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RESUME

Depuis plusieurs décennies, I’exploitation forestiére a entrainé d’importantes modifications
dans la composition et la structure des foréts du Bas-Saint-Laurent, transformant le paysage
en une mosaique de peuplements réguliers/équiennes. En 2008, une expérience d’éclaircies
commerciales, consistant au dégagement de compétiteurs autour d’arbres-élites (AE) a été
initiée comme premiere étape de la conversion structurale de ces peuplements
réguliers/équiennes vers des peuplements irréguliers/inéquiennes. Ce type d’éclaircie, qui a
pour objectif d’accentuer la complexité structurale des peuplements, a récemment été
proposé afin de répondre aux exigences de la Loi québécoise sur I’aménagement durable du
territoire forestier. Deux types d’éclaircie par AE (dégagement de 50 AF/ha et 100 AE/ha)
ainsi qu’une éclaircie par le bas et des blocs témoins ont été implantés dans des plantations
d’épinette blanche (Picea glauca) et dans des peuplements issus de régénération naturelle
dominés par le sapin baumier (Abies balsamea). En 2014, les placettes-échantillons ont été
mesurées pour quantifier 1’accroissement ligneux et la diversité structurale. Aucune
différence en accroissement en surface terriére n’a été observée entre les traitements. A
1’échelle de I’arbre, les AE dégagés par 1’éclaircie ont montré un accroissement en diamétre
a hauteur de poitrine (DHP) significativement plus élevé que les AE potentiels dans les
placettes-échantillons témoins. Les AE ont également eu un accroissement en DHP plus élevé
que leurs voisins les plus proches, en plus de faire face & moins de compétition que les AE
potentiels dans les blocs éclaircis par le bas et les blocs témoins. La complexité des parcelles
n’a cependant pas augmenté de fagon significative aprés les éclaircies, le nombre d’AE
dégagé n’étant probablement pas assez élevé pour changer la structure du peuplement avec
une seule éclaircie. Ces résultats indiquent que le temps entre le traitement et 1’inventaire
forestier (5 ans apres traitement) n’est pas suffisant pour que les arbres dépassent leur temps
de réaction et atteignent leur pic de croissance. Des interventions subséquentes seront
nécessaires pour atteindre les objectifs de diminution d’écart entre la forét naturelle et la forét
aménagée.

Mots-clés : aménagement écosystémique, complexité spatiale, conversion structurale,
éclaircie commerciale par dégagement d’arbres-¢€lites, éclaircie commerciale par le bas
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ABSTRACT

For decades, logging has led to significant changes in composition and structure of the forests
of Eastern Canada. In 2008, a commercial thinning trial consisting in the removal of
competitors around elite trees (ET) was initiated as the first step of a structural conversion
treatment to transform regular/even-aged stands to irregular/uneven-aged stands. Two
intensities of thinning by ET release (50 ET/ha and 100 ET/ha) as well as a thinning from
below and control blocks were tested in white spruce (Picea glauca) plantations and
precommercially thinned balsam fir (Abies balsamea) dominated natural regeneration stands.
In 2014, we measured these experimental plots for growth increment and stand structural
diversity. At the stand level, no differences were observed amongst the treatments for average
cumulative basal area increment since thinning. At the tree level, trees thinned by ET release
showed a significantly higher diameter at breast height (DBH) increment than those in the
control plots. The released ET also had higher DBH increments than their closest neighbors.
The released ET had less competition than the potential ET in both the control and thinned
from below plots. The spatial complexity of the plots did not however significantly increase
after ET release, the number of ET released is probably not high enough to change the stand
structure after only one thinning treatment. These results indicate that 5 years after treatment
is not sufficient for trees to reach their peak growth. Further interventions are thus needed to
reach the ecosystem-based forest management objectives.

Key words: commercial thinning by elite tree release, ecosystem-based forest management,
structural conversion, spatial complexity, stand structure, thinning from below
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CHAPITRE 1 : INTRODUCTION GENERALE

Mise en contexte

Dans I’est du Canada, 1’exploitation forestiere du 20° siecle a entrainé d’ importantes
modifications dans la composition et la structure des foréts, transformant ainsi le paysage
forestier en une mosaique de peuplements réguliers/équiennes. Cette exploitation a
rapidement contribué a créer un écart entre les foréts préindustrielles (naturelles), qui étaient
principalement irrégulieres/inéquiennes, et les foréts aménagées. Ces changements ont de
nombreux impacts sur la biodiversité et la productivité des écosysteémes forestiers (Boucher
etal., 2009). Afin de répondre aux exigences de la Loi québécoise sur I’aménagement durable
du territoire forestier, les aménagements forestiers écosystémiques (AFE) visent a maintenir
ou restaurer la biodiversité forestieére en réduisant les différences observées entre les foréts

naturelles et aménagées (MFFP, 2013).

Maintenant que plusieurs dizaines de milliers d’hectares de jeunes foréts sont prétes
a recevoir une premicre éclaircie commerciale au Bas-Saint-Laurent et dans plusieurs autres
régions du Canada, une question se pose : quels sont les traitements sylvicoles les plus
appropriés pour diminuer 1’écart entre les foréts préindustrielles et les foréts aménagées en
augmentant leur complexité structurale, mais sans réduire leur productivité ? C’est dans cette
optique qu’en 2008 la Chaire de recherche sur la forét habitée de I’Université du Québec a
Rimouski en collaboration avec la conférence régionale des élus du Bas-Saint-Laurent (CRE-
BSL), a initi¢é une expérience d’éclaircies commerciales comme premicre étape de la
conversion structurale de jeunes peuplements réguliers/équiennes (d’origine naturelle et de
plantation) vers une structure irréguliere/inéquienne. Cette étude vise ainsi a comparer le
rendement et la structure de peuplements éclaircis par le bas au rendement et a la structure
de ceux éclaircis par dégagement d’arbres ¢élites (AE) a ’échelle de 1’arbre et du peuplement.
Cette comparaison permettra de connaitre les effets de I'utilisation de I’éclaircie commerciale
par dégagement d’arbres-élites sur le potentiel de croissance des peuplements résiduels, en

plus de savoir si ce traitement permet d’accentuer leur complexité structurale.



Revue de littérature

La dynamique des foréts naturelles et aménagees

Dans les écosystemes forestiers préindustriels, ¢’étaient les perturbations naturelles
(épidémies, feux, chablis, etc. de sévérité variable) qui amorgaient le processus de la
succession écologique en créant des ouvertures partielles dans la canopée (Harvey et al.,
2002; Messier et al., 1999; Berges et al., 2002), avec comme mécanisme principal la
différence interspécifique de tolérance a I’ombre (Raven et al., 2007). Par conséquent,
lorsqu’un chablis ou une épidémie d’insectes créaient des ouvertures partielles dans la
canopée, le couvert forestier dominant était recolonisé par des especes tolérantes a I’ombre
qui formaient la régénération préétablie en sous-étage (Messier et al., 1999). Lorsqu’une
perturbation détruisait entierement le peuplement, ¢’étaient les especes intolérantes a I’ombre
qui colonisaient et croissaient plus rapidement que les especes tolérantes, pour former le
couvert de transition (Kobe and Coates, 1997; Reich et al., 1998; Messier et al., 1999; Martin
et al., 2008). Ces dynamiques, en se perpétuant dans le temps, étaient a 1’origine de la
structure interne hétérogene et irréguliere de la majorité des peuplements, particulierement
dans les foréts tempérées et boréales (Schiitz, 1997; Bergeron and Harvey, 1997; Bergeron

et al., 2006; Franklin et al., 2007; Ruel et al., 2007).

Dans les foréts aménagées, les interventions sylvicoles constituent actuellement la
source principale de perturbation pour le milieu, en accélérant, ralentissant ou réinitialisant
la dynamique naturelle des peuplements forestiers (Berges et al., 2002; Hansen et al., 1991;
McCarthy and Burgman, 1995; Niemeld, 1999). Au fil du temps, I’exploitation intensive des
foréts a altéré la dynamique naturelle en réduisant 1’age moyen des foréts, diminuant
I’abondance de certaines formes de bois mort, favorisant les espeéces pionnieres et
homogénéisant la structure interne des peuplements forestiers (Ostlund et al., 1997; Boucher

et al., 2006, 2009; Dupuis, 2009).

La forét aménageée, régime de futaie réguliere/équienne

Le régime sylvicole de la futaie réguliere/équienne et les peuplements

monospécifiques qui y sont associés, peuvent étre mis en cause en ce qui a trait a la



raréfaction d’un certain nombre d’especes (Berges et al., 2002). De plus, ’aménagement
forestier a habituellement comme effet de supprimer ou de limiter fortement certains stades
de succession, comme les arbres matures aprés une coupe de régénération, en plus de certains
¢léments qui structurent 1’écosystéme, comme le bois mort au sol et les chicots sur pied
(Berges et al., 2002; Hansen et al., 1991). En limitant ces différents ¢léments de 1’écosystéme,

les especes qui en dépendent doivent trouver des habitats de substitution (Berges et al., 2002).

Dans le régime de futaie régulicre, le traitement qui est depuis longtemps préconisé
dans les plantations d’age intermédiaire au Québec est I’éclaircie commerciale par le bas.
Son application consiste a retirer environ une tige sur trois (~35 % de la surface terriere du
peuplement) (petites tiges, tiges malades ou déformées) pour favoriser la croissance des
meilleures tiges en redistribuant le potentiel de croissance sur les arbres résiduels (Cameron,
2002; Gagné, L., 2009; Lundqvist et al., 2007). Cette étape de 1’éclaircie est peu rentable di
a la faible qualité des tiges prélevées (Cameron, 2002; Lundqvist et al., 2007). De plus, en
prélevant principalement les petites tiges, on enléve au peuplement une composante
structurale importante, puisque ces arbres pourraient étre des candidats-chicots de qualité
(Schiitz, 1997; Gagné, L., 2009). Cette pratique est appropriée dans le contexte de
I’aménagement en forét réguliere/équienne, mais elle semble peu compatible avec I’objectif
de réduction des écarts entre les foréts aménagées et naturelles (Barrette et al., 2014). 11
devient donc primordial d’intégrer de nouvelles pratiques sylvicoles afin de répondre aux

exigences des AFE.

L’ aménagement forestier écosystémique

En visant sur I’aptitude a maintenir la diversité biologique et la viabilité des
écosystémes forestiers, les AFE sont au ceeur du nouveau régime forestier du Québec. Plus
spécifiquement, ils visent a maintenir ou restaurer la biodiversité forestiére en réduisant les
écarts observés entre la forét naturelle et la forét aménagée (MFFP, 2013). En se rapprochant
des conditions retrouvées en foréts naturelles, ce concept mise a assurer la survie de la plupart
des especes en leur offrant les conditions auxquelles elles sont adaptées(MFFP, 2013). Les

AFE ont tout de méme des objectifs de récolte et de production de bois, mais les traitements



sylvicoles utilisés doivent permettre une certaine diversité et I’irrégularité retrouvée en forét
naturelle (MFFP, 2013). En maintenant les principaux attributs écologiques des foréts
préindustrielles, les AFE permettent une exploitation durable, ainsi que des avantages

sociaux et économiques reliés a ’utilisation des foréts (MFFP, 2013).

L’utilisation de modalités d’aménagements forestiers qui ont des effets qui se
rapprochent de ceux de la dynamique des perturbations naturelles est une stratégie de gestion
plus apte a maintenir 1’intégrité écologique des écosystémes forestiers. Ainsi, puisque les
foréts naturelles étaient composées d’arbres de différentes tailles et a différents stades de vie
(foréts irrégulieres/inéquiennes), il devient justifié de considérer des interventions sylvicoles
qui permettront de conserver ces attributs (Bergeron and Harvey, 1997; Quine et al., 1999;
Harvey et al., 2002; Schiitz, 2002; Bergeron et al., 2006; Franklin et al., 2007; Ruel et al.,
2007; Waldron, 2013). Dans les régions ou les perturbations secondaires (épidémies, chablis
et feux de sévérité variable) étaient autrefois dominantes dans le régime des perturbations, ce
virage sylvicole est d’autant plus légitime. Cela représente un changement important,
notamment dans le contexte des pratiques d’éclaircies commerciales qui ont principalement

favorisé le développement de peuplements réguliers/équiennes au Québec.

Le régime de futaie irréguliére/inequienne

Le régime de la futaie irréguliére/inéquienne favorise simultanément la récolte,
I’éducation et la régénération du peuplement (Schiitz, 1997). Un renouvellement partiel et
continu du couvert permet au peuplement de constituer une communauté ou des individus a
différents stades luttent avec succeés pour 1’accés a la lumiére (Schiitz, 1997). Ces
communautés, constituées d’'un mélange d’arbres de tous les ages, sont structurées par les
arbres les plus anciens sous lesquelles se développent les plus jeunes, ce qui se rapproche
davantage de la structure des foréts soumises a un régime de perturbations secondaires
(Schiitz, 1997). Cette structure permet un renouvellement continuel des stades de
développement des espéces arborescentes au sein d’un milieu hétérogene (Schiitz, 1997). Les
foréts irréguliéres/inéquiennes sont généralement composées d’une proportion €levée en

essences longévives et tolérantes ou semi-tolérantes a 1’ombre, ce qui sont deux



caractéristiques fondamentales de ces peuplements (Messier et al., 1999; Schiitz, 2002). Pour
qu’un peuplement soit considéré comme irrégulier/inéquienne, il doit nécessairement étre
composé d’au moins trois classes d’age différentes (Schiitz, 1997). Le systéme sylvicole qui
est adapté a de telles foréts va favoriser la sélection d’arbres en fonction de la qualité des
tiges individuelles a dégager (Schiitz, 2002), ce qui fait que seulement un nombre restreint
d’individus ayant atteint leur maturité sont récoltés périodiquement. Ainsi, les tiges dégagées
permettent aux arbres plus performants, en termes d’accroissement, de se développer en
maintenant une structure irréguliere/inéquienne dans le temps (Schiitz, 2001). Pratiquée sur
un vaste territoire, une telle approche pourrait permettre un approvisionnement plus régulier
en bois, tout en complexifiant la structure interne des peuplements (Schiitz, 1997). A terme,
I’utilisation de ce régime sylvicole pourrait contribuer a restaurer les foréts aménagées en
complexifiant leur structure et en réintroduisant de la biodiversité afin de réduire leur écart

avec les foréts naturelles.

Le régime sylvicole de la futaie irréguliere/inéquienne est présentement trés peu
utilisé au Québec (Schiitz, 1997; Gagné, L., 2009). En effet, puisque les effets a long terme
sur la productivité forestiere de telles pratiques ne sont pas connus, plusieurs acteurs du
milieu forestier sont réticents face a ce changement de pratiques sylvicoles en forét résineuse,
puisqu’ils pensent que cela pourrait conduire a I’écrémage du peuplement et a la diminution
de la productivit¢ (CCSMAF, 2003; Lafléche et al., 2013). Pourtant, en théorie, les foréts
irrégulieres/inéquiennes peuvent offrir un rendement intéressant, en plus d’offrir une certaine
constance dans 1’approvisionnement en bois (Schiitz, 1997). L’ utilisation d’un régime de
futaie irréguliére est ainsi tres intéressante pour la région du Bas-Saint-Laurent, en plus d’étre
potentiellement efficace pour complexifier la structure interne des peuplements (Buongiorno,
2001; Hanewinkel, 2002; Hanewinkel and Pretzsch, 2000). Cependant, dans plusieurs
régions, I’exploitation passée des foréts a fortement modifi¢ la structure interne des foréts en
les transformant progressivement en peuplements réguliers/équiennes résiduels, de sorte que
le déploiement d’un régime de futaie irréguliere/inéquienne implique la conversion

structurale de ces peuplements.



La conversion structurale d 'un peuplement

La transformation d’une forét réguliére vers une structure irréguliére compléte est un
processus complexe qui peut s’étaler sur plusieurs décennies (Schiitz, 2001). Ce processus
de conversion nécessite une série d’interventions sylvicoles qui accélerent la transformation
en anticipant les différentes étapes de développement de la forét (Schiitz, 1997, 2001, 2002;
O’Hara, 2002; Franklin et al., 2007). Le stade de jeunes foréts serait le plus propice pour
amorcer la conversion, notamment si le peuplement est composé d’essences longévives,
comme I’épinette blanche (Picea glauca) ou le thuya occidental (Thuja occidentalis) (Schiitz,
1997). Pour amorcer la conversion, quatre étapes distinctes sont utilisées : la différentiation
du peuplement, la promotion de la régénération, le développement structural et la
consolidation de la structure inéquienne (Schiitz, 1997; O’Hara, 2001; Schiitz, 2001; Gagné,
L., 2009). La hiérarchisation entre les classes sociales est amorcée a [’étape de la
différentiation du peuplement. On y déce¢le des signes évidents de compétition entre les tiges
(p.ex. couronnes qui se chevauchent) (Schiitz, 1997, 2001). Cette étape permet de s’assurer
que le peuplement est stable et prét a recevoir une éclaircie (Schiitz, 1997, 2001). La
deuxiéme ¢étape consiste a établir une régénération en essences longévives, a l’aide
d’éclaircies ou de création de trouées, pour favoriser la croissance en diametre du peuplement
résiduel et de donner aux semis de meilleures conditions (Schiitz, 1997, 2001). Cela permet
d’établir la structure de base du peuplement pour la conversion vers une structure hétérogene,
tant au point de vue de la grosseur et de la hauteur des tiges, que spatialement (Schiitz, 1997,
2001). L’étape du développement structural débute lorsque la premiére cohorte de
régénération est bien établie. Cette phase consiste a favoriser le recrutement de semis sur une
base continue pour créer une troisieme classe d’age. On s’assure ainsi d’une bonne répartition
des ¢éléments de structures dans le peuplement (Schiitz, 1997, 2001). Suite a 1’établissement
de la troisieme classe d’age dans le peuplement, la derniére étape s’assure que la structure
inéquienne perdure dans le temps, en utilisant des aménagements adéquats (Schiitz, 1997,

2001).



L’éclaircie commerciale par dégagement d’arbres-élites

Pour amorcer la conversion structurale au Bas-Saint-Laurent, il a été proposé
d’utiliser I’éclaircie commerciale par dégagement d’AE. Ce type d’éclaircie est un traitement
d’éducation de peuplement qui vise a dégager un nombre prédéterminé de tiges d’avenir a
haut potentiel de croissance (i.e. arbres-¢lites) de leurs compétiteurs directs (Schiitz, 1997;
Grenon et al., 2007). Ces arbres sont généralement sélectionnés pour leur longévité, et puis
a l’aide de critéres physiques : apparence globale, forme réguliére du houppier, absence de
défauts et de vices apparents, branches de faible diametre (Bastien, 2005). Les essences
longévives, comme les cédres et les épinettes, sont priorisées. Ces tiges sont dégagés de la
compétition sur un rayon de 2 a 3 métres ce qui leur assure de meilleures conditions de
croissance, ce qui se manifestera par une tige de qualité supérieure (bois sain, sans coloration,
tronc cylindrique) (Baar et al., 2004). A terme (i.e. lorsque la conversion structurale est
complétée), cela fournirait du bois de meilleure qualité et des billes de plus grosses
dimensions au moment de la récolte (Cameron, 2002 ; Baar et al., 2004 ; Lundqvist et al.,

2007).

Des arbres-¢lites peuvent étre désignés au sein de tous les types de peuplement,
réguliers/équiennes ou irréguliers/inéquiennes, autant dans des groupes d’arbres issus de
régénération naturelle que dans les plantations (Baar et al., 2004). Le nombre d’arbres-¢élites
dégagés et leur répartition spatiale dans le peuplement ne doivent pas étre laissés au hasard
(Baar et al., 2004 ; De Potter et al., 2012). Une distance trop courte entre deux arbres-¢lites
peut provoquer une compétition entre deux arbres sélectionnés, ce qui n’est pas désirable
(Baar et al., 2004 ; De Potter et al., 2012). L’espace dégagé idéal pour préserver une vitesse
de croissance optimale est de maintenir le houppier des arbres sélectionnés dans une situation
de croissance libre (De Potter et al., 2012). Ainsi, lorsque 1’arbre est dégagé, I’espace rendu
libre est tres rapidement recolonisé par 1’¢longation de ses branches latérales (De Potter et
al., 2012). Les arbres-¢élites jouent un rdle structurant au sein d’un peuplement en devenant
I’ossature du peuplement irrégulier/inéquienne (Schiitz, 1997; Bastien, 2005; Gagné, L.,

2009; De Potter et al., 2012).



Les éclaircies commerciales font habituellement partie d’un régime sylvicole
régulier/équienne avec comme finalité la coupe totale du peuplement. En utilisant un régime
de futaie irréguliére/inéquienne, c’est exactement ce que I’on souhaite changer. Lorsque la
conversion sera bien engagée, il n’y aura pas de coupe finale, mais un recrutement continu
d’arbres-¢lites, dans une structure irréguliére verticale et horizontale complétée (Schiitz,
1997, 2001; O’Hara, 2001; Gagné, L., 2009). Le régime de futaie irréguliére/inéquienne
implique qu'un nombre restreint d’individus peut produire du bois de qualité supérieure a
chaque événement de récolte et ainsi la majorité des revenus totaux, si 1’éducation du

peuplement commence dés le jeune age (Fortin, 2007).
Objectifs et hypotheses

A TI’aide d’un dispositif expérimental d’éclaircies commerciales établi en 2008, les
objectifs de notre étude sont de comparer les effets des éclaircies commerciales (dégagement
d’AE, éclaircie par le bas et placette témoin) sur (1) la croissance du peuplement, (2) la
croissance des arbres individuels et (3) la complexité du peuplement. Etant donné que
1’éclaircie commerciale par dégagement d’AE garantit de meilleures conditions de croissance
pour les arbres dégagés, on s’attend a ce que la productivité du peuplement augmente. En
effet, les arbres individuels devraient répondre de maniére positive au dégagement, ce qui
devrait se répercuter par un effet positif sur la productivité du peuplement. Ainsi, pour notre
premier objectif, nous avons émis 1I’hypothése que 1’augmentation de la surface terriére sera
plus élevée dans les parcelles éclaircies par dégagement d’AE que dans les parcelles
éclaircies par le bas et que dans les parcelles témoins. Pour 1’objectif 2, nous avons émis
’hypothése que la croissance des AE individuels' serait plus élevée dans les parcelles
éclaircies par dégagement d’AE que dans les parcelles éclaircies par le bas et dans les
parcelles témoins, puisque leur pression de compétition serait plus basse. L’éclaircie
commerciale par dégagement d’AE, en créant des ouvertures partielles dans la canopée

autour des arbres dégagés, devrait également favoriser la complexification des peuplements

! Les AE ont été identifiés dans tous les traitements, mais ils ont été¢ dégagés de leurs compétiteurs immédiats
seulement dans 1’éclaircie par dégagement d’AE.



et ’hétérogénéité de leur structure interne. Ainsi, pour notre dernier objectif, nous avons émis
I’hypothése que la complexité structurale des parcelles éclaircies par dégagement d’AE sera

plus grande que dans les parcelles éclaircies par le bas et que dans les parcelles témoins.

Pour vérifier ces hypotheses, les mesures sur des carottes d’accroissement ont été
utilisées pour établir que I’augmentation de la surface terriére n’était pas significativement
différente entre les traitements sylvicoles 5 ans apres éclaircie. Les mémes mesures ont été
utilisées pour tester 1’accroissement en diamétre & hauteur de poitrine (DHP) des AE, ce qui
a démontré que la croissance était significativement plus élevée pour les arbres éclaircis par
dégagement d’AE que pour les arbres éclaircis par le bas et les témoins. Les AE démontraient
moins de compétition, quantifiés par I’indice de compétition Hegyi, que les arbres qui avaient
le potentiel d’un AE et que les témoins. Enfin, la complexité spatiale des parcelles, quantifiée
par la distribution a deux paramétres de Weibull et I’indice d’agrégation Clark-Evans, n’a
pas augmenté de maniére significative aprés le dégagement d’AE. Le nombre d’AE libéré
n’est pas suffisamment élevé pour changer la structure du peuplement avec une seule

éclaircie.



CHAPITRE 2: INCREASING THE STRUCTURAL COMPLEXITY OF
CONIFEROUS STANDS WITHOUT REDUCING THEIR PRODUCTIVITY: A
CASE STUDY IN EASTERN CANADA

ABSTRACT

For decades, logging has led to significant changes in composition and structure of the forests
of Eastern Canada. In 2008, a commercial thinning trial consisting in the removal of
competitors around elite trees (ET) was initiated as the first step of a structural conversion
treatment to transform regular/even-aged stands to irregular/uneven-aged stands. Two
intensities of thinning by ET release (50 ET/ha and 100 ET/ha) as well as a thinning from
below and control blocks were tested in white spruce (Picea glauca) plantations and
precommercially thinned balsam fir (Abies balsamea) dominated natural regeneration stands.
In 2014, we measured these experimental plots for growth increment and stand structural
diversity. At the stand level, no differences were observed amongst the treatments for average
cumulative basal area increment since thinning. At the tree level, trees thinned by ET release
showed a significantly higher diameter at breast height (DBH) increment than those in the
control plots. The released ET also had higher DBH increments than their closest neighbors.
The released ET had less competition than the potential ET in both the control and thinned
from below plots. The spatial complexity of the plots did not however significantly increase
after ET release, the number of ET released is probably not high enough to change the stand
structure after only one thinning treatment. These results indicate that 5 years after treatment
is not sufficient for trees to reach their peak growth. Further interventions are thus needed to
reach the ecosystem-based forest management objectives.

Key words: commercial thinning by elite tree release, ecosystem-based forest management,
structural conversion, spatial complexity, stand structure, thinning from below
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INTRODUCTION

Logging in the 20th century has transformed the forest landscape in eastern Canada
into a mosaic of regular/even-aged stands, creating a large gap between pre-industrial
(natural) forests, which were predominantly irregular/uneven-aged, and managed forests
(Boucher et al., 2009). In order to meet the goals of ecosystem-based forest management
strategy on the national forests we must reduce the differences observed between the natural

and managed forests.

Pre-industrial forest ecosystems dynamics were mainly controlled by natural
disturbances (i.e, insect epidemics, fires, windfalls, etc.) that created partial openings in the
canopy (Harvey et al., 2002; Messier et al., 1999; Berges et al., 2002) and led to the
heterogeneous and irregular internal structure of the majority of forest stands (Schiitz, 1997;
Bergeron and Harvey, 1997; Bergeron et al., 2006; Franklin et al., 2007; Ruel et al., 2007).
These disturbances caused the accelerated growth of advanced regeneration of shade tolerant
seedlings and saplings (Messier et al., 1999). The perpetuation of this dynamic was at the
origin of the irregular/uneven-aged stands that dominated the eastern Canadian forest at the

pre-industrial time.

Nowadays, in managed forests, silvicultural interventions are the most important
disturbances (Berges et al., 2002). Logging has resulted in the reduction of the average age
of the stands of the forest and decreased certain forms of dead wood, as well as promoting
pioneer species, while homogenizing the internal structure of the stands (Ostlund et al., 1997;
Boucher et al., 2006, 2009; Dupuis, 2009). Alterations in the internal structure of residual
stands following traditional forest management has led to the suppression or limitation of
several stages as well as structuring elements of the ecosystem, such as large mature trees
and coarse woody debris and snags (Hansen et al., 1991; Bergés et al., 2002). Managed
forests thus differ greatly from natural ones (Harvey et al., 2002). The difference between
pre-industrial and managed forests is not only in terms of dynamics, but also in terms of

structure (Hale et al., 1999; Boncina, 2000; Franklin et al., 2007).
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Silvicultural interventions that could better imitate natural forest dynamics might help
restore some attributes of unmanaged forests (Bergeron and Harvey, 1997; Quine et al., 1999;
Bergges et al., 2002; Schiitz, 2002). This should thus maintain forest resilience, since natural
ecosystems can preserve its essential characteristics (structure, composition, function) after
disturbances (Thompson et al., 2009). In several region of eastern Canada, the present-day
forest landscape includes of a large proportion of plantations which are now ready for their
first commercial thinning. In order to meet the requirements of the Sustainable Forest Act
adopted in 2013 by the province of Quebec, the management strategies used in intensively
managed stands must also be inspired by ecosystem-based forest management practices
(Barrette et al., 2014). Thereby, a portion of these plantations must now be converted toward
an irregular structure in order to reduce the structural differences between managed and
natural forests. Commercial thinnings are usually part of a regular/even-aged forest regime
with a final clear cut. Within a conversion framework, a portion of the even-aged stands of a
given management unit will be shifted towards an irregular/uneven-aged forest management

path.

Conversion to irregular or uneven-aged structures can take decades and requires a
series of silvicultural interventions (Schiitz, 1997, 2001, 2002; O’Hara, 2002; Franklin et al.,
2007). According to Schiitz (1997), young forests would be the most suitable to initiate the
structural conversion, especially if the stands are composed of long-lived species, such as
white spruce (Picea glauca (Moench) Voss) and white-cedar (Thuja occidentalis). To initiate
the conversion, four distinct steps are used: (1) the differentiation of the stands (establishing
the hierarchy of social classes and competition); (2) the promotion of regeneration of long-
lived species (creation of thinning, gaps); (3) the structural development (establishment of
the 1st cohort of regeneration) and (4) the consolidation of the uneven-aged structure

(silvicultural interventions to maintain the uneven structure) (Schiitz, 1997, 2001).

Commercial thinning by elite-tree (ET) release has been suggested to initiate the
structural conversion. This approach aims to release a predetermined number of high growth
potential stems (long-lived species, vigorous growth, regular form, absence of apparent

defects) from their direct competitors (Bastien, 2005; Grenon et al., 2007), providing
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enhanced growth conditions to ETs (more light, less competition) and high quality stem
(healthy wood, without coloration, cylindrical trunk) at harvest time (Cameron, 2002; Baar
et al., 2004; Lundqvist et al., 2007). The released trees play an important structuring role, as
they are to become the framework of the irregular stand (Bastien, 2005; De Potter et al.,
2012). Thinning by ET release must be viewed as the first step towards structural conversion,
and that no final cut is planned. Thereby, continuously recruited ET will result with time in
an irregular stand structure (Schiitz, 1997, 2001; O’Hara, 2001; Gagné, L., 2009).
Irregular/uneven-aged forest management implies that a limited number of trees could
produce high quality timber at each harvesting entry and contribute the most to the total

financial return of each entry (Lambert et al., 2007).

In eastern Canada, the short-term and long-term effects of these new practices on
forest productivity are however unknown, and thus several forest stakeholders are reluctant
to this shift in silvicultural practices (CCSMAF, 2003; Lafléche et al., 2013). The objectives
of this study is to shed light on this concern by investigating a commercial thinning trial
established in 2008 as the first step of a structural conversion treatment. The adoption of such
a treatment in operational use may be favored if elite-tree release has zero cost compared to
thinning from below in terms of forest productivity, and whether the ecosystem-based forest
management interventions reach the desired objective: reintroduce diversity in the stand. The
specific objectives of our study were to compare the effects of commercial thinnings
treatments (ET release, release from below and control sites) on (1) stand growth, (2) tree
increment and (3) stand complexity. Since released ET benefits from better growth
conditions, it is expected that the productivity of the stand will increase. Indeed, individual
trees and the corresponding stands should respond positively to the release. Thus, for our first
objective we hypothesized that stand basal area increment will be higher in the plots thinned
by ET release than in the plots thinned from below and the control plots. For objective 2, we
hypothesized that in the plots thinned by ET release, elite-tree growth will be higher than
those in the plots thinned from below and in control plots. Commercial thinning by ET
release, by creating partial openings around the released trees, should also favor

heterogeneity of stands internal structure. Thus, we hypothesized that stand complexity of
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the plots thinned by ET release will be higher than for the plots thinned from below and the

control plots.

To meet these objectives, measurements from increment cores were used to establish
that stand basal increment was not significantly different between the silvicultural treatments.
The same measurements were used to test ET diameter at breast height (DBH) increment,
which was higher following release than in the thinned from below and control plots because
the released trees had less competition, quantified by Hegyi competition index, than the
potential ET in both the control and thinned from below plots. Finally, spatial complexity of
the plots, quantified by the two-parameter Weibull density probability function and the Clark-
Evans aggregation index, did not significantly increase after ET release, the number of ET

released is not high enough to change stand structure with only one thinning.

MATERIALS AND METHODS

Study Area

The research area is located 300 km to the north-east of Quebec City (fig.1a), in the
Gaspé Belt Division of the Appalachian geological province (MRN, 2012), characterised
primarily by surficial deposits of glacial origin (Gouvernement du Québec, 1992) at an
elevation ranging from 300 m to 430 m (Gagné et al., 2016). The site was part of the eastern
balsam fir (Abies balsamea (L.) Mill.)-yellow birch (Betula alleghaniensis Britton)
bioclimatic subdomain of the northern temperate zone (Filiatrault, 2005). The climate is
characterized by a mean annual temperature of 2.0°C, average annual total precipitation of
1032 mm, 1324 growing degree-days (> 5.0 °C) per year and a frost-free period of about
92 days (Amqui Station, Environnement Canada, 2015).

Experimental design

The experimental set-up was established in 2008 to initiate the conversion of
regular/even-aged stands to irregular/uneven-aged stands. The partly nested design consisted
in regeneration type (natural vs plantation) as the block and thinning type as the experimental

units within each block. Two of the four blocks were established in white spruce plantations
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and two in naturally regenerated softwood stands dominated by balsam fir (fig.la;
information on each block can be found in table 1). In each block, 16 or 20 thinning
experimental units (99 m x 76 m, 7 500 m?, 4 or 5 replicates) were treated: control units with
only the skid trails being harvested, thinning from below and thinning by elite tree (ET)
release (50 ET/ha and 100 ET/ha) (fig.1b). The harvested trees were manually felled and the

logs carried out with a forwarder.

The ET treatments consisted in releasing 50 or 100 ET per hectare from all
competitors within a 3-meters radius (Schiitz, 1997). A tree was considered a competitor
when its branches touched the ET and was at least half its height. Based on Schiitz (1997), a
tree was considered as ET when it: (i) was either a balsam fir or preferably a white spruce
tree, (i1) was dominant or codominant, (iii) was vigorous, with no signs of defoliation, (iv)
had branches diameter < 2 cm on the first 2 meters of the bottom log, (v) had a crown with a
regular form and no apparent defects, and (vi) had live crown ratio of 40 to 60 % (Gagné et

al., 2016).

Thinning from below consisted in uniformly removing small, diseased or deformed
stems. Tree selection was based on the harvesting criteria used by the Quebec’s department
of forests that is based on the presence/absence of defects and diseases (Boulet et al., 2007).
The harvested trees in the thinning from below generally had a DBH (measured at 1.3 above
the ground to the closest 0.1 cm) smaller than 12 cm and had at least one 2.44 m (8) log with

a top end diameter of at least 9.1 cm.

The experimental units were subdivided into three experimental subunits of
~2,500 m? in which gaps of varying size were created: control with no gap, 0.01 ha circular
gap and 0.05 ha circular gap (fig.1c). Within each block, thinning type was assigned
randomly to each experimental unit, and gap size randomly to each subunit. Experimental
units were 33 m wide, with 4 m skid trails (~10 % of experimental unit area) used to separate

each unit.
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Data collection

Permanent sample plots were established six years after the thinning in the
experimental subunits without gaps. The rectangular plots were setup from the center of one
skid trail to the center of the following skid trail, with appr. 33 m between the skid trails and
15 m along the trail, yielding plots ranging in area from 379 to 633 m? (fig.1c). A total of
72 permanent sample plots were thus established (4 blocks (e.g. 2 natural regeneration,
2 plantations) x 4 silvicultural treatments x 4 replicates per treatments in the Blais and

Frenette sites and 5 replicates in the Humqui and Lechasseur sites (table 1).

The DBH of every living tree with a DBH greater than 5.0 cm was measured with a
diameter tape. All trees were assigned a number, and the corresponding species noted.
Sketches of the tree locations in all the plots within the white spruce plantations (i.e. 40 plots
in both the Lechasseur and Humqui sites) were also done. No tree mortality was observed

within each permanent sample plot.
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Table 1 : Average stand characteristics (standard deviation in parentheses).

Block Stand type Variable Control frT()?r']”Qe'I”O%V 50ET/ha 100 ET/ha
Age 35%
Ecological type MS1
Dominant species balsam fir 90 % - white spruce 10 %
Number of plots 4 4 4 4
DBH (mm) 2008 128.03 (45.17) 135.41 (51.35) 119.66 (44.82)  124.81 (48.67)
Blais Natural
DBH (mm) 2013 146.96 (50.76) 161.11 (58.15) 140.46 (51.95)  147.79 (57.04)
BA (m?ha) before thinning 29.31 (4.85) 26.56 (6.78) 24.06 (4.75) 23.24 (6.68)
BA (m?ha) harvested in 2008 0.00 (0.00) 7.48 (2.34) 1.60 (0.40) 2.64 (2.05)
BA (m?ha) 2008 29.31 (4.85) 21.17 (5.42) 24.12 (5.02) 23.39 (5.60)
BA (m?%ha) 2013 38.50 (5.94) 29.65 (6.58) 33.14 (6.88) 32.72(7.05)
Age 42%
Ecological type MS2
Dominant species balsam fir 85 % - white spruce 15 %
Number of plots 4 4 4 4
DBH (mm) 2008 137.58 (50.21) 141.38 (48.22) 123.66 (43.30)  135.37 (41.04)
Frenette Natural
DBH (mm) 2013 151.38 (53.59) 159.83 (53.33) 138.16 (47.11)  151.33 (44.87)
BA (m?/ha) before thinning 32.99 (5.63) 33.55(1.75) 32.60 (6.04) 33.02 (2.86)
BA (m?/ha) harvested in 2008 0.00 (0.00) 7.37 (1.99) 2.73 (1.93) 4.07 (1.50)
BA (m?/ha) 2008 37.15(6.52) 30.49 (2.61) 33.33(7.41) 33.10 (4.21)
BA (m?/ha) 2013 44.60 (6.48) 38.78 (2.66) 41.24 (8.19) 41.20 (4.38)
Age 30*
Ecological type MS1
Dominant species white spruce
Number of plots 5 5 5 5
DBH (mm) 2008 118.61 (39.81) 118.62 (42.44) 120.74 (39.03)  109.86 (40.87)
Humgqui Plantation
DBH (mm) 2013 141.55 (46.05) 145.44 (48.57) 144.03 (45.99)  133.04 (46.44)
BA (m?/ha) before thinning 26.61 (1.15) 23.86 (4.80) 24.83 (3.27) 21.12 (7.60)
BA (m?ha) harvested in 2008 0.00 (0.00) 5.69 (3.15) 1.38 (0.84) 2.55(1.39)
BA (m?/ha) 2008 29.36 (1.75) 21.31(5.98) 26.79 (3.45) 21.24 (7.44)
BA (m?%ha) 2013 41.56 (2.45) 31.32(8.01) 38.01 (4.03) 33.37 (4.61)
Age 32%
Ecological type MS2
Dominant species white spruce
Number of plots 5 5 5 5
Lechasseur Plantation
DBH (mm) 2008 136.48 (45.39) 145.76 (47.10) 129.26 (44.23)  138.12(44.97)
DBH (mm) 2013 157.43 (50.65) 173.22 (53.62) 149.31 (49.72)  161.03 (52.23)
BA (m?ha) before thinning 26.14 (3.80) 23.99 (2.20) 26.47 (2.88) 26.68 (3.07)
BA (m?ha) harvested in 2008 0.00 (0.00) 4.95 (0.80) 1.49 (0.60) 4.12 (3.20)
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BA (m?%ha) 2008 29.04 (3.78) 21.72 (2.48) 28.18 (2.62) 25.55(3.57)
BA (m?%ha) 2013 38.21 (4.89) 30.36 (2.66) 37.13 (2.99) 34.50 (4.83)

*In 2014

o a)

¢ ..
ay B ’0.
€ e
- o
I 0T
10 From Below

\

Blais
o
= ‘oFrenette

Figure 1 : Study area (a) in Bas-Saint-Laurent, Québec, (b) experimental units within a block
where the silvicultural treatments were applied and (c) an experimental unit divided

in 3 subunits (gap of 0,01 ha, 0,05 ha and no gap).

The permanent sample plots within the white spruce plantations were also scanned
with a FARO Focus 3D terrestrial laser scanner (TLS) from 7 to 9 points. The scans from a
same plot were aligned using Faro Scene 5.0 (FARO technologies, 2016) to produce a 3D
point cloud for each plot. A 10 cm slice centered at 1.3 m above the digital terrain model was
then extracted with Computree (Othmani et al., 2011). As in Bérubé-Deschénes et al. (2017),
this slice was used to determine the XY coordinates of every tree. The position of the trees
was compared to the sketches drawn in the field to ensure the correct numbering of the trees
within the stands and to apply corrections if needed (Bérubé-Deschénes et al., 2017).

Unidentified trees were marked manually with ImagelJ (Schneider et al., 2012) and R
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statistical software (R Core Team, 2015). The tree maps were then used to compute the
distance of each tree to the skid trails and the Clark-Evans aggregation index (Clark and

Evans, 1954) with the Kaplan-Meier type edge correction (Kaplan and Meier, 1958).

A double sampling scheme was used in order to study the effect of thinning on (i)
stand level variables and on (ii) elite tree growth. Increment cores were extracted at a height
of 1.3 m from each commercial species tree (i.e. balsam fir, white spruce, black spruce (Picea
mariana (Mill.) B.S.P.), white birch (Betula papyrifera Marsh.), red maple (Acer rubrum L.),
and quaking aspen (Populus tremuloides Michx.)) that was measured in the plots.
Furthermore, six elite trees (in the plots with 50 and 100 ET/ha) or potential ET (in the control
plots and thinned from below plots) per experimental subunit with no gaps, outside the
permanent sample plots, were randomly selected by identifying the elite tree closest to six
randomly generated points in ArcGIS (ESRI, 2012). Potential elite-trees were chosen with
the same criteria as for the selection of ET in 2008 and their position was independent of the
stems cut in 2008 (e.g. trees harvested in the plots thinned from below in 2008). The ET or
potential ET outside the plots and their closest competitors (i.e. trees with crowns touching
the selected elite tree) were also cored. Distance and azimuth between competitors and ET
or potential ET were measured, and Hegyi’s competition index calculated (Biging and
Dobbertin, 1992) using the four closest competitors (eq.1):

D:
H=Y., . —J
- Zli] Di(DiStij+1)

[1]

where D; and D; are the DBH of the ET and competitor, respectively, and Dist;; the distance

between the competitor j and ET 1.

The 8,057 increment cores taken at breast height were obtained by orienting the borer
towards the center of the plot (for trees within the permanent plots) or towards the ET (for
the ET competitors outside the plot). The cores were sanded with 80 and 120 grit paper. DBH
at the time of thinning (i.e. 2008) and five years after (i.e. 2013) were then obtained using an
electronic caliper, and then applying the measured 2008 to pith ratio (or 2013 to pith ratio)
to the DBH measured with the tape.
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Thinning intensity was estimated by measuring the stumps within the plots. The
stump height (SH, in cm to the closest 0.1 cm) and diameter at stump height (DSH, in cm to
the closest 0.1 cm) were obtained using a measuring and diameter tape, respectively. The
location of the stumps (i.e. within the permanent plot or in the skid trail within the plot) was
also noted. Trunk diameter at 5, 10, 15 and 20 cm from the ground and DBH were measured
on five standing trees, in the control subunits, for each species present. Stump diameter to
DBH models were calibrated by species by site (8 models): DBH = bo + b1*DSH + b2*SH
+ bs*SH? + bs*SH*DSH (mean R? = 0.97) (appendix I).

The distance between the plot edges and the side of the skid trail, defined as the edge
of the skid trail towards the plot, was measured along the two plot sides that were within the
skid trail. This information, combined with the DSH to DBH model that was applied to the
stump measurements, was used to estimate the basal area removed within each permanent

sample plot, with and without the skid trails.

Finally, the inventory data combined with the stump height measurements and the
increment cores were used to obtain the stand basal area prior to treatment, immediately after
treatment and 5 years after treatment. The shape (SP) and scale (SC) parameters of the
Weibull probability density function (Weibull, 1951; Bailey and Dell, 1973) prior to, after

thinning and 5 years after were also computed in order to quantify stand structure.
Statistical analysis

The effects of stand type and thinning treatment on basal area and tree growth were
analysed using a mixed-effects model in order to account for the split-plot design. The model
also included a covariable to consider the differences in initial stand density or tree size.
Block effects were used in the stand level models (eq.2a) whereas block and plot random

effects were included for the tree level analysis (eq.2b).
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Yijk =u + ﬁl - DBHl]k + TRU + STATl]k + TRU - STATl]k + V; + ul-j + gl'jk

[2b]
Where
- Y;; is one of the stand level variables for plot j nested within block i:
- iGrot: 5-year average basal area (BA) increment of all the trees

- 1Gmer: 5-year average BA increment of the commercial sized trees (i.e. trees

with a DBH > 9.1 cm)

- 1Gtim: 5-year average BA increment of timber sized trees (i.e. trees with a DBH

>15.1 cm) in m*/ha/year
- R: Clark-Evans aggregation index)

- Yiji is one of the tree level variables for ET or competitor tree K in plot j nested in

block i:
- iDBH : DBH increment (in mm/year)
- H: Hegyi competition index of the ET)
- u the overall mean
- B, fixed-effect partial slope of the covariable, estimated by the model
- BA;; the basal area of the plot prior to commercial thinning
- DBH;jy, the tree DBH at time of thinning
- TY; the stand type (i.e. plantation or naturally regenerated stand)

- TR;j the thinning type (i.e. control, from below, 50 released ET/ha, 100 released
ET/ha)

- STAT; i, the status of the tree: elite tree or competitor of the elite tree

- v; the block random effect, where v;~N (0, /)
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- u;; the plot random effect, where u;;~N (()’ 05,)

- &j and g are the unexplained random errors, where &;~N (0,0%) and

Eijk"‘N(O, 0'2)

The basal area increment analysis was carried out with and without considering the
skid trail area within the plots. The Clark-Evans aggregation index was only available for the
white spruce plantation sites (i.e. Lechasseur and Humqui), and thus the terms TY in eq.2a

with stand type were not included in the analysis.

The tree level analysis was done by separating white spruce and balsam fir ET and
competitors of the ET. Even though white spruce was found in both plantations and naturally
regenerated softwood stands, the stand type variable was left out of the final model (eq.2b)
because there was no difference between the stand types as well as no interactions, and the
AIC was lower for the model with no interactions. In the white spruce plantations, no balsam
fir trees were selected as ET and thus the stand type variable in eq.2b was dropped. The status
of the tree (i.e. ET or competitor) was not included when the Hegyi competition indices were
compared, as the competitors of the competitor trees were not measured. Since the trees in
both intensities (50 and 100 ET/ha) of the thinning by ET release treatment were released in
the same way (i.e. 3 m radius), the analysis done at tree level considered these two treatments

as onc.

The effect of the distance to the skid trail (DISTij) on tree growth was modelled using
a linear regression with all the trees from the plots (eq.3). The model was calibrated for trees
in the white spruce plantations only because tree maps were only available for the plots in

these blocks. Moreover, the model was calibrated to each thinning type individually.
iDBH;jx = Bo + B1* DBH;j + B2 * DIST;j + B3 - DBH;jy - DISTj + v; + wyj +

Eijk [3]
Finally, the changes in diameter distribution were studied using the two-parameter

Weibull density function for each permanent plots. The shape parameter controls the form of

the distribution, from small values being heavily right-skewed distributions, to large values
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being heavily left-skewed distributions and the scale parameter controls the width of the
distribution (Menon, 1963; Bailey and Dell, 1973). The effects of stand type, thinning
treatment and the year of inventories (YEij ; before thinning (2008), after thinning (2008) and
five years after thinning (2013)) on shape and scale parameters (Yij) were analysed using a

mixed-effects model by including the blocks as random effects (Eq. 4).

TYlTRl]YEl]-I_vl-l_ul]-'—gl] [4]
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RESULTS

At stand level, no statistical differences were observed between the silvicultural
treatments or between the stand types for total, merchantable and timber sized BA increment
(table 2). Although there was no significant differences, the trend shows similarities in BA
increment between the thinned by ET release (50 ET, 100 ET) stands and the control stands
(fig.2a-b). When only merchantable and timber sized trees were considered, the BA
increment of the 100 ET/ha treatment follows the same trend as the thinned from below
stands (fig.2.c-f). The analysis with and without skid trails did not show any differences
(fig.2). The BA increments seemed to be a little higher in plantations than in the naturally

regenerated stands, even if there were no statistical differences (fig.2).

Table 2 : F-values (p-values in parentheses) for the analysis of variance, at stand level (eq.2a), on
average increase in BA (m?/ha/year) between the time of thinning and five years later (2008-2013)
for control, thinned from below, thinned by ET release (50 ET/ha and 100 ET/ha) permanent plots
in white spruce plantations and naturally regenerated softwood stands with BA (m*ha) before
thinning as covariable (bold: significant [P < 0.05]).

Source of All trees, All trees, DBH>9.1cm, DBH>9.1cm, DBH>151cm DBH=>151cm
. ndf ddf with without with without with without

variation skid trails  skid trails skid trails skid trails skid trails skid trails

BA (m%ha)

before 1 61 0.72 1.21 31.50 37.77 51.02 59.91

thinning (0.40) (0.28) (<0.0001) (<0.0001) (<0.0001) (<0.0001)

(covariable)

Silvicultural 3 61 0.19 0.14 0.71 0.83 0.42 0.79

treatment (0.90) (0.94) (0.55) (0.48) (0.74) (0.50)

Stand tvpe 1 > 1.37 1.54 0.57 0.78 0.38 0.60

yP (0.36) (0.34) (0.53) (0.47) (0.60) (0.52)
Silvicultural
treatment X 3 61 0.38 0.42 1.04 1.30 1.21 1.32

Stand type 0.77)  (0.74) (0.38) (0.28) (0.32) (0.28)
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The growth of balsam fir did not vary between thinning methods (table 3). Balsam fir

ET showed however higher increments than balsam fir competitor trees (Fi, 452 =11.31;

p =0.0008) (table 3; fig.3a). The individual balsam fir that were freed by ET release had

higher increments than that of ET in the other thinning methods, followed by the ET in the

thinning from below, even though these differences weren’t statistically significant (fig.3a).

Growth increment of white spruce varied significantly between silvicultural treatment

and tree status (ET or competitors) (interaction term with F2, 1508 = 3.17; p = 0.04) (table 3).

Differences between ET and competitors were observed for trees in the plots thinned by ET

release. The ET thinned by ET release had larger increments than the ET in the unthinned

plots (fig. 3b).

Table 3 : F-values (p-values in parentheses) for the analysis of variance, at tree level (eq.2b), on

DBH increment, according to the silvicultural treatments and tree status (ET or competitors) (bold:

significant [P < 0.05]).

Source of variation ndf ddf Abies balsamea ndf ddf Picea glauca
DBH 2008 (covariable) 1 452 20.80 (<0.0001) 1 1508 211.64 (<0.0001)
Silvicultural treatment 2 25 1.12 (0.34) 2 61 6.58 (0.0026)
Status 1 452 11.31 (0.0008) 1 1508 17.43 (<0.0001)
Silvicultural treatment X 2 45 2.92 (0.055) 2 1508 3.17 (0.04)

Status




27

Balsam fir White spruce
0 - © —
a) Status b) Status
B Elite trees -a- B Elite trees -a-
= Competitors -b- &2 Competitors -b-
= © - =
& ]
(5] [
> >
1S 1S
E £
g < g
e 1<
o g
Q Q
£ <
T T
o @
QO N - a
o o

ET release -a- From Below -a- Control -a- ET release -a- From Below -a- Control -b-

Silvicultural treatment Silvicultural treatment

Figure 3 : DBH increment (mm/year), between 2008 and 2013, for balsam fir (a) and white
spruce (b) by thinning intensity (control, thinned from below, thinned by ET
release (50 ET/ha and 100 ET/ha)) and tree type (ET or competitor of ET). Error
bars demonstrate confidence intervals (95 % CI). Letters in legend, axis or in the
plot indicate statistically significant differences.

Hegyi’s competition index varied between thinning intensity (F2, ¢4 =35.04;
p <0.0001) (table 4). ET having been released by ET thinning had significantly lower indexes
when compared to those in the thinning from below and control plots (fig.4). ET in thinning
from below plots had the second lowest competition index, followed by ET in the control

plots (fig.4). No differences in ET competition indexes were observed between stand types.



Table 4 : F-values (p-values in parentheses) for the analysis of variance, at
tree level, on Hegyi competition index (H) (eq.1; eq.2a) (bold: significant

[P <0.05]).
Source of variation ndf ddf Hegyi index
DBH 2008 (covariable) | 347 95.34 (<0.0001)
Silvicultural treatment 2 64 35.04 (<0.0001)
Stand type 1 2 0.29 (0.65)
Silvicultural treatment X Stand type 2 64 0.75 (0.48)

12

Stand type

M Natural -a-
Plantation -a-

0.6 1.0

Hegyi index (H)

0.2
|

0.0

ET release -a- From Below -b- Control -c-

Silvicultural treatment

Figure 4 : Hegyi competition index (H) for ET by thinning method
(control, thinned from below, thinned by ET
release (50 ET/ha and 100 ET/ha)) and stand
type. Error bars demonstrate confidence intervals
(95 % CI). Letters in legend and in axis indicate
statistically significant differences.
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The linear regression between DBH increment and distance of the trees to the nearest
skid trail for each silvicultural treatment is globally significant for each thinning, except for
the thinning from below treatment (100 ET/ha : Fas62=88.11; p <0.001 ; R?=0.2387;
50 ET/ha : F2762 = 142.1; p<0.001 ; R?=0.2717 ; From below: F2,580 = 78.93 ; p < 0.001 ;
R2=10.2139 ; Control: F2,773 = 81.42; p <0.001 ; R> = 0.174) (fig.5). The slope for distance
to skid trail is negative for each thinning method (from -0.019 to -0.054), with very little

variation between thinning methods (table 5).
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R°=0.2387 ; F 55, =88.11 ; p < 1e-04 RP=0.2717 ; Fy 760= 142.1 ; p < 1-04
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-
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Figure 5 : Relationship between DBH increment and distance to the closest skid trail by
thinning method for the white spruce plantations (Lechasseur and Humqui sites)
(bold: significant [P < 0.05]).
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Table 5 : T-values (p-values in parentheses) for the linear regression models (eq.3) between

DBH increment and distance to the closest skid trail for the white spruce plantations
(Lechasseur and Humqui sites), with one regression per thinning method (bold: significant

[P <0.05]).

Silvicultural - . Standard
treatment Source of variation Estimate error T-value (p-value)

DBH 2008 (covariable) 0.023 0.002 12.72 (<0.0001)
100 ET/ha ) . .

Distance to the nearest skid trail -0.054 0.019 -2.80 (0.005)

DBH 2008 (covariable) 0.024 0.001 16.62 (<0.001)
50 ET/ha . o

Distance to the nearest skid trail -0.042 0.013 -3.27 (0.001)

DBH 2008 (covariable) 0.022 0.002 12.54 (<0.0001)
From below ) i .

Distance to the nearest skid trail -0.019 0.019 -1.00 (0.317)
Control DBH 2008 (covariable) 0.019 0.002 12.29 (<0.0001)

ontro
Distance to the nearest skid trail -0.050 0.014 -3.52 (0.0005)

Stand structure, quantified by the Clark-Evans aggregation index (R) and the shape
and scale parameters of the Weibull distribution, is not influenced by silvicultural treatments
(table 6; table 7). The mean Clark-Evans index value varied from 0.58 to 0.65, the treatment
50 ET having the highest mean index and the treatment 100 ET the lowest (fig.6). Differences
between years in the scale parameter of the diameter distribution were observed, as the scale
parameter 5 years after thinning was statistically different from the scale parameter
immediately before and right after thinning (F2,190 =4.97 ; p = 0.008) (table 7 ; fig.7a). No
significant differences in the shape parameter were observed. Even though the differences
aren’t statistically different, the shape parameter seems to be slightly higher in the plantations

than in the naturally regenerated stands (fig.7a). This trend is not observed for the scale

parameter.
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Figure 6 : Clark-Evans aggregation index (R) in 2014 per
thinning intensity (control, thinned from below,
thinned by ET release (50 ET/ha and 100 ET/ha))
for the white spruce plantations (Lechasseur and
Humqui sites). Error bars demonstrate confidence
intervals (95 % CI). Letters in axis indicate
statistically significant differences.

Table 6 : F-values (p-values in parentheses) for the analysis of variance, at
stand level (eq.2a), on the Clark-Evans aggregation index (R) in 2014 (bold:

significant [P < 0.05]).
Source of variation ndf ddf R
BA (m%ha) before thinning (covariable) 1 33 8.63 (0.006)

Silvicultural treatment 3 33 1.44 (0.25)
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Table 7 : F-values (P values in parentheses) for the analysis of variance (eq.4) on the
shape (SP) and scale (SC) parameters of the two-parameter Weibull probability density
function before thinning, after thinning (2008) and five years after thinning (2013) for
control, thinned from below and thinned by ET release (100 ET/ha and 50 ET/ha) and
by stand type (bold: significant [P < 0.05]).

Source of variation ndf ddf ?ggl;e S(gzg;e

Silvicultural treatment 3 190 0.83 (0.48) 0.82 (0.48)
Stand type 1 2 0.11 (0.77) 0.08 (0.80)
Year 2 190 4.97 (0.008) 0.04 (0.96)
Silvicultural treatment X Stand type 3 190 0.26 (0.85) 0.30 (0.82)
Silvicultural treatment X Year 6 190 0.57 (0.75) 0.32(0.93)
Stand type X Year 2 190 0.06 (0.94) 0.01 (0.99)
Silvicultural treatment X Stand type X Year 6 190 0.60 (0.73) 0.03 (1.00)
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Figure 7 : Weibull scale (SC) and shape (SP) parameters per thinning method (control, thinned from below and thinned by ET

release (100 T/ha and 50 ET/ha)) and stand type (plantation, natural regeneration) prior to thinning, after thinning
and five years after thinning (2013). Error bars demonstrate confidence intervals (95 % CI). Letters indicate
differences in simple effects.
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DISCUSSION

The selection criteria for trees to be felled by forest thinning may influence the
structure and subsequent growth of the residual stands. In this study, we compared the effects
of two contrasted modes of selection: the thinning by elite tree which selects high potential
trees to be freed from their direct competitors and the thinning from below which uniformly
removes small, diseased or deformed stems. It was expected that differences in growth at
both the tree and stand level would be observed, as it is influenced by partial openings created
through the different silvicultural treatments (Sousa, 1984; Peltzer et al., 2000; Raulier et al.,
2003; Boivin-Dompierre et al., 2017). At the stem level, we detected a clear growth response
among ET 5 years after they were freed from their closest competitors. Differences in stand
basal area increment between thinning intensities were however not significant. Moreover,
commercial thinning did not affect stand structure, complexity or diameter distribution. At
the stand level, our analysis had a relatively low power, ranging from 0.06 for the stand type
(TYi) to 0.53 for the thinning type (TRij). With such low values, it is difficult to show
significant differences between the different levels of each factor. However, it is possible to
underline the observed trends of the effect of commercial thinning by ET release on stand

yield and structure while considering the statistical inferences.
Tree level

White spruce ET had higher DHB increments in both the thinning by ET release and
the thinning from below, when compared to the ET in the control plots. In the case of balsam
fir, thinning by ET release and thinning from below tended to have higher growth rates, with
ET in the former having higher growth rates. These observations are explained by the effect
of competition, which follows the inverse trend found for tree increment, whereby ET
released by thinning had the least competition, and the ET in the control plots the most.
Numerous studies have shown that trees with low competition have higher radial growth rates
(Biging and Dobbertin, 1995; Daniels, 1976; Vincent et al., 2009), as they are less shaded by
their competitors and thus allocate more resources towards diameter growth (Brix,

1983)(Brix, 1983; Coomes and Allen, 2007). In the same way, the results of Boivin-
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Dompierre et al. (2017) showed a decrease in competition in thinned plots when compared
to unthinned plots. This result was associated with a significant increase in the growth of the
residual stems of thinned stands compared to those in control stands (Boivin-Dompierre et
al., 2017). However, Raulier et al. (2003) found by growth simulations that thinnings in dense
balsam fir stands (i.e. felling between 32 and 56 % of the total standing volume) did not

prompt any significant response among dominant trees after 20 year.
Stand level

Stand basal area increment did not differ significantly between the different thinning
methods. This result demonstrates that in the short term (i.e. 5 years), thinning by elite-tree
release does not lead to a decrease in the growth potential of the residual stand, as some might
think (CCSMAF, 2003; Lafléche et al., 2013). The lack of differences is consistent with the
results obtained by Boivin-Dompierre et al. (2017) who did not find any evidence that
commercial thinning increased fir-spruce stand basal area increment, 7 to 10 years after
thinning. On the other hand, evidence suggests that thinning from below in dense balsam fir
stands reduces merchantable volume yield when compared to untreated plots (Raulier et al.,
2003), as the volume harvested by thinning is not recovered even after 20 years. By
considerably reducing the number of smaller stems, thinning from below did not increase the
amount of light captured by the crown of the dominant trees (Raulier et al., 2003). Thereby,
the use of a commercial thinning that implies removing a greater proportion of trees from the
larger diameter classes (i.e. ET release) should lead, with time, to a greater growth increase
of the largest residual stems. Since our results cover only a short period of time (i.e. 5 years
after thinnings), it is highly probable that differences between the thinning treatments will be

observed in a few more years.

Indeed, residual trees usually have a positive post-harvest growth response, with the
increase in diameter growth showing some lag for certain species (Bolghari, 1980; Thorpe et
al., 2007; Mehtatalo et al., 2014). In fact, several species require a period of acclimation
ranging between 1 to 5 years (Thorpe et al., 2007; Riopel, 2012). The delay in response of

diameter growth after thinning is probably due to shifts in allocation within the tree, with a
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greater amount of resources initially allocated to root wood production (Urban et al., 1994;
Thorpe and Thomas, 2007). White spruce trunk diameter growth remained the same for 4 to
9 years after thinning, while the radial growth of their roots immediately increased for 3 years
(Urban et al., 1994). The variability in the tree’s growth potential and neighbourhood
influences are also factors to consider to explain the response time of a tree following its
release (Lussier et al., 1992; Paquin and Doucet, 1992; Pothier et al., 1995; Groot and Hokk4,
2000; Thorpe and Thomas, 2007). Consequently, trees need an acclimation period to allocate
their resources towards trunk wood production and crown expansion (Myers, 1963; Brix,
1983; Valinger, 1992), which should be followed by a gradual increase in diameter growth
until a peak is reached (Holgén et al., 2003; Raulier et al., 2003; Thorpe et al., 2007).
According to the species and thinning type, the response varies: black spruce growth peaked
between 10 and 21 years after harvest (Groot and Hokkd, 2000); maximum growth of
douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) was observed 25 years after partial
harvesting (Latham and Tappeiner, 2002); a positive response of balsam fir started
immediately after precommercial thinning and lasted for 7 years(Koga et al., 2007); white
spruce growth response started 2 years after shelterwood cutting (Youngblood, 1991); and in
spruce-fir stands, a 5 year time-lapse after commercial thinning was not sufficient to increase
stand BA (Bolghari, 1980). Bolghari (1980) suggested that the full benefit from thinning
would be observed at least 7 to 10 years after thinning. It is therefore possible that the trees
in this thinning trial have not yet taken full advantage of the thinning (e.g. only 5 years after
thinning).

It is thus possible that differences at the stand level will be observed in the next 5 to
10 years, if the increase in tree growth is large enough to counter-balance the reduction in
tree density after thinning. This is however not certain, as the stand density-stand growth
relationship has long been thought to be density-invariant (Zeide, 2001), or that stands with
very high densities produce the most volume (Zeide, 2004). Moreover, if other objectives
such as financial return are sought, the optimal density might not be the one that maximizes

volume production. The best thinning pattern might thus be the one that finds the equilibrium
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between tree size and stand density in order to reduce harvesting and processing costs or the

one that reduces thinning operation costs (Benjamin et al., 2013).

Trees and skid trail positions allowed us to link individual tree growth to their distance
to the nearest skid trail. Trees bordering the skid trails had higher growth rates than the ones
located further from the trails, no matter the thinning method. A positive effect of the skid
trail on diameter growth has been observed up to a distance of 5 meters from the trail (Boivin-
Dompierre et al., 2017). Skid trails have a big influence on stands after partial cutting
treatments by reducing local tree density around the trails which in turn increases tree
diameter growth (Genet and Pothier, 2013; Girona et al., 2017). Skid trails also negatively
influence stand and tree properties: localised soil compaction leading to damages to the root
system, damage to both the trunk and crown of the trees bordering the trail (Han and Kellogg,
2000), affect the organic matter and nutrient content of the mineral soil, as well as its physical
properties by reducing macropore space and thus decreasing drainage (Buckley et al., 2003).
The positive response of trees close to the trails suggests that the stimulating effect of the
increase in aboveground resources because of the decrease in competition largely offsets the
potential negative effects. The effect of the skid trails on tree growth is thus another factor to
consider when partial harvesting studies are carried out (Girona et al., 2017). This however
necessitates the positioning of every tree, which is not always the case, such as in our study

where only 2 of the 4 sites had tree maps.
Structure

The spatial distribution of tree stem did not significantly differ between the thinning
methods investigated. Indeed the Clark-Evans values <1 for all treatments (i.e. ET, from
below and control) indicated an aggregation tendency among trees (Clark and Evans, 1954;
Krebs, 1999; Pretzsch, 1997). Despite the lack of statistical differences between treatments,
the 100 ET/ha thinning treatment had the lowest Clark-Evans index. In uneven-aged spruce-
fir stands, the Clark-Evans index was found to be lower (R = 0.8-0.9) when larger gaps were
present (Lafond et al., 2014). Tree mortality after insect outbreaks also decreased the Clark-

Evans index (Vacek and Leps, 1996). In natural stands, an aggregated spatial structure is
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better adapted to reduce vulnerability to such natural disturbances (O’Hara, 2006; Lafond et
al., 2014). The white spruce plantations studied here were probably already aggregated to
some extent prior to thinning, as suggested by the low Clark-Evans values in the control
plots, with thinning by 100 ET/ha and to some extent, thinning from below, increasing this

aggregation trend by creating more partial openings in the canopy.

The DBH distribution in the white spruce plantations has only partially changed
following thinning. The width of the distribution increased 5-years after thinning for all the
treatments, but the shape of the distribution did not statistically changed between thinnings
and years. Since the width of the distribution increased in all the stands (no significant
differences between silvicultural treatments), this may be due to the normal development of

the variously thinned stands.

On another hand, ET release implies the harvest of trees in every diameter class when
compared to thinning from below which tends to harvest the smallest trees in the stand.
Moreover, as illustrated by our results, the selected elite-trees grow more in diameter. ET
release should thus eventually induce an irregular distribution (Palik et al., 2003; Davies et
al., 2008), i.e. monotonous decreasing diameter class distribution as elite trees get released
in subsequent entries and regeneration appears and develops (Boucher et al., 2003; Rossi et
al., 2009). The results obtained in this study concern only the first step of the structural
conversion after one thinning, which suggests that the diameter distribution should become

more irregular in times ahead.

Furthermore, the tendency shows that the shape of the distributions in white spruce
plantations are more left-skewed than for the naturally regenerated stands. This result can be
explained by the fact that the natural regeneration in the white spruce plantations started at
the same time, since the stands had undergone a field preparation prior to planting. This is
not the case in the naturally regenerated stands where the regeneration was established over
a larger horizon, with as a finality a wider diameter distribution. In a thinning from below
experiment in fir-spruce stands (i.e. thinning intensities: 0%, 26%, 32% and 40% of

merchantable BA), structural heterogeneity increased in the shape of the diameter
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distribution 10 years after harvest (Gauthier et al., 2015). The diameter distributions became

mainly irregular and positively skewed over time with an elongated right tail toward larger

trees (Gauthier et al., 2015).
Implications for Forest management

Our results suggest that stand structure has not yet responded to thinning treatments.
Therefore, one of the main objectives pursued by commercial thinning by ET release is not
yet achieved or not yet detectable. According to Schiitz (1997, 2002), several entries are
needed to achieve the conversion from regular/even-aged stands to irregular/uneven-aged
stands and the results from this study are about the measurements taken in the first step out
of four of the structural conversion. It is thus not surprising that a single entry has not yet
affected spatial and diameter distribution. Subsequent interventions would be necessary to
create a larger number of small openings in order to stimulate gap dynamics (Franklin et al.,

2007).

Tree mortality is part of this natural process and has a major impact on forest
productivity and individual tree growth (Pothier and Mailly, 2006). Mortality due to self-
thinning process is the inability of trees to compete with success for limiting elements (light,
water, nutrients) (Peet and Christensen, 1987; Pothier and Mailly, 2006). During this process,
a large proportion of small trees dies (Peet and Christensen, 1987). Thinning from below thus
imitates the self-thinning process by harvesting the small trees that would otherwise
disappear due to self-thinning. Thinning by ET could on the other hand be seen as a method
to emulate the effects of another natural disturbance, namely an outbreak of the spruce
budworm (Choristoneura fumiferana (Clem)). In the balsam fir forests of Eastern Canada,
spruce budworm outbreaks is the most important natural disturbance agent. The budworm
defoliates both balsam fir and white spruce, and several stems die after 4 to 5 years of heavy
defoliation (MacLean, 1980; Beaulieu and Hardy, 1982; Bergeron et al., 1995; MacKinnon
and MacLean, 2004; Bouchard and Pothier, 2010; Pothier et al., 2012). Mortality due to
budworm defoliation is concentrated in mature stands, by affecting mainly dominant trees

(Martineau, 1985). Partial openings created by tree mortality allow partial and continuous
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recruitment of trees, since many seedlings established in the understory survive to form the
succeeding stand (MacLean, 1984). This results in a heterogeneous stands composed of both
early and late successional species (De Grandpré et al., 1993; Kneeshaw and Bergeron, 1998;
De Grandpré et al.,, 2011). By emulating natural disturbances, ecosystem-based forest
management approaches should focus on maintaining the key ecosystem processes and
landscape patterns (Bergeron and Harvey, 1997). Therefore, using a thinning (i.e. ET release)
that mimics the most influential natural disturbance of the Eastern mixed forests by creating
openings in the canopy should help foresters maintain biodiversity and ecological integrity

in managed forests.

Stands heterogenization could thus be possible with more thinning entries and by
creating gaps. Gaps of varying sizes (i.e. 0.01 ha and 0.05 ha circular gaps) were created in
2 of the 3 subunits (where no permanent-sample plots were established) and should ideally
be included in the analysis of the stand structure in order to establish if they are able to reach
the desired objective: increase stand complexity. The evaluation should also be based on
stand productivity, as the gaps reduce the growing stock on part of the stand until the
regeneration is established. Furthermore, the very small differences observed between BA
increment from the 50 ET/ha and the control stands, is probably due to the fact that releasing
50 ET/ha is not sufficient to increase stand growth. The release of 100 ET/ha might also be
insufficient to increase growth at the stand level. The small number of ETs found in each
block may have counterbalanced the positive response of individual trees to the thinning by
ET release. Indeed, according to thinning intensity (50 or 100 ET/ha), only 1 or 2 ET were
found in the permanent plots, which is very little to know their effect on the stand. It may be
beneficial to release a higher number of ET by thinning in order to increase stand yield and
to change stand structure. However, the number of thinned ETs should not be too high in
order to leave good candidates for subsequent passes. It would also be interesting to try
releasing ETs on a larger radius than the one used in this study (i.e. 3 m radius). Thus, the

creation of bigger openings in the canopy would imitate a higher severity disturbance.
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CONCLUSION

The results of this study suggest that, in order to initiate the structural conversion,
elite-tree release is worth considering as ET increment was higher than for control trees, ET
having the lowest competition index. At stand level, thinning by ET release did not result in
the 5 years post-thinning, in the high grading of the residual stands contrary to what some
believed. The thinnings did not however increase stand basal area increment. This might be
due to the lag in the tree response to harvest or by the fact that stand productivity might be
density invariant. Furthermore, thinning by ET release did not increase stand complexity,
measured by both spatial distribution of the trees and the diameter distribution of the stems
in the stand. In theory, several thinning passes would be necessary to complete the structural
conversion and to achieve the objectives of gap reduction between natural and managed
forest. Further interventions will have to be carried out 10 to 15 years after the first treatment
in order to continue the structural conversion towards irregular stands. Moreover, ET
thinning might be a good solution to emulate defoliation by spruce budworm, and thus be
used as an ecosystem-based forest management thinning pattern. Long-term monitoring on
the studied stands is essential to fully understand the effects of commercial thinning by ET
release on the productivity and complexity of predominantly coniferous forests and to ensure

the effectiveness of this thinning method in the ecosystem-based forest management system.
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APPENDIX

Appendix I : Trunk diameter to DBH final models (where DSH is the diameter at stump
height and SH is the stumps height).

Site Species Model R?
Blais DBH = 16.501 + 0.720*DSH - 0.400*SH + 0.008*SH? + 0.005*SH*DSH 0.99
Frenette Balsam  DBH = 12.794 + 0.736*DSH -0.067*SH -0.015*SH? + 0.007*SH*DSH 0.98
Humgqui fir DBH = 13.229 + 0.701*DSH - 0.103*SH -0.002*SH?2 + 0.005*SH*DSH 0.99
Lechasseur DBH = 9.088 + 0.686*DSH + 1.355*SH -0.035*SH? + 0.001*SH*DSH 0.94
Blais DBH = 8.611 + 0.769*DSH - 0.224*SH + 0.010*SH2 + 0.004*SH*DSH 0.98
Frenette White  DBH =-17.333 + 0.892*DSH + 1.205*SH -0.033*SH?2 + 0.003*SH*DSH 0.99
Humgqui SPIUCE  DBH = 18.331 + 0.701*DSH - 1.233*SH + 0.022*SH? + 0.007*SH*DSH 0.94

Lechasseur DBH =-7.858 + 0.830*DSH + 0.811*SH - 0.022*SH? + 0.001*SH*DSH 0.97




CHAPITRE 3 : CONCLUSION GENERALE ET IMPLICATIONS DE L’ETUDE

Les résultats obtenus dans cette étude suggerent qu’afin d’initier la conversion
structurale, I’éclaircie commerciale par dégagement d’arbres-¢lites est a considérer, puisque
les arbres individuels y répondent positivement. En effet, ’accroissement des AE est
supérieur a celui des arbres témoins, en accord avec notre hypothése de départ. Ce résultat
est directement li¢ a la diminution de la compétition qui stimulerait I’accroissement des

arbres.

A T’échelle du peuplement, I’éclaircie commerciale par dégagement d’AE n’a pas
conduit a I’écrémage du peuplement résiduel comme certains le pensaient, puisqu’aucune
différence significative n’a été détectée entre les traitements. Cette absence de différences est
contraire a ce que I’on s’attendait et pourrait étre due a un décalage dans la réponse des arbres
suite a la récolte ou a un changement d’allocation des ressources dans 1’arbre. Aprés
I’éclaircie, les arbres peuvent prendre quelques années avant de réagir et de pleinement
profiter des conditions qui suivent le traitement. Par conséquent, une nouvelle évaluation du
dégagement d’AE pourrait étre réalisée dans les prochaines 5 a 10 années. Egalement, il se
peut qu’a ’échelle du peuplement la réponse favorable des AE individuels a I’éclaircie soit
contrebalancée par le fait qu’il n’y avait pas beaucoup d’AE. En effet, selon 1’intensité (50
ou 100 AF/ha) seulement 1 ou 2 AE étaient retrouvés dans les placettes permanentes, ce qui

est trés peu pour connaitre leur effet sur le peuplement.

La croissance radiale des arbres individuels a été positivement reliée a leur proximité
aux sentiers de débardage, ce qui confirme notre hypothése initiale. La localisation des arbres
par rapport aux sentiers de débardage est donc un facteur important a prendre en compte
lorsque des études sur des coupes partielles sont menées. Cependant, cela nécessite le
positionnement de tous les arbres dans le peuplement et ces données ne sont pas toujours

disponibles, comme dans notre étude ou seulement les arbres de 2 des 4 ont été positionnés.

L’éclaircie par dégagement d’AE n’a pas augmenté la complexité du peuplement,

mesurée a la fois par la distribution spatiale des arbres et la distribution diamétrale des tiges
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dans les peuplements. Ce résultat est contraire a notre hypothese initiale et suggere qu’une
seule éclaircie n’est pas suffisante pour changer la structure des peuplements. L’un des
principaux objectifs poursuivis par 1’éclaircie commerciale par dégagement d’arbres-élites
n’est donc pas encore atteint ou pas encore détectable. Selon Schiitz (1997, 2002), plusieurs
¢éclaircies successives sont nécessaires avant de terminer la conversion structurale de
peuplements réguliers/équiennes vers des peuplements irréguliers/inéquiennes. Les résultats
discutés dans cette étude ont été pris lors de la premicre étape de la conversion structurale, il
n’est donc pas surprenant qu’une seule €claircie n’ait pas été suffisante pour affecter la
distribution spatiale et diamétrale des arbres. D’autres interventions devront étre menées 10
a 15 ans apres le premier traitement afin de poursuivre la conversion structurale vers des

peuplements irréguliers/inéquiennes.

Des interventions subséquentes et des ajustements aux modalités du traitement
d’éclaircie commerciale par dégagement d’AE pourraient permettre d’obtenir des résultats
positifs d’ici quelques années. Ainsi, en imitant les perturbations naturelles, les
aménagements forestiers écosystémiques devraient se concentrer sur le maintien des
principaux processus ¢cosystémiques et patrons de paysage (Bergeron and Harvey, 1997).
La création d’un plus grand nombre d’ouvertures dans la canopée pourrait alors stimuler la

dynamique des trouées (Franklin et al., 2007).

La mortalité fait partie de cette dynamique naturelle et a un impact sur la croissance
des arbres ainsi que sur la productivité forestiere (Pothier and Mailly, 2006). Le processus
d’autoéclaircie est présent de manicre naturelle dans les peuplements et est le résultat de la
compétition des arbres pour les ressources limitantes du milieu (lumiére, eau, nutriments)
(Peet and Christensen, 1987; Pothier and Mailly, 2006). Cette compétition naturelle a comme
résultat la mortalité d’une grande proportion de tiges de petite taille (Peet and Christensen,
1987). On peut donc facilement comparer I’autoéclaircie a I’éclaircie commerciale par le bas,
puisque celle-ci ne récolte que les petites tiges ou les tiges malades qui disparaitraient
autrement dues a la mortalité. L’éclaircie commerciale par dégagement d’arbres-élites
pourrait étre vue comme une méthode pour imiter les effets d’une autre perturbation

naturelle, soit ceux d’une épidémie de tordeuse des bourgeons d’épinettes (Choristoneura
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fumiferana (Clem)) (TBE). Cette perturbation naturelle est la plus importante pour les foréts
de sapin baumier de 1’est du Canada. La mortalité qui est due a la TBE se concentre dans les
peuplements matures (Martineau, 1985; Bergeron et al., 1995; Bouchard and Pothier, 2010;
Pothier et al., 2012). Les ouvertures partielles créées suite a la mortalité des arbres par la
TBE (aprés 4 a 5 années de défoliation intense) permettent le recrutement partiel et continu
des arbres, puisque de nombreux semis sont déja établis en sous-étage et survivent pour
former le peuplement suivant (MacLean, 1980; Beaulieu and Hardy, 1982; MacLean, 1984;
MacKinnon and MacLean, 2004). Le résultat est un peuplement hétérogene composé
d’especes de début et de fin de succession (De Grandpré et al., 1993; Kneeshaw and
Bergeron, 1998; De Grandpr¢ et al., 2011). L’utilisation d’une éclaircie (c.-a-d. dégagement
d’AF) qui imite la perturbation naturelle la plus influente des foréts mixtes de 1’est du Canada
en créant des ouvertures partielles dans la canopée devrait aider les forestiers a maintenir la

biodiversité et 1’intégrité écologique des foréts aménagées.

Finalement, il nous est possible de proposer quelques ajustements pour les futures
interventions. Bien que faible, I’éclaircie commerciale de 50 AE/ha a été testée afin de
vérifier si elle pouvait atteindre nos objectifs, mais s’est avérée insuffisante. En effet, tres
peu de différences ont été détectées entre le traitement 50 AF/ha et le traitement témoin.
L’intensité 100 AE/ha semble montrer de meilleurs résultats, mais il serait intéressant
d’accroitre cette intensité pour observer les effets d’un traitement plus soutenu sur
I’accroissement en surface terriere, I’accroissement en diametre des arbres ainsi que sur la
structure du peuplement. Un nombre plus élevé d’AE permettrait sans doute de complexifier
davantage la structure interne les peuplements en créant plus d’ouvertures partielles dans la
canopée. De plus, 1’augmentation du nombre d’AE dégagés permettrait un plus grand
approvisionnement en billes de bois provenant de différentes classes de diamétres, ce qui
aiderait a diminuer les cofts reli€¢s aux éclaircies commerciales. Cependant, puisque le but
de I’éclaircie commerciale par dégagement d’AE n’est pas une coupe finale, mais bien un
recrutement continu d’AE dans une structure irréguliére achevée, le nombre d’AE dégagé ne
doit pas étre trop élevé afin de laisser de bons candidats pour les éclaircies suivantes. Un bon

compromis pourrait étre de dégager les AE sur un plus grand rayon (rayon >3 m) pour
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augmenter la complexité interne des peuplements, en imitant une perturbation secondaire
plus sévére. L’ouverture partielle créée serait alors plus importante et donnerait un plus grand
acces aux ressources (lumiere, espace), en plus de favoriser la régénération préétablie en
sous-¢tage. En ce sens, des trouées de tailles variables sont déja en place dans le dispositif
expérimental. Ces trouées devraient €tre incluses dans le suivi afin de connaitre leurs effets
sur la croissance des arbres et la structure du peuplement. En combinant plusieurs techniques
d’aménagement, il pourrait étre possible d’atteindre nos objectifs de réduction d’écart entre
les foréts naturelles et les foréts aménagées. Le suivi a long terme des peuplements étudiés
est essentiel afin de bien comprendre les effets de 1’éclaircie commerciale par dégagement
d’AE sur la productivité et la complexité des foréts résineuses, ainsi que pour s’assurer de
I’efficacité de cette méthode d’éclaircie dans le contexte d’aménagement durable du territoire

forestier.
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