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RÉSUMÉ 

Au Canada, la forêt boréale est influencée par le climat et un régime des feux spatia-
lement hétérogène. De modifications de la composition et de la structure de la forêt 
boréale sont anticipée en réponse à de conditions climatiques futures plus propices 
à l'activité des feux et aux stres hydriques. Une diminution importante des stocks de 
carbone et notamment de biomasse pourrait avoir des effets considérables sur l'indu -
trie forestière et sur le réchauffement global en raison de l'émission vers l' atmo ph ère 
d'une quantité importante de carbone, notamment au cours des incendies. Malgré son 
importance écologique et ocioéconomique, l'avenir de la forêt boréale canadienne 
semble très incertain car les impacts potentiels des changements climatique futurs 
sur les processus écosystémiques et les stocks de biomasse sont encore mal compri . 
Ainsi, il est néce saire d'approfondir nos connaissances sur les effet des changements 
climatiques sur la forêt boréale au Canada en lien avec le régime des feux. Ce connais-
ances devraient contribuer au développement de stratégie d'adaptation fiables au ein 

du secteur forestier. 

L'objectif principal de ce doctorat est d'anticiper les conséquences des changements 
climatiques sur la dynamique de végétation et des incendies, et de caractériser leurs 
effet conjoints sur la résilience de la forêt boréale de l'Est canadien de part et d'autre 
de la limite nordique de forêts sou aménagement. Pour ce faire, des simulations sont 
réalisée avec le modèle de la dynamique globale de végétation LPJ-LMfire qui mo-
délise la dynamique de la forêt en réponse aux variations climatiques et à l'occurrence 
de feux. Cette thèse se décline en trois objectifs, chacun pré enté sous forme d'un 
chapitre : (1) reconstruire l'activité de feux en forêt boréale del' Est canadien durant le 
dernier siècle (1901 -2012) pour analyser l'évolution des tendances spatio-temporelles 
des feux en relation avec la végétation et le climat, (2) projeter la réponse de la forêt 
boréale de l'Est canadien aux changement climatiques et à 1 'augmentation prévue de 
incendie afin de déterminer si des changements brusques de la biomasse des espèce 
dominantes sont à envisager dans le futur, (3) simuler les trajectoires temporelles des 
feux et de la végétation en forêt boréale de l 'E t canadien au cours des 6000 dernières 
années en répon e aux variations climatiques dans le but de comprendre les relations 
étroites qui ont existé sur une longue échelle de temps entre le climat, le feu et la végé-
tation. 

Cette étude propose pour la première fois des simulations effectuées avec le modèle 
LPJ-LMfire ur une longue échelle temporelle (passé, présent et futur) et à haute ré-
solution spatiale sur la forêt boréale de l'Est canadien. Toutes les simulations réali-
sées avec LPJ-LMfire ont été effectuées au pas de temps mensuel sur une grille de 
100 km2 de résolution couvrant la forêt boréale qui s'étend de la province du Mani-
toba à l' Ouest jusqu'à la province maritime de Terre-Neuve à l'E t. LPJ-LMfire a été 
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paramétré pour quatre types fonctionnels de plante (PFT ) correspondant aux princi-
paux genre d 'arbres présents en forêt boréale de l'Est canadien (Picea, Abies, Pinus, 
Populus). Le capacité prédictives de LPJ-LMfire ont été examinées en comparant 
nos simulations des taux annuels de combustion et de biomasse aérienne avec des en-
sembles indépendants de données sur le dernier siècle. En outre, une comparai on des 
taux annuels de combustion et de biomas e aérienne, imulés sur les 6000 dernières 
années, a été effectuée avec des recon tructions paléoécologiques obtenue à partir de 
enregistrements lacustres de charbons et de pollen , re pectivement. Enfin, la version 
de LPJ-LMfire développée ici a été utili ée pour obtenir des trajectoire futures sur le 
21 ème siècle à partir d'un ensemble de scénarios climatique de l'IPCC. 

Les résultats principaux de cette étude ont révélé que LPJ-LMfire reproduit correcte-
ment les tendances spatio-tempore11es de la fréquence de feu observée au cours du der-
nier siècle, particulièrement au Manitoba et en Ontario. La tendance spatiale simulée 
de ]a bioma se aérienne totale de arbre concorde également avec les observations, à 
l'exception de la bioma e à la limite nord des arbre qui est surestimée, principalement 
pour le PFT Picea. Les trajectoire imulées de la fréquence de feu et des changement 
de végétation au cours des 6000 dernière année n'étaient pas synchrone avec le 
reconstructions de la fréquence de feu et de la biomasse arborée pour la région. LPJ-
LMfire ne imule pas les changements de la dynamique de la forêt aux bons endroits : 
trop au ud pour ]a zone ouest et trop au nord pour la zone est. À première vue, il sem-
blerait quel' écart entre les trajectoire simulées et le recon tructions paléoécologique 
soit attribuable aux incertitudes des données climatiques IPSL-CM5A-LR fournies en 
entrée dans le modèle LPJ-LMfire. 

La variabilité climatique et l 'occurrence des impacts de foudre sont des facteurs déter-
minants des tendances spatio-temporelles de la fréquence de feu au cours du dernier 
siècle. L'influence des effets de rétroaction de la végétation sur le feux s'est révélée 
être un facteur important contrôlant les tendances spatio-temporelles de la fréquence 
de feu sur de longues échelle de temps. Nos résultat vont à l'encontre des projections 
d'augmentation du risque de feu futur car ils suggèrent une diminution de la fréquence 
de feu d ' ici 2100, particulièrement dans les régions sud de notre zone d'étude. Cette 
diminution sera associée à un changement de composition des forêt , en particulier de 
taxons ré ineux vers des taxons feuillus, et à une ouverture des paysages qui du fait 
de la fragmentation accrue, devrait limiter le allumages et la propagation de feux . 
Par conséquent, le simulations de la variabilité interannue11e de la fréquence de feu 
doivent prendre en compte les effet conjoints de l'occurrence de allumages par les 
impacts de foudre, des conditions climatiques et météorologiques et des conditions du 
combustible, ainsi que des rétroactions entre les différentes composante du sy tème. 

L'augmentation de la fréquence et de l'inten ité de sécheresses indui te par les chan-
gements climatiques provoqueront une hausse de événements de mortalité des arbre 
dans le régions au sud de la limite nordique de forêt sous aménagement. La hausse 
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de température et de concentration en C02 atmosphérique augmentera la produc-
tivité de forêt . Toutefoi , cet accroi ement de productivité ne era pa illimité et 
pourrait être contraint par le effet de échere e ur la mortalité des arbre , par-
ticulièrement dan le région ud. Une diminution de tock de biomas e et de la 
ré ilience de la forêt boréale au ud de la limite nordique de forêt ou aménagement 
pourraient engendrer de retombées économique négative importantes sur le secteur 
forestier. La mise en place de pratique ylvicoles qui permettent d ' augmenter la pro-
ductivité et maintiennent un niveau de ré ilience uffi ant pour permettre une gestion 
durable de forêt est proposée. 

Mots clés: Modéli ation , LPJ-LMfire, Changements climatique , Aménagement fore -
tier, Forêt boréale, Feux, Dynamique de végétation. 





ABSTRACT 

In Canada, boreal fore t vegetation is modified by climate and heterogeneous wildfire 
regime . In the boreal fore t, changes in both vegetation compo ition and structure are 
anticipated as are ult of future climate condition that will be characterized by increa-
ed water stres and more fire prone conditions. The consequence of more evere and 

frequent fires will include increa ed relea e of carbon to the atmo phere, los of carbon 
tock, notably in the tree tanding biomas compartment, that could in tum have con i-

derable impact on fore t indu trie . De pite it obviou ecological and ocioeconomic 
importance, the future of Canada's boreal fore t i highly uncertain con idering that 
future potential climate change impact on ecosystem proce e and biomass stock 
are till incompletely under tood. Thus, there i an increasing need to better understand 
the impact of climate change on boreal fore ts in relation to fire regime. Thi hould 
contribute to the development of adaptation trategie to en ure u tainability in the 
fore t ector. 

The main objective of thi PhD the is i to evaluate the potential effect of climate 
change on vegetation and fire dynamics, and to characterize their combined effects on 
ea tern Canada' boreal fore t, north and outh of the managed fore t northern limit. 
We u ed simulation from the LPJ-LMfire dynamic global vegetation model which si-
mulate fore t dynamic in re pon e to climate variation and fire regime. Thi main 
objective ha been addre ed u ing three chapter dedicated to : ( 1) recon tructing fire 
activity in eastern Canada' boreal forest du ring the last century (1901-2012) to ana-
lyse the dynamics of fire patio-temporal trend in relation to vegetation and climate, 
(2) projecting ea tern Canada' boreal fore t re pon e to climate change and the an-
ticipated increase in fire activity to determine if abrupt change in dominant specie 
bioma should be expected in the future, (3) imulating fire and vegetation temporal 
trajectorie in ea tern Canada' boreal fore t over the last 6000 year in respon e to 
pa t climate variation in order to under tand the relation hip that have per i ted over 
a longer time-scale among climate, fire and vegetation. 

For the fir t time, imulations performed with the LPJ-LMfire model are based on long 
time- cales covering the pa t (last 6000 year ), the pre ent and the future (present-day 
to 2100), and at high patial re olution covering ea tem Canada ' boreal fore t. All 
LPJ-LMfire simulations were performed with a monthly time step on a 100 km2 re o-
lution grid covering boreal forest region from Manitoba to Newfoundland. LPJ-LMfire 
wa parametrized for four Plant Functional Type (PFT ) that corre pond to the mo t 
abundant tree genera in ea tern boreal Canada (Picea, Abies, Pinus, Populus). The pre-
dictive kill s of LPJ-LMfire were examined by comparing our simulations of annual 
burn rate and biomas with independent data et from the 20th century. In addition, 
comparison of annual burn rates and bioma wa conducted with palaeoecological re-
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construction obtained from lacu trine-charcoal and pollen records, re pectively. The 
current LPJ-LMfire version developed in thi tudy wa used to project future trajecto-
ries for the 2 1 ~t century from a multi-model ensemble of IPCC climate cenario . 

We showed that LPJ-;LMtire adequately imulates patio-temporal trend in fire fre-
quency observed over the la t century, particularly in Manitoba and Ontario. The gene-
ral spatial pattern of simulated total tree biomas al o matched the ob ervation , with 
the notable exception of overe timating biomas at the northern treeline, mainly for 
PFT Picea. Simulated trajectories of tire frequency and vegetation change during the 
last 6000 years were not ynchronou with recon truction of tire frequency and tree 
biomass for the region. LPJ-LMtire imulation captured the change in fore t dyna-
mics further outh in the west and further north in the ea t compared to the empirical 
data. We uggest that the discrepancies between imulated and observed trajectories are 
associated with uncertainty in the IPSL-CMSA-LR climate data et that wa u ed as an 
input to the LPJ-LMfire model. 

Climate variability and lightning occurrence are important factor in determining the 
patio-temporal trends in tire frequency over the la t century. Likewi e, vegetation feed-

back effect related to fuel quantity and quality are important in controlling spatio-
temporal trend in fire frequency over multi-millennial time scales. Contrary to the 
projected increa e in future tire ri k, our re ult ugge t a decrease in fire freq uency 
by 2100, mainly in southern region of the tudy area. This decline will be a ocia-
ted with land cape opening and a hift in fore t compo ition from needleleaf evergreen 
( oftwood) to broadleaf deciduou (hardwood) taxa, which hould limit ignition and fire 
spread. We conclude that simulation of interannual variability of tire frequency hould 
take into account the joint effects of lightning occurrence, climate weather conditions 
and fuel conditions, as well as their interactions and feedbacks. 

An increase in inten ity and frequency of drought induced by climate change will pro-
bably trigger a ri e in tree mortality event in outhern area of the managed fore t 
northern limit. Ri ing temperature and atmo pheric C02 concentration appear likely 
to increase forest productivity. However, this increa e in productivity will not be un-
limited and could be con trained by heat-induced tree mortality, mainly in outhern 
regions. A decrease in biomass tock and re ilience of boreal forest in the outh of 
the managed forest region could have large negative economic impact for the fore t 
industry. Implementation of future ilvicultural practice that increa e producti ity and 
maintain a le el of re ilience ufficient for u tainable fore t management will be nee-
ded. 

Keywords: Modelling, LPJ-LMfire, Climate change, Fore t management, Boreal forest, 
Wildfires, Vegetation dynamic 



INTRODUCTION GÉNÉRALE 

L'augmentation de émission de gaz à effet de serre, eau ée par l'intensification de 

activité anthropique telle que l'industrialisation et la déforestation depuis l'ère pré-

industrielle, est la principale cause du réchauffement global ob ervé depuis le milieu 

du 20ème iècle (Cook et al. , 2016; Ore kes, 2018). Le Groupe d ' expert Intergouverne-

mental ur }'Évolution du Climat (GIEC) indique dans son 5ème rapport (IPCC, 2014) 

que l ' augmentation de émi ion de dioxide de carbone (C02) imputables à 1' u age 

de combustible fo ile erait respon able de plu de la moitié de l' augmentation de 

la température annuelle moyenne à la urface du globe observée depuis 1951, à avoir 

+ 0.12 °C par décennie. Il a également été démontré que les activités humaines auraient 

eu des répercussions sur le phénomènes météorologique et climatiques extrême , tel 

que le vague de chaleur et le forte précipitation , dan diver es régions du monde 

depui le année 1950 (Solow, 2015; Trenberth et al. , 2015). Selon l'ensemble de mo-

dèle climatique globaux, ce tendances climatiques observées depuis le début de l'ère 

industrielle devraient s'accentuer dans le futur avec des changements d'autant plus im-

portants que le émis ion anthropique de gaz à effet de erre eront élevée (!PCC, 

2014). L'impact de changement climatique ur le éco y tèmes terre tre a déjà été 

ob ervé depui le milieu du 20ème iècle (p. ex. le blanchiment de la Grande Barrière 

de corail, le dépérissement forestier induit par le climat) et devrait s'accentuer dan le 

futur à mesure que le réchauffement s'amplifie (IPCC, 2014 ). 
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0.1 Interaction végétation-climat-feux en forêt boréa]e au Canada 

La forêt boréale compte parmi les écosystème terre tre les plus vulnérables face aux 

changement climatique pui que cette forêt, ituée dan le haute latitudes de l' hémi-

sphère Nord, e t susceptible de ubir des changement climatique de plus fortes am-

plitudes comparées aux forêt plu méridionale (IPCC, 2014; Mery et al., 201 O; Price 

et al. , 2013). La forêt boréale englobe environ 30 % de la superficie fore tière mondi ale 

et se situe en majorité en Ru ie (60 %) et au Canada (28 %) (Figure l a; Brandt et al., 

2013; Peh et al., 201 5). En tockant 32 % du carbone forestier planétaire dans la végé-

tation et le ois (Pan et al., 2011 ), elle joue un rôle crucial dans le cycle du carbone 

sur Terre (Deluca and Boi venue, 2012; Hobbie et al., 2000). La zone dans laquelle 

s'étend la forêt boréale est caractéri ée par un climat continental froid avec des hiver 

longs et rude , des saison de crois ance courte et fraîches, de grandes amplitudes an-

nuelles de température et de faib le précipitation e ti ales (Brandt et al., 2013; Peh 

et al., 2015). Le taux de décompo ition de la matière organique est lent (Hobbie et al., 

2000; Peh et al., 20 15) et la disponibilité en nutriment est faible (Deluca and Boisvenue, 

2012; Hedwall et al. , 2015; Peh et al. , 2015). La mo aïque fore tière est principalement 

composée de peuplement de conifères et de feui llu adapté à de conditions froide 

(p. ex. Picea spp., Pinus spp., Populus spp.), de parterre fore tier dominé par de 

mous e et de lichen , ain i que de lacs, rivière et multiple zone humides telle que 

des tourbière (Brandt, 2009; Peh et al., 2015). Cette mo aïque paysagère n' est toute-

fois pas uniforme pui qu'elle est fortement influencée par des gradients climatique , 

des régimes de perturbations naturelle hétérogène et de activité an thropique dan 

sa partie la plu méridionale. 

Dan l ' E t du Canada, la végétation de la forêt boréale est infl uencée par un gradient de 

température décroissant du sud vers le nord (Peh et al., 2015) et un gradient de préci-

pitation croi ant de l'oue t à l'e t (Bergeron et al., 2014). Alor qu'on retrouve e sen-
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de succession (p. ex. Populus spp., Betula spp) et des espèces de conifères adaptées 

au feu (p . ex. Pinus spp., Picea spp.; Boucher et al., 2017). En effet, certaines espèces 

de conifères telles que le pin gris (Pinus banksiana) et l'épinette noire (Picea ma-

riana) produisent des cônes sérotineux (ou semi -sérotineux) qui protègent les graines 

de la chaleur et assurent ainsi une régénération et une colonisation post-incendie rapide 

(Gauthier et al., 1996). Le feu participe également au rétablissement de la productivité 

des peuplements en diminuant l'épaisseur de la matière organique à la surface du sol 

(Fenton et al., 2005) et en redistribuant les nutriments jusqu'alors séquestrés dans la 

végétation et les sols (Anyomi et al., 2014 ). La réduction de l'épaisseur de la couche 

de matière organique, voire sa disparition, est particulièrement favorable à la régéné-

ration de forêts fermées composées d'espèces feuillues et du pin gris, des espèces peu 

tolérantes à une épaisse couche de matière organique (Pacé et al., 2016). À l'inverse, 

la présence d'une épaisse couche de matière organique favorise l'ouverture des peuple-

ments dominés par les épinettes (Terrier et al. , 2014; Pacé et al., 2018). Par ailleurs, des 

feux successifs très rapprochés dans le temps contribuent à l'ouverture des paysages en 

diminuant la banque de graine dans les cônes et la production de semences (Le Goff 

and Siroi , 2004; Siroi , 2000). Dan ce cas, les forêts de conifères fermées se trans-

forment en forêts ouvertes colonisée par des lichens et des éricacées (Girard et al., 

2008). 

Le régime des feux, généralement décrit par plusieurs attributs tels que la fréquence, 

l'intensité, la taille, la saisonnalité, le type ou encore la profondeur de brûlage (Keeley, 

2009), est hétérogène en forêt boréale (Boulanger et al. , 2012). Par exemple, 1 'activité 

de feux e t plus élevée dans la partie ouest que dans la partie est de la forêt boréale 

canadienne, et dans les régions septentrionales (Flannigan et al., 2005, 2009; Bergeron 

et al., 2014; Boulanger et al., 2014). L'activité de feux dépend de la conjoncture de 

plusieurs facteurs tels que les condition favorables au départ d'un feu puis à sa pro-

pagation, et également de la disponibilité du carburant (Flannigan et al., 2009, 2005; 
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Figure 1. Locali ation de (a) la forêt boréale au Canada (en brun) et (b) de la limi te nordique 
des forêts sous aménagement (ligne noire, combinaison de McKenney et al. 2016 et de la limite 
territoriale des forêt attribuable au Québec adoptée par le Ministere des Forêts, de la Faune et 
des Parcs en 2016). Le pourcentage de végétation arborée à une résolution de 250 m e t extrait 
de Beaudoin et al. (2014) . 

tiellement des forêts fermée au sud, les température froides, entraînant de conditions 

d'établissement et de crois ance de arbres plus difficiles, sont en partie responsables 

d'une uverture des pay ages fore tiers vers le nord pouvant aller ju qu'à un paysage 

de toundra forestière (Figure 1 b ; Brandt et al. , 2013) . La dynamique de la végéta-

tion e t également façonnée par le feu , considéré comme la principale perturbation 

naturelle en forêt boréale au Canada, qui modifie la structure et la composition de la 

forêt (Gauthier et al., 2000; Boucher et al., 2017; Danneyrolles et al. , 201 6). Un pay-

sage soumi à une forte activité de feux se caractéri e par la présence de peuplement 

jeunes (Van Wagner, 1987) contenant majoritairement des e pèces feui1lues de début 
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Moritz et al., 2010). Ce facteur sont contrôlé par des agent d'allumage tel que 

le impacts de foudre, le conditions climatique et météorologique , l 'environnement 

phy ique, le type et la quantité de combu tible et par les activité anthropique (Flan-

nigan and Wotton, 2001; Hély et al., 2001; Macias Fauria and Johnson, 2008; Parisien 

et al., 2011; Peter on et al., 2010; Stock et al., 2003). La foudre, con idérée comme un 

échange d 'énergie électrique entre l'atmo phère et le ol et ré ultant d ' une in tabilité 

atmosphérique, e t le principal agent d 'allumage en forêt boréale au Canada (Brad haw 

and Sykes, 2014; Flannigan et al., 2000; Stock et al., 2003) et agit ur la fréquence et 

la densité spatiale de feux en forêt boréale (Flannigan et al., 2005; Peterson et al., 

2010). Localement, le condition météorologique con tituent un déterminant majeur 

de régime de feux de forêt puisqu 'elle conditionnent l ' humidité du combustible et 

par con équent l'allumage et la vite e de propagation du feu (Flannigan et al., 2000; 

Flannigan and Wotton, 2001 ). À une échelle plus large, plu ieur facteur chmatique 

tel que la température, le précipitation et le vents influencent également l ' humi-

dité de combu tible et la propagation de feux (Hély et al., 2001 ). Par exemple, de 

phénomènes récurrent de blocage des crête de hautes pres ions au niveau de la tro-

po phère provoquant un a èchement du combu tible favori ent l 'occurrence de grand 

feux dan les région le plu eptentrionales de la forêt boréale (Bonsaï and Wheaton , 

2005). Certains facteur environnementaux, tel que la topographie, le lac et zone 

humide , et le dépôt de surface, peuvent également influencer le régime de feux en 

agis ant comme barrière dan la propagation de feux (Erni et al., 2017; Portier et al., 

2016) ou en conditionnant le drainage de ol (Gauthier et al., 2000; Man su y et al., 

2011). Pour ce qui e t du combustible, on note que les ri sques d'incendies sont plus 

faible dan le peuplement jeune ou compo é de feuillu que dan le peuplement 

vieux ou compo é de conifères (Bernier et al., 2016). En effet, les conifères possèdent 

de nombreux compo é chimiques hautement inflammables tel que des terpénoïde et 

autre compo é organique volatil , notamment dans leur ré ine et écorce, associée à 
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une plus faible teneur en eau comparativement aux feuilles des feuillu (Terrier et al. , 

2013; Van Wagner, 1987). De plu , les feui ll u ont ou ent a ocié à une végéta-

tion de sou -étage caractéri ée par une plu haute teneur en humidité que la végétation 

de sous-étage as ociée aux conifères (Hély et al. , 2001). Enfin, le activités anthro-

piques en forêt boréale peuvent affecter l'activité de feux de différente façons, soit en 

augmentant l'allumage, oit en diminuant la propagation de feux via la lutte contre 

les incendie ou en altérant la charge et l 'agencement spatial de combu tibles à tra-

vers l'aménagement forestier (Flannigan et al. , 2000, 2005; Stocks et al., 2003; Wotton 

et al., 2003) . 

0.2 Aménagement forestier durable et changement climatique 

Depuis le début du 20ème iècle, l' aménagement forestier constitue une part importante 

de l'économie du Canada (Brandt et al., 20 13; Natural Re ource Canada, 2017) en 

raison de la riche e de matière ligneu e que renferme la forêt boréale. Les ventes de 

bois ont ain i généré plu de 1,3 milliard de dollar canadiens en 2015 pour une uper-

ficie de forêt exploitée égale à 780 000 hectare (Canadian Council of Forest Ministers, 

2017). Cependant, la récolte du bois au Canada e t contrainte par la limite nordique 

des forêt sous aménagement (Figure lB) qui sépare les forêts sou aménagement au 

ud, de forêts non aménagée et pré ervée de l'exploitation fore tière au nord (Brandt 

et al. , 2013). La limite nordique des forêt ou aménagement s'in ere dan le contexte 

d'aménagement fore tier durable adopté par le Canada en 1992 (Natural Resources Ca-

nada, 2017). L' aménagement durable de la fo rêt vi e l'obtention d'un certain volume 

de bois i u d'arbre de dimen ion acceptable à l'intérieur d'une période de temp 

raisonnable. Toutefoi , face à l'occurrence de perturbation naturelle et aux condi-

tions climatique changeantes, la capacité de régénération des écosy tème doit être 

uffisante pour maintenir de forêts den e et productives, garante d'un approvision-

nement continuel (Government of Canada, 2003). La limite nordique de forêt sou 
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aménagement a donc pour but de protéger les peuplements fore tiers les plus sensible 

aux effet cumulatifs du climat, des régime de perturbations et de l'aménagement fo-

restier. En effet, les peuplements forestiers localisés au nord de la limite nordique des 

forêts sous aménagement présentent des densités de tiges variables (Figure 1 b) et sont 

généralement peu productifs et donc de faible résilience, cette dernière étant définie 

comme la capacité de la forêt à se rétablir uite à des perturbations. Ces paysages de 

plus en plus ouverts vers le nord ont le résultat de conditions édaphiques limitantes, 

d'un climat rude et d'accidents de régénération post-incendies (Arseneault, 2001; Gi-

rard et al. , 2008; Payette et al., 2008). Il existe actuellement des pressions économiques 

importantes en faveur d ' une extension de la forêt commerciale vers le nord puisque les 

prévi ions de l'augmentation des températures pourraient supposer une meilleure pro-

ductivité. Or, certains processus biologiques et écologique actuellement limité par les 

conditions climatiques froides pourraient mener à une diminution de la résilience de la 

forêt boréale au Canada, en lien avec le changements dans les régimes de température 

et de précipitation. 

Les prévisions climatiques pour le Canada indiquent une augmentation des tempéra-

ture entre + 1.8 et + 6.3 °C d'ici la fin du 21 ème siècle comparativement à la période 

1986 - 2005 (CMIPS). Cette augmentation de température devrait se traduire par des 

hivers plus cléments et plu courts avec notamment des printemps plus précoce (IPCC, 

2014; Price et al., 2013). Ilet également prévu un déficit hydrique par rapport à l'ac-

tuel pour les prochaines décennies en raison d'une hausse des températures que ne 

compensera pas l'augmentation des précipitations supposée (IPCC, 2013). Par ailleurs, 

une augmentation de la fréquence et de l'amplitude des événements météorologiques 

extrêmes tels que le séchere ses e t anticipée (IPCC, 2014; Price et al., 2013). Les 

effets bénéfiques d'une augmentation des températures, de la durée de la saison de 

croissance et de la concentration en C02 atmosphérique sur la productivité de la forêt 

boréale pourraient être donc contrebalancés par une hausse des stress hydriques entraî-
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nant des événements de mortalité des arbres importants (Girardin et al. , 2014; Allen 

et al., 2010). Les observations récentes ont montré que d'importante baisse de crois-

sance avaient eu lieu en forêt boréale au Canada depuis les années 1950 malgré l 'aug-

mentation des températures (Girardin et al. , 2016) et ce phénomène pourrait s'amplifi er 

avec les changements climatique à venir (Girardin et al., 2014). Il existe néanmoins 

actuellement une controverse majeure sur la balance entre les effets bénéfiques et néga-

tifs des changements climatiques ur la productivité de la forêt boréale (Girardin et al., 

2016; D'orangeville et al., 2016 ; Charney et al., 2016; Boucher et al., 2018; Boulanger 

et al., 2017) sur laquelle cette thèse de doctorat va apporter de nouveaux éléments de 

réponse. 

Les projections suggèrent une augmentation de la fréquence et de la taille des incendie 

dans le futur (Flannigan et al., 2009, 2016; Girardin et al. , 2013; Girardin and Mudel-

see, 2008 ; Kra use et al., 2014; Wotton et al., 2017). Si la relation entre la température 

printanière et la surface totale brûlée se maintient, les superficie brûlées pourraient 

être multipliées par trois pour chaque degré de température supplémentaire (Al i et al., 

2012). Ces modifications pourraient avoir de effet con idérable sur la composition 

et la structure de la forêt boréale (Boulanger et al., 2017 ; Taylor et al. , 2017). L'aug-

mentation des feux (fréquence et/ou uperficie brûlée) au cours de 50 dernières année 

a déjà entraîné une diminution de 9 % de forêt denses d'épinette noire au profit de 

peuplement forestiers plu ouve11s (Girard et al., 2008) . En forêt boréale, 1 'ouverture 

prolongée du couvert forestier favorise soit un couvert de lichens sur les sites xériques 

qui affecte la croissance des arbres en modifiant les conditions nutritives du sol (Pacé 

et al., 2016), oit un couvert de phaigne sur les sites hydriques à ubhydrique qui en-

traine une diminution de la productivité de arbres en infl uençant le contenu en eau de 

la couche organique (Pacé et al., 2018; Terrier et al. , 2014). Par ailleur , l 'augmentation 

des feux pourrait également avoir des impacts sur le réchauffement global en raison de 

la libération vers l'atmosphère du carbone séquestré dan la végétation et dan la ma-
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tière organique de horizon uperficiel du ol (Landry and Matthew , 2016). Bien que 

la majorité de étude s'accorde ur une inten ification du régime des feux, l'augmenta-

tion attendue de peuplement jeune campo é majoritairement de feuillu devrait par 

rétroaction à moyen terme limiter la capacité de propagation des feux et donc freiner 

l'intensification de régime de feux (Hély et al., 2000; Bernier et al., 2016; Marchal 

et al., 2017). Ce effet de rétroaction négatif de la modification de la campo ition 

du pay age ur le régime de feux ont ju qu ' à pré ent rarement été pri en compte 

dan les études et tendent à rajouter de l'incertitude dans les prédictions du régime de 

feux en répon e aux changements climatique . Le déplacement de aires de répartition 

de e pèce vers des latitude plu septentrionale est également envisagé alor que de 

nombreux processus biologiques et écologique ont limités par le condition clima-

tique actuelles (Fei et al. , 2017; Fisichelli et al. , 2014). Cependant, même i cela re te 

difficile à quantifier, le zones climatiques pourraient se déplacer plus rapidement vers 

le nord que ce que la capacité de migration des arbres le permet (Ep tein et al. , 2007; 

Gauthier et al., 2015). 

Face aux altération attendue de la campo ition et de la tructure de la forêt boréale au 

Canada, l'aménagement fore tier tel qu'il e t pratiqué aujourd ' hui est remi en que -

tian. Les industries fore tière vont en effet devoir adapter leurs pratique ylvicole 

i elle veulent re pecter le enjeux écologique et socio-économique de l ' aménage-

ment fore tier durable. Pour réduire le incertitude , il est par con équent néce aire 

d'approfondir nos connais ances ur le effet des changement climatique sur la forêt 

boréale au Canada en relation avec le régime des perturbations naturelle . Ces cannai -

ance devraient contribuer au développement de tratégies d ' adaptation fiable au ein 

du ecteur forestier. C ' e t dan cette démarche que 'in crit cette thè e de doctorat dont 

le principal objectif e t d'anticiper le con équences de changement climatique ur 

la dynamique de végétation et de incendie , et de caractériser leurs effets conjoint ur 

la ré ilience de la forêt boréale de l'E t canadien de part et d'autre de la limite nordique 
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des forêts sous aménagement. 

0.3 Une large gamme d'outil de modélisation 

Plusieurs outils de modél isation ayant des degrés de complexités variables exi tent ac-

tuellement pour projeter les réponses de la végétation et des feux aux changements 

climatiques (Fisher et al., 2018; Kerns and Perterson, 20 14; Krawchuk et al., 2012; 

Michetti and Zampieri, 2014). Les modèle les plu simple sont les modèles de di -

tribution d'espèces ( « Species Distribution Models », SDM ) qui se basent sur des 

corrélations entre le climat et le distributions d'espèces (Miller, 20 l 0). Souvent ap-

pliqués à des résolution spatiales fi nes, ce modèles corrélatifs permettent de simuler 

rapidement de nombreuses distributions d'e pèces (Harris, 20 15). Ils ne prennent toute-

fois pas en compte des processus importants de la réponse de la végétation aux change-

ments climatique tels que l'efficacité de l'utilisation de l'eau par le plantes en répon e 

à 1' augmentation des concentrations atmosphériques de C02 ou encore la dynamique 

des perturbations. Parmi les modèles les plus complexe , on retrouve le modèles de la 

dynamique globale de végétation ( « Dynamic Global Vegetation Models. », DGVMs). 

Ces modèles mécanistes simulent un certain nombre de processu écophysiologiques, 

biogéochimiques et hydrologique impliqués dans le répon es de la végétation et des 

perturbation aux changement climatique (Hantson et al., 2016; Peh et al., 2015). De 

nombreux DGVM ont été développé par différents groupe de recherche à travers le 

monde (p. ex. IBIS; Foley et al., 1996; Kucharik et al., 2000, TRIFFID; Cox, 2001, 

LPJ-DGVM; Sitch et al., 2003, ORCHIDEE; Krinner et al., 2005). Ces modèles ont 

à l'origine été paramétrés pour les grands types fonctionnels de plantes (PFT , "Plant 

Functional Types") qui compo ent les grands biomes terrestres (p. ex. la savane, la forêt 

tempérée, la toundra; Peh et al., 201 5), et appliqués à des ré olutions patiale relative-

ment grossières (p. ex. 0,5 degré) à l'échelle mondiale. Par exemple, le biome forestier 

boréal est représenté par seulement deux PFTs ligneux qui distinguent les conifères et 
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les feuillus. Cette représentation simplifiée de la végétation entraîne des incertitudes 

dans ]es projections de ]a distribution de ]a végétation puisqu ' e11e n' inclut pas toutes 

]es rétroactions internes spécifiques aux différentes espèce présente dans le biome bo-

réal (Baudena et al. , 2015). C'est pourquoi des études récentes e sont concentrées sur 

la di ver ification des PFTs et leur reparamétri sation à l' éche11e du groupe d ' espèces, 

plutôt qu ' à l ' éche11e du biome (p. ex. Tang et al. , 2010; Ruosch et al., 2016; Peauce1le 

et al. , 2017). Des simulations ont également été réalisées à des résolutions spatiales 

plus fines (p. ex. ('J 1 km, Shafer et al., 2015) et validées en comparant les sorties de 

modèles avec des observation provenant de données de terrain et de télédétection (p. 

ex. Rollin on et al. , 2017 ; Ruosch et al. , 2016; Schibalski et al. , 2017). Cette étape de 

validation est importante car, quel que soit le paradigme de modéli sation ou le modèle 

utili é, les me ures de performance extraites d ' un DGVM auront seulement une inci-

dence sur le système réel représenté si le modèle est une bonne représentation de ce 

y tème. Ces efforts d ' affinement des simulation de DGVMs permettent de combler 

le fo é qui existe entre notre compréhension écologique et les représentations de la 

dynamique de la végétation et de perturbations dans les DGVMs, et ce, afin d ' amélio-

rer les projection de la réponse de la végétation et des perturbation aux changements 

climatiques (Baudena et al. , 2015). 

0.4 Les modèles de dynamique des feux basés sur les processus 

Des simulation réali tes de la dynamique de végétation néces itent l'inclusion dans 

les DGVMs du régime des perturbations qui , comme nou l'avon expliqué dans la 

ection 1.2, modifie la structure et la composition des peuplements forestiers et in-

fluence les bilans globaux de carbone (Pfeiffer et al. , 2013). À notre connaissance, il 

n ' existe actuellement aucun DGVM qui inclut toutes les perturbations qui affectent la 

forêt boréale au Canada (p. ex. feux de forêt, épidémies d ' insectes, accidents de régé-

nération, aménagement fore tier, ... ). Le feu étant la principale perturbation en forêt 
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boréale au Canada, il nous a semblée sentie} d 'util i er un DGVM capable de simuler 

correctement les feux sur notre zone d'étude. Au cours des dernière année , des efforts 

considérable ont été déployés pour améliorer les modèle de la dynamique de feux ba-

sé sur les processus (p. ex. SPITFIRE ; Thonicke et al., 2010, Reg-FIRM; Venev ky 

et al., 2002, MC-FIRE; Lenihan and Bachelet, 2015, LMfire; Pfeiffer et al., 2013) et le 

intégrer dans les DGVMs (p. ex. ORCHIDEE-SPITFIRE, LPJ-LMfire , CTEM-FIRE; 

Hantson et al., 2016; Rabin et al., 2017). Cependant, de études récentes ont mis en 

évidence que chaque DGVM possède ses propres forces, faiblesses et limites (Fisher 

et al., 2018; Quillet et al., 2010; Xia et al., 2017). Par conséquent, le choix d'un ou de 

plusieurs DGVM dépend es entiellement de la problématique scientifique et du biome 

étudié (Quillet et al., 2010). Bien que la plupart de incendies dans le monde so ient dé-

clenchés accidentellement ou intentionnellement par les humains (Krause et al. , 2014), 

c'est près de la moitié des incendies qui sont déclenché par la foudre en forêt bo-

réale au Canada, ces feux étant respon able de 81 % de la superficie totale brûlée 

(Stocks et al., 2003). La majorité de modèles de la dynamique de feux ba é sur le 

proce su génèrent des feux dits « naturel », oit à partir d'une densité d 'impact de 

foudre constante (p. ex. MC-FIRE, Reg-FIRM, CTEM-FIRE, GlobFIRM), soit à par-

tir de climatologie moyennes mensuelles observée des densités d'impacts de foudre 

(p. ex. SPITFIRE; Hantson et al., 2016) réparties sur le jours de pluie dans le moi 

(p. ex. LPX, LMfire ; Hantson et al., 2016; Pfeiffer et al., 2013; Prentice et al., 2011 ). 

Ces techniques ne permettent pas de prendre en compte la variabil ité interannuelle de 

l'occurrence des impacts de foudre qui e t une composante e senti elle de l'occurrence 

des feux en forêt boréale (Peterson et al., 2010; Pfeiffer et al., 20 13). Par conséquent, 

ces modèles de feux sous-estiment généralement les aires brûlée annuellement dan 

les zones où le feux sont principalement eau é par la foudre (Pfeiffer et al., 2013). La 

variabilité interannuelle de 1' occurrence de impact de foudre est prise en compte dan 

les simulation effectuées avec le modèle LPX et LPJ-LMfire en utili ant l'informa-
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tion d ' une série temporelle del' énergie convective potentielle di ponibles (CAPE), un 

proxy robuste de l'activité de foudre (Peter on et al., 2010· Romp et al., 2014). Le 

ré ultat ont montré que la fréquence de feu imulée par LPJ-LMfire en forêt boréale 

concordait mieux avec le observation que celle simulée par LPX (Pfeiffer et al., 2013; 

Prentice et al., 2011 ). En effet, LPJ-LMfire inclut également des processu spécifique 

de la dynamique de feux qui reflètent de prè le comportement de incendie en fo-

rêt boréale (Pfeiffer et al., 2013). Par exemple, LPJ-LMfire permet une propagation et 

une durée de feu ur plu ieur jour (Pfeiffer et al., 2013) alor que le modèle SPIT-

FIRE et LPX ne permettent pas des durée d ' incendie de plu de 4h (Prentice et al., 

2011; Thonicke et al., 2010), ce qui n' e t pa réali te pour le feux en forêt boréale 

(Sedano and Rander on, 2014) . De plu , LPJ-LMfire a la particularité de permettre 

la coale cence de feux (Pfeiffer et al. , 2013), contrairement aux autre modèle . Or, 

le trè grands feux, généralement issus de départs multiples , sont importants en forêt 

boréale pui qu'il représentent 97 % de l'aire brûlée annuellement, alor qu ' il ne car-

re pondent qu'à eulement 3 % de tou le feux (Stocks et al., 2003). Enfin, la capacité 

du modèle LPJ-LMfire à imuler la dynamique de feux en forêt boréale a déjà été va-

l idée en comparant de imulation effectuée ur l 'Ala ka avec des jeux de donnée 

di ponible pour cette zone (Pfeiffer et al., 2013), alors que celle du modèle LPX n'a 

quant à elle été évaluée que sur l 'Au tralie, pour de biomes très différents de la forêt 

boréale au Canada (Kelley et al., 2014). 

D ans le cadre de cette thèse, le modèle LPJ-LMfire a ainsi été choisi pour évaluer l ' im-

pact de changement climatiques sur la dynamique de végétation et de incendie , et 

de caractéri er leur effet conjoints sur la ré ilience de la forêt boréale de l 'E t cana-

dien. L' utili ation de ce nouvel outil de modéli ation néce ite la paramétri ation pour 

le e pèces de la forêt boréale de l 'E t canadien et la validation des simulation à fine 

ré olution. 
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0.5 Le modèle LPJ-LMfire 

Cette ection décrit le fonctionnement du modèle LPJ-LMfire qui e tune version modi-

fiée du modèle LPJ-SPITFIRE. Ce dernier couple le modèle de dynamique globale de 

la végétation LPJ-DGVM (Sitch et al., 2003) et le modèle de régime de feu basé sur le 

processu SPITFIRE (Thonicke et al., 2010). Dan LPJ-LMfire, chaque pixel est simulé 

indépendamment de es voi ins, et ce, même pour la propagation du feu qui est ain i 

contrainte à n'évoluer que dans le pixel où l'allumage e produit. Cela dit, même i la 

résolution patiale est fine ( 10 km x 10 km), celle-ci autori e la propagation de grand 

feux au sei n de chaque pixel. Le sections uivantes pré entent les caractéristique du 

modèle à l' échelle d ' un pixel. 

0.5.1 La végétation dan LPJ-LMfire 

La végétation e t décrite dan LPJ-LMfire en termes de pourcentage de couverture de 

différent type fonctionnel de plante (PFTs, "Plant Functional Type "). Un PFT peut 

représenter des e pèces ou de groupes d'e pèces déterminé conjointement par leur 

fonctions et leur utili ation de re source dan l'éco y tème (Nock et al., 2016). Dan 

la version actuelle de LPJ-LMfire, la végétation est définie par un maximum de neuf 

PFTs. Chaque PFT est contrôlé par un en emble de paramètre clé qui défini ent la 

morphologie (p. ex. maximum de la surface du houppier), la phénologie (p . ex. feuille 

persistante u caduques), la dynamique (p. ex. taux maximal d'établi ement de nou-

veaux individu ) et les limite bioclimatique (p. ex. température minimale du mois le 

plus froid) de e pèce repré entées (Smith et al., 2001 ). Un pixel corre pond à une 

mosaïque de couverture de PFT , de sol nul et d'une couverture en eau (Figure 2a), 

la omme de pourcentage de chacune de ces couvertures ne pouvant dépa ser 100 %. 

Les couvert res de PFTs sont di tincte le une de autre , elle peuvent différer d'un 

pixel à l'autre, et tou les PFTs ne sont pas forcément repré enté ur chaque pixel. 

Chaque population de PFfs e t as ociée à un nombre d'individus moyen par unité 
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de surface (n; Figure 2a) et à une surface de ol couverte par le feuillage d ' un indi-

vidu moyen de la population (FPC, "Foliar projective cover"; Figure 2a). Cette notion 

d ' individu moyen Clm) signifie que les populations de PFT sont représentées par des 

paramètres PFT-spécifique d ' un individu moyen (p. ex. hauteur, aire du houppier ; Fi-

gure 2b) appliqués à tous les individus de cette population. D ans ce cas, le postul at est 

que la valeur d ' un paramètre PFT-spécifique correspond à la moyenne de ce paramètre 

pour tous les individus du PFT, quel que oit l ' environnement dans lequel il s se déve-

loppent et leurs stades de développement (Figure 2c). Les paramètres PFT-spécifiques 

d ' un individu moyen ont mis à l'échelle du pixel en les multipliant par la densité de 

population n et la FPC. Par exemple, le pourcentage du couvert de chaque PFT est ob-

tenu en multipliant la FPC par la surface moyenne du houppier d ' un individu moyen et 

la densité de population n (Figure 2a). 

(a) Paysage modélisé par LPJ-LMfire: pixel de 100 km 2 

PFT 1 
n, I FPC, 

PFT 2 PFT 3 
n2 I FPC2 n3 I FPC3 

PFT4 

1 Couverturex (%) = Surface canopéex * n x * FPC x 1 

nx: nombre d'individus moyen (lm) par unité de surface 
FPCx: surface de sol couverte par le feuillage d'un lm 

(b) Paramètres PFT-spécifique: 
individu moyen (l m) pour la population du PFT 

Surface canopée Feuilles 
Aiguilles ~ 

Hauteur 

Racines 
(0-50 et 

50-100 cm) Conifère 

(c) Paramètre x (Px) d'un lm 

Px = moyenne ( x1 , x2 , x3 , x4 ) 

Figure 2. Schéma du processus de simul ation de populations de PFTs à l'échelle d ' un pixel 
dans LPJ-LMfire (adapté de Smith et al., 2001 ). L'indice de surface foliaire (LAI, "Leaf Area 
Index" ) est une grandeur sans dimen ion gui exprime la surface foliaire (m2 ) d' un individu 
moyen Om) sur 1 m2 de urface de sol. 
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0.5.2 Le données d'entrées 

Les donnée d ' entrées de LPJ-LMfire ont de 5 type (Figure 3a) : (i) des climatolo-

gie men uelle , (ii) des contraintes environnementale , (iii) la concentration en C02 

atmo phérique, (iv) des paramètres PFT-spécifique , et si possible, (v) des usages an-

thropique de terre . Il est important de noter que le perturbation anthropiques n'ont 

pas été con idérée dan ce travail en rai on del' absence de donnée patialement expli-

cite couvrant une période de temp uffi ante au Canada. Les climatologie mensuelle 

carre pondent à de donnée spatialisée de températures, d 'écarts entre la température 

minimale et maximale, de précipitation , de nombre de jours de pluie, de densité d'im-

pacts de foudre, de vite e du vent et de couverture nuageuse (Figure 3a) . Ces série 

temporelle men uelle ont données en entrée du modèle LPJ-LMfire ur la période 

temporelle analysée, mais également en amont sur une période de « spin-up » d'envi-

ron 1000 an afin de remplir les différents compartiments de carbone initialement vide 

et de imuler la végétation en équilibre avec le climat et le sol (Smith et al., 2001 ). 

Le donnée de contrainte environnementale représentent spatialement la texture et 

la typologie du sol, la fraction en eau, l'élévation et la pente (Figure 3a). Le données 

non-spatiali ées de la concentration en C02 atmosphérique sont donnée en entrée à 

LPJ-LMfire au pa de temp annuel. Le paramètre PFT-spécifique sont au nombre 

de 53 et leur valeur sont définie pour chaque PFT en entrée du modèle avant le dé-

marrage du spin-up. 

0.5.3 Le fonctionnement 

À partir des données d'entrée , LPJ-LMfire calcule la dynamique de végétation basée 

ur de proce u quotidien (p. ex. la photosynthè e, l'ab orption d'eau, l'évapotran -

piration) et annuels (p. ex. l'établi sement, la mortal ité, l 'allocation; Figure 3b ). Le cli-

mat men uel est dérivé en conditions journalières à l'aide d' un générateur météo intégré 

dans le modèle (Figure 3b). Le carbone e t défini dans 4 compartiments tissulaire : le 



(a) ENTRÉES 

* Contraintes environnementales : 

* Climatologie mensuelle sur la période étudiée 
et pour une période de 'spin-up' (équilibre 
végétation-climat, -1000 ans) : (1) Température, (2) 
Range de température diurne, (3) Précipitation, (4) 
Nombre de jours de pluie, (5) Densité des impacts 
de foudre , (6) Vitesse du vent, (7) Couvert nuageux 

(1) Texture du so l, (2) Fracti on en eau, 
(3) Élévati on, (4) Pente Usages anthropiques des terres 

* Concentrations annuelles en C02 

atmosphériques 
* Paramètres PFT-spécifique 

* Variables données en entrée dans notre étude 

(b) LPJ-LMfire 
PROCESSUS QUOTIDIENS PROCESSUS 

ANNUELS Climat journalier 
(générateur météo) 

Hydrologie du sol 
(précipitati ons, 

percolation, fontes des 
neiges, évapotranspirati on 
potentielle , rui sse llement) 

Photosynthèse 

Respiration de 
maintenance 

Décompos it ion de la litière 
et du so l 

Compétition des PFTs 
pour la lumière 

Phénolog ie feu illes -
racines 

(c) SORTIES 

LMfire 
Occurrence des feux 

(couvert neigeux, 
topog raphie, caractéristiques 

du carburant, densité de 
foudre) 

Impacts du feu sur la 
végétation 

(Nombre de feux, aire 
journalière brûlée, 

consommation de carburant, 
intensité, mortalité par le feu) 

Comportement du feu 
(vent, type et 

ca ractéristiques du carburant 
(quantité , densité , 

con nectiv ité , humid ité), 
topog raphie, frag mentation 

anthropique 

* Biomasse totale au dessus 
du sol 

* Productivité primaire nette 

* Mortalité induite par la 
chaleur 

Hauteur des arbres par PFT 

Allocation de carbone · 
dans chaque tissus 

(feuil les, aubier, duramen, 
racines) 

A llocation pour la 
reprod uction 

Étab li ssement 

Mortalité (compétiti on à la 
lumière, stress à la 

chaleur, limites 
biocl imat iques, efficacité 

de croi ssance, feux) 

Rotati on de chaq ue 
compartiment (feu illes, 

bo is, racines) 

* Composition en PFT 

* Fracti on annuelle brûlée 

* Nombre d'individus 

Évapotranspiration potentielle 

* Variables analysées en sortie dans notre étude 
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Fi gure 3. Schéma du foncti onnement de LPJ-LMfire montrant les données d 'entrées néce saires 
au modèle, les principaux proce sus calculés quotidiennement ou annuellement, et une li te 
non-exhaustive des vari ables de sorties du modèle . 



18 

feuilles, l'aubier, le duramen et le racine . L' ab orption quotidienne de carbone e fait 

par la photo ynthèse, calculée comme une fonction des radiations photo ynthétique 

ab orbées, des température , de la longueur du jour et de la conductance de la canopée. 

L'hydrologie du sol est modélisée sur deux couches de sol d'épaisseurs différentes, 

mais con tante à l'échelle du pixel, dont la teneur en eau est mise à jour quotidien-

nement en f nction des précipitations, de la percolation, de l' évapotran piration, du 

mis ellement et de la fonte de neige . Lare piration de maintenance e t calculée quo-

tidiennement ur la ba e de ratio carbone/azote, la température, la phénologie et la 

bioma se des différents tissu . La productivité primaire nette (NPP) est calculée à la fin 

de chaque année et correspond au ré ultat net de l'apport de carbone is u de la photo-

synthè e auquel ont été sou trait le dépense pour la respiration de maintenance et le 

coût a ocié à la reproduction. Cette NPP e t ensuite répartie dan le différent ti u 

de telle orte que les contrainte allométrique définies oient satisfaites (p. ex. alloca-

tion plu importante dan le raci ne i tre s hydrique). L'établi sement des nouveaux 

individus au ein de la population repré entant chaque PFf se produit chaque année en 

fonction de l'espace di ponible et de l'état hydrique. La compétition à la lumière entre 

PFTs, le tress à la chaleur, le 1imite bioclimatiques, l'efficacité de croi ance et le 

feux peuvent entraîner de la mortalité dans le populations des PFTs. La bioma e des 

individu mort e t tran férée annuellement dans la litière et la matière organique du sol 

en fonction de paramètres PFT- pécifiques. Au sein des individus vivant , la biomas e 

del ' aubier e t tran formée en duramen. Le variables de orties du modèle LPJ-LMfire 

sont nombreu e et leur choix dépend des objectifs de l'étude. Le pré ent travail de 

recherche 'e t concentré sur la b ioma se totale au-de u du ol, la NPP, le pourcen-

tage de couverture des PFf , la frac tion annuelle brûlée et le taux d'établissement de 

nouveaux individu et de mortalité induite par la échere se (Figure 3c). 
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0.6 Objectifs et structure de la thèse 

Ce travail de doctorat vise à évaluer les conséquences des changements climatiques sur 

la dynamique de végétation et des incendies, et de caractériser leurs effets conjoints sur 

la résilience de la forêt boréale de l'Est canadien. La thèse a été subdivisée en trois par-

ties qui diffèrent principalement par leurs objectifs et les périodes temporelles étudiées 

(Figure 4). Tous les chapitres de cette thèse correspondent à des simulations effectuées 

avec le modèle LPJ-LMfire au pas de temps mensuel sur une grille de 100 km2 de 

résolution couvrant la forêt boréale qui s'étend de la province du Manitoba à l'Ouest 

jusqu'à la province maritime de Terre-Neuve à l'Est. 

-6000 1901 1950 2012 2099 ~---- _______________________ ..,. temps 

Chapitre 1 

Chapitre 2 

Chapitre 3 
Légende: 

D Simulées 

D Simulées et observées 

Figure 4. Périodes temporelles d'étude et types de données utilisées dans la thèse de doctorat. 

Dans le chapitre 1, intitulé "The pyrogeography of eastern boreal Canada from 1901 

to 2012 simulated with the LP 1-LMfire mode!", 1 'objectif est de reconstruire l'activité 

de feux en forêt boréale de l'Est canadien durant le dernier siècle ( 1901-2012) afin 

d'analyser comment les patrons spatio-temporels des feux ont évolué en relation avec 

la végétation et le climat. Pour répondre à cet objectif, les principaux genre d'arbres 

présents en forêt boréale de 1 'Est canadien (Picea, Abies, Pinus, Populus) sont décli -

nés en PFTs et paramétrés comme entrées de LPJ-LMfire. De plus, certains processus 

écosystémiques spécifiques à la forêt boréale, non pris en compte dans la version du 

code source utilisé, sont rajoutés de manière simplifiée mais réaliste dans LPJ-LMfire. 
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Ainsi, les capacités du modèle LPJ-LMfire à simuler correctement la végétation et les 

feux sont déterminées en comparant les sortie du modèle avec des ensembles de don-

nées empiriques (cartes forestières et archive d'incendies) disponible pour la forêt bo-

réale de l'Est canadien. En modélisation, cette première étape de calibration-validation 

est primordiale pour déterminer la robustesse des prédictions fournies. Dans ce souci 

d'évaluation, l'effet fertilisant de la concentration en C02 atmosphérique sur la végéta-

tion est également testé en conservant le cl imat hi torique (1 901-2012) mais en faisant 

varier la concentration en C02 • 

Dans le chapitre 2, intitulé "Jncreases in heat-induced tree mortality could drive reduc-

tions of biomass resources in Canada 's managed bore al forest", il 'agit de projeter 

l'impact de changements climatique ur la végétation et les feux en forêt boréale de 

l'Est canadien depuis la deuxième moitié du 20ème siècle jusqu'à la fin du 21 ème siècle. 

L'objectif e t de tester l 'hypothè e avancée par la communauté scientifique, à savoir 

que l'augmentation des conditions météorologique extrêmes, de concentrations en 

C02 atmo phérique et des incendie prévue pour les prochaines décennies devrait pro-

voquer des changements bru ques de la biomasse des espèces dominantes dans la forêt 

boréale de l'Est du Canada. Si cette hypothèse est confirmée, déterminer dans quelle 

direction devraient se faire les changements de la biomas e est néces aire pour adapter 

les pratiques sylvicoles afin de respecter les enjeux écologiques et socio-économiques 

de l'aménagement forestier durable. Concrètement, un en emble de scénario clima-

tiques de l'IPCC sont utili sé en entrée du modèle LPJ-LMfire afin de simuler la plus 

large gamme de variabilité de la répon e de la végétation et des feux aux changement 

climatique . Les simulations ont effectuées entre 1950 et 2099 et permettent l'ana-

lyse de la balance entre les gain de productivité induits par un climat plu chaud et 

des concentrations en C02 atmosphériques plus importante , et les pertes de bioma se 

éventuellement induites par les feux et le climat. Afin de remettre ces prévisions dans 

le contexte de l'aménagement fore tier durable, des zones particulière (ensemble de 
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pixel ), aujourd'hui locali ée dan de ecteur où le récolte de bois ont actuelle-

ment élevée , ont analy ée plu en détail. Comme pour le chapitre 1, l'effet fertilisant 

de la concentration en C02 atmosphérique future e t analy é à la foi à partir de deux 

scénarios RCP retenu , mai aus i éparément de l'effet du climat et éventue11ement de 

1 'effet de feux. 

Dan le chapitre 3, intitulé "Holocene dynamics of the boreal forest of Eastern Ca-

nada : Untangling the drivers of vegetation change using paleoecological data and 

models", il 'agit de imuler avec le modèle LPJ-LMfire les trajectoires temporelles de 

feux et de la végétation en forêt boréale de 1 'E t canadien au cour des 6000 dernières 

année en répon e aux variation climatique . Ce chapitre a pour objectif de pré enter 

le avancée réali ée dan l'utilisation d'un DGVM (Lund-Po tdam-Jena Lausanne-

Mainz, LPJ-LMfire) pour imuler les relations passées climat-feux-végétation au cours 

de ]'Holocène et de di cuter de sa performance ur une échelle multi-millénaire. De 

imulation climatique à ré olution temporelle continue au cour de 6000 dernière 

année , extraite du modèle climatique françai IPSL, ont utili ées en entrée du modèle 

LPJ-LMfire. De comparai on de la bioma e et de feux imulé par LPJ-LMfire avec 

de donnée paléo-écologique di ponible ur la région servent de deuxième étape de 

validation du modèle pour confirmer son utilisation pour une large gamme de condi-

tion environnementale . En outre, ce chapitre a pour objectif de déterminer si le re-

lation climat-feux-végétation mi en évidence dan le chapitre 1 et 2 ont déjà été 

rencontrées dan le pa é. 

À la uite de ce troi chapitre , la conclu ion générale revient ur le principaux résul-

tat et montre en quoi cette recherche contribue ignificativement à la compréhen ion 

de 1' impact de changement climatique ur 1 'activité de feux et la végétation en forêt 

boréale de 1 'E t canadien. Les implications de résultats de ce travail de recherche pour 

l'aménagement fore tier durable à l 'E t du Canada y sont également discutée . 





CHAPITRE I 

THE PYROGEOGRAPHY OF EASTERN BOREAL CANADA FROM 1901 
TO 2012 SIMULATED WITH THE LPJ-LMFIRE MODEL 

Cha te E. , Girardin M. P. , Kaplan , J. O. , Portier J. , Bergeron Y. , Hély C. (2018) The 
pyrogeography of ea tern boreal Canada from 1901 to 2012 imulated with the LPJ-
LMfire model. Biogeosciences 15, 1273-1292. 





25 

Ré umé 

Les feux ont la principale perturbation naturelle qui façonne la tructure et la com-
po ition de la forêt boréale de l'Est canadien. En moyenne, plu de 700 000 hectare 
de forêt brûlent chaque année, causant ju qu'à 2,9 millions de dollars de dommages. 
Bien qu'il est actuellement connu que l'occurrence des feux dépend de la conjoncture 
de conditions favorable au départ et la propagation du feu ain i que de la disponibilité 
du carburant, il reste à évaluer les effets de l' interaction entre ce trois facteurs ur le 
tendance patio-temporelle des feux dans l'E t du Canada. L'objectif de cette étude 
était de recon tituer le tendances spatio-temporelle de l'activité du feu au cour du 
iècle dernier dans la forêt boréale de 1 'Est du Canada, en lien avec les changement 

de den ité de foudre , du climat et de la végétation. Pour ce faire, nous avon utilisé 
le modèle de la dynamique globale de végétation LPJ-LMfire, que nous avon para-
métré pour quatre type fonctionnel de plante (PFT ) corre pondant aux principaux 
genre d'arbres pré ents en forêt boréale de l 'E t canadien (Picea , Abies, Pinus, Po-
pulus). LPJ-LMfire a été exécuté au pa de temp men uel entre 1901 et 2012 ur une 
grille de ré olution de 100 km2 couvrant la forêt boréale du Manitoba à Terre-Neuve. 
Le orties de LPJ-LMfire ont été analy ée en terme de fréquence d'incendie, de 
productivité primaire nette (NPP) et de bioma se aérienne. Les capacités prédictive 
de LPJ-LMfire ont été examinées en comparant nos simulation de taux annuel de 
combu tion et de biomas e aérienne avec de en embles indépendant de donnée . No 
ré ultat montrent que la imulation reproduit correctement le gradient latitudinal de la 
fréquence de feux au Manitoba et le gradient longitudinal de la fréquence de feux du 
Manitoba ver le Sud de ]'Ontario, ain i que le tendance temporelle de hi torique 
de feux. En revanche, la simulation entraine une sous-estimation et surestimation de 
la fréquence des feux aux limites nord et sud de la forêt boréale au Québec. La ten-
dance générale imulée de la biomas e aérienne totale de arbre concorde également 
avec le ob ervation , à l'exception de la bioma e à la limite nord de arbre qui e t 
ure timée, principalement pour le PFT Picea. Dan ce zones eptentrionale , la ca-

pacité prédictive de LPJ-LMfire est probablement amoindrie par la faible den ité des 
tations météorologique qui conduit à sou -e timer la force de interactions climat-feu 

et, par con équent, la combustion de la végétation durant le année de feux extrême . 
La corrélation entre les tendances spatio-temporelle de la fréquence des feux et le 
donnée ob ervée dan une large partie de la zone d'étude tend à confirmer que le feu 
e t fortement limité par l' allumage. Un climat plus sec couplé à une augmentation de 
la fréquence de la foudre au cour de la econde moitié du 20ème iècle aurait notam-
ment conduit à une augmentation de l'activité de feu. Enfin, no imulations mettent en 
évidence l'influence du climat et de feux sur la végétation: malgré une augmentation 
générale de la NPP induite par le C02 dans LPJ-LMfire, la biomas e aérienne fore tière 
e t re tée relativement stable en raison de effet compen atoire de 1 'augmentation de 
l'activitéde feux. 



26 

Mots-clé 

Forêt boréale, LPJ-LMfire, Reconstruction des feux, Climat, Végétation, Foudre. 



27 

Ab tract 

Wildland fires are the main natural di turbance haping fore t tructure and compo i-
tion in ea tern boreal Canada. On average, more than 700,000 ha of fore t bum an-
nually and eau e a much a CAD 2.9 million worth of damage. Although we know 
that occurrence of tires depends upon the coïncidence of favourable conditions for fire 
ignition, propagation, and fuel availability, the interplay among the e three driver in 
shaping spatiotemporal pattern of fire in ea tem Canada remain to be evaluated. The 
goal of this study wa to recon truct the patiotemporal pattern of fire activity during 
the last century in ea tern Canada' boreal fore t a a fonction of changes in light-
ning ignition, climate, and vegetation. We addres ed this objective using the dynamic 
global vegetation model LPJ-LMfire, which we parametrized for four plant functio-
nal types (PFTs) that correspond to the prevalent tree genera in eastern boreal Canada 
(Picea, Abies, Pinus, Populus). LPJ-LMfire wa run with a monthly time step from 
1901 to 2012 on a 1 OO-km2 re olution grid covering the boreal fore t from Manitoba 
to Newfoundland. Output of LPJ-LMfire were analyzed in term of fire frequency, net 
primary productivity (NPP), and aboveground bioma . The predictive kill of LPJ-
LMfire were examined by comparing our imulation of annual burn rate and bioma 
with independent data sets. The imulation adequately reproduced the latitudinal gra-
dient in fire frequency in Manitoba and the longitudinal gradient from Manitoba to-
wards outhem Ontario, a well a the temporal patterns pre ent in independent fire 
hi torie . However, the imulation led to the undere timation and overe timation of fire 
frequency at bath the northern and outhern limit of the boreal fore t in Québec. The 
general pattern of simulated total tree bioma al o agreed well with ob ervation , with 
the notable exception of overe timated bioma at the northern treeline, mainly for PFT 
Picea. In these northern area , the predictive ability of LPJ-LMfire is likely being af-
fected by the low den ity of weather tation , which lead to undere timation of the 
trength of fireweather interactions and, therefore, vegetation con umption during ex-

treme fire year . Agreement between the spatiotemporal pattern of fire frequency and 
the observed data across a va t portion of the tudy area confirmed that fire therein 
i trongly ignition limited. A drier climate coupled with an increa e in lightning fre-
quency during the econd half of the 2or11 century notably led to an increase in fire 
activity. Finally, our simulations highlighted the importance of both climate and fire in 
vegetation : de pite an overarching COr induced enhancement of NPP in LPJ-LMfire, 
fore t biomas wa relatively table becau e of the compen atory effect of increa ing 
fire activity. 

Keyword 

Boreal fore t, LPJ-LMfire, Fire recon truction, Climate, Vegetation, Lightning. 
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1.1 Introduction 

Wildl and fires are the main natural di turbance shaping fore t tructure and campo i-

tion in eastern boreal Canada (Bergeron et al., 1998, 2014). On average, more than 0.7 

Mha burn annually acros Manitoba, Ontario, Québec, and the Maritime Province , 

which eau e a mucha CAD 2.9 million worth of damage and property lo e (Cana-

dian Council of Fore t Mini ter , 2017). About 97 % of the e burned area are generated 

by a ma1l proportion (3%) of large fires (fire > 200 ha in area; Stocks et al., 2003). 

For example, a fire burned 583000 ha within a few day in 2013 near the aboriginal 

community of Ea tmain (province of Québec), which is the equivalent of 31 % of the 

total area burned during that year in Québec (Emi et al., 2017). Studie of the patial 

di tribution of wildland fire in the past have highlighted that the frequency and ize of 

fire in Canada have continuously increa ed over the last 50 year or o in re pon e to 

the ongoing global warming (e.g. Kasi chke and Turet ky, 2006; He I, 2011; Girardin 

and Terrier, 2015). Concern are now being ra i ed about the increa ing frequency and 

everity of extreme climatic event with further warming, which could lead to an in-

crea ing concentration of numerous large fires in time and pace (Wang et al., 2015). 

Given these observation and projections, there is growing concern about the capacity 

of the boreal fore t to recover from di turbances (Bond et al. , 2004; IPCC, 2013; Kurz 

et al., 2013; Roger et al. , 2013). 

Wildland fire regime are de cribed by everal attribute including the frequency, ize 

inten ity, ea onality, type, and everity of fire (Keeley, 2009). The patiotemporal 

variability in a fire regime depends upon the coïncidence of favourable condition for 

fire ignition, fire propagation , and fuel availability, which are controlled by ignition 

agent , weather and climate, and vegetation (Flannigan et al., 2009; Moritz et al., 2010). 

Almo t half of the fire that occur in eastern boreal Canada are ignited by lightning and 

repre ent 81 % of the total area bumed (Canadian Forest Service, 2016), while the re-
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maining fires originate from human activitie . The capacity of a fire to grow into a large 

fire is determined by many factor , which include weather and fuel. High temperature, 

low precipitation, high wind velocity, and low atmo pheric humidity can increase the 

growth of these fires (Flannigan et al. , 2000). The inten ity, everity, and ize of fire 

are further influenced by pecie compo ition within the land cape, with needleleaf 

pecie being more fire prone than broad leaf pecie owing to their high flammabi]ity 

(Hély et al., 2001 ). Physical variables such a slope, urficial depo it , and oil moi -

ture can al o have significant effect on the rate at which fires pread by influencing 

fuel moi ture or creating natural fire breaks (Hély et al. , 2001; Man uy et al. , 201 1; 

Hant on et al., 2016). Climate change cenario for Canada indicate an increa e in 

both temperature and precipitation in the coming decades. Howe er, the increa e in 

precipitation is unlikely to compen ate for the increase in temperature (IPCC, 2013), 

and a greater moi ture deficit is expected compared to the current state. Warmer springs 

and winter that lead to an earlier tart of the fire ea on are anticipated, together with 

an increa e in the frequency of extreme drought year due to more frequent and per i -

tent high-pre ure blocking y tems (Girardin and Mude] ee, 2008). The e phenomena 

are expected to lead to an increa e in the freq uency and size of fires in ea tern borea1 

Canada in re ponse to the on-going global warming (Ali et al., 2012). Effects of the e 

changes in ea onal onset and dryne are uch that the average size of pring wildfire 

could be multiplied by a factor of 3 for each additional 1 °C of warming (Ali et al., 

2012; Girardin et al., 2013b; Price et al. , 201 3). An increa e in area burned would af-

fect both fore t management plans and fire uppres ion strategies. It cou]d al o have 

sub equent feedback on the global carbon cycle, given that the ubstantial quantitie 

of carbon currently being tored in the e land cape could be re-emitted back into the 

atmo phere (Pan et al. , 2011). 

A number of uncertainties persi t concerning future fire projections, and bia es ti ll 

exist regarding our current understanding of the natural variability in tire regime . Cli-
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mate has been rapidly changing in recent decade with the expan ion of human ac-

tivitie . All of these change have altered interactions between fire regime and their 

various fonns of control (Bergeron et al., 2004a). Most fire hi tory tudie are ba ed 

upon observations collected over relatively hort time intervals ( < 100 years), and reli-

able ob ervations are often unavailable for many boreal regions prior to the ]ate 1960 

(Podur et al., 2002). Moreover, forest management and active fire uppres ion ince the 

1970 have contributed to modifying tire pattern and vegetation attribute in Canada 

(Gauthier et al., 2014). Therefore, it i difficult to detennine the contribution of climate 

alone to fire activity in studies using ob ervations collected since the second half of 

the 20th century. Furthermore, tire hi tory tudie rarely con ider the feedback of fire 

on vegetation, mostly becau e historical data about vegetation compo ition are ]ack-

ing (Danneyrolle et al., 2016). Thi i particularly true in the ca e of tudie dealing 

with reconstructions of tire activity u ing dendrochronological evidence (e.g. Girardin 

et al., 2006a) or adju ted empirical data et (Van Wagner, 1987). This problem may 

be circumvented by inve tigating pa t tire regime over long period of time through 

the analysis of charcoa] and pollen in oil layers or lacu trine depo it (Fayette et al., 

2008; Ali et al., 2009). However, the e paleoecological methods are co tly and time-

con uming and do not make it possible to capture the overall spatial variability in tire 

regime at annual to decadal cale re olution . Faced with the e gap increa ing our 

knowledge of the spatiotemporal patterns of pa t fires is neces ary to perform better 

predictions in the future. 

Simulations using dynamic global vegetation mode]s (DGVM ) make it po ible to e -

timate the patiotemporal di tribution of tires relative to climate and vegetation (Yue 

et al., 2016; Hant on et al., 2016). Indeed, the e mode] imulate hifts in potentia1 

vegetation composition and related tire activity in response to change in climate or 

environmental constraints (Smith et al., 2001 ). Experiments can be conducted on fine 

to broad patial cale and validated on relatively hort to medium timescale . Valida-
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tion can be performed in region where human activities are suffic iently low to allow 

compari on with natural potential vegetation, by comparing imulation re ul t with 

high-reso]ution satellite products, uch a MODIS, on global cales (Tang et al., 2010). 

DGVM simulations may also be validated on decadal to millennial timescales by com-

paring them with historical record of vegetation or fire activity that have been recon-

structed u ing indicators derived from pollen and charcoal, among t other , which are 

deposited in lacustrine ediments (Molinari et al. , 2013). One of the e mode] , the 

Lund-Pot dam-Jena (LPJ) mode] , ha been the ubject of numerous refinement over 

time, especially concerning simulations of fire patterns (Thonicke et al. , 201 O; Pfeiffer 

et al., 2013), and it has been validated in many regions worldwide, excluding ea tern 

boreal Canada ( e.g. Prentice et al., 2011; Pfeiffer et al., 2013; Yue et al., 2016; Knorr 

et al., 2016). 

Here, we used the LPJ-LMfire mode] that wa developed by Pfeiffer et al. (2013) to 

perform a imulation experiment that targeted the boreal fore t of ea tern Canada and 

covered the 20th century, with cu tomized parameterization to capture prevalent tree 

genera in eastern boreal Canada. The DGVM explicitly simulate fire igni tion from 

lightning; hence, it is particularly adapted to the largely ignition-limited fire regime 

in our tudy region. The objective of thi tudy were (1 ) to calibrate the LPJ-LMfire 

mode] for boreal forest in eastern Canada; (2) to a e the predictive kill of the 

mode] with independent data set from ea tern Canada 's boreal forest ; (3) to recon-

struct fire activity, net primary productivity (NPP), and aboveground biomas during 

the last century; and ( 4) to determine how the spatiotemporal pattern of these three 

components ha evolved in relation to change in climate variable . 
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1.2 Madel, experimental set-up, and methods 

1.2.1 Study area 

The study area encompasses eastern Canada's boreal forest (Brandt, 2009) from Man-

itoba to Newfoundland, which ranges from 102.86 to 52.64 °W and from 46.61 to 

64.71 °N (Figure 2.1 ). The most common needleleaf tree specie present in this region 

are black spruce (Picea mariana (Mill.) B.S.P.), white spruce (Picea glauca (Moench) 

Voss), balsam fir (Abies balsamea (L.) Mill.), jack pine (Pinus banksiana Lamb.), white 

pine (Pinus strobus L.), red pine (Pinus resinosa Ait.), eastern larch (Larix laricina (Du 

Roi) K. Koch), and eastern white cedar (Thuja occidentalis L.). The main broadleaf tree 

pecies are trembling aspen (Populus treniuloides Michx.) and white or paper birch 

(Betula papyrifera Marsh.) (Ecological Stratification Working Group, 1996; Brandt, 

2009; Shorohova et al., 2011 ). The study area is divided from south to north into four 

ecozones (Figure 2.1; Ecological Stratification Working Group, 1996). ( 1) The Boreal 

Shield (BS) ecozone is characterized by rocky and rugged land capes influenced by a 

continental climate (long and cold winters; short and warm summers) and by the cold 

air mas es flowing out from Hudson Bay. Landscape are dominated by needleleaf 

tree pec1e in the westernmost areas, and co-dominated by needleleaf and deciduou 

tree pec1e in temperate ea tern areas. (2) The Boreal Plain (BP) ecozone corresponds 

to drier areas that are characterized by glacial deposits of variable thickne s on fiat or 

slightly rolling terrain. Forests are dominated by mixed boreal species, mainly repre-

sented by black spruce, trembling aspen, and jack pine. (3) The Hudson Plain (HP) 

ecozone is characterized by a parser vegetation, which is dominated by Sphagnum and 

hrub . Poor drainage conditions con train southern tree to establish at drier, higher 

elevations. ( 4) The Taiga Shield (TS) ecozone, which is split into Eastern (TSE) and 

We tern (TSW) parts, is characterized by colder climate conditions. The land cape 

becomes more open along a latitudinal gradient from south to north. In all region , 
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the dominant tree species are black spruce and jack pine. Within the study area, high-

intensity crown fires are the most common type of fire events (Flannigan et al., 2016). 

Fire regime are heterogeneous, but generally follow a declining trend along a outh-

westnortheast gradient (Boulanger et al., 2012). During the period of 1961-1990, the 

highest bum rates occurred in the western part of the BS ecozone (> 1 % yr- 1 ), while 

they were the lowest in the TSE ecozone (<0.2% yr- 1; Boulanger et al., 2014). Annual 

burn rates in the BP ecozone and in the eastem part of the BS ecozone varied from 0.2 

to 0.5% yr- 1, whereas they varied from 0.5 to 1.0% yr- 1 in the HP ecozone (Boulanger 

et al., 2014). 
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Figure 2.1 . Map of ea tern Canada's boreal forest from Manitoba to Newfoundland howing 
ecozones in colour. The Boreal Shield ecozone is divided into three ecoregion : Eastern Cana-
dian forest , Central Canadian Boreal Shield forests , and Midwestern Canadian Shield forests 
(Ecological Stratification Working Group, 1996). 
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1.2.2 LPJ-LMfire model 

Simulation of the terrestrial eco ystem were carried out using the dynamic global veg-

etation model LPJ-LMfire, which includes updates of both LPJ and the SPread and 

InTen ity of FIRE (SPITFIRE) wildfire module (Thonicke et al. , 20 I 0). The model 

ha been exten ively evaluated for boreal fore t (Pfeiffer et al. , 2013). LPJ-LMfire i 

de igned to imulate regional eco ystem dynamic , tructure, and compo ition , with 

vegetation and fire event a re ponse to change in climate and carbon dioxide (C02) 

concentration (Sitch et al. , 2003). LPJ-LMfire describes the state of an ecosystem in 

terrn of annual carbon tock (living bioma , litter, and oil ), NPP, net biome produc-

tivity, evapotran piration heterotrophic re piration, soil moi ture fraction , and fore t 

tructure and vertical profile (cover fraction , individual den ity, crown area, leaf area 

index). In the present tudy, changes in the vegetation state are described in term of 

NPP and total carbon tock in living aboveground bioma . In LPJ-LMfire, vegetation 

i defined by up to nine plant functional type (PFT ). Each PFT represent one or 

everal pecie haring the ame phy iology and dynamic , governed by a hort li t of 

vital attributes, and con trained by bioclimatic limit (Sitch et al. , 2003). Vegetation 

dyn amic are updated annually ba ed on the imulation of daily and annual proce e . 

Daily proce e are defined in term of photosynthesi , tomatal regul ation , oil hy-

drology, autotrophic re pi ration , leaf and root phenology, and decompo ition. Annual 

proces e are defined in term of several source of mortality, eedling e tablishment, 

reproduction , allocation, and ti s ue turnover (Smith et al. , 2001 ; Sitch et al., 2003). The 

computational core of SPITFIRE i ba ed upon Rotherrnel-type urface fire behaviour 

model (Rotherrnel , 1972; Andrews et al. , 2008) and i designed to imulate proce e 

of natural fire and their impact on vegetation mortality and fire emi sion (Thonicke 

et al. , 2010). The LMfire module imulate lightning ignition ba ed upon a daily time 

tep and u e fuel bulk den ity and fuel moi ture to calculate the fire ' rate of pread, 

inten ity, and fire-rel ated mortality. It al1ow fire to bum over multiple day and im-
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ulates fire extinction from change in weather and fuel (Pfeiffer et al., 2013). As in the 

original version of SPITFIRE and nearly all other large-scale fire model , LMfire doe 

not simulate the cell-to-cell spread of fire (Hantson et al., 2016; Pfeiffer et al. , 2013; 

Rabin et al., 2017). 

1.2.3 Simulation protocol 

LPJ-LMfire was run monthly from 1901 to 2012 on 10 x 10 km equal-area grid cov-

ering eastern boreal Canada from Manitoba to Newfoundl and. Driver data et were 

prepared in netCDF format and are described in Table 2.1 . Climate data were com-

piled at a monthly time step, while atmospheric C02 concentration were compiled at 

an annual time step (see Section 2.2.4). A 1120-year spin-up period wa prescribed 

to equilibrate vegetation and carbon pools with climate at the beginning of the study 

period (Smith et al., 2001 ) and to en ure that forest bioma and fire disturbances were 

in stable condition (Tang et al. , 2010). This spin-up run was made using linearly de-

trended 1901 -2012 climate data and repeated 10 times. 

1.2.4 Environmental input data sets 

1.2.4. 1 Climate 

Monthly mean of temperature, diurnal temperature range, precipitation, number of 

days with precipitation, and wind speed were extracted for the 1901-201 2 period from 

Environment Canada's historical climate database (Environment Canada, 2013) using 

BioSIM software (v.10.3 .2; Régnière et al. , 20 14). Gridded climate data were pre-

pared in BioSIM by interpolating weather data from the four weather stations that were 

closest to each 10 x 10 km grid, adjusted for elevation and location differentials with 

regional gradients, and averaged using inverse distance weighting ( 1 /d2 , where di dis-

tance). Mis ingwindspeedvalue between 1901 and 1968 andtho e for20 10-2012 

were set to the monthly 1969-2010 averages. 
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Monthly means of total cloud cover percentage for the entire atmosphere and convec-

tive available potential energy (CAPE) were interpolated on our grid from the NOAA-

CIRES 20th Century Reanalysi v2 data et at a ~2.0° latitude and 1 .75° longitude re -

olution (Compo et al., 2011 ). For a given grid cell, the annual monthly CAPE anomaly 

wa calculated as the difference between the annual value and the monthly normal for 

CAPE, which wa computed between 1961 and 1990. 

1.2.4.2 Lightning 

The Canadian Lightning Detection Network (CLDN) data et, covering the 1999-2010 

period (Orville et al. , 2011 ), wa u ed to recon truct the monthly cloud-to-ground light-

ning trike den ity (number day- 1 km- 2) between 1901 and 2012. Given the trong 

correlation between lightning strike and the product of CAPE and precipitation (e.g. 

Peterson et al. 2010; Romp et al., 2014), we computed daily lightning strike den-

sity using CAPE data and di tributed the lightning trike over the daily fraction of 

monthly rainy day (Pfeiffer et al. , 2013). Acro Canada and within our study area, 

July wa the month with the maximum number of lightning trikes between 1999 and 

2010 (Figure S2.1 A in Supplement S2.1) and, in turn , interannual lightning strike vari -

ability (hereafter, referred to a min-to-mean and max-to-mean ratio ) ranged from 0.1 

to 7.5 time the July mean (Figure S2.1B in Supplement S2. l). Thi interannual vari -

ability in lightning trike wa pre er ed in our reconstruction by applying the e two 

ratios to the normalized CAPE anomalies (values ranging between -1 and + 1 ), which 

were then added to the 1999-2010 flash climatology (Pfeiffer et al. , 2013 , ee Supple-

ment S2.1 for further detail ). 

1.2.4.3 Soil 

The volume fraction of coarse fragment together with the 0-100 cm deep soi] texture 

fraction of and and clay were interpolated on the 10 x 10 km grid from the 1 km 

resolution ISRIC - World Soi] Information data et (Hengl et al., 2014 ). For topogra-
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phy, we interpolated the 30 arcsec gridded digital elevation model (DEM) of Canada 

(Natural Re ource Canada, 2007). We calculated lopes in degrees at 30 arc ec with 

the DEM map u ing ArcGIS 10.4.1 and interpolated the data to our 10 x 10 km grid . 

To calculate the percentage of land (i.e. removing lake and water course area ) in each 

grid cell , we ra terized the water fraction of the National Hydro Network (NHN) data 

set at 100 m resolution (Natural Re ource Canada, 2010). We calculated the water 

fraction at a 10 km re olution from 100 m re olution grid cell that had a percentage of 

water fraction > 50%. The land fraction was defined a the inverse of the water fraction. 

Roads, power lines, dams, mine , and other human-made tructures, and areas of bare 

rock, were not con idered in thi study. 

1.2.4.4 Atmo pheric C02 concentration 

Monthly mean atmo pheric C0 2 concentrations covering the periods from 1901 to 1980 

and from 1981 to 2012 were obtained from Pfeiffer et al. (2013) and the Mauna Loa 

data set (Keeling et al. , 2009), respectively. Annual mean atmo pheric C0 2 concentra-

tion varied from 296.23 ppm in 1901 to 392.48 ppm in 2012, which correspond to an 

increa e of 32.5%. 

1 .2.5 PFT definitions and LPJ-LMfire model modification 

LPJ-LMfire was calibrated for four PFTs that corre ponded to the predominant tree 

genera currently pre ent in the boreal fore t of Canada: Picea, Abies, Pinus, and Pop-

ulus. PFT-related parameter , e.g. fraction of root in the upper oil layer or minimum 

and maximum temperature of the colde t month for e tabli hment, were a igned 

value from the publi hed literature or global database ( ee Table S2. l in Supple-

ment S2.2 for further detail s) . 



40 

1.2.5.1 Edaphic limit to e tablishment 

Establi hment and growth of boreal tree species are influenced by a wide range of oil 

propertie that are related to soil nutrient availability, which include pH, parent material, 

soi l particle size, and water content, among others (Girardin et al. , 200 I; Beauregard 

and de Blois, 2014; Gewehr et al., 2014). Not all eco y tem proces e linking the e 

propertie to tree e tabli hment are imulated in the current ver ion of LPJ-LMfire. 

Notably, the model doe not imu]ate the development of peat]and or the process of 

paludification, and it does not include a complete module of biogeochemica] cycling in 

soi]s that would emulate proce e ]eading to acidification, for in. tance. A proposed 

by Beauregard and de Eloi (20 14 ), however, some edaphic variable may be indica-

tive of certain oil proce se at the stand level. In thi tudy, correlation between the 

abundance of specific tree genera and soil clay content led to the implementation of 

a simple cheme to limit tree e tabli hment in LPJ-LMfire (Figure S2.2A in Supple-

ment S2.3). Edaphic limits to e tablishment were defined here in the ame way that 

bioclimatic limit are u ed in LPJ. The correlation between the genu - pecific tree 

cover fraction from Beaudoin et al. (201 4) and clay volume fraction from Hengl et al. 

(2014) were analyzed at a 10 km resolution. For each PFT, the percentage of clay cor-

responding to the upper limit of the 90% confidence interva] (CI) of it di stribution, for 

grid cell with at lea t 10% of PFT cover, wa u ed in the model a a thre hold above 

which the given PFT could not e tablish. The upper limit of the 90% CI of the c]ay 

percentage distribution wa 20, 13, 18, and 23 % for Picea, Abies, Pinus, and Populus, 

re pectively (Figure S2.2A and B in Supplement S2.3). The 20% thresho]d es entially 

result in the exclusion of the Picea and Populus PFT in the HP ecozone, while the 

threshold of 13% leads to the additional exclu ion of other PFT , e peciall y Pinus, in 

the Midwe tem Canadian Shield fo re t ecoregion and in the BP ecozone (Figure S2.2C 

in Supplement S2.3). 
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1.2.5.2 Po t-fire recruitment 

Recruitment of Pinus banksiana require the heat of tires to relea e eed from eroti-

nous cone (Gauthier et al. , 1996). Thi condition wa implemented in the current 

LPJ-LMfire ver ion specifically for the Pinus PFT by inhibiting eedling establi hment 

during year without fire in a given 100 km2 gridcell. Such fire effects on seed di -

per al are al o ob erved for Picea mariana, which has emi- erotinou cone . Given 

that black spruce cone can open gradually over time in the absence of fire (Me saoud 

et al. , 2007) , Picea PFT e tabli hment wa not constrained by fire occmTence, neither 

wa that of the Abies and Populus PFT . No other modifications were made to the 

Pfeiffer et al. (2013) ver ion of LPJ-LMfire. 

1.2.6 Model evaluation 

We a e sed the performance of our cu tomized LPJ-LMfire by comparing imulation 

re ult with previou ly publi hed data ets on fire and map of genu - pecific above-

ground bioma for Canada fore t . 

1.2.6.1 Fire activity 

The imulated burned area fraction was evaluated against three fire data product . Fir t, 

annual burn rates for 1980-2012 were compiled from the Natural Re ources Canada fire 

databa e (M. A. Parisien , per onal communication, 2016) u ing Canada's national fire 

polygon with the hexagonal cell approach from Héon et al. (2014), but extended to 

our tudy area. We u ed 365 hexagonal cell to cover our study area and to compute the 

1980-2012 imulated mean annual bum rate with 95 % CI for each hexagonal cell. The 

econd fire data product originated from tand-replacing fire hi tory tudie . Here, hi -

torical annual proportions of burned areas were obtained for 26 locations (Figure S2.3 

in Supplement S2.4) u ing po t-fire tand initiation recon truction ba ed upon field 

and archiva} data that were digitized and included in GIS databa e (Girardin et al., 
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2013a; Héon et al., 2014; Portier et al., 2016). U ing a 100 km radiu around each 

location centroid, we calculated the imulated mean annual burn rate between 191 1 

and 2012, together with the 95% CI. Difference between our simulated 95 % CI e ti-

mate and these two tire data product were con idered qualitatively a "not different" 

if the observed annual burn rate fell within the 95% CI of the imulated mean burn 

rate. Note that as the period covered by the hi torical tire data often extended further 

back in time into the 19rh or 1 grh centurie for outhern locations (Table S2.2 in Supple-

ment S2.4), some important differences could be expected in the compari on proce s. 

Finally, a third validation of tire imulation wa made by comparing time serie of 

total simulated annual burned area in boreal forests of Manitoba, Ontario, and Québec 

with provincial fire tati tic (point data) from the Canadian National Fire Databa e 

(CNFDB ; Canadian Fore t Service, 2016) covering the 1959-2012 period. Human-

caused fire were excluded from the e analyse . Spearman 's rank correlation (r ) wa 

u ed to quantify the agreement between ob erved and imulated data. The agreement 

between simulation and observation was further evaluated in terms of fire sea onality 

by comparing their respective di tribution of mean monthly area that burned from 

1 9 5 9 to 20 1 2. 

1 .2.6.2 Aboveground bioma 

Published map of total aboveground biomas at the genu level (Beaudoin et al., 2014) 

were u ed to evaluate model imulation . Maps that were created by Beaudoin et al. 

(2014) were constructed at a 250 m spatial re olution using remote sensing MODIS 

data ets, combined with photo-plot ob ervation of Canada's National Forest In entory 

(NFI), mainly in the southem area ( ee non-hatched area in Figure 2.4 ). We aggregated 

the 250 m data to a 10 km re olution and applied a correction for the vegetated treed 

fraction of the landscape, as defined by Beaudoin et al. (2014 ). The vegetated treed 

fraction carre ponds to the fraction of the grid cells that are covered by tree species of 

any size on at least 10% of the grid cell. 
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Total aboveground bioma , e timated u ing two other method reported by Margo-

li et al. (2015), wa used for a second evaluation of mode} simulation for the five 

ecozone under tudy. The BS ecozone was divided into three ecoregions for compar-

i on purpo e (Figure 2.1 ); ecoregion corre pond to the cla ification of ecological 

region on a finerscale than ecozone . The first method of bioma e timation i based 

upon the Geo cience Lidar Altimetry System (GLAS) method, which e timate total 

aboveground bioma from the waveform recorded over vegetated land u ing lidar in-

strument . The second method is based upon NFI photo-plot e timates of total above-

ground bioma u ing allometric equation . 

1.2.7 Hi tory of the eastern boreal forest of Canada described by LPJ-LMfire 

The output of LPJ-LMfire for the eastern boreal forest of Canada were analyzed in 

term of annual burn rate , NPP, and total aboveground bioma . Significant change 

in each temporal serie were highlighted by a regime shift calculation developed by 

Rodionov (2004, 2006). A equential application of Student' t te ton 1000 randomly 

cho en grid cells wa u ed (Rodionov, 2004, 2006). To be tati tically ignificant at 

P = 0.10, the difference (diff) between mean values of two ub equent periods that wa 

determined according to Student' t te t should ati fy the condition 

diff= t~ 

where t i the value from the t distribution with 2Z - 2 degree of freedom at the 

given probability level P, l is the eut-off length of the growth pha e to be determined 

(hereafter et to period of 20 years), and a-; i the average variance for running l-year 

interval . The sample proportion, representing the fraction of k cells (integer ~ 0) of a 

given population (integer > 0), which was identified po itively a recording a growth 

decline (or relea e), a bioma reduction (or bioma increa e), and an increa e in fire 
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activity (or decrease), wa computed for each ampled year from 1920 to 2007. 

1.2.8 Sensitivity analysis to C02 ferti lization 

In terrestrial ecosy tem models, change in atmospheric C02 concentration in the re-

cent past and future often have a more important influence on vegetation than doe 

climate change (Girardin et al., 2011 ). Therefore, their inclusion has a very impor-

tant effect on simulated change in productivity. Here, the effect of C02 ferti]ization 

was expl red using two experiment . In the fir t experiment, "Climate + C02 ", we 

ran the model with increa e in C02 concentration as presented in Section 2.4.4. Thi 

experiment was u ed throughout our evaluation of LPJ-LMfire simulation . In the ec-

ond experiment, "Climate-only" , we ran the model with a constant C02 concentration 

from 1901 to 2012, which was fixed at 296.23 ppm (year 1901 value). In this case, 

there wa no re ponse of vegetation gros primary production (GPP) or fire to change 

in C02 concentration. The effect of C02 fertilization on vegetation wa determined 

by the difference between simulation "Climate + C02 " and "Climate-only". Due to 

the po t-fire recruitment rule e tabli hed in LPJ-LMfire ( ee Section 2.2.5.2), the ef-

fect of C02 fertilization on fire wa only determined by comparing the spatial pattern of 

annual burn rates simulated with the "Climate + C02 " and "Climate-only" experiment . 

1.3 Re ul t 

We report on the evaluation of proce -ba ed mode] performance in adequately simu-

lated patial pattern of fire frequency and fuel condition (a indicated by the above-

ground biomas of the four PFT and total PP) in ea tem boreal Canada. We al o 

report on change in fire activi ty during the la, t century a simulated by LPJ-LMfire, 

with a ociated change in vegetation feature . 
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1.3.1 Predictive skilJs of the LPJ-LMfire model 

1.3.1. 1 Fire activity 

For the recent 1980-2012 period, mean and maximum simulated annual burn rates were 

0.36 and 1.49% yr- 1 , re pectively (Figure 2.2b), while mean and maximum observed 

annual burn rate were 0.28 and 2.03% yr- 1 (Figure 2.2a). Ob erved and imulated 

burn rate were not ignificantly different in more than 80% of the tudied hexagonal 

cell (295 out of 365; Figure 2.2c). Therefore, LPJ-LMfire wa able to capture the 

amplitude of interregional variation. Decrease in fire activity ob erved along both the 

latitudinal gradient in Manitoba and the longitudinal gradient from Manitoba to south-

ern Ontario were well reproduced by the imulation (Figure 2.2a and b). Furthermore, 

more than half of the ob erved historical annual burn rates fell within the 95% CI of 

their corresponding imulated annual burn rate (for further detail s, ee Table S2.2 in 

Supplement S2.3). LPJ-LMfire overestimated annual burn rate from sou th of the Hud-

on Bay in Ontario to outhwe tern Québec (Figure 2.2c), while it undere timated an-

nual burn rate in the we tern area of the central boreal fore tin Québec (Figure 2.2c). 

Spearman 's correlation coefficients (r ) of time series of observed versus simulated 

area burned are 0.41 for Québec and 0.50 for Ontario and Manitoba (Figure 2.3a). A 

revealed by these coefficient , LPJ-LMfire was al o able to emulate year-to-year vari-

ability in annual area that were burned in Manitoba and Ontario, but les o in Québec. 

High fire activity year over the temporal erie were also captured in the imulation , 

including 1961, 1968, 2003, and 2005, mostly in Manitoba and Ontario (Figure 2.3a). 

However, three extreme fire years were not reproduced: 1983, 1989, and 2002 (Fig-

ure 2.3a). Based upon the comparison of monthly percentage of total areas that were 

burned between 1959 and 2012 in eastern boreal Canada, the simulated fire ea on gen-

erally tarted and ended 1 mon th earlier than what was observed (Figure 2.3b ). 
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Figure 2.2. Ob erved ver us LPJ-LMfire-si mu]ated annua] burn rate acros ea tern borea] 
Canada. (a) Ob erved annua] burn rate computed for 365 hexagonal cells between 1980 and 
2012 (data from Natural Resource Canada, 2017). (b) LPJ-LMfire simulated annual bum rates 
computed over the same period and hexagonal cell . (c) Percentage of difference between ob-
served and simulated annual bum rates. (d) Percentage of difference between hi storical annua] 
bum rate recon tructed from stand-repJacing fire hi story studies (data from Girardin et al. , 
2013a; Héon et aJ., 2014· Portier et aJ., 2016) and LPJ-LMfire- imu]ated annua] bum rates be-
tween 1911 and 2012 ( ee Supplement S2.4 for further detai]s). White point indicate where 
the ob erved (and hi storica]) annual burn rate Jie out ide the 95 % confidence interva] (95% CI) 
of the averaged annual burn rates in hexagonaJ ce11 imu]ated by LPJ-LMfire. 

1.3.1.2 Fuel 

Overall , the general latitudinal pattern of simulated total tree bioma agreed with 

the pattern of ob erved total tree bioma (Figure 2.4a). Median imulated total tree 

biomas (with 90% CI) in the southern area (non-hatched) wa 77 T ha- 1 (33-108 

T ha- 1 ), while median ob erved total tree bioma in the same area wa 73 T ha- 1 

(36-100 T ha- 1 ). In the BS ecozone, percentage differences between mean total tree 

biomass that wa simulated and that which wa e timated using NFI-ba ed and GLAS-

based method were 31 and -7.8%, re pectively, and decreased along a westward gra-
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Figure 2.3. (a) Ob erved ver u imulated total annual areas burned in three province of ea tern 
Canada. Ob erved data (1959 to 2012) are from the Canadian National Fire Databa e (CNFDB). 
Spearman ' rank correlation between datai hown (c01Telation are ignificant at P < 0.05 for 
Québec and P < 0.001 for the other province ). (b) Monthly percentage of total area burned 
between 1959 and 2012 in ea tern boreal Canada. 

dient from Québec to Manitoba (Table 2.2). We great1y overe timated mean total tree 

biomas in the BP ecozone becau e the e difference were -60 and -50%. For the 

TS ecozone in Québec and Manitoba, which corre pond to le inten ively sampled 

northern regions (hatched areas), total tree biomas was largely overe timated, mo tly 

in Québec, due to the high genus-specific biomass of the Picea PFT (Figure 2.4b ). In 

thi ecozone, relative difference with GLAS-ba ed estimate ranged from 1.3% in the 

we t to 63.6% in the ea t, whereas it wa only 1.6% in compari on with NFI-ba ed 

e timate (Table 2.2). Greater relative difference were ob erved in the HP ecozone 

(Table 2.2), where we overe timated total tree biomass for grid cells in which edaphic 

limit were not too restrictive and where vegetation could establish (Figure 2.4a) . This 

overe timation wa mainly due to the high bioma s of the Picea and Populus PFT 
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(Figure 2.4b) . De pite local- cale overe timates, the range of genus- pecific biomas 

variability in the Abies and Populus PFT was well captured. 

1.3.2 Fire hi tory simulated by LPJ-LMfire 

1.3.2.1 Fire activity 

In the "Climate+only" experiment, imulated burn rate di played mul ti-decadal vari-

ation over the 20th century, mo tly in Manitoba and Ontario (Figure 2.5a). The high 

fire activity that was reported for the 1910-1930 period was fo llowed by a decrease in 

fire activity until the 1970s, and then increa ed to levels similar to tho e of the early 

20th century (Figure 2.5a). Since the 1970 , annual burn rate have increased in central 

Manitoba and western Ontario and in the outh-central area of Québec (Figure 2.5a). 

Episode of ucce ive year of inten e fire activity have occurred in 1908-1910, 1919-

1923, 1995-1998, and 2002-2007 (Figure S2.5A in Supplement S2.6). A similar tem-

poral pattern of annual burn rate between 1901 and 2012 wa reported in the "Climate-

onl y" experiment, but with lower ann ual burn rates (Figure S2.7 in Supplement S2.6). 

The simulated fire season was not tationary: a fire seasonality index (FSI) was com-

puted as the percentage of difference between spring and ummer total burned areas 

(Figure S2.5B in Supplement S2.6) and varied between 0.17 and 83%. The period ex-

tending from the end of the 1960 to end of the 1990 correspond to a period during 

which several year of high FSI were observed compared with the entire time series. A 

FSI greater than 50% was calculated for 1968, 1977, 1980, and 1993 (Figure S2.5B in 

Supplement S2.6). May and June were con i tentl y the spring month with the large t 

burned area , while ummer month recorded fewer and fewer burned areas over the 

cour e of the 20th century. 
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Figure 2.4. Ob erved, LPJ-LMfire simulated in the "Climate+only" experiment, and differ-
ence (%) in (a) mean total aboveground bioma and (b) genu - pecific aboveground bioma 
(T ha- 1) between 2000 and 2006 acro ea tem boreal Canada. The ob erved aboveground 
bioma map acro Canada were predicted and validated with photo-plot information in the 
southern areas (non-hatched areas) and data publi shed by Beaudoin et al. (20 14). Median (m) 
aboveground bioma value are also indicated for each map; the e were calculated for the 
non-hatched area at a 10 km re olution. 
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1.3.2.2 Fuel 

For the "Climate + C02 " experiment, the imulated annual NPP a eraged over the en-

tire study region and the whole period was 5.4 T ha- 1, with a minimum of 4.2 T ha- 1 

in 1907 and a maximum of 7.1 T ha- 1 in 2003 (Figure 2.5b). Both equenti al t -

test analysis and temporal time serie howed that NPP has increa ed since the 1970s 

(Figure 2.6a and b ), mostly in outhern area of Québec and in ea tern Ontario (Fig-

ure 2.5b). Thi constant increase in PP ince the 1970 was not ob erved in Manitoba 

and western Ontario, where a ignifi cant increa e in annual burn rates was observed 

(Figure 2.5a). Sorne regions in south-central Ontario howed a decline in NPP during 

the early 20th century, and the ame trend ha been ob erved in outh-central Québec 

since the 1980s. The proportion of cell recording a decline in PP wa particularly 

noteworthy in 2004 and 2006 (Figure 2.6a and b). Difference in NPP between the 

simulated "Climate + C02 " and "Climate-only" experiments highlighted that annual 

simulated NPP, averaged over the whole area, wa po itively coJTelated with annual 

atmospheric C02 concentration (r2 = 0.767, P < 0.001). Mean percentage of increa e 

in NPP that wa incurred by ri ing C0 2 concentration for our five time periods was 2.7, 

5.5, 8.9, 16.7, and 27.6% (Figure S2.6 in Supplement S2.7), while it wa 18% for the 

entire period. An even larger effect of C0 2 fertilization wa imulated in the extreme 

southern and northern parts of the tudy region (Figure S2.6C in Supplement S2.7) . 

Mean total aboveground biomas averaged 66.4 T ha- 1 in ea tern boreal Canada over 

the 1901-2012 period. Mean total aboveground bioma decrea ed lightly from the 

beginning of the 20th century until the 1930 and then increased until 1995, after 

which it reached a stable level (Figure 2.5c). Period of total aboveground bioma 

los that were recorded at the beginning of the 20th century corre pond to high fire ac-

tivity, as previously mentioned (Figure 2.5a) . Sequential t-te t analy is of total above-

ground biomas time series howed that bioma increase and reduction followed the 

same trend that were ob erved for growth relea e and declines, re pectively, until 
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the year 2000 (Figure 2.6c and d). Genu - pecific aboveground bioma s of the Picea, 

Pinus, and Populu PFT howed the same increa ing trend over the pa t century, 

wherea Abies PFT aboveground bioma decrea ed until the year 1960, before regain-

ing the value it had at the beginning of the 2orh century (Figure S2.8A in Supplement 

S2.8). The stronge t variation in total aboveground bioma occurred for the Picea 

PFT~ it varied from a minimum of 27.8 T ha- 1 in 1910 to a maximum of 36.7 T ha- 1 

in 2003 (Figure S2.8A in Supplement S2.8). Conversely, genu - pecific aboveground 

biomas of Abies, Pinus, and Populus PFTs varied by les than 1, 2, and 3 T ha- 1 , re-

pectively, over the same period (Figure S2.8A in Supplement S2.8). The ratio of mean 

genu - pecific aboveground biomas in the recent 1991-2012 period, when compared 

with the pa t period of 1911-1930, wa 1 .23 , 1.04, 1.13, and 1.31 for the Picea, Abies, 

Pinus , and Populus PFT , re pectively. The highe t ratios for each PFT were found in 

the northern area (Figure S2.8B in Supplement S2.8). 

1.4 Di eus ion 

1.4.1 Agreement and di agreement in fire activity and fore t growth 

We u ed LPJ-LMfire, which wa driven by gridded climatology, atmo pheric C02 con-

centration, and an e timate of lightning trike den ity to tudy the pyrogeography of 

ea tern Canada's boreal fore t. Compared with the previou modelling effort that had 

been conducted by Pfeiffer et al. (2013) u ing the original LPJ-LMfire model , the re-

sult that are reported here show substantial improvement in the capacity of the DGVM 

to imulate fire ignition in the Canadian boreal fore t. The u e of a high-quality light-

ning trike data et in tead of the low-re olution LIS/OTD global data et that wa u ed 

by Pfeiffer et al. (2013) allowed u to capture the patial gradient of fire activity in a 

ub tantially better manner (Baker et al., 2016). The re ult confirmed that fire in the 

tudy area i strongly ignition Iimited, while most fire model have imply as umed that 

fire would alway occur under appropriate weather and fuel condition , e.g. SIMFIRE 
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(Hant on et al. , 2016). LPJ-LMfire imulation confirmed the neces ity of irnulating 

tire in a rnodel as the product of the probabilitie that are a ociated with fuel , moi ture 

and ignition. 

6 
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ë5 ~ 2 :::, 0 
§:e O+--~ltff 
<{ g_ e -2 

Cl. -4 

Growth release 

Growth decline 

O (d) ~ 
_ ~ 30 l -ê § 15 
~:;:::; 
Q) 0 0 ----------------------
0 8'-15 

a.-30 

1900 1920 1940 1960 1980 2000 

Figure 2.6. (a) Annual and (b) decadal (s moothed over 10-year ums) proportions of cell 
showing a ignificant decline or relea e in net primary productivity (NPP) with 90% confidence 
intervals ( JTOr bars) computed using Baye method. (c) Annual and (d) decadal ( moothed 
over 10-year sums) proportion of cell howing a ignificant reduction or increa e in bioma 
total aboveground with 90% confidence interval (error bar ) computed u ing the ame method . 

Interannual variation in lightning trike density was more faithfully reproduced when 

weighting the mean fla h climatology with the CAPE variable to predict lightning-

induced fire ignitions and their variability (Peter on et al. , 2010). However, this varia-
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tion i still constrained by the short temporal depth of the year of record in the CLDN 

lightning trike data et (Orville et al., 2002; Kochtubajda and Burrow , 2010) . Syn-

chronicity in major fire activity years acros province (e.g. 1961, 2005, 2007) wa 

consi tent with evera] tudie on fire hi story, uggesting that change in forest fire ac-

tivity have been observed jointly over va t area since the 1900 (e.g. Bergeron et al., 

2004a; Macias Fauria and Johnson, 2008). 

Annual burn rate (recent and hi torical) were underestimated in many area of north-

ern Québec. It appears that the simulation cou]d not capture the expres ion of a cli-

mate type that i encountered in the Clay Belt of northwestern Québec, where periodic 

drought i known to occur. Thi may ]ikely reftect some ]imitation that is impo ed 

by the ]ow den ity of weather tation north of 49° N. The lack of tation replication 

can create exce ive]y moothed c]imate records, thereby reducing the pos ibility of 

correct]y emulating the relation hip between climate and fore t fire activity during ex-

treme drought and fire year (Girardin et al. 2006b, 2009; Xiao and Zhuang, 2007). 

For example, 1989 i known a a drought year, which was induced by change in at-

mo pheric circulation that were at the origin of numerous large fire (> 50000 ha) in 

Manitoba and Québec (Figure S2.4 in Supp]ement S2.5 ; Goetz et al., 2006; Xiao and 

Zhuang, 2007). Other large fire exceeding 50000 ha were ob erved in northern Québec 

in 1983 and 2002 (Figure S2.4 in Supplement S2.5). However, the e extreme weather 

condition were not reproduced in our input data et and, con equent]y, the mode] cou]d 

not imulate the e very large fire . These undere timates may al o re ult, in part, from 

the Jack of lightning trike records in the e northernmost regions, which prevents fire 

ignition from being imulated there. Pol arity or energy of lightning wa not taken into 

account in our simulation . Po itive lightning trikes (tran fer of po itive charge to 

the ground) mainly occur in the north and corre pond to 10% of all lightning trikes 

(Moris ette and Gauthier, 2008), with the remaining lightning strike being negative. 

Po itive lightning strike corre pond to an exchange of energy between the highe t part 
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of the cloud and the oil, while negative lightning trike are triggered in a lower part 

of the cloud . For this rea on, po itive lightning strikes are more likely to start fire 

becau e they carry higher energy owing to the greater travelling distance between the 

clouds and the oil (Flannigan and Wotton , 1991 ). As previou ly mentioned, the num-

ber of lightning sensors in northern region (hatched areas in Figure 2.4) is also limited 

(Orville et al. , 2011 ), leading to a decrea e in detection efficiency at the e latitude 

(Morissette and Gauthier, 2008). Thu , 10% of positive lightning strike are not ap-

propriately captured and, con equently, the probability of fire ignition i also likely to 

be undere timated in these area . Undere timation of fire activity in northern areas had 

consequence for the simulation results. Amongst other things, simulated tree mortality 

was undere timated and, hence, bioma proliferated (a can be noted in Figure 2.4b 

with the Picea PFT). 

1.4.2 Hi tory of fire in the ea tern boreal fore t of Canada de cribed by LPJ-LMfire 

Ba ed upon the above preliminary agreement and de pite orne di agreement , the tem-

poral patterns of annual burn rates that were imulated by LPJ-LMfire were trongly 

consistent with the fore t fire hi tories that have been recon tructed in many studie 

(e.g. Stocks et al., 2003; Bergeron et al. , 2004b; Girardin et al., 2006a). Multidecadal 

temporal changes in annual burn rate reflect the underlying influence of climate vari-

ability and extreme fire weather (Macia Fauria and Johnson, 2008; Girardin et al., 

2009); the e multidecadal temporal changes were well represented in the input climate 

data sets. An increase in temperature and tability in precipitation between 1916 and 

1924 (Figure S2.9 in Supplement S2.9) cou Id be at the origin of a high frequency of fire 

occurrence during those years, marking a pau e in the decline of fire activity that had 

been observed since the 1850 (Bergeron et al., 2004b ). Advection of humid air mas e 

over eastern Canada between 1940 and 1970 contributed to the creation of moister con-

ditions, which can lessen the capacity of a fire to pread after a lightning-induced fire 
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ignition (Macia Fauria and John on, 2008). Both interannual variation and un ynchro-

nized trend in climatic variables may have brought about changes in fire activity and 

could have affected the fire eason, a it i propo ed to have occurred over millennial 

time cale during the Holocene (Ali et al. , 2012). For example, during the years 1977 

and 1980, an increa e in pring temperatures was observed, whereas spring precipita-

tion decreased, which resulted in the total area that were burned in spring being 50% 

greater than in ummer (Figure S2.9 in Supplement S2.9). 

Correlation between imulated and ob erved provincial annual burn rate were slightly 

higher than what has typically been encountered in pa t tudie of fireclimate relation-

hip over the region (e.g. Girardin et al., 2004, 2006a, 2009). For example, Girardin 

et al. (2009) reported that about 35% of the variance in the annual area that were 

burned in the province of Ontario and Québec wa explained by summer moi ture 

availability. In our modelling experiment, we obtained value between 41 and 50% for 

the e ame provinces, without empirical adjustments (e.g. through regre sion analys is). 

The improvements that were made here reinforce the idea that aside from "top-down" 

climate control on fire activity, other factors uch a lightning fuel availability, and 

compo ition can influence fire stati tic (Podur et al., 2002). This highlight the ne-

ce ity of recon tructing fire hi tory in a complex sy tem that is related to climate and 

vegetation by taking into account everal feedback (Hantson et al., 2016). 

LPJ-LMfire imulations provide evidence for the combined influence of fuel condition 

and ignition sources on fire within our tudy area. Indeed, an increase in precipitation 

around the 1930s constrained fire activity, de pite a very high lightning strike den ity 

(Figure S2.9 in Supplement S2.9). Conver ely, at the end of the century, an increa e in 

lightning trike den ity and a drier climate (Figure S2.9 in Supplement S2.9) re ulted 

in an increa e in annual burn rates. The sea on during which precipitation event and 

lightning ignition occur were also found to be important. Notably, LPJ-LMfire did not 
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simulate the core of the tire eason between June and August when the highe t den-

sity of lightning strike take place (Moris ette and Gauthier, 2008). This phenomenon 

finds an explanation in that heavy and inten e rain events occurring later during the 

summer decrea e the probability of tarting tires; weather become Jess conducive to 

tire due to higher amount of precipitation between July and September in compari on 

with April and June. That being aid, our imulation wa biased with regard to the onset 

of fire sea onality. LPJ-LMfire imulated the core of the fire sea on earlier than what i 

actually ob erved. LM-tire excludes tire ignition when snow cover i pre ent (Pfeiffer 

et al., 2013). However, detailed investigation at the grid-cell level in our study area 

revealed that the tire danger index, which wa calculated by the LMtire module, wa 

high as soon as all snow had melted in May and June. This index e timate the prob-

ability that an ignition event will tart a tire, depending upon both fuel moi ture and 

tire weather conditions (Thonicke et al., 2010). A suggested by Pfeiffer et al. (2013), 

LPJ-LMtire simulates a very quick drying-out of oils in spring when the now cover 

has disappeared or snowmelt ha occurred prematurely. Thi phenomenon may be the 

reason why it imulated tire ea on on et earlier than what i ob erved in Canada' 

eastern boreal fore t. 

COrinduced enhancement of NPP (Norby et al., 2005; Huang et al., 2007) wa clearly 

emulated in LPJ-LMtire. Our imulated 18% growth enhancement, with a 32.5% in-

crea e in C02 concentration between 1901 and 2012, was higher than the 15 and 14% 

growth increases that have been propo ed by Hickler et al. (2008) and Girardin et al. 

(2011 ), re pectively. LPJ-LMtire i highly ensitive to atmospheric C02 concentration 

and interpreting it impact mu t be carried out with caution (Girardin et al., 2011 ). 

That being aid, our re ult ugge t that COr induced enhancement of forest produc-

tivity can be offset by tires and climate, which i consistent with the result of Haye 

et al. (20 11 ) and Kelly et al. (2016). De pite trong COrinduced enhancement of for-

est productivity in LPJ-LMfire, the total amount of aboveground bioma s and fore t 
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composition did not change ignificantly during the cour e of the imulation period. 

The C02-induced enhancement of NPP had a po itive influence on annual burn rates 

by increa ing the availability of fuel. Under very dry condition , uch as in 1971-1990 

and 1991-2012, an increa e in fire activity led to a decrea e in growth and bioma s. 

Drier conditions during the pa t few decade provided indications for an increa e in 

growth decline event and in biomass reduction related to an increa e in fire activity. 

A imilar trend in such condition was ob erved around the 1920s, but the range of 

the e negative event during the past decades exceed the hi torical range of variabil-

ity recorded by the imulated fore t. Pires had a non-negligible influence on the tate 

of the boreal forest in ea tern Canada, e pecially during the la t few decades, but our 

re ult also confirm the relative influence of climate alone on the fore t in northern re-

gion . Indeed, in northern area in Québec and Manitoba, bioma ha not ignificantly 

increa ed, de pite a very trong effect of COr induced enhancement (Figure S2.6 in 

Supplement S2.7). We hypothe ize that with ongoing global warming, growth decline 

event could increa e ub tantially, given that the po itive effect of C02 concentration 

on the growth of fore t may not be trong enough to compen ate for the Joss of bioma 

to fire and climate change (Kurz et al., 2008), which could lead to the opening up of 

land capes. 

1 .4.3 Uncertaintie and future per pective 

The pre ent study demonstrated that LPJ-LMfire is generally able to capture fire hi -

tory and forest growth trend in the ea tem boreal fore t of Canada. However, everal 

uncertainties per ist. Fir t, forest e tabli hment and the tart of growth during the spin-

up pha e were simulated u ing a detrended ver ion of modern climate, a is u ually 

performed in DGVM runs (Prentice et al., 2011; Pfeiffer et al., 2013; Yue et al., 2016; 

KnoJT et al., 2016). This initial condition assumes that past relationships between cli-

mate, fire, and vegetation have been tationary through time and that variability in 
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modern climate is representative of all variability that has been recorded over the past 

1200 years (time of spin-up phase + 11 2 years of imulation). However, it has been 

increasingly recognized that such an as umption is invalid and that modern observa-

tions are not a good analogue for prehistoric variability (Kel ly et al., 2016; Hudiburg 

et al., 2017). For example, fire activity over much of the Holocene was greater in 

terms of frequency and fire size than the current level acro s broad areas of ea tern 

Canada (Girardin et al., 2013b; Remy et al., 2017). It is likely that not accounting for 

such variability may introduce biases in forest productivity dynamics and levels, more 

specifically on soil carbon dynamics (Hudiburg et al., 20 17). Thi s may be Jess prob-

lematic when tudying fire and forest dynamics over the last century because the mean 

age of the major part of eastern boreal forest is les than 100 years (Bergeron et al., 

2002). 

The non-negligible influence of forest compo ition on fire regime (Hély et al. , 2001) 

is limited in the mode] to the repre entation of three needleleaf PFTs and one broadleaf 

PFT. Improving LPJ-LMfire's representation of biodiversity with further broadleaf PFT 

genera could counterbalance or offset overestimates of fire activity in southern areas 

since these species are less flammable than needleleaf pecie . Similarly, improving 

LPJ-LMfire parametrization to account for mo ses could reduce overe timation of the 

quantity of fuel available in northern areas. In the Clay Belt, the poor drainage condi -

tions induced by the presence of an impermeable clay substrate, flat topography, and a 

cold climate facilitate the accumulation of thick layers of organic soil, an edaphic pro-

ce s that is referred to as paludification (Fenton et al. , 2006). Once Sphagnum specie 

increase on the fore t floor, the depth of burn varies only slightly in response to changes 

in weather conditions, owing to very low fluctuations in the degree of water saturation 

of the organic layer (Fenton et al. , 2006). 

In the pre ent study, simulations are limited by the relatively low accuracy of soil at-
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tribute in database for Canada's boreal fore t (Hengl et al., 2014). The input data 

et of oil attribute that wa u ed in our imulation tended to undere timate clay and 

and percentages in our tudy area when compared to point ob ervation (Figure S2.10 

in Supplement S2.10). The e effects add up to other weaknesses in physiological con-

straint , uch as cold climate not being ufficiently restrictive and allowing Picea to 

become overly abundant in the imulation run . While a previou study showed that 

the abundance of Picea decrea es with latitude in the tundra region and is coupled with 

the occurrence of dwarf shrub in the Ericaceae and herb (Gajewski et al., 1993), 

uch pecies were not parametrized in the current ver ion of LPJ-LMfire due to a 

lack of information on their phy iological and biogeographical preference . Future 

re earch could incorporate recently developed parameterizations for boreal shrubs and 

non-va cular plant into LPJ-LMfire (Druel , 2017; Druel et al., 2017). 

Forest tand structure and ucce ional dynamic (age cla e ), together with proces es 

leading to the formation of peatland , are not included in the pre ent ver ion of LPJ-

LMfire. However, all of the e a pect are important determinant of fire ignition and 

propagation under a given climate (Hély et al., 2001) and can al o influence the di -

tinction between crown and urface fire , which affect tree mortality differently (Hély 

et al., 2003; Yue et al., 2016). Moreover, LPJ-LMfire, like mo t DGVMs, doe not 

con ider con traint on pecie migration , phenotypic pla ticity, and local adaptation 

of pecies (Morin and Thuiller, 2009). The imulation re ult are surely optimistic in 

term of the capacity of outhern specie to colonize newly avai lable areas in northern 

reg1on as the climate warms. As previou ly mentioned by Morin and Thuiller (2009), 

pec1e colonization in northern region could be limited by fore t attribute , uch a 

fragmented land cape or high competition level from exi ting pecies, or through mi-

grational lag (Epstein et al., 2007). 

Wildland fire are the mo t important natural di turbance in Canada' eastern boreal 
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forest, but non-fire and human di turbance also have considerable effects (Price et al., 

2013) and may influence fire activ ity trajectories indirectly. Integrating a range of fore t 

disturbances into a DGVM could improve the accuracy of forecasting and modelling 

climate change effects on Canadas eastern boreal forest. For instance, insect damage 

(MacLean, 2016) and outbreaks of eastern spruce budworm (Choristoneura fumifer-

ana) in particular (Zhang et al., 2014; James et al., 2017) represent significant forest 

disturbances by the way they temporarily alter fore t tructure by affecting specific tree 

growth, tree survival, regeneration, and succe sion. These disturbance can also have 

an important impact on fire activity by modifying fuel di tribution and connectivity 

(James et al., 2017). Additionally, successive fire that take place over a short period 

before the trees have attained maturity can lead to complete regeneration failure (Gi-

rard et al. , 2008). Such events in young, unproductive stands can also lead to modified 

forest composition (Girard et al., 2008) and could exert a strong feedback on ecosystem 

structure by generating changes in temporal fire patterns over long timescales. Finally, 

the effects of human activitie , such as fore t management and active fire suppression 

efforts, on the compo ition and di tribution of forest fuels were not implemented in 

the present LPJ-LMfire simulation . Nonethele s, the strong correlation between our 

simulated annual burn rates and observed data sugge ts that active fire uppression ef-

forts and forest management since about the 1950s (Le Goff et al. , 2008; Lefort et al., 

2003) have not contributed much to shifting fire behaviour trajectories in our study re-

gion, which admittedly has very low densitie of both population and infra tructure in 

comparison with other populated areas such a in the United State (e.g. Syphard et al., 

2017). 

1.5 Conclu ion 

In this study, we used LPJ-LMfire to simulate fire activity from 1901 to 2012 in Canada' 

eastern boreal fo re t, at a 10 km re olution. LPJ-LMfire was parametrized for the pre-
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dominant fore t tree genera that are pre ent in our tudy region, i.e Picea, Abies, Pinus, 

and Populus. The predictive kill of the model to imulate fire activity wa determined 

by comparing our model imulation with publi hed data. LPJ-LMfire was able to 

imulate interannual- to decadal -scale fire variability from the beginning of the 20rh 

century. However, the low density of weather tations in northern area likely lim-

ited the mode] ability to capture some extreme fire years. Our study highlight the 

importance of change in climate variable on multi-decadal and annual time cale in 

strongly controlling patiotemporal pattern of fire that were imulated by LPJ-LMfire. 

Spatiotemporal pattern were well captured, based upon our climate data input . De-

spite an overarching COrinduced enhancement of NPP in LPJ-LMfire, aboveground 

bioma wa relatively stable becau e of the compen atory effect of increa ing fire 

activity. This study help reduce uncertaintie in our knowledge regarding fire pattern 

in the recent pa t and confirm that fire have been a dominant driver of boreal fore tin 

ea tern Canada during the la t century. We further provide a new tool to refine predic-

tion of future fire ri ks and effects of ongoing climate change in these fore ts to better 

inform management and improve risk mitigation trategies. 

Code availability: The source code of LPJ-LMfire is available at https://github.com/ARVE-

Re earch/LPJ-LMfire/tree/vl.3 (Kaplan et al., 2018). 
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Supplementary materials 

Supplement S2.1 

Reconstruction of the densi ty of monthly lightning fla hes (Lm) (n/day/km2) from 1901 
to 2012. 

[1 ] coef = max(I max(l CAPEano). I min(l CAPEano) 1) 

[2] CAPEanoN = CAPEano / coef 

[3] Lm= { CLDNm * (l + 7.5 * CAPEano ), CAPEano ~ O 
CLD m*(l+O.l*CAPEano ),CAPEano < 0 

CAPE anomalies (CAP Eano) corre pond to monthly differences at the grid cell level 
at time t compared with the average of monthly CAPE from 1961 to 1990. For each 
grid cell , the time-series of CAP Eano was normal ized to a range between - 1 and 1 
(CAP Eano ) by dividing CAP Eano by the maximum alue between the absolute 
value of the large t positive and negative CAPE anomalie of the time-series (eq . [1] 
and [2]). Monthly fla h density (/km2/month) between 1901 and 2012 was calculated 
on the ba e of monthly flash climatology between 1999 and 2010 (C LD m), but in-
terannual flash variability was applied u ing CAP Eano and min-to-mean and max-
to-mean ratios (eq. [3]). We determined min-to-mean and max-to-mean ratio (0.1 and 
7.5, re pectively; Figure S lB) by compiling grid cell value of the CLDN database with 
more than 5 years of observations in July between 1999 and 2010 across Canada within 
our study area (Figure S 1 A). 
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Figure S2.7. LPJ-LMfire annual burn rates(%) simulated across eastern boreal Canada 
with "Climate + C02 " and "Climate-only" experiments through five periods from 1911 
to 2012. 

(A) 'Climate + c~' (B) 'Climate-only' 

0 500 1,000 0 0.1 0.5 1.0 2.0 > 2.0 
--.-.....J KM 
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Supplement S2.8 

Figure S2.8. (A) Average of cover percentage for each PFT in eastern borea] Canada 
from 1901 to 2012. Red Jine corre ponds to smoothing values using a LOESS fonction 
(span = 0.15). (B) Ratio of cover percentage between a recent period (1911-1930) and 
a past period ( 1991 -2012). The two periods correspond to the grey background on (A) . 

{A} PFT cover between 1901 and 201 2 {%} {B} Cover recent / ~ast 
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Supplement S2.9 

Figure S2.9. Temporal erie of (A) pring and (B) ummer mean temperatures, 
(C) pring and (D) ummer mean precipitation, and (E) mean flash den ity. Black 
da hed line , black full line and orange line corre pond to the mean, regres ion line , 
and smoothing value using a LOESS fonction ( pan = 0.15), respectively, for each 
time- erie . 
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Ré umé 

Au Canada, la forêt boréale fournit de nombreux services écosystémiques qui consti-
tuent une part importante de 1 'économie régionale et mondiale. Malgré son importance, 
l'avenir de la forêt boréale canadienne est très incertain car ]es impacts potentiels des 
changement climatique futur ur ]es proces us écosystémique et les stocks de bio-
ma se ont actuellement mal compri . Le but de cette étude e t d'évaluer comment les 
changements climatiques prévus pour les prochaines décennies pourraient entrainer des 
modifications brusques de la bioma se des espèces dominantes de la forêt boréale de 
l 'Est du Canada. En utili sant le modèle de la dynamique globale de végétation LPJ-
LMfire paramétré pour les principaux genre d'espèces d'arbres dominant la forêt 
boréale de l'Est Canadien (Picea, Abies, Pinus, Populus) et piloté par un large éven-
tail de scénarios climatiques regroupés selon deux scénarios de forçage (RCP 4.5 et 
8.5), nous imu]ons la composition de la forêt, la biomas e et la fréquence des pertur-
bation , incluant les feux de forêt. No simulations couvrent la forêt boréale de l'Est 
du Canada, du Manitoba à Terre-Neuve. Le résultats suggèrent que les effets du ré-
chauffement climatique eront trè important dan cette région, en particulier dans les 
scénarios de forçage RCP 8.5 et dans les régions du sud. Dans ces zones, l'effet ferti-
lisant de l'augmentation des concentrations en C02 atmosphériques sur la productivité 
forestière ne compensera pas les perte de biomasse causées par les feux de forêt et les 
épisode de mortalité attribuables aux sécheres es. La diminution des stocks forestiers 
era vraisemblablement as ociée à une ouverture du pay age et à un changement de la 

composition de la forêt, en particulier des taxons de résineux vers des taxons de feuillus. 
La réduction de la biomasse résineuse suggère que les stratégies d'aménagement fores-
tier devront s'adapter pour maintenir un niveau durable d'exploitation forestière et une 
den ité d'arbre suffi ante pour répondre à la demande en produits ligneux. 

Mot -clés 

Changement climatiques, Forêt boréale, LPJ-LMfire, Biomasse, Mortalité à la séche-
res e. 





95 

Ab tract 

The Canadian boreal fore t provide valuable eco y tem ervice that are regionally and 
globally ignificant. De pite its importance, the future of the Canadian boreal fore t 
i highly uncertain becau e potential impact of future climate change on eco ystem 
processe and biomass stocks are poorly understood. We inve tigate how anticipated 
climatic change in coming decades could trigger abrupt change in the biomas of do-
minant pecie in Canada' boreal fore t . U ing the dynamic global vegetation model 
LPJ-LMfire, which wa parameterized for the dominant tree genera in Canada' boreal 
fore t (Picea, Abies, Pinu , Populus) and driven by a large range of climate scenarios 
grouped by two forcing scenario (RCP 4.5 and 8.5), we imulated forest composi-
tion, biomass, and the frequency of disturbance, including wildfire, from Manitoba to 
Newfoundland. Result uggest that response of this region to a warmer future cli -
mate will be very important, e pecially in outhern boreal area and under the RCP 
8.5 forcing cenario. In the e area , reduction of total aboveground bioma s incurred 
by fire and heat-induced tree mortality event are projected ; the fertilizing effect of 
increa ing atmo pheric C02 on fore t productivity i unlikely to compen ate for these 
lo e . Decreases in total fore t stock would likely be a ociated with forest caver loss 
and a shift in campo ition in particular from needleleaf evergreen (softwood) to broad-
leaf deciduous (hardwood) taxa. The simulated future reduction in oftwood bioma 
ugge t that fore t management strategie will have to be adapted to maintain a sus-

tainable level of fore t harve t and tree den ity that meet demand for wood products, 
while maintaining other eco y tem ervice . 

Keyword 

Climate change, Boreal fore t, LPJ-LMfire, Biomas , Heat-induced mortality. 





97 

2.1 Introduction 

Boreal forests account for about one-third of the world's forested area (Brandt et al., 

2013) and provide a range of highly valuable eco y tem good and ervices for regional 

and global population , including timber and forest product , recreation , carbon seque -

tration and regulation of water (Gauthier et al., 2014). Canada i the world's large t pro-

ducer of fore t products and, con equently, fore try i important to the Canadian econ-

omy, accounting for more than 1 % of the country' gro dome tic product. Timber 

harve ting i particularly important in the boreal forest of eastern Canada (Manitoba, 

Ontario, Quebec and the Maritime Provinces) . Thi region generated $475M CDN in 

revenue in 2015, more than 80% of which wa needleleaf evergreen trees ( oftwood) 

from mixed and coniferou fore t (Canadian Council of Forest Ministers, 2017). These 

two fore t types are di tributed along a latitudinal gradient from outh to north, re pec-

tively, with tree cover ranging from clo ed- to open-canopy fore t (Ecological Strati-

fication Working Group, 1996). Climate hape the structure and composition of these 

fore t directly through the effects of temperature and precipitation that are impo ed 

upon ite condition , phy iological proce e and the availability of re ources required 

by tree , and indirectly through effect on di sturbance (Gauthier et al., 2014). 

There i a growing con en u that the increa e in temperature ince the beginning of 

the Indu trial Revolution ha caused changes in Canadian boreal forests (e.g. Danney-

rolle et al., 2016; Boucher et al. , 2017), altering physiological proce ses and natural 

di turban ce regime ( e.g. Girardin et al. , 2013a, 2014; Wang et al. , 2015; Zhang et al. , 

2015; Cha te et al., 2018). Ob ervation of climate change effect on the e fore t 

( e.g. Girardin et al. , 2016b; Hem ber et al., 2017; Hogg et al., 2017; Rogers et al. , 

2018) have raised concern about the impact of ongoing and future climate change 

on Canada' boreal fore t re ource . The boreal fore t i notably expected to experi-
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ence large increa es in temperature over the cour e of the 21 ~t century, accompanied 

by modest increases in precipitation for orne region (IPCC, 2014 ). These change 

are unprecedented and may lead to an increa e in frequency and magnitude of extreme 

drought event in Canada (Price et al., 2013), which could amplify tree mortality rates 

(Allen et al., 2010) and the frequency and ize of wildfires (Flannigan et al. , 2009, 

2016; Girardin and Mudel ee, 2008; Girardin et al., 20 13a; Krause et al., 20 14). A 

a con equence, one might anticipate reduction in tree bioma and mean forest age 

and subsequent change in tree pecie composition (Gauthier et al., 2014; Bergeron 

et al., 2017) . Yet negative feedbacks on wildfire al o may be expected, as a result of 

change in fuel type and loading, thereby attenuating orne of the effect of a generally 

warmer climate on wildfire ize and frequency. On one hand, studies have suggested 

that in term of ecophysiological re pon e , future climate change may lead to a de-

crease in tree growth due to increasing tress from ummer drought and heat (Gi rardin 

et al., 2016b ). On the other hand, increasing atmo pheric concentration and an earlier 

spring could lead to growth enhancement (Norby et al. , 2005 ; Girardin et al. , 2011; 

Richard on et al., 2010), albeit temporarily, and perhaps not with sufficient magnitude 

to offset decrea es that are caused by drought and heat effect . Lower regeneration 

rates of coniferous tree specie under a warmer climate are al o likely (e.g . Boiffin and 

Mun on, 2013). Moreover, a northwards shift of the boreal treeline and fore t compo-

sition i anticipated (Fi ichelJi et al., 2014; Fei et al., 2017), even though the peed of 

colonization by new genotype or specie i slower than the rate at which the cl imate i 

changing (Ep tein et al., 2007; Gauthier et al., 2015b), leading to divergences in specie 

response to climate change (Fei et al., 2017). 

Becau e of it importance to planetary y tem , regional livelihood and the global 

economy, improving our under tanding of potential future impact of climate change 

on Canada' boreal fore t i e ential (Gauthier et al., 2015b). Fore t management 

trategie require better cenario of current and future trajectorie of forest growth and 
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compo ition in order to maintain u tainable yield under a warmer climate and increa -

ing di turban ces (Gauthier et al., 201 Sa; Bergeron et al. , 2017). Current method for 

predicting potential impact of climate change on the natural di tribution of specie rn-

clude correlative descriptions of the current environment and species distributions, such 

a bioclimate envelope-ba ed model (e.g. Terrier et al. , 2013). It is now well recog-

nized that uch correlative models may provide a u eful fir t approximation regarding 

the effect of climate change on pecie di tribution (Pearson and Daw on, 2003), but 

they do not incorporate important biotic interaction and proces es governing the natu-

ra] di tribution of pecie ( e.g. Shafer et al., 2015). These limitations may be overcome 

u ing proce -ba ed eco ystem mode] , which have undergone ignificant development 

over the pa t few decade . Yet, the e proce -ba ed model al o have their limitation , 

given that they rarely take into account the whole range of ecophy iological and feed-

back proce e that occur between vegetation , disturbance and the atmosphere. For 

instance, the process-ba ed model StandLEAP ha been succe fully employed to de-

termine the respon e of tree productivity to climate change, but it does not consider 

the effect of di turbance on vegetation (Girardin et al. , 2016b). In contrat, other 

proce -based model uch as LANDIS II and CanFIRE integrate the effects of natural 

di turban ce such a wildland fire on vegetation (Terrier et al., 2014; Boulanger et al. , 

2017b ). However, despite everal new module implemented to better include primary 

uch as the C02 concentration and it temporal change (De Bruijn et al. , 

2014) and fire occurrences based on climate conditions (Perera et al., 2008) , none of 

the e model version has yet been used over ea tern Canada' boreal forest. Rather, the 

frequency of land cape fire has been pre cribed in the versions u ed and, therefore, 

it doe not respond dynamically to change in climate. Conver ely, C02 fertilization 

effect on tree growth, the effects of di turbance on vegetation , and feedback effect of 

vegetation on disturbance are all included in mo t proce s-based dynamic global vege-

tation models (DGVM ). The e integrate mechani tic repre entations of physiological 
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and biogeochemical proces e that lead to simulations of interactions and feedback 

among vegetation, disturbance and the atmosphere (Kucharik et al., 2000; Smith et al., 

2001 ; Krinner et al., 2005). 

In this study, we u ed one of the e DGVMs, the LPJ-LMfire model (Pfeiffer et al., 

2013), to evaluate the potential for change in climate, atmospheric C02 concentra-

tions, and wi ldfire in the coming decade to trigger abrupt change in the biomass of 

dominant specie in Canada's boreal fo rests. The LPJ-LMfire model wa de eloped 

from the LPJ DGVM, which wa de igned to imulate the global terre trial carbon 

cycle and the response of carbon and vegetation patterns under climate change (Sitch 

et al., 2003). The mode] ver ion employed here include an exten ion that dynamically 

links climate, fi.re, and vegetation, allowing us to a ess the patial heterogeneity in cl i-

mate change impacts, notably along temperature (e.g. north to south) and precipitation 

(e.g. west to ea t) gradients. Specifically, in this study we examined how gain in pro-

ductivity resulting from a warmer climate and increa ing C02 concentration may be 

offset by lo se in biomas that are induced by tires and heat and drought stre e acro 

an area extending from province of Manitoba to Newfoundland in ea tem Canada. We 

further provided detailed analy e focused on regions where timber harve ting is cur-

rently an important contribution to the economy. In a eries of factorial experiment , we 

both isolated the individual importance of C02 and fire on bioma and quantified the 

synergie between the e driving fac tor . The trength of the modeling approach pro-

posed here i supported by the good performance of LPJ-LMfire when benchmarking 

its simulation results with empirically-derived fire and stand attribute tudies (Cha te 

et al. , 2018). 
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2.2 Model , experimental set-up, and methods 

2.2.1 Study area 

The tudy domain encompasses the boreal forest regions of eastern Canada (Brandt, 

2009) that spans the provinces from Manitoba to Newfoundl and (102-53° W ; 46-65° 

N), and which covers an area of ca. 2.9 million km2 (Figure 3.1 ). We divided the study 

area into four ecozones (Figure 3.1 ) as defined by the National Ecological Framework 

of Canada (NFEC; Ecological Stratification Working Group, 1996). These large bio-

geographical units are, from south to north , the Boreal Shield (BS), the Boreal Plain 

(BP), the Hudson Plain (HP), and the Taiga Shield (TS). The BS ecozone, covering 

mo t of the tudy area, wa ubdivided at 80° W ( corresponds to boundary between 

Ontario and Quebec) into the Boreal Shield West (BSW) and the Boreal Shield Ea t 

(BSE) sub-ecozones; the division was based on clear climate and fire regime differ-

ence between we t and ea t (Zhang et al. , 2000; Lemprière et al. , 2008 ; Boulanger 

et al. , 2013). The TS ecozone was likewise subdivided into two sub-ecozones, i.e. , the 

Taïga Shield We t (TSW) and the Taiga Shield East (TSE), respectively, because loca-

tions were widely spaced in the study area. 

2.2.2 LPJ-LMfire mode] 

We used the LPJ-LMfire dynamic global vegetation model (Pfeiffer et al. , 2013), which 

is a modified version of the LPJ-SPITFIRE model that combines the dynamic global 

vegetation model LPJ-DGVM (Sitch et al. , 2003) and the process-based fire regime 

model SPITFIRE (Thonicke et al. , 2010). The model is designed to simulate vegetation 

dynamic and fire events in respon e to changes in climate, C0 2 concentration , and 

Iightning events (Pfeiffer et al. , 2013). LPJ-LMfire is made up of a number of modules 

(containing one or several submodel s) that are interconnected, each containing formu-

lations of a relatively well-defined annual or daily ecosystem proce s(es) . Daily pro-



z 
~ c.o 

z 
0 c.o 

z 
~ 
L!) 

102 

100°w 90°W 80°W 70°w 

.f 
1 

0 250 500 
- - ,KM 

100°w 90°W 

Mill capacity (m 3 
/ year) : 

ard o e • 
Mixedwood • • • •• 

Softwood • • • e • 
~ '*- 50 '*- ~ '*- ,-.,.<:) '*- ,-.,.<:) '*-

l-1\ "çs ~~ ~'V ~'V 

~ '*"' 50 '*"' ~ '*"' ..., 
1\ "çs ~~ 

60°W 

80°W 

50°W 40°w 

./ 

Atlantic 
Ocean 

70°w 

~ Analysis area 

Ecozones: 
M Boreal Plain (BP) 

Boreal Shield West (BSW) 

Taiga Shield West (TSW) 

M Hudson Plain (HP) 

M Boreal Shield East (BSE) 

M Taiga Shield East (TSE) 

60°W 

z 
0 
L!) 

z 
0 
s:t" 

N 

A 

Figure 3.1 . Location map of six sub-ecozone in ea tem Canada' boreal fore t and ix analysis 
area that were elected next to high-capacity fore t mill (100-km radius around mi ll wi th 
capacities > 3.50 x 105 m3 /year) . Points repre ent the 20 I 5 updated ver ion of the forest mill 
capacitie fro m McKenney et al. (20 16). One anal y i area is located in the BP ecozone, one 
i located both in the BSW and HP ecozone , and the remai ni ng area are located in the BSE 
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ce e are defined in term of photo ynthe i , tomatal regulation, oil hydrology, au-

totrophic re piration, leaf and root phenology, and decompo ition ( ee Supplement S3.1 

for further detail ). Annual proce e are defined in term of everal ource of mortal-

üy, eedling establi hment, reproduction, allocation, and tissue turnover (Smith et al., 

2001; Sitch et al., 2003, see Supplement S3.1 for further details). Carbon dynamic is 

calculated for four ti sue pool (leaf, root, apwood and heartwood) and is updated an-

nually ba ed on the imulation of daily and annual processes. It is worth noting that 

we a urne that all PFT imulated LPJ-LMfire are present in the 'seed bank' in every 

gridcell in the imulation domain. Thi implie that migrational lag i not con idered 

in the model, although it could be important, particularly in the northernmost part of 

our tudy domain (Ep tein et al. , 2007). The LMfire module imulate proce e of 

natural wildfire and their implication for vegetation mortality and fire emi ions that 

are driven by lightning ignition , fuel bulk density and fuel moisture, which in turn 

are u ed to calculate fire rate of spread, fire intensity, and fire-induced tree mortality 

(Pfeiffer et al., 2013; Cha te et al., 2018) (Figure S3.2B in Supplement S3.1 ). 

In LPJ-LMfire, each pixel i imulated independently of its neighbors, leading to a high 

imple repre entation of the reality becau e adjacent areas might be affected by pecies 

di per al for example. Vegetation imulated by LPJ-LMfire in a grid cell i de cribed 

in term of the fractional coverage of population of different Plant Functional Type 

(PFT ; Figure S3.1 in Supplement S3. l ). PFT con-e pond to cla e of pecie group 

sharing imilar roles in an ecosy tem, responding in a comparable manner to environ-

mental condition (e.g. ame phy iology and dynamics) and con trained by common 

bioclimatic limits (Nock et al., 2016; Verheijen et al., 2013). The use of PFTs concept 

to repre ent vegetation i u eful to repre ent a an ea y way the complexity of nature 

in imulation of plant di tribution and chmate change re earch at regional to global 

cale (Wullschleger et al., 2014 ). However, it doe not take into account intra-specific 

variability and adaptation (Verheijen et al., 2013). LPJ-LMfire wa reparameterized 
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and adapted by Chaste et al. (2018) for the predominant tree genera that are currently 

present in the Canadian boreal forest and defined according to four PFfs (Picea, Abies, 

Pinus and Populus). LPJ-LMfire describe the state of an eco ystem in term of an-

nual carbon stocks (living bioma , litter, and oil), net primary productivity (NPP), net 

biome productivity, evapotranspiration, heterotrophic respiration, soil moi ture frac -

tion, and forest tructure and vertical profile (caver fraction , individual density, crown 

area, leaf area index; see Supplement S3.1 for further detail s) . 

Here, we ran LPJ-LMfire with p eudo-daily temporal re olution from 1950 to 2099 

on a 10 x 10 km equal-area grid covering the study area. Data that were u ed to run 

LPJ-LMfire include cenario of changing climate ( ee ection 3.2.3 and 3.2.4) and 

atmospheric C02 concentration ( ee section 3.2.5) together with static maps of soil 

particle size di stribution (% ), volume fraction of coarse fragments (% ), elevation (me-

ter ), lape (degree ), and water fraction ( ee section 3.2.6). Climate data were com-

piled at a monthly time-step, while C02 concentration were provided to the mode] at 

an annual time- tep ba ed upon IPCC A RS emi sion cenarios that are referred to a 

Repre entative Concentration Pathway (hereafter, RCP; Vuuren et al. , 201 1 ). 

2.2.3 Climate scenarios and future climate trends 

Climate cenarios are simulations of future climate that have been generated to inves-

tigate the potential impact of anthropogenic greenhou e gas emi ions and land caver 

changes on global and regional climate (Mearn et al., 2001 ). In the present tudy, 

each climate scenario refers to a global climate mode! (GCM) that is combined with a 

regional cl imate mode] (RCM) and a RCP (Giorgi et al., 2009). A multi-model ensem-

ble of six climate cenarios that combined two GCM , two RCMs and two RCPs wa 

used to imulate a broad range of variability in the re pon e of vegetation and fires to 

climate change (Table 3. 1 ). The GCM that were provided by the Coupled Madel Inter-

comparison Project phase 5 (CMIPS) were ( 1) the econd generation of the Canadian 
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Earth Sy tem Model (CanESM2; Arora et al., 2011; Chylek et al., 2011) and (2) the 

European Con ortium Earth Sy tem Model (EC-EARTH; Hazeleger et al., 2010). The 

two RCM were ( 1) the recent new Canadian Regional Climate Model (CanRCM4; 

Scinocca et al., 2015) and (2) the Ro by Centre Regional Climate model version 4 

(RCA4; Samuelsson et al., 2011). The two RCPs repre ent (1) the medium-low (RCP 

4 .5) and (2) high (RCP 8.5) emi ion cenario with respective radiative forcing value 

of 4.5 W/m2 (rv650 ppm C02 eq.) and 8.5 W/m2 (rv l300 ppm C02 eq.) at the end of 

the 2 pt century (Mein hau en et al. , 2011 ). As detailed in Table 3.1, shortened name 

were attributed to each climate cenario used in this study, and correspond to a com-

bination of the RCP u ed (RCP 4.5 or RCP 8.5) coupled with the GCM-RCM-Center 

information (i.e. , CCC, CRS or ERS , respectively). 

Monthly mean temperature (0 C), diurnal temperature range (°C), precipitation (mm), 

number of days per month with precipitation, wind velocitie (m. - 1 ), total cloud cover 

percentage and daily lightning flashes den itie (number.day- 1.km- 2) were used for 

running the LPJ-LMfire model. Except for the la t variable ( ee ection 3.2.4), daily 

value for each variable and climate cenario were directly obtained from the coordi-

nated regional climate down caling experiment websi te (CORDEX; Giorgi et al., 2009, 

http ://na-cordex.org/; ee Table 3.1 for further details) for the hi torical ba eline period 

1950-2006 and for the future 2007-2099 period under RCP 4.5 and 8.5, respectively. 

Monthly mean value were obtained by averaging daily value or by umming number 

of days with precipitation. Monthly mean diurnal temperature range was calculated 

a the average difference between maximum and minimum daily temperature . The 

number of day per month with precipitation was calculated a day with > 1 mm of 

total precipitation (solid and liquid combined). Monthly value for each variable were 

then bilinearly interpolated onto the 10-km grid using Matlab oftware. To remove bia 

from each interna} climate cenario that would allow scenario comparisons, we calcu-

lated their anomalie , which are the difference between the modeled and pre ent cli-
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mate for each climate scenario over the overlapping period 1951-201 O. Monthly mean 

of present climate were calculated from the Environment Canada' hi torical limate 

database (Environ ment Canada, 201 3) interpolated to a 100-km2 re olution grid (for 

further detail , ee Cha te et al., 2018). The computed monthly anomalies were then 

added (for temperature, relative humidity and wi nd velocity) or multiplied (for precip-

itation) to the modeled climate at each time tep. 

The multi-model average of annual mean temperature and precipitation for the his-

torical ba eline period 1951-1980 are equal to -2.6°C and 645 mm, re pectively, and 

decrease along a latitudinal gradient from south to north and from ea t to we t, re-

spectively. The multi-model ensemble project an increase in mean temperature and 

precipitation over the 1950-2099 period acro the entire study area (Figure 3.2). Tem-

perature and precipitation are projected to increase from +3 .7 to +8. 1 °C and from + 16.9 

to + 31.5%, respectively, by the end of the 21 ~t century relative to the late 20th century 

ba eline (Table S3 . l in Supplement S3.2). The smallest and largest increase in mean 

temperature from 2011 to 2099 occur in the BSE and TSW ecozone (Figure 3.2 and 

Table S3. I in Supplement S3.2). The greate t increa es in precipitation from 2011 

to 2099 are projected for the northern ecozone (TSW, HP and TSE; Figure 3.2 and 

Table S3. I in Supplement S3.2). The RCP 4.5- and RCP 8.5-ERS climate cenario 

exhibit the mallest magnitude of warming, while greater warming i imulated in the 

RCP 4.5- and RCP 8.5-CRS c1imate scenario (Figure 3.2 and Table S3. l in Supple-

ment S3 .2). Monthly frequency of days with precipitation is projected to increase by 

the end of the 21 ~t century compared to the base1ine, but projection are highly vari-

able among climate scenario and ecozone (Figure 3.2). The greate t increa e in the 

monthly frequency of days with precipitation over 1950-2099 is projected for the HP 

ecozone by the RCP 8.5-ERS climate cenario ( +9 days), whereas the malle t increase 

( + 1 day) i projected to occur in the BP and BSW ecozones according to the RCP 

4.5-CCC cenario and in the TSW ecozone according to the RCP 4.5-CRS cenario 
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(Figure 3.2). 

Although monthly mean temperature and precipitation totals were given directly a m-

put into LPJ-LMfire, we derived the July Monthly Drought Code (MDC; Girardin and 

Wotton , 2009). The MDC i an estimate of the net effect of change in evapotran pi-

ration (related to temperature ) and precipitation on cumulative moi ture depletion in 

deep organic layer , and i well correlated with annual fire stati tic acros the circum-

boreal regions (Girardin et al., 2009). The calculation of the MDC was done here in 

order to have a sub-continental portrait of the spatiotemporal evolution of the water 

availability projected by the multi-model en emble and thus to guide the elaboration of 

hypothe e ; in no ca e doe the MDC enter the imulation performed by LPJ-LMfire. 

The multi-model en emble means of July MDC uggest that increa ed precipitation in 

the boreal fore t of ea tern Canada would not compen ate for increa ing atmospheric 

moi ture demand that is eau ed by warmer temperature . The study region i thu pro-

jected to become increa ingly dry, particularly in outhwestern area (Figure 3.3). Thi 

re pon e will be tronger and faster under the RCP 8.5 forcing cenario (Figure 3.3). 

Only the north of Quebec would experience a light decrease in the July MDC, in-

dicative of generally wetter condition (Figure 3.3). Consequently, and consi tent with 

prev1ou tu dies (Wang et al., 2017; Wotton et al., 2017), we postulated that the annual 

area burned imulated by LPJ-LMfire would al o increa e over time. 
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Figure 3.2. Mean changes in temperature (°C), precipitation (%) and mean number of day 
with precipitation in April, May and June in 1981-2010, 2011-2040, 2041-2070 and 2071-2099 
compared to the baseline climate 1951-1980 across six ecozones of eastern Canada 's boreal 
forest, under each climate scenario of the multi-model ensemble. Shortened names (RCP45-
CCC; RCP45-CRS ; RCP45-ERS ; RCP85-CCC; RCP85-CRS ; RCP85-ERS) were attributed to 
each climate scenario and coITespond to a combination of the RCP used (RCP 4.5 or RCP 8.5) 
coupled with the GCM-RCM-Center information (see Table 3.1 for further details) . Ecozone 
are, from south to north, the Boreal Plain (BP), the Boreal Shield West (BSW), the Boreal 
Shield East (BSE), the Taïga Shield West (TSW), the Hudson Plain (HP), and the Taïga Shield 
East (TSE) (Ecological Stratification Working Group, 1996). 
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Monthly Drought Code in July 
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Figure 3.3. Predicted changes in the July Monthly Drought Code (MDC) acro s eastem boreal 
Canada for four periods from l 981 to 2099 compared to the ba eline 1951-1980 for the RCP 
average (RCP 4.5 and RCP 8.5). The MDC calculation that was used was developed by Gi-
rardin and Wotton (2009) and is a generalized ver ion of the daily Drought Code that i widely 
u ed acro Canada by fore t fire management agencies in their monitoring of wildfire ri k. 
This index repre ent the net effect of change in evapotran piration and precipitation on oil 
moi ture torage. Daily MDC value below 200 are con idered low, wherea value around 400 
or higher indicate that fire could involve burning of deep ub urface and heavy fuels (Bergeron 
et al., 2010). 
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2.2.4 Lightning fl a h density data 

LPJ-LMfire require a input the monthly den ity of lightning fla hes in the calculation 

of the fire ignition probability but the e data, as i the ca e for many climate models, 

were unavailable for the climate scenario that were constructed and implemented in 

thi tudy. We addre ed thi lack of data by developing two very different lightning 

fla h den ity experiments to cover a large range of variability in future lightning condi -

tions. 

In the fir t lightning fla h den ity experiment (hereafter, Fla hesconstant ), we applied a 

constant lightning fla h den ity from 1950 to 2099 that varied patially through time. 

In thi ca e, the Canadi an lightning detection network (CLDN) data et, which cov-

er the period 1999-2010 (Orville et al. , 2011 ), was used to construct time-series of 

monthly lightning fla h densitie (number.day- 1 .km- 2 ) from 1950 to 2099. The time-

eries were con tructed by randomly electing monthly values from the 12 years of 

monthly CLDN time- eries. Monthly lightning flash den ities were then converted 

to daily lightning fla h den ities before being et as input to the model. The LPJ-

LMfire model di tribute lightning fla h occurrence only on rainy days di saggregated 

from monthly um of precipitation by the weather generator ( ee Supplement S3.1 

for further detail ). This redi tribution of lightning flash occurrence on rainy days wa 

based on previou ob ervation howing that lightning fla h activity and precipitation 

are trongly correlated in the North American boreal fore t, with only 20% of the total 

lightning fla h activity in boreal Canada corre ponding to dry lightning fla h (Peterson 

et al. , 2010; Romp et al. , 2014; Veraverbeke et al. , 2017). 

In the econd lightning fla h density experiment (hereafter, Fla he increase), we applied 

an increa e in lightning fla h den ity during the 21 ~t century. This experiment i con-

i tent with the expectation that lightning flash den ity would increa e until the end of 

the 2P1 century (Krause et al. , 2014; Romp et al., 2014), given that it is correlated 
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with increases in temperature and rnoisture (Krau e et al., 2014; Wang et al. , 2017). 

Given the strong correlations between lightning fla h density and the convective avail-

able potential energy (CAPE) that i an indicator of atmo pheric in tability (Peterson 

et al., 20 1 O; Romp et al., 2014), we u ed daily value of CAPE that were available 

from a climate scenario developed by the Ouranos Con ortium (Separovic et al., 2013) 

to develop the Fla hesincrease experiment. The Ourano Con ortium climate cenario 

combine the CanESM2 GCM with the Canadian Regional Climate Model ver ion 5 

(CRCM5; Martynov et al. , 2013; Separovic et al., 2013) and the RCP 8.5. Two run 

of this climate scenario were available (RCP 8.5-CC01 and RCP 8.5-CC02 ; see Ta-

ble 3.1 for further detail ). However, a the e climate cenario run were available for 

the RCP .5 only, they were not u ed a input in LPJ-LMfire; rather, they were used to 

develop the lightning flash den ity experiment. The RCP 8.5-CC01 projected the high-

est monthly increase in CAPE for the 1950-2099 period (Figure S3.3A in Supplement 

S3.3). Con equently, we applied daily CAPE value from the RCP 8.5-CC01 on the 

daily lightning flash den ity from the CLDN dataset u ing the methodology that wa 

de cribed in Cha te et al. (2018): (i) calculate monthly CAPE anomalie compared to 

the average of monthly CAPE from 1961 to 1990, (ii) normalize the e to a range be-

tween -1 and 1, and find the largest positive or negative CAPE anomaly value withi n 

the time erie for a pecific grid cell to e timate the total magnitude of the range of 

observed lightning strike , and then (iii) applying the normalized CAPE anomaly with 

caling factor on the monthly CLDN time- erie to generate a time-variant scenario. 

The resulting Flashesincrease experiment projected an increa e in monthly lightning fla h 

den ity o er the 1950-2099 period with highe t monthly lightning fla h den ity occur-

ring between June and September, with a maximum in July (Figure S3.3B in Supple-

ment S3.3). Monthly mean lightning fla h den ity wa projected to increa e by 342% 

between June and September for the period 2071-2099 relative to the 1951-1980 base-

line period. 
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These two lightning flash den ity experiments (Flashesconstant and Flashesincrease) were 

separately paired with each climate scenario that has been previously described in sec-

tion 3.2.3 and Iead to generate twelve climate scenarios in total. 

2.2.5 Atmospheric C02 concentrations 

Monthly mean concentrations of atmospheric carbon dioxide (C0 2) covering the 1951-

1980 and 1981 -2099 periods were obtained from Pfeiffer et al. (2013) and from Mein-

hausen et al. (2011 ), respectively. For the latter period, values were directly obtained 

from IPCC (IPCC, 2013) for RCP 4.5 and RCP 8.5. Mean annual atmospheric C02 

concentrations varied from 310.7 ppm in 1950 to 537 .8 ppm in 2099 for the RCP 4.5, 

and to 926.7 ppm in 2099 for RCP 8.5. It should be noted that C02 concentrations from 

both RCP forcing scenarios tarted to diverge in 2008. 

2.2.6 Other mode] input datasets 

We u ed the methodology of Chaste et al. (2018) to construct the biophysical layer 

that are required as inputs in LPJ-LMfire. Soi] texture fractions were extracted from 

the SoilGrids 1 km dataset (Hengl et al., 2014) and interpolated to our 10-km resolution 

grid. Lithology was unchanged from Pfeiffer et al. (2013) . The 30 arc-second grid-

ded digital elevation model (DEM) of Canada was interpolated to our 10-km grid and 

used to calculate lope in degrees u ing ArcGIS 10.4.1. The land fraction, which is 

defined as the inverse of the water fraction (lake and watercourse areas), was calcu-

lated from the National Hydro Network (NHN) dataset at 100-m resolution (Natural 

Resources Canada, 2010). We calculated the water fraction at 10-km resolution from 

grid cell at 100-m resol ution that had a percentage of water fraction > 50%. Roads, 

power lines, dams, mines, and other anthropogenic structures were not considered in 

this study. Impacts of human activitie , including forest management and active fire 

suppression effort , on characteristics of forest fuels were also not considered in the 
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present LPJ-LMfire simulations. 

2.2.7 Modeling and simulation protocol 

A 1120-year spin-up period was prescribed to equilibrate vegetation and carbon pools 

with climate at the beginning of the study period (Smith et al., 2001 ), and to ensure 

that forest biomass was in equilibrium with climate and fire (Tang et al., 2010). This 

spin-up run was unchanged from Chaste et al. (2018) and corresponds to a Iinearly 

detrended version of the observed climate data covering the 1901-2012 period, which 

was repeated 10 times. After the spin-up period concluded, transient period were per-

formed u ing a input each climate scenarios describe above in ection 3.2.3 and 3.2.4. 

For each of those twelve independent simulations, we analyzed the outputs of LPJ-

LMfire in term of annual area bumed, annual net primary productivity (ANPP), total 

aboveground biomass and PFT cover percentages. We summarized simulated results 

using moving 30-year periods covering 1951- I 980, 1981-2010, 2011-2040, 2041-2070 

and 2071-2099 in each ecozone and for all zones that were grouped together. The e 

results are presented by RCP averages (mean of simulated resul ts for RCP 4.5 and 

RCP 8.5 di stinctly) in the manuscript and separately for each climate scenarios in 

the supplementary material . In addition, we also performed twelve others simula-

tions that corre ponds to two sensitivity analyses de cribe below (C02 fertilization and 

tires) and performed under simulations u ing the ix climate scenario paired with the 

'Flashesincrease' experiment. 

2.2.7 .1 Sen itivity analysis to C0 2 fertilization 

Like many vegetation and earth ystem models, LPJ-LMfire i parbcularly sensitive to 

changes in atmospheric C02 concentration (Chaste et al., 20 18). Sorne of the effects 

may reflect an under-representation of cl imatic feedbacks or a lack of repre entation of 

nutrient con traint on vegetation (e.g. Smith et al., 2016). We explored the potential 
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implication of C02 fertilization effect on our conclusions by running LPJ-LMfire with 

two ets of C02 experiments that were combined with each climate scenario. In the first 

set of simulations, we tested an increase in the C02 concentration, 'Climate + C02' ex-

periment, a described in the ection 3.2.5. This experiment was used throughout our 

evaluation of LPJ-LMfire projections. In the second set of simulation , we used con-

stant C02 concentration from 1950 to 2099, 'Climate - C02', where C02 was fixed at 

the 2008 level , i.e., the last year for which C02 concentration was equal in both RCPs 

(384.8 ppm). In the latter case, there was no response of vegetation gross primary 

productivity (GPP) to direct changes in C02 concentrations, but we recognize that the 

indirect effect of the C02 concentration increase in terms of climate response cannot 

be fully removed. The direct effect of C02 fertilization on vegetation, therefore, was 

determined by the difference of ANPP between simulations 'Climate + C02' and 'Cli -

mate - C02'. 

2.2.7.2 Influence of climate change with and without fire on forest bioma s 

To a e s the role of future climate and fire on vegetation separately, we simulated 

vegetation with and without fire in two distinctive sets of LPJ-LMfire experiments. In 

the first experiment of simulations, we ran LPJ-LMfire with each climate scenario, cou-

pled with the possibility that lightning flash density could start fires if conditions for fire 

propagation and fuel availability were conducive (hereafter, the 'Climate + fires' exper-

iment). This experiment was used throughout our evaluation of LPJ-LMfire projections. 

In the second set of simulations, we ran LPJ-LMfire with each climate scenario, cou-

pled with a forcing rule that none of the fires could occur, regardless of the lightning 

density (i.e., the ' Climate - fires' experiment). Note that these two experiments might 

not be directly comparable owing to postfire establi hment rule of fire-adapted genera 

that were included in LPJ-LMfire (for further detail s, see Chaste et al. , 2018). Thus, 

the effect of fires on vegetation was determined by analyzed the output of LPJ-LMfire 

in term of total aboveground biomass under each experiment. 
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2.2.7.3 Detailed analy e 

We performed detailed analy e at ix location in the tudy area where important for-

est industrie are located (Figure 3.1 ). We analyzed the outputs of LPJ-LMfire in terms 

of annual area burned, tree cover percentage (sum of all PFT ), e tabli hment rate and 

heat-induced mortality rate. These detailed analy e are only reported for the RCP 4.5-

CCC climate cenario, which represents the medium climate cenario between the ix 

climate scenarios that were used in this tudy ( ee section 3.2.3). We refer to fore t 

cover gain and Joss when the tree cover percentage increase and decreases, respec-

tively. Here, heat-induced mortality refers to heat damage mortality induced by tre 

during prolonged period with high temperatures and that could lead to forest dieback 

(Sitch et al., 2003). Heat-induced mortality rate increa es linearly with the number of 

growing degree days above a PFT-specific temperature ba e (Sitch et al. , 2003). 

2.3 Re ult 

2.3.1 Annual area burned 

A outlined in section 3.2.3, we postulated that the amount of area that was burned 

would increa e over time acro s the tudy area, given that drought everity (July MDC, 

Figure 3.3) wa projected to ub tantially increa e over time by the multi-model en-

semble of climate scenarios. Contrary to expectation, our model imulations showed 

a general decrease in annual area burned regardless of the climate scenario that was 

used (Figure 3.4). LPJ-LMfire simulations projected decrease in mean annual area 

burned from 1951 to 2099 in both the RCP 4.5 and 8.5 forcing cenario , except in the 

TSE ecozone, where a 12% increa e wa projected under the RCP 8.5 (Table S3.2 in 

Supplement S3.4). The mallest decrea e in mean annual area burned wa imulated 

in the northwestern ecozone and southeastern ecozone, while the greatest decline in 

mean annual area burned wa imulated in the outhwestern ecozone (Figures 3.4; Ta-
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ble S3.2 in Supplement S3.4). It i noteworthy that the rate of change in the decline in 

annual area burned wa not con tant, and in many instances, a brief increase in burned 

area wa imulated before the on et of the decline. Under the RCP 8.5 forcing scenario 

and tarting at 2011-2041 , mean annual area burned wa projected to decrea e in the 

BP, BSW and TSW ecozone ; in other ecozone , they were projected to increa e up to 

2041 -2070 and then to decline afterward (Figure 3.4). Simulation performed with 

climate cenario that wa paired with the two experiment of lightning fla h den ity 

(' Fla hesconstant ' or 'Fla he increa e' ; see section 3.2.4) did not project ignificant differ-

ence in annual area burned (Figure S3.9 in Supplement S3.5). 

2.3.2 Net primary productivity 

Mean annual net primary productivity (ANPP) that was simulated by LPJ-LMfire un-

der the ' Climate + C02 ' experiment wa projected to increase from 1951 to 2099 for 

all ecozones (Figure 3.4), except in the BSW where decrea es of 19% and 34% were 

projected under the RCP 4.5 and RCP 8.5 , re pectively (Figure 3.4; Table S3.2 in 

Supplement S3.4). The mallest and large t increases in mean ANPP were imu]ated 

respectively in the BP and TSW ecozone , and were equivalent to less than 15% and 

more than 80% (Figure 3.4; Table S3.2 in Supplement S3.4). The increa e in mean 

ANPP from 1951 to 2099 wa relatively con tant under RCP 4.5 (Figure 3.4). How-

ever, an increase in mean ANPP from 1951 to 2070, followed by a decrea e in mean 

ANPP until the end of the 21 ~1 century, wa projected under RCP 8.5 for the BP and 

BSE ecozone (Figure 3.4). A imilar trend wa observed in the BSW ecozone, but the 

decrea e in mean ANPP tarted earlier in the simulation period (Figure 3.4; Table S3.2 

in Supplement S3.4). Thu , ANPP wa projected to increase with climate change, ex-

cept in the outhwe tern part of our tudy area. 

Re ult from the 'Climate - C02 ' experiment suggested a decrea e in mean ANPP from 

I 951 to 2099 for all ecozone (Figure S3. l Oin Supplement S3.5), except for the TSW 
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Figure 3.4. RCP averages (RCP 4.5 and RCP 8.5) of mean annual net primary productiv-
ity (T.ha- 1.yr- 1 ) , mean annual area burned (%.yr- 1) and mean total aboveground bioma 
(T.ha- 1) that were imulated by LPJ-LMfire under the 'Flashe increase' li ghtning, ' C1imate + 
C02 ' and 'Cl imate + fire ' experiment . (A) Change in the 2011-2040, 2041-2071 , and 207 1-
2099 periods compared to the baseline 1951-1980 acro s ea tern Canada' boreal forest (100 
km 2-resolution). (B) Changes imulated for 30-year period in each ecozone. T refers to tonne . 
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Genus-specific PFT 
Non- forested PiceallAbiesll Pinus Populus 

Figure 3.5. RCP averages (RCP 4.5 and RCP 8.5) of mean cumulative percentage tree cover for 
the four genu - pecific PFT (Picea, Abies, Pinus and Populus) and for the percentage of non-
fore ted area in each ecozone that were imulated by LPJ-LMfire under the 'Fla he incr as ' 

lightning, ' Climate + C02 ' and ' Climate + fire ' experiments. In the main text, we refer to forest 
cover gain (Joss) when the cumulative percentage tree cover increa e (decreases) relative to a 
ba eline period. 

and TSE ecozone under RCP 4.5, where re pective increa es of 41 % and 10% were 

projected (Table S3.3 in Supplement S3.5).The highest decrease in mean ANPP was 

imulated in the BSW and BP ecozone (Figure S3. l O in Supplement S3.5). Percent-

age of difference in mean ANPP that were imulated by LPJ-LMfire between the 
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'Climate + C02 ' experiment and the 'Climate - C02 ' experiment were 9% in 2011-

2040, 26% in 2041 -2070, and 35% for the 2071-2099 period under RCP 4.5. These per-

centages of difference were higher under RCP 8.5 (equal to 11.5%, 43.4% and 96.8%, 

respectively). Thus, the increa e in ANPP that was simulated by LPJ-LMfire with the 

' Climate + C02 ' experiment was associated with increa ing C02 concentrations, e pe-

cially in the outhwe tern part of the tudy area (Figure S3.10 in Supplement S3.5). 

The higher the C02 concentration, the stronger was the fertilization effect. 

2.3.3 Total aboveground bioma 

Broadly, mean total aboveground biomass wa projected to decrea e from 1951 to 2099 

in southern area (with a maximum decrea e in the BSW ecozone) and increa e in 

northern area (with a maximum increase in the TSE ecozone, followed by TSW (Fig-

ures 3.4; Table S3.2 in Supplement S3.4). The range of increases or reductions in 

total aboveground biomass howed regional variation. Sorne differences were appar-

ent between the two RCP scenarios, although the re pon e were stronger under the 

RCP 8.5 scenarios compared to RCP 4.5 (Figures 3.4; Table S3.2 in Supplement S3.4). 

For instance, in the HP and BSE ecozones, mean total aboveground biomass wa pro-

jected to remain relatively stable during the entire period under RCP 4.5, whereas it 

was projected to decrea e from 2041 -2070 until the end of the century under RCP 8.5 

(Figure 3.4; Table S3.2 in Supplement S3.4). Overall, total aboveground biomass wa 

closely tied to mean annual area burned and net primary productivity (Figure S3 .7 in 

Supplement S3 .4). 

Result from the ' Climate - fires ' experiment howed trends in aboveground bioma 

that were imilar to the 'Climate + fire ' experiment (Figure S3 . l 1 in Supplement S3 .5) . 

In the southern ecozone , simulated biomass wa higher in the 'Climate - fires' ex-

periment, whereas it wa imilar in the northern ecozone fo r both experiments (Fig-

ure S3. l 1 in Supplement S3.5). The percentage decrea es in mean total aboveground 
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bioma between the 1951-1980 and 2071-2099 periods were relatively similar under 

both experiment in the outhern ecozone (Table S3.4 in Supplement S3.5). 

2.3.4 Fore t composition 

Simultaneou to the bioma decline that wa simulated in the outhem ecozone , fore t 

campo ition and fore t covered area changed ignificantly, particularly in the econd 

half of the 21 st century (Figure 3.5). LPJ-LMfire imulation projected a ignificant de-

crease in the caver percentage of Picea and Pinus by the end of the century compared 

to the ba eline under both emi sion scenarios (Figure 3.5). Change in forest campo i-

tion in the outhern ecozone were trongly driven by a shift in dominance to Populus 

under RCP 8.5, while co-dominance of Picea and Populus wa projected in the BSW 

and HP ecozones under RCP 4 .5 (Figure 3.5). A decrease of the tree caver percentage 

(i.e. a fore t caver los ) in the outhern ecozone was al o imulated by LPJ-LMfire 

at the end of the century under RCP 8.5 (Figure 3.5; Figure S3 .8 in Supplement S3.4); 

thi trend wa lightly limited in the BSW ecozone under RCP 4.5 (Figure 3.5 ~ Fig-

ure S3.8 in Supplement S3.4). In contra t, no significant change in fore t composition 

wa imulated in the northern ecozone over the imulation period (Figure 3.5): Picea 

remained dominant de pite a light increa e in Populus caver percentage at the end of 

the century (Figure 3.5). Overall , fore t caver gain were imulated in the northern eco-

zone (i.e., TSW and TSE) in both the RCP 4.5 and 8.5 scenarios, followed by forest 

caver lo e during the 2071 -2099 period under RCP 8.5. Thi pattern of gain and lo 

wa al o imulated in the HP ecozone with greater amplitude and earlier onset in the 

21 ~t century (Figure 3.5). 
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Figure 3.6. Mean annual area burned (%, in black), tree cover (%, in green; um of the four 
PFTs), establi hment (i n blue), and heat-induced mortality rate (ind.m - 2, in red) in six mill 
areas of ea tem Canada's boreal fo rest ( ee location in Figure 3.1 ) that were imulated by LPJ-
LMfire under the RCP 4.5-CCC climate scenario paired wi th the 'Fla he increa e' lightning, 
' Climate + C02 ' and ' Climate + fire ' experiment . Except for annual area bumed, note that 
scales differ among areas. 

2.3.5 Heat-induced mortality rate v establi hment rates 

The detailed analysi of heat-induced mortality and recruitment patterns at ix location 

that were co-located with the largest awmills sugge ted an increa e in both establish-

ment rate and heat-induced mortality rate during the econd half of the 21 · t century, 
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with decrea ing variability along a longitudinal gradient from we t to east (Figure 3.6). 

Variability in forest cover was closely related to heat-induced mortality rate , e pe-

cially during the second half of the 21 ~t century and in the we tern areas (Figure 3.7). 

While fire have played arole in the reduction of total aboveground biomass in outhern 

ecozone , the upstream effect of heat-induced mortality brought with climate warming 

ha likely been more important. Therein, fore t cover los e paralleled the increa e in 

heat-induced mortality rates that exceeded tree e tabli shment rate (Figure 3.6). In the 

three ea tern areas, a relatively constant forest cover wa imulated in association with 

low e tablishment rate and low heat-induced mortality ; annual area burned remained 

relatively constant throughout the 21 ~t century (Figure 3.6). Noteworthy, in the we t-

ernmo t areas we noted that the simulated decrea e in annual area burned wa clo ely 

tied to the tree cover percentage: a large decline in annual area burned was imulated 

when the tree cover percentage was le s than 50% (Figure 3.6). The highest decrease 

in annual area burned wa imulated at ite #1 (in the BP ecozone), where it declined to 

almost 0% of the land area by the end of the 21 ~t century (Figure 3.6). This decline in 

annual area bumed i ynchronous with the forest cover lo noted at the ecozone level 

(Figure 3.5). 

2.4 Di cu ion 

2.4.1 Changes in fire regimes and forest dynamic 

Our tudy indicates that impacts of climate change will be very significant throughout 

the boreal forest of ea tern Canada by the end of the 21 st century, but they will vary 

greatly across the tudy region. In the outhernmo t ecozone (BP, BSW, and BSE), 

a decrea e in annual area burned and total aboveground bioma s as ociated with a re-

gres ion of fore ted areas (forest cover losse ) and a northward migration of needleleaf 

tree type are expected. Conver ely, in the northern ecozone (HP, TSW, and TSE), a 

ignificant increa e in ANPP for the fir t half of the 21 ~t century i expected and will 
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Heat induced mortality (ind/m2
) anomal ies 

Figure 3.7. LPJ-LMfire 's simulated tree cover (%) anomalies expressed a fonction of heat 
induced mortality (ind.m- 2) anomal ies and annual (%) burn rates anomalie for moving 30-
year periods in six mill area of eastern Canada' boreal forest (see location in Figure 3.1 ). 
Anomalies were calculated with the baseline period 195 1- 1980. Results corresponds to the 
RCP 4.5-CCC climate scenario paired wi th the 'Fla he inerease' lightning, ' Climate + C02' 
and ' Climate + tires' experiments. Note the different x- cale from one area to another. A 
po itive tree cover anomaly here denote a fore t cover gain; a po iti e tree cover anomaly 
denote a fore t cover los . 
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be a ociated with an expansion of forested areas (forest caver gain ) mainly domi-

nated by Picea PFT. Yet, these trends were imulated to reverse by the end of the 21 st 

century under RCP 8.5 and follow trend to those that were projected for the southern 

ecozones. Difference in the peed of responses, in terms of productivity, annual area 

burned and total aboveground bioma s, to climate change were projected, depending 

upon the climate cenario that were u ed: projection are anticipated to occur fa ter 

and more strongly under RCP 8.5 than under RCP 4.5 (Figures S3.4, S3.5 and S3.6 in 

Supplement S3.4). 

The imulated increa e in annual area burned in we tern ecozone for the 1950-2010 

period i upported by independent ob ervation (e.g. Stocks et al., 2003), and appear 

to have been driven mainly by an increa e in extreme fire weather event that were 

conducive to tire , which i reflected here by an increase in the July MDC (Figure 3.3). 

In the southea tern ecozone, imulated annual area burned remained tationary over 

thi ame period; thi phenomenon i echoed in observed annual area burned data and 

may be the continuation of atmo pheric moi tening that began more than a century 

ago (Drobyshev et al., 2017). Atmo pheric moistening could act on the annual area 

burned as long as precipitation compensates for the increase in temperature (Flannigan 

et al., 2016). Yet, everal tudie have projected that annual area burned i likely to 

increa e until the end of the 21 ~1 century in ea tern Canada's boreal forest in re pon e 

to ongoing_ climate warming ( e.g. Ali et al., 2012; Boulanger et al., 2014; Wotton et al., 

2017). Our simulation contradict the e previou conclusions and project a decrea e in 

annual area burned for the upcoming century in southernmo t areas; the discrepancy 

i likely because previous tudie did not include fire-vegetation feedback (Girardin 

et al., 2013b ), which are .a key feature of proce -based vegetation models. Increa e 

in the frequency of heat-induced mortality events will lead to fore t caver loss in the 

southern ecozone , which in turn ha the potential of inducing a negative feedback on 

the annual area burned. Warrning lead to an increa e in evapotran piration that de-
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plete soil moi ture (Girardin et al. , 2016a), and it al o increase the frequency of heat-

induced mortality event (Figure 3.6). The e re ult concur with previou studie that 

have highlighted that the enhancement of vegetation growth by climate change would 

not be unlimited and may be counteracted by the negative effects of climate change 

on other plant processes (Silva et al., 2010; Price et al., 2013; Girardin et al., 2016a), 

such a tree mortality events (Forkel et al., 2016) or nu trient limitation (Norby et al., 

2010). Thi being said, the stimulating effect of increa ing temperatures and atmo-

spheric C02 concentrations on boreal fore t productivity ( orby et al., 2005; Girardin 

et al., 201 1) were well captured by our imulation in northern ecozones (Figure 3 .4 ). 

The contra ting trends in NPP between the northern (enhancement) and southern (de-

clining) portions of our study domain agree with previou tudies, which sugge ted that 

future re panses of fore t productivi ty will how con iderable spatial variation as oci-

ated with the latitudinal gradient of climate factor (Friend et al., 2014; Girardin et al., 

2016a; Forkel et al., 2016). 

Although heat- induced tree mortality event eem to play a significant role on the 

decrease in annual area burned during the second half of the 21 st century, fire play 

a role on simulated forest composition change . Within our imulations, high annual 

area burned in outhwe tern area from 1950 to 20 l O induced a decrease of the cov-

erage of the needleleaf evergreen PFT to the benefit of the broadleaf deciduou PFT 

(Figure 3.5), which likely imposed a negative feedback on fires up until the end of the 

century. Recent preindustrial recon truction of vegetation compo ition have already 

shown that land capes where large fires occurred have undergone a hift in dominance 

from needleleaf evergreen species (e.g., Picea pp.) to broadleaf deciduous pecie , 

such a Populus pp. or Betula pp. (Danneyrolles et al., 20 16; Boucher et al. , 2017). 

Broadleaf deciduous stand are le fl ammable than needleleaf coniferou tand due 

to lower fuel quantity and quality to ignite fires and sustain propagation. Moreover, 

they are characterized by higher moi ture in the under tory compartment (Hély et al., 
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2001) , and deciduou crown tree do not contain the highly flammable oils and re ins 

that are common in needleleaf pecie (Van Wagner, 1987; Terrier et al., 2013). Con e-

quently, the change in vegetation compo ition, which i anticipated to accelerate during 

the mid-twentieth century within our simulations, leads to a reduction in both ignition 

efficiency and fire spread, which in turn reduce fire ize and total annual area burned 

(Figure 3.4 ; Hély et al., 201 O; Terrier et al., 2013; Bernier et al., 2016). The pre ent 

tudy, therefore, highlight the 'bottom-up ' controls of fuel compo ition and availabil -

ity on future fire risk in a warmer climate, especially in southwe tern ecozones of the 

study area, as has been previously suggested for the current conditions (Hély et al., 

2000, 2001 ). 

Our tudy indicates that an increase in e tabli hment rate m outhern ecozones would 

not compensate for the los of bioma that i induced by heat-induced mortality events. 

The decrease in total aboveground bioma in outhern ecozone was more strongly 

inftuenced by the increa e in heat-induced mortality, which killed young needle]eaf 

eedlings, than by the negative effect of fire on mature tree bioma . 

2.4.2 Fore t management implications 

The impact of future climate change on the boreal fore t of ea tern Canada are likely 

to be a decrea e in the proportion of needleleaf evergreen ( oftwood) pecies in south-

ern regions , particularly Picea and Pinus, which would be partially replaced by an 

increa e in the proportion of Populus PFT (Figure 3.5). Thi hift to broadleaf decidu-

ous (hardwood) pecie dominance could be al o translated into an increa e in Betula 

spp., which were not included in the LPJ-LMfire parameterization. In reality, Populus 

pp. are specie more re tricted to fine-textured upland oil (Gower et al., 1997) that 

are only abundant in some part of the study area (Cha te et al., 2018). Change in 

pecies composition cou]d al o be concurrent with an overall reduction in fore t den-

sity and the development of unfore ted area . A major change in oftwood tock and 
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productivity in the commercially important boreal forests of eastern Canada could have 

considerable impacts on the fore t industry, since these are the main commercial tim-

ber specie that are harvested in the country (Canadian Council of Forest Minister , 

2017). As previously mentioned in recent studies (McKenney et al. , 2016; Taylor et al., 

2017), our results uggest that traditional commercial rel iance on oftwood specie 

in eastern Canada' boreal fore t may become un u tainable in ub equent decade . 

Change in management trategie focusing on harve t substitution from softwood to 

hardwood pecies would need to be con idered (Boulanger et al. , 2017a). Sorne in-

tensive silvicultural scenario could help to increa e forest productivity and maintain 

a sufficient level of softwood species in landscape mo aie, such a partial cutting or 

pre-commercial thinning (Bureau du fore tier en chef, 2013). The e ilvicultural prac-

tices could favor young stands that are more productive than old tand , and decrea e 

competition for pace and light between species. Thus, they could facilitate regenera-

tion of pre-e tabli hed coniferou pecie and accelerate the tran ition from hardwood 

specie dominance to softwood specie dominance in the boreal fore t (Bo e et al., 

2014; Prévost et al., 2010). Enrichment planting of oftwood specie in natural fore t 

or fore t gap could al o be implemented (Bo e et al., 2014; Prévo t et al., 2010). It 

should be noted that these activities would also contribute to an increase in conductive 

forest fuel. Thi implie an additive hazard ri k of wildfire in a context where the cli -

mate will become more favorable to their ignition and spread. It i to be understood 

that uch land use planning mu t be coordinated with sectoral takeholder , in luding 

communitie and fire suppression agencie . 

2.4.3 Uncertainties and limitations 

Our result imply that climate change may have ignificant effects on the biomass of 

dominant pecies in eastern Canada' boreal fore t, but it is important to recognise that 

these result are limited and hould be interpreted carefull . Indeed, the changes that 

are expected in future climate and C02 concentration that have been projected un -
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der both RCP cenarios still include a range of uncertaintie that cannot be quantified 

by thi pre ent tudy, and the main trend of which may not be borne out in reality. 

Simulation that were performed with a multi -model en emble of climate cenario 

are con idered to be more robust than with one climate scenario only, but the en em-

ble till doe not guarantee that the mean tate is reali tic (Tebaldi and Knutti , 2007). 

Climate projections that were used in the pre ent tudy had been corrected with ob-

erved data that were recorded by meteorological tations from 1951 to 2010 u ing an 

anomaly method to reduce bias in modeled climate data. However, this method i ba ed 

upon the assumption that mode] biase are tationary over the entire period of simula-

tion (lvanov and Kotlar ki, 2017), and that the frequency and magnitude of extreme 

weather events relative to ba eline would remain con tant through time (Terrier et al. , 

2013). Yet, it ha been increasingly recognized that uch an a umption is invalid. In-

deed, orne change in extreme weather event have already been observed globally 

(Ea terling et al., 2000). Moreover, in Canada, an increase in the frequency of extreme 

drought years i expected to occur, due to more frequent and persistent high-pre sure 

blocking ystem (Girardin and Mudel ee, 2008). 

Although imulation of future fire activity in re ponse to climate change include the 

feedback effect of vegetation change on fire behavior, two important limitation must 

be noted. First, regeneration failure that are due to two succes ive fires in immature 

tand are not repre ented in LPJ-LMfire. The inclu ion of such natural disturbance 

event in our imulations could further amplify the imulated trend in forest cover lo , 

bioma resource reduction and change in fore t composition. Also, LPJ-LMfire i not 

parameterized for ericaceous hrub specie , which could potentially e tablish in area 

where tree cover percentage would decrea e following fire (Shafer et al. , 2015). Shrub 

encroachment and expan ion within a land cape (' hrubification' ) inhibit the regener-

ation of tree pecie and can retard the development of forest for up to a decade (He-

witt et al. , 2016). Den e shrubs and gra e cover between tree stands are ftammable 
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ecosystems. They also would further influence the connectivity of fuel in tree tands 

available for burning and, therefore, increa e the propagation of tire (Higuera et al., 

2009). Thu , the increasing importance of hrubs and gra es could further delay fores t 

regeneration and lead to increases in burned areas. Net biomass los es will occur across 

succe ive fire cycles (Kettridge et al. , 2015) and progres ively lead to the formation 

of table non-forest ecosy tem that will burn periodically. Con equently, the future 

decrease in annual area burned simulated by LPJ-LMfire is uncertain and may not be 

borne out in reality. 

Further, it hould be noted that feedbacks between land cover change and climate are 

not included in these simulation ; given the large area and sub tantial change that are 

simulated by LPJ-LMfire, important climate feedback could occur. It ha been well 

documented that changes in boreal vegetation (e.g., tree density and pecie composi-

tion) can create feedbacks that influence the climate system (mitigating or exacerbat-

ing the climate warming trend) through changes in surface albedo and energy flu xe 

between land and atmosphere (Price et al., 2013; Euskirchen et al. , 2016). Reduced 

tree cover could lead to an increase in albedo by expo ing more now-covered ground, 

which could ultimately reduce local warming trends (Loranty et al., 20 13; Druel et al., 

2017; Mykleby et al. , 20 17). Moreover, landscape shrubification could actas a positive 

feedback to cl imate warming becau e hrub pecie exhibit low albedo than now-

covered ground (Loranty et al., 2013) . Conver ely, an increa e in proportion of young 

deciduou trees, which characteri tically have a greater albedo than mature coniferous 

forests , could result in a negative biogeophysical feedback to climate warming (Eu-

skirchen et al., 2016). The snow- and vegetation cover-albedo feedbacks on the climate 

sy tem at high latitudes are often poorly repre ented in the current generation of global 

climate model (Loranty et al., 201 3; Druel et al., 2017) and lead to uncertainties in 

projection of future climate change impact on high latitude fore t including those in 

Canada. 
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There are everal proce se that affect vegetation compo ition and di tribution in Cana-

dian boreal fore t that are not simulated in LPJ-LMfire. The e include, for example, 

peatland processes (Schneider et al. , 2016), the regulation of succe ional dynamic by 

nitrogen availability (Trugman et al. , 2016), and local adaptation of tree specie tofu-

ture climate (Hou et et al. , 2018). Other proces e are simulated by the current ver ion 

of LPJ-LMfire (Cha te et al. , 2018), but in a implified form: for in tance, the require-

ment of fire heat to relea e seeds from erotinous cones of Pinus PFT wa imulated 

by LPJ-LMfire by inhibiting eedling e tabli hment during years without fire wherea 

eedling e tablishment of others PFT was not constrained by fire occurrence. More-

over, a number of key parameter that erve a inputs to LPJ-LMfire have strong effects 

on the e tabli hment, growth, and mortality of PFT . It ha been demonstrated that un-

certaintie in the e parameter contribute mo t to the total uncertainties of projection 

compared to climate uncertaintie (Zaehle et al., 2005; Jiang et al. , 2012). 

The aforementioned model limitation are not unique to LPJ-LMfire (e.g. Prentice 

et al. , 2011; Terrier et al. , 2013; Shafer et al. , 2015). Sub tanti al effort have been 

devoted worldwide to the parameterization of more complete proce es or other factors 

(Fisher et al. , 2018), including efforts to integrate biotic di turbances into DGVM , 

uch a tho e impo ed by in ect herbivory ( e.g. Landry et al. , 2015) or fore t harve t-

ing and management pre criptions (e.g. Bandeau et al. , 2007). That being aid, and in 

view of the uncertaintie that are de cribed above, our result are indicative of the im-

pacts of future climate change on the boreal forests of eastern Canada, but they should 

not be een a definitive tatement . There i an urgent nece ity for en emble-ba ed 

imulation so a to reduce uncertaintie in predictions and to provide a solid ba i for 

guiding fore t management trategies. 
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2.5 Conclu ions 

In this study, we u ed the LPJ-LMfire dynamic vegetation mode] to imulate change 

in bioma , composition, and fire frequency in the boreal forest of ea tern Canada in 

response to climate change from 1950 to 2099. Two emission-forcing scenario that 

were coupled with a large set of climate cenario were u ed to simulate a broad range 

of variability in the re pon e of vegetation and fire to climate change. While our tudy 

cannot directly quantify the role of wildfire on fore t re ources, we argue that the neg-

ative effects f wanrung temperatures on tree recruitment and mortality would be more 

important than the positive effect of warming and increa ing atmo pheric C02 con-

centration and precipitation , e pecially in the outhern ecozone . The impacts of cli -

mate change may lead to a shift in composition from oftwood (coniferou needleleaf) 

to hardwood ( deciduous broadleaf) pecie or even, to important fore t cover lo ses in 

southern ecozone . Thi tudy helps to reduce uncertainties in our knowledge regarding 

the impacts of climate change and fire, and provide additional upport for deployment 

of management strategie focusing on hardwood pecie . 

Code avai lability: The source code of LPJ-LMfire i available at https://github.com/ARVE-

Research/LPJ-LMfire/tree/v 1.3 (Kaplan et al., 2018). 
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Supplementary material 

Supplement S3. l. The LPJ-LMfire model functioning 

This section describe the LPJ-LMfire model functioning. LPJ-LMfire is a modified 

ver ion of the LPJ-SPITFlRE model that combines the dynamic global vegetation 

mode} LPJ-DGVM (Sitch et al., 2003) and the proce s-ba ed fire regime model SPIT-

FlRE (Thonicke et al., 2010). 

1. LPJ-LMfire Plant functional types (PFT ) 

Vegetation in a grid cell i de cribed in term of the fractional coverage of populations 

of different plant functional type (PFT ) . Each PFT is represented by a single average 

individual Cim) and i a sociated to a population density (number of lm per unit area, n; 

Figure S3. la) and an area of oil covered by the foliage of an 1111 (FPC, ' Foliar projec-

tive cover'; Figure S3.1 a). This notion of average individual means that aI1 individual 

in a given PFT population are repre ented by the same individual which i defined by 

a et of key parameter (Figure S3. lb); each one corre pond to the average of thi 

parameter for all individuals regardless of the environment in which they develop and 

their tage of development (Figure S3. lc) . 

The total number of PFT- pecific parameter i 53. These define the morphology (e.g., 

maximum crown area) , phenology ( e.g., evergreen or deciduous leave ), dynamic 

(e.g., maximum rate e tabli hment of new individuals) and bioclimatic limits (e.g. min-

imum temperature of the colde t month). PFT- pecific parameter of an l m are caled 

to the pixel by multiplying them by the population density n and the FPC in orne ca e. 

For example, the cover percentage of each PFT i obtained by multiplying the FPC by 

the average crown urface of an average individual and the population den ity n (Figure 

S3.1 a). 
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(a) LPJ-LMfire modeled landscape : 100 km2 grid resolution 

PFT 1 PFT2 PFT3 PFT 4 
n, I FPC, n2 I FPC2 n3 1 FPC3 n4 I FPC4 

1 Coverx (%) = Crown areax * n x * FPC x 1 

nx : number of average individuals (1ml per unit area 
FPCx: Foliar projective cover 

(b) PFT-specific parameters: 
average individual (lm) for PFT population 

Crown area Leaves 
Need les ~ 

I } Leal Area 
Index (LAI) 

Height 

l 
Broadleaf 

Roots 
(0-50 and 
50-100 cm) Coniferous 

(c) Parameter x (Px) of lm 

Px = mean ( x1 , x2 , x3 , x4 ) 

Figure S3. l. Schematic view of the PFT population simulation process in LPJ-LMfire 
for a given pixel (adapted from Smith (2001 )) . Leaf Area Index (LAI) is a dimen 10n-
less parameter that expres es the leaf area of an average individual (1111 ). 

A pixel corresponds to a mosaic of PFTs cover percentage, bare ground area percentage 

and water area percentage (Figure S3.1 a); the sum of all of these covers percentage 

cannot exceed 100% on a given pixel. PFTs covers are distinct from each other on a 

given pixel which means that there can be no vertical overlap among PFTs. However, 

ail PFTs are not necessarily represented on each pixel and one or more PFTs could be 

ab ent on a given pixel. 

2. Input data sets (PFTs) 

Several suitable input data sets are required to drive the LPJ-LMfire model: (i) monthly 

maps of climate conditions, (ii) maps of environmental constraints, (iii) annual atmo-

spheric C02 concentrations, (iv) a list of PFT-specific parameters values, and if possi-

ble, (v) maps for anthropogenic land uses (Figure S3.2a) . It should be noted that anthro-

pogenic di turbances were not considered in this study due to Jack of patial1y explicit 



149 

data covering a ufficient period in Canada. Monthly map of climate condition corre-

pond to monthly mean temperature (0 q , diurnal temperature range (0 q , precipitation 

(mm), number of day per month with precipitation, wind velocities (m.ç 1 ) , total cloud 

cover percentage and lightning flashes den itie (number.day- 1 .km- 2 ) (Figure S3.2a). 

Monthly map of climate conditions are given a input to the LPJ-LMfire model over 

the analyzed time period, but al o over a pin-up period (approximately equal to 1000 

year ) in order to fill carbon pools and to imulate vegetation in equilibrium with cli-

mate and di turbance (Smith et al. 2001 ). It hould be noted that LPJ-LMfire use a 

weather generator to di aggregate monthly climate variables to daily value (Pfeiffer et 

al., 2013) . Maps of environmental con traint corre pond to static maps of soi l parti-

cle ize di tribution (% ), volume fraction of coar e fragment (% ), elevation (meter ), 

lope (degrees), and water fraction (Figure S3.2a). Non- patialized atmospheric C02 

concentration are given a input to the LPJ-LMfire model at the annual time tep. 

3. Simulated proces es 

Thi ection i a hort re urne of proce e calculated in the LPJ-DGVM model (Figure 

S3.2b ), further detail s about the equation u ed to repre ent each proces could be found 

in Sitch et al. (2003). Daily carbon uptake i through photosynthesis calculated a a 

fonction of ab orbed active radiation, temperature, day-length and canopy conductance, 

and derived from the Farquhar photo ynthe i mode} (for further detail s see Sitch et al. , 

2003 ~ Smith, 2001 ). Atmo pheric C02 concentration affect net primary productivity 

(NPP) through stomatal regulation during photosynthesis (Sitch et al., 2003). Soil map 

given a input to the model are used to derive texture-rel ated parameters governing the 

oil hydrology and thermal diffusivity of the oil. Soil hydrology i calculated for two 

oil layer with different thickne s (con tant in time), who e the amount of water i 

updated daily taking into account rainfall , percolation, evapotranspiration, run off and 

snowmelt. PFT maintenance re piration i calculated daily ba ed on the ti ue specific 
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C:N ratio, temperature, phenology and tissue biomas . Net primary productivity of 

average individuals i calculated at the end of each simulation year and corre pond 

to the net carbon uptake from photo ynthe i minu the carbon co t of maintenance 

re piration and reproduction. Annual net primary productivity is allocated to three tis-

ue pool (]eave , apwood and root ) adju ted o that four allometric equations or 

'constraints ' , which control the structural development of the average individual, re-

main sati fied ( e.g. highest carbon a11ocation in root than in leave during period of 

water limitation). At the same time, a proportion of the exi ting apwood is transferred 

to the non-living heartwood pool. E tablishment of new individuals in a given PFT i 

implemented annually by increa ing the density of the PFT population and adjusting 

the mas and structure of lm to reftect the new population state. Density of establish-

ment depend on unoccupied pixel area in order to take into account competition for 

light and space. PFT population mortality can result from light competition, heat stress, 

exce s of bioclimatic limit , low growth efficiency and fire damage. Bioma of dead 

individuals is transferred annua11y to the litter pool according to PFT-specific parame-

ter . 
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Supplement S3 .3. Lightning flash density experiments 

Figure S3 .3. Figure S3. Mean of (A) convective available potential energy (CAPE; 
J.Kg- 1) and (B) monthly lightning flashe density across eastern Canada's boreal forest 
for 1951-1980, 1981-2010, 2011-2040, 2041-2070 and 2071-2100. Monthly mean of 
CAPE was calculated for the two scenarios of Ouranos Consortium (RCP85-CC01 
and RCP85-CC02) and monthly lightning flashes density was computed for the two 
lightning fl ashes den ity experiments developed in this study ('Flashesconstant' and 
' Flashesincrease ') . 
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Supplement 3.4. 30-years mean of LPJ-LMfire result 

Table S3.2. RCP average of mean annual net primary productivity (T. ha- 1.yr- 1 ), 

mean annual burn rates (%) and mean total aboveground bioma (T.ha- 1) that were 
simulated by LPJ-LMfire under the 'Flashe increase ' lightning, 'Climate + C02' and 
'Climate + tires ' experiments for five 30-year periods (1951-1980, 198 1-2010, 2011 -
2040, 2041-2070 and 2071-2099) across six ecozone in ea tern Canada. Ecozone are 
the Boreal Plain (BP), the Boreal Shield West (BSW), the Boreal Shield East (BSE), 
the Taïga Shield West (TSW), the Hud on Pl ai n (HP), and the Taïga Shield Ea t (TSE). 
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Figure S3.8. RCP average of mean change in non-fore ted areas (unoccupied 
by the four PFT ) that were simulated by LPJ-LMfire under the 'Flashe increase ' 

lightning, ' Climate + C02 ' and 'Climate + fires ' experiment between the 1981-2010, 
2011-2040, 2041-2071 and 2071 -2099 period compared to the ba eline between 
1951-1980 across ea tern Canada' boreal fore t ( 100 km2 pixel). 
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Table S3.3. RCP average of mean annual net primary productivity (T.ha-1; 'ANPP') 
that were imulated by LPJ-LMfire under imulation paired with the 'Climate - C02 ' 

experiment for moving 30-year periods from 1951 to 2099 acros ix ecozones in 
eastem Canada. Result of LPJ-LMfire mean annual net primary productivity simu-
lated with the 'Cl imate + C02 ' are presented in Table S3.2 . 

Variables Ecozone RCP 195 1-1980 1980-2010 20 11-2040 2041-2070 2071-2099 

"Climate - C02" experiment 

BP RCP-1-5 -1- .86 5.1 -1-.-1-2 -1- .06 3.71 

RCP85 -1- .95 5.15 -1- .38 3.62 2.3 

BSW RCP-1-5 8.32 8.52 7.8-1- 6.22 -1- .92 

RCP85 8.39 8.61 7.-1-7 5.35 2.8 

TSW RCP-1-5 3.82 3.95 -1-.39 -1-. 97 5.-1-

RCP85 3.86 -1- -1- . 19 -1- .7 3.86 

HP RCP-1-5 -1- .8 5.-1-2 5.38 -1- .:-8 -1- .05 

RCP85 -1- .81 5.-1-9 5.09 -1-. 2 2.96 

BSE RCP-1-5 8.6-1- 9.-1-1 9.26 8.3-1- 8. 17 

RCP85 8.63 9.-1-8 9 7.76 5.76 

TSE RCP-1-5 8.32 8.52 7.8-1- 6.22 -1-.92 

RCP85 8.39 8.61 7.-1-7 5.35 2.8 
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Table S3.4. RCP averages of mean total aboveground biomas (T.ha- 1 ) that were 
simulated by LPJ-LMfire under imulation paired with the 'Climate - fire ' experi-
ment for moving 30-year period from 1951 to 2099 acros ix ecozone in ea tern 
Canada. Re ults of LPJ-LMfire mean total aboveground biomas simulated with the 
'Climate + fires' are pre ented in Table S3.2. 

Variables Ecozone RCP 195 1-19 0 1980-2010 20 11-2040 2041-2070 2071-2099 

"Climate-fires" experiment 

BP RCP-+5 73.-+6 73.-+5 70.68 66.36 61.07 

RCP85 73.6 73.52 70.-+I 62 .06 -+2.-+7 

BSW RCP-+5 127.-+ I 125.-+-+ 120.91 I0-+.16 8-+.8 I 

RCP85 127.55 125.-+ 118.85 95 .62 5-+.99 

TSW RCP-+5 66.55 62 .2 63.39 66.52 71.9-+ 

RCP85 66.98 61.91 63.01 65 .76 57.58 

HP RCP-+5 77.6-+ 76.73 76.5 76.38 76.8...i 

RCP85 77.62 76.75 76.-+5 75.96 65.37 

BSE RCP-+5 11 9.39 118.3-+ 117.83 116.78 116.7 

RCP85 11 9.-+-f 11 8.35 117.6-+ 11 2.27 86.16 

TSE RCP-+5 105.07 106.25 108.-+I 111 115.53 

RCP85 105.3 106.5 108.55 11 0.3 1 109.6.:-
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HOLOCENE DYNAMICS OF THE BOREAL FOREST OF EASTERN 

CANADA : UNTANGLING THE DRIVERS OF VEGETATION CHANGE 

USING PALEOECOLOGICAL DATA AND MODELS 

Chaste E. , Girardin M. P. , Kaplan , J. O., Bergeron Y. , Hély C. (2019). Holocene dy-
namic of the boreal fore t of Ea tern Canada : Untangling the driver of vegetation 
change using paleoecological data and models. In prep. 
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Ré umé 

Le forêt boréale Nord-Américaine e ont développée au cour de} ' Holocène aprè 
le retrait de ! 'Inlandsis laurentidien. De no jours, cette région stocke une quantité im-
portante de carbone dans la bioma e vivante, le sols et les tourbières, et influence 
de fait le climat de l'hémisphere nord via d'importante rétroaction biogéophysiques. 
Alor que les forêt se ont rapidement développée ur un terrain nu aprè le retrait 
de glaces, le analyse paléoécologique indiquent que des changement majeur dan 
la compo ition des e pèces, le propriété du ol et la fréquence de perturbation e 
ont produit en forêt boréale au cour de l'Holocène. Comprendre le facteur qui in-

fluencent la dynamique de ce éco ystème e t e sentie} pour prévoir comment cette 
région forestière d'importance mondiale peut réagir face aux changements climatique 
à venir. Nou avons utili é le modèle LPJ-LMfire paramétré pour le principaux genre 
d' e pèce d'arbre dominants les forêt boréale de l'E t canadien (Picea, Abies, Pinus, 
Populus) et piloté par un scénario climatique de l'Holocène issu des orties men uelles 
du modèle IPSL-CMSA-LR à une ré olution décennale. LPJ-LMfire a été éxécuté au 
pa de temps men uel entre 6000 et O BP ur une grille de ré olution de 100 km2 

couvrant la forêt boréale du Manitoba à Terre-Neuve. Le sorties de LPJ-LMfire ont 
été analysées en termes de fréquence de feu, de productivité primaire nette, de bio-
ma e aérienne de arbre et de pourcentage de couverture pécifique aux genre . Le 
capacité prédictive de LPJ-LMfire ont été examinée en comparant nos imulation 
de aire brûlée annuellement et de bioma e arborée avec des reconstruction paléo-
écologique obtenue à partir de enregi trement lacu tre de charbon et de pollen , 
re pectivement. Nos ré ultat confirment que le tendance climatiques régionale à 
long terme influencent en grande partie la dynamique de la végétation qui agit elle-
même comme un important contrôle «a cendant» de la fréquence de feu sur de longue 
échelle de temps. Un climat chaud pendant la ai on de croi sance au milieu de l'Ho-
locène a permis à la végétation de 'établir rapidement à l'e t, tandi que d_e tempé-
rature printanière froides ont limité la croi s ance de arbres à l'ouest. Une biomasse 
faible et un pourcentage de couverture élevé du genre Populus expliquent les faible 
urfaces brûlée imulées. Toutefois, le trajectoires imulées de la fréquence de feu et 

des changement de végétation au cour de ! ' Holocène n'étaient pa ynchrones avec 
les tendances reconstruites de la fréquence de feu et de la biomasse arborée pour la ré-
gion, celle -ci étant souvent décalées de plu ieur centaine de kilomètre . À première 
vue, il emblerait que l'écart entre le trajectoire simulée et observée oit attribuable 
aux incertitude de données climatique IPSL-CMSA-LR données en entrée dan le 
modèle LPJ-LMfire. 
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Abstract 

The boreal fore t of Ea tern North America developed during the Holocene following 
the retreat of the Laurentide Ice Sheet. Thi region now stores a substantial amount of 
carbon in living biomass, soil , and peat, and ha an important biogeophy ical feed-
back to the atmo phere that influences hemi pheric climate. While forests developed 
rapidly on bare ground following ice retreat, the boreal fore t was not static over the 
Holocene. Paleoecological analyse indicate that major change in pecies compo ition, 
oil propertie , and di turbance frequency occurred over the pa t 6 ka. Under tanding 

the drivers behind the e eco ystem dynamics i important for projecting how thi glo-
bally important fore t region may re pond to future climate change. Here we pre ent a 
study simulating the responses of vegetation and fire to changes in climate during the 
last 6000 year u ing a dynamic vegetation model, and evaluating the model output at 
multi-millennial time-scale u ing paleoecological archive . We used the LPJ-LMfire 
model, parametrized for the most abundant tree genera in ea tern boreal Canada (Pi-
cea, Abies, Pinus, Populus) and driven by a Holocene scenario of climate derived from 
the Earth y tem model IPSL-CMSA-LR at 10-year resolution. LPJ-LMfire wa run 
with a monthly time- tep from 6000 to O BP on a 1 OO-km2 re olution grid covering 
the boreal forest from Manitoba to Newfoundland. LPJ-LMfire output was analyzed 
in term of annual burn rates (ABR), net primary productivity, aboveground bioma 
and genu - pecific cover percentage. We compared ABR and tree biomass simulated 
by LPJ-LMfire re ult with paleoecological recon truction obtained from lacustrine-
charcoal and pollen record respectively. Our re ult upport the hypothe i that Ho-
locene climate change had an important influence on the dynamic of the borea] fore t 
of northea tern North America. Forest compo ition acted as an important "bottom-up" 
control on fire frequency on multi-centennial time- cale . Warm growing ea ons at 
6000 BP fo tered the rapide tablishment of vegetation in the east of our study domain, 
wherea cold pring temperatures limited bioma growth in the west. Low bioma and 
high Populu cover percentage contributed to low imulated ABR. Simulated change 
in ABR and bioma over time were not entirely ynchronou with recon truction 
ba ed on charcoal and pollen. Where LPJ-LMfire hows trend similar to the paleoe-
cological reconstructions, these are often off et in pace by several 1 OOs of km. We 
sugge t that the di crepancie between simulated and recon tructed vegetation time se-
ries are as ociated with inaccuracie in the climate model output that was used to drive 
LPJ-LMfire. 

Keyword 

Boreal forest, LPJ-LMfire, IPSL-CMSA-LR paleoclimate simulations, Vegetation, Fire. 
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3.1 Introduction 

There is growing evidence that climate change will modify fire regime and forest at-

tribute (e.g. compo ition, biomass, age) in North America' boreal forest over the 

next century ( e.g. Bergeron et al., 2017; Flannigan et al., 2016; Gauthier et al., 2014; 

Girardin et al., 2013; Krau e et al. , 2014; Price et al., 2013). However, these projec-

tions are hampered by our limited under tanding of the natural variability in climate-

vegetation-fire relation hip recorded on long (centennial-millennial) timescales (Kelly 

et al., 2013; Mackay et al., 2003). Indeed, climate-vegetation-fire relation hip are 

complex becau e of multiple biological and phy ical control and feedback who e rel-

ative importance may vary acros a wide range of patial and temporal cales (Archibald 

et al., 2018; Hanis et al. , 2016; Hu et al., 2006). Moreover, mo t tu dies focusing on 

the e relationships are confounded by human influences becau e most ob ervation are 

available only for the la t century, i.e. a period of inten ive fore t management and 

active fire suppression (Kelly et al., 2013 , 2016; Podur et al. , 2002). However, present 

day-environmental proce se have been conditioned by pa t climate-vegetation-fire re-

lation hips (Mackay et al., 2003). These concern have stimulated paleoecological 

research aiming at improving our under tanding of the natural trajectorie in climate-

vegetation-fire relation hip prior to the onset of the Anthropocene ca. AD 1950 (Lloyd 

and Win berg, 2018). 

Numerous paleoecological tudies have documented the change in climate driver (Gi -

rardin et al. , 2006; Jaume-Santero et al., 2016; Mar icek et al., 2018), forest dynamic 

(e.g. Carcaillet et al., 2001; Magnan et al., 2014; Senici et al., 2013) and natural di tur-

bance regimes ( e.g. Frégeau et al., 2015; Jasin ki and Payette, 2005; Ori et al., 2014; 

Ouarmim et al., 2015; Simard et al., 2006) through the Holocene in ea tern Canada' 

boreal fore t. However, the e reconstructions made through the u e of different prox-
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ies pre er ed in the sedimentary layer of oil, Iacu trine or ice core and in tree ring 

have several limitations ( e.g. Pilon et al., 2018). Generally, proxie do not permit re-

con truction of the complete temporal variability of past environments (Power et al., 

2008). Indeed, data are often incomplete because paleoecological method are costl 

and time-consuming; in some case , a degradation or Joss of proxies occurred in cer-

tain conditions (Pilon et al. , 2018). Moreover, orne proxies reflect only local pro-

ce ses . For instance, recon truction of fire frequencie u ing macro copie charcoal 

(~ 2 mm) provide information on "local" fire occurrence (Higuera et al., 2007), wherea 

microscopie charcoals (~ 150 µm) Iikely repre ent both local and regional fires (Tin-

ner et al., 2006). Although recon tructions with proxy indicator permit comparison 

of pa t changes in several environment of compartments that reflect past interactions 

and proce es (Blarquez et al., 2015; Carcaillet et al., 2001), they do not permit explicit 

determination of the weights of potential drivers associated with the e changes. Conse-

quently, the most likely eau e i often highlighted by evaluating competing hypothese 

between tudie (Miller et al., 2008). Recon truction at high patio-temporal re olu-

tion of vegetation change in re pon e to climate and fire regimes are po sible using 

dynamic global vegetation model (DGVM ). The e models simulate interactions and 

feedbacks among climate, vegetation and fire u ing omewhat mechanistic repre en-

tation of phy iological and biogeochemical proces es (Krinner et al. , 2005; Kucharik 

et al., 2000; Smith et al., 2001 ). Thus, DGVM model permit determination of pro-

ce ses at the origin of simulated temporal change pattern. 

The goal of thi study i to pre ent advance made in the deployment of a DGVM 

(Lund-Postdam-Jena Lausanne-Mainz fire, LPJ-LMfire) for re earch in eastern Canada's 

boreal fore t, and to discu its performance at multi-millennial time- cale . In a novel 

approach, imulations with the LPJ-LMfire model parametrized for the dominant tree 

genera in the boreal forest of Eastern Canada (Picea, Abies, Pinus, Populus; Chaste 

et al., 2018) were performed u ing a transient (i.e. continuous resolution) climate 
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data et over the la t 6000 year derived from the output of an Earth system model 

(ESM) which have a 10-year resolution. Assessment of LPJ-LMfire performance for 

pa t change in vegetation and fire wa performed by comparing the model ' outputs 

with palaeoecological reconstructions obtained from pollen and lacustrine-charcoal 

record . 

3.2 Model , experimental et-up, and method 

3.2.1 Study area 

The tudy area encompas e the boreal fore t in ea tern Canada from Manitoba to New-

foundland (Figure 4.1 ). The tudy area is currently divided from outh to north in four 

ecozone (Figure 4. 1) as defined by the National Ecological Framework of Canada 

(NFEC; Ecological Stratification Working Group, 1996). These large biogeographi-

cal unit are, from outh to north , the Boreal Shield (BS), the Boreal Plain (BP), the 

Hudson Plain (HP) and the Taiga Shield (TS). The BS and TS ecozones were each 

ubdivided into two ub-ecozones: ( 1) the Boreal Shield West (BSW) and the Boreal 

Shield Ea t (BSE) ub-ecozones separated by the arbitrary 80° W gradient, and (2) the 

Taiga Shield We t (TSW) and the Taïga Shield Ea t (TSE) ub-ecozone eparated by 

their actual widely paced locations in the study area. 

3.2.2 LPJ-LMfire mode] 

Simulation of the terre tri al ecosystem were carried out u ing the dynamic global veg-

etation model LPJ-LMfire, which includes update of both LPJ and the SPread and 

InTen ity of FIRE (SPITFIRE) wildfire module (Thonicke et al. , 2010). LPJ-LMfire 

i de igned to imulate regional eco ystem dynamic , tructure, and composition, with 

vegetation and fire event a re ponse to change in climate and carbon dioxide (C02) 

concentration (Sitch et al., 2003). The model ha been developed and evaluated for 
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Figure 4.1 . Location maps of six ub-ecozone in ea tern Canada' boreal fore t (Brandt, 2009) 
and selected pollen and lacu trine-charcoal record ite . The tudy area range from 102° W 
to 53° Win longitude and from 46° N to 65° Nin latitude and covers an area of ca. 2.9 million 
km2 . 

boreal forest (Pfeiffer et al., 2013). LPJ-LMfire de cribes the state of an ecosystem in 

terms of annual carbon stock (living biomas , litter, and oil), NPP, net biome produc-

tivity, evapotranspiration, heterotrophic re piration, soil moi ture fraction, and fore t 

structure and vertical profile (cover fraction, individual density, crown area, leaf area 

index). In the pre ent study, changes in the vegetation tate are de cribed in term of 

NPP and total carbon stocks in living aboveground biomass. In LPJ-LMfire, vegetation 

i defined by up to nine plant functional type (PFT ). Each PFT represent one or 

several specie haring the ame phy iology and dynamic , governed by a short list of 

vital attributes, and constrained by bioclimatic limit (Sitch et al. , 2003). Vegetation 

dynamic are updated annually based on the imulation of daily and annual processe . 

Daily proce e are defined in terrns of photo ynthesi , tomatal regul ation, oil hy-

drology, autotrophic respiration, leaf and root phenology, and decompo ition. Annual 

proce se are defined in terms of several source of mortality, seedling establi hment, 
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reproduction, allocation, and ti ue turnover (Smith et al., 2001; Sitch et al., 2003). The 

computational core of SPITFIRE is based upon Rothermel-type surface fire behaviour 

models (Rothermel , 1972; Andrews et al., 2008) and i de igned to imulate proces e 

of natural fire and their impact on vegetation mortality and fire emi ions (Thonicke 

et al., 2010). The LMfire module imulate lightning ignition ba ed upon a daily time 

step and use fuel bulk den ity and fuel moisture to calculate the fire's rate of spread, 

intensity, and fire-related mortality. It allow fire to burn over multiple days and sim-

ulates fire extinction from changes in weather and fuel (Pfeiffer et al., 2013). A in the 

original version of SPITFIRE and nearly all other large- cale fire mode] , LMfire doe 

not simulate the cell-to-cell pread of fire (Hant on et al., 2016; Pfeiffer et al., 2013; 

Rabin et al., 2017). 

3.2.3 Holocene climate data 

Monthly mean temperature (0 C), diurnal temperature range (0 C), precipitation total 

amount (mm), number of day per month with precipitation, mean wind velocity (m -l ), 

cloud caver(%) and daily den ity of lightning fla he (number day- 1 km- 2 ) were re-

quired to run the LPJ-LMfire model. Except for the latter variable, monthly decadal 

mean value of each variable between 6000-0 calibrated years Before Present (here-

after BP, present being as umed here to be equivalent to 1950 i.e. 0 BP) were obtained 

from the French Pierre-Simon-Laplace Institute Earth y tem model IPSL-CM5A u ing 

a low resolution ver ion (IPSL-CM5A-LR; 1.875°x3.75°) that ha been sped-up at 10-

year . This mean that the complete run of IPSL-CM5A-LR over the 6000 years, taking 

into account changes in orbital forcing parameter and green-house gas concentration , 

was performed in 600 imulated year, that was then interpolated over 6000 years be-

fore it could be u ed as LPJ-LMfire input. IPSL-CM5A i one of two configuration 

of the IPSL-CM5 model u ed in the Coupled Model Intercompari on Project pha e 5 

(CMIP5, Taylor et al., 2012). It is built around a phy ical core that include atmo-
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phere (LMDZ5A model), ocean and ea ice components (NEM0v3.2), land-surface 

(ORCHIDEE) and atmospheric chemi try (INCA). The OASIS coupler is used to in-

terpolate and exchange the variable , and to ynchronize the mode] (Dufre ne et al., 

2013). An en emble of two run of thi climate model version wa available (LR 1 and 

LR2) and previously analyzed in the context of Africa (Lézine et al., 2017). We applied 

the same approach to run two eparate LPJ-LMfire imulation although we followed 

the same protocol for the two run . 

The decadal IPSL-CM5A-LR values were bilinearly interpolated to a 1 OO-km2 resolu-

tion grid co ering the study area. Anomalie at decadal time tep relative to the prein-

dustrial control period (PI, equal to the 1901 - 1950 period) were calcul ated and then 

linearly interpolated to the annual time step. Next, we used Environment Canada' 

historical climate database (Environment Canada, 2013) to pre cribe interannual vari-

ability for our IPSL-CM5A-LR simulations. For each climate variable, monthly means 

for the 1951-2010 period were extracted at 1 OO-km2 resolution u ing the BioSIM soft-

ware (v.10.3.2; Régnière et al., 2014; ee Chaste et al., 2018 for further details). The e 

monthly alues were detendred using a robust loess regre ion filter (bandwidth of 

30 years). Four 30-year blocks were elected corre ponding to detendred values be-

tween 1951-1980, 1961- 1990, 1971-2000 and 1981-2010 re pecüvely. Then we cre-

ated a 6030-year time- erie of the e detrended data u ing a p eudo-random sampling 

of the 30-year blocks that were merge one after the other. The pseudo-random sam-

pling, simil ar to the "shuffle" fonction in a digital music player, means blocks were 

selected at random, but once cho en, were not elected again until all of the remain-

ing had been selected. Finally, thi 6030-year time-series of anomalies was applied to 

the 6030- ear baseline climatology to e timate Holocene climatology in an appropriate 

format to run the LPJ-LMfire model. 

Monthly lightning flash den ity data were unavailable for the IPSL-CM5A-LR model. 



177 

Given the trong correlation between lightning fla h den ity and the convective avail-

able potential energy (CAPE; Peterson et al., 201 O; Romps et al., 2014 ), we used 

monthly mean of CAPE at decadal time tep available from the IPSL-CMSA-LR 

mode], to estimate monthly lightning flash density (number day- 1 km- 2 ) from 6000 

to O BP on an annual time tep. Four steps were carried out to perform this recon-

truction. Fir t, decadal monthly mean of CAPE were bilinearly interpolated to a 

1 OO-km2 re olution grid covering the study area, and monthly mean of CAPE anoma-

lie at decadal time tep relative to the PI were calculated. Then, we e timated decadal 

value of monthly lightning fla h den ity using the methodology de cribed in Chaste 

et al. (2018), ba ed on the u e of decadal monthly mean of CAPE anomalies and the 

Canadian Iightning detection network (CLDN) data et covering the period 1999-2010 

(Orville et al., 2011 ). Thirdly, the decadal value were linearly interpolated to an annual 

time step and a 6030-year time- eries of monthly lightning flash den ity anomalies was 

calculated following the aforementioned anomaly approach. Finally, thi 6030-year 

time-series of lightning fla h density anomalie was applied to the monthly climatol-

ogy of Iightning fla h density reported in Cha te et al. (2018). 

Climate trajectorie , averaged for the two runs of the IPSL-CM5-LR model, and re-

ported in term of annual and sea onal ( pring and ummer) mean anomalie of tem-

peratures (0 C) and precipitation (%) relative to PI show a 2°C-decrease in summer 

temperature during the tudied period and over the entire tudy area (Figure 4.2 and 

Table S4.1 in Supplement S4.1 ), which i con istent with the decrea e in solar radiation 

ince 6000 BP (Berger and Loutre, 1991 ) . However, the decline is more pronounced 

and with higher variability in eastern ecozones of the studied area (Figure 4.2). Simu-

lated spring temperatures how more di similaritie along a longitudinal gradient from 

west to east (Figure 4.2). In ea tern ecozone (BSE and TSE) pring temperature 

are relatively con tant from 6000 to 2000 BP, followed by warming up to present-day 

condition (Figure 4.2). Similarly, simulated spring temperatures in we tern ecozone 
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Figure 4.2. Annual and easonal (A) temperature anomalies (0 C) and (B) prec1p1tation 
anomalies (%) over the last 6000 years expre ed a anomalies from the 1901-1950 average 
temperature for each ecozone. Line and color area corre pond to the mean and the 95% 
confidence interval of the scatter plot smoother calculated using a 500 year window half width, 
re pectively. 

(BP, BSW, TSW) Similarly, simulated spring temperature in western ecozone (BP, 

BSW, TSW) show a trend of colder spring from mid-Holocene (6000 BP) to late-

Holocene ( rv4000 BP) with a decrease of -1 °C, and then warming until the PI (Fig-

ure 4.2). Spring temperature in the HP ecozone how imilar trends, albei t les pro-
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nounced and with greater variability (Figure 4.2). Trend in precipitation anomalie 

relative to the PI are unclear and show very high variability (Figure 4.2 and Table S4.1 

in Supplement S4.1 ). Simulated summer precipitations averaged for the tudy area 

how drier ummer between 6000-2000 BP, more pronounced in the southwe tern ar-

eas followed by an increa e in summer precipitation between 2000-0 BP (Figure 4.2 

and Table S4.1 in Supplement S4.1 ). 

3.2.4 Atmospheric C02 concentration 

Monthly mean atmo pheric C02 concentration covering the period from 6000 to O BP 

were obtained from Pfeiffer et al. (2013). Annual mean atmo pheric C02 concentration 

varied from 266.03 ppm in 6000 BP to 312.11 ppm in O BP (Figure S4. l in Supple-

ment S4.2). 

3.2.5 Environmental constraints data 

We applied the same method as Chaste et al. (2018) to prepare other biophysical layer 

for LPJ-LMfire input . The soil texture fraction were obtained from the 1-km res-

ol ution ISRIC - World Soil Information data et (Hengl et al. , 2014) and interpolated 

at 10-km re olution. Lithology oil code were unchanged from Pfeiffer et al. (2013). 

Elevation and lope were interpolated at 10-km re olution from the 30 arc- econd grid-

ded digital elevation model (DEM) of Canada. The land fraction was calculated from 

the National Hydra Network (NHN) data et at 100 m re olution (Natural Re ource 

Canada, 2010). We defined the land fraction a the inverse of the water fraction (Jake 

and water course areas). We calculated water fraction at 10-km re olution from grid 

cell at 100 m resolution with water fraction > 50%. Road , power line , dam , mine , 

and other human-made tructures were not con idered in thi s study. 
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3.2.6 Modeling and simulation protocol 

As with many DGVM , LPJ-LMfire require a pin-up period to equil ibrate C and 

N pools with climate, ecosy tem properties, and fire regime (Hudiburg et al. , 2017; 

Smith et al. , 2001 ). A 1080-year spin-up period was prescribed for the vegetation to 

grow on original bare oil and to reach an equilibrium state. Thi spin-up period was 

made using the IPSL-CM5-LR' monthly anomalie (section 4.2.2) calculated for the 

year 6000 BP and repeated 1080 time . This 1080-year time-serie of anomalies wa 

applied to a 1080-year long climatology time- erie , created with the aforementioned 

pseudo-random sampling method and based on the monthly means of the ba eline cli-

matology for 1951 -201 O. 

We analyzed the outputs of LPJ-LMfire after the pinup period end, in terms of annual 

area burned, annual net primary productivity (ANPP), total aboveground bioma s and 

cover percentage for each genu - pecific PFT. An average of each output variable wa 

calculated as the mean of the two LPJ-LMfire imulation . We summarized simulated 

results of the first three variables for six 1000-year period at 1 OO-km2 resolution. The 

cumulative cover percentage for the four genus-specific PFTs wa averaged for each 

ecozone in ea tern Canada' boreal forest over the la t 6000 years. 

3.2.7 Model evaluation 

We asses ed LPJ-LMfire's efficiency in simulating pa t fires and aboveground biomass 

by comparing simulation re ults with previou ly published paleoecological datasets on 

past fire and vegetation biomass recon truction . Holocene fire hi torie were recon-

structed from 56 charcoal record in the fore t of eastern Canada (Blarquez et al., 

2015), clas ified into three of the ix sub-ecozones (Figure 4.1 ); a total of 17, 25 and 

14 charcoal sites were assigned in the BSW, BSE and TSE ecozones, respectively. 

Regional averages of charcoal record (compo ite serie of biomas burning) were cal-
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culated for each ecozone using the same methodology developed in Blarquez et al. 

(2015). Site location of pollen record avail able in the North American Surface Sam-

ple Data et (Whitmore et al. , 2005) were al o extracted for ea tern Canada' boreal 

fore t and clas ified into the ame three of the ix ub-ecozone (Figure 4.1 ). Holocene 

total tree bioma s, inferred from pollen record and published by Blarquez and Aleman 

(2016), were extracted for the e ite locations and averaged by ecozone. 

3.3 Re ults 

3.3.1 Holocene trajectorie of forest dynamics imulated by LPJ-LMfire 

Simulated mean total aboveground bioma , mean annual area burned and mean annual 

net primary productivity increa ed from 6000 BP to pre ent, except in the TSE ecozone 

where these component remained at a con tant level (Figure 4.3 and Figure S4.2 in 

Supplement S4.3). Large t increase were simulated in southern ecozones BP, BSW 

and BSE, but the e trend were not wide pread across the study area and were not 

continuou over the 6000 years (Figure 4.3 and Figure S4.2 in Supplement S4.3). For 

instance, the increa e in total aboveground biomass was small and not spatially uniform 

during the fir t two millennia in the BP and BSE ecozone (Figure 4.3). Furthermore, 

a very large increa e in total aboveground bioma from 6000-5000 BP to 5000-4000 

BP wa imulated, followed by a decrea e during the 4000-3000 BP period, before in-

crea ing again (Figure S4.2 in Supplement S4.3). Similar trend were observed for the 

mean annual area burned and mean annual primary productivity (Figure S4.2 in Sup-

plement S4.3). The highest increase in mean annual area burned wa imulated in the 

BSW ecozone (238%, Figure S4.2 in Supplement S4.3). Although a general trend of 

annual net primary productivity increa e wa imulated, thi response was three time 

larger in outhern ecozones compared to northern ecozone (average of 29% and 10%, 

re pectively; Figure S4.2 in Supplement S4.3). 
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Figure 4.3. 1000-year' mean LPJ-LMfire' imulated total aboveground bioma (T.ha- 1 ), 

annual area burned (%.yr- 1) and annual net primary productivi ty (T.ha- 1.yr- 1) between 6000-
0 cal. year BP acro s eastem Canada' boreal fore t (100km2 -re olution) . 

Simulation howed that genu -specific Picea, Pinus and Populu. PFTs were present 

within all ecozone and throughout the 6000 years (Figure 4.4). Overall , bioma wa 

dominated by coniferou PFT (Picea, Abies and Pinus) from 6000 to O BP, notably 

by Picea PFT~ except in the BP ecozone, where Populus PFT wa predominant (Fig-

ure 4.4 ). Needleleaf and broadleaf caver percentage were relatively equal during the 

first two millennia (from 6000 to 4000 BP) in the HP ecozone (Figure 4.4), and then 

PFT caver percentages of Picea and Pinus slightly increa e unti l O BP at the expen e of 

a decrea e in the Populus PFT. The ame patterns between 4000-0 BP were simulated 

in BSW, BSE and TSE ecozone (Figure 4.4 ). Minimum and maximum forested ar-

ea (sum of all PFTs caver percentages) were imulated in the we tern (BP and TSW) 
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and eastern (BSE and TSE) ecozone , re pectively (Figure 4.4). Except for the TSW 

ecozone, forested areas were simulated to increa e during the Iast six millennia, with 

rapid rises simulated at the end of the imulation period, e pecially in all three outhern 

ecozone (BP, BSW and BSE) and in the HP ecozone (Figure 4.4 ). 

40 40 
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30 30· 

40 
20 20 · 
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QI 10 101 en 
ni 
E 
QI 
~ Genus-speclflc PFT ~ 0 O· 0 
Q) Picea 
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(,) 80 Pinus 
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ni 60· 
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3 2 1 . 0 5' 5' 4~ 3 2' 1 0 5' 5 4, 3, 2, 1, ô 

Age (cal. k-yrs BP) 

Figure 4.4. LPJ-LMfire 's simulated cumulative cover percentage for four genu - pecific PFTs 
(Picea , Abies, Pinus and Populus) for each ecozone in ea tern Canada ' boreal fore t over the 
la t 6000 years . 

3.3.2 Comparison of LPJ-LMfire model imulation with recon tructions obtained 

from pollen and lacustrine-charcoal record 

Change in annual area burned and total tree bioma imulated by LPJ-LMfire during 

the la t 6000 year were not ynchronou with change in bioma burning activity 

nor total tree bioma reconstruction obtained from lacu trine-charcoal and pollen 
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records, respectively (Figure 4.5A), especially in the southern ecozones (BSW and 

BSE). Bioma s burning activity reconstructions obtained from lacu trine-charcoal show-

ed that the long-term fire regime at regional cale fluctuated during the last 6000 years 

with greater biomass burning prevailing from 6000 to 3000 BP and then declining to-

ward the pre ent day (Figure 4.5A; Figure S4.3 in Supplement S4.4 ). In contrast, sim-

ulated annual area burned increa ed continuou ly until today in the BSW and BSE eco-

zones with a rapid increa e imulated approximately at the end of the imulation period 

(Figure 4.5A). Ob erved biomass burning increased only from 6000 to 5000 BP and 

then declined continuously until today in the TSE ecozone (Figure 4.5A; Figure S4.3 

in Supplement S4.4), whereas imulated annual area burned were relatively constant 

during the entire period (Figure 4.5A). The paleofire history representative of recon-

structions pooled at the subcontinental-scale (i.e. "All" reconstruction) was very simi-

lar to tho e trend observed and imulated in southem ecozones (BSW and BSE; Fig-

ure 4.5A). The reconstructed increa e in fire frequency i likely inherent to the fact 

that southern charcoal sites were more numerou than the northern one ( 41 versu 

14, respecti ely); hence the "All'' reconstruction is weighted more strongly toward the 

outhern region (Figure 4.1 ). 

Overall, the total tree biomas from pollen-based reconstructions was relatively con-

stant in the three ecozones and at the subcontinental-scale (Figure 4.5B). Maximum and 

minimum ob erved total tree biomas , equal to rv58 and rv24 T.ha- 1, were in the BSW 

and TSE ecozones, re pectively. Simulated total tree biomass decreased slightly until 

5000 BP, and then increased continuously until today in the BSW and BSE ecozones 

(Figure 4.5B). Simulated total tree bioma in the TSE howed fewer variations during 

the entire period and agreed more clo ely with ob erved trend (Figure 4.5B). However, 

simulated total tree biomass wa higher than observed all over the tudy area during the 

entire period, except in the BSW ecozone from 6000 to 4000 BP (Figure 4.5B). 
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Reconstruction of vegetation hi tory with pollen record pooled at the ubcontinental-

scale howed constant le el of tree biomas , whereas simulation howed a continuou 

increase from 6000 to O BP (Figure 4.5B). 

3.4 Di eus ion 

We pre ented advances made in the deployment of the LPJ-LMfire DGVM in eastern 

Canada's boreal forest, and evaluated the performance of the model at multi-millennial 

time-scales in a comparison of its imulation again t lacustrine edimentary char-

coal records and pollen-based aboveground bioma records. Our mode] simulation 

showed a continuous increa e in annual area burned from 6000 to O BP (Figure 4.3 

and 4.5A), with a corresponding increase in the proportion of needleleaf tands in the 

BSW, HP and BSE ecozone (Figure 4.4). An increase of fire susceptibility in needleaf 

stands corne from the fact that needles contain highly flammable oi ls and resin that 

favor the growth and propagation of fires (Terrier et al. , 2013; Van Wagner, 1987; Hély 

et al. , Submitted). The present re ult highlight the "bottom-up" control of fuel com-

position and availability on fire risk within the imulation (Hély et al. , 2000, 2001 ). 

In contra t, biomass burning activity recon tructions obtained from lacu trine-charcoal 

howed that, except for the BSW ecozone, the long-term fire historie at regional cale 

fluctuated during the la t 6000 year with higher bioma s burning prevailing from 6000 

to 3000 BP and then declining toward the present day (Figure 4.5A; Figure S4.3 in 

Supplement S4.4). This long-term fire trajectory i now firmly e tabli hed by pale-

oecological tudies from ea tern Canada, wh ich also showed that decline in biomass 

burning activity from 3000 BP were driven by change toward les fire-conducive re-

gional cl imate (the o-called Neoglacial period; e.g. Ali et al., 2012; Carcaillet et al. , 

2001; Couillard et al., 2013; El -Guellab et al., 2015; Girardin et al. , 2013; Hély et al. , 

201 Oa; Moos and Cumming, 2012) . Hence, there is a mismatch between simulations 

and observations at multi-millennial time-scales. 
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Albeit the trend in LPJ-LMfire imulated annual area burned are in contradiction with 

the trend observed from paleoecological records, the simulated trends do find echoe in 

more pecific regional paleoecological studie originating from the boreal mixedwood 

fore t that is located further outh. Based on charcoal analy e , Blarquez et al. (2015) 

have reconstructed an increase in biomass burning activity from 6000 BP to 2000 BP, 

followed by high and table biomass buming activity over the la t 2000 year . The high 

biomass burning activity from 2000 to O BP wa a ociated with a decrea e in broadleaf 

tree biomass recorded from pollen-based proxy records. These changes observed in the 

annual area burned and in the forest compo ition of the boreal mixedwood fore t in 

Quebec are very imilar to the pattern simulated by LPJ-LMfire in the Boreal Shield 

Ea t. It is likely that the mismatch between imulated and observed forest bioma s 

and fire trajectorie in ea tern ecozone results from vegetation zone imulated too far 

north by LPJ-LMfire compared to their actual di tribution. Moreover, since the pro-

ce e a sociated with po t-fire regeneration failures are not included in LPJ-LMfire, 

compo itional condition remained favorable to fire propagation within the imulation 

whereas in reality, a decline of forest cover has taken place (Girard et al., 2008; Payette 

et al., 2008). The absence of po t-fire regeneration failure may explain why annual 

area burned remained at a con tant level from 6000 to O BP in the TSE ecozone (Fig-

ure S4.2 in Supplement S4.3) where the treeless areas did not decrease (Figure 4.4). 

Di crepancie between mode] simulation and ob ervation can inform climate mod-

ellers about representativene s of past climate simulated globally and the importance 

of con idering indirect re ponses of the environment at regional cale. It was not the 

aim of thi tudy to evaluate the IPSL-CM5-LR output used to force LPJ-LMfire, but 

rather to use it a a po ible Holocene scenario of climate and investigate it impact 

on the vegetation in relation to fire . However, the di agreement between simulated 

and ob erved changes in annual area burned and total tree biomass during the la t 6000 

year (Figure 4 .5) could imply that some climate proce e are not well repre ented 
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in the IPSL-CM5-LR climate modeL Orbital parameters prescribed in IPSL-CM5-LR 

for the mid-Holocene period (6000 BP) could result in an amplification of the easonal 

heating in the Northern Hemisphere (Kageyama et al., 201 3) and lead to warmer sum-

mers and colder winters in Northern Hemisphere (Chevalier et al., 2017). In eastern 

ecozones, high summer temperature during the mid-Holocene period (6000 BP) asso-

ciated with spring temperature relatively similar to those during the PI (Fig re 4.2), 

led to simulated high net primary productivity soon after the deglaciation (Figure S4.2 

in Supplement S4.3) and consequently, simulated vegetation was established quickly 

(Figure S4.2 in Supplement S4.3). The high mean total aboveground biomass in the 

TSE ecozone after the deglaciation is unrepresentative of the long-term vegetation his-

tory recon tructed for northern Quebec (Gajewski et al., 1993; Richard et al., 1982) 

but is more imilar to the one recon tructed for the southernmost areas (Blarquez and 

Aleman, 2016; Carcaillet et al., 2001 ). In the western ecozones high summer tem-

peratures were associated with cold spring temperatures from 6000 to 2000 BP. (Fig-

ure 4.2). It has been demon trated that the amplitude of the warming between sea ons 

during the growing season (April to September) influences tree productivity (Girardin 

et al., 2014). For instance, a negative response of vegetation productivity could appear 

if summer warming exceeds spring warming (Girardin et al., 2014 ). By following this 

reasoning, we can peculate that colder springs simulated by IPSL--CM5-LR from mid-

Holocene to late-Holocene ( rv4000 BP) in western ecozone have limited simulated 

tree growth and re ulted in low total aboveground bioma s (Figure S4.2 in Supple-

ment S4.3) and smaller forested areas (Figure 4.4) and hence le annual area burned 

(Figure 4.3). Moreover, colder temperatures in spring can lead to mall fire year due 

to shorter snow free period and shortening of the fire season (Ali et al., 2012; Gi-

rardin and Terrier, 2015; Hély et al., 2010a). Consequently, the discrepancy between 

simulated and ob erved trajectories may be due to uncertainty in the IPSL-CM5A-LR 

climate data that were used as input to the LPJ-LMfire model. We speculate that this 
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ea onal heating amplification could re ult in the di splacement of vegetation zones 1m-

ulated too far north in the ea t and too far south in the we t. 

An evaluation of IPSL-CM5-LR' paleoclimate imulation at regional cale in east-

ern Canada i e ential to test this hypothesi ; to our knowledge, the performance of 

the e tran ient simulation ha only been evaluated for Africa (Chevalier et al. , 2017; 

Lézine et al. , 2017). Generally, paleoclimate simulations show difficultie in predict-

ing the magnitude of hifting regional climate although the direction of the e hifts 

are often correct. There i a growing neces ity to continue the evaluation of paleo-

climate imulation carried out by the PMIP5 group at regional cale to determine 

with higher re olution the causes of per i tent mismatche (Harri son et al. , 2015). Ad-

ditional tran ient climate imulation are needed to further under tand millennial-to 

centennial- cale interactions among climate, vegetation and fire (Marsicek et al. , 2018). 

Moreover, we have added uncertaintie in the climate data because we had no means to 

e timate how interannual climatic variability had changed during the Holocene, so we 

applied the observed variability between 1951 and 2010 to the full Holocene record (see 

ection 4.2.3 ). However, it is increa ingly recognized that recent past variability of cli-

mate ob ervation are nota good analogue for Holocene variability (Kelly et al. , 2016; 

Hudiburg et al. , 2017). For in tance, Miller et al. (2008) have shown that a DGVM 

imulation forced by a doubling of the level of interannual climatic variability during 

the Holocene in Fenno candia led to the ab ence of pecie clo e to their bioclimatic 

di tribution limits, although pollen recon truction howed their pre ence in the past. 

Climate projection indicate that an increa e in temperature and in frequency and mag-

nitude of extreme drought event over the course of the 21 st century in Canada (IPCC, 

2014; Price et al. , 2013) will re ult in an increa e in frequency and izes of wildfires 

(Flannigan et al. , 2009, 2016; Girardin et al., 2013; Girardin and Mudelsee, 2008; 

Krau e et al. , 2014; Bergeron et al. , 2010). However, the e projections are commonly 
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based on studies that do not include the negative feedbacks of vegetation change (fuel 

composition, availability and connectivity) on wildfire and processes associated with 

post-fire regeneration failures. Although a possible spatial shift of vegetation zones 

was simulated by LPJ-LMfire, our results supports previous conclusions that vegeta-

tion dynamics are driven in large part by long-term regional climate (Miller et al., 2008) 

and vegetation could act as an important "bottom-up" control to attenuate some of the 

impacts of a generally warmer climate on the future fire risk (Chaste et al., 2019; Hély 

et al. , 2010b; Héon et al. , 2014). 

3.5 Conclu ion 

In this study, past changes in fire frequency, vegetation (composition and biomass) and 

primary productivity, as well a their interactions and feedbacks, were simulated us-

ing the LPJ-LMfire dynamic vegetation model driven by two transient climate datasets 

representing the last 6000 years and compared with palaeoecological reconstructions 

obtained from pollen and lacustrine-charcoal records. Disagreements between im-

ulation outputs and paleoecological reconstructions that often reflect local processes, 

provide evidence that some local proces es, not included in LPJ-LMfire, have influ-

enced Holocene trajectories of fore t dynamics. Moreover, the comparison revealed 

that spatial di tributions of vegetation zone were not simulated very well, perhaps be-

cause some climate processes are not well represented in the IPSL-CM5-LR climate 

model. This tudy may help the climate modelling community to target the gaps in 

paleoclimate simulations and thus provide information for future directions to improve 

paleoclimate simulations to further understand millennial-to-centennial-scale interac-

tions among cl imate, vegetation and fire. 

Code availability: The source code of LPJ-LMfire is available at https://github.com/ARVE-

Research/LPJ-LMfire/tree/v 1.3 (Kaplan et al., 2018). 
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Supplement S4.2 

Figure S4.1. Carbon dioxide concentration over the la t 6000 years used to run 
LPJ-LMfire. 
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Supplement S4.4 

Figure S4.3. Biomass buming activity from the compo iting of charcoal record for 
three ecozones in eastem Canada' boreal fore t and all ite (sub-continental average). 
The black and red line corre pond to the catter plot smoothing calculated u ing a 500 
and 200 year window half width, respectively. The grey coloured areas represent the 
95% confidence interval calculated using the bootstrap procedure (calculated on the 
500-yr trend) . 
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CONCLUSION GÉNÉRALE 

Cette thè e de doctorat 'in crit dans un contexte d'aménagement adaptatif de res-

source fore tière boréale à l 'E t du Canada en prévi ion des changement clima-

tique . Le principal objectif de ce travail était d'approfondir les cannai ance actuelle 

de effet potentiel des changements climatique ur la dynamique de végétation et de 

incendies, et de caractéri er leur effet conjoint ur la ré ilience de la forêt boréale 

de l 'E t canadien de part et d'autre de la limite nordique des forêt ou aménagement. 

Pour rappel, la ré ilience e t définie comme la capacité de la forêt à se rétablir uite 

à de perturbation . Déterminer le zones forestière où la résilience de la forêt sera 

amoindrie par les changement climatiques e t es entiel afin d'adapter les pratique 

ylvicole en vue de re pecter le enjeux écologiques et ocio-économique de l'amé-

nagement forestier durable. 

Ce travail de recherche propo e pour la première foi de imulation effectuée avec 

le modèle LPJ-LMfire ur une longue échelle temporelle (passé, pré ent, futur) et à 

haute ré olution spatiale ( 100 km2) sur la forêt boréale de l 'E t canadien, afin de déter-

miner le relation étroites entre le climat, les feux et la végétation qui ont exi té sur 

une longue échelle de temp dans le pa é (chapitre 1 et 3) et qui ont projetée jus-

qu ' en 2100 ( chapitre 2). Cette conclusion expose de manière ynthétique les nouvelle 

cannai ances apportées par ce travail de doctorat concernant (i) la variabilité tempo-

relle de relation climat-feux -végétation, (i i) l'hétérogénéité spatiale de la répon e de 

la forêt boréale del 'E t canadien aux changements climatiques et les implication pour 

l 'aménagement fore tier, et (i ii ) les pi tes de recherche future. 
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4.1 Variabilité temporelle des relation climat-feux-végétation 

Ce travail a tout d'abord montré que la variabi lité climatique est un facteur déterminant 

des tendances spatio-temporelles de la fréquence de feux au cours du dernier iècle 

(chapitre 1 ). Bien qu 'il ait été démontré que ces relation ont existé au cour de l'Ho-

locène, l'utili ation de donnée climatique pa ée , qui emble amplifier le tendance 

temporelles des températures et entrainer un po ible déplacement trop au nord de la fo-

rêt coniférienne dans nos simulations, a entravé notre compréhension de relations entre 

le climat et le feux au cour de }' Holocène (chapitre 3). Généralement, le projection 

du ri que de feux futur ont obtenue en utili ant de modèle empirique 'appuyant 

soit sur de variables décrivant le proce u d'a sèchement des couche du ol, soit 

sur le produit de fonction repré entant 1 'occurrence des impacts de foudre et la di -

ponibilité et l'humidité du combu tible. Ce projections s'accordent sur une tendance 

d'augmentation de la fréquence et de la taille de feux en répon e à la hau e prévue 

de températures, et de la fréquence et de l'amplitude des évènements météorologique 

extrêmes tels que les séchere ses. Nos résultats vont à l'encontre de ces projection et 

suggèrent au contraire une diminution de la fréquence des feux d'ici 2100, particuliè-

rement dans les régions ud de notre zone d'étude, bien que l'occurrence des impact 

de foudre oit plu importan te et que le condition climatiques future soient plus pro-

pices aux feux (chapitre 2). Cette diminution era en fait associée à un changement 

de compo ition des forêts, en particulier de taxons résineux remplacés par de taxon 

feuillus, et à une ouverture/fragmentation de pay ages via l'augmentation du couvert 

non boisé qui devrait limiter les allumage et la propagation de feux (chapitre 2). Par 

con équent, no résultats révèlent que la fréquence de feu future era vrai emblable-

ment limitée par la végétation (composition, di ponibilité et fragmentation) dans ce 

régions. L'influence de la végétation sur la fréquence de feux existe depui } 'Holo-

cène (chapitre 3), mais devrait jouer un rôle prépondérant sur l'activ ité de feu dans le 
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futur, notamment dan la deuxième moitié du 21 ème iècle dan le régions du sud de 

la forêt boréale de l'E t canadien (chapitre 2). Nos résultats confirment l'importance 

de rétroaction de changement de végétation, particulièrement la compo ition, ur 

la fréquence de feux (chapitres 2 et 3) et montrent la néces ité de le inclure dan les 

projection future du ri que de feux , ce que ne fai aient généralement pas le étude 

précédentes. Bien que le effets de rétroactions des changements de végétation ur la 

fréquence de feux pourraient atténuer le effet d ' un climat plu chaud et ec ur 1' ac-

tivité de feux, il e t à noter que ces changement eront également en partie le ré ultat 

de l ' influence du climat passé sur l'activité de feux (chapitre 1). En effet, une aug-

mentation des événement météorologiques extrêmes propices aux feux entre 1950 et 

2010 a déjà entrainé une hau se de la fréquence de feux dans le régions ud-oue t 

( chapitre 1 et 2), favori ant ain i 1' expansion de feuillu moin propice aux feux 

( chapitre 2). Il semble que cette tendance va ' amplifier dans le futur et s' étendre ver 

le nord. 

No ré ultat démontrent également que les tendances patio-temporelle récente de 

feux n'ont pa été influencée par les allumage d'origine anthropique (chapitre 1) bien 

que ceux-ci oient nombreux en zone boréale malgré de faible den ité de population 

(Pari ien et al., 2016). Par ailleur , no ré ultat suggèrent que le efforts de lutte contre 

le incendie mi en place par les agence de uppres ion de feux n'ont pas contribué à 

altérer le tendance patio-temporelles « naturelle » de feux (Cumming, 2005 ~ Mar-

tell and Sun, 2008; Pari ien et al. , 2011 ). No ré ultat montrent également l'influence 

de la variabilité interannuelle de l'occurrence de impact de foudre ur le tendance 

spatio-temporelle récente des feux en forêt boréale de l'Est canadien (chapitre 1 ). Ce-

pendant, une hau e de l'occurrence des impact de foudre dan le futur ne devrait pas 

eau er une augmentation de superficies brûlée en rai son de l'influence limitante (ré-

troaction négative) de la végétation (chapitre 2). Ainsi , ce travail de recherche confirme 

que la variabilité interannuelle des aire brûlées s'explique par un effet conjoint de 
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l'occurrence des impacts de foudre, des conditions climatiques et météorologiques, et 

des caractéri tiques du combu tible (type, disponibilité, humidité, fragmentation) (cha-

pitres 1 et 2). 

Ces recherches ont également mi en cause l'influence de la haus e de températures 

et de concentrations en C02 atmo phérique ur l'augmentation de la productivité de 

forêts (chapitre 1 et 2). Toutefoi cet accroissement de productivité ne sera pas illimité 

et pourrait être contraint par le effet de sécheresse ur Ja mortalité de arbre , par-

ticulièrement dans les région sud ( chapitre 2). À noter que, bien que cela n'ait pas été 

démontré dan notre travail, le changement climatiques pourront en outre limiter la 

di ponibilité de nutriment , ce qui aura un effet négatif sur la productivité de la vé-

gétation (Norby et al., 2010). L'influence négative des changement climatiques ur la 

productivité ne era pas un phénomène nouveau puisque de évènement de déclin de 

la productivité forestière ont déjà été observés dan le passé (chapi tre 1 ), et notamment 

proche de la limite nordique de forêts ou aménagement (Girardin et al., 2016). 

4.2 Hétérogénéité spatiale de la répon e de la forêt boréale del 'Est canadien aux chan-

gement climatique et impl ications pour l'aménagement fore tier 

Les simulation réalisées dans cette thèse de doctorat mettent en é idence la variabilité 

temporelle des relation climat-feux-végétation et confirment l'hétérogénéité patiale 

de la répon e de la végétation aux changement climatique au sein d'un même biome. 

Les gain de productivité induit par 1 augmentation des concentrations en C02 atmo-

sphérique ont compen é le pertes de bioma se eau ées par le feux au cour du dernier 

siècle sur l'ensemble de la forêt boréale de l'E t canadien (chapitre 1 ). Cependant, ce 

effets compensatoires ne devraient pa perdurer dan les régions au ud de la limite nor-

dique de forêt sous aménagement, particulièrement à l'ouest de la zone d'étude (cha-

pitre 2). Ce dé équilibre erait notamment le résultat de l'augmentation des condition 
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météorologique èche qui entraînerait un accrois ement des épi ode de mortalité de 

arbres. À court terme, cette augmentation de événements de mortalité engendrerait une 

hausse du combustible di ponible pour le feux dan la première moitié du 21 ème iècle 

(chapitre 2). Cependant à moyen et long terme, cette baisse de productivité pourrait 

induire une diminution importante de la productivité et de tocks de bois, en parti-

culier de espèce ré ineuse , limitant ainsi l'activité de feux (chapitre 2). Ainsi, le 

e pèce adaptée voire dépendante dupa age de feux (p. ex . le pin gris et l'épinette 

noire) auront des difficultés à se maintenir dans le paysage fore tiers. La résilience 

de la forêt boréale pourrait ainsi être amoindrie au ud de la limite nordique des forêt 

ou aménagement dan l' E t canadien et cette réponse sera d 'autant plus rapide que 

le condition climatique dans le futur eront chaude et èche (chapitre 2). 

Une diminution de tock de boi de e pèce ré ineuse au profit de feuillu au sud de 

la limite nordique de forêts sous aménagement pourrait engendrer des retombées éco-

nomique importante ur le secteur fore tier. En effet, le e pèce ré ineuse sont ma-

joritairement ciblée par 1' industrie fore tière au Canada en rai on de la grande force de 

rési tance mécanique de leur bois et de leur haute valeur ajoutée (Bureau du forestier en 

chef, 2013~ McKenney et al., 2016). Par ailleurs, la pérennité de l'aménagement fore -

tier durable qui vise une ré ilience des éco ystème suffisante pour maintenir des forêts 

de densité et de productivité adéquate ri que d'être compromi e i aucune me ure n' e t 

pri e. Des stratégie d'aménagement doivent être mi e en place afin d'anticiper cette 

perte de résilience et d ' a urer une pérennité de l'aménagement forestier durable. Cer-

tain cénario ylvicole plu inten if pourraient permettre d'augmenter la produc-

tivité et orienter la compo ition de peuplement vers des e pèce ré ineuses ciblée , 

tel que les coupe partielle ou le éclaircie précommerciale (Bureau du fore tier en 

chef, 2013). En effet, ce pratiques sylvicoles pourraient redynami er la croissance vé-

gétale en favorisant le peuplement jeune , plu productif que le peuplements vieux, 

et en enlevant certain compétiteur (comme le arbres coupé ) permettant aux arbres 
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en place de profiter d'un maximum d'espace et de nutriment . Ainsi, elles pourraient 

permettent de fac iliter la régénération de e pèce ré ineu es préétablies et de limiter 

l' effeuillement de la forêt boréale (Bose et al., 2014; Prévost and Pothier, 2003). De 

plantation d'enrichissement d'espèces ré ineu es dans le trouée forestières d'origine 

naturelle ou sylvicole pourraient également être mi e en œuvre (Bose et al., 20 14; Pré-

vo t et al., 2010). 

Bien que les e pèces ré ineu e oient d' importance économique pour le secteur fores -

tier, plusieur d'entre elle pourraient devenir non-adaptées aux nouvelle conditions 

climatiques dans la partie ud de leur aire de répartition (p . ex. le pin gris, l'épinette 

blanche, le apin baumier; McKenney et al., 201 4; Périé et al., 2014 ). Cela pourrait 

menacer l 'exi tence même de la forêt boréale mixte. éanmoin , il est important de 

noter que la grande diver ité génétique intraspécifique des arbre boréaux (Verta et al. 

2013) pourrait permettre a ce e pèces de urvivre, même dan des zone où le condi-

tions future eront très différente des conditions actue1le (Hou et et al., 20 18). Par 

ailleurs, nos recherches ne prennent pas en compte l'ensemble de perturbations natu-

relles et anthropique qui pourraient avoir de effets cumulatifs négatif ur la ré ilience 

de forêt . Au regard de ces incertitudes, axer majoritairement le tratégies sylvicoles 

sur le main tien de la compo ition actuelle en e pèce ré ineu e pourrait ne pa uffire 

pour assurer une pérennité de l'aménagement fore tier durable. Ain i, des pratique 

sylvicoles orientée ver un aménagement de peuplements mixtes pourraient déjà être 

envisagée afin de maintenir un niveau de résilience uffi ant à plu long terme. Il a 

d'ailleurs été démontré que ce type d 'aménagement pourrait être intére sant économi-

quement tout en maintenant une certaine diversité de pay age et en favori ant ain i 

les multiple u agers de la forêt (Légaré et al., 2005). Pour con erver un niveau de rési -

lience suffi sant sur le long terme, il pourrait être également envisageable d'avoir recour 

à la migration assi tée de e pèce arborée à haute valeur ajoutée trè tolérantes à la 

sécheresse que l' on retrouve actuellement plu au ud (Duveneck and Scheller, 2015). 
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Le régions au nord et au sud-est de la limite nordique de forêts sous aménagement 

dans l ' Est canadien devraient répondre main négativement aux changements clima-

tiques que celles situées au sud-ouest. No simulations montrent que l'équilibre devrait 

perdurer entre les gains de productivité induits par le C02 et le climat, et les pertes asso-

ciées aux feux et aux sécheresses (chapitre 2). Néanmoins, ce conclusions ne prennent 

pa en compte le fait que la ré ilience de la forêt boréale dan ces régions pourrait 

être amoindrie par des effets négatifs cumulatifs de plusieurs perturbations naturelles 

et processus écosystémiques. Un maintien de la fréquence des feux dans les régions les 

plus septentrionales associé à de accident de régénération diminuerait la disponibilité 

des banques de graines vi ables et la présence d ' individus matures pour les produire, ce 

qui diminuerait du même coup la régénération des peuplements. Ainsi, une ouverture 

de pay ages forestiers au profit d'un couvert de lichens est à envi sager afin de limiter 

l ' établissement des espèces résineuses (Splawinski et al. , In press) . Les épidémies de la 

tordeuse des bourgeons del ' épinette (TBE) qui constituent une importante perturbation 

naturelle en Amérique du Nord entraînent actuellement une forte mortalité des espèces 

de conifère (p. ex. le apin baumier et 1 ' épinette blanche) dans le régions le pl us 

méridionales (Gray, 2013; Pureswaran et al. , 2015). La dynamique des populations de 

la TBE est principalement régie par le climat qui a une influence directe sur le cycle de 

vie de l' insecte, et indirecte ur la distribution de ses hôtes, à savoir le sapin baumier 

et les épinettes . D es températures e tivales plus chaudes p ourraient favori ser la croi -

sance, la survie et la reproduction de la TBE. Par ailleurs, des printemps plus précoces 

pourraient entrainer un ynchronisme plus rapide entre le développement des larves au 

printemps et le débourrement des hôtes, augmentant ainsi la durée des épidémies. Un 

déplacement vers le nord des aire de répartition de e pèce d 'arbres hôtes pourrait 

également entrainer une migration de la limite nord de la défoliation vers des latitude 

plus septentrionales (Logan et al., 2003; Pureswaran et al. , 2015). Ainsi , une augmenta-

tion globale de la superficie et de la durée de défoliation est envisagée et pourrait avoir 
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des répercu sions considérable sur la bioma e fore tière. De plu , la pri e en compte 

de proce u de paludification dan LPJ-LMfire contribuerait également à diminuer la 

productivité de arbres au sein de la forêt boréale de la Ceinture d' Argile (Terrier et al., 

2014 ). Ainsi, au regard de l'impact potentiel de tous ces effets négatif cumulatifs ur 

la résilience de la forêt boréale eptentrionale et de sa répartition spatiale actuelle, il 

serait prudent de conserver la po ition actuelle de la limite nordique des forêt sous 

aménagement (Jobidon et al., 2015). 

4.3 Pi te de recherche 

Ce travail de doctorat a apporté de nouveaux éléments de répon e sur les impacts po-

tentiels des changement climatique sur la ré ilience de la forêt boréale del 'Est Cana-

dien. Ce fai ant, il a également contribué à mettre en lumière de limites concernant les 

donnée et le outils actuel , ain i que des verrou que la recherche scientifique devra 

tenter de ré oudre à l'avenir. Tout d'abord une réduction del' incertitude as ociée à la 

modélisation de la résilience de la forêt pourrait être effectuée en paramétrisant LPJ-

LMfire pour une li te d'e pèce arborées plus diver ifiée, notamment celles présentes 

actuellement plus au Sud. Par ailleur , 1 ' incorporation de paramétrisations récemment 

développées pour les arbuste boréaux et le plante non-va cul aire (Druel, 2017) per-

mettrait notamment de mieux repré enter les conditions nordique . Une amélioration 

des simulations effectuée sur l'Holocène (chapitre 3) e t néces aire pour mieux com-

prendre les relations qui ont existé en tre le climat, le feu et la végétation. Pour ce faire, 

des imulation LPJ-LMfire réali ée avec d'autre données paléo-climatique dispo-

nible (p. ex. HadCM3BL-Ml ; Valde et al., 2017) permettraient d'améliorer la ro-

buste e de recon truction pa ées. Le futur travaux devront au i e concentrer ur 

l'intégration de nouveaux module dans LPJ-LMfire qui reflètent le proces us d'autres 

perturbation naturelles u ceptible d'impacter ignificativement la forêt boréale de 

l'Est canadien. C'e t dan ce cadre que cette recherche avait également comme objectif 
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initia] d'intégrer un module de TBE dan LPJ-LMfire. Ce module, principalement ba é 

ur le travaux de Régnière et al. (p. ex. 1989; 2012; 2014), devait avoir pour fonction 

de calculer (i) une probabilité de pré ence de population de larve de TBE en répon e 

aux température sai onnière , et (ii) l ' impact potentiel de ce populations sur la bio-

ma e forestière de principale e pèce d 'arbres hôtes. Pour de rai on pratique liées 

au fonctionnement même du modèle, ce module initialement écrit en langage R a été 

correctement traduit en Fortran 90 mai on intégration complète n 'a finalement pa 

pu voir le jour dans le cadre de cette thè e. Des travaux à venir ont cependant pré-

vus pour achever son développement et on intégration dans LPJ-LMfire. Ainsi , des 

ré ultats à venir prochainement nous permettront d 'apporter de nouveaux éléments de 

répon e sur la ré ilience de la forêt boréale de 1 ' E t canadien en répon e aux chan-

gement climatiques et à la dynamique de deux plu grande perturbation en forêt 

boréale au Canada. Le effort déployé par la communauté cientifique au cours de 

dernière années pour améliorer le modèle de la dynamique globale de végétation ont 

été con idérables . Le projections future ont été affinée et le incertitude réduite , 

ce qui e t encourageant pour continuer le développement de modèles de prédictions. 

Par ailleurs, cette thè e a montré la néce ité d 'avoir à di po ition de donnée ob er-

vée multi-proxies afin de déterminer la robustes e des modèles utili sés pour le pro-

jection . C ' e t pourquoi , continuer l ' acqui ition de donnée ob ervée sur des zones 

encore peu échantillonnée et à haute résolution temporelle e t à encourager même 

ces démarches sont longues et coûteuse . 
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