

Besides the effects of climate variables on ȹ13Cring and ȹ18Oring, we observed a high 

inter-tree and inter-plot variability on isotopic signatures. This becomes particularly 

apparent through the strong variability associated with random factors in LMMs, 

coupled with far higher conditional r-squared than marginal r-squared values. We 

hypothesize that such variability results from the high spatial heterogeneity in growth 

conditions. First, climate averages differed within the study zone. Easternmost 

locations were, on average, more humid than westernmost plots (Figures 2.1 and 2.3); 

and this could have influenced the impact of a below-average summer aridity on trees 

physiology. Additionally, the intensity of 1988-1989 and 1991 droughts differed 

between the study plots. Some plots did not experience drier-than-average conditions 

during these years (Figure 2.3). Second, some types of substrates, such as poorly 

weathered (i.e. relatively young, mainly rocky substrate with no or thin organic horizon) 

and dry soils (Levaniļ et al., 2011 ; Raney et al., 2016), could exert a long-term impact 

on tree physiology, as hypothesized by Levaniļ et al. (2011) to explain the difference 

in ȹ13C between healthy and dying oaks in Slovenia. In our case, there is a possibility 

that this effect occurred at the scale of the micro-environment (i.e. variations in 

topography and soil conditions within the plot), even if we constrained the selection of 

trees to similar soil conditions. Competition for water, light and nutrients also decreases 

the capacity of trees to physiologically react and adapt to fast and episodic changes in 

their environment (Sohn et al., 2012, 2014, 2016). Those tree populations subjected to 

such a prolonged stress, including a drier regional climate, can thus be more sensitive 
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to short-term stressors such as droughts (Levaniļ et al., 2011 ; Raney et al., 2016). By 

contrast, some microenvironments, referred to as ñhydrological [micro]refugiaò, buffer 

the impacts of droughts on trees because of an enhanced capacity to maintain soil water 

availability under dry conditions (McLaughlin et al., 2017 ; Stralberg et al., 2020). Our 

climate dataset, and more generally gridded and interpolated climate datasets, often do 

not accurately estimate differences in microenvironmental conditions and in 

groundwater depth, another factor influencing tree-ring isotope discrimination (Sun et 

al., 2018). This high inter-tree variability was previously observed in Pinus uncinata 

trees in the Spanish Pyrenees by Konter et al. (2014) and was attributed both to 

variations in microclimate conditions, to differences in rooting depth of trees and to 

genetically-driven differences in treesô physiological status (Konter et al., 2014). Such 

differently performing genotypes are linked with diverging forcing factors on the 

selection of life-history traits. Indeed, environmental gradients, such as differences in 

regional climate and photoperiod, can influence the genetic structure of trees (McKown 

et al., 2014) and more specifically their hydraulic traits (Depardieu et al., 2020 ; Isaac-

Renton et al., 2018 ; Li et al., 2018).  

2.4.4 Conclusions 

We identified that decreases in tree growth from drought in our study area can be linked 

to differential physiological responses of the studied species. Inferring physiological 

variables from tree-ring isotopic composition, which are measures integrated over the 

whole growing season and the whole tree canopy, likely induced some uncertainties in 

the estimated effects of climate. More specifically, we observed a high inter-individual 

variability in these isotopic signatures, which could be related to contrasting microsite 

conditions instead of to differences in physiological response to climate. However, this 

high heterogeneity may also suggest that some tree populations are better adapted and 

can better acclimate to warmer and dryer conditions than others, and that some areas 

could buffer the impact of climate warming on forest productivity. We identified 
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differences between the two study species, with a longer lasting and stronger impact of 

drought on black spruce growth compared to jack pine. This suggests that the 

productivity of black spruce stands could decline in the future as more frequent and 

more severe drought episodes are likely to occur.  

To better target areas most severely impacted by climate change, additional data from 

trees growing on contrasting environments are needed. More specifically, there is 

currently a lack of knowledge about the response of trees growing on the least 

accessible and least economically attractive forested areas, i.e. organic-rich, paludified 

stands, which represent a high proportion of the boreal biome (Boisvenue et al., 2016 ; 

Drobyshev et al., 2010). We also used bulk wood material, which could contain carbon 

from non-structural carbohydrates formed during the previous growing seasons. To 

address these issues, a network of monitored trees could be established in a subset of 

forest inventory plots, where direct measurements of foliar gas-exchanges would 

provide high temporal resolution measures of photosynthesis and respiration. This 

would allow to pinpoint causal relationships between physiological processes and 

environmental variables directly instead of inferring them from tree-ring data. 
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R®sum® 

Le rapport en isotopes stables du carbone (ŭ13C) des cernes de croissance est 

commun®ment utilis® pour estimer le rapport entre les taux dôassimilation et la 

conductance stomatique des arbres, côest- -̈dire lôefficience dôutilisation de lôeau 

intrins¯que (iEUE). Des ®tudes r®centes ont observ® une augmentation de lôiEUE en 

r®ponse ¨ lôaccroissement de la concentration en CO2 atmosph®rique (Ca), pour un 

grand nombre dôesp¯ces, de genres et de biomes. Cependant, les taux dôaccroissement 

de lôiEUE varient beaucoup dôune ®tude ¨ lôautre, probablement ¨ cause des nombreux 

facteurs covariants impliqu®s. Ici, nous avons quantifi® les changements dans lôiEUE 

de deux esp¯ces majeures de conif¯res bor®aux en utilisant des ®chantillons dôarbres 

provenant dôun r®seau dôinventaire forestier. Les arbres ont ®t® ®chantillonn®s le long 

dôun gradient important de conditions de croissance (estim®es en utilisant lôindice de 

qualit® de station, IQS), de stades de d®veloppement et dôhistoire du peuplement. En 

analysant le signal isotopique des cernes de croissance, nous avons ®valu® lôampleur 

de lôaugmentation de lôiEUE apr¯s avoir tenu compte des effets reli®s ¨ la taille de 

lôarbre, ¨ lô©ge du peuplement, au climat et ¨ lôIQS. Nous avons aussi estim® la mani¯re 

dont les conditions de croissance avaient modul® la r®ponse physiologique des arbres 

¨ lôaccroissement en CO2. Nous avons observ® que lôaccroissement en taille des arbres 

et le d®veloppement du peuplement avaient grandement influenc® lôiEUE. Lôeffet CO2 

sur lôiEUE ®tait fortement amoindri apr¯s avoir tenu compte de ces deux variables. 

LôiEUE a augment® en r®ponse ¨ lôaccroissement en CO2, surtout chez les arbres 

implant®s dans les peuplements fertiles. Au contraire, lôiEUE est rest®e quasiment 

inchang®e dans les sites les plus pauvres. Nos r®sultats sugg¯rent que les ®tudes 

ant®rieures ont pu surestimer lôeffet CO2 sur lôiEUE, ce qui a potentiellement induit 

des conclusions biais®es  quant ¨ la balance carbonn®e future de la for°t bor®ale. Nous 

avons ®galement observ® que cet effet CO2 sôaffaiblissait, ce qui pourrait affecter la 
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capacit® future des arbres ¨ r®sister et ¨ recouvrer leur croissance suite ¨ des ®pisodes 

de s®cheresse. 

Mots-cl®s : For°t bor®ale, Canada, pin gris, ®pinette noire, rapport en isotopes stables 

du carbone
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Abstract 

The carbon isotope ratio (ŭ13C) in tree rings is commonly used to derive estimates of 

the assimilation-to-stomatal conductance rate of trees, i.e. intrinsic water use efficiency 

(iWUE). Recent studies have observed increased iWUE in response to rising 

atmospheric CO2 concentrations (Ca), in many different species, genera and biomes. 

However, increasing rates of iWUE vary widely from one study to another, likely 

because numerous covarying factors are involved. Here, we quantified changes in 

iWUE of two widely distributed boreal conifers using tree samples from a forest 

inventory network that were collected across a wide range of growing conditions 

(assessed using the site index, SI), developmental stages and stand histories. Using tree-

ring isotopes analysis, we assessed the magnitude of increase in iWUE after accounting 

for the effects of tree size, stand age, nitrogen deposition, climate and SI. We also 

estimated how growth conditions have modulated tree physiological responses to rising 

Ca. We found that increases in tree size and stand age greatly influenced iWUE. The 

effect of Ca on iWUE was strongly reduced after accounting for these two variables. 

iWUE increased in response to Ca, mostly in trees growing on fertile stands, whereas 

iWUE remained almost unchanged on poor sites. Our results suggest that past studies 

could have overestimated the CO2 effect on iWUE, potentially leading to biased 

inferences about the future net carbon balance of the boreal forest. We also observed 

that this CO2 effect is weakening, which could affect the future capacity of trees to 

resist and recover from drought episodes. 

 

Keywords: Boreal forest, Canada, jack pine, black spruce, carbon isotope ratios  
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3.1 Introduction 

The burning of fossil fuels by human populations has led to an unprecedented increase 

in the atmospheric carbon dioxide concentration (Ca) since 1850 (Keeling et al., 2015 ; 

Willeit et al., 2019). As a consequence, average air temperature has risen by 0.5-3ÁC 

since the last century (Johns et al., 2003), increasing the vapor pressure deficit (Ficklin 

et Novick, 2017). Trees are sessile and long-lived organisms that may acclimate to 

these abrupt changes through various mechanisms. Among these, phenotypic plasticity 

allows the current generation of trees to alter their morphological traits (e.g. stomatal 

density; Hetherington et Woodward, 2003) or to regulate physiological processes (e.g. 

transpiration rates; Gunderson et al., 2010) in response to prevailing environmental 

conditions. Consequently, the amount of carbon assimilated each year would vary. 

Given the central role of trees and forests in the terrestrial carbon cycle (Bonan, 2008), 

there is an urgent need to assess to what extent do current global vegetation models 

perform: are they able to provide accurate predictions of forest response to future 

warmer growing conditions (Babst et al., 2014)? 

Under rising Ca, assimilation rate (A) of trees is expected to increase and stomatal 

conductance (gs) to decrease (Franks et al., 2013). Thus, trees may regulate their 

stomatal aperture to either maximise carbon gain (i.e. higher A) or minimise 

transpiration loss (i.e. lower gs). Three theoretical strategies for stomatal regulation of 

leaf gas-exchanges have been extensively described in the literature, that link the leaf 

intercellular space CO2 concentration (Ci) to Ca: either a constant Ci, a constant Ca-Ci 

or a constant Ci/Ca could be maintained (Frank et al., 2015 ; Saurer et al., 2004 ; 

Voelker et al., 2016). Until recently, most studies have reported results that are 

consistent with a constant Ci/Ca strategy (Bonal et al., 2011 ; Franks et al., 2013 ; 

Saurer et al., 2004 ; Ward et al., 2005). This strategy supposes changes in A and/or gs 

of moderate intensity compared with the strong changes required to keep a constant Ci; 

and with the relatively small changes needed to follow a constant Ca ï Ci in response 
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to rising Ca. Voelker et al. (2016) proposed that instead of maintaining a single 

homeostatic gas-exchange strategy through time, trees can maximize carbon gain while 

minimizing the amount of water transpired by dynamically adjusting anatomical and 

physiological parameters to changing environmental conditions. However, this 

dynamic strategy is still under debate, and the leaf gas-exchange strategies followed by 

plants under a CO2-enriched atmosphere remain uncertain (Lavergne et al., 2019). 

These annual and long-term modifications in leaf gas-exchange variables are imprinted 

in growth rings, resulting in density and chemical composition variations of the wood 

that is produced annually (Gessler et al., 2014). More specifically, during periods of 

high iWUE, with high A/gs, a greater proportion of the heavier 13CO2 carbon isotope is 

assimilated and incorporated into biomass (Cernusak et al., 2013 ; Scheidegger et al., 

2000), thereby increasing the 13C/12C ratio within the produced wood cells.  

A long-term increase in iWUE since 1850 was consistently reported for numerous tree 

species and geographic locations, and has been attributed to the rise in Ca (Battipaglia 

et al., 2013 ; Frank et al., 2015 ; Gigu¯re-Croteau et al., 2019 ; Lavergne et al., 2019 ; 

Rezaie et al., 2018 ; Saurer et al., 2004 ; Savard et al., 2020). Yet, the magnitude of 

this increase was highly variable between studies, ranging from 10 to 60% (Pe¶uelas 

et al., 2011 ; Silva et Madhur, 2013). Such variability was also observed when 

comparing predictions from terrestrial ecosystem models (Masri et al., 2019). This is 

likely because different taxa have different morphological traits, physiological 

strategies and evolutionary histories which could influence their response to rising Ca. 

A common observed pattern is a stronger sensitivity to Ca in angiosperms than 

gymnosperms (Klein et Ramon, 2019). Another explanation for the high range of 

variability between studies could be the existence of developmental and environmental 

factors that affect tree physiological processes. For instance, iWUE levels are higher in 

older and taller trees than in younger and smaller trees (Arco Molina et al., 2019 ; 

Helama et al., 2015 ; McDowell et al., 2011 ; Monserud et Marshall, 2001). In this 

regard, Brienen et al. (2017) suggested that a large component of the positive trends in 
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iWUE could be the result of an increase in size with tree ageing, thereby confounding 

the influence of Ca on iWUE.  

Another source of uncertainty comes from spatial heterogeneity in growth conditions, 

and their potential effects on tree iWUE (Saurer et al., 2014 ; Shestakova et al., 2019). 

For example, high elevation trees generally exhibit lower iWUE levels and weaker 

increasing trends than trees growing in lowlands (Liu et al., 2007 ; Wu et al., 2015). 

Gradients of moisture availability also influence iWUE levels and trends, but there is 

currently no consensus regarding the direction of this relationship (Arco Molina et al., 

2019 ; Waterhouse et al., 2004). Yet, studies accounting for developmental trends and 

effects of environmental conditions when studying the effects of a CO2-enriched 

atmosphere on tree-ring derived iWUE are still scarce. Improved estimation of iWUE 

in light of the many processes that are involved could help testing vegetation models 

(Frank et al., 2015), together with constraining these with more comprehensive 

parameter estimates (e.g. Girardin et al., 2016a), thereby improving predictions of 

forest response to future global changes (Lavergne et al., 2019).  

Here, we present unpublished annually resolved iWUE data for two widely-distributed 

conifer species of boreal North America, black spruce (Picea mariana (Mill.) B.S.P.) 

and jack pine (Pinus banksiana Lamb.), for which historical iWUE data are still scarce. 

The two study species occupy different ecological niches and, therefore, have 

developed different life-history traits. Black spruce is characterized by a shallow 

rooting system and is mostly generalist in terms of soil hydrological conditions, from 

relatively well-drained stands to organic substrata to bog-like areas. Jack pine has 

deeper roots, and is more specific to well-drained, sandy substrata. We analyzed 

temporal variability in ŭ13C-derived iWUE of 3,929 tree-ring samples from 98 black 

spruce and 50 jack pine trees extending back to the pre-industrial period, spread across 

the Eastern Canadian boreal forest and growing under highly diverse conditions (Figure 

3.1a; Table 3.1). We assessed the extent to which this variability is related to the rise 
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in Ca, before and after removing confounding effects of ecological variables, such as 

tree size, stand age, climate, nitrogen deposition, and site fertility. 

3.2 Materials and Methods 

3.2.1 Study area 

The study area covers the territory of the Quebec Northern Ecoforest Inventory 

program (NEI; L®tourneau et al., 2008; Figure 3.1a). Within the NEI, 875 plots were 

sampled from 2005 to 2009 and distributed over a 20 degree-wide longitudinal gradient 

north of Quebecôs limit of commercial forests, i.e. north of 49ÜN. Plots were established 

within naturally regenerated and unmanaged conifer-dominated forests. The plot 

network encompasses a broad climate gradient. Westernmost trees are growing in a 

warmer and drier climate than trees that are located further east (Table 3.1). The relief 

and surficial deposits are also highly variable across the study area, from relatively flat 

landscapes and organic-rich soils in the west, to hillsides and thick till deposits in the 

central area, to high hills and rocky substrates further east (Robitaille et al., 2015). As 

a result of these environmental gradients, fire return intervals are longer in the east, 

making it difficult for jack pine to regenerate naturally (Le Goff et Sirois, 2004). 

Consequently, this species is mostly located in the western part of the study area (i.e. 

72-80ÁW). 
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Figure 3.1. Study area and sampling strategy for isotope analyses. (a) Study area and 

distribution of the sample plots; (b) sampling strategy of growth rings for isotope 

analyses. Color gradient in (a) shows the 1981-2010 averages of summer (June-

August) vapor pressure deficits. Note that jack pine is absent from the central and 

eastern portions of the study area. This corresponds to the spatial extent of the species 

(only present in the west) and is likely the result of different fire cycles (low fire cycles 

in the central and eastern portions, which prevent jack pine regeneration, since this 

species produces mostly serotinous cones). In (b), the two targeted periods are indicated 

by gray tones: a period corresponding to calendar years 1985-1993 (dark gray), and a 

period corresponding to 1 m-height cambial ages 11-30 years (light gray). Two cases 

are illustrated, depending on tree age: in the case of young trees, the period of calendar 

years 1985-1993 is included within the period of cambial ages 11-30 years; in the case 

of old trees, the two periods are distinct from one another. (c) Atmospheric CO2 

concentration (Ca) for the period 1750-2005. Shading denotes time-periods covered by 

isotope analyses: light gray shading is for the period of 1 m height ring ages 11-30 

years; dark gray shading is for the 1985-1993 time-period. Note that the rise in Ca is 

faster after 1950. 



 

Table 3.1. Climate and physiographic characteristics of the study area. Also shown are the number of trees and stands that 

were selected, averages, minimum and maximum values of BAI, iWUEring and tree age (number of rings at ground level) by 

geographic location and species.  

 

Statistics Tree species West (78-72ÁW) Center (72-65ÁW) East (65-57ÁW) 

Annual temperature (ÁC)  -0.98 -1.33 -0.65 

Total annual precipitation (mm)  868 892 1002 

Snow precipitation (mm)  281 335 395 

Precipitation as rain (mm)  587 557 607 

Elevation (m asl)  352 532 352 

Tree number 
Black spruce 60 15 23 

Jack pine 50 0 0 

Stand number 
Black spruce 24 9 11 

Jack pine 29 0 0 

BAI (in mm 2; mean; min-max) 
Black spruce 263.2 (2.5-1276.7) 146.2 (4.3-594.2) 295.3 (10.9-1547.4) 

Jack pine 389.5 (20.4-1830.6) NA NA 

iWUE (in Õmol.mol-1; mean; min-

max) 

Black spruce 64.2 (35.4-105.7) 69.7 (49.3-94.7) 69.4 (45.3-106.3) 

Jack pine 51.6 (29.4-73.9) NA NA 

Tree age (mean; min-max) 
Black spruce 92.1 (33-194) 104.9 (37-185) 82 (35-237) 

Jack pine 64.0 (32-129) NA NA 

1
0

4 
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3.2.2 Tree sampling 

As part of the inventory program, stem disks were collected at multiple heights on the 

stem from 1-3 upper-canopy trees per plot and species for dendrochronological analysis 

(see Girardin et al., 2014 ; Marchand et al., 2019 ; Ols et al., 2018b). Disks were 

prepared and processed for ring-width measurement following standard 

dendrochronological procedures across four radii per disk (Minist¯re des Ressources 

Naturelles du Qu®bec, 2008). Cross-dating and measurements were validated using the 

program COFECHA (Holmes, 1983). For the purpose of isotope analyses, we focused 

on the 1m-height stem disks as a trade-off between the number of available rings and 

the regularity of ring boundaries. 

The total number of tree samples that was made available for this study was 1914 black 

spruce and 352 jack pine (Marchand et al., 2019). From those trees, 98 black spruce 

and 50 jack pine trees were randomly selected from a pool of candidate trees that 

satisfied the following conditions: (1) tree age at 1 m height was greater than 30 years 

in 2005; (2) samples did not contain missing rings; (3) plots were located between 250 

m and 550 m a.s.l.; (4) plots were located on moderate to well-drained sites with an 

organic layer < 0.3 m thick; and (5) soil texture was either sand or loam. This sampling 

strategy allowed to control for the altitudinal effect on iWUE (Wu et al., 2015), and to 

compare trees that experienced relatively similar soil moisture conditions (i.e. only 

stands on well-drained soils were selected, not on clayey soils or bogs where standing 

water could be found). Plots that were composed of trees with highly diverse age and 

diameter structures were excluded to avoid individuals that have regenerated by 

layering. This selection led to a low-replicated tree-by-plot network (an average of two 

trees were processed per plot for isotope analyses). Such strategy, used in some 

dendroecological studies (e.g. Bert et al., 1997 ; Ponton et al., 2001 ; Sullivan et al., 

2017) allowed to optimize the trade-off between covering the gradient of growth 

conditions and stand-disturbance histories and obtaining results more representative of 
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the response of the average boreal forest. However, this is at the expense of the 

representativeness of each of the individual plot populations (Daux et al., 2018).  

3.2.3 Variables for tree and stand-level developmental changes, climate and growth 

conditions 

As a variable accounting for tree-level developmental changes, the basal area (BA) that 

a tree reached at a specific year was computed from ring-width measurements for all 

trees sampled during the forest inventory campaign. For each disk, ring widths of the 

four radii were averaged and converted to basal area increments (BAI; function bai.out 

of the R package dplR; Bunn, 2008). Inner-bark BA was then computed as the sum of 

BAIs of the previous years. We assume that basal area incorporates changes occurring 

in physiological processes and architecture as the tree grows larger. In our analysis, 

changes in stand development were accounted for through an estimate of the minimum 

time-since-fi re (TSF). This is a time-dependent variable, computed as the ground-level 

ring count (i.e. ground-level cambial age) of the oldest of the sampled trees within a 

plot. TSF incorporates changes in stand structure and composition (species succession), 

as well as in edaphic parameters (accumulation of organic material) since last fire.  

A fertility index (Site Index, SI) was used as a variable summarizing the 

aforementioned differences in physiographic and climatic conditions within the 

longitudinal gradient. This index is defined as the maximum height that an unrepressed, 

undamaged upper-canopy tree attains at age 50 (measured at breast height, 1.3 m). It is 

a measure of how trees perform in view of the siteôs biophysical specificities and is a 

proxy for the suitability of environmental conditions for growth. SI values, which were 

available only for black spruce (L®tourneau et al., 2008), were extrapolated to the entire 

area using measures of similarity of a given location with the sampled stands in terms 

of several biophysical variables including climate conditions, soil surficial deposits, 

elevation, slope and exposition (Gauthier et al., 2015b). Jack pine is known for growing 

more rapidly than black spruce during its juvenile stage, yet the black spruce site 
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fertility index is nonetheless a good indicator of jack pine's productivity potential for 

comparable site conditions (see Annexe C, Figure S3.1). 

To examine the effect of inter-annual variation in climate on iWUEring, monthly 

averages of maximum and minimum temperature and monthly total precipitation were 

obtained at a 0.08Á x 0.08Á spatial resolution for the period 1866-2004, using thin-plate 

spline smoothing algorithms which interpolate monthly climate data from Canadaôs 

weather stations (ANUSPLIN; McKenney et al., 2006 ; Price et al., 2011). Since 

dewpoint temperature or relative humidity data were not available in our study area for 

a time-period extending back to 1866, monthly vapor pressure deficits (VPD) were 

then estimated following Landsberg and Sands (2010): 

 

Eq.1 ὠὖὈ πȢυ  ‐ ‐  

where ŮTmax and ŮTmin are the saturated vapor pressures at maximum and minimum 

temperatures, respectively, which were assumed to be equal to saturation pressure and 

air vapor pressure. Vapor pressure is given, for a specific temperature T, by: 

 

Eq.2 ‐ πȢφρπχψὩ Ȣ   Ⱦ Ȣ   

VPD values derived from Eq.1 are highly correlated to values obtained using a more 

conventional equation including actual vapor pressure (Allen et al., 1998; see Annexe 

C, Figure S3.2). Monthly VPD were averaged and monthly precipitation was summed 

at a seasonal scale. Data from the summer season (June to August) were used for 

statistical analyses since the growing season is generally restricted to this short time 

interval within the study area. 

We also obtained total annual nitrogen deposition (Ndeposit, in kg N ha-1 yr-1) for the 

period 1866-2004, extracted for our plots from the Mendeley ï NACID-NDEP1 

database that provides annual estimates of nitrogen depositions at a 1-km spatial 
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resolution, which were interpolated based on in-situ measurements, satellite data and 

modelled values (Hember, 2018). 

3.2.4 Wood samples preparation for isotope measurements 

A sampling experiment was designed to optimize time and resources while allowing to 

account for temporal changes in both developmental processes and climate. From the 

148 trees that were selected, two different sets of growth-rings were analyzed (Figure 

3.1b). First, the 11th to 30th rings from the pith (i.e. 1 m-height cambial ages of 11-30 

years) were targeted to focus on a life-period where trees were in their maturation 

phase. In addition, growth rings formed during calendar years 1985-1993 were also 

targeted (Figure 3.1b) to focus on a time-period during which trees had reached 

different developmental stages (cambial ages ranging from 11 to 221 years). The 1985-

1993 period was characterized by a high climatic variability, and comprised three 

consecutive hot and dry summers (1989-1991) as well as one extremely wet summer 

in 1992 (Annexe C, Figure S3.3). Together, these two sampling periods allowed us to 

disentangle the effect of rising Ca on iWUE from those of changes that were incurred 

in developmental stages (Figure 3.1b,c).  

From each stem disk, a 0.8cm x 0.8cm wood strip, from bark to bark and including the 

pith was excised using a bandsaw. Annual rings were individually separated using a 

razor blade under a binocular microscope. For the thinnest rings (207 samples, ring 

widths < ~0.1 mm), a sledge microtome that was coupled with digital cameras was 

used. Wood samples were milled to fine particles using a Retsch MM400 (Retsch, 

Haan, Germany) ball mill with stainless steel balls and stainless steel vials to avoid any 

potential contamination that would be incurred when using standard plastic vials 

(Isaac-Renton et al., 2016). The whole wood samples were used for isotope 

measurements since several studies have already demonstrated strong correlations 

between isotopic signatures of whole wood and Ŭ-cellulose in black spruce (B®gin et 
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al., 2015 ; Walker et al., 2015) and in many other tree species (Harlow et al., 2006). 

The relative proportion of resins, lignin and hemi-cellulose in whole wood of conifers 

can vary from one year to another, which could generate additional variability in the 

isotopic signal, not related to changes in environmental conditions (Gessler et al., 

2014). However, this additional noise in the isotopic data does not affect correlations 

between isotopic signals and environmental gradients (e.g. Fern§ndez-de-U¶a et al., 

2016 ; Fu et al., 2020 ; Isaac-Renton et al., 2018 ; Walker et al., 2015). About 0.3-1.0 

mg of the milled wood material was weighed into tin capsules. ŭ13Cring (per mill, ă) 

was measured using a Finnigan Delta+ IRMS coupled to an EA 1100 (CE, Milan, Italy) 

at the Stable Isotope Laboratory (BGC-IsoLab, Max Planck Institute for 

Biogeochemistry, Jena, Germany), with an average analytical precision better than 

Ñ0.07 ă standard deviation (monitored both by repeated measurements of QC caffeine 

standard and duplicated samples, see Annexe C, Figure S3.4). One should note that 

rings that were too thin to be individually separated were not processed, resulting in a 

total of 3,929 ŭ13Cring samples spanning the period 1783-2004. 

3.2.5 Inference of iWUE from tree-ring carbon isotope ratios 

Assuming that no additional discrimination occurred between CO2 assimilation and 

growth ring formation, ŭ13Cring values were converted to atmosphere-to-tree-ring 

isotope discrimination (Farquhar et Richards, 1984) using the following equation: 

 

Eq. 3 Ў ὅ   

where ŭ13Ca is the atmospheric stable carbon isotope ratio. From 1850 to 2004, ŭ
13Ca 

values were obtained from Graven et al. (2017). 1783-1849 ŭ13Ca values were linearly 

regressed based on the Francey et al. (1999) dataset.   
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According to Farquhar et al. (1982b), the relationship between atmosphere-to-plant 

isotope discrimination and the ratio of intercellular-to-atmospheric CO2 concentration 

(Ci/Ca) is as follows: 

 

Eq.4 Ў ὅ   ὥ  ὦ ὥ  Ὢ
ᶻ
 

where a is the fractionation rate of 13CO2 relative to 12CO2 during stomatal diffusion (å 

4.4 ă), and b the fractionation rate during assimilation (å 27 ă). Ὢ is the fractionation 

associated with photorespiration (å 12 ă) and ῲ  zis the CO2 compensation point in the 

absence of mitochondrial respiration (Bernacchi et al., 2001). ῲ  zwas computed using 

the rpmodel R package (Stocker et al., 2019) using the average summer maximum 

temperature, which is representative of the temperature of the photosynthetically-active 

period. Since no climate data were available before 1866 in our study area, 1783-1865 

ῲ  zvalues were estimated using the average summer maximum temperature of the 

1866-1900 period. The fractionation term for photorespiration (Ὢ
ᶻ
) was added as 

recommended by several previous studies (Keeling et al., 2017 ; Lavergne et al., 2019, 

2020 ; Schubert et Jahren, 2018).  

Intrinsic water use efficiency (iWUEring) is defined as the ratio of assimilation rate (A) 

to stomatal conductance (gs). A can be calculated from Ci / Ca using Fickôs law: 

 

Eq.5 ὃ  
 

Ȣ
 

where 1.6 is the ratio of diffusivity of water vapor and CO2 in the atmosphere.  

Using Eq.4-5, iWUEring can be derived as: 

 

Eq.6 ὭὡὟὉ
Ȣ
 

 ᶻ

Ȣ
  



 

111 

with Ca the atmospheric CO2 concentration, obtained from Frank et al. (2010). 

3.2.6 Statistical analyses 

The relationship between BAI and iWUEring was assessed by computing Spearman rank 

correlation coefficients using the stats R package, by species. To account for spatial 

autocorrelation, the p-values associated with these tests were adjusted to an effective 

sample size by performing a Dutilleulôs modified t-test (Legendre et al., 2002). 

The main statistical procedure consisted of three distinct steps, which are summarized 

in the workflow diagram (Figure 3.2). The first step, previously described, was the 

estimation of iWUEring based on tree-ring ŭ13C. During the second step, the effects of 

environmental and developmental variables on iWUEring were estimated and removed. 

The final step (Step III in Figure 3.2) consisted of the assessment of the relationship 

between iWUEring and Ca, converted to partial pressure of CO2 (PCO2, Pascal), 

depending on SI. The PCO2, which corrects for the elevation effect on Ca, was calculated 

using Eq.7: 

Eq.7 ὖ ρπ ὅ ὖ  

where ὖ  (in Pascal) is the atmospheric pressure, computed using site elevation 

following Allen et al. (1998). 

Generalized Additive Mixed Models (GAMM) were used to examine the relationship 

between iWUEring and Ca (gamm function of the R package mgcv; Wood, 2017). The 

effect of the statistical procedure on the removal of developmental trends and, 

ultimately, the estimation of the effect of Ca on iWUEring, was assessed using three 

different GAMM models by species (see Figure 3.2). 



 

112 

A first set of GAMMs (the ónullô models) including the intercept only was run, 

assuming that the variables had no effect on iWUEring. The null models took the 

following form:  

Eq.8 ὭὡὟὉ  ͯρ ὧέὶὅὃὙρώὩὥὶȿ  

where  represents the random effect of the tree nested within the plot and 

corCAR1 is an autocorrelation structure allowing for unequally-spaced observations 

(Singer et Willett, 2003).  

In the second set of GAMMs (the ófullô models), tree size, TSF, summer VPD and 

precipitation, annual nitrogen deposition, and SI were added as covariates. The full 

models took the following form: 

 

Eq.9 ὭὡὟὉ  ͯρ ίὛὭᾀὩίὝὛὊ ίὠὖὈ ίὖὶὩὧȢ ίὔ ίὛὍ

ὧέὶὅὃὙρώὩὥὶȿ  

were Size is the basal area of a tree at a specific year (mm2), TSF is the (time-varying) 

minimum time-since-fire (number of years), VPD is the summer vapor pressure deficit 

(kPa), Prec. is the summer precipitation (mm of water), Ndeposits is the total annual 

nitrogen deposition (kg N ha-1 yr-1) and SI is the site index (unitless). Smooth terms in 

the GAMMs are indicated by s() in the equation. 

In our dataset, tree BA, TSF and total annual nitrogen deposition were highly correlated 

with PCO2. Because of this, it is plausible that the ófullô models will (partly or fully) 

remove the part of variability in iWUEring that is attributable both to PCO2 and to these 

factors. Therefore, we tested for a third situation (the ócontrolô models) where three 

new variables, RESTSF, RESSize and RESNdeposits, were obtained using a partial regression 
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procedure (Dormann et al., 2013 ; Fern§ndez-de-U¶a et al., 2016). These variables 

represent the raw variables from which the part of variability that is common with PCO2 

was removed. óControlô GAMMs thus included these three new variables, together with 

summer VPD, summer precipitation and SI as covariates:  

Eq.10 ὭὡὟὉ  ͯρ ίὶὩίὛὭᾀὩίὶὩίὝὛὊίὠὖὈ ίὖὶὩὧȢ ίὶὩίὔ

ίὛὍ ὧέὶὅὃὙρώὩὥὶȿ  

Estimated degrees-of-freedom (EDF) were checked and, if equal or close to 1, the 

corresponding covariate was set as a linear term. Otherwise, covariates were set as 

smooth terms. Normality and homoskedasticity of residuals were visually assessed. 

Concurvity (nonparametric analog of multicollinearity) between fixed terms remained 

low ((ñestimateò concurvity index below 0.4, concurvity function of the R package 

MuMIn; BartoŒ, 2018). 

Having eliminated these collinear effects from the iWUEring estimates, residuals of the 

GAMMs (i.e. RESiWUEring) were used to assess the relationship between iWUEring and 

PCO2. Although residuals from the ófullô and ócontrolô models were free of the 

variability in average iWUEring originating from different SI levels, we suspected that 

SI could modulate the rate at which RESiWUEring would vary with PCO2. Therefore, the 

interaction between the two variables (See step III in Figure 3.2) was included in our 

models. GAMMs are efficient at describing non-linear relationships such as those 

between iWUE and climate. This could increase the accuracy of model predictions 

compared to linear mixed models (LMMs). However, this is at the expense of 

interpretation ease, since GAMMs do not provide an estimated regression slope for 

such non-linear relationships. LMMs were used instead of GAMMs in order to obtain 

a range of estimates for the effect of PCO2 on iWUEring (i.e. the regression slope between 

RESiWUEring and PCO2, one slope per model). They were fitted, for each species, using 

the R package nlme (Pinheiro et al., 2019). These LMMs included RESiWUEring as the 
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response variable, PCO2, SI and their interaction as fixed terms, the effect of the tree 

nested within the plot as a random term, and a first order autocorrelation error: 

Eq.11 ὶὩίὭὡὟὉ  ͯὖ ὛὍὖ ὛὍ ὧέὶὅὃὙρώὩὥὶȿ  

Normality and homoskedasticity of residuals were visually assessed. Collinearity was 

assessed through variance inflation factors (VIF, vif function of the R package car; Fox 

et Weisberg, 2019). Given that the variables involved in the interaction term were 

highly collinear (VIFs higher than 10) explanatory variables were mean-centered prior 

to analyses. All statistical analyses were performed using the R statistical software 

version 3.6.0. 
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Figure 3.2. Workflow diagram summarizing the computation of intrinsic water use 

efficiency (iWUEring) and the statistical procedure. In a first step, iWUEring was inferred 

from tree-ring-derived ŭ13Cring. Next, species-specific generalized additive mixed 

models (GAMMs) were fitted to remove effects of developmental, environmental and 

site factors on iWUEring. Finally, the magnitude of the signal resulting from Ca, 

(converted to partial pressure of CO2, PCO2) and the modulating effect of site index (SI) 

were assessed using linear mixed models (LMMs). Equation numbers within red 

frames refer to those in the Methods section. 
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3.3 Results 

3.3.1 Temporal variability in iWUEring, growth and leaf gas-exchange variables 

On average, iWUEring was lower and ȹ
13Cring higher for jack pine (mean Ñ std. dev. 

51.64 Ñ 7.50 ɛmol mol-1 for iWUEring, 18.51 Ñ 1.14 ă for ȹ
13Cring) than for black 

spruce (66.19 Ñ 13.17 ɛmol mol-1 for iWUEring, 20.23 Ñ 0.69 ă for ȹ
13Cring;

 Figure 

3.3a,b). Even if there was an apparent positive relationship between iWUEring and BAI 

(Figure 3.3b,c), this relationship was no longer significant when accounting for the 

spatial correlation between samples (Spearman rho for all black spruce samples = 0.15, 

with an adjusted p-value = 0.75; rho for all jack pine samples = 0.016, adjusted p-value 

= 0.93). iWUEring increased steeply after 1950, at a higher rate for black spruce (0.46 

Õmol.mol-1.year-1) than for jack pine (0.25 Õmol.mol-1.year-1; Annexe C, Figure S3.5). 

For both species, the intercellular CO2 concentration (Ci), and the difference between 

Ca and Ci (Ca - Ci) also increased, especially after 1975 (Figure 3.4a,b). This parameter 

reached a value of 253 ppm and 288 ppm at the end of the study period for black spruce 

and jack pine, respectively. Ci/Ca was temporally unstable for black spruce, especially 

since 1900. For jack pine, this ratio was quite stable since 1900, with a value around 

0.75 (Figure 3.4c). In fact, black spruce trees that were recruited directly after the start 

of the exponential increase in Ca, i.e. after 1950 (Figure 3.5a), exhibited iWUEring about 

35% higher than pre-1950 trees when considering the life-period 11-30 years, while 

BAI of the two cohorts were not statistically different (Figure 3.5a). These differences 

were of smaller amplitude in the ȹ13Cring data, with values not statistically different 

between the two cohorts for some cambial ages (Figure 3.5a). For jack pine, the ratio 

post- to pre-1950 iWUEring was about +20% during the same life-period. For the time-

period spanning 1985-1993, differences in iWUEring were no longer observed between 
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older and younger trees (Figure 3.5b). However, post-1950 jack pines exhibited higher 

BAIs (Figure 3.5b).  

3.3.2 Response of iWUEring to rising PCO2 

As expected, iWUEring increased with the rise in Ca for both species (Figure 3.3b). 

Assuming that collinear variables did not influence iWUEring (i.e. ónullô models), we 

found that black spruce iWUEring linearly increased in response to rising Ca; and this 

increase was about 3.64 ɛmol mol-1 (Ñ 0.15 ɛmol mol-1) per +1 Pa of PCO2. For jack 

pine, iWUEring increased by 2.64 ɛmol mol
-1 (Ñ 0.13 ɛmol mol-1) per +1 Pa of PCO2 

(Table 3.2). However, results from the ófullô and ócontrolô models showed that iWUEring 

included confounding effects from both tree and stand developmental changes, climate 

and site fertility (Figure 3.6; see diagnostic below). After accounting for these, the 

linear response of black spruce iWUEring to +1 Pa of PCO2 was an increase of 0.14 ɛmol 

mol-1 (Ñ 0.13 ɛmol mol-1, non-significant at Ŭ=0.05), and 2.56 ɛmol mol-1 (Ñ 0.15 ɛmol 

mol-1) for the ófullô and the ócontrolô models, respectively (Table 3.2). For jack pine, 

the estimated regression slopes were 0.11 ɛmol mol-1 (Ñ 0.12 ɛmol mol-1, non-

significant at Ŭ=0.05) and 0.94 ɛmol mol-1 (Ñ 0.14 ɛmol mol-1) using the ófullô and 

ócontrolô models, respectively (Table 3.2). 
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Figure 3.3. Relationship between the partial pressure of CO2 (PCO2) and ŭ13Cring -

derived physiological parameters (ring-to-atmosphere carbon discrimination, ȹ13Cring; 

water use efficiency, iWUEring) or radial growth (basal area increments, BAI). (a): 

ȹ13Cring expressed as a function of PCO2, by species. (b): iWUEring expressed as a 

function of PCO2, by species. Regression formulas and p-values are shown for linear 

mixed models that are derived from the ónullô models, indicating an increase of iWUE 

of 3.56 ɛmol mol-1 per +1 Pa of PCO2 for black spruce, and of 2.65 ɛmol mol-1 for jack 

pine. (c): BAI expressed as a function of PCO2, by species. 
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Figure 3.4. Temporal variation in three ŭ13Cring -derived physiological variables 

involved in the regulation of trees leaf gas-exchange. The intercellular CO2 

concentration (Ci, panel a), the difference between the atmospheric CO2 concentration 

and Ci (Ca ï Ci, panel b), and the ratio Ci/Ca (panel c) are presented for the period 1783-

2004. Lines represent median values, by year and species. Shadings denote 

bootstrapped 95% confidence intervals around the median (N=10 000 replications), 

which were computed for years represented by at least 2 trees (N >= 2, see panel d for 

the sample depth, i.e. the number of samples by year and species). 
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Table 3.2. Regression slopes (ɓ), standard deviations (Std.error), t-values and p-values 

from the linear mixed models assessing the effects of PCO2, SI and their interaction on 

RESiWUE by species, according to the statistical procedure. Significant effects at Ŭ = 

0.05 are indicated in bold. 

 
  

Black spruce Jack pine 

  
ɓ Std. error t-value p-value ɓ Std. error t-value p-value 

Null  

PCO2 3. 642 0.148 24.551 <0.001 2.644 0.131 20.140 <0.001 

SI 
-3.081 0.822 -3.746 <0.001 1.086 0.935 1.161 0.256 

PCO2 x SI 
1.430 0.124 11.537 <0.001 0.171 0.130 1.323 0.186 

Full  

PCO2 0.140 0.129 1.087 0.278 0.106 0.117 0.905 0.365 

SI 
0.066 1.018 0.064 0.949 0.067 1.008 0.067 0.947 

PCO2 x SI 
1.098 0.107 10.234 <0.001 0.250 0.115 2.180 0.030 

Control  

PCO2 2.555 0.152 16.765 <0.001 0.941 0.143 6.603 <0.001 

SI 
-0.329 0.891 -0.369 0.714 -0.024 1.231 -0.020 0.984 

PCO2 x SI 
1.165 0.127 9.148 <0.001 0.008 0.140 0.056 0.956 
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Table 3.3. Results from óFullô and óControlô Generalized Additive Mixed Models 

(GAMMs). Estimated degree of freedom (EDF), F-value (indicative of the relative 

contribution of each explanatory variable to the variance of the response variable) and 

p-value are provided for each explanatory variable, as well as the adjusted r-squared 

values (total amount of variance explained by the model) and number of observations 

processed, by species. 

 
  Black spruce Jack pine 

 Variable EDF F-value p-value EDF F-value p-value 

F
u

ll 
m

o
d

e
ls 

Size 2.55 28.05 < 0.001 4.04 5.64 < 0.001 

TSF 3.83 6.52 < 0.001 2.69 5.12 < 0.01 

VPD 4.86 6.78 < 0.001 4.49 10.12 < 0.001 

Prec. 6.39 6.79 < 0.001 6.20 2.57 0.010 

SI 2.28 8.61 < 0.001 1.38 0.76 0.300 

Ndeposits 2.37 8.20 < 0.001 1 9.46 < 0.01 

Adjusted R-squared 0.439 0.285 

Sample number 2560 1266 

C
o

n
tr

o
l 
m

o
d

e
ls 

RESSize 1 33.95 < 0.001 1 5.71 0.020 

RESTSF 3.70 12.39 < 0.001 5.48 29.48 < 0.001 

VPD 4.91 8.04 < 0.001 4.77 11.89 < 0.001 

Prec. 6.36 6.94 < 0.001 6.12 2.39 0.020 

SI 1 10.76 < 0.010 1 0.80 0.370 

RESNdeposits 1 6.46 < 0.010 3.10 3.36 0.020 

Adjusted R-squared 0.237 0.0476 

Sample number 2560 1266 
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Figure 3.5. Median iWUEring, ȹ
13Cring and basal area increments (BAI) for (a) the 

period spanning 1 m height cambial ages 11-30 years and (b) the period spanning 

calendar years 1985-1993, for trees recruited before (dotted lines) and after (solid lines) 

1950. 1950 corresponds to the start of exponential increase in Ca. Gray shadings are for 

bootstrapped 95% confidence intervals (N=10 000 replications). The establishment 

date of the trees was determined based on the first (i.e. minimum) calendar year that 

was registered in ground-level stem radial-sections. 

  



 

 

 

Figure 3.6. Partial effects of developmental processes (Residual Size, Residual tsf), climate (Summer VPD, Summer 

Precipitation), total annual nitrogen deposition (Residual N deposit) and site fertility index (Site index) on iWUEring. Gray 

dots represent partial residuals from the ñControlò Generalized Additive Mixed Models (GAMMs), i.e. the estimates for the 

variable plus the residuals. Black lines and red and blue shadings are respectively for the predicted values and 95% confidence 

intervals from the GAMMs. 
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3.3.3 Diagnostics of collinear variables 

Among all collinear variables that were tested, we found that TSF and tree size 

significantly influenced iWUEring, even after removing the variation common to these 

variables and PCO2 (Figure 3.6). For both species, iWUEring varied non-linearly with 

RESTSF: the period spanning RESTSF -60 to 5 (i.e. during the first 66 years after a fire, 

see Annexe C, Figure S3.6) was characterized by a 20 ɛmol mol-1 decrease in black 

spruce iWUEring. After that, black spruce trees recovered their initial iWUEring level. 

For jack pine, iWUEring decreased from 70 to 45 ɛmol mol
-1 during the period 

corresponding to -30 < RESTSF < -4 (i.e. during the first 46 years after a fire, see Annexe 

C, Figure S3.6), then returned to its initial level. iWUEring increased linearly with the 

size of black spruce trees, i.e. an increase of 0.92 ɛmol mol-1 in iWUEring for each 

+1000 increment in RESSize (i.e. approx. for each +10 cm2, see Annexe C, Figure S3.6). 

For jack pine, the effect of tree size on iWUEring was far lower than for black spruce 

(+0.22 ɛmol mol-1 for each +1000 increment in RESSize).  

Interannual variability in vapor pressure deficit during summer months, together with 

its long-term trend, influenced iWUEring. For each +1 kPa in summer VPD, the 

iWUEring of black spruce increased by 4.25 ɛmol mol
-1. For jack pine, this increase was 

about twice the value that was observed for black spruce (8.95 ɛmol mol-1 increase in 

iWUEring for each +1 kPa). The effect of summer precipitation on iWUEring was 

negative, but barely significant for the two species (Figure 3.6). Residualized nitrogen 

deposition (RESNdeposit) slightly but significantly increased the iWUEring of both 

species, with a 0.05 ɛmol mol-1 increase in iWUEring of the two species for each 1 unit 

increase in RESNdeposit, i.e. approximately for each 1 kgN ha-1 yr-1 increase (Table 3.3, 
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Figure 3.6). These variables largely contributed to the positive trend in iWUEring since, 

after removing these effects, trends were greatly lowered (Figure 3.7). 

Temporal variability in BAI depended on the fertility level of the site, especially for 

black spruce after 1970s. For this species, trees on the most fertile stands experienced 

better and increasing growth rates (median 1970-2005 BAI = 288.27 mm2 for trees on 

stands with SI above 13.5, red colour in Figure 3.8a) while, on the poorer stands, black 

spruce growth rates were lower and declined (median 1970-2005 BAI = 112.00 mm2 

for trees on stands with SI below 10.5, blue colour in Figure 3.8a). For jack pine, BAI 

declined since 1950 whatever the fertility level, but the decline was steeper on the 

poorer stands (median 1970-2005 BAI on poor stands = 185.13 mm2; median BAI on 

fertile stands = 276.53 mm2 Figure 3.8a). This pattern persisted when removing trends 

from developmental processes and considering a higher range of growth conditions 

(Annexe C, Figure S3.7 and Table S3.1). Site fertility index also significantly 

modulated the response of black spruce iWUEring to Ca. For this species, trees that have 

grown on fertile stands (i.e. stands where trees were expected to reach at least 12 m at 

50 years) had lower average iWUEring, while they also experienced the highest 

increases in iWUEring, with a 3.64 ɛmol mol
-1 increase for each 1 Pa increase in PCO2 

(Figure 3.6 and Annexe C, Figure S3.8). In poor stands (i.e. sites where the expected 

height of a 50-year-old tree is about 9 m), iWUEring did not increase significantly with 

rising PCO2 (Table 3.2 and Figure 3.8), partly because iWUEring levels were already 

high in these stands at low PCO2 (Annexe C, Figure S3.8). At higher PCO2, iWUEring 

levels seem similar for different site fertility indices (Annexe C, Figure S3.8). In 

contrast, the increase in iWUEring was of similar magnitude regardless of the site index 

for jack pine (Table 3.2 and Figure 3.8). After accounting for the CO2 effect, the 

remaining long-term trends in RESiWUEring were almost null (Figure 3.7c). 



 

Figure 3.7. iWUE trends following each step of the statistical procedure. (a) Raw (observed) ŭ13C-derived iWUE. (b) 

Residuals from the Generalized Additive Mixed Models (RESiWUE), from which the variability due to tree and stand 

development (increase in size, time-since-fire), climate (summer VPD, summer Precipitation), nitrogen deposition and site 

fertility index were removed, depending on the three statistical procedures. (c) Residuals from linear mixed models that were 

used to assess the effect of PCO2 interacting with site index (RESiWUE ï CO2). Red and blue thick lines are for average values, 

by species. Regression lines for black spruce and jack pine are also shown. 
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Figure 3.8. Assessment of the modulating effect of growth conditions on the iWUEring 

response to Ca. (a) Median basal area increment (BAI), by species and stratified 

according to the site fertility. Lines are for median values of observed BAI, by year, 

range of site fertility and species. Shadings are bootstrapped 90% confidence intervals 

(N = 10 000 replications). Dots represent median BAI of growth rings that were 

sampled for isotope analysis. The blue curve (ñLowò site index) encompasses sample 

plots with SI below 10.5; the green curve (ñModerateò site index) encompasses plots 

with SI between 10.5 and 12.5; and the red curve (ñHighò site index) includes plots 

with SI above 12.5. A low site fertility index is an indication of poor growing 

conditions. (b) Residual iWUE (RESiWUE) depending on the Partial pressure of CO2 

(PCO2) and the species, predicted for three specific values of site fertility index (SI, 

ñLowò = 9.5; ñModerateò = 11.5; ñHighò = 13.5). Predictions are based on a linear 

mixed model fitted using RESiWUE from the ócontrolô Generalized Additive Mixed 

models. Differences in average iWUEring due to different site fertility levels were 

previously accounted for and removed (see Figure 3.2 and 3.6). In an ecological point 

of view, RESiWUE represents the variability in iWUE that is not the direct result of 

climate (VPD and precipitation), tree and stand development (tree size, TSF), site 

fertililty level or nitrogen deposition. This residual variability could thus be attributed 

to changes in atmospheric CO2 concentrations. Here, the figure displays only the 

changes in RESiWUEring with PCO2 at different site fertility levels, i.e. the way SI modify 

the effect of PCO2 on RESiWUEring (different regression slopes for different SI levels). 

(c) Position of our sampled plots (black dots and triangles) along the longitudinal 

gradient, together with the SI of the area (color gradient: blue = low SI to red = high 

SI). 



 

129 

3.4 Discussion 

In this study, we identified large uncertainties about the proportion of positive trends 

in iWUEring effectively attributable to Ca, and the proportion that is merely the result of 

changes in tree and stand developmental stages and site attributes. We have shown that, 

especially for black spruce, the magnitude of the CO2 effect varies across the landscape 

because of differences in site fertility. We identified that estimates of the CO2 effect 

are sensitive to the statistical procedure. We also observed different iWUEring levels 

and trends between the two species. Below we discuss further in details these aspects 

in addition to pointing out some methodological limitations of our approach. 

3.4.1 Tree size and stand age strongly contribute to long-term trends in iWUE 

Marshall and Monserud (1996) used tree-ring ŭ13C measurements from three conifer 

species as a means of demonstrating, for the first time, that Ca and tree ageing act 

together to modify leaf gas-exchange variables in woody plants. Twenty years later, 

Brienen et al. (2017) extended these findings to four other woody species, including 

three broadleaved species. The later study highlighted the strong bias in the estimation 

of the CO2 effect on iWUE that could arise from not removing or accounting for tree 

and stand developmental trends. Voelker et al. (2006) also observed an age effect on 

the relationship between tree growth rates and Ca. 

Here, we show that the combined effect of tree size and stand age on black spruce and 

jack pine iWUEring is far higher in magnitude when compared to the effect of climate. 

We observed that these developmental effects persist much longer than the earliest 

phase of stand regeneration (the ñjuvenile phase,ò usually set as the first 50 years of 

growth; see e.g. Gagen et al., 2008) and probably last over the entire tree lifespan. Such 

developmental effects on iWUEring were previously reported for other tree species 

(Esper et al., 2010 ; Gagen et al., 2008 ; Hietz et al., 2005). For example, the magnitude 

of increase in iWUE with tree size varies, depending upon the species studied (Brienen 
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et al., 2017). Indeed, we show that the increase in iWUEring with tree basal area was far 

lower for jack pine than for black spruce. This, together with a stronger partial effect 

of soil moisture availability (Hogg et al., 2013) on iWUEring of black spruce compared 

to jack pine over the period 1901-2004 (Annexe C, Figure S3.9, Table S3.2), suggests 

that for the former, size-related hydraulic limitations and changes in water needs (Koch 

et al., 2004) have a strong effect on tree physiology. Moreover, stand age induced 

significant trends in iWUEring of both species. The U-shaped relationship between TSF 

and iWUEring suggests the existence of a threshold for the balance between water needs 

and supply, perhaps linked with stand-level developmental changes such as canopy 

closure occurring about 45-70 years after a fire. Inter-individual competition for water 

could have increased with the increase in tree biomass and foliage area, which would 

have forced trees to use water resources more efficiently. An increase in assimilation 

rates with canopy expansion could also explain the increase in iWUEring with tree and 

stand development.  

3.4.2 Site fertility as a driver of heterogeneity in CO2 effects 

We determined that site fertility had a strong effect on iWUEring of black spruce, both 

directly and indirectly through a modulating effect on the response to Ca. For this 

species, iWUEring was lower, on average, for trees growing on areas that were 

characterized by a higher site index than trees in low SI areas, especially for early 

formed growth-rings (i.e. life-period 11-30 years; Figure 3.6 and Annexe C, Figure 

S3.9). Moreover, these trees that were located on fertile stands also exhibited the 

strongest iWUEring response to Ca (Figure 3.8 and Annexe C, Figure S3.8). This 

highlights a far higher increase in iWUEring for these trees compared to those growing 

on poor soils, for which iWUEring level remains high and relatively stable over the 

whole study period. This pattern, already reported in Alaska (Sullivan et al., 2017) and 

similar to the pattern observed along an altitudinal gradient (Maxwell et al., 2018 ; Wu 

et al., 2015), could result from lower nutrient and moisture constraints on 
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photosynthetic processes (de Oliveira et al., 2012 ; Leonardi et al., 2012) on fertile sites 

compared to poorer ones. The later were characterized by shallower, less weathered 

soils (Annexe C, Figure S3.10). Maybe trees on these poor stands kept a constantly 

high iWUEring level in response to chronic environmental stresses; while trees on fertile 

stands were not stressed under pre-industrial conditions but progressively increased 

their iWUEring as a response to global warming. Black spruce trees on poor stands 

experienced lower growth rates and a steeper decline in their growth than trees on more 

fertile stands since the 1970s (Figure 3.8a), which adds credibility to the hypothesis of 

nutrient-limited photosynthesis processes. Note that these fertility-dependent 

differences in black spruce BAI levels and trends persist even after removing trends 

arising from developmental and demographic processes in addition to considering a 

wider range of growth conditions (Annexe C, Figure S3.7 and Table S3.1). This 

hypothesis could also explain the absence of growth stimulation concurrent with the 

increase in iWUEring that was observed here (Figure 3.3b,c) and which has been 

previously reported in many studies (Gigu¯re-Croteau et al., 2019 ; Pe¶uelas et al., 

2011 ; Savard et al., 2020 ; Silva et al., 2015 ; Zhang et al., 2019). The significant 

increase in iWUEring with nitrogen deposition we observed was already stated in 

previous studies (Leonardi et al., 2012 ; Savard et al., 2020). This is likely the result of 

an interception of a large portion of atmospheric nitrogen inputs by tree crowns (Gaige 

et al., 2007), that increases leaf nitrogen concentrations, boosts photosynthesis capacity 

and, consequently, increases carbon assimilation rates (Evans, 1989 ; Zhou et al., 

2018). Thus, this is an additional indication of a nutrient limitation on photosynthesis 

rates. These findings indicate that highly positive iWUE trends that have been 

previously reported in tree-ring studies could be mostly representative of tree 

populations growing in the most fertile areas and in areas where plant growth is 

strongly limited by climate (Klesse et al., 2018).  
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3.4.3 The apparent effect of Ca on iWUE is strongly lessened after removing effects 

of collinear variables 

The integration of site fertility and developmental changes in models would enable 

more accurate estimation of iWUEring responses to rising Ca and may decrease 

discrepancies between modeled and observed values (Lavergne et al., 2020 ; Masri et 

al., 2019). These developmental trends, until now, were rarely taken into account when 

assessing the effects of a CO2-enriched atmosphere on tree iWUEring (but see Marshall 

et Monserud, 1996). A high degree of uncertainty remains regarding the way in which 

the effect of Ca can be disentangled from trends that are induced by developmental 

changes. When accounting for such variables in the ófullô models, one could conclude 

- erroneously - that rising Ca had absolutely no effect on tree physiology (Table 3.2). 

When using residualized variables (i.e. RESSize, RESTSF and RESNdeposit through 

ócontrolô models), Ca effect was significant but considerably lessened compared to the 

situation where developmental changes were not accounted for (ónullô models; Table 

3.2). Thus, the ótrueô effect of Ca on iWUEring should lie somewhere between values 

that have been reported through the ócontrolô and ófullô models.  

We found that long-term iWUEring variability that is attributable to Ca could be 

overestimated, at least, by 43-181 % if developmental changes, climate and differences 

in site conditions are not accounted for. Previously reported iWUE trends for the study 

species (Dietrich et al., 2016 ; Sullivan et al., 2017) and many other tree species 

(Pe¶uelas et al., 2011 ; Silva et Madhur, 2013) could thus contain a strong signal 

attributable to developmental changes and should not be viewed as the result of global 

change alone. Here, we assumed the ócontrolô statistical approach to be the most 

accurate in removing unwanted signals (Figure 3.7). Such an approach, or an improved 

version, should be used as a standard procedure in future studies. 

An overestimated iWUEring response to Ca would lead to overestimates of the efficiency 

gain of a tree, which, under a CO2-enriched atmosphere, results in less water being 
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transpired per unit carbon assimilated. For example, if we make the assumptions of a 

starting iWUE value of 70 Õmol.mol-1 and a VPD of 0.55 kPa (which corresponds to 

the average 1981-2010 summer VPD normal at our plot locations), with an increase of 

1 Pa in PCO2 at a given site, the `null` models predict that the iWUE of a black spruce 

tree will increase by 3.64 ɛmol.mol-1. In other words, assuming a fixed annual 

assimilation rate of 1 mole of carbon (i.e. 12 grams of pure 12C) the estimated decrease 

in stomatal conductance by 706.12 moles of water translates into a decrease of 3.83 

moles of water being transpired, and to a seasonal saving of 69 mL of water from 

increased Ca. However, after accounting for developmental changes, nitrogen 

deposition, climate and site fertility (i.e. using slopes from ócontrolô models), the 

expected water saving under a +1 Pa atmosphere is only of 52 mL of water per mole 

of carbon assimilated. For jack pine, the saving would be about 51 mL of water per 

mole of carbon if estimated using ónullô models, and only of 21 mL of water per mole 

of carbon if estimated using the ócontrolô models. The high spatial heterogeneity in the 

iWUEring response to Ca that is induced by stand fertility suggests the existence of huge 

uncertainties in vegetation model predictions of carbon sequestration at large spatial 

scales, such as the whole forest biome (Lavergne et al., 2020), and could amplify 

overestimates resulting from not considering collinear factors.  

3.4.4 Species-specific sensitivity to Ca  

We observed that the magnitude of the iWUEring response to PCO2 differed strongly 

between the two species. The effect of PCO2 on iWUEring of black spruce was more than 

twice as strong as that estimated for iWUEring of jack pine, suggesting some species-

specific adjustments of leaf gas-exchange variables to rising Ca. For jack pine, the Ci/Ca 

ratio was relatively constant over the study period (Annexe C, Figure S3.11), as it was 

observed for many species and regions (Bonal et al., 2011 ; Franks et al., 2013 ; Saurer 

et al., 2004 ; Ward et al., 2005). This suggests that, for jack pine, Ci could have 

increased proportionally with Ca, leading to an increase in iWUEring of approximately 
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20 % since 1900. For black spruce, all three leaf gas-exchange variables were non-

stationary over the study period, as previously highlighted by a meta-analysis 

encompassing numerous woody species (Voelker et al., 2016). For this species, 

iWUEring increased on average by 55 % since 1900. Previous findings already reported 

steeper iWUE trends in spruce compared to pine in the boreal Siberia (Saurer et al., 

2004). During the last two decades (1980-2004), Ca ï Ci of black spruce stabilized at 

~120 ppm (Figure 3.4b), suggesting that Ci increased in parallel with Ca over this recent 

period. This could be the result of a less intense regulation of leaf gas-exchange 

variables compared to the pre-1980s period, even if the iWUEring of black spruce 

remains higher than that of jack pine. This may potentially lead to a lowering in the 

capacity of black spruce trees to resist and recover from droughts in the future, 

especially in old and dense stands located on dry substrates (Sohn et al., 2012, 2014, 

2016). This lowering in the historical increase in black spruce iWUEring, which has 

been reported elsewhere in other tree species (Gagen et al., 2008 ; Linares et Camarero, 

2012 ; Waterhouse et al., 2004), may contribute to reinforce the hypothesis of nutrient-

limited, saturated photosynthesis. This decrease in black spruce iWUE trends could 

also be the result of a limitation of photosynthetic activity by photooxidative damages 

as it was previously observed in Picea abies (Yang et al., 2020). This, in complement 

with the observation of similar post-1980 iWUEring levels in poor and fertile stands 

despite huge differences in pre-1980 levels (Annexe C, Figure S3.8), suggests that 

black spruce could have already reached its maximum photosynthesis capacity, and 

may be physiologically not able to further improve it. 

We also observed lower iWUEring for jack pine than for black spruce, regardless of 

fertility level and time-period (Annexe C, Figure S3.5; S3.8 and S3.11). Previous 

studies based on model simulations within the same study area and in-situ gas-

exchange measurements in Saskatchewan have found higher water use efficiency for 

jack pine compared to black spruce (Girardin et al., 2012 ; Sullivan et al., 1997). Even 

if our results appear to contradict these previous findings, these are very different 
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variables which are not readily comparable. Indeed, while Girardin et al. (2012) and 

Sullivan et al. (1997) reported results from instantaneous water-use efficiency, i.e. the 

ratio between assimilation and transpiration at the leaf level, tree-ring ŭ13C-derived 

iWUEring are estimates of the leaf-level ratio between assimilation and stomatal 

conductance integrated across the whole canopy and the entire growing season 

(Medrano et al., 2015). These contradictory results could also arise from high 

environmental and inter-individual variability (Lavergne et al., 2019). Such species-

specific variability in physiological processes could be linked with diverging adaptive 

strategies. Jack pine has a lower specific conductivity, a lower leaf area, and a deeper 

rooting system than black spruce (Blake et Li, 2003), that might be the result of an 

adaptation of the former to drier, better-drained environments. As a consequence, jack 

pine is less vulnerable to cavitation (Blake et Li, 2003), more drought tolerant and 

better able to cope with moisture limitations as it is less parsimonious at using water 

resources than is black spruce. 

3.4.5 Methodological limitations 

In this study, we used a specific sampling strategy to target growth rings of interest, i.e. 

one life-period of cambial ages 11-30 years and one time-period of calendar years 

1985-1993, allowing to disentangle the effects of CO2, nitrogen deposition and climate 

from those induced by developmental processes. More specifically, the 11-30 years 

life-period allowed to compare trees at a similar developmental stage. However, one 

drawback of this strategy is a low sample replication over a large part of the study 

period (Figures 3.1c and 3.4d). While this could potentially lead to results not 

representative of the whole tree population, running óControlô GAMMs on a subset of 

the data including only years represented by at least ten trees showed that the patterns 

of the variablesô partial effects were very similar to those obtained using the full dataset 

(Annexe C, Figure S3.12). 
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Another uncertainty may originate from the use of iWUEring to investigate the CO2 

effect on tree physiology. Indeed, iWUEring is not statistically independent of Ca since 

it is calculated using Ca and ȹ13Cring, and testing for the effect of Ca on iWUEring could 

be considered as circular in reasoning. We reported results based both on iWUEring 

(main document) and ȹ13Cring (Annexe C) as a sensitivity analysis. Our conclusions on 

partial effects of tree size, stand age, climate, nitrogen deposition and site fertility were 

found to be similar using either iWUEring or carbon discrimination (Annexe C, Figure 

S3.13). However, in jack pine we observed that the effect of PCO2 switched to non-

significant when considering RESȹ
13Cring instead of RESiWUEring (Annexe C, Table 

S3.3), which is in line with the relatively constant Ci/Ca ratio we observed for this 

species over the study period (Figure 3.4c and Annexe C, Figure S3.11). This 

comparison suggests that the long-term variability in iWUEring should be studied in 

parallel with temporal variability in each of the three leaf gas-exchange variables in 

order to avoid any logical fallacy (circular reasoning) or misinterpretation. Despite 

these apparent shortcomings, iWUE is still largely reported in ecophysiological studies 

based on tree-ring isotopes (e.g. Gigu¯re-Croteau et al., 2019 ; Savard et al., 2020), as 

it is easier to interpret than the atmosphere-to-tree-ring carbon discrimination (ȹ13C) 

and is a useful metric for parameterization and benchmarking of predictive models of 

forest growth (Charney et al., 2016 ; Frank et al., 2015 ; Girardin et al., 2016b). 

Finally, numerous other environmental variables could have induced changes in 

iWUEring. For example, higher summer air temperature increases iWUEring as a result 

of increased photosynthesis rates and a stronger stomatal control (Reich et al., 2018). 

However, temperature and VPD are highly collinear since the former is used to 

compute the later. Sensitivity analyses showed that inclusion of maximum summer 

temperature did not increase the r-squared of our GAMMs, but instead increased 

concurvity between variables, and consequently, the uncertainty related to estimated 

partial effects (Annexe C, Figure S3.9, Table S3.2). Moreover, soil moisture 

availability would have been a more representative variable of changes in trees water 
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availability through time. However, proxies of soil moisture are available only since 

1901, which means that their use is at the expense of sample size and statistical power. 

Alternative models that include soil moisture index (SMI; Hogg et al., 2013), 

nonetheless, corroborated our conclusion by indicating significantly decreased 

iWUEring of both black spruce and jack pine (Annexe C, Figure S3.9). Additionally, 

atmospheric pollution, e.g. industrial pollutants such as SO2 and NOx, could contribute 

to increase iWUE (Savard et al., 2020). However, these pollutants may have had a low 

impact on our sampled trees because of the relatively remote location of the study plots, 

far from any major city. We considered nitrogen depositions in our analyses, which 

had a limited effect on iWUEring, as already observed in the northeastern US (L®vesque 

et al., 2017). Finally, information at the plot level is lacking about changes that have 

occurred in the structure and composition of the stands. More specifically, variations 

in competition pressure through time could have contributed to modify iWUEring (Sohn 

et al., 2016). The inclusion of TSF is expected to have helped counteract this drawback 

commonly encountered in dendroecological studies by partly accounting for these 

temporal changes in stand demography.  

3.4.6 Conclusions 

In this study, we observed a high contribution of tree size and stand age to iWUE trends, 

which highlights the need to sample various developmental stages to obtain results that 

are representative of the response of the whole tree community to climate change. This 

also points to an urgent need of a standard statistical procedure to remove these 

developmental trends prior to evaluating the effect of rising Ca on tree-ring iWUE; the 

one we propose here can serve as a starting point. Secondly, the high spatial 

heterogeneity we observed in the magnitude of the CO2 effect underscores the need to 

make optimum use of currently available forest inventory datasets and sample 

collections. Considering our results, tree-ring based isotope analyses should be 

systematically included in national forest inventory protocols as a means of monitoring 
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the physiological response of trees to climate change under diverse environmental 

conditions. Last, our findings show that black spruce trees are continuously and 

dynamically adjusting their leaf gas-exchange variables to maximise the ratio between 

carbon gain and water loss. This temporal instability, combined with any undetected 

adaptive variation at the species level (Depardieu et al., 2020), will add to the difficulty 

to accurately estimating future physiological response of trees under a warmer climate. 

Ultimately, overestimated iWUEring responses to Ca could lead to biased inferences 

about the future net carbon balance of the boreal forest. 
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CHAPITRE IV 

 

 

CONCLUSION G£N£RALE 

 

4.1 Faits saillants et contributions ¨ lôavanc®e des connaissances 

Tout au long de cette th¯se, nous avons ®tudi® tour ¨ tour lôeffet de la variabilit® 

climatique inter-annuelle sur les taux de croissance radiale de lô®pinette noire et du pin 

gris (chapitre 1), lôeffet dôun ®pisode de s®cheresse s®v¯re sur la croissance et la 

physiologie des deux esp¯ces (chapitre 2) et lôeffet de lôaugmentation de la 

concentration en CO2 atmosph®rique sur leur efficience dôutilisation de lôeau (chapitre 

3). 

Plus pr®cis®ment, le premier chapitre a permis dô®tablir un ®tat des lieux de la 

sensibilit® au climat pour chacune des deux esp¯ces et de d®terminer quels facteurs 

environnementaux ®taient impliqu®s dans la relation croissance-climat, au sein de la 

zone bor®ale qu®b®coise. Lô®tude est bas®e sur des donn®es dôinventaire forestier et 

inclut un nombre relativement cons®quent dôarbres et de sites, ce qui reste rare 

actuellement (mais voir Girardin et al., 2016a pour le Canada ; Ols et al., 2020 pour 

lôEurope). Les r®sultats saillants de ce premier chapitre sont des taux de croissance ¨ la 

baisse chez lô®pinette pour la p®riode 1970-2005, associ®s ¨ une sensibilit® ®lev®e aux 

fortes chaleurs de lô®t® pr®c®dant la formation du cerne sur la quasi-totalit® de la zone 
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dô®tude. La croissance du pin ne pr®sentait, au contraire, pas de tendances marqu®es et 

®tait peu impact®e par les ®t®s chauds et secs. Un point intriguant de ce premier chapitre 

est lôeffet n®gatif de printemps plus chauds sur la croissance des ®pinettes localis®es 

dans la portion centrale de notre zone dô®tude. Les individus situ®s le plus en ®l®vation, 

côest- -̈dire g®n®ralement en haut de pente, sont apparus particuli¯rement affect®s. 

Dans ce chapitre, nous avons fait lôhypoth¯se que cet effet n®gatif provenait de lôimpact 

des ®pisodes de gel tardif sur le feuillage nouvellement form®. Le facteur ®olien, plus 

intense en haut de pente o½ les arbres sont plus isol®s et donc plus expos®s au vent, 

pourrait °tre un ®l®ment dôexplication suppl®mentaire ¨ cette relation contrintuitive 

(Marquis et al., 2020b). Enfin, les chronologies m®dianes dôindices de croissance ont 

montr®, chez les deux esp¯ces, une baisse prononc®e de la croissance survenue d¯s 

1988-1989 et qui sôest maintenue jusquôen 1992 dans le cas de lô®pinette. Les possibles 

causes physiologiques de ce creux de croissance ont ®t® investigu®es dans le second 

chapitre. 

Lôann®e 1989, outre la chute brutale des taux de croissance chez les deux esp¯ces 

®tudi®es, ®tait caract®ris®e par une superficie br¾l®e exceptionnelle (Soja et al., 2007), 

ce qui sugg®rait des conditions exceptionnellement s¯ches. Cela nous a conduit ¨ 

s®lectionner lôann®e 1989 comme ann®e focale pour ®tudier lôeffet dôun ®pisode de 

s®cheresse extr°me sur la variabilit® inter-annuelle de la physiologie et de la croissance 

des arbres, dans le cadre du second chapitre. Nous avons pu observer que la chute de 

croissance relev®e pr®c®demment intervenait de fa­on synchrone ¨ des variations 

significatives des ratios en isotopes stables du carbone et de lôoxyg¯ne. Cette 

observation tend ¨ indiquer des modifications des param¯tres physiologiques des arbres, 

¨ savoir une efficience dôutilisation de lôeau plus ®lev®e et une conductance stomatique 

plus faible en 1988-1989 comparativement aux valeurs moyennes. Cette variabilit® 

dans les ratios isotopiques a pu °tre reli®e aux variations inter-annuelles du climat, et 

notamment ¨ une balance en eau plus faible et ¨ une atmosph¯re d®ficitaire en eau. Cela 

sugg¯re que des stress climatiques sont bien ¨ lôorigine de la chute de croissance 
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observ®e. Un autre r®sultat int®ressant de ce second chapitre est un impact de lô®pisode 

de s®cheresse de 1988-1989 qui perdure plus longtemps chez lô®pinette que chez le pin, 

potentiellement en raison de traits dôhistoire de vie diff®rents comme un r®seau 

racinaire essentiellement superficiel et adventif coupl® ¨ une moins bonne gestion des 

ressources en carbone chez lô®pinette comparativement au pin (Burns et Honkala, 1990 ; 

Way et Sage, 2008b, 2008a). 

Enfin, le troisi¯me chapitre relate les changements intervenus dans le statut hydrique 

des arbres entre la p®riode pr®-industrielle (avant 1850) et le d®but du 21¯me si¯cle, en 

r®ponse ¨ lôaugmentation de la concentration en CO2 atmosph®rique. Lôint®r°t majeur 

et le caract¯re novateur de ce chapitre r®sident avant tout dans lôaspect m®thodologique 

qui y est d®velopp®. Il a notamment ®t® test® trois mod¯les statistiques diff®rentes pour 

®valuer lôeffet CO2 ̈  partir dôun jeu de donn®es isotopiques relativement cons®quent et 

couvrant un important gradient g®ographique. Un fait saillant est la mise en ®vidence, 

au sein des donn®es dôefficience dôutilisation de lôeau, de tendances li®es ¨ 

lôaugmentation en taille des arbres et aux changements de structure et de composition 

intervenant au cours de la maturation du peuplement. Ces effets d®veloppementaux 

sont de plus forte intensit® que les effets du climat. Sôils ne sont pas retir®s ou contr¹l®s 

de fa­on ad®quate, ils peuvent induire une estimation biais®e de lôeffet CO2. Si 

certaines ®tudes incluent un ou plusieurs de ces facteurs d®veloppementaux dans leurs 

mod¯les statistiques (Dietrich et al., 2016 ; Sullivan et al., 2017), cela reste encore peu 

usit® et les m®thodes employ®es diff¯rent. Nous avons montr® dans ce chapitre que 

lôintensit® de lôeffet CO2 variait selon le mod¯le statistique employ®. Cela sugg¯re que 

la comparaison des r®sultats entre diff®rentes ®tudes doit °tre effectu®e avec prudence. 

La m®thodologie statistique propos®e ici pour retirer les tendances induites par le 

d®veloppement des arbres et des peuplements, si elle peut servir de base ¨ une m®thode 

statistique commune, gagnerait s¾rement ¨ °tre approfondie et am®lior®e. 
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Cette th¯se ®tait ®galement lôoccasion de valoriser sous forme de publications 

scientifiques les donn®es et ®chantillons accumul®s dans le cadre de lôinventaire 

®coforestier nordique du Minist¯re des For°ts, de la Faune et des Parcs du Qu®bec. Ces 

donn®es sont pr®cieuses en termes de quantit® dô®chantillons, du nombre et de la 

diversit® des variables ®coforesti¯res mesur®es et de la couverture g®ographique des 

placettes inventori®es. Les co¾ts, tant en termes de temps que dôargent investis dans 

lô®chantillonnage de terrain, la pr®paration et la mesure des ®chantillons, sont tr¯s 

®lev®s. Malgr® ces investissements, les donn®es, notamment les analyses de tiges, sont 

relativement peu exploit®es pour analyser les effets du climat sur la croissance 

foresti¯re (mais voir DôOrangeville et al., 2018 ; Girardin et al., 2016a). De m°me, les 

®chantillons physiques r®sultant des analyses de tiges, outre les mesures de largeur de 

cernes, nôavaient pas fait lôobjet, jusquô¨ r®cemment, dôautres analyses, par exemple 

des analyses des propri®t®s physico-chimiques des cernes. Ces donn®es et ®chantillons, 

propri®t® de la province du Qu®bec, et plus g®n®ralement les r®sultats dôinventaires 

appartenant ¨ diverses structures gouvernementales sont des sources de donn®es 

exceptionnelles qui gagneraient ¨ °tre utilis®es plus largement par la communaut® 

scientifique. Un portail internet, offrant une meilleure visibilit® et une meilleure 

accessibilit® aux donn®es disponibles, pourrait °tre une piste ¨ suivre. Celui-ci 

r®pertorierait, par exemple, les localisations pour lesquelles des donn®es sont 

disponibles, la nature de celles-ci, et la proc®dure ¨ suivre pour y acc®der (voir Girardin 

et al., 2021 pour un tel projet ¨ lô®chelle du Canada).  

4.2 Forte variabilit® spatiale et temporelle des effets des changements climatiques 

sur la croissance et la physiologie des conif¯res bor®aux 

Dans le premier chapitre, nous avons observ® que les tendances de croissance sur la 

p®riode 1970-2005, de m°me que la sensibilit® au climat, variaient fortement au sein 

de la zone dô®tude. Nous avons pu identifier certains facteurs de lôenvironnement de 

croissance des arbres qui contribuaient, partiellement, ¨ cette variabilit® spatiale. Parmi 
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ces facteurs, la position de lôarbre le long du gradient dô®l®vation agit en amplifiant la 

sensibilit® des ®pinettes aux fortes chaleurs printani¯res et estivales. Dans le troisi¯me 

chapitre, nous avons ®galement identifi® la fertilit® du site comme ®tant inversement 

corr®l®e ¨ lôefficience dôutilisation de lôeau des ®pinettes, et comme un facteur 

accentuant lôeffet CO2. Les sites en ®l®vation sont parmi les moins fertiles au sein de 

notre aire dô®tude (voir Figure S3.10) et sont caract®ris®s par un substrat rocheux et 

donc relativement sec. Cela laisse ¨ penser que ces environnements pauvres 

restreignent la capacit® dôassimilation photosynth®tique de lô®pinette, une esp¯ce par 

ailleurs relativement peu adapt®e aux milieux secs. Sur ces milieux, la croissance des 

arbres pourrait °tre encore moins bonne si lôenvironnement venait ¨ se r®chauffer trop 

vite et trop intens®ment et si ces arbres ®taient soumis de plus en plus fr®quemment ¨ 

des s®cheresses et ¨ des vagues de chaleur exceptionnelles. Des conditions plus chaudes 

au printemps leur seraient d®favorables car elles pourraient engendrer un d®bourrement 

trop h©tif. La ph®nologie de ces populations est, en effet, adapt®e ¨ un climat plus rude, 

ce qui permet aux arbres de limiter le risque associ® aux gel®es tardives (Bigler et 

Bugmann, 2018). Au contraire, les ®pinettes localis®es dans la zone la plus ¨ lôouest de 

lôaire ®tudi®e semblent r®agir positivement aux fortes temp®ratures printani¯res. Elles 

apparaissent ®galement °tre moins sensibles aux temp®ratures estivales de la saison 

pr®c®dant la formation du cerne. Ces observations pourraient indiquer que ces 

populations dô®pinettes sont soumises ¨ un degr® moindre aux stress climatiques 

r®cents, ce qui pourrait expliquer quôelles aient maintenu de meilleures performances 

de croissance. La zone ouest, outre un climat plus chaud, est caract®ris®e par un sol 

bien d®velopp®, ¨ forte composante organique et au paysage d®pourvu de reliefs. Ces 

r®sultats tendent donc ¨ indiquer, comme discut® bri¯vement dans le deuxi¯me chapitre 

de cette th¯se ainsi que dans plusieurs articles de synth¯se r®cents (McLaughlin et al., 

2017 ; Stralberg et al., 2020), que certaines zones caract®ris®es par un environnement 

physique ad®quat, par exemple une capacit® de drainage mod®r®e ¨ faible, agiraient 

comme facteur dôatt®nuation des effets des changements climatiques sur les esp¯ces 

ligneuses bor®ales. Les populations dô®pinettes dans la zone ouest ont ®galement pu, 
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au fil des diff®rentes g®n®rations, s®lectionner des traits morphologiques et 

physiologiques leur permettant de se maintenir et de profiter du climat plus chaud et 

sec, comme par exemple des canaux conducteurs plus r®sistants ¨ la cavitation. 

Outre cette forte h®t®rog®n®it® spatiale, nous avons pu observer une importante 

variabilit® temporelle dans lô®volution de lôefficience dôutilisation de lôeau, notamment 

chez lô®pinette. Nous avons not® quôapr¯s une p®riode de fort accroissement, 

lôefficience dôutilisation de lôeau de cette esp¯ce se stabilisait ¨ partir du d®but des 

ann®es 1980s. Ceci, comme discut® au troisi¯me chapitre, pourrait marquer lôatteinte 

dôun seuil physiologique au-del¨ duquel lô®pinette nôest plus capable dôaugmenter ses 

taux dôassimilation photosynth®tique, m°me sous une atmosph¯re plus riche en CO2. 

Ce seuil pourrait °tre modul® par la disponibilit® en nutriments, imposant une plus forte 

contrainte ¨ la croissance des arbres localis®s sur les sols les plus pauvres. Les sites les 

plus fertiles, sur lesquels les arbres avaient maintenu une efficience dôutilisation de 

lôeau relativement faible jusquô¨ la seconde moiti® du 20¯me si¯cle, semblent avoir ®t® 

soumis, r®cemment, ¨ des changements ayant affect® leur physiologie de fa­on 

importante. Cela se traduit, chez les ®pinettes, par une augmentation de lôefficience 

dôutilisation de lôeau beaucoup plus marqu®e sur ces sites fertiles que sur les sites 

pauvres (chapitre 3). Cela pourrait indiquer que les changements environnementaux, et 

surtout climatiques, deviennent de plus en plus contraignants, surtout au sein de ces 

populations les plus productives. Contrairement aux arbres sur sites pauvres et secs, 

ces populations ®taient jusquô¨ r®cemment ®pargn®es par les stress chroniques affectant 

les individus sur le long terme. Elles pourraient donc °tre peu adapt®es ¨ une 

atmosph¯re plus chaude et s¯che qui viendrait se superposer ¨ des stress climatiques 

ponctuels de plus en plus fr®quents. Ces populations pourraient donc voir leurs taux de 

croissance chuter drastiquement et leurs taux de mortalit® augmenter de fa­on plus 

importante que ceux des populations implant®es sur les sites qui restent actuellement 

les moins productifs (McNulty et al., 2014 ; Ols et al., 2020). Pour °tre en mesure de 

v®rifier cette hypoths̄e, des analyses plus approfondies sont n®cessaires, par exemple 
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en groupant les sites en fonction de leurs similarit®s. Une analyse par clusters de lôeffet 

CO2 (Chapitre 3) est pr®sent®e ¨ la Figure S4.1, o½ les sites ont ®t® group®s selon leur 

fertilit® (IQS), lô©ge du peuplement, et sa productivit®, approxim®e par la moyenne des 

BAI des arbres sur les 20 derni¯res ann®es. Les conclusions sont sensiblement les 

m°mes que celles pr®sent®es au chapitre3. En regardant la relation entre le BAI et la 

concentration en CO2 atmosph®rique uniquement sur les sites les plus productifs, on 

observe des valeurs de BAI significativement plus ®lev®es aux plus fortes 

concentrations de CO2, pour les ®pinettes (Figure S4.2). N®anmoins, cette relation reste 

faible et marginalement significative.  

4.3 Un effet des variations interannuelles et des tendances climatiques d®pendant 

de lôesp¯ce 

Tout au long de cette th¯se, nous avons mis en ®vidence un effet des variations 

climatiques inter-annuelles sur la physiologie des arbres et des impacts sur leur 

croissance qui diff®raient pour chacune des deux esp¯ces ®tudi®es. Le pin, bien 

quôaffect® physiologiquement par lô®pisode de s®cheresse extr°me de 1989 (chapitre 

2), a conserv® un ratio Ci/Ca relativement stable sur le long terme. Cela indique un 

ajustement mod®r® des param¯tres physiologiques chez cette esp¯ce au cours du temps. 

Cette observation sugg¯re ®galement un degr® moindre de stress face aux conditions 

de croissance plus chaudes (chapitre 3). La croissance du pin gris a, en cons®quence, 

®t® peu impact®e par les changements climatiques des trois derni¯res d®cennies. Pour 

certaines localisations, le pin apparait m°me b®n®ficier de ces modifications de son 

environnement. Au contraire, lô®pinette est apparue n®gativement affect®e par les 

changements environnementaux intervenus depuis lôindustrialisation. Chez cette 

esp¯ce, lôaugmentation de lôefficience dôutilisation de lôeau depuis 1850, loin de 

b®n®ficier ¨ la croissance des arbres, semble au contraire marquer un stress de plus en 

plus prononc® (chapitres 1 et 3). Ces stress climatiques se traduisent ¨ leur tour par une 

baisse g®n®rale de la croissance au cours des trois derni¯res d®cennies (chapitre 1).  
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Ces effets propres ¨ lôesp¯ce pourraient provenir dôune s®lection de traits divergente, 

en relation avec les niches ®cologiques occup®es par chacune des deux esp¯ces. Le pin, 

retrouv® habituellement sur les milieux sableux, relativement secs et bien drain®s, peut 

avoir s®lectionn® un ensemble de traits morpho-physiologiques lui permettant de 

maintenir plus efficacement sa croissance lors dôune s®cheresse, et de retrouver plus 

rapidement des taux de croissance comparables ¨ ceux dôavant la s®cheresse (chapitre 

2). Ces adaptations, incluant un r®seau racinaire permettant lôacc¯s ¨ des ressources en 

eau localis®es dans les couches profondes du sol, peuvent ®galement avoir rendu 

lôesp¯ce plus apte ¨ maintenir sa croissance sous le climat des derni¯res d®cennies 

(chapitre 1). Au contraire, lô®pinette est beaucoup plus g®n®raliste quant aux conditions 

®daphiques des sites quôelle occupe. Elle pr®sente, en particulier les populations 

nordiques install®es sur les sites les plus entourb®s, des adaptations morpho-

physiologiques ¨ des sols gorg®s dôeau, froids et ¨ forte composante argileuse et 

organique, tel quôun r®seau racinaire essentiellement superficiel et adventif (Burns et 

Honkala, 1990). Cette esp¯ce peut, en cons®quent, °tre peu ou mal adapt®e ¨ un 

environnement devenant plus chaud et plus sec. Les diff®rences visibles ¨ la figure 2.4, 

notamment une remont®e plus rapide des taux de croissance et des valeurs de ȹ13C chez 

le pin comparativement ¨ lô®pinette, seraient possiblement le fruit de diff®rences au 

niveau physiologique plut¹t que li®es ¨ la profondeur ¨ laquelle chacune des deux 

esp¯ces peut capter lôeau ou ¨ des diff®rences au niveau de lôenvironnement physique. 

En effet, lôutilisation du z-score plut¹t que des valeurs brutes rend les valeurs 

ind®pendantes de toute variabilit® li®e au site ou  ̈lôindividu. Les r®sultats observ®s 

dans le chapitre 3, côest- -̈dire une forte instabilit® temporelle du statut hydrique des 

arbres et une forte augmentation de lôefficience dôutilisation de lôeau sur les sites les 

plus fertiles, sugg¯rent n®anmoins une certaine capacit® de lô®pinette ¨ sôadapter aux 

changements intervenant dans son environnement. Cette capacit® dôadaptation pourrait 

provenir dôune forte plasticit® physiologique, notamment sur les sites choisis pour les 

analyses isotopiques, caract®ris®s par un drainage mod®r® ¨ rapide (pas de sites 

paludifi®s ou gorg®s dôeau). Schoonmaker et al. (2010) arrivent ¨ une hypoth¯se 
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semblable en ®tudiant les traits hydrauliques de semis de conif¯res bor®aux, incluant 

lô®pinette noire, dans des conditions dôombrage contrast®es. Cependant, les tendances 

de croissance g®n®ralement ¨ la baisse que nous avons relev®es pour lô®pinette dans le 

premier chapitre tendent ¨ indiquer que cette forte plasticit® nôest pas suffisante pour 

permettre ¨ lôesp¯ce de maintenir ses performances de croissance face ¨ des 

changements environnementaux trop rapides et intenses. Dans ce premier chapitre, 

lôensemble des sites disponibles dans la base de donn®es avait ®t® inclus dans les 

analyses. Le signal observ® dans les tendances de croissance pourrait donc °tre, au 

moins en partie, associ® ¨ des sites moins bien drain®s.    

4.4 Pr®conisations et enjeux de recherche futurs 

Nous avons vu, notamment avec le troisi¯me chapitre, que certaines interrogations 

subsistent quant aux r®sultats des ®tudes ant®rieures. Certaines de ces incertitudes ont 

pour origine les m®thodes statistiques employ®es pour d®tecter les tendances dans les 

s®ries temporelles de croissance et de signatures isotopiques (Marchand et al., 2018). 

Une ®valuation des m®thodes de standardisation employ®es pour retirer les tendances 

biologiques dans les s®ries de largeurs de cernes et leur mise ¨ jour ou remplacement 

®ventuel par dôautres m®thodes plus performantes devraient °tre effectu®s (Dietrich et 

Anand, 2019). Une remise en question de certaines suppositions qui ®taient jusquô¨ 

r®cemment consid®r®es comme une norme, notamment la supposition de lôabsence de 

tendances biologiques au sein des s®ries de ratios isotopiques du carbone ¨ lôexception 

dôun ç effet juv®nile è perdurant seulement dans les 50 premiers cernes form®s par 

lôarbre (Gagen et al., 2008 ; Loader et al., 2007), devrait ®galement °tre r®alis®e. Enfin, 

un consensus devrait °tre trouv® afin dôemployer des m®thodes dôanalyses permettant 

une comparaison rapide et non biais®e des r®sultats entre les diff®rentes ®tudes. Par 

exemple, une m®thode de standardisation unique pourrait °tre choisie et utilis®e dans 

lôensemble des nouvelles ®tudes dendrochronologiques, ce qui permettrait de comparer 

plus efficacement les tendances de croissance. De plus, la m®thode de r®gression 
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partielle (chapitre 3) gagnerait ¨ °tre g®n®ralis®e afin de mieux s®parer les effets de 

certaines variables pr®sentant une forte colin®arit® (par exemple lôeffet de 

lôaugmentation de la concentration en CO2 atmosph®rique et celui de lôaugmentation 

de la taille de lôarbre, ou encore lôeffet de lôaugmentation des temp®ratures de surface). 

De plus, mis ¨ part les diff®rences au niveau des m®thodes dôanalyses, la forte 

variabilit® spatiale et temporelle ¨ la fois dans les processus physiologiques (chapitre 

3) et dans la sensibilit® au climat (chapitre 1), complique la comparaison des r®sultats 

entre les ®tudes. Cette variabilit® se traduit par des tendances de croissance pouvant 

diff®rer, pour une m°me esp¯ce, selon le site dô®tude mais ®galement en fonction de la 

fen°tre temporelle analys®e. En effet, lôenvironnement a un effet marqu® tant sur la 

physiologie que sur la croissance et la sensibilit® des arbres au climat, et les r®sultats 

sont hautement sp®cifiques au site ®tudi®. Il est ®galement ¨ noter que les tendances de 

croissance peuvent diff®rer selon la p®riode couverte par les analyses. Ici, les tendances 

sont assez similaires quôelles soient calcul®es ¨ partir de 1970 ou de 1950 (chapitre 1). 

Cependant, des ®tudes sôint®ressant ¨ une fen°tre temporelle plus large (e.g. Dietrich et 

al., 2016 ; Lloyd et Bunn, 2007), ou au contraire plus r®duite (e.g. Bond-Lamberty et 

al., 2014), peuvent observer des r®sultats divergents, qui ne sont pas forc®ment bas®s 

sur les m°mes objectifs. Une fen°tre temporelle r®duite aux d®cennies les plus r®centes 

pourrait notamment fournir des r®sultats plus repr®sentatifs de la situation actuelle des 

for°ts et donc des taux de croissance dans un avenir proche. Cependant, ces r®sultats 

seraient aussi potentiellement plus influenc®s par lôeffet des ®pisodes climatiques 

extr°mes, et nôincorporent pas forc®ment la variabilit® climatique ¨ long terme. Les 

®pisodes de s®cheresses r®cents pourraient notamment tirer les tendances de croissance 

vers le bas si ces derni¯res sont calcul®es sur des s®ries temporelles courtes. Au 

contraire, une fen°tre temporelle large, côest- -̈dire de lôordre du si¯cle, serait 

repr®sentative de lôeffet ¨ long terme des changements climatiques sur la croissance 

des arbres. Or, des tendances de croissances calcul®es sur une fen°tre temporelle aussi 

large ne permettraient pas de visualiser lô®volution temporelle r®cente des taux de 
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croissance des arbres. L¨ encore, ces sp®cificit®s spatiales et temporelles sont ¨ 

consid®rer lors de la comparaison des r®sultats entre des ®tudes dont les objectifs et 

hypoth¯ses diff¯rent. En outre, cette forte variabilit® spatio-temporelle complique 

lôestimation des param¯tres physiologiques des arbres dans un environnement plus 

chaud, et donc les pr®dictions des possibilit®s foresti¯res futures.  

Les mod¯les servant ¨ estimer la productivit® v®g®tale ¨ lô®chelle globale (Dynamic 

Global Vegetation Models, DGVM) consid¯rent actuellement, pour mod®liser la 

dynamique de la physiologie des arbres, des param¯tres qui ®voluent de fa­on 

semblable quels que soient la qualit® du site ou le stade de d®veloppement consid®r®s. 

Or, nos r®sultats montrent, au moins en ce qui concerne le statut hydrique des arbres 

lorsque d®riv® de la composition chimique des cernes de croissance, une forte tendance 

induite par les facteurs d®veloppementaux et un effet CO2 qui diff¯re selon la fertilit® 

du site. Il est donc probable que les pr®dictions actuelles de lôeffet CO2 induisent une 

vision trop optimiste du statut hydrique des arbres sous un climat plus chaud et plus 

sec. Ce biais est, peut-°tre, accentu® par le fait que les arbres habituellement 

®chantillonn®s lors des campagnes dôinventaires forestiers sont ceux implant®s dans les 

for°ts productives et dans les zones o½ le climat est le plus contraignant pour leur 

croissance (Klesse et al., 2018). Les coefficients obtenus au chapitre 3 relatant lôeffet 

CO2 exempt des tendances li®es au d®veloppement de lôarbre et du peuplement 

pourraient permettre dôam®liorer la fiabilit® des pr®dictions issues de ces mod¯les, 

notamment si la fertilit® de la zone ®tait consid®r®e comme param¯tre dôentr®e. 

Cependant, la forte instabilit® temporelle, et notamment la phase de plateau que semble 

avoir atteint lôefficience dôutilisation de lôeau de lô®pinette depuis les ann®es 1980s, 

induit une nouvelle part dôincertitude quant au futur statut hydrique des arbres. Cette 

non-lin®arit® dans lô®volution temporelle des processus physiologiques des arbres en 

r®ponse aux changements environnementaux est retranscrite dans les relations 

croissance-climat. Par exemple, dans le cas des for°ts nordiques, la temp®rature avait, 

jusque dans les ann®es 1950, un effet positif et hautement significatif sur la croissance 
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des arbres. Or, cet effet sôest peu ¨ peu affaibli, puis invers® dans les d®cennies r®centes 

(ç divergence problem è; DôArrigo et al., 2008). Ainsi, les arbres r®pondront fort 

probablement dôune mani¯re diff®rente au climat futur comparativement ¨ la r®ponse 

pass®e, inf®r®e ¨ partir des cernes de croissance (Klesse et al., 2020). Cela repr®sente 

un frein suppl®mentaire ¨ la projection des performances de croissance des arbres dans 

le futur. 

Pour conclure sur lôaspect m®thodologique, une grande part des incertitudes provient 

de lôapproximation qui est faite des taux de croissance et des param¯tres physiologiques 

des arbres par lôutilisation de param¯tres d®riv®s des cernes de croissance. Pour y 

rem®dier, un r®seau de mesures directes, en continu, des ®changes gazeux des arbres 

(flux de CO2 et de vapeur dôeau) et des flux dôisotopes stables du carbone et de 

lôoxyg¯ne devrait °tre mis en place ¨ grande ®chelle et en milieu naturel. Le r®seau de 

tours ¨ flux qui ®tait en activit® entre 1993 et 2014 (Fluxnet Canada Team, 2016 ; Lee 

et al., 2020 ; Sturm et al., 2012), dont les mesures corr¯lent fortement aux pr®dictions 

de mod¯les bioclimatiques et aux mesures de largeurs de cernes de certaines ®tudes 

(Girardin et al., 2014, 2016b), devrait °tre remis en fonction et pourrait °tre bonifi®. 

De plus, les donn®es de largeur de cernes issues des inventaires forestiers sont, en 

g®n®ral, tr¯s r®pliqu®es temporellement et spatialement, mais tr¯s peu r®pliqu®es ¨ 

lô®chelle du site dô®tude (Babst et al., 2018 ; Ols et al., 2020). Notamment, les 

conditions micro-environnementales peuvent influencer la r®ponse des arbres au climat. 

La variabilit® qui y est associ®e est difficilement estimable ou contr¹lable ¨ partir de 

donn®es dôinventaires forestiers, issues de peuplements en conditions naturelles. En 

outre, les arbres s®lectionn®s ¨ lôint®rieur de chaque placette peuvent ne pas °tre 

repr®sentatifs de la r®ponse du peuplement dans sa globalit® (Babst et al., 2018). Les 

r®sultats de cette th¯se ne sont, en effet, bas®s que sur des donn®es issues dôarbres 

dominants et co-dominants, et de peuplements relativement accessibles. Les 

conclusions auraient pu °tre diff®rentes si des individus opprim®s, plus jeunes, et issus 

des peuplements les moins accessibles (par exemple dans les milieux les plus riches en 



 

152 

mati¯re organique, sur les zones les plus au nord, ou sur les sols les plus argileux) 

avaient ®t® consid®r®s. Notamment, des arbres plus jeunes (sô®tant r®g®n®r®s au cours 

de la derni¯re d®cennie) pourraient °tre moins sensibles aux conditions chaudes et 

s¯ches, et m°me profiter des temp®ratures plus chaudes. Les r®sultats du chapitre 1, et 

notamment les relations entre la sensibilit® des arbres aux temp®ratures estivales de la 

saison pr®c®dente et lô©ge du peuplement, tendent ¨ montrer que les arbres jeunes 

r®agissent positivement, contrairement aux arbres de plus de 150 ans (Figure 1.7). 

Certaines ®tudes, notamment celles ®tudiant la croissance en hauteur des arbres, vont 

®galement dans ce sens (e.g. Marchand et DesRochers, 2016). Ces arbres r®cemment 

r®g®n®r®s, ayant d®but® leur croissance sous un climat proche du climat actuel, 

pourraient °tre dôores et d®j¨ acclimat®s ¨ ces conditions plus chaudes, au travers dôune 

adaptation de leurs param¯tres physiologiques. Cependant, chez des arbres jeunes, le 

r®seau racinaire peu d®velopp® pourrait ®galement agir comme facteur amplificateur 

des stress hydriques ponctuels. Un probl¯me r®current li® ¨ lôutilisation de donn®es 

dôinventaires forestiers est lôabsence de donn®es issues dôarbres morts ou fossiles. Plus 

un individu a des taux de croissance importants et plus il est ¨ risque de mourir des 

cons®quences dôun stress biotique (insecte, maladie, infection fongique) ou abiotique 

(stress climatique, chablis). Ainsi, les vieux arbres encore en vie au moment de 

lô®chantillonnage sont probablement ceux ayant eu la croissance la plus lente. Au 

contraire, les arbres les plus jeunes et les plus gros au moment de lô®chantillonnage 

sont ceux qui pr®sentent les taux de croissance les plus ®lev®s (Piovesan et Biondi, 

2021). Ainsi, les ®tudes bas®es sur les donn®es dôinventaire forestier, incluant cette 

th¯se, ne sont pas repr®sentatives de lôensemble du peuplement cibl®, mais uniquement 

dôun sous-®chantillons des arbres les plus gros (dominants et co-dominants) ¨ lôinstant 

de lô®chantillonnage. Si lôensemble des arbres avait ®t® consid®r® (incluant des arbres 

morts ou fossiles), les tendances de croissance auraient, potentiellement, pu °tre revues 

¨ la hausse dans les peuplements les plus anciennement r®g®n®r®s, et ¨ la baisse dans 

les peuplements les plus r®cents.     
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Une int®gration dôautres types de donn®es, par lôinterm®diaire de mod¯les pr®dictifs 

par exemple, pourrait aider ¨ obtenir une estimation plus pr®cise de la r®ponse de la 

for°t aux changements climatiques ¨ une ®chelle plus large du peuplement ou du biome 

forestier. Par exemple, les donn®es Lidar (Thomas et al., 2008), et celles issues de 

drones (Wong et al., 2020), semblent particuli¯rement prometteuses pour obtenir une 

estimation du statut physiologique des arbres ¨ lô®chelle du peuplement forestier et 

ainsi am®liorer les estimations des flux de carbone (Babst et al., 2018). Une analyse du 

contenu en glucides et amidon des cernes de croissance pourrait ®galement am®liorer 

notre compr®hension des processus en jeu. En particulier, la comparaison des 

concentrations en carbohydrates des cernes form®s avant et apr¯s une s®cheresse ou 

une vague de chaleur permettrait de pr®ciser si ces conditions extr°mes impactent la 

capacit® des arbres ¨ accumuler des r®serves (hypoth¯se invoqu®e au chapitre 1), ou si 

les arbres modifient leur strat®gie dôallocation du carbone en priorisant lôaccumulation 

de r®serves au d®triment de la croissance radiale (hypoth¯se invoqu®e au chapitre 2). 

Au cours de cette th¯se, une tentative a ®t® effectu®e pour mesurer les concentrations 

en glucides et amidons des cernes form®s entre 1985 et 1993 en suivant le protocole 

d®velopp® par Landhªusser et al. (2018). Ces tests ont montr® une absence de glucides 

et dôamidon sur lôensemble des ®chantillons. Cela pourrait °tre d¾ soit au fait que les 

sections radiales utilis®es avaient ®t® r®colt®es plus de 10 ans avant leur utilisation, soit 

au fait que les cernes analys®s ®taient d®j¨ trop anciens (i.e. trop internes), situ®s dans 

le bois de cîur (duramen), et que les arbres auraient d®j¨ remobilis® lôensemble des 

carbohydrates qui auraient pu y °tre pr®sents. Si cette derni¯re hypoth¯se est la plus 

probable, il pourrait °tre int®ressant dôeffectuer dôautres tests sur les cernes les plus 

r®cemment form®s (i.e. entre 2005 et 2009), et sur des ®chantillons de bois fraichement 

r®colt®s.  

Des travaux r®cents montrent que les populations de pin tordu (Pinus contorta) situ®es 

le plus au nord du gradient latitudinal dans lôOuest canadien sont moins tol®rantes aux 

s®cheresses comparativement aux populations m®ridionales (Isaac-Renton et al., 2018). 
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Lôhypoth¯se invoqu®e par les auteurs, i.e. un manque dôadaptation physiologiques ¨ 

des conditions plus s¯ches, pourrait ®galement sôappliquer ¨ nos r®sultats. Cette 

mauvaise adaptation pourrait, en partie, expliquer la baisse de croissance observ®e 

entre 1970 et 2005 chez lô®pinette, ainsi que la plus forte variabilit® temporelle dans 

les param¯tres physiologiques d®riv®s des ratios isotopiques observ®e chez cette esp¯ce. 

Plus au sud, certains traits anatomiques, notamment des canaux conducteurs plus 

r®sistants ¨ la cavitation et un bois plus dense (Hacke et al., 2001), pourraient avoir ®t® 

s®lectionn®s et donneraient potentiellement ¨ ces populations de meilleures facult®s 

dôadaptation face aux conditions climatiques futures. La localisation de nos placettes 

®chantillon au nord du 49¯me parall¯le ainsi que lôabsence de tout g®notypage des arbres 

nous ont n®anmoins emp°ch® de v®rifier si diff®rentes populations pr®sentaient une 

sensibilit® diff®rente au climat.  

Ces r®sultats sugg¯rent que des strat®gies de plantation pour pallier ¨ une r®g®n®ration 

naturelle insuffisante des peuplements nordiques seraient inadapt®es si elles sont 

r®alis®es ¨ partir de semences locales. Lôutilisation de semences issues de populations 

m®ridionales au travers de programmes de migration assist®e pourrait cependant °tre 

envisag®e. En effet, le climat futur au nord se rapprochera probablement du climat sous 

lequel les populations plus au sud se d®veloppent actuellement, et auquel elles sont 

donc, potentiellement, d®j¨ adapt®es dôun point de vue physiologique et anatomique 

(Marris, 2009). Cependant, la performance de ces arbres, sortis de leur r®gion dôorigine, 

nôest pas garantie. En effet, lôimpact n®gatif des printemps plus chauds sur la croissance 

des ®pinettes sugg¯re que les arbres provenant de populations du sud dont la ph®nologie 

apparait adapt®e ¨ un climat plus doux pourraient °tre fortement impact®s par les 

®pisodes de gels tardifs (Zohner et al., 2020). Une ®tude r®cente fait dôailleurs ®tat de 

tels effets n®gatifs des gels tardifs chez trois esp¯ces dô®pinettes, et particuli¯rement 

chez des populations dô®pinettes blanches plant®es plus au nord de leur r®gion dôorigine 

(Marquis et al., 2020b). La forte variabilit® inter-individuelle, notamment dans les 

signatures isotopiques des cernes de croissance (chapitre 2), tend cependant ¨ indiquer 



 

155 

que certains g®notypes pr®sents dans les populations nordiques seraient dôores et d®j¨ 

mieux adapt®s que dôautres ¨ des conditions plus chaudes et s¯ches. Les divers 

programmes de s®lection g®nomiques pourraient ainsi permettre de cibler les 

populations qui seraient les plus ¨ m°me de maintenir une bonne performance dans le 

futur. Lôaccent devrait par ailleurs °tre mis non seulement sur les traits de r®sistance 

aux vagues de chaleur et aux s®cheresses, mais aussi sur les traits permettant aux arbres 

de se pr®munir contre les effets des gels tardifs, par exemple un contr¹le hormonal 

induisant une ph®nologie synchrone avec le risque de gels tardifs propre ¨ la r®gion 

cibl®e. 

En outre, les r®sultats pr®sent®s ici montrent que le pin gris est moins affect® que 

lô®pinette noire par les changements environnementaux et en particulier les stress 

climatiques. En faisant lôhypoth¯se dôun maintien de cette tendance dans le future, les 

am®nagiste forestiers devraient logiquement favoriser le pin gris lorsque 

lôenvironnement physique lui est favorable, côest- -̈dire sur les milieux sableux bien 

drain®s. Or, les deux esp¯ces ®tudi®es sont tributaires, pour leur r®g®n®ration, du cycle 

des perturbations naturelles. Un raccourcissement du cycle de feux est attendu dans le 

futur. Cela pourrait r®duire la capacit® de r®g®n®ration des peuplements forestiers 

(Boucher et al., 2020), surtout chez lô®pinette noire (Splawinski et al., 2018). Lôeffet 

dôun cycle de feux plus court sur les esp¯ces nôa pas ®t® ®tudi® dans cette th¯se, 

amenuisant ainsi les possibilit®s dôextrapolation des r®sultats aux d®cennies futures. 

Dans le cadre de la limite nordique des for°ts commerciales, ces r®sultats sugg¯rent 

que certains peuplements, class®s comme faiblement sensibles ¨ lôam®nagement 

®cosyst®mique et donc exploitables, pourraient °tre ¨ risque, dans le futur, de se 

r®g®n®rer en des peuplements dont la capacit® de production serait inad®quate. Les 

tendances de croissance g®n®ralement ¨ la baisse qui ont ®t® relev®es pour lô®pinette 

dans le premier chapitre, ainsi que la forte sensibilit® de lôesp¯ce aux ®t®s chauds, vont 

dans le sens dôune diminution de la capacit® de production des peuplements dô®pinette. 



 

156 

Les peuplements pr®sents dans les zones actuellement les plus fertiles sont ceux pour 

lesquels lôaugmentation de lôefficience dôutilisation de lôeau depuis 1850 a ®t® la plus 

forte (chapitre 3), en r®ponse ¨ un ou plusieurs facteurs de stress. Par cons®quent, ces 

peuplements pourraient voir leur productivit® diminuer de fa­on drastique au cours des 

prochaines d®cennies. Les taux de mortalit® de ces peuplements productifs seraient 

notamment ¨ surveiller, en vue de r®®valuer leur sensibilit® ¨ un am®nagement forestier 

durable, dont leur capacit® ¨ se r®g®n®rer en des peuplements denses, exploitables et 

®conomiquement int®ressants. Dans le cas des peuplements peu productifs, le niveau 

de stress physiologique des ®pinettes apparait ®lev® mais relativement constant. Ces 

peuplements sont ceux pour lesquels il a ®t® identifi® un effet n®gatif des printemps 

plus chauds que la moyenne. Cela sugg¯re quôen raison dôune ph®nologie inadapt®e, la 

capacit® de production de ces peuplements restera, au moins ¨ court terme, faible. 

Cependant, les taux de mortalit® de ces peuplements sôils venaient ¨ °tre soumis ¨ des 

conditions plus chaudes et plus s¯ches pourraient ne pas augmenter significativement 

comparativement ¨ ceux des peuplements tr¯s productifs. En ce qui concerne le pin 

gris, m°me si les r®sultats de cette th¯se sugg¯rent que lôesp¯ce serait moins sensible 

au r®chauffement global, il est difficile de conclure que les peuplements de pin 

maintiendront leur capacit® de production dans le futur. En effet, les changements dans 

le cycle de feux induits par le r®chauffement global ne sont pas encore connus avec 

certitude, m°me si une tendance au raccourcissement des cycles de feux est pr®dite. De 

m°me, la mani¯re dont le pin r®pondra ¨ ces changements dans le r®gime des feux est 

encore incertaine et devrait, elle aussi, faire lôobjet dô®tudes compl®mentaires. 
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Figure S1.1. West-to-East climate gradient. (A) Kriging-interpolated trends in seasonal 

mean temperature (left) and total precipitation (right) over the 1970-2005 period. 

Trends were computed at the plot level as the slope of the linear regression between 

the climate variable and the calendar year and were interpolated over the whole study 

area using the ñempirical Bayesian krigingò function in ArcMap 10.4.1 (search radius 

= 1Á, resolution = 0.05Á). (B) Average mean annual temperature and total precipitation 

over the 1970-2005 period, by bioclimatic domain. 



 

Figure S1.2. Workflow diagram of the statistical procedure. The sequential design of the analysis is in 3 steps. (1) The 

detrending model globally removes the effects of size, age and some spatial effects represented by OLT. (2) The climate 

model tries to discover the relationship between the detrended series and each climate variable (temporal effect) for each 

plot. The relationship (direction and magnitude) is represented by the t-statistics of the coefficients of each predictors. (3) 

The above t-statistics (time-independence) was involved in RDA analysis to quantify the effects of several ecological drivers. 

Spatial scales are indicated in parenthesis at each step. Different shadings represent different time-intervals and spatial scales 

for analyses: red shading highlights analyses by ecological district and species involving the whole tree-ring series; orange 

shadings are for 1970-2005 and 1950-2005 time-window and analyses by plot and species; and yellow shading is for time-

independent analyses (those analyses involving no temporal replications of the response variable) by bioclimatic domain.   

1
5

9 



 

160 

S1.3. Raw tree-ring width series statistics. 

Figure S1.3.1. Mean intertree correlation (r-bar), expressed population signal (EPS), 

number of trees and signal to noise ratio (SNR) by landscape unit. The r-bar is an 

estimation of the common variance shared between tree-ring series, i.e. the strength of 

the shared signal (Speer, 2010). Here, r-bar values were computed as cross-correlations 

between detrended and whitened measurement series, and a reference chronology 

(defined by the average of all series within a landscape unit). For information, the mean 

of the correlations r computed between individual series and their associated landscape 

unit master chronology generated by the program COFECHA was 0.39. EPS is a 

measure of the ability of the studied chronology, built from a sub-population, to 

represent the entire (theoretically infinite) population (Buras, 2017). SNR is a measure 

of the strength of this shared signal (mostly the high-frequency signal), i.e. the 

proportion of signal originating from factors of interest versus background noise 

(random variations, and unwanted signals; Speer (2010)). EPS and SNR were 

computed using the R-package dplR.  






























































































































