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RESUME DE LA THESE 

En foret boreale, le feu est considere comme etant Ia plus importante perturbation 
naturelle. Il entralne Ia mortalite des arbres, amorce des processus de succession, affecte Ia 
composition des especes, determine Ia sequestration du carbone et affecte Ia dynamique des 
nutriments. Le compottement du feu se traduit par sa magnitude, le moment ou se produisent 
les processus apres feu et Ia duree de ces processus. Les arbres exposes au feu peuvent subir 
des blessures au cambium/phloeme, a Ia couronne et aux racines. Ces dommages dependent 
en pattie des differentes composantes du comportement du feu. La structure resultant de 
differentes intensites de feu peut determiner les cycles des nutriments dans les forets. En foret 
boreale, une quantite considerable de matiere organique est sequestree dans les debris ligneux 
grossiers (DLG) et dans le bois enfoui. 

Les objectifs generaux de cette ehtde etaient: 1) d'evaluer les mecanismes lies a Ia 
mortalite des arbres causee par le feu et d'analyser Ia distribution et Ia production des racines 
fines dans les peuplements de Pinus sylvestris relies au comportement des feux; 2) d'evaluer 
les dynamiques simultanees des principales structures de peuplernents durant Ia succession 
apres un feu leta! (FL) et de documenter Ia fas;on dont un feu non leta! (FNL) affecte ces 
parametres cornparativement a un FL; 3) de documenter Ia disponibilite de nutriments et Ia 
sequestration de carbone des principales structures de peuplements liees a l'intensite d ' un 
feu, le bois enfoui etant ici !' interet principal. 

Dans les peuplements de pins sylvestres du nord de Ia Suede, Ia biomasse des racines de 
pins vivants et matts avec des degres varies de blessures a Ia couronne ant ete analyses une 
annee apres feu. La production de racines fines a ete analysee par une experience de 
croissance. Sur les sites brules, Ia mottalite des racines etait plus elevee chez les arbres 
severement brltles, probablement liee a Ia profondeur de combustion de Ia matiere organique 
du sol autour de ces arbres et non a une intensite plus fmte du feu per se. La production de 
racines fines ne presentait pas de differences significatives entre les arbres qui n'etaient pas 
brules et ceux qui l'etaient. Cela suggere une priorite de Ia regeneration racinaire apres feu, 
probablement aux depens de Ia croissance des tiges. La dynamique des racines apres un feu a 
ete rappottee par des facteurs directs et indirects. Les effets directs sont determines par Ia 
profondeur de Ia combustion de Ia matiere organique du sol. Des effets indirects et 
permanents pourraient etre causes principalement par les brftlures subies dans Ia zone de 
distribution des racines grossieres pres des troncs d'arbres, notamment par Ia pette du 
feuillage. 

Les peuplements de pins gris (Pinus banksiana Lamb.) de I' Amerique du Nord sont 
generalement caracterises par une structure equienne resultant de feux letaux (FL). 
Cependant, des feux non letaux (FNL) laissant des arbres sur pied vivants ant ete rapportes. 
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Deux pat1ies de !'etude ont ete realisees dans des peuplements de pins gris (Pinus 
banksiana Lamb.) du nord-ouest du Quebec. Des peuplements de pins gris affectes par des 
FL et par des FNL ont ete selectionnes. Dans les peuplements, les caracteristiques des arbres, 
Ia structure d'age, Ia biomasse du sous-bois, le volume et Ia biomasse des DLG ont ete 
evalues; Ia biomasse du bois sec enfoui a ete mesuree. L'azote total (N), le phosphore (P) et 
les nutriments echangeables ont ete detennines dans Ia litiere forestiere, le sol mineral et le 
bois enfoui. 

La succession structurale des peuplements de pins gris a Ia suite d'un FL comprend trois 
etapes. L 'ouverture de Ia canopee et Ia densite de pins gris ont diminue significativement 
avec le temps depuis un FL, alors que Ia densite d'epinette noire et le volume de DLG ont 
augmente significativement. Comparativement aux FL, les FNL augmentent en moyenne Ia 
surface ten·iere des peuplements et reduisent Ia densite moyenne, retardent le remplacement 
du pin gris par l'epinette noire dans le couvert forestier, diminuent le volume de DLG et 
augmentent significativement Ia masse de btyophytes. Les FNL augmentent Ia divers ite des 
arbres vivants tout en reduisant Ia diversite structurale des DLG. 

Les concentrations de nutriments echangeables n'ont pas ete sign ificativement alterees 
apres le feu dans les peuplements affectes par un FL. Dans les peuplements affectes par un 
FNL, !'azote, le phosphore et Ia capacite d'echange cationique ont presente des differences 
significatives comparativement ace que l'on trouve dans les peuplements affectes par un FL. 
Une courbe en forme de S decrit Ia sequestration de carbone le long d 'un gradient de temps 
dans les peuplements affectes par un FL. Le sol mineral, Ia litiere forestiere et le bois enfoui 
sont les principaux reservoirs de carbone dans les peuplements affectes par un FL. Les FNL, 
dans les peuplements de pins gris, diminuent significativement Ia litiere forestiere et le 
reservoir de carbone constitue par le bois enfotti alors que Ia biomasse du sous-bois augmente 
du fait que celle des btyophytes double. Le bois enfoui a modifie les concentrations de 
nutriments dans le sol mineral adj acent, bien que cette action ait ete a petite echelle. 

L'etude confirme Ia diversite de !'amplitude de Ia pet1urbation naturelle, les processus de 
succession et le cycle de nutriments amorce. Les resultats semblent pertinents pour un 
ajustement des systemes d'amenagement forestier qui imitent les perturbations naturelles. 

Mots c/es : pin, feu, structure de peuplement, racines, bois mort. 



INTRODUCTION GENERALE 

0.1 Contexte 

En foret bon~ale, le feu est considere comme etant le plus important agent nature! de 

perturbation a l'origine de Ia mortalite des arbres (Ryan et Reinhardt, 1988; Dickinson et 

Johnson, 2001 ). Amor~ant le processus de succession des structures de peuplements et de Ia 

composition des especes (MacLean et Wein, 1977; Engelmark et al., 1994; Schimmel et 

Granstrom, 1996; Johnson et al., 2000), cet agent influence Ia sequestration du carbone 

(Harmon, 2001; Rothstein et al., 2004) et Ia dynamique des nutriments (Bra is et al., 2000; 

DeLuca et Sala, 2006) tout en creant les mosa'iques forestieres (Bergeron et al., 2004; Oliver, 

1981). 

Le regime de feux (intensite, severite, recurrence, intervalle entre les feux, etendue, etc.) 

determine Ia diversite et !'amplitude du processus de repeuplement nature! (Jolmson, 1992; 

Miyanishi, 2001; Sherriff et Veblen, 2006). L' in ten site du feu est detinie com me etant 

l'energie physique d'un feu par unite de surface et de temps; Ia structure d 'un peuplement 

residue! a l' interieur d'une zone incendiee est un indice de l'intensite d' un feu (Schimmel et 

Granstrom, 1996) Par ailleurs, cette intensite n'a pas d ' influence directe sur Ia profondeur de 

Ia couche brftlee sensu Byram (1959). D'autre part, se1on Johnson (1992), Ia severite de Ia 

combustion est refletee par le niveau de changement environnemental cause par le feu lui­

meme, c'est-a-dire seton Ia mesure ou 1e feu a affecte 1es structures de communaute 

ecologique. 

Les arbres exposes au feu peuvent presenter des blessures au cambium/ph1oeme, a Ia 

couronne et aux racines (Ryan et Reinhardt, 1988; Ryan et Frandsen, 1991; Dickinson et 

Jo1mson, 2001; Bova et Dickinson, 2005). Le degre de combustion de Ia cour01me varie se1on 

l'intensite du feu et se1on Ia hauteur et Ia tail1e de l'arbre (Van Wagner, 1973; Dickinson et 
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Johnson, 2001 ). La mortalite des racines est liee aux temperatures atteintes par le sol mais 

egalement a Ia profondem d'enracinement (Swezy et Agee, 1991). 

En ecologie, Ia structure du peuplement est definie en termes de complexite et d'attributs 

structurels (McElhinny et al., 2005), dans lesquels les composantes structurelles cles sont : les 

arbres vivants, le bois m01t, Ia vegetation du sous-bois et Ia couvetture morte. L'abondance et 

Ia taille de Ia variation des attributs de Ia composante structurelle fournissent des 

informations sur le developpement du peuplement (Spies et Franklin, 1991; Acker et a l., 

1998; Wikstrom et Eriksson, 2000). 

Basee sur les resultats de nombreuses etudes menees en fon~t boreale, !'evolution de Ia 

structure de cette derniere a Ia suite d ' un feu letal (FL), c'est-a-dire d'un feu de regeneration 

(FR), peut etre resumee en quatre etapes : 1) initiation des structures de peuplements; 2) 

exclusion des tiges avec autoeclaircie ; 3) rupture du couvert forestier, qui conduit parfois a 

l'amorce d ' une nouvelle generation; et 4) etablissement d 'une vieille foret, caracterisee par 

une f01te diversite structurale (Oliver, 1981; Kenkel et at. , 1997; Harper et at., 2005). Ces 

etapes sont caracterisees par une dynamique des debris ligneux grossiers (DLG) determines 

par un modele « trajectoire en U » tempore! (Harmon et al., 1986; Sturtevant et al., 1997; 

Brais et al., 2005; Harper et al., 2005). Au cours des premieres annees apres feu, Ia 

composition du sous-bois faisant pattie de Ia communaute pionniere est constihtee de lichens, 

d ' herbaces, de quelques especes d 'arbustes et un considerable tapis de bryophytes dans les 

vieux peuplements se developpe (Foster, 1985; De Grandpre et al., 1993; Nguyen-Xuan et 

al., 2000; Fenton et Bergeron, 2006; Lecomte et al., 2006). 

Les struchtres des peuplements (arbres vivants et matts, vegetation du sous-bois, litiere et 

DLG) exercent une fmte influence sur le cycle de Ia matiere organique de l'ecosysteme et sur 

celui des nutriments. Cette influence se traduit de differentes faryons en fonction des 

patticularites des especes qui occupent le site. Ainsi, les recherches demontrent que l'epinette 

noire a un important impact sur les especes d'arbres avec lesquelles elle entre en competition, 

sur le sous-bois et sur les proprietes du sol (Arseneault, 200 I; Lavoie et at. , 2007). Les 
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especes de sous-bois, telles que les btyophytes, peuvent emmagasiner une grande quantite de 

matiere organique et de nutriments et modifier les proprietes du sol, augmenter son humidite 

et reduire sa temperature (MacLean et Wein, 1977; Oechel et Van Cleve 1986; Boudreault et 

al., 2002; Fenton et al., 2005). Les DLG et le bois enfoui sont caracterises par une lente 

mineralisation des nutriments (Jurgensen et al., 1987; Crawford et al., 1997; Kayahara et al., 

1996). 

Les effets directs du feu sur le sol comprennent Ia pette de carbone et de nutriments sous 

l'action de Ia volatilisation et de Ia convection (MacLean et al. , 1983, MacRae et al. , 200 1). 

Les effets indirects font reference aux modifications des proprietes physiques du sol 

(DeBano, 2000), a !'augmentation de Ia matiere organique en decomposition (Rothstein et al. , 

2004), a Ia disponibilite des nutriments (Viro, 1974) et au lessivage (MacLean et al. , 1983). 

Les effets immediats du feu sur les concentrations de nutriments sont de coutte duree dans les 

sols a texture grossiere de Ia fon~t boreale (Brais et al., 2000; DeLuca et a l., 2002; Smith et 

al., 2004). II en resulte que les structures de peuplements et leur abondance correspondant a 
differentes intensites de feu pennettent de conclure a un cycle ecosystemique de nutriments 

s'etendant sur une longue periode. 

Cette etude potte sur deux especes de pin : pin gris (Pinus banksiana Lamb.) et pin 

sylvestre (Pinus sylvestris L.). Le pin gris est l'espece de pin Ia plus repandue en Amerique 

du Nord (Ressources naturelles Canada, 2006). II peut atteindre 20 m de haut. 

Habituellement, il pousse sur des sols sabl01meux sees et acides. Le pin gris commence a 
montrer des signes de vieillissement a l'age de 75 ans. Cette espece decrolt en frequence a 
l'age de 150 ans bien que cettains individus depassent 250 ans. Le pin sylvestre est l'espece 

de pin Ia plus frequente en Fennoscandinavie du Nord. 11 pousse sur des sols sablonneux 

pauvres ou sur des affleurements rocheux. La longevite du pin sylvestre est de 250 a 300 ans. 

Toutefois, de plus vieux specimens, dont cettains ayant 700 ans, ont ete rapportes. Ces deux 

especes sont associees au feu. De plus, Ia reproduction du pin gris, du fait des cones 

serotineux qu' il produit, est favorisee par le feu (Gauthier et al., 1996). Le pin sylvestre, 

contrairement au pin gris, est considere comme etant semi-resistant au feu. 
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0.2 Mecanisme de Ia mortalite des ar·bres causee par le feu 

Dans les sols en foret boreale, Ia penetration de Ia chaleur est une fonction de Ia 

profondeur de combustion, qui est principalement controlee par Ia teneur en humidite et par 

Ia densite de combustible de Ia litiere (Schimmel et Granstrom, 1996; Dickinson et Johnson, 

200 I, Miyanishi et Johnson, 2002). Les dommages occasionnes par le feu sur les racines 

peuvent affecter directement Ia vitalite des arbres par Ia reduction apres feu de Ia 

consommation d 'eau et d'elements mineraux (Vogt et at., 1987; Persson, 1993; Dickinson et 

Jolmson, 2001; Makkonen, 200 1). La reserve de matiere organique et d'elements mineraux 

pour Ia croissance des racines pourrait etre limitee s'il y avait un fort degre de deterioration 

du couvert forestier par le feu. Ainsi, Ia croissance des racines pourrait etre directement liee 

au degre de defoliation causee par le feu. Peu d'etudes ont quantifie les dommages causes par 

le feu sur les racines et sur Ia dynamique ulterieure des racines. De plus, ces etudes, portant 

sur Ia dynamique des racines apres feu, ont ete effectuees 20 a 30 ans apres le passage du feu 

tandis que noh·e etude a ete entreprise seulement une annee apres feu. Aussi, il existe peu de 

connaissances relatives a Ia production de racines apres un feu, particulierement en relation 

avec les differents degres de combustion du couvert forestier. 

0.3 Impacts sur· Ia structm·e de peuplement du pin gris 

Le feu Jetal (FL) est le type le plus frequent dans les peuplements de pins gris (Pinus 

bcmksiana Lamb.) du Canada. Le feu letal se caracterise par une f01te intensite. Toutefois, Ia 

mortalite des arbres qui en resulte depend aussi, des caracteristiques du peuplement avant le 

feu. Il est a l'origine des peuplements equiennes (Bergeron et Brisson, 1990; Johnson et al., 

2000). Cependant, les recherches revelent !'occurrence de forets legerement brfilees dans les 

peuplements de pins gris (Desponts et Payette, 1992 ; Gauthier et al., 1993; Weisberg, 2004). 

La presence de cicatrices caracteristiques sur les souches indique le passage d'un feu non 

letal (Sirois, 1993). Bien que quelques auteurs ont deja decrit le developpement d'un 

peuplement de pins gris apres till FL (Gauthier et al., 1993; Sirois, 1993; Beland et al., 2003; 
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Hamel et al., 2004; Lecomte et Bergeron, 2005, Brais et al., 2005), il n'y a pas d'etudes 

reliees au developpement simultane de structures imp01tantes et au developpement de 

diversite structurale apres un FL. Aussi, dans plusieurs cas, Ia cluonosequence qui fait suite a 
un FL n'est pas longue et l'intervalle de temps entre le feu et les echantillonnages est trop 

etendu. A cause de ce long intervalle, il est possible que l'effet direct d' un FL sur le 

developpement d ' un peuplement de pins gris devierme impossible a identifier. De plus, il 

existe peu d'ehtdes portant sur !'influence des feux non letaux (FNL) sur les peuplements de 

pins gris dans le nord-ouest du Quebec (ex. Arseneault (2001)). 

0.4 Relations entre le type de feu, Ia structure des peuplements, I' accumulation de 

nutriments dans le sol et Ia sequestration du carbone 

L' influence du feu sur les proprietes du sol et sur Ia sequestration du carbone dans les 

peuplements de pins gris a ete ehtdiee par Rothstein et al. (2004), Hamel et al. (2004), Brais 

eta!. (2000; 2005), Foster ( 1974), etc. Leurs resultats ont demontre que les effets immediats 

du feu sur les concentrations de nutriments sont de tres cotute duree sur des sols boreaux a 
texture grossiere (Brais et al., 2000; Rothstein et al., 2004), et !'amplitude des changements 

dans les nutriments du sol et dans les reservoirs de carbone depend de Ia severite de Ia 

combustion de couverture motte (Bra is et a!., 2000). En fonction de I 'age des peuplements, 

des peuplements atteignent un etat de vieille fOret caracterisee par une lente croissance 

d'organismes autotrophes et augmentent Ia retention de carbone a cause de !'accumulation 

des detritus (Berg, 1986 ; Harmon, 2001; Chapin eta!., 2002). II a ete suggere que le feu joue 

un role rajeunissant en favorisant Ia mineralisation immediate des nutriments, mais aussi en 

augmentant Ia sequestration du carbone a Ia suite du remplacement d ' un peuplement age a 
croissance lente par un jeune peuplement a croissance rapide (Peet, 1992; Rothstein et al., 

2004; Greene et al., 2007). La variation de l' intensite de feu dans une structure de 

peuplement peut entralner une fluctuation dans Ia sequestration du carbone (Rothstein et al., 

2004). 
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II faut noter que le role du bois enfoui dans ecosystemes forestiers a ete peu etudie. Les 

etudes ayant porte sur les peuplements mis en place selon un gradient de temps apres feu 

pennettent d'aborder les changements consecutifs pour ce qui est de Ia productivite des 

peuplements et du cycle des nutriments. II existe plusieurs etudes ayant p01te sur le regime du 

feu dans les peuplements de pins gris. Toutefois, Ia majorite des etudes ayant porte sur des 

peuplements de pins gris couvre une periode de 40 a 90 ans apres feu. Par consequent, peu 

d'etudes ont p01te sur le developpement de jeunes et de vieux peuplements. L'influence des 

FNL sur les processus du sol et sur Ia sequestration du carbone dans les peuplements de pins 

gris n'a pas ete etudiee. Bien que !' interaction entre les structures majeures de peuplements et 

les proprietes des sols a ete discutee dans une etude de Brais et al. (2005), les peuplements 

qui se mettent en place apres des FL et des FNL n'ont pas ete separes dans les modeles. Le 

role dubois eufoui dans le fonctionnement de l'ecosysteme du pin gris n'a pas ete evalue. De 

plus, !'influence des FNL sur !'accumulation de bois enfoui et sur les proprietes et le cycle 

des nutriments est aussi inconnue. 

0.5 Compte rendu des etudes et structure de Ia these 

Mon projet d'etudes doctorales comprenait trois chapitres. Le cbapitre I a porte sur les 

mecanismes de Ia mortalite des arbres causee par le feu. Dans les chapitres TI et Til, nous 

avons analyse !'impact du FL et du FNL sur Ia succession et Ia diversite structurales, sur Ia 

disponibilite des nutriments et sur Ia sequestration carbonee dans les peuplements de pins gris 

du nord-ouest du Quebec. Dans cette etude, I' influence du type de feu sur Ia structure du 

peuplement et des processus connexes a ete abordee sous differentes echelles. La moitalite 

des arbres consecutive au feu a l'echelle du peuplement est Ia resultante de l'effet additif de 

Ia m01talite individuelle des arbres. Toutefois, !'etude des effets de differentes intensites de 

feu a l'echelle de l'arbre (Chapitre 1), lorsque les caracteristiques de l'arbre avant le feu sont 

mesurees, perrnet une meilleure comprehension de Ia mortalite des arbres causee par le feu a 
l'echelle du peuplement (Chapitre II). En meme temps, Ia structure du peuplement residue! et 

Ia succession qui fait suite a differents types de feux expliquent Ia sequestration carbonee et 

le cycle des nutriments dans l'ecosysteme (Chapitre III). 
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L'objectif global de cette these etait de documenter les mecanismes de Ia mortalite des 

arbres causee par le feu, de documenter Ia structure de Ia succession du peuplement, Ia 

sequestration carbonee et l'accumulation des nutriments apres un feu de regeneration, c'est-a­

dire un feu letal, (FL) dans des peuplements de pins de Ia fon~t boreale, de comparer 

l'influence de Ia structure du peuplement sur !'accumulation de nutriments a Ia suite d'un feu 

letal et d'un feu non letal (FNL). 

L'hypothese generate de l'etude etait que les differences Iiees a Ia magnitude du feu sont a 

l'origine des differences de Ia structure residuelle du peuplement. Compares aux FL, les FNL 

ont un effet rajeunissant sur les peuplements de pins gris en raison de leurs effets direct 

(mineralisation de Ia matiere organique) et indirect (changements dans Ia structure des 

peuplements) sur Ia sequestration carbonee et le cycle des nutriments. 

CHAPITRE I Distribution apres feu des racines de Pinus sylvestris en rapport avec les 

caracteristiques du feu. 

Smimova, E., Bergeron, Y., Brais, S., Granstrom, A. 2008. « Post-fire root distribution of 

Pinus sylvestris in relation to fire behaviour», Canadian Journal of Forest Research, 38: 353-

362. 

Dans le premier chapitre, les objectifs etaient de quantifier Ia distribution spatiale des 

racines et Ia production de racines fines de pins sylvestres (Pinus sylvestris L.) su ivant des 

degres variables de dommages causes par le feu su r Jes couronnes. Nous avons pose comme 

hypothese que l'impact destructif d'un feu sur les racines d'arbres serait double. 

Premierement, Ia mortalite immediate devrait etre liee a Ia profondeur de combustion. 

Deuxiemement, Ia croissance des racines apres un feu devrait etre liee a Ia vigueur de l'arbre 

selon le degre de combustion de Ia couronne. 
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Le site d'etude decrit dans le chapitre I est situe dans des peuplements de pins sylvestres 

(P. sylvestris L.) du nord de Ia Suede. Quatre parcelles experimentales ont ete selectionnees a 
l'interieur de peuplements de pins sylvestres ayant echappe au feu en 2003 et quatre autres 

sur le territoire adjacent non brille (temoin). 

Dans un peuplement brC.le, !'excavation des racines de deux arbres a ete effectuee. 

L' influence du degre de combustion de Ia couronne sm la biornasse de racines a ete basee sur 

!'approche experimentale: dispositif avec controle des experiences. La biomasse de racines 

etait estirnee selon Ia methode des rnonolithes. Dans ce chapitre, une methode 

(echantillonnage de monolithes) a ete utilisee pour analyser !' influence des feux sur Ia 

distribution des racines. L'efficacite de cette methode a ete demontree dans plusieurs etudes 

(Bohm, 1979 ; Vogt et al., 1987 ; Persson, 1993; Messier et Puttonen,l993). Une approche 

experimentale a ete choisie pom evaluer Ia production de racines de pin apres un feu. La 

methode permet d'evaluer Ia production pendant une periode bien determinee. A cause des 

mailles qui constituent des obstacles physiques, le filet peut empecher Ia penetration des 

racines. Plus destmctrice que le rhyzotron, cette approche est neatunoins beaucoup rnoins 

dispendieuse. Plusieurs recherches faisant appel a Ia methode avec croissance ont donne des 

resultats fiables (Vogt et al., 1987; Makkonen et Helmisaari 1998). 

Dans les chapitres II et ill, les etudes entreprises ont ete effectuees dans le nord-ouest du 

Quebec, plus pm1iculierement dans Ia foret bon!ale du sud-est du Canada. L'approche 

descriptive basee sur l'etablissernent d'une chronosequence a ete choisie. La chronosequence 

de neuf peuplements de pins gris (Pinus bcmksiana Lamb.) (approximativement 10 ans 

d'intervalle) arnorcee par des FL (feux letaux) a ete etablie sur une distribution equienne des 

ages dans le peuplement. De plus, dans le chapitre IT, des dmmees additionnelles representant 

des peuplements issus de feux letaux de 149 et 155 ans ont ete fournies par Nicolas Lecomte. 

A l 'interieur des peuplernents affectes par un FL ou a proximite de ces derniers, !mit 

peuplements qui ont smvecu a un FNL (feu non leta!) ont ete choisis. Des cicatrices de feu 

caracteristiques situees au pied des arbres fournissent des signes evidents de FNL (Gutsell et 

Johnson 1996). 
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CHAPITRE n Influence de l'intensite du feu sur Ia structure et Ia composition des 

peuplements de pins gris dans Ia foret bon!ale du Quebec : arbres vivants, vegetation du sous­

bois et dynamique du bois mort. 

Smirnova, E., Bergeron, Y., Brais, S. 2008. "Influence of fire intensity on structure and 

composition of jack pine stands in the boreal forest of Quebec: live trees, understoty 

vegetation and dead wood dynamics". Forest Ecology and Management, 225:2916-2927. 

Dans Je chapitre II, les objectifs de l'etude etaient: 1) d'evaluer les dynamiques 

communes et Ia structure de peuplement des arbres vivants, des DLG et de Ia vegetation du 

sous-bois durant Ia succession qui fait suite a un FL; et 2) de documenter Ia fat;:on dont un 

FNL altere Ia dynamique et Ia diversite de ses constituants structuraux. Pour mener cette 

etude, nous avons pose les deux hypotheses suivantes : 1) un FNL entra1ne un rajeunissement 

de Ia structure du peuplement par ralentissement de Ia senescence du peuplement; et 2) un 

FNL augmente de fat;:on plus imp01tante Ia diversite struchtrale clu peuplement qu' un FL. 

CHAPITRE m Influence du feu letal et non letal sur l'accumulation des nutriments dans Je 

sol et Ia sequestration carbonee Je long d'un gradient apres feu de peuplements de pins gris de 

Ia foret boreale. "Influence of stand-replacing and non-stand replacing fire on soil nutrient 

accumulation and carbon sequestration along a post-fire successional gradient in boreal jack 

pine stands." 

Les resultats de I' etude presentee dans ce chapitre ont ete soum is a Ia « Revue 

canadienne de recherche forestier ». 

Les objectifs du troisieme chapitre etaient : I) de documenter Ia sequestration carbonee 

dans Ia biomasse vivante et motte et dans le sol mineral; de documenter Ia disponibilite des 

nutriments du solle long d'une clu-onosequence de peuplements de pins gris apres un FL; 2) 

de comparer Ia sequestration carbonee et Je stahtt des nutriments du sol entre des peuplements 

affectes par des FL et ceux ayant connu des FNL; 3) d'estimer Ia difference entre Je sol 
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forestier et Jes proprietes chimiques du bois enfmli et de documenter !'influence du bois 

enfoui sur Jes proprietes minerales du sol; 4) d'estimer !'influence de Ia structure du 

peuplement, specialement Je bois enfoui, sur Ia matiere organique et !'accumulation de 

nutriments apres deux types de feux. Les hypotheses du chapitre ill etaient Jes suivantes : 1) 

Jes FNL qui induisent des changements dans les structures de peuplements reduisent le stock 

de C issu des debris comparativement aux FL; 2) Jes concentrations de nutriments 

echangeables ne sont pas alterees par des FNL; 3) au niveau du sol mineral, Je bois brule peut 

entralner un accroissement de Ia concentration en nutriments sur une petite echelle. 

Pour recueillir les dmmees des chapitres n et ill, !'approche descriptive basee sur Ia 

chronosequence apres un feu a ete utilisee. L'avantage de cette approche est qu'elle pennet 

de recueillir des donnees couvrant de longues periodes en un temps reduit. Cependant, pour 

obtenir des resultats fiables, Ia selection des peuplements doit etre effectuee de fayOil tres 

vigilante, car ces peuplements doivent repondre a des proprietes envirmmementales 

similaires. En outre, plus Je nombre de repetitions est eleve, plus les resultats sont fiables. Un 

probleme se pose avec les FNL parce qu'il est presque impossible d 'avoir des peuplements 

d'age semblable qui ont subi ce FNL au meme moment. 

Dans les chapitres II et III, Jes methodes conventionne lles d'evaluation des 

caracteristiques des arbres vivants et morts ont ete appliquees. L'ouverture de Ia canopee a 

ete estimee par les photographies hemispheriques. La biomasse de Ia vegetation du sous-bois 

a ete echantillormee au niveau du sol. Pour atteindre les objectifs du chapitre III, le poids des 

DLG et du bois enfoui sec a ete mesure. L'azote total, le phosphore et Jes nuh·iments 

echangeables ont ete determines dans Ia litiere forestiere, le sol mineral et le bois enfoui. 

Le pin gris est l'une des especes dominantes de Ia foret boreale du Canada. Cette espece 

presente un grand interet pour l' industrie forestiere. L'approche d'amenagement 

ecosystemique a pour but d'imiter Ia variabilite inherente aux dynamiques de Ia perturbation 

naturelle (DeLong and Tanner, 1996; Harvey et al., 2002; Bergeron et al., 2007). Toutefois, 
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Ia comprehension de Ia variabilite de Ia magnitude de Ia petturbation naturelle est un element 

cle pour l'ajustement des pratiques sylvicoles. 
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ones. Understmy vegetation biomass (average 444.3 kg/ha) changes along the 

chronosequence were comparable to what was repmted by Lecomte and Bergeron (2005). 

Based on stand structure analysis, the post-SRF succession can be divided into three 

stages: young stands(< 48 yrs); premature and mature stands (58-100 yrs), and old stands 

(> 118 yrs). 

Young SRF Stands (< 48 yrs) 

The dense monospecific structure of young stands is a result of quick and effective post­

fire jack pine recruitment. The amount of CWO during the stand establishment stage depends 

on individual stand histmy (Spies et al., 1988), thus low levels of snags and the dominance of 

total CWD volume by large diameter jack pine logs in the 23 yrs stand can be explained by a 

low pre-fire stand density with a low proportion of jack pine, whether a long fire interval 

after the dead trees have fallen. We assume that large diameter snags and logs in the young 

stands were mostly of pre-fire origin while most small and medium-diameter snags resulted 

from the fire. The small diameter debris in the 48 yrs stand resulted from the first thinning 

wave that sta1ts 25 yrs after stand regeneration according to Kenkel et al. (1997). 

Premature and mature SRF stands (58-1 00 yrs) 

Jack pine density was low in premature and mature stands compared to young stands, a 

trend consistent with that repOited by Gauthier et al. (1993). This jack pine density decrease 

resulted from the process of stand self-thinning (Kenkel et al., 1997), which lead to basal area 

increase observed in the mature stands (85, 95 and 100 yrs). Stem exclusion resulted in a 

peak of CWD volume in stands of 58 and 100 yrs. Understory biomass reached its maximum 

during this period and b1yophytes expanded rapidly to become dominant. Possibly 

b1yophytes sta1ted suppressing ericaceous growth. The understmy vegetation heterogeneity in 

the young stands did not differ from the subsequent stages, which was contrary to Nguyen-
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Xuan et al. (2000), who measured high species diversity in the recently burned black spruce 

stands (21 yrs s ince fire) and attributed high diversity to the abundance of propagules. It was 

possible that the young stands in our study, characterized by higher species diversity 

compared to the following stages. Although more detailed study of functional group diversity 

would allow to better understand understory development. 

Old SRF stands (> 118 yrs) 

Canopy openness was lowest in the old stands due to the replacement of jack pine by 

black spruce and abundance of shade-tolerant deciduous species: Alnus glutinous L., Betula 

papirifera Marsh. and Mespilus arborea F. Michx. (results not shown). Simi lar gap­

associated spruce regeneration has been observed in Sphagnum-Myrtillus stands of Eurasian 

south taiga forests (Drobyshev, 1999). Pines were sparsely distributed in old stands, and were 

represented by large and medium-diameter trees. No jack pine regeneration was found in the 

oldest stands (data not shown); small diameter jack pine density was inconsiderable either. 

This can be explained by the decrease of aerial seed banks reported by Pinard (1999) for old 

jack pines, unsuitable seedbed for this species germination (Greene et a/., 1999) and light 

deficit that limited seedling establishment (Gauthier et a/., 1996). It has been reported that 

senescence occurs in jack pine stands in the prolonged absence of fire (> 100 yrs) (Desponts 

and Payette, 1992), because jack pine attains its maximal life span at ca. 140 yrs (Van 

Wagner, 1978). In the absence of jack pine regeneration, the shift from pine to spruce 

occurred at approximately 150 yrs after SRF, as reported earlier (Gauthier et a/., 1993; 

Lecomte and Bergeron, 2005, 2006). 

As expected based on previous studies (Stuttevant et al., 1997; Brais et a/., 2005), CWD 

volume was highest in the old stands. Snag abundance was about s ix times superior to log 

abundance. Dead wood was represented by large-diameter debris resulting from jack pine 

senescence. Moreover as there was no recently-dead small-diameter regeneration, the amount 

of small-diameter CWO was insignificant. Log structural diversity was the highest along the 
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chronosequence. Conversely to it, snag structural divers ity was lower compared to the 

younger stands. 

Understmy biomass was lower in the old forest compared to the premature and mature 

stands. In spite of btyophyte shade tolerance (Oechel and Van Cleve, 1986), deciduous tree 

litter accumulation can be a limiting factor for moss growth in old stands (Ipatov and 

Tarchova, 1980; Oechel and Van Cleve, 1986; Schimmel and Granstrom, 1997). 

2.5.2 Non-stand t·eplacing fire influence on jack pine stand structural development 

Age evenness of the oldest cohort indicated that NSRF stands resulted from stand 

replacing fire of high intensity. The variation in the proportion of scarred trees and snags 

within NSRF stands confinned the occurrence of moderate fire intensity gradient. However 

the evaluation of spatial pattern of the intensity gradient was not the objective of this study. 

Eventually the absence of a clear pattern of scarred tree distribution might result from their 

variation driven by the fire intensity gradient within NSRF stands. 

Although it has been proposed that NSRF can initiate a second jack pine cohott (Desponts 

and Payette, 1992), the amount of small-diameter that may represent the second cohort was 

insignificant in NSRF stands. This may be due to the lack of adequate seedbeds, such as 

mineral soil or a thin organic layer that are less than a few centimeters thick (Greene et a/., 

1999) because of superficial forest floor burning and insufficient insulation for seedling 

establishment. Analyses of fire scars on live trees and snags suggest that the NSRF that 

occurred in stands of 23 to 3 1 yrs caused high jack pine mortality. Low heat resistance of the 

cambium in the thin-barked young trees may explain this (Guyette and Stambaugh, 2004; 

Dickinson and Johnson, 200 I). Jack pine mmtality was lower when NSRF occurred in older 

stands, because of pine bark thickening. Thus, NSRF provided a stand thinning effect, which 

decreased inter-tree competition resulting in residual jack pine growth release. Also, one of 
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the major effects of NSRF was a delay of black spruce establishment in the canopy. NSRF 

injures already established black spruce individuals, and fast growing bryophytes may 

suppress black spruce post-NSRF growth. Similar NSRF effect on small diameter spruces has 

been repmted for a multi-layered old-growth forest dominated by Scots pine (Pinus sylvestris 

L.) with the understory consisted of Scots pine and Norway spruce (Picea abies L. Karst.) in 

northern Sweden (Linder et al. 1998). Thereby, NSRF leads to increased jack pine density 

and life span compared to old SRF stands. This is consistent with NSRF effects reported by 

Weisberg (2004) for Pseudotsuga menziesii stands of western Oregon Cascade Range. NSRF 

developed a stand structure with highly variable tree diameters and abundance of large­

diameter trees, an effect also repmted by Rothstein et al. (2004) and Weisberg (2004). This 

confirmed our hypothesis that live tree structural diversity increased after NSRF. 

NSRF decreased CWD volume and modified its diameter-class composition compared to 

SRF stands of comparable age, which confirmed our expectation of a NSRF rejuvenating 

effect on the stand structure. Fire scar analysis indicated that NSRF contributed to small­

diameter tTee mortality in the shmt term and possible large-diameter tree mortality in the long 

tenn. Nevettheless, NSRF diminished overall CWD accumulation because of a weakening of 

the self-thinning process. The decrease of stand development magnitudes was possibly the 

driving factor that resulted in similar CWD diversity in NSRF stands and inferior diversity 

compare to SRF stands. 

NSRF initiated long-term, understory composition changes by injuring aerial pa1ts of 

ericaceous slu-ubs and severely burning the lichens. However the understmy regeneration 

could be explained by SRF. Thus, the proportion of ericaceous species decreased after NSRF, 

to the profit of btyophytes. Foster (1985) has repotted a similar rapid dominance of 

bryophytes following low severity fires in Labrador. Fast regeneration of bryophytes can be 

explained by presence of residual canopy after NSRF consistently with reported by Schimmel 

and Granstrom (1997). Fmtherdown, increase in canopy openness and higher volume of 

throughfall precipitation instead of stem flow, which becomes more available for the 

understoty vegetation, also may lead to bryophyte dominance (0kland et a/., 2003). Also 

could It is also possible that a new addition of charcoal left by the NSRF resulted in an 
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indirect inhibition of ericaceous species due to the weakening of their competitive ability 

(Zackrisson et a/., 1996). Bryophyte dominance in NSRF stands homogenised understory 

structural diversity earlier than in SRF stands . 

2.6 Conclusion 

Structural succession in jack pine stands initiated by high intensity fires (SRF) can be 

outlined in three main stages: young stands ( < 48 yrs), premature and mature stands (58-1 00 

yrs) and old stands (> 118 yrs). Non-stand-replacing fire (NSRF) in jack pine stands did not 

set back the clock of secondary succession to zero-moment, therefore resulting in a stand 

structure differing from that in SRF stands of comparable age. Among the most considerable 

effects of NSRF were: I) delayed black spruce establishment in the canopy; 2) decreased 

dead wood volume; 3) increased btyophytes mass; 4) increased live tree structural diversity; 

and 5) decreased CWO structural diversity. Time since stand-replacing SRF was the time 

descriptor that apparently drove structural succession in NSRF stands by influencing the 

amount of structural legacies present. Our results suggest that forest management practices 

that imply stand thirming may result in undesirable btyophyte biomass increase. Conversely, 

NSRF influence on CWD and live tree structural diversity highlight the importance of 

disturbance magnitude on the functioning of the boreal ecosystem. It would thereby lend 

support to the development of variable retention logging systems. The lack of the information 

of pre-fire history hence black spruce development in the stands could be considered as major 

drawback of this study. 
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CHAPITRE III 

INFLUENCE OF STAND-REPLACING AND NON-STAND-REPLACING FIRE ON 

SOIL NUTRIENT ACCUMULATION AND CARBON SEQUESTRATION ALONG 

POST FIRE SUCCESSIONAL GRADIENT IN BOREAL JACK PINE STANDS1 

Ce chapitre est Ia suite du chapitre II. Les sites etudies sont les memes que dans le 
chapitre precedent. Alors que le chapitre II est dedie a I' impact du comp01tement du feu sur 
les structures residuelles, le present chapitre analyse !'impact des feux letaux et non letaux 
sur les processus du sol et sur Ia sequestration en carbone. Plus pmticulierement, I 'etude 
s' interesse au role joue par les composantes ligneuses du sol forestier (bois enfotti) dans 
!'accumulation des elements nutritifs. Nous nous attendons ici a ce que les feux non letaux 
entra!nent un rajeunissement des peuplements de pins gris par rapp01t a des peuplements 
d'age comparable issus de feux letaux. 

3.0 Abstract/Resume 

Stand-replacing fires (SRF) drive structural succession in N01th American jack pine 
stands, although the presence of non-stand-replacing fires (NSRF) has been rep01ted. NSRF 
modifies successional process in jack pine stands by changing live, dead tree and understory 
vegetation composition and forest floor and buried wood accumulation. The objectives of the 
study were: to document C sequesh·ation in soil, coarse woody debris (CWD) and understory 
vegetation of jack pine stands as well as soil nutrient availability in relation to fire type and 2) 
to assess jack pine stand structure influence on organic matter and nutrient changes after two 
fire types, with buried wood being of special interest. 

1Smirnova, E., Brais, S., Bergeron. Y. Influence of stand-replacing and non-stand-replacing 
fire on soil nutrient accumulation and carbon sequestration along post fire successional gradient 
in boreal jack pine stands1 Submitted to the "Canadian Journal of Forest Research" 
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Stands affected by both SRF and NSRF were selected. Tree characteristics, understoty 
vegetation, CWD and buried wood dty weight were measured; total nitrogen, phosphorus and 
exchangeable nutrients were determined in the forest floor, mineral soil and buried wood. 

Mineral soil and live trees are the main carbon sinks in such stands. The concentrations of 
exchangeable nutrients decreased with time in the SRF stands. Non-stand-replacing fires in 
jack pine stands substantially decreased forest floor and buried wood C pool. Meanwhile, due 
to btyophyte biomass NSRF doubled the underst01y C pool. In these stands, N, P and CEC 
significantly differed from SRF stands. 

Key words: carbon sequestration, exchangeable nutrients, fire intensity, coarse woody debris, 
lignic forest floor. 

Les feux letaux (FL) dirigent les successions structurales des peuplements de pins gris nord­
americains, quoique Ia presence de feux non-Ietaux (FNL) a ete rapportee. Un FLN modifie 
les processus successionnels dans les peuplements de pins gris en changeant Ia composition 
des arbres vivants et morts, Ia vegetation du sous-bois et !'accumulation de couverture motte 
et de bois enfoui. Les objectifs de !'etude etaient : I) documenter Ia sequestration de carbone 
dans le sol, les debris ligneux grossiers (DLG) et Ia vegetation du sous-bois des peuplements 
de pins gris et Ia disponibilite des nutriments dans le sol en lien avec le type d'un feu; et 2) 
evaluer !' influence de Ia structure des peuplements de pin gris sur Ia matiere organique et le 
changemeut de nutriments apres deux types de feu. Des peuplements affectes par un FL et par 
un FNL ont ete selectionnes. Les caracteristiques des arbres, Ia vegetation du sous-bois, les 
DLG et le bois sec enfoui ont ete mesures. L'azote total, le phosphore et les nutriments 
echangeables ont ete determines dans Ia litiere forestiere, le sol mineral et le bois enfoui. 

Le sol mineral et des arbres vivants sont les principaux reservoirs de carbones dans les 
peuplements affectes par un FL. Les concentrations de nutriments echangeables n'ont pas 
montre de rapp01ts significatifs avec le temps depuis un FL. Dans les peuplements de pins 
gris, le FNL diminue significativement le reservoir de carbone qu'est le bois enfoui et Ia 
litiere forestiere. En meme tempes, FNL double Ia biomasse des btyophytes et, par 
consequent, augmente considerablement Ia reserve de carbone dans Ia vegetation du sous­
bois. Dans les peuplements affectes par un FNL, !'azote, le phosphore et le CEC different 
significativement des peuplements affectes par un FL. 

Mols c/es : sequestration de carbone, nutriments echangeables, intensite de feu, debris 
ligneux grossiers, litiere ligneuse. 
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3.1 Introduction 

Fire in the boreal forest is the major natural disturbance, which initiates secondary 

succession, affects stand structure and changes nutrient cycling (MacLean et a!., 1983; 

Johnson et a!., 2000; Bergeron et a!., 2001; Sherriff and Veblen, 2006). Direct effects of fire 

on soil include loss of C, which can range from 5 % to 25 % (Harmon, 200 I; Rothstein eta!., 

2004) and nutrients through volatilization and convection (MacLean et a!. , 1983) with 

decreases in soil nutrient pools (Brais eta!. , 2000; DeLuca eta!., 2002). Indirect effects occur 

through modifications of soil temperature and moisture regime (DeBano, 2000); increases in 

organic matter decomposition rate (Rothstein eta!., 2004), nutrient availability (Viro, 1974), 

and leaching (MacLean eta!., 1983) as well as changes in soil biota succession (Pietikainen 

and Fritze, 1995; Sorokin eta!., 2000). It has been suggested that fire plays a rejuvenating 

role through the immediate release of nutrient but also through an increase in C-sequestration 

following the replacement of old-slow growing stand by young intensively growing stands 

(Peet, 1992; Rothstein eta!., 2004). It has also been repmted that ash and charcoal deposited 

after fu·e optimize organic matter decomposition process (Zackrisson et a!., 1996; Saarsalmi 

et a!., 200 I; DeLuca and Sala, 2006). However, immediate effects of fire on nutrient 

concentrations are of vety sh01t duration for boreal coarse texhtred soils (Bra is et a!., 2000; 

DeLuca eta!., 2002; Smith et al., 2004), while the magnitude of changes in soil nutrient and 

C pools were dependant on the severity of forest floor combustion (Brais et a!., 2000). Long 

term effects of fire on nutrient dynamics and sequestration through fire-induced changes in 

stand structures have yet to be investigated. 

North American jack pine (Pinus banksiana Lamb.) stands are generally characterized by 

an even-aged struchtre resulting from high intensity fires (SRF stands) (Bergeron and 

Brisson, 1990; Gauthier et a!., 1993). However, the occurrence of non-stand-replacing fires 

(NSRF), which leave behind surviving trees, has also been reported (Desponts and Payette, 

1992; Gauthier et al. , 1993). Investigating changes in stand structure induced by NSRF, 

Smimova et al. (2008) found that NSRF decreased average stand density, coarse woody 

debris (CWD) also it delayed black spruce dominance and dramatically increased btyophyte 
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biomass. It has been suggested that fire type (Lecomte et al., 2006, 2007; Simard et al., 2007; 

Bmton et al. 2007; Smirnova et al., 2008) greatly affected stand's live and dead biomass 

accumulation hence carbon sequestration and nutrient cycling. Also in these papers has been 

stressed that for better understanding the successional processes the consideration of all time 

descriptors: time since stand originating fire, time since non-stand replacing fire and the age, 

when the last fire had occurred, was important. 

Stand structures such as live and dead trees, understory vegetation, coarse woody debris 

(CWD) and soil exert a large influence on ecosystem organic matter turnover and nutrient 

cycling. Characteristics feature of the boreal forest is substantial biomass accumulation in the 

understory layer and in the detritus: coarse woody debris, aignic and lignic forest floor 

(Oechel and Van Cleve, 1986; Harmon et at. 1986; Kayahara et al., 1996; Stmtevant et at., 

1997). Because as stands age, they reach a steady state characterized by slow growth of 

autotrophic organisms and increased C-retention due to detritus accumulation (Berg, 1986; 

Hannon, 2001 ; Chapin et al., 2002). Underst01y species such as b1yophytes can store large 

amounts of organic matter and nutrients and affect soil properties, increasing soil moisture, 

and decreasing soil temperature and affecting decomposition rate (MacLean and Wein, 1977; 

Oechel and Van Cleve, 1986; Boudreault ef al., 2002; Warlde et al., 2003; Fenton ef al., 

2005; 2006). 

CWO also act as reservoir of organic matter and nutrients. However, it has been suggested 

that despite the nutrients contained in CWD, its role as a nutrient source might be of minor 

importance compared to the forest floor (Laiho and Prescott, 2004) and mineral soil 

(Crawford et a!., 1997) as nutrients retained in CWD are characterized by slow turnover 

(Jurgensen et a!., 1997; Holub et a/. , 200 I; Laiho and Prescott, 2004). Nonetheless, these 

nutrients become available to plants tlll'ough leaching to underlying soil horizons or through 

mycorrhyzal activity as roots are abundant in well decomposed dead wood (Means et a/., 

1992; Jurgensen eta/., 1987; Crawford et al., 1997; Tedersoo et al. , 2003; Brais et al. , 2006). 

As well, CWD, including lignic forest floor within the forest floor, contribute to the 

accumulation of stable forms of humus in the soil that provide sites with nutrient retention 
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(Foster, 1974; Fisher, 1995; Prescott eta/., 2000). In stands with a low rate of organic matter 

decomposition, buried wood may account for up to 90 % of the Alignic forest floor mass 

(Brais et al. 2005). Whereas lignic forest floor influence on mineral horizons possibly 

depends on site moisture conditions (Kayahara eta/., 1996). 

In this study we investigated and compared the effects of SRF and NSRF on carbon 

sequestration in live trees, CWO, lignic forest floor underst01y and soil. 

The objectives of the study were: 1) to document C sequestration in live aboveground 

woody biomass, underst01y vegetation, necromass, and mineral soil; as well as soil nutrient 

availability along a clu·onosequence of jack pine stands following SRF, 2) to compare C­

sequestration and soil nutrient status between stands affected by SRF and NSRF and assess 

the relationships between stand structure and these observed differences and 3) to assess the 

difference between forest floor and buried wood chemical properties, and to document 

buried wood influence on mineral soil propetties. We expected that NSRF-induced changes 

in stand structures will reduce detritus C pool compare to SRF. We also anticipated that 

nutrient concentrations will not be altered considerably by NSRF compared to SRF stands . 

Lignic forest floor may cause small scale nutrient concentration emiclunent. 

3.2 Materials and methods 

3.2.1 Study area 

The study area is located in n01thwestern Quebec in the southeastern Canadian boreal 

forest. Climate is continental, with mean annual temperatures of 0.7 °C and mean 

precipitation of 937 mm (Environment Canada, 2004). The area is pa1t of Precambrian 

Shield; Quaterna.y surface deposits cover most of the territmy (Fig. 2 .1 ). Soils from the study 

have evolved from coarse-textured glaciolacustrine deposits and are classified as humo-ferric 

podzols (perudic c1y01thods) (Soil Classification Working Group, 1998). 
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3.2.2 Stand selection 

Potential stands where fu·st localized using the Quebec Natural Resources MinistJy's 

forest inventmy database which provides information such as stand composition, surface 

deposit, moisture regime and slope. All selected stands were dominated by jack pine with 

variable portion of black spruce (Picea mariana (Miller) Britton), paper birch (Betula 

papyrifera Marsh.) and sparse presence of balsam fir (Abies balsamea L.) and quaking aspen 

(Populus tremuloides Michx). Stands grew on coarse-textured soils with a fresh soil moisture 

regime and a slope ranging from 4 to 8 %. A nine jack pine stand chronosequence 

(approximately I 0 years intervals) originating from stand replacing fire were selected based 

on an even-aged stand structure (Table 3 .l ). 

Within or close to stands affected by SRF we selected eight stands that have survived 

non-stand replacing fire (NSRF) stands. Characteristic fu·e scar at the bottom of tree provided 

evidence of this fire type (Outsell and Johnson, 1996). Stands that have survived NSRF can 

be dated according to the time since SRF (stand initiation), time since NSRF or stand age 

when NSRF occurred (Table 3 . I). 
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Table 3.1 Characteristics of sampled jack pine stands on coarse-textured glaciolacustrine 
deposits. 

Site Time Time Stand age Stand Mineral Mineral Mineral 
code smce since when type soil sand soil silt soil clay 

SRF NSRF NSRF content content content 
occurred (%) ~%) (%) 

HI 23 0 0 SRFI 81.2 11.2 7.6 
H2 33 0 0 SRF I 91.4 2.2 6.3 
H3 48 0 0 SRFI 79.2 22.9 2.2 
H4 58 0 0 SRFI 94.8 2.4 2.8 
H5 69 0 0 SRF2 88.0 9.9 1.9 
H6 76 0 0 SRF2 93.8 4.3 1.8 
H7 85 0 0 SRF2 99.4 2.8 2.2 
H8 100 0 0 SRF2 79.8 14.9 5.2 
H9 118 0 0 SRF3* 71.0 23.1 5.7 
M1 77 53 23 NSRFl 84.8 8.2 7.0 
M2 83 52 31 NSRFI 97.2 0.6 3.4 
M3 87 33 54 NSRFI 87.5 3.2 9.2 
M4 94 52 42 NSRFI 85.5 10.4 4.0 
M5 95 30 65 NSRF1 96.2 3.1 0.6 
M6 143 86 57 NSRF2* 97.2 0.4 3.2 
M7 154 87 67 NSRF2* 92.6 1.2 6.2 
M8 154 86 68 NSRF2* 87.5 3.8 9.4 
* data were not used in the comparison analysis 

3.2.3 Field methods 

Within each selected stand, five 200 m2 circular plots (7 .98 m rad ius), distant from each 

other by 50 m, were established. The circles formed a box with plots at each corner with one 

circle in the middle. All snags were measured (diameter at breast height (DBH) and height). 

The presence of scars was noted. Snags state of decomposition was estimated according to 

Tmbeau and Desrochers's (2002) classification which includes five decay c lasses: (4) recently 

dead tree with sound wood and bark, no green foliage; (5) sound wood, no foliage; (6) sound 

wood, barkless, broken top with height at least 50 % of what is observed on live trees of same 

DBH class; (7) decomposed wood, broken top with height no more than 50% of what is 

observed on live trees of same DBH class; (8) stump, height less than 2 m. 
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Downed wood volume (logs) was assessed by diameter and decomposition class along six 

50 m-transects systematically established around the five circle plots and c01mecting their 

centres (300 m in total). Log decomposition class was assessed according to the five-class 

system described by Thomas eta/. ( 1979) and based on structural characteristics of boles: (I) 

bark and wood sound, twigs present; (2): no twigs, branches and bark mostly intact, (3): bark 

detached or absent, log pattly covered by mosses; (4): log oval, bark absent, wood soft; (5): 

log has no structural integrity and is pattly located within the forest floor. Decomposition 

class 5 logs were sampled when they surpassed the level of the forest floor by the equivalent 

of half their diameter. 

Within each plot and at a distance of 4 m (n01th, south and east) from the centre, three 

0.5 m2 quadrates were sampled. All alignic forest floor (FFaJignic) material down to the mineral 

soil was excavated by hand . Accordingly to Kayahara et a/. ( 1996) material was classified as 

distinct wood residue (FF1ignic) or forest floor originating from fine litter or mosses (FFalignic). 

Buried wood was weighed and sub-sampled for dty weight estimation and chemical analyses. 

Alignic forest floor material was sampled for the same purposes from a smaller 25 x 25 em 

quadrate. Forest floor thickness was noted. A bulk sample of the 0-10 em mineral soil was 

taken out of buried wood at the same location and an undisturbed I 00 cm3 soil core was 

collected for bulk density measurement. Buried wood and FFalignic samples were taken to the 

laborat01y for moistme determination and chemical propetty measurements. 

3.2.4 Laboratory methods 

Dead wood analysis 

CWO volume was deduced from field measurements. For snags volume, the truncated 

cone equation (Rondeux, 1993) was used: 

V - H 2/ 12(D2 d2 Dd)2 
snags- 11: S + + 

(l) 
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where Hs-the snag height, D - snag diameter at the bottom, d-diameter at the top of the snag. 

Those dimensions were derived from the propot1ions: 

D=Ht x dbh/Ht-1.3, and d=D (Ht-Hs)/Ht 

(2) 

where Ht is a tree he ight before breakdown, which was calculated basing on the Chapman­

Richards equation: 

(3) 

The equation operates with the set of the coefficients specifics for different ecological regions 

of jack pine growth (Bra is eta!., 2005). 

For log volume was applied Van Wagner's equation (1978): 

V1ogs= (5.234/transsect length) x n of pieces x D2 

(4) 

CWD mass were assessed from CWD volume and wood density measurements. 

A total of 181 snag samples and 206 log samples were analysed. Density analyses were 

done on three samples of snag and log by decomposition class per stand (n = 3*number of 

classes). Density of snag and log samples was determined by water displacement after 

immersion in paraffin (Brais eta!., 2005) 

Total N in dead wood was determined calorimetrically after a H2S04/H20 2 digestion 

(Richards, 1993); thereafter N concentration was assessed by Quickchem Method for total N 

(Zellweger Analytic Inc., Lachat Instruments Division, Milwaukee, WI). A 50 % C 

concentration was applied to dead wood (Alban and Pastor, 1993) and understory vegetation. 

Soil analysis 

Soil texture was determined by Bouyoucos hydromether method (McKeague, 1976). 

Forest floor and mineral soil samples were sieved (2 nun) and pooled within each sampled 
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plot (Table 3.1). Soil organic matter concentration was determined by loss on ignition 

(McKeague, 1976). Soil pH was measured in 0.0 I M CaCI2 (Hendershot et al., 1993). Soil 

samples were extracted with ~Cl-BaCI2 (Amacher et a!., 1990). Exchangeable cations (Ca, 

Mg, K, Na) were determined by inductively coupled plasma atomic emission (ICP, Perkin­

Elmer Plasma 40) and exchangeable acidity by titration (Metler DL-40). Effective cation­

exchange capacity was calculated by summing base cations and exchangeable acidity. 

Available phosphorus concentration was determined by colorimetry following H2S04/H20 2 

digestion (Richards, 1993). 

3.2.5 Statistical analysis 

Relationships between dry weight of logs and snags, alignic and lignic forest floor and 

mineral soil propetties, summed carbon pools and time since fire in SRF stands were assessed 

by means of linear regression analysis. Regressions were considered significant at 95 % 

confidence level (p < 0.05). 

Differences in snag and log density and N concentrations by decomposition classes were 

assessed by means of the Tukey test, which is considered as the most powerful test for 

balanced design ANOV A (SAS, User guide, 1999). 

In order to compare the influence of stand-replacing (SRF) and non-stand-replacing fires 

(NSRF) on stand structures and soil propetties, stands were separated accordingly to time 

since the last fu·e (Table 3.1 ). The first group (SRFI) was composed ofyoung stands: 23, 33, 

48 and 58 yrs of SRF origin. The second group of SRF stands (SRF2) was composed of 69, 

76, 85, 100 year old SRF stands. While the NSRFl group included NSRF stands ranging 

from 77 to 95 yrs since SRF. However the NSRFI group had also survived non-stand­

replacing fires between 30 yrs and 53 yrs ago and, in that respect, they were similar to SRFl 

type in terms of time since last fire. Therefore, similar propetties in NSRF and SRF I stands 

would indicate that NSRF have similar effects to those of SRF in the 20 to 60 year period 
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following fire while, similar propetties between NSRF and SRF2 would indicate that NSRF 

have no effects on the soil propetties. In the Table 3 .I the stands marked by an asterisk (*) 

were not included in the analyses because their time descriptors were not comparable. Thus 

time since SRF of the stand H9 did not correspond to the time since last fire in NSRF stands 

(M6, M7, M8). 

Differences between types SRF 1 and NSRF I and between SRF2 and NSRF 1 in (I) stand 

structures, (2) carbon pool and properties of (3) alignic forest floor, ( 4) lignic forest floor, (5) 

mineral soil underneath the alignic forest floor, and (6) mineral soil beneath lignic forest floor 

were tested by means of simple means comparisons (contrasts). 

In order to assess buried wood influence on soil characteristics, means of buried wood 

and FFalignic properties as wel l as mineral soil properties of soil sampled underneath the buried 

wood and underneath the FFalignic were compared by means ofT-test. 

Data analyses were done using MEANS, REG, ANOVA, ttest, UNIVARIATE 

procedures of the SAS statistical package (SAS Institute Inc., 1999). 

3.3 Results 

In the studied stands all soils sand content ranged from 71 to 99 %, and clay content was 

Jess than 10%. Age of SRF stands ranged from 23 to 118 yrs. Stands that were affected by 

NSRF were first initiated by SRF between 77 yrs to 154 yrs ago; the subsequent NSRF 

occurred 31 to 87 yrs ago. All NSRF stands were subjected to NSRF before stand maturity, 

with the youngest stand 23 yrs after SRF and the oldest 67 yrs. 
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At the stand level, the snag density did not change significantly a long a structural 

decomposition gradient. Among all decomposition class only logs of class 5 were 

characterized by a lower density. Densities were applied to their corresponding volume 

(Table 3 .2). 

The mean snag dry weight was 9.7 t ha-1 (std = 6.3) and the mean log dry weight was 2.4 

t h-1 (std = 3.2). The minimum snag weight(< 0.1 t ha"1) was measured in the youngest stand 

and the maximum weight (1 5.8 t ha-1) in the 58 yr old stand. The minimum log dry weight 

(0.1 t ha"1) was in the 85 year old stand and the highest in the 100 year o ld stand (1 0.07 t ha· 

1). The data of snag and log volume in two youngest stands (23 and 33 yrs) were not included 

in the regression analyses. This was because the values were outstandingly low, which was 

contradictory to the results published for young stands (Brais et a l., 2005). Therefore this 

raised the doubt about human intervention following fire in theses stands. No s ignificant 

relationships between snag or log d1y weights with time since SRF were found (results not 

shown). 

Mean FF1;gnic mass was 13.70 t ha-1 (std = 13.4) with maximal values in the oldest stand, 

where the buried wood mass was 50.8 t ha-1 (Fig. 3.1a). No significant relationship between 

a lignic forest floor with time s ince SRF was found (Fig. 3.1 b); its lowest values was in the 

stand of 60 yrs and the highest at age 118 yrs since SRF. 
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Table 3.2 Snags and logs density and N 
concentrations according to decomposition class. 
Analyses of variance and mean comparisons (Tukey 
test). Significant d ifferences between classes are 
indicated by different letters. 

Decomposition Densi~ Tukey 
class (~em·), std ~·ouem~ 

snags 
4 0.45 (0.05) A 
5 0.45 (0.06) A 
6 0.43 (0.07) A 
7 0.44 (0.05) A 
8 0.46 (0.29) A 
Overall model F=0.08, p_ < .98 

lo s 
1 0.40 (0.07) A 
2 0.41 (0.06) A 
3 0.36 (0.07) A 
4 0.37 (0.11) A 
5 0.24 (0.07) B 
Overall model F=l0.18,_e < .01 
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Fig. 3.1 a) Lignic forest floor (FFiignic) (• ) and b) alignic forest floor (FFatignic) (+) dty weight 
in relation to time since SRF 
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Forest floor pH averaged 2.8 (std = 0.2), and did not change significantly with time since 

fu·e. Significant relationships were found between FFruignic Nand Mg concentrations and time 

since SRF (Fig. 3.2a,b) while, no significant trend in organic C, C/N, exchangeable Ca and K 

and available P concentrations in forest floor originating from fine litter was observed along 

the clu·onosequence (see table 3.3a for average values by stand groups). 

Buried wood Kjeldahl N concentrations, available P concentrations and CEC showed 

significant trends with time since SRF as Kjeldahl N and available P decreased linearly while 

effective CEC increased (Fig. 3.2c-e). 

Mineral soil CEC and exchangeable Ca showed significant quadratic trends in relation to 

time since fire (Figs. 3.2f). Exchangeable CEC values decreased until 60 to 89 yrs and 

increased thereafter. Exchangeable Ca was described by a significant second order polynomial 

trend with time since SRF. TheCa concentration from the 118 yrs stand was ren10ved from the 

analyses because a Cook's distance test indicated it as an outlier. Exchangeable K significantly 

increased with time since SRF; K concentration in the 100 yrs stand was also an outlier (Fig. 

3.2h). 



Table 3.3a. Effects of fire intensity on soil and buried wood properties in jack pine stands. ANOVA with contrast performed 
between SRF and NSRF stands. T-test performed on the lignic forest floor vs alignic forest floor and mineral soil vs mineral 
soil beneath lignic forest floor in grouped SRF and SRF stands. Bold italics indicate significant differences between stand 
~oues. 

Variable Average values and population standard deviations SRFl vs.NSRF I SRF 2 vs. NSRF I 
SRF I SRF2 NSRFI STD F e. F e. 

alignic forest floor (FF,.;S!!;c) ErOEerties 
Mass (t ha-1) 11.09 8.25 9.74 5.23 0.15 .71 2.13 .13 
C (g C kg"1soil) 492.00 447.72 474.15 51.32 0.35 .56 0.33 .57 
N (g N kg·• soil) 11.48 7.04 9.57 2.31 3.22 .06 3.96 .05 
C/N 42.86 63.59 49.54 16.24 6.72 .04 6.98 .03 
pH 2.88 2.89 2.87 0.21 0.69 .35 0.69 .35 
P (g P04kg·• soil) 67.95 70.98 60.65 10.19 0.22 .64 0.02 .88 
CEC (cmolc kg-1soil) 26.62 26.98 22.59 2.44 7.07 .03 9.71 .OJ 
Ca (cmolc kg·• soil) 8.39 6.64 6.55 1.38 2.13 .14 0.04 .84 
K (cmolckg-1soil) 1.77 1.67 1.67 0.15 0.54 .46 0.98 .33 
Mg (cmolc kg"1 soil) 1.80 1.66 1.53 0.01 0.54 .47 0.82 .37 
Exchangeable acidity 
(cmolc k~t" 1 soil) 

13.81 15.61 12.52 1.76 5.71 .02 2.86 .09 

lignic forest floor (FFiisnic) ETOEerties 
Mass (t ha-1

) 9.28 8.84 10.03 0.57 1.52 .26 4.26 .05 
C (g C kg·• FF1is:nic) 468.56 476.46 * 466.62 * 16.29 0.03 .67 0.73 .41 
N (g Nkg·• FFiis:nic 5.54 * 4.52 * 4.53 * 0.58 4.33 .05 0.17 .69 
CIN 87.82 * 105.42 * 92.27 * 15.25 3. 18 .10 0.40 .54 
pH 2.66 * 2.65 * 2.79 * 0.08 0.06 .75 0.03 .82 
P (g P04 kg·• FFiis:nic) 36.05 * 29.27 37.46 3.69 0.01 .92 0.31 .59 
CEC(cmolckg·• FF1is:nic) 18.76 * 20.01 17.65 1.50 0.01 .91 4.25 .03 
Ca (cmolckg·• FFiis:nic) 4.80 * 4.12 4.56 0.14 1.98 .19 <0.01 .95 
K (cmolckg·• FFtis:nic) 0.88 * 0.95 0.86 0.05 0.06 .81 1.76 .09 
Mg (cmolc kg"1 FFii~:nic) 0.73 * 1.02 0.98 0.12 6.93 .03 1.82 .21 
Exchangeable acidity 
(cmolc k~t" 1 FF1; ;c) 

10.89 13.90 11.23 1.47 156 .24 1.79 .13 

* p values oft- test ofalignic forest floor vs lignic forest floor and mineral soil vs mineral soil beneath 1ignic forest floor within 
each stand types are different at the 0.05 level 
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Table 3.3a (cont) 

Variable 

pH 
C (g C kg"1 soil) 
CEC (cmolc kg"1 soil) 
Ca (cmolc kg" 1 soil) 
K (cmolc kg"1 soil) 
Mg (cmolc kg"1 soil) 
Exchangeable acidity 

(cmolc kg"1 soil) 

pH 
C (g C kg-1soil) 
CEC 
(cmolc kg"1 soil) 
Ca (cmolc kg"1 soil) 
K (cmolc kg"1 soil) 
Mg (cmolc kg"1 soil) 
Exchangeable acidity 
(cmolc kg"1 soil) 

Average values and population standard 
deviations 

SRF I vs NSRFl 

SRF I SRF 2 NSRF1 STD F 

2.97 
37.10 
2.26 
0.25 
0.60 
0.01 
2.60 

2.86 
29.52 * 
3.13 

0.26* 
0.10 * 
0.04 
2.85 

mineral soil ErOEerties 
3.08 3.09 0.07 0.24 
39.32 30.41 7.86 1.09 
2.96 3.60 3.60 3.29 
0.21 0.39 0.09 4.45 
0.06 0.11 0.03 2.31 
0.04 0.09 0.04 9.97 
2.98 2.99 0.23 1.77 

mineral soil properties beneath lignic forest floor 
2.92 3.10 0.18 3.76 
29.15 27.81 9.3 I 0.07 
3.31 3.4 I 1.04 0.52 

0.38 
0.10 * 
0.06 
3.16 

0.32 
0.10 * 
0.04 * 
2.91 

0.02 
0.01 
<0.01 
1.08 

0.67 
0.17 
1.64 
0.07 

.64 

.32 

.05 
.06 
.16 
.01 
.19 

.05 
.80 
.47 

.42 

.68 

.12 

.80 

SRF 2 vs NSRFl 

F 

0.65 
0.05 
0.15 
8.36 
0.10 
3.34 
<0.01 

2.89 
<0.0 1 
0.13 

2.88 
0.34 
0.29 
0.27 

.44 

.82 

.71 

.02 
.99 
.05 
.97 

.09 

.96 

.72 

.09 

.56 

.43 

.61 

* p values oft-test ofalignic forest floor vs lignic forest floor and mineral soil vs mineral soil beneath lignic forest floor within each 
stand types are different at the 0.05 level 
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Fig. 3.2 Relationships between N concentration, Ca, K, Mg, P and CEC and time since last ftre: in alignic forest floor (a, b)(+), 
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3.3.3 Changes in C pools and time since stand t•eplacing fire 

Total carbon pool was at its lowest in the youngest stand (23 yrs) and attained a 

maximum of 186.0 t ha-1 in the oldest stand (Fig. 3.3a). Mineral soil and live biomass formed 

the two largest carbon pools. Live tree carbon pool was about ten times higher than 

underst01y pool (Table 3.3b). In the detritus pool, the buried wood portion was the most 

substantial. 
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Fig. 3.3: a) Carbon pools in SRF stands; b) Carbon pools in NSRF stands. 

3.3.4. Effects of non stand-replacing fire on lignic forest floor and minet"al soil 

properties and carbon sequestration. 

In the 23-58 year period following fire, NSRF had effects on alignic (FFalignic) and lignic 

forest floor (FF1ignic) , and mineral soil that differed from those of SRF (SRF I, SRF2) (Table 

3.3a). Thus in NSRFl N concentration in the FFalignic was higher (at the p = 0.1 level) 

compared to SRF2; while C/N ratio in NSRF 1 was higher than in SRF I and lower than in 

SRF2. 
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In the FFalignic non-stand- replacing fire also resulted in lower effective CEC, acidity and 

exchangeable Mg concentrations compared to both SRF groups. In the lignic forest floor N 

concentrations in NSRFl was lower compared to SRF I; effective CEC and exchangeable Mg 

in NSRF l were lower compared to SRF2 stands. 

Mineral soil effective CEC and exchangeable Mg concentration were higher in NSRFl (at 

the p= 0.1 level) compared to SRF 1; also Mg concentrations were higher in NSRF I 

compared to SRF l. Exchangeable Ca concentrations were higher in NSRF I compared to 

SRF. 

A NSRF occurring in mature stands (NSRFl vs SRF2) increased FF1ignic mass by 13 %, 

while decreasing its effective CEC by 12 %. It also resulted in an increased in FF alignic N 

while decreasing its C/N ratio, effective CEC and exchangeable acidity. A NSRF also 

increased mineral soil exchangeable cation (Ca, Mg) concentrations. However, exchangeable 

Ca concentrations were lower beneath the buried wood. 

Similarly to what was observed in SRF stands, mineral soil and live material represented 

two major C pools in NSRF stands (Fig. 3.5b; Table 3.3b). In SRF stands C retained in live 

trees was lower compared to NSRF stands. Stands affected by NSRF had more C retained in 

the understmy biomass than stands initiated by SRF (NSRFI vs. SRF2, Table 3.3b), while C 

retained in snags and mineral soil was higher in the absence ofNSRF. 
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Table 3.3b. Effects of fire intensity on stand structures and carbon pools in jack pine stands. ANOV A with contrast 
_eerformed between SRF and NSRF stands. Bold italics indicate si~ificant differences between stand ~ou_es. 

Variable Average values and population standard SRF1 vs.NSRF1 SRF 2 vs. NSRF1 
deviations 

SRF I SRF2 NSRl STD F p F p 
carbon Eools (t ha-1) 

Total 107.52 105.78 I 12.73 26.67 1.66 .04 1.78 .04 
Live trees 49.11 42.98 52.53 18.23 2.81 .04 4.46 .OJ 
Total understory 1.98 3.02 3.65 1.55 5.06 .05 0.92 .37 
Bryophytes 1.02 1.46 2.30 1.55 1.06 .19 2.89 .05 
Ericaceae 0.91 1.07 0.88 0.54 0.01 .92 0.21 .66 
Snags 6.421 2.91 3.80 2.79 3.01 0.5 0.46 .52 
Logs 2.701 2.05 2.82 1.69 0.99 .26 0.15 .71 
Alignic forest floor 5.55 4.13 4.79 2.42 1.52 .26 1.24 .35 
(FF,li~ic) 
Lign ic forest floor 5.38 5.13 5.63 6.48 0.50 .50 0.74 .08 
(FF1;~;c) 
Mineral soil 4 1.85 48.53 37.56 12.98 0.50 .50 2.74 .04 

1 Stands of 48 and 58 yrs since SRF. 
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3.3.5 Effects of lignic fot·est floor on mineral soil properties 

Nitrogen concentrations of the lignic forest floor were more than tlu-ee times higher than 

that of logs of decomposition class 5 (5.1 g N kg-1 and 1.5 g N kg-1 respectively). Differences 

between lignic and alignic forest floor were more apparent in SRFl stands than in the other 

nvo types. This is where its effects on mineral soil prope1ties were also more pronounced. In 

SRF I stands pH, CEC as well as concentrations of available P and exchangeable Ca, K and 

Mg were significantly lower in the lignic forest floor than in the alignic forest floor (Table 

3.3b); contra1y, the C/N ratio was significantly higher in FF1;gnic· In SRFl the range in C 

concentration in FF1;gnic was similar to FFruignic (Table 3.3b). In SRF2 concentrations of C and 

CIN ratio was higher in the lignic forest floor FFiignic, while pH and N concentrations were 

lower than that of FFruignic· Ultimately, after the passage on non-stand-replacing fire C and N 

concentrations were higher in the FFruignic; while lignic forest floor had higher C/N ratio and 

pH. 

Mineral soil organic C and exchangeable Ca were lower beneath the lignic forest floor in 

SRFl stands only. The lignic forest floor increased exchangeable Kin mineral soil regardless 

of stand type and increased exchangeable Mg in NSRF stands only. 

3.4 Discussion 

3.4.1Exchangeable nutrients 

Several studies have documented changes in soil nutrient availability along successional 

gradients in the boreal forest (Van Cleve el a!., 1991, Pare eta!., 1993, Brais eta!., 1995; 

Neff el a!., 2005). They have shown a decline in nutrient availability, especially ofN, which 

is related to succession from deciduous to coniferous species. Jack pine stands are 

characterized by low plant diversity while little changes in composition take place during 

succession. The main successional trends in vegetation observed following SRF were an 
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increase m black spruce density, decrease in canopy opening and ericaceous biomass 

(Smirnova et a/., 2008). Coniferous litter of poor quality is characterized by high lignin to 

nitrogen ratios and slow organic matter decomposition (Berg and Meentemeyer, 2002). 

Ericaceous species are also known for their relatively poor organic matter quality. It might 

not be surprising that contrary to studies (Van Cleve eta/., 1991, Pare eta/., 1993, Brais et 

a/., 1995; Neff eta/., 2005) we found little changes in nutrient concentrations of alignic forest 

floor along 1 00-years (from 23 to 118 yrs since SRF) fire-induced succession. 

Lignic forest floor and mineral soil showed stronger trends with time. Stand maturity (60 

to 80 yrs) seemed to be the turning point where buried wood concentrations increased while 

that of the mineral soil decreased although the nutrients involved were not the same for the 

two horizons excluding nutrient transfer from one horizon to the other. The turning point also 

coincided with increases in buried wood, alignic forest floor and black spruce basal area and 

a decreased in ericaceous abundance. 

Consistently with our hypothesis, NSRF effects on alignic forest floor nutrient 

availability did not differ substantially from SRF in the 20 to 60 year period following fire. 

This was in accordance with Miyanishi and Johnson (2002) who have suggested that fire 

intensity was not related to the smouldering combustion occurring in the soil. However, 

alignic forest floor and buried wood N concentrations in NSRF stands were lower compared 

to young SRF stands. DeLuca and Sala (2006) also repmted that repetitive fu·es can decrease 

alignic forest floor N concentrations. In older stands that have survived a second fu·e (NSRF), 

mineral soil divalent cation concentrations were much higher than those observed in young 

SRF stands indicating a rejuvenating effect ofNSRF. 

Exchangeable Mg and, to a lesser extent, Ca were the mineral soil nutrients most affected 

by fire type. Charcoal deposition resulting from NSRF could explain higher concentrations of 

these cations in the mineral soil. Lehmann at a/. (2003) have repmted that due to its chemical 

and physical properties charcoal may decrease Ca and Mg leaching. While during the time 
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since NSRF (30-53 yrs) charcoal influence on the alignic forest floor might became 

undetectable. 

3.4.2 Lignic forest flool' (bul'ied wood) 

Buried wood prope1ties and dynamics have so far received little attention (McFee and 

Stone, 1966; Harvey eta!., 1981; Means eta/., 1992; Kayahara eta/., 1996; Brais eta!., 

2005). Fire may directly generate buried wood when snags fall immediately after fire. 

However, jack pine snags over 100 year old have been rep01ted in fire history reconstruction 

study in the region (Dansereau et Bergeron 1993) and gradual fall of burned snags in the 

course of succession may increase the variability in logs and buried wood decay. Half-life of 

decaying jack pine logs was estimated to be 35 years (Brais et al., 2006) and it might take 

years before all above-ground dead wood is incorporated into the forest floor. Charring and 

wood seasoning may also delay above-ground dead wood decomposition (Harmon et al. 

1986). However, buried wood was in a more advanced stage of decay than that of the 

overlaying logs as shown by its lower C/N ratio (assuming a carbon concentration of 50% for 

logs). 

Buried wood characteristics are different from those of alignic forest floor and well 

decayed logs (decomposition class 5). Available nutrients and Kjeldhal N concentrations are 

lower in buried wood than in fine litter, while buried wood C concentration and C/N ratio are 

much higher, indicating a lower organic matter quality. However, the general decrease in N 

and P concentrations in buried wood with time since SRF indicate that buried wood is not 

acting as a sink for those nutrients. Brais et a!. (2006) have shown that decomposing jack 

pine logs N and P concentration were increasing as decay proceeds but logs were a net source 

ofN and P after a short initial period of net immobilisation. However, buried wood's capacity 

to act as a cation sink is increasing with time because of changes in colloidal prope1ties. 

Nonetheless, buried wood is more acidic and provides less CEC than material originating 

from fine litter (Kayahara eta!., 1996; Spears eta!., 2003). 
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Buried wood formed a major pmtion of total forest floor in these boreal jack pine stands 

and was the most impmtant C pool, after mineral soil, in SRF stands. Buried wood 

abundance significantly decreased after NSRF, because all NSRF stands were young (23 to 

68 yrs), when NSRF has occurred (Table 3.1) therefore buried wood amount was low. Also, 

post-NSRF period in all NSRF stands was less than 86 yrs. 

In accordance with Holub, (200 1) bmied wood significantly increased some nutrient 

concentrations in the underlying mineral soil. This effect might result from ectomicorrhizal 

activity: N and P fixation and element tumover caused by fme root colonization (Harvey et 

a/., 1981; Tedersoo et a/., 2003). Lower pH of buried wood could also favour nutrient 

leaching (Barber, 1995; Kayahara et a/., 1996). Because of its water retention propetties 

(Brais et a/., 2005) and nutrient reservoir or weak resistance to root growth, buried wood can 

be a favourable substrate for fine root colonization. 

3.4.3 Carbon sequestration 

Live trees and dead wood C pool were within the range reported in the studies conducted 

in jack pine stands (Rothstein et a/., 2004, Lecomte et a/., 2006; Simard et a/., 2007). 

Similarly to Rothstein et a/. (2004), live trees and the mineral soil carbon pools were the 

greatest in SRF stands. Despite having very similar as SRF effects on nutrient concentration 

in the stands of 20 to 60 yrs following fire, NSRF decreased log C pool and increased that of 

understmy vegetation. Similar tendency has been rep01ted by Hall et at. (2006) for moderate 

intensity fire in ponderosa pine stands. Low alignic forest floor accumulation in NSRF stands 

possibly resulted from btyophyte influence on decomposition processes, as btyophyte 

biomass was considerably superior compared to the SRF stands (Smirnova et a/., 2008). 

Accordingly to Schimmel and Granstrom (1997) remained canopies could favorite btyophyte 

establishment after non-stand replacing fires. Fmtherdown, weak competition for the 

resources, in pmticular for the water, with other plants remained after fire may lead to the 

rapid bryophyte expansion, which has been already stated by: Titus and Wagner (1984), 
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Fenton and Bergeron (2006), Lecomte et al. (2006). Wardle et a!. (2003) has rep01ted that 

although bryophytes were characterized by low decomposition rate, b1yophytes likely 

accelerate the decomposition of non-bryophyte litter. This could explain the observed in this 

study inferiour compared do SRF stands alignic forest floor accumulation after NSRF. 

Dead wood and in patticular buried wood and alignic forest floor formed two 

considerable C pools in the oldest stand. A similar trend was rep01ted earlier by Harmon et 

a!. (1986) and Stmtevant et a!. (1997). Forest floor carbon accumulation occurred in 

coniferous stands because of high lignin content in coniferous litter, which decomposed 

slowly compared to the herbaceous or open-canopy litter (Berg, 1986; Prescott, 2005; 

Ma~tens, 2000). Even though, CWD abundance was not maximal in the old stand, dead trees 

were characterized by large diameters. McFee and Stone (1966) stated that low 

decomposition rates of conifer debris appeared to be a main driving factor of buried wood 

accumulation. Moreover, lignin concentration increases with decay by brown rot fungi which 

remove cellulose and hemicelulose and leave lignin (Berg, 1986; Jurgensen et a!., 1987; 

Crawford et a!., 1997). 

3.5 Conclusion 

Post-fire succession, carbon sequestration and concurrent soil nutrient changes in pine 

ecosystems have been investigated earlier whereas, the influence of fire type: stand-replacing 

vs. non-stand-replacing fires and their impact on nutrient distribution an carbon sequestration 

has been largely omitted. Only few of soil prope1ties have a significant relationship with time 

since stand replacing fire . The time descriptors ofNSRF i.e. the time since stand establishing 

fire and time since NSRF differently affected soil prope1ties. After both fire types: live trees 

and mineral soil formed the biggest carbon pools. While after a non-stand-replacing fire a 

portion of carbon sequestered in underst01y layer exceeded almost twice the one of the SRF 

stands, which was a particularity of NSRF stands. Considerable 1ignic forest floor 

accumulation is a distinctive characteristic of the boreal forest functioning. Although nutrient 

concentrations in the buried wood were lower than in the alignic forest floor originating from 
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the fine litter, lignic forest floor represents a considerable reservoir of nutrients in boreal 

soils. 
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CONCLUSION GENERALE 

Dans les ecosystemes forestiers boreaux, les fluctuations de l'ampleur et de l'intensite des 

feux expliquent en partie le type et l'abondance de structures residuelles : abondance des 

arbres m01ts, des residus grossiers, composition de sous-bois, horizon de litiere, etc. Ces 

changements de structure residuelle conduisent a une augmentation et a une diversification 

des habitats des organismes vivants, ce qui conduit a une augmentation de Ia diversite des 

especes. La composition specifique ainsi que Ia concurrence entre les individus sont les 

facteurs biotiques qui sont directernent affectes par les feux. Ces facteurs biotiques evoluent 

avec le temps. 

Les peuplements de pins gris sont en majorite caracterises par une structure arborescente 

equienne resultant de feux letaux. Une infime prop01tion de peuplements ayant survecu a des 

feux non letaux a ete rep01tee. La comparaison de !' impact de feux letaux et non letaux sur 

les structures de peuplement, Ia sequestration carbonee et les nutriments du sol et leur 

evolution au cours du temps n'ont encore jamais fait !'objet d'etudes chez le pin gris. 

L'aspect de )'etude lie aux fluctuations de Ia biomasse du bois enfotti apres feu presente un 

interet certain pour ce projet. 

Nos resultats montrent que, dans les peuplements de pms gns, les feux non letaux 

n'entra'inent pas un retour de Ia succession secondaire a son stade initial. Cependant, les feux 

non letaux retardent le remplacement du pin gris par l'epinette noire alors que l'eclaircie des 

peuplements augmente l'abondance des arbres de gros diametres et entralne des changements 

dans l' abondance des debris ligneux, dans Ia prop01tion des differentes classes de 

decomposition et dans l' abondance de bois enfoui dans la couverture morte. Les feux non 

letaux augmentent la diversite structurale des peuplements et l'abondance des bryophytes. Par 

contre, leur effet rajeunissant sur les peuplements de pin gris, c'est-a-dire ('augmentation de 

Ia portion de carbone sequestree dans Ia biomasse vivante et !'optimisation de la disponibilite 
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des elements, n'a pas ete confirme dans cette etude. Les FNL diminuent les concentrations en 

cations basiques comparativement aux FL. 

Par ailleurs, I 'aspect de notre recherche qui a porte sur les interactions entre le degre de 

combustion de Ia canopee et celui de Ia mortalite des racines demeure une etude inedite. La 

relation entre Ia severite de Ia combustion de Ia couronne et l' ampleur des blessures des 

racines a Ia suite du feu mise en evidence pourrait contribuer au developpement des modeles 

predictifs sur Ia sante et Ia mmtalite des arbres a Ia suite de feux de surface. 

Les approches d'amenagement ecosystemique recemment developpees reposent, en 

partie, sur Je principe que Jes pratiques forestieres, soit Ia coupe selective, la retention 

d'arbres vivants ou motts, Ia preparation de sites, etc., pourraient maintenir des structures 

residuelles similaires a celles observees apres des perturbations naturelles (Franklin, 1993; 

Delong, 2002; Harvey et al. 2002). Toutefois, une meilleure et plus fine comprehension du 

gradient de )'amplitude des petturbations et des processus cotmexes de l'ecosysteme est 

encore essentielle pour ameliorer les prescriptions sylvicoles. Les resultats de cette etude et 

patticulierement ceux obtenus au sujet du pin gris peuvent etre appliques du fait que Jes 

variations de la nature, de )'amplitude et de l'intensite des petturbations (feux, maladies 

causees par les insectes, chablis, etc.) affectent !'ensemble des elements des diversites 

biologique, ecosystemique, specifique et genetique. 

Effet indesirable des pratiques forestieres : il pourrait se produire une baisse de Ia 

productivite du site et de Ia fettilite du sol comme consequence de Ia coupe qui preleve une 

pmtion substantielle de Ia biomasse ligneuse (Lee et al., 2002; Hope et al., 2003; Bradley et 

al. , 2006). La baisse de productivite peut etre associee a une technique inappropriee de 

preparation de site ayant conduit a une petturbation insuffisante de Ia strate de sous-bois (Van 

Cleve et Viereck, 1981; McRae et al., 2001; Fenton et al., 2005). L'augmentation drastique 

de Ia biomasse des bryophytes a Ia suite des FNL pounait etre une preuve etayant ce 

phenomene. Cela pounait etre lie aux blessures superficielles causees par le feu dans le sous­

bois. Aussi, Ia comprehension du processus de renouvellement du carbone et du cycle des 
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nutriments dans les ecosystemes boreaux en n!ponse aux petturbations naturelles pourrait 

contribuer a !'amelioration des pratiques forestieres dans un contexte d'attenuation des 

emissions de carbone. 

Conformement a ce que nous avions avance anterieurement, Ia biomasse des bryophytes 

augmente substantie llement apres un feu non leta!. Cet effet pourrait se produire apres une 

eclairc ie precommerciale ou commerciale, des coupes selectives et d 'autres pratiques 

forestieres qui supposent di fferents taux de retention d'arbres, c'est-a-dire apres une pratique 

forestiere qui imite un feu non leta!. Les incidences de ces phenomenes sur les proprietes du 

sol, notamment son regime thermique et hydrique, demandent a etre etudiees. 

Cette etude confirme que les e lements ligneux du sol forestier emmagasinent une quantite 

impottante de nutriments. II conviendrait done d'ehtdier les elements ligneux qui restent dans 

le sol forestier et d ' evaluer leur contribution dans Ia productivite des peuplements, et ce, 

pat1iculierement pour les sols a texture grossiere dont Ia retention en eau et en nutriments 

repose sur leur contenu en matiere organique. 

La principale limite de cette ehtde porte sur !' absence de chronosequences 

correspondantes entre feux non letaux et feux letaux. II en est de meme de !'analyse du 

gradient d' intensites de feux et de Ia mosa'ique de blessures qui en decoule ainsi que de Ia 

mosa'ique de brftlures dans le sous-bois qui n'ont pas ete abordees dans le cadre de cette 

etude. Toutefois, une telle etude aurait permis une meilleure comprehension des processus se 

deroulant au niveau du sol. Les ana lyses des elements ligneux du sol forestier amaient permis 

une meilleure comprehension de Ia composition specifique de ce dernier. De plus, une 

recherche plus axee sur !'analyse des elements ligneux du sol pourrait permettre d'expliquer 

les processus de decomposition et de mieux comprendre le cycle des nutriments apres le feu. 

Le pin sylvestre du nord de Ia Suede et le pin gris de !'est du Quebec sont deux especes 

commerciales dominantes. L'amelioration des connaissances relat ives aux effets des 

perhtrbations naturelles maj eures de Ia foret boreale sur !'evolution structurelle et les 
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processus ecosystemiques chez le pin sylvestre et le pin gris presente non seulement un 

interet scientifique mais pourrait en plus etre valorisee par l'industrie forestiere. 
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Table A. I The coordinates (UTM17) of the first circle on 
the stud~ sites located in Quebec 
Site Year ofSRFI Coord. X Coord. Y Precision 

time since 
SRF (~rs) 

H1 1979 I 23 674341 5350770 9 
H2 1969 I 33 675297 5439991 2 
H3 1955 I 48 687186 5354946 18 
H4 1945 I 58 708287 5364350 5 
H5 1934 I 69 631259 5463243 6 
H6 1927 I 76 708182 5367373 4 
H7 1918 I 85 680115 5435231 6 
H8 1903 I 100 679822 5435849 2 
H9 1885 I 118 674423 5333307 3 
HIO 1854 I 149 785681 4919146 ni 
H11 1848 I !55 785511 4953280 ni 
M1 1927 177 706600 5372488 14 
M2 1920 I 83 631391 5463365 6 
M3 1916 187 632100 5462546 7 
M4 1909 I 94 The stand has been cut off in 2003 
M5 1908 I 95 680590 5435556 I 
M6 1863 I 143 673381 5442651 13 
M7 1850 I !54 681684 5394090 30 
M8 1850 I !54 632080 5462271 7 
ni-no information 


