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AVANT-PROPOS
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RESUME

Auyjourd’hm I'aménagement forestier écosystémique (AFE) est précomisé pour
mmplanter un aménagement durable des foréts grice a une gamme d’approches qu
visent 4 mamntenir des écosystémes sains et résilients en reprodwmsant la diversité des
structures et des compositions forestiéres observées aprés perturbations naturelles.
Tandis que les coupes totales, longtemps pratiquées au Queébec, réimtialisent la
régénération, favorisant la présence des jeunes peuplements, les coupes partielles
permettent de maintenur des peuplements mixtes et résineux ainsi que des attributs de
vieilles foréts. Dans cette perspective, elles constituent un complément mtéressant aux
coupes totales pour maintemir la diversité des structures et compositions des
peuplements a I’échelle du paysage. Toutefois, I’AFE reste plutot récent et seuls des
smvis pérennes permettralent d’évaluer son efficacité a maintenir la biodiversité et la
productivité forestiére sur le moyen et long termes. Il est donc nécessaire de continuer
les recherches afin d’évaluer les impacts des pratiques sylvicoles sur des échelles plus
large. C’est dans cet objectif global que s’mscnt cette thése par I'étude de la
régénération des écosystémes forestiers a divers stades de développement en réponse a
différents traitements sylvicoles. Pour réaliser cela, nous évaluons les effets de diverses
méthodes de récolte, appliquées a différents stades de développement, sur différents
éléments des peuplements. Dans le chapitre 2, nous étudions les effets des coupes sur
la structure, composition et régénération arbustives amsi que sur les apports de bois
morts, dans le chapitre 3, les effets sur la nichesse en bryophytes et dans le chapitre 4,

les effets sur la diversité fonctionnelle des communautés végétales de sous-bois.

Au Canada, la nuse en ceuvre de dispositifs expérimentaux basés sur le modeéle
conceptuel de I’ AFE permet d’évaluer les impacts a long terme de différentes intensités
de coupe sur la productivité et la biodiversité forestitre. En 1998, deux grands



dispositifs, Sylviculture en Aménagement Forestier Ecosystémique (SAFE), a I’Est au
Québec, et Ecosystem Management Emulating Natural Disturbance (EMEND), a
I'Ouest en Alberta, ont été nus en place. Différents traitements sylvicoles ont été
plamifiés et répliqués, dans les trois types de peuplements communs dans les séquences
de succession des foréts boréales mixtes qu sont les peuplements dominés par les
fewllus, les mixtes et dominés par les résineux.

D’un pomt de vue de la productivité, au sein du projet SAFE, les smivis juste aprés
coupes et 20 ans plus tard montrent que les coupes plus mtensives entrainent des
différences plus importantes et pérennes avec les peuplements évoluant naturellement.
Ces différences se mamifestent en terme (1) de régénération, avec une densité de gaules
supérieure aprés coupes intensives, en particulier de gaules de peupliers faux-trembles ;
(2) de structure et de composition, avec une surface terniére des arbres commerciaux
réeduite aprés coupes, en particulier pour les espéces de coniféres ; (3) et en apport de
bois mort, avec une inférionté du bois mort sur pied mais une supérnorité de bois mort
au sol aprés coupes. Nos résultats montrent que les PC permettent le mamntien de
peuplements a structure et composition mixtes, constituant un complément mtéressant
aux CC, qu rémitialisent la régénération des peuplements. Cependant, les PC n’ont pas
permus de faire transitionner les peuplements vers des stades plus avancés avec une
exploitation moins intensive ou vers des stades plus précoces avec une exploitation
plus intensive. Avec les PC, nous avons essentiellement en un impact initial, retardant
ou stoppant I'évolution des peuplements, qui se dissipe avec le temps et plus rapidement

avec lorsque la récolte fut moins mtensive.

D’un pomt de vue de la conservation de la biodiversité, I"'mventaire des bryophytes
réalisé 20 ans apres coupes au sein du projet SAFE souligne la facon dont I'mtensité de
la récolte et le type de peuplement forestier interagissent pour affecter les bryophytes.
Concernant 1'mtensité de récolte, nous retrouvons une présence récurrente de

nombreuses espéces forestiéres généralistes et communes dans tous les miveaux de



récolte et types de peuplements. Cependant, des espéces spécialistes, principalement
composant le groupe des hépatiques, différent davantage entre les peuplements non
coupes et les peuplements coupés totalement qu'entre les peuplements non coupés et
les peuplements coupés partiellement. Concemnant le type de peuplement, les especes
de bryophytes des peuplements domunés par les femllus témoignent d’une tolérance
supérieure aux fluctuations des conditions environnementales comparativement aux
espéces des peuplements muxtes Ces différences seraient influencées par la
composition arbustive de la canopée, avec les comiféres qui amortissent d’avantage les
vaniations climatiques que les femllus, rendant les communautés de bryophytes plus
sensibles a la structure du peuplement lorsque celui-c1 compte des coniféres. Cependant,
pour les espéces des peuplements domunés par les comféres, toutes étalent communes
aux peuplements fewllus et mixtes, ce qu pourrait &tre lié & des épidémies antérieures
de tordeuse des bourgeons de I'épinette.

Par la suite, le smivi de la végétation vasculaire de sous-bois, a la fois en termes de
changement de composition fonctionnelle (en utilisant les valeurs moyennes des traits
de la communauté) et de vanation de la valeur des traits (vanabilité mnftra spécifique
des traits) nous permet de comparer les effets des coupes effectuées dans I’Est, avec le
projet SAFE, a celles effectuées dans 1’Ouest du Canada, avec le projet EMEND. 20
ans aprées coupes, les communautés dans les peuplements de fewllus différait selon les
projets SAFE et EMEND, mais pas selon le type de traitement, tandis que dans les
peuplements mixtes, les communautés différaient a la fois selon les projets et les
traitements. Cependant, nous n’avons pas observé de différences sigmficatives en
richesse taxonomique ou fonctionnelles entre les communautés des peuplements
coupes et les communautés des peuplements évoluant naturellement. En revanche, a
I'échelle des espéces, des différences dans la vanation des traits morphologiques entre
les différents traitements ont été observées. Chaque espéce a été caractérisée par une
réponse fonctionnelle différente aprés les coupes, montrant la réaction individuelle
spécifique de l'espéce a la vanation environnementale Ces résultats ont montré le



potentiel de I’AFE pour maimntemir la diversité des communautés fonctionnelles du
sous-étage s'il est appliqué et controlé avec somn. Plus encore, ils soulignent
I''mportance relative d'examiner la vanabilité intraspécifique des communautés
végeétales lorsque nous cherchons a explorer les effets de conditions environnementales
confrastées résultant de perturbations locales telles que l'exploitation forestiére. Cela a
des implications pour le plan d'échantillonnage et la sélection des traits pour des études
a petite et grande échelles.

L’ensemble de nos résultats témoigne du potentiel de I’ AFE pour réaliser une gestion
durable des peuplements. Nous montrons que la combinaison de coupes partielles et de
coupes tfotales pratiquées en proportions équivalentes sur les peuplements permet de
maintenir une gamme de peuplements a structure et composition mixtes et que d'un
pomnt du vue fonctionnel, I''mpact des coupes sur le sous-étage peut ne plus étre
observable 20 ans plus tard, qu’elles solent menées a I’Est ou a I’Ouest. Cependant, la
préservation de peuplements naturels est essentielle pour conserver de nombreuses
espéces qu sont sensibles a tout degré de récolte, comme certaines espéces de
bryophytes. Les avantages des foréts ont de multiples facettes et ne doivent pas étre
limités a une division binaire entre la production de bois et tous les autres services
écosystémiques. Les compromis et les mteractions sont complexes, dépendent du
contexte et sont susceptibles de changer en fonction des prionités sociétales et de
I'évolution des conditions écologiques. Ainsi, malgré la confirmation du potentiel de
I’AFE de maintenur un plus large éventail de services écosystémiques que les seules
pratiques forestiéres intensives, nous ne pouvons pas conclure que nous parvenons a
miter toute la complexité des peuplements générés par les régimes de perturbation
naturelle. Pour avoir une évaluation plus compléte dans un contexte de gestion durable
des foréts, 1l faudrait réaliser des études supplémentaires focalisées sur davantage
d’aspects économique, de conservation et de services écosysténuques. Un des grands
avantages des dispositifs expérimentaux SAFE et EMEND est I'existence de parcelles
permanentes d’échantillonnage qui garantit le suivi des peuplements dans le temps et



le développement des recherches futures. De plus, ils se trouvent dans des domaines
bioclimatiques trés importants pour la productivité et conservation forestiére au Canada.
Aansi, les recherches déja menées et celles de ce doctorat contribuent donc directement
a I'mdustrie du boss.

Mots clés : aménagement forestier écosystémque, conservation, forét boréale mixte,
coupe partielle, coupe totale, bryophytes, végétation de sous-bois, traits fonctionnels,
variabilité intraspécifique des traits



ABSTRACT

Natural disturbance-based forest management (NDBM) 1s currently proposed as a way
to implement sustainable forest management through a range of approaches that aim to
maintain healthy and resilient ecosystems by reproducing the diversity of forest
structures and compositions observed after natural disturbances. Whule clearcuts, long
practiced in Quebec, resets regeneration, favoring the presence of young stands, partial
cuts allow the maintenance of mixed and coniferous stands as well as some old-growth
attributes. That 1s why they are an interesting complement to clearcuts to mamtain the
diversity of stand structures and compositions at the landscape scale. However, NDBM
1s a relatively recent concept and only long term monitoring of experimental systems
can measure its effectiveness in maintaining biodiversity and forest productivity over
the medmum and long term_ It 15 therefore requuired to carry out research to evaluate the
mmpacts of silvicultural practices on larger spatial and temporal scales. It 1s within this
overall objective that this thesis studied the regeneration of forest ecosystems at various
stages of development in response to different silvicultural treatments. To do so, we
quantified the effects of various harvesting methods, applied at different developmental
stages, on different stand components. In Chapter 2, we studied the effects of harvesting
on structure, composition, and regeneration of trees and deadwood inflows. In Chapter
3, we focused on the effects on bryophyte richness and in Chapter 4, the effects on
functional diversity of understory plant commumnities.

In Canada, the implementation of experimental systems based on the conceptual model
of the NDBM makes it possible to evaluate the long-term impacts of different cutting
mtensities on forest productivity and biodiversity. In 1998, two large-scale projects,
Sylviculture et Aménagement Forestier Ecosystémique (SAFE) in eastern Quebec and
Ecosystem Management Emulating Natural Disturbance (EMEND) 1n western Alberta,



were established. Various silvicultural treatments were planned and duplicated in
hardwood, mixedwood and comiferous dominated stands. Those three stands are
common 1n the successional sequence of boreal mixedwood forest.

In terms of productivity, in the SAFE project, monitoring immediately after harvesting
and 20 years later showed that intensive harvesting results in larger and long-term
differences when compared with naturally evolving stands. These differences were
visible m terms of (1) regeneration, with a higher density of saplings after intensive
cuts, particularly trembling aspen saplings; (2) structure and composition, with a
reduced basal area of commercial trees after cuts, particularly for coniferous species;
(3) and dead wood supply, with less standing dead wood but more ground dead wood
after cuts. Our results showed that PC mamtained stands with mixed structure and
composition, providing an aftractive complement to CCs, which reset stand
regeneration. However, PC did not transition stands to later stages of succession with
less mtensive PC or to earlier stages with more intensive PC. With PC, we essentially
had an imitial impact, delaying or stopping the stand evolution, which dissipates over
time_ This dissipation was more rapid with less intensive harvesting.

In terms of conservation, the bryophyte inventory in SAFE, 20 years post-harvest,
highlighted how harvest intensity and stand type interact to affect bryophytes.
Regarding the harvest intensity, we found a recurring presence of many generalist and
common forest species across all harvest levels and stand types. However, specialist
species, mainly composing the liverwort group, differed more between uncut and
clearcut stands than between uncut and partially cut stands. Regarding the stand type,
bryophyte species in hardwood-domunated stands showed greater tolerance to changes
of environmental conditions than species in mixedwood stands. These differences were
thought to be influenced by the tree composition of the canopy, with conifers buffering
seasonal climatic vanations more than hardwoods species, making bryophyte
communities more sensitive to stand structure when canopy 1s perturbed. However, for



species in conifer-dominated stands were all common to both hardwood and mixed
stands, which may be related to previous spruce budworm outbreaks.

Subsequently, we did momitor the functional composition (using mean community trait
values) and change in frait value (intraspecific trait vanability) of understory vascular
vegetation. It allowed us to compare the effects of harvest in eastern Canada (SAFE
Project) with those in western Canada (EMEND project). 20 years post-harvest,
communifies in hardwood stands differed between SAFE and EMEND experiments,
but not between treatments, while in mixedwood stands, commumities differed between
both, experiments, and treatments. However, we did not observe sigmficative
differences m taxonomic or functional nchness between communities in harvested
stands and commumities i naturally evolving stands. On the other hand, at the species
level, differences in morphological trait vanation between treatments were observed.
Each species was characterized by a different functional response after harvesting,
showing the individual species-specific response to environmental variation. These
results demonstrated the potential of NDBM to maintain the diversity of understory
functional commumities 1if carefully applied and controlled. Ultimately, they
highlighted the relative importance of exammming intraspecific vanability in plant
communifies when we search to explore the effects of contrasting environmental
conditions resulting from local disturbances such as harvest. This has impacts for
sampling design and trait selection for both small- and large-scale studies.

All our results demonstrated the potential of AFE to aclieve sustanable stand
management. We showed that a combination of partial and full cuts could maintain a
range of stands with mixed structure and composition. It also showed that the impact
of cuts on the understory muight no longer be observed 20 years later, whether they were
done m the east or west. However, the preservation of natural stands 1s essential to
maintain many species that are sensitive to any degree of harvesting, such as certain
bryophyte species. The benefits of forests are multifaceted and should not be limited to
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a binary division between timber production and all other ecosystem services. Trade-
offs and interactions are complex, context dependent, and subject to change in response
to societal priorities and changing ecological conditions. Thus, despite the potential of
NDBM to mamntamn a wider range of ecosystem services than mntensive forestry
practices alone, we cannot conclude that we are successfully mumicking the full
complexity of stands generated by natural disturbance regimes. A more complete
assessment in the context of sustainable forest management would require additional
studies focusing on more economic, conservation and ecosystem service aspects. A
major advantage of the SAFE and EMEND projects 1s the existence of permanent
sample plots, which ensures the monitoring of stands over time and the development
of future research. In addition, they are in biochimatic areas that are very important for
forest productivity and conservation i Canada. Thus, the research already conducted,
and this PhD contribute to the wood industry.

Keywords - natural disturbance-based management, conservation, boreal nixed stands,

partial cuts, clearcuts, bryophyte commumities, understory vegetation, functional traits,
mtraspecific trait varability



INTRODUCTION

1.1 Contexte

Partout dans le monde, les écosystémes forestiers sont des espaces de vie on des
mulliers d’espéces interagissent entre elles et avec le milien physique (Whattaker, 1962).
Lieu de subsistance jusqu’au XVIIIéme siécle, pus apport commercial a partir du
XIXeme siécle, la forét sert depuis de longues années a I’Homme qui puise dans ses
ressources (Drushka, 2003; Singer, 2015). Au début des années 1990, une prise de
conscience émerge face a la « crise » de la biodiversité causée principalement par
I"'urbanisation et I’exploitation du territoire quu causent des pertes d’habitats pour une
grande variété d’espéces amimales et végétales (Agnoleth et Anderson, 2000; Andren,
1994; Ehrlich et Wilson, 1991; Rouget et Schimtt, 2018). Vient s’ajouter a cela,
I’émergence de la notion de développement durable lors du sommet de la Terre de Rio
en 1992, qu met l'accent sur 1'importance de temir compte des valeurs
environnementales dans tous les domames d’activité économuque. Ainsi en 1995, le
Conseil canadien des mimistres des foréts adopte des critéres de développement durable
des foréts qu incitent les provinces & modifier leurs polifiques et réglementations
forestiéres dans le sens de la gestion durable (Gouvermement du Canada, 1996;
Gouvernement du Québec, 1994). Entrée en vigueur le ler avnil 2013, la Lo1 sur
I’'aménagement durable du territowre forestier (Gouvernement du Queébec, 2015)
encadre la gestion des foréts publiques afin de nueux respecter les préoccupations

changeantes de la société vis-a-vis de I’environnement. Quels que soient les besoins et



les intéréts des usagers de la forét, celle-c1 n’est plus percue uniquement comme un
réservoir de matiére ligneuse (Kimmins, 2004).

La gestion du nulien forestier aujourd’hw fait face a de nombreux défis, notamment la
multiplicité et la diversité des usagers qui nécessitent de prendre en compte la demande
de chacun pour de nouvelles utilisations des ressources forestiéres mais aussi les
attentes en matiére de durabilité des écosystémes (Bouchard, 2008; Cyr ef al., 2009;
Johnson et al., 1996, Schwartz ef al., 2000). Aujourd’hw 1’aménagement forestier
écosystémique (AFE) est précomsé comme |’approche a utiliser pour implanter un
aménagement durable des foréts. Cette réflexion a engendré des changements dans le
concept de la gestion traditionnelle des foréts, cenfrée sur les activités visant la
plamification, I'exploitation, les perturbations naturelles et la protection des foréts. La
gestion écosystémique est une approche de la foresterie qu vise a combler le fossé
enfre les foréts naturelles et les foréts gérées de mameére a préserver l'intégnté
écologique et la biodiversité des écosystémes. C’est dans cette perspective qu'a été créé
le concept d’aménagement forestier écosystémique (AFE). L’ AFE c’est,

« une approche d’aménagement qui vise 4 maintenir des écosystémes sains
et résilients en musant sur une dinunution des écarts entre les paysages
naturels et ceux quu sont aménageés afin d’assurer, a long terme, le maintien
des multiples fonctions de 1’écosystéme et, par conséquent, de conserver
les bénéfices sociaux et économiques que ’on en retire » (Gautluer et al_,
2009)

La muse en place de I’AFE requiert un plan d’aménagement qui exige une habileté a
évaluer et prédire la composition forestiére future mais pour cela 1l est nécessaire de
bien comprendre le fonctionnement naturel des paysages et des peuplements forestiers
(Taylor et al., 2009). Pouvorr projeter les conditions forestiéres qui suvront les actions
d’aménagement a travers les multiples échelles temporelles et spatiales est capital, car
les changements compositionnels sont liés aux enjeux de productivité forestiére, de
séquestration du carbone et de conservation de la biodiversité (Taylor ef al., 2009). La



connaissance de la dynamque forestiére et des processus qui la gouvernent ouvre la
porte a la « mamipulation » des peuplements. L application des coupes pouvant donner
des structures et des composifions s’apparentant a celles qu caracténisent les
peuplements a différents moments de la succession naturelle et amnsi équilibrer la
mosaique de structure d’age et de composition des peuplements a 1’échelle du paysage
par rapport aux variabilités historiques (Bergeron, 2000; Harvey et al., 2002). Ainsi,
I’AFE requert une comprehension du fonctionnement passé, présent et futur des
écosystémes naturels (Natural Disturbance Based Management (NDBM) (Bergeron et
Harvey, 1997; Kuuluvainen, 2002).

1.2 Dynamque en forét

La dynanuque d’un peuplement forestier s’évalue en observant les changements de
structure (abondance relative de différentes classes d’ages) et de composition (especes
arbustives) d'un peuplement au cours du temps. Les perturbations naturelles sont des
processus écologiques infrinseques aux écosystémes forestiers, notamment en forét
boréale (Lefort et al., 2002; McCarthy, 2001; Morn, 1994), ou elles constituent le
moteur de la dynamique forestiére et faconnent la vaniété des habitats observés a
I’échelle des paysages et des peuplements.

121 Les perturbations naturelles

Les perturbations sévissent a différentes échelles (arbres, peuplements, paysage, biome)
et degrés (gravité, intensité, fréquence, taille) (McCarthy, 2001). Selon I’4ge et 1’état
du peuplement ou elles surviennent, la gravité et la taille qu les caractérisent, leur durée
et leur fréquence, les perturbations affectent plus ou moins la structure et la



composition des peuplements (Chen et Popadiouk, 2002; Gauthier ef al_, 2009; Hart et
Chen, 2008).

Le feu est considéré comme une perturbation majeure en forét boréale. La ol 1ls passent,
ils entrainent une réduction de 1’épaisseur de la matiére organique, une exposition du
sol minéral et une éhimination de la compétition arbustive (Miyanishi et Johnson, 2002;
Nguyen-Xuan ef al., 2000). Par l'ouverture de la canopée ainsi que par la combustion
de la couverture morte et des débris ligneux, le feu favorise également 1'augmentation
des températures du sol (Swift Jr ef al., 1993) ains1 qu'une augmentation du pH swte a
un relargage rapide de bases échangeables par les cendres (Simard ef al., 2001; Ulery
et al., 1993). Ces nouvelles conditions stimmleraient l'activité microbienne, la
décomposition et la minéralisation (Prieto-Fernandez ef al., 1993) et entraineraient
ams1 une renuse en circulation accrue des nutriments immobilisés dans la matiére

organique (Neff ef al., 2005; Wells, 1979).

Les épidémies d’insectes, plus lentes et spécifiques, chaque insecte défoliateur a ses
hotes de prédilection, sont des perturbations dites secondaires (Chen et Popadiouk,
2002; Kneeshaw et al., 2011). On compte deux espéces pnncipales d’insectes
défoliateurs en forét boréale a I’est du Canada. La tordeuse des bourgeons de 1’épinette
(Choristoneura fumiferana Clemens) s’en prend principalement au sapin baunmuer
(Abies balsamea (L.) Mill) et, dans une moindre mesure, aux épinettes blanches (Picea
glauca [Moench] Voss) et notres (Picea mariana [Mill ] B.S P). La livrée des foréts
(Malacosoma disstria Hiibner) s’en prend principalement au peuplier faux-tremble
(Populus tremuloides Michx) et au bouleau a papier (Betula papyrifera March)
(Moulmuer ef al., 2011; Simpson et Coy, 1999). Dans les régions ot elles sévissent, les
épidémies vont influencer la mosaique forestiére, dans laquelle les espéces non hotes
des défoliateurs et moins vulnérables vont se maintenir (Kneeshaw et Bergeron, 1999).
Plus 1’épidémue sera sévére et longue, plus la mortalité des arbres va augmenter. Les
arbres défoliés continuent significativement de mourir durant les dix années qui suvent



la fin de I’épidémie, créant des trouées au mveau de la canopée (Chen et Popadiouk,
2002).

La combinaison de ces perturbations naturelles, feux et épidémues, influencent la
dynamque de succession et de régénération (de Romer ef al., 2007). Cette dynammque
évoque le passage d’un état a un autre, soit d’une structure et composition a une autre
qui peut étre représentée par un assemblage d’espéces végétales. Cette dynanuque a été
schématisée en 3 stades, appelés cohortes dans les travaux de Bergeron ef al. (1999)
portant sur la forét boréale nuxte de I'Ouest du Québec, Canada. Ces trois stades
représentent des états de référence cibles en AFE (Villard et Jonsson, 2009).

1.2.2 Concept des trois cohortes

Le concept de cohorte renvoie a la composition et la structure des peuplements. Les
cohortes représentent la proportion relative de chaque espéces arbustives dans les
peuplements, aux différents stades de développement a la suite d’un feu (Bergeron ef
al., 2002).

En forét boréale mixte, aprés un feu sévére, les peupliers faux-tremble avec leurs
drageons, les bouleaux a papier avec leurs rejets de souches et la dissémination des
semences pus les pins gris (Pinus banksiana Lamb.) et les épinettes noires avec leurs
banques de graines en cones sérotineux et semi-sérotineux (Greene et al., 1999) vont
coloniser en prenuer les aires briilées (Zasada, 1992). En fonction de la composition
du peuplement avant la perturbation, ces espéces pionmeéres viennent s’installer
rapidement et atteignent rapidement la canopée grice a leurs attnbuts autécologiques. C'est le
début de la succession, le stade de premuére cohorte. Sur les sites "mixtes" (environ 50%
feuillus et 50% résineux), les femllus intolérants a 1’ombre seront les premiers a dominer
la canopée (Harvey et al., 2002) grace a leur mode de reproduction végétatif et a leur



croissance rapide (Finér ef al., 1997, Légaré ef al., 2005). Epinf.-ttes blanches, noires,
et sapms baumiers sont souvent établies au méme moment que les arbres qui forment
la prenuére cohorte et peuvent également arriver en début de succession. Cependant,
leur taux de croissance plus lent et leur capacité de tolérance a I’ombre leur permettent
de se maintemr plus longtemps dans le sous-étage (Bergeron, 2000; Harvey ef al.,
2002). Elles viendront s’établir dans la canopée lors de la formation de trouées crées
principalement par la compétition inter-espéces pour les ressources (Greene et Johnson,
1999; Messter ef al., 1999). Les arbres qui vont décéder, laissent la place a d’autres
mdividus déja établis en sous-étage, qui vont atteindre la canopée par la suite. C'est la
phase d'auto éclaircie du peuplement ou 1l y a une stratification verticale du couvert
forestier. Nous sommes alors au stade de deuxiéme cohorte, i succession, dont la
canopée est composée d’un mélange d’arbres « pionniers » et d’espéces tolérantes a
I’ombre qui entrent dans la canopée, soit un mélange d’espéces feuillues et résineuses.
Le stade de fin de succession de troisiéme cohorte est atteint lorsque la structure est
donunée par des espéces tolérantes a I’'ombre comme 1’épinette noire ou blanche, le
sapin baunuer et le thuya occidental (Thuya occidentalis L.). Il restera une proportion
trés faible d’espéces intolérantes a I’ombre établis aprés feu (Bergeron, 2000; Chen et
Popadiouk, 2002). C’est un peuplement de structure inéquienne et uréguliére composé
principalement de résineux, on les espéces pionmeéres peuvent s'installer tardivement
dans des trouées de grandes tailles.

Les perturbations naturelles comme les feux, les épidénues et les chablis (arbres brisés
ou arrachés) font transiter les peuplements d'une cohorte a une autre. Les feux, en tant
que perturbation majeure, raménent les peuplements au stade de cohorte 1 et servent
ains1 de marqueur de datation d’un peuplement, pmsque 1'age d’une forét est défim
selon le temps depuis le dermer feu (Bergeron et al., 2002). Les épidémues d’insectes,
chablis, mamtiendraient et voire accéléreraient la dynamique de succession des
peuplements. Peu importe la sévénté de la perturbation, des éléments résiduels appelés



legs biologiques seront maintenus a 1’échelle du paysage et du peuplement (Bergeron
et al., 2017b; Johnstone ef al., 2016).

123 Lepgs biologiques

Les legs biologiques peuvent étre des processus biotiques, des gradients
biogéochimiques ou encore des organismes vivants et morts (Bergeron ef al., 2017b;
Perry et al., 2008). Parmu ces legs, les proportions d’arbres vivant et mort constituent
des legs biologiques importants associés a la capacité de régénération des écosystémes
aprés perturbations. Le bois mort est souvent associé aux foréts anciennes, qui peuvent
étre défim comme des peuplements influencés principalement par la dynamque des
trouées, avec une mortalité des arbres causée par des perturbations secondaires (McGee,
2018; Warth ef al., 2009). On s'attend généralement a ce que les foréts anciennes solent
les écosystémes forestiers défims par la plus grande abondance et diversité de bois mort
comparées aux foréts plus jeunes (Martin ef al., 2018; Paillet ef al., 2015). Pour cette
raison, les foréts anciennes sont souvent considérées comme des modéles a imiter pour
promouvoir le caractére naturel et la conservation de la biodiversité dans les
peuplements gérés (Bauhus ef al., 2009; Keeton ef al., 2018).

Les arbres résiduels vivants permettent une bonne régénération entre les peuplements
pré et post perturbation en apportant des semences et de ’ombre pour les futurs
peuplements (Franklin ef al., 1997). De plus, ils créent des conditions propices au
déplacement et au maintien de plusieurs espéces anmimales et végétales et permettront
un recrutement de bois mort dans le futur (Imbeau et Desrochers, 2002; Kruys et
Jonsson, 1999; Napp: et al., 2004). Des arbres sénescents, en passant par les chicots
pour fimir avec le bois mort au sol bien décomposés, ces legs constituent des
microhabitats essentiels pour certaines espéces, qui pendant au moins une partie de leur
cycle de vie, vont les utiliser pour se développer, se nourrir, s'abriter ou se reprodure



(Larrieu ef al., 2018). Sur pied, parnu les plus connus et les plus étudiés, on retrouve
les pics, une espéce dite excavatrice qui nichent dans les cavités (Drapeau et al., 2009).
Au sol, 1ls favonisent 1’établissement de certaines espéces végétales comme 1’épinette
blanche et le thuya occidental (Simard ef al., 2003). Connues pour leurs grames de
petites tailles, ces espéces sont particulierement dépendantes des débris higneux qu
constituent des microsites d’établissements viables (Iyjima ef al., 2007; Iyjima ef al.,
2006). Prenuérement, ils constituent un environnement plus sécuritaire et plus propice
a la pénétration des racines dans la mesure ou les semis se trouvent surélevés par
rapport au sol ol la compétition est importante (Beach et Halpern, 2001) et o1 la couche
de feuilles mortes constitue une barriére a I’enracinement (Iijima ef al., 2007). Ensuite,
ils favorisent I’établissement d'une couche de mousses qu va limiter 1’évaporation de
I'eaun et donc mamtenir un milieu dont I’hunmdité est plus stable, et favonser

I’adhérence des semus (Tijuma ef al., 2006).

Plusieurs facteurs détermimistes et stochastiques mfluencent done le recrutement, la
croissance et la mortalité des espéces végétales quu ménent aux changements de
structure et de composition des peuplements au fil du temps soit la dynamique des
peuplements. La possibihté d'mstallation d'un mdividuo dépend donc de
I'environnement mais également de son adaptation a cet environnement, de son

autécologie.

1.3 Composition des peuplements

L’autécologie est défime par les fraits fonctionnels qu sont des attributs
morphologiques, physiologiques et phénologiques qu déterminent la réponse
fonctionnelle d'un orgamsme a un filtre environnemental donné détermunant ainsi
I’'assemblage des communautés dans un peuplement (Reich ef al., 2003)



13.1 Processus d’assemblage des peuplements en forét boréale mixte

D’aprés HilleRisLambers et al. (2012), on pourrait schématiser 1’établissement des
organismes ainsi. Au départ 1l y aurait un stock paysager composé d’organismes
adaptés aux conditions environnementales présentes y compns les modalités de
compétition (Tilman, 1990). Ces orgamsmes doivent passer a travers des filtres
biotiques et abiotiques, qui représentent des conséquences écologiques de la sélection
naturelle, pour s’installer dans les communautés locales (Figure 1.1).

Community assembly .
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Figure 1.1 Schéma conceptuel des processus d’assemblage. Tiré de HilleRisLambers
etal. (2012).

Ce processus de sélection dépend des caractéristiques climatiques, topographiques et
édaphiques du paysage et des organmismes (Levine et Murrell, 2003). La possibilité
d'mstallation, de maintien et de reproduction d'un mmdividu dans des conditions
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données dépend alors des valeurs spécifiques de tfraits fonctionnels de I'individu, de
ses attributs. Seuls des mdividus présentant certaines combinaisons d’attributs pourront
étre présents a un site particulier. En d’autres termes, la sélection détermune quelles
caracténistiques, ou valeurs de traits, seront favorables ou non a un site (Shipley, 2010).
Par exemple, le mode de reproduction d’une espéce arbustive aprés un feu, ou sa
tolérance a I’ombre permettront d’établir une population viable dans un site perturbé
(Kneeshaw ef al., 2011).

L'écologie basée sur les traits offre une approche altemative pour étudier la structure
d'occupation de niche dans un espace fonctionnel (L1 ef al., 2018). Le regroupement
des espéces par traits fonctionnels permet de réumir les espéces ayant un tel trait
pouvant réagir de telle facon et selon les mémes mécamsmes face aux changements au
sem d’un écosystéme. En outre, 1I’étude de la diversité des traits fonctionnels aide a
mieux comprendre comment les espéces et les communautés sont susceptibles de réagir
face a une perturbation qui modifie les conditions d'habitats (lumiére, nutriments, micro
météorologie, microtopographie, compétiteurs) (Aubm ef al., 2013).

132 Stratégie fonctionnelle des plantes vasculaires

Beaucoup d’études scientifiques dans la zone boréale se sont concentrées sur les grands
organismes, tels que les arbres et les vertébrés, cependant 1l y a un intérét grandissant
concernant la végétation de sous-bois qu influence les propriétés de I’écosystéme, 4 la
fois en surface (régénération et productivité des arbres forestiers) et dans le sol
(processus de décomposition, cycle des éléments nutritifs) (Nilsson et Wardle, 2005).

Les perturbations mntenses entramant le remplacement des peuplements, comme les
feux de forét, induisent généralement des changements de composition importants dans
les commumnautés végétales du sous-bois, principalement hiés a la mortalité directe ou
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a des modifications importantes des conditions de 'habitat quu vont favoriser différents
attributs fonctionnels (Fenton et Frego, 2005; Schmalholz ef al, 2011). Le
remplacement des arbres au cours de la succession mnfluence des processus tels que la
luminosité, 1a température, 1’humidité de I"air et du sol et I’apport en éléments nutritifs
lors des précipitations et de la chute des femlles (Salemaa ef al., 2019; Tonten ef al.,
2016). Ces changements semblent étre les principaux filtres ayant un mmpact sur la
composition de la végétation du sous-bois (Lecomte ef al., 2006; Porté ef al., 2004).

Les premiéres synthéses sur les changements dans les caracténistiques morphologiques
et physiologiques des espéces végétales, le long des gradients nutritifs, sont que les
espéces qui se développent sur les habitats nches en nutriments ont tendance a croitre
rapidement, avec une capture rapide des ressources et un renouvellement rapide des
organes condusant 4 une mauvaise conservation interne des ressources, tandis que
I''nverse est vrai pour les espéces des habitats pauvres en nutriments (Lavorel et Garmer,
2002). D'un point de vue fonctionnel, cela se tradwt par une abondance d’mdividus
avec une surface foliaire spécifique élevée, une courte durée de vie des fewlles et des
concentrations foliaires en azote et phosphore élevées sur les sites riches avec une plus
grande dispombilité en eau et/ou en nutnments. De plus ces espéces ont généralement
une densité plus faible du tissu de la tige qu leur permet de fournir des nutriments et
de l'eau efficacement a une grande surface foliaire totale (Chave ef al., 2009). Ces
caracténistiques favorisent et permettent une stratégie de croissance et d'acquisition de
ressources rapide dans les sols a fertilité élevée ol la compétition est importante mais
également entrainent une durée de vie plus courte. C’est la stratégie dite « acqusitive »
(Aerts et Chapin, 1999). En forét boréale, les espéces arbustives femillues, telles que
Betula papyrifera, Populus spp, et de sous-bois comme, Impatiens capensis Meerb. et
Rubus pubescens, possédent ces caracténistiques d’acquisition (TOPIC database, Traits
of Plants in Canada).
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La sélection dans les habitats pauvres en nutriments ne repose pas nécessairement sur
une capacité compeétitive élevée pour les nuiriments et un taux de croissance éleve,
mais plutét sur des traits qu rédmsent les pertes de nutriments : une plus grande
longévité des organes, en particulier les feuilles, de faibles concentrations en
nutriments dans les tissus, une efficacité élevée d’absorption des nutriments, des tiges
a haute densité tissulaire. Cette stratégie est dite « conservative ». En forét boréale, les
espéces d’arbres résineux, telles que Pinus banksiana ou Picea spp. et de sous-bois
comme Cornus canadensis et Mitella nuda possedent ces caracténistiques de
conservation (TOPIC database, Traits of Plants in Canada).

La végétation de sous-bois est la strate forestifre composée de toutes les plantes
vasculaires inférieures ou égales a 1 métre de hauteur (Gilliam, 2014) mais aussi des
plantes mvasculaires (Bisbee ef al., 2001). Parnu les plantes mvasculaires, les
bryophytes sont de plus en plus reconnus comme des éléments clés de la biodiversité
et de la fonction des écosystémes que ce soit en terme de succession écologique, de
formation des sols et plus largement des cycles biogéochimiques et de la régulation du
climat (Lindo ef al., 2013).

133 La végétation invasculaire

Le terme Bryophyte s1. regroupe trois phylums de plantes terrestres thalloides, sans
systéme racinaire et vasculaire pour le transport des nutriments - les Anthocerophyta
(anthocérotes), les Marchantiophyta (hépatiques) et les Bryophyta s.s. (mousses et
sphaignes) (Glime, 2013). Elles occupent une part conséquente de la biodiversité totale
dans le monde avec environ 25 000 espéces recensées jusqu’a présent (Li et Chang,
2021). Ces espéces mfluencent fortement les cycles biogéochiniques et la régulation
du climat par I’incorporation de 1’azote et du phosphore dans la biosphére (Porada ef
al., 2014), le stockage de carbone (Turetsky ef al., 2010) et leur capacité d'absorption
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de l'eau (Belnap et Lange, 2001; Porada ef al., 2018). Elles augmentent également la
stabilité des sols en créant une couche protectrice et 1solante qui empéche I'érosion et
régule la température et I’hummdité (Belnap et Lange, 2001).

Les bryophytes influencent mais sont également influencées par les conditions
environnementales. Leur nature poikilohydriques et 1’absence de systéme racinaire les
rendent dépendantes de I'eau a toutes les phases de leur cycle phénologique (Frahm,
2007). Cependant, on les retrouve dans tous les écosystémes et sur tous les substrats.
Aiunsi, les espéces de mulieux désertiques ou vivant sur des substrats sounus a la
dessiccation (rochers, branches), peuvent maintenir un métabolisme quasi normal
méme en conditions sous-optimales ou évitent le stress hydrique en entrant en
dormance (Takezawa, 2018). Ajoutée a I'hummdité, la température est également un
facteur de premiére importance pour les bryophytes pmsqu'elle régule des mécanismes
tels que la photosynthése et la libération des spores (Vanderpoorten et Goffinet, 2009).

Les bryophytes ont développé différentes stratégies pour s’établir, se développer et se
reproduire dans un environnement. On retrouve les espéces colonisatrices quu allouent
une grande part de leur énergie a la reproduction, particulifrement sexuée et évitent les
stress sévéres par entrée en dormance des propagules (During, 1979). Ce sont des
espéces souvent pionniéres qui peuvent supporter des variations microclimatiques plus
mmportantes et occuper des microhabitats plus variés (Pleurozium schreberii Willd. Ex
Bnd., Pohlia nutans Hedw. Lindb.). Elles sont qualifiées de « généralistes » (Frahm,
2007). D'autres especes sont en revanche plus « délicates » et contraintes a un nombre
restreint de microclimats et microhabitats, on parle d'espéces « spécialistes » (Frahm,
2007). C'est le cas de nombreuses hépatiques inféodées aux bois morts, épixyliques
(Frullania oakesiana Aust., Nowelia curvifolia Dicks.). Ces espéces sont plus sensibles
aux modifications de l'habitat et plus généralement liées & des conditions micro
environnementales plus stables telles que retrouvées dans les foréts matures et non
perturbées (During, 1992; Ewald, 2000).
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Figure 1.2 a. Pleurozium schreber1, b. Pohlia nutans ¢. Frullama oakesiana d. Nowelia
curvifoha.

Les relations entre les bryophytes et les conditions environnementales en font de
parfaites espéces bioindicatrices de la qualité de I'habitat (Czerepko ef al., 2021; Frego,
2007). Ainsi, le smivi de ces petits et discrets organismes, longtemps restés dans
I’ombre des grands arbres, nous permet d’avoir une vision multi-échelle des impacts
de I’aménagement forestier écosystémique.
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14 Aménagement forestier écosystémique

Il v a actuellement un consensus voulant qu'un régime d’aménagement forestier
s'inspire du spectre de vanabilité (mntervalle de temps, taille, sévénté) produit par un
régime de perturbation pour mumimiser les impacts de nos mterventions sur les
écosystémes (Gauthier ef al_, 2009; Haeussler et Kneeshaw, 2003; McRae ef al., 2001).
Les perturbations naturelles représentent ainsi le « filtre brut » sur lequel on devrait
s’appuyer pour répondre au grand enjeu de I'AFE, soit la ssmphification des structures
et compositions mtemnes des peuplements (Gauthier et al_, 2009).

141 Les principes de I’aménagement

Grice a une gamme d’approches et de fraitements sylvicoles qu reprodusent la
diversité des structures et des compositions forestiéres observées aprés perturbations
naturelles, la biodiversité, les fonctions écosystémiques et la productivité de la forét
devraient étre préservées (Gauthier ef al., 2009). Dans ce sens, les coupes totales (CT)
qu consistent a retirer ’ensemble des arbres de dimensions marchandes (plus de 9,0
cm de diamétre a hauteur de poitrine) d’un peuplement, visent 4 ramener les
peuplements a une structure équienne/ réguliére que 1’on retrouve généralement aprés
une perturbation intense comme le feu (Larouche ef al., 2013). Pendant longtemps et
encore aujourd’hu, elles ont été et sont réalisées dans des foréts naturelles vierges
matures et dgées, influencant de mameére conséquente les processus de succession et

modifiant ainsi I’évolution naturelle des peuplements (Barrette ef al., 2022).

Si les CT sont considérées comme analogues des feux, les coupes partielles (CP) sont
pratiquées pour se rapprocher des effets des épidémies d’insectes et de la succession
naturelle. Définies comme toute pratique prélevant seulement une partie des arbres
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d'un peuplement, les CP sont utilisées afin de favonser des éléments associés a la
résilience forestiére, par exemple une structure irréguliére ainsi que le maintien de legs
biologiques tels que le bois mort (Bose ef al., 2014; Fenton et al., 2008). Les CP
regroupent plusieurs types de coupes, telles que l'éclaircie commerciale, la coupe
progressive (réguliére ou wrréguliére), la coupe de rétention et les coupes de jardinage
(Larouche ef al., 2013). Celles-c1 ont toutes des objectifs différents et sont pratiquées
a des stades de développement quu peuvent différer.

En forét boréale nmixte, des études préliminaires portant sur les effets des CP sur la
structure et la composition des foréts montrent que des CP a rétention élevée
parviennent & mamtenir des peuplements dont la structure est semblable a celle de
peuplements matures (Brais ef al., 2013; Graham-Sauvé ef al., 2013). Les arbres qu
demeurent sur pied aprés la coupe et les jeunes arbres tolérants a I’ombre qui entament
leur croissance forment ensemble une forét dont la structure est irréguliére (Bouchard,
2008). Ces mémes études, montrent également que des coupes de rétention peuvent
étre ufilisées soit pour retarder ou devancer la succession (Bose et al., 2015a). Une
éclaircie commerciale appliquée sans contraintes opérationnelles (1.e. récolte de 45%
de la surface termére dans toutes les classes de diametre de tiges commerciales) aurait
le potentiel d” « accélérer » la succession en créant au travers de la canopée des trouées
a la mameére de celles observées dans les vieilles foréts, favorisant le recrutement a la
fois d’espéce tolérantes (sapin baumuer) et intolérantes (peuplier faux tremble) a
I'ombre (Bose et al., 2015a). Inversement, une éclaircie par le haut (1e. récolte
d’environ 60% de la surface terriére) permettrait de retarder le développement d’un
peuplement en favorisant de mameére disproportionnée le recrutement et la croissance
d’espéces mtolérantes a I’ombre (Bose et al., 2015a). De plus, 1l a été observé que des
niveaux de récolte élevés peuvent imitialement permettre une augmentation du taux de
croissance des arbres en raison de 1’augmentation de la dispombilité des ressources
d’habitats (lumére, eau et nutriments) (Brais ef al., 2004; Lapointe ef al., 2006).
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Dans cette perspective, les traitements de CP, dans I’ensemble de leur gamme de
variabilité, constituent un complément mtéressant aux CT en permettant de mamntenir
des peuplements mixtes et résineux ainsi que des attributs de vieilles foréts tandis que
les CT rémitient la régénération des peuplements (Bergeron et Harvey, 1997; Prévost
etal.,2003). L'utilisation d"une gamme d’approches et de traitements sylvicoles variés
a I'échelle du paysage permettra de reprodwre la vanété des structures et des
compositions forestiéres observées aprés les perturbations naturelles afin de préserver
la biodiversité, les fonctions écosystémiques et la productivité forestiere (Gauthuer ef
al., 2009). Ces principes constituent des intentions sylvicoles établies dans le sens de
I’AFE.

1.42 Effets des récoltes

Les opérations sylvicoles (récolte, préparation de terrain, plantation) sont des
perturbations mécaniques dont la nature est différente des perturbations naturelles
(chimiques, biologiques, physiques). Les effets des deux types de perturbations seront
différents méme s1 le régime peut étre semblable (Bergeron et al., 2017a; Brais ef al.,
2013; Roberts, 2007; Sumard ef al., 2001). Les effets de récolte sur la productivité d*un
site peuvent étre influencés par de multiples facteurs comme le type de récolte (arbre
entier, tiges, CT, CP), les espéces récoltées (autécologie), les taux d’altération
(préparation de terramn, chenmuns) et fertilité du sol (texture, épaisseur de la matiére
organique). Globalement le dégagement du couvert végétal entraine une augmentation
de la dispombilité en azote et des taux de minéralisation qui sont attribués a I"apport de
matiére organique fraiche, au mélange du sol minéral et forestier et a I’augmentation
des températures et de I’humudité (Keenan et Kimnuns, 1993). Les coupes, comme les
perturbations peuvent produire un pool d’éléments nutritifs minéralisés a durée et
mtensité variables (Tlisson et Chen, 2009). Le feu en rédusant la masse de matiére
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organique dans le sol forestier, génére une impulsion d’éléments nutritifs disponibles
tandis que les CT en augmentant la masse de matiére orgamque au sol, prodmsent une
mmpulsion d’éléments nutritifs grace a la minéralisation. La végétation en régénération
est exposée a de plus grandes concentrations d’éléments nutritifs disponibles dans les
sites briilés que dans les peuplements de CT mais la masse totale d’éléments nutritifs
plus élevée suite aux coupes powrraient avoir une meilleure capacité que les
peuplements briilés a fournir des nutriments pour soutenir la productivité sur le long
terme (Simard ef al., 2001). Ces perturbations indirectes (modification du microclimat)
mais également directes (création des sentiers de récolte, passage des machines)
causées par les récoltes affectent la composition et la diversité des plantes de sous-bois
(Hart et Chen, 2008; Roberts, 2004, 2007).

De nombreuses études, évaluant les effets de 1’ mntensité des récoltes sur la diversité des
espéces du sous-bois, ne montrent pas de réduction a court terme de la richesse
spécifique aprés une mtervention sylvicole (Battles ef al., 2001; Graae et Heskjzr, 1997,
Nagaike ef al., 1999; Roberts et Gilliam, 1995). Aprés CT, 1’ouverture du peuplement
et le dégagement du sol permettent a de nouvelles espéces (majontairement de stratégie
« acquisifive ») de venir s’établir, entramnant une plus grande nichesse (Battles ef al.,
2001; Dugmd et Ashton, 2013). Les perturbations modérées crées par les CP
maintiennent une proportion d’espéces de sous-bois limitant ainsi 1’établissement de
nouvelles espéces en raison d’une compétition supérieure pour les ressources
(luminosité, nutriments du sol). Les espéces qui parviennent a s’établir sont typiques
de peuplements de stades de succession avancés (Battles ef al., 2001).

Une différence entre les traitements est observée en termes de traits caracténistiques
des espéces qu y sont retrouvées (Berger ef al., 2004; Haeussler ef al., 2002;
Harrington et Edwards, 1999). Plus une récolte va affecter le sol du site, CT, plus des
espéces de types « envahissantes » (facilité de dispersion des graines) et « évasives »
(banques de gramnes enfoules dans le sol qu vont se retrouver en surface) vont étre
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présentes (Berger et al., 2004; Haeussler ef al., 2002; Rowe, 1983). Inversement, les
coupes de rétention élevée, pratiquées afin de favoriser des éléments associés a la
résilience des peuplements aux perturbations, comme le mamtien de legs biologiques
tels que le bois mort (Bouchard, 2008) sont plus profitables pour des plantes de type
« ultérieures » (établissement tardif par dispersion des grames) (Brais ef al., 2013;
Rowe, 1983) et les bryophytes épixyles (Boudreault ef al., 2000; Kruys et Jonsson,
1999). Par conséquent, moins le sol est perturbé et moins les espéces envahissantes ont

d'espace pour s'établir, ce qui rédwt leur diversité et leur recouvrement.

143 Les projets de recherche SAFE et EMEND

Une grande partie de nos connaissances des effets imtiaux de I’AFE en forét boréale
muxte du Canada vient des projets de recherche SAFE (Sylviculture et Aménagement
Forestier Ecosystémique) et EMEND (Ecosystem Management Emulating Natural
Disturbance). Le premuer se situe a 1’Ouest du Québec, dans la Forét d’enseignement
et de recherche du Lac Duparquet en Abitibi-Ténuscamingue (Brais ef al., 2004; Brais
et al., 2013) et le second au Nord de I’ Alberta (Sidders et Luchkow, 1998) (Figure
41). Ces projets constituent des expéniences a grande échelle programmeées
spécifiquement pour évaluer les impacts a long terme des différents trartements de
coupe sur la biodiversité, les fonctions écosystémuques et la productivité forestiére. Ils
regroupent des séries d’études expérimentales permettant de tester les objectifs de
I’AFE. Ainsi1, différents traitements sylvicoles ont été répliqués et plamfiés, dans les 3
types de cohortes de succession, pour tester un systéme d’aménagement basé sur la
dynammque forestiere naturelle de la forét boréale nuxte (Figure 1.3, Figure 1.4).
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Figure 1.3 Visualisation des peuplements, 20 ans aprés la mise en place du projet SAFE
dans les trois types de peuplements de cohortes 1, 2 et 3 en fonction des différentes
mtensités de récolte.
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Figure 1.4 Visualisation des peuplements, 20 ans aprés la mise en place du projet
EMEND dans les deux types de peuplements de cohortes 1 et 2 en fonction des
différentes intensités de récolte.
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Imitié en 1998, les projets ont permus d’accumuler une quantité importante de
connaissance sur les effets de la récolte sur la biodiversité végétales et d’arthropodes
(Brais ef al., 2004; Craig et Macdonald, 2009; Jacobs et al , 2007b; Webb et al., 2008),
la dynanmuque du bois mort, la décomposition de la litiére (Jacobs et al_, 2007a; Strukel;
et al., 2012), les flux de nutriments (Belleau ef al., 2006; Frey ef al., 2003a; Lapointe
et al., 2006) et la productivité et dynamique des foréts (Bose ef al., 2014; Bose ef al.,
2015a; Brais ef al., 2004; Gradowski ef al_, 2010; Solarik ef al_, 2012) et a contribué a
I"élaboration de recommandations aux gestionnaires responsables de la mise en place
de I’AFE au Canada. En reprenant une partie de ces données et en les complétant par
des smvis 20 ans aprés coupe, nous continuons les recherches afin d’évaluer les impacts

des pratiques sylvicoles sur des échelles de temps plus longues.

1.5 Objectifs

Les méthodes utilisées aujourd’hw en sylviculture sont plutot bonnes pour contréler la
composition ou la structure d’un peuplement, mais la difficulté est de mamtemr la
mosaique de ces peuplements (variété de composition, structure et dge) a 1’échelle du
paysage (échelle d’aménagement) proche d’un paysage naturel. Cec1 est le but de
I’ AFE qui vise a réduire les écarts entre les paysages aménagés et les paysages naturels
en termes de vanété de composition, de structure et d’age. Pour cela il est nécessaire
d’avorr des données sur I’ensemble des éléments qu vont influencer les peuplements.

Grice au smivi des parcelles du projet SAFE, environ 20 ans apres 1’application mitiale
des coupes, nous possédons une longue série temporelle de données portant sur
I’'aménagement écosysténuque en forét boréale a 1’échelle des peuplements. Soit des
données d’inventaires forestiers de I’arbre au semus (espéces, diamétres), de bois morts
(stades de décomposition, diameétre) et de température et humidité du sol. Une
meilleure compréhension des répercussions des coupes sur la dynamique naturelle d’un
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peuplement aprés feu permettra aux professionnels de la forét de développer de
meilleures politiques et procédures destinées a réduire certains des impacts négatifs de
I’'aménagement forestier sur 'intégnité de 1’écosystéme. Nous pourrons de plus
visualiser I'évolution de la régénération des peuplements pour ainsi détermuner s1 les
CP permettent, & moyen terme, le maintien, la récupération ou 1’accélération des
attributs des peuplements boréaux mixtes. Ainsi nous pourrons émettre des lignes
directrices aux responsables d’aménagements forestiers pour l’amélioration des
pratiques sylvicoles au regard de 1'utilisation des coupes en forét boréale mixte.

L’objectif général de cette thése est donc de tester s1 nous parvenons a reprodure la
diversité des structures et des compositions forestiéres observées aprés perturbations
naturelles grice a une gamme de traitements sylvicoles. Soit, s1 les intentions sylvicoles
établies dans le sens de I’AFE s appliquent dans le temps suite a différents traitements
en forét boréale muxte Cet objectif répond aux besoins de maintien de la productivité
forestiére mais aussi de conservation de la biodiversité. Nous avons examing, 20 ans
aprés coupes, les effets de I'intensité croissante de récolte des arbres sur la structure, la
composition et 1a régénération des peuplements en termes d'arbres vivants, de bois mort,
de richesse en bryophytes et de la diversité fonctionnelle des plantes de sous-bois.

Dans chaque chapitre nous cherchons a -

- Chapitre 2 : Examuner les effets au cours du temps, de I'intensité croissante de
l'enlévement des tiges sur la structure, la composition et la régénération des
peuplements en termes d'arbres vivants mais aussi de bois mort, dans les trois
types de cohortes 1, 2 et 3. D’aprés des études antérieures, les ressources
libérées lors des récoltes (nutriments, lumiére) sont attribuées a la croissance
des arbres résiduels. Dans le cas d’une intensité de prélévement forte (CT), les
ressources bénéficieront majorntairement aux espéces qu étaient présentes
avant 1'application des traitements price aux capacités de reproduction des
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espéces (drageonnement), la persistance d’une banque de graines ou encore la
présence d’mdividus matures a proximuité du site (Brais et al, 2004). Dans le
cas d’une intensité de prélévement modérée (CP), les ressources bénéficieront
majoritairement a la croissance des arbres résiduels et a la croissance des arbres
établis en sous-bois (comiféres). Nous nous attendions donc a ce que le taux
d'mtensité de la récolte génére un gradient de réponse linéaire. Plus la coupe est
mtense, plus nous observerons de différences qui seront maintenues dans le
temps entre les peuplements coupés et les peuplements évoluant naturellement.
De plus, nous nous attendions a ce que 20 ans représentent un délai suffisant
pour observer un effet de vieillissement des peuplements smte aux CP, se
tradwsant par une augmentation de la complexité structurale et de la diversité
des espéces végetales. Les peuplements de début et de milieu de succession on
des CP ont été appliqués seront comparables aux peuplements naturels témoins
de milieu de succession et de fin de succession, respectivement.

Chapitre 3. Exanminer les effets, 20 ans aprés coupes, de I'intensité croissante de
l'enlévement des tiges sur les communautés de bryophytes dans les trois types
de cohortes 1, 2 et 3. Plus précisément, nous cherchions a regarder s1 I'intensité
de la récolte, dépendamment de la cohorte o elle a été pratiquée, influence les
communautés de bryophytes, 20 ans aprés coupes en supposant que les CP
favorisent d’avantage les espéces de bryophytes « sensibles ». De plus, nous
cherchions a savorr quels facteurs environnementaux sont les moteurs de la
richesse des communautés de bryophytes. 20 ans aprés CT, des différences de
structure, composition et conditions mucro environnementales (lumiére,
température et humidité du sol) des peuplements devraient encore se mamtenir
avec les peuplements évoluant naturellement ce qu impacteraient les
communautés de bryophytes. Nous nous attendions a retrouver moins d’espéces
sensibles, comme le groupe des hépatiques aprés les coupes plus intenses. 20
ans aprés CP, dans la mesure ol les modifications des conditions
microclimatiques sont limitées, et ou des legs biologiques sont conservés
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(arbres sur pied, bois morts), les communautés de bryophytes devraient se
maintenr par rapport aux peuplements non récoltés. De plus, les traitements de
récolte réalisés dans les peuplements plus anciens, devraient avoir des effets
plus importants sur les communautés de bryophytes que dans les jeunes foréts.
Cela serait dii a une plus grande stabilité des conditions micro-
environnementales dans les peuplements plus anciens et la présence de
communautés de bryophyte plus sensibles qui devraient donc se remettre plus
lentement des perturbations comparativement aux communautés pionmeéres et
colonisatrices retrouvées dans les jeunes peuplements. Les facteurs
environnementaux tels que la structure et composition des peuplements,
abondance de bois morts, température et hunudité du sol qu sont directement
et indirectement impactés par les coupes, devraient encore influencer les
communautés, 20 ans aprés récolte.

Chapitre 4 : Exanmuner les effets, 20 ans aprés coupes, de 'imtensité croissante
de I'enlévement des tiges, sur la diversité fonctionnelle de la végétation de sous-
bois dans des peuplements de cohortes 1 et 2, situés a I'Ouest et I’Est du Canada.
Plus précisément nous cherchions a regarder a 1’échelle de la communauté et a
I"échelle de I'individu s1 'intensité de la récolte, dépendamment de la cohorte
ou elle a été pratiquée et du site influence la fonctionnalité de la végétation. Au
niveau de la communauté, nous nous attendions & ce que les récoltes plus
mtenses, par 1’ouverture du couvert, favoriseraient des traits d'acqusition (par
exemple, intolérance a I'ombre, croissance rapide, LDMC faible, SLA élevé,
LNC, LPC) et entraineralent une augmentation de la richesse en espéces et de
la diversité fonctionnelle par rapport aux peuplements témoins. De plus, nous
nous attendions a ce que les différences entre les peuplements récoltés et les
peuplements témoins seraient plus prononcées a l'est qu'a l'ouest ou le climat
est plus sec, le cycle des feux plus court et le sol plus riche, et en particulier
dans les foréts muxtes plus anciennes et stables. Au mveau de I’individu, nous

nous attendions a ce que chaque espéce ajusterait la valeur de ses traits pour
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obtenir une meilleure condition physique a la suite de la récolte, ce qu se
tradwrait par des individus ayant un LDMC plus faible et un SLA, un LNC et
un LPC plus élevés aprés la récolte par rapport aux peuplements témoins non
récoltés. De plus, la variabilité intraspécifique mesurée au sein d'une espéce,
pourrait révéler davantage de différences fonctionnelles entre les intensités de
récolte que la vanabilité mesurée a 1’échelle de la communauté (Kichenin et al |
2013 : Kumordzi et al_, 2019).
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2.1 Abstract

The Natural Disturbance Based Management (NDBM) aims to maimntamn specific
structural and compositional attributes of natural forests m managed stands.
Operationally, NDBM relies on diversifying and adapting silvicultural practices,
mcluding partial harvesting (PC), to expand the range of options beyond that of simply
clearcuts (CC). Established in 1998, the SAFE (Sylviculture et Aménagement Forestier
Ecosystémique) project evaluates this potential in hardwood, mixedwood and
coniferous stands in northwestern Québec, Canada. Our results confirmed a part of the
NDBM objectives were attained 1. e, PC allowed the maintenance of stands with mixed
structure and composition, constifuting an interesting complement to CC, which reset
stand regeneration. However, PC did not accelerate the transition of stands to later
stages with less intensive harvesting or to earlier stages with more intensive harvesting.
We essentially had an mitial impact, delaying or stopping the stands evolution which
dissipates over time and more quickly with less mtensive harvesting. Furthermore, our
results did not support the ability of PC to enhance the development of old-growth
attributes like deadwood. Despite the 20-year honizon of this study further field surveys
will be required in the future to better understand the impact of different silvicultural
treatments on forest productivity and biodiversity preservation throughout a forest
rotation.

22 Resume

L’Aménagement forestier écosystémuque (AFE) vise a maintemur les structures et
composition des peuplements des foréts naturelles dans les peuplements aménagés. Sur
le plan opérationnel, I’AFE repose sur la diversification et 'adaptation des pratiques
sylvicoles, comprenant la coupe partielle (PC), afin de multiplier les options au-dela de
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la pratique intense de la coupe totale (CC). Etabli en 1998, le projet SAFE (Sylviculture
et Aménagement Forestiére Ecosystémique) évalue son potentiel dans des peuplements
de femllus, mélangés et de comiféres dans le nord-ouest du Québec, Canada. Nos
résultats ont confirmé une partie des objectifs du NDBM, c'est-a-dire que les PC
permettent de maintenir des peuplements a structure et composition mixtes, constituant
un complément intéressant aux CC, qui rémmtialisent la régénération des peuplements.
Cependant, les PC n’ont pas permus d’accélérer la transition des peuplements vers des
stades plus avancés avec une récolte moins intensive ou vers des stades plus précoces
avec une récolte plus intensive. Nous avons essentiellement eu un impact mmtial,
retardant ou stoppant I'évolution des peuplements qui se dissipe avec le temps, et de
mamiére plus rapide lorsque la récolte est moins intensive. De plus, nos résultats n'ont
pas confirmeé la capacité des PC a ameéliorer le développement des attributs des foréts
anciennes, comme le bois mort. Malgré I'horizon de 20 ans de cette étude, d'autres
études de terrain seront nécessaires a l'avenir pour mieux comprendre I''mpact des
différents traitements sylvicoles sur la productivité de la forét et la préservation de la
biodiversité tout au long de la révolution forestiére.

23 Introduction

Natural Ecosystem Based Management (NDBM) has been widely advocated as a
means to maintain healthy and resilient forest ecosystems by reducing differences
between natural and managed landscapes throughout North America (Franklin, 1997).
Operationally, NDBM relies on varying silvicultural treatments to better reflect
different aspects of natural forest dynanucs (Gauthier et al., 2009), which are often
shaped by a range of natural disturbances (Chen and Popadiouk, 2002). In boreal
forests, natural disturbances drive forest dynamics and shape the variety of habitats
observed at the landscape and stand scales (Chen and Popadiouk, 2002). Fire,
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considered as the primary disturbance, opens the canopy, reduces orgamic matter
thickness, and exposes mineral soil, resulting in young stands with increased nutrient
supply and a dinunution of shrub competition (Bergeron et al., 1999; Neff ef al.,
2005).). Unlike fires, slower and more specific, insect epidemucs, considered as
secondary disturbances, affect specific species. Each defoliator insect has its preferred
hosts, acting differently and at different stages of stand development. The longer and
more severe the epidemuc, the greater the mortality of host species, favoring the
development of non-host species (Chen and Popadiouk, 2002; Moulinier ef al., 2011).
Intense sylvicultural treatments such as clearcuts (CC) can be used to favor the
regeneration of stands, serving as a partial surrogate for stands regenerating by fire
(Chen and Popadiouk, 2002; Nguyen-Xuan ef al., 2000). In contrast, less intense
silvicultural treatments like partial cuts (PC) can be used to emmlate insect outbreaks,
windfall, or natural mortality processes. For example, the “stem exclusion phase”
where many stems die due to competition for resources or the “canopy transition phase™
where dominant and codominant trees senesce and die may both be emulated through
the use of partial cuts For example, depending on stand age, vertical structure, and
species present, PC prescriptions could emulated the “stem exclusion phase” where
many stems die due to competition for resources or the “canopy transition phase” where
donunant and codominant trees senesce and die (Chen and Popadiouk, 2002). Thus,
stands resulting from PC conserve wregular stand’s structure and biological legacies
such as live trees and deadwood. These elements are essential for the maintenance of
biodiversity and forest productivity (Bose et al., 2015a; Drapeau et al_, 2009; Martin et
al , 2021). However, the long-term capacity of partial cuts prescriptions to push stands
etther forward or backward along a successional sequence has yet to be demonstrated.

In boreal mixedwood forests, preliminary studies following stand evolution a few years
after harvest (0 to 12 years), suggested that PC can be used to delay or advance the
transitions through successive stages depending on the harvesting intensity applied
(Bose et al., 2015a; Brais ef al., 2013). Low harvesting intensity (1.e. harvesting about
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45% of the basal area) would accelerate succession by creating gaps in the canopy
sitmilar to those created by senescence in old growth forests. This would promote the
growth and the establishment of both shade tolerant (balsam fir, .4bies balsamea (L.)
Mill | white spruce, Picea glauca [Moench] Voss, and black spruce, Picea mariana
[Mill ] B.S P.) and shade intolerant (trembling aspen, Populus fremuloides Michx , and
paper birch, Betula papyrifera March) tree species (Bose ef al., 2015a). In confrast,
high harvesting mtensity (1.e. harvesting about 60% of the basal area) would delay
stand development and generally favor growth and recrmitment of shade intolerant
species (Bose ef al., 2015a). PC across their range of intensity vanability are an
mteresting complement to CC to mamtain nuxed-structure stands and old-growth
attributes such as biological legacies, while CC resets stand regeneration. The use of
diverse silvicultural treatments at the landscape scale would allow the reproduction of
the varety of stand structures and compositions observed after natural disturbances
allowing for the mamtenance of biodiversity, ecosystem functions and forest
productivity. These principles are silvicultural mtentions established in the sense of
NDBM. However, NDBM 1s still rather new and only long-term monitoring would
allow to evaluate its effectiveness to maxinize forest production while nuninmzing
mmpacts on the forest. A thorough knowledge of the overall effects of practices wall
serve as a basis for forest managers to develop the best strategies of harvesting.

In boreal mixedwood stands on mesic sites, we observe a general transition through
three successive stages. First, the hardwood stands, domunated by shade mntolerant and
ploneer tree species such as trembling aspen. Then, the nuxedwood stands composed
of both shade tolerant comiferous species such as balsam fir and spruces and shade
mtolerant hardwood species. And at the end of the successional sequence, the
coniferous dominated stands composed of mainly shade tolerant species however some
shade intolerant species such as trembling aspen and paper birch can establish in the
gaps formed by the senescence of trees (Bergeron ef al., 1999; Bergeron ef al., 2002).
In NDBM, different combinations of silvicultural treatments could be used in concert
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to maintain the stand structural and compositional variability observed in natural
forests. Ultimately, which silvicultural strategies will be effective at mamntaimng the
structure and composition of natural stands as well as mamntaiming forest biodiversity
and productivity must be verified through long-term momitoning. This study examined
the effects of different harvest intensities (stem removal of 33%, 40%, 66% and 100%)
on stands structure, composition, regeneration, and deadwood legacies in the three
successional stages of boreal mixedwood forest. Specifically, we tested 1.) if PC and
CC can be used to delay, maintain or advance the transitions through successive stages
over 20 years 2.) 1f PC can mamtain more biological legacies than CC over 20 years.
We hypothesized that (1) PC of lower intensity will advance the transition of stands
through successional stages. That 1s, low mtensity PC realized in the hardwood or
mixedwood stands, will result in stands with a simular structure and composition to the
unharvested mixedwood or coniferous stands respectively, over 20 years. In contrast,
PC of lugher mtensity will mamntamn the stands mn the same stage that it was before
harvest. That 1s, high intensity PC realized in the hardwood or mixedwood stands, will
result in stands with a sinular structure and composition to the unharvested stands of
the same stage, over 20 years. In contrast, CC will delay the transitions of stands by
resefting thewr regeneration. That 1s CC practiced in hardwood, mixedwood or
coniferous stands should have sinular structure and regeneration, over 20 years. (2) We
also hypothesized that increasing harvesting mtensity will have increasing and more
persistent impacts over time on biological legacies and, the impact of harvests will be
greater in more advance successional stages that are more sensitive. This will be seen
with greater differences between CC and unmanaged stands than between PC and
unmanaged stands, from the same successional stage, in term of live and dead trees,
over the 20 years.
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24 Matenals and method

241 Study area

The study was conducted mn the Lake Duparquet Research and Teaching Forest
(LDRTF) m the Abitib1 region of northwestern Quebec (48°30°N. 79°20°0). This
region 1s characterized by glaciolacustrine clay deposits left by proglacial Lake
Ojibway (Vincent and Hardy, 1977). The soil texture 1s that of heavy clay (>75% clay)
and the forest floor 1s a thin mor 2—7 cm thick (Canadian Agricultural Services
Coordinating Commuttee, 1998). The climate 1s continental with an average annual
temperature of 1°C and annual precipitation of 989 mm with 30% falling in the form
of snow (Mont Brun weather station, average over the last 25 years) (Environnement
Canada, 2019).

The LDRTF 1s sifuated in the mixedwood zone of the boreal shield, in the bioclimatic
domain of the balsam fir-white birch forest. Forests of the region are characterized by
a mixed composition of boreal conifers and shade intolerant broad-leaved species.
Trembling aspen, paper birch, and jack pine (Pinus banksiana Lamb.) are common
early successional species. Balsam fir 1s the donunant species in late-successional
forests on mesic sites, and 1s associated with white spruce, black spruce (Picea mariana
[Mill] B.SP.) and eastern white-cedar (Bergeron et al., 1999). The LDTRF i1s
composed of a variety of stands resulting from multiple fires and msect outbreaks
(Bergeron and Harvey, 1997; Bergeron ef al., 1995; Mornmn ef al., 1993)..
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242 Expenimental design

The SAFE project (French acronym for “Sylviculture et Aménagement Forestier
Ecosystémique™) 1s a senies of silvicultural experiments replicated across the three
successional stages that was put in place between 1998 and 2001. The initial intolerant
deciduous dominated stand 1s composed of aspen-dominated stands onginating from a
fire m 1923. The muxedwood stand 1s composed of stands ongmating from a fire in
1910 and contains roughly equal proportions of deciduous and conifers in the overstory.
The comifer-dominated stand 1s composed of stands orngmating from a fire in 1760
(Bergeron and Dansereau, 1993). Multiple spruce budworm outbreaks have affected
the stands, and the last one that occurred between 1970 and 1987 was considered to be
severe (Bergeron ef al., 1995; Morin ef al., 1993). These successional stages represent
three different stand types with different structures and species compositions that
developed over time following stand-replacing wildfire (98, 111 and 260 years since
the last fire) (Figure 2.1).
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Figure 2.1 Classic dynamics of white birch-fir stands on mesic sites in Canada’s boreal
mixedwood forest illustrating the main three successional stages (Bergeron and Harvey,
1997). The mam stages of forest structure and composition and the effects of primary
natural disturbances such as fire and secondary disturbances such as insect outbreaks
are mdicated.
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In each stand, three replicated blocks comprising harvesting treatments and an uncut
confrol stand were put in place in a randomized complete block design. The number
and type of harvesting treatments differed between the three successional stages to
achieve management objectives described in Bergeron and Harvey (1997) and Brais ef
al. (2004) (Figure 2.2). In hardwood domunated stands, harvesting treatments included
clearcuts (CC); 1/3 partial cuts (PC1/3), where approximately 33% of the total basal
area was removed; 2/3 partial cuts (PC2/3), where approximately 66% of the total basal
area was removed; and uncut stands as controls. For both partial cutting treatments,
stems were removed throughout the stand. Stands in the 1/3 regular removal treatment
were low thinned as non-vigorous stems were removed. Stands mn the 2/3 removal
treatment were crown thinned with larger and vigorous stems preferentially selected
for retention. In mixedwood stands, harvesting treatments included clearcuts (CC), two
partial cutting treatments where 40% of stems were removed either throughout the
stand (PCreg) or in concentrated gaps of approximately 400 m? (PCgap), and uncut
confrol stands (Figure 2.2). In coniferous stands, harvesting treatments included only
clearcuts and uncut control stands (Figure 2.2). Each replicate treatment was applied
over an area ranging from 1 to 2.5 ha. Harvesting was done manually during the winter
to limit damage to the forest floor in the years 1998 for treatments in hardwood stands,
1999 for treatments in coniferous stands and 2000 for treatments in mixedwood stands.
Before harvesting, 5 permanent 400m? plots (radius = 11.28m) were established 1n each
experimental unit, resulting m 60 plots in hardwood stands, 60 plots in mixedwood
stands, and 30 plots in coniferous stands for a total of 150 plots.
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Figure 2 2 Expenmental treatments applied in the SAFE project, in each of the three
successional stages.

243 Inventory design

2431 Forestinventory

In each 400 m? monitoring plot, DBH of commercial stems (diameter at breast height
(DBH) > 9 cm) was measured on trembling aspen, paper birch, balsam fir and spruce
(black and white spruce) trees. In addition, DBH of all saplings of commercial species
(DBH from 2 to 9.0 cm) were measured in one quarter of each plot. Inventories were
completed the summer following harvest (1999 hardwood stands, 2000 comiferous
stands, 2001 mixedwood stands, time = mitially) (Brais ef al., 2004) and approximately
20 years post-harvest in 2019. All stems with a DBH smaller than 40 cm were then
reclassified mto 2cm DBH classes. Above 40 cm, stems were grouped 1n a umque 40+
cm diameter class. We used changes in tree DBH as well as the distribution of stem
diameters to characterize changes in stand structure and composition and changes in
sapling density to characterize regeneration.
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2432 Deadwood inventory

Deadwood inventories were realized at the same time as forest inventory, the summer
following harvest (Brais et al., 2004) and approximately 20 years post-harvest in 2019.
Volume of downed deadwood (diameter > 5 cm) (m3/ha) was calculated with the line
mtercept method (Van Wagner, 1982) using three 30 m transect lines for each block of
each treatment. Along transects, the frequency of downed deadwood pieces
mtercepting the transect was recorded by species. Diameter was measured and a decay
class was attributed to each piece (1 to 5, see (Damels et al., 1997)). Decay classes 1
to 3 refer to downed deadwood that are not well decayed and classes 4 and 5 to well
decayed downed deadwood. In all plots, inventories for standing deadwood snags were
completed at the same fime as the living stem mventories. We only included snags with
a diameter superior to 5 cm and a height superior to 2 meters (Danels et al., 1997).
The diameter of each snag was measured.

244 Statistical analyses

To examine the impact of harvesting on structure, regeneration, and standing and
downed deadwood we compared five environmental vamables between harvest
treatments within each three stands at the beginming of the experiment and 20 years
post-harvest: live tree basal area (structure, DBH > 9 cm), density of saplings
(regeneration, DBH from 2 to 9.0 cm), snag basal area (DBH > 9 cm), and fresh and
old downed deadwood volume (diameter > 5cm). We analyzed the interaction between
treatment, successional stages, and time on the five environmental variables with
generalized linear mixed models (GLMM). Because the same stands were measured
twice and are not independent, we used successional stage x block x treatment
combinations as a random effect in our models. Square root and log transformations
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were applied for the multiple tests when normality and homogeneity of vanances were
not respected. Tukey post-hoc tests have been performed to examine differences
between harvest treatments 1n each successional stage.

To examine the impact of harvesting on composition, we compared the abundance of
all live stems, from 2 to + 40cm DBH, between harvest treatments within each cohort
at the beginming of the experiment and 20 years post-harvest. The abundance of each
of the four commercial species was determined by diameter classes, treatments,
successional stages and time. The abundance of each four species was not high enough
m each of the 18 diameter classes to perform statistical comparative analyses.

All analyses were conducted with R software (version 4.0.3, R core Team 2020).
General linear mixed models and Tukey post-hoc tests were respectively analyzed with
Lme4 and emmeans packages. In all statistical tests, a p value < 0.05 was considered
sigmificant.

25 Results

251 Changes in sapling density and tree basal area after 20 years

Imitially after harvesting, sapling density per hectare was similar (mean of 416 + 210
saplings/ha) n all treatments and successional stages (Figure 2.3 A). In hardwood
stands, 20 years post-harvest, sapling density increased to 12,093 + 3574 saplings/ha
m clearcuts, 5980 + 1583 saplings’/ha m PC2/3 and 2233 + 1298 saplings/ha m PC1/3.
This translates to an approximate 30-fold increase compared to the mitial density for
CC, a 15-fold increase in PC2/3 and a 5-fold mcrease in PC1/3. Sapling density in
confrol was roughly doubled (952 + 434 saplings/ha) after 20 years. In mixedwood
stands, 20 years after harvesting, regardless of the whether stem removal was dispersed
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throughout the stand or concentrated in gaps, regeneration density was high Sapling
density per hectare between the three types of cuts (clearcut and PCreg and PCgap)
was similar with a mean of 11,042 + 2224 saplings/ha, which represents a 26-fold
mcrease over 20 years. In control stands, mncreases i sapling density were significant
but less than what was found m harvested stands (from 1126 + 641 saplings/ha to 5633
+ 1867 m 20 years). In comferous stands, the regeneration after CC (5385 + 3368
saplings/ha) was approximately 10 times lower compared to the regeneration in
clearcuts in hardwood and mixedwood stands.
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Tree basal area did not decrease in any treatment over the twenty-year period (Figure
2.3 B). Clearcutting effectively homogemized differences in basal area across the three
successional stages 20 years post-harvest. Immediately after clearcutting, basal area
was reduced to 0.5 + 0.3m?/ha in all stages and twenty-years later basal area in all
stages increased to 8.7 = 39 m%*ha Twenty-years following partial cutting (PC),
mcreases in basal area were greater in hardwood stands than in mixedwood donmunated
stands. Within hardwood stands, basal area mcreased significantly from 269 + 6.1
m’/ha to 38.2 + 9.9 m*/ha in PC1/3 (Figure 3B, Figure 3C). PC1/3 basal area was and
remained similar to basal area in control over the 20-year period. More intense removal
m the PC 2/3 resulted in smaller but significant increases m basal area with time (Figure
2.3 B, Figure 2 3 C). PC1/3 basal area was and remained similar to basal area in control
over the 20-year period. More intense removal in the PC 2/3 resulted in smaller but
significant increases in basal area with time (12.8 + 3.5 m*/ha to 199 + 4.0 m*/ha;
Figure 3B, Figure 3C). In nuxedwood stands, the average basal area remained simmlar
between both pCreg and pCgap over fime, showing a mean of 22.0 +£ 6.0 m*/ha and a
mean of 17.6 + 7.6 m*'ha, respectively. These were significantly lower than that found
in control stands (i.e., 41.0 = 9.3 m*/ha) over time (Figure 2.3 B).

252 Evolution n stem diameter distribution over 20 years

As expected, immediately following harvest, in the three successional stages, stem
density in all diameter classes was higher in the control stands (Figure 2 4). As expected,
within a successional stage, lower harvesting intensity resulted mn stem diameter
distributions that were more similar to control stands. With time, the sigmficant
mcrease in saplings added a positive skew and a J-shape to the stem diameter
distribution. Consequently, twenty years post-harvest, the maximum density of stems
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shifted, m most successional stages and harvesting intensities, towards smaller
diameters classes (4 to 8cm).
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Figure 2 4 Diameter distribution of live stems per hectare, immediately and 20 years
following harvest at different intensities in stands from hardwood, mixedwood and
coniferous stands. Each color represents a different commercial tree species.



Immediately after harvest in hardwood stands, sapling composition (4-8cm DHP) was
donunated by paper birch and spruce in all treatments (Figure 2 4). In the diameter
classes 10-20 cm, aspen donunated all treatments composing 100% of stand after CC,
53% after PC2/3, 45% after PC1/3 and 57% after control. The other species, birch, fir,
and spruce were equally distributed in terms of abundance. For larger trees (superior to
20cm DBH), in PC and control, aspen dominated the stands with an average proportion
of 94%. Twenty years later, saplings were mostly composed by trembling aspen and
balsam fir after P2/3 (74% and 14%, respectively), PC1/3 (44% and 40%, respectively)
and control (44% and 36%). After CC, trembling aspen and paper birch saplings were
mostly present (61% and 24%, respectively).

In mixedwood stands, year 0, saplings were domunated by balsam fir (around 70% 1n
all treatments) and few spruce were present in the 6 and 8 cm diameter classes in all
treatments (Figure 2. 4). In PC and control stands, few paper birch were also present in
the 8cm diameter class. In the diameter classes 10-20 cm, balsam fir were also
donunant with paper birch in CC stands (58% and 42% respectively). Paper birch was
a munor component in PC and control stands where trembling aspen, balsam fir and
spruce donunated. In diameter classes superior to 20 cm DBH, trembling aspen
donunated PC and control stands (85%). 20 years later, saplings were stll mostly
composed of balsam fir in all treatments (54% after CC, 59% after PCgap, 73% after
PCreg and 94% after control). In CC and both PC types, trembling aspen was the
second most frequent species m saplings (36% after CC, 37% after PCgap and 21%
after PCreg). Its abundance was inversely proportional to size class in all harvested
stands. In diameter classes 10-20 cm, balsam fir stayed dominant mn all treatments
composing 78% of stand stems after CC, 63% after PCgap, 73% after PCreg and 55%
after control. After CC and PCgap, trembling aspen was the second most frequent
species, composing 13% of stand after CC, and 22% after PCgap. After PCreg,
trembling aspen and paper birch were the second most frequent species composing
each 12% of the stand. After control, spruce was the second mostly present species,
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composing 28% of the stand. In higher diameter classes, even if trembling aspen stayed
donunant m all stands, coniferous species, balsam fir in harvested stands and spruce n
the control stands, were also found.

In comiferous stands, immediately after harvest, spruce, fir and birch saplings made up
the composition of the CC and control stands (37%, 32% and 31% respectively) (Figure
2 4). In the 10-20cm diameter classes, CC was composed of half birch and half fir No
aspen was present i CC or the control stands. Larger trees were only found in control
stands, where the four commercial species were present with a donunance of hardwood
(49% birch and 12% aspen). Twenty years later, in diameter classes 4-20 cm, spruce,
fir and birch were still found but aspen dominated m both CC (63%) and control (59%)
stands. In the diameter classes superior to 20 cm DBH, half comiferous and half
hardwood species were found 1n both CC and control stands.

253 Evolution m deadwood structure over 20 years

In hardwood domunated stands, immediately after harvesting, snag basal area was
sitmilar in PC and control stands (Figure 2.5). 20 years later, the average snag basal area
in PC2/3 decreased (4.8 + 2.2 m*/ha to 3.8 + 2.0 m*/ha) and increased in PC1/3 (2.6 +
1.4 m*/ha to 4.0 = 2.7 m*ha; Figure 2.5, Figure 2.6). In CC stands, while no snags had
been inventoried immediately after the cuts, the basal are increased to 0.17 £ 0.06 m*/ha
twenty years later but, thus value stayed sigmficantly lower than in all other treatments_
In terms of fresh downed deadwood, the pattern was reversed for the harvested stands.
In 20 years, we observed a 98% decrease i fresh downed deadwood volume after CC
and a 50% decrease after PC1/3. After PC2/3, the volume doubled (Figure 2.5).
However, only clearcut stands were sigmficantly different from control strands at both
times (Figure 2.5, Figure 2.6). For old downed deadwood, we only observed a
significant decrease in volume in clearcut stands (13% decrease) compared to control.



After PC2/3, the volume of old downed deadwood was lower immediately after harvest,
it mcreased four-fold after 20 years to volumes simular to that found in the control
stands. After PC1/3 and control, the volume increased shightly (from 44 8 +40.6 m’/ha
to 55.4 + 29.0 m’/ha; Figure 2.5, Figure 2.6).

In mixedwood stands, for all treatments, the average snag basal area remained similar
over time with a slight decrease for the three harvested stands and a slight increase for
the control stands (Figure 2.5, Figure 2.6). Only CC stands had a sigmficantly lower
snag basal area than control stands, at both times. The mean volume of fresh downed
deadwood remained sinular between all treatments over time with a shight decrease
after clearcut and a slight increase after both PC and in control stands (Figure 2.5,
Figure 2. 6). The mean volume of old deadwood was similar between all treatments at
both times (Figure 2.5, Figure 2 .6). After all treatments it increased over time and
signficantly for PCgap. It doubled in the clearcut, mncreased sixfold for PCgap,
fourfold in PCreg and tripled in control.

In coniferous stands, just after clearcut, no snag was mventonied and 20 years later we
observed a few snags (0.8 + 1.2 m*/ha) but significantly less than found in the control
stands (3.4 + 2.0 m*/ha) (Figure 2.5, Figure 2.6). For downed deadwood, fresh and old,
there was a significant decrease after clearcut, but the decrease was more important for
the fresh deadwood (divided by 51) than for the old deadwood (divided by 5) (Figure
2.5, Figure 2.6). If the volumes were significantly higher than control stands year 0,
they became simlar at year 20.
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Figure 2.5 Results of the generalized linear mixed models for standing and downed
fresh and old deadwood over time. A Snags basal area, B Fresh downed deadwood,
and C Old downed deadwood. Note the logl0 scale on the y axis in panel B. Blue and
green rectangles represent confidence intervals for the mean values. Blue represents
the data for year 0, and green represents the data 20 years after harvesting. Red bars
represent comparisons based on a Tukey test. Crossing bars on the response vanable
axis indicate that the means are not sigmficantly different (at a threshold a=0,05).
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Figure 2.6 The generalized linear mixed model parameter estimates with standard
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deadwood. Standard errors that do not intersect the 0 estimate are statistically

sigmificant.
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26 Discussion

26.1 Potential of Ecosystem-based Management to delay, maintan or advance the
transitions through successional stages

26.1.1 Dynamucs in hardwood stands after partial harvesting

In the hardwood dominated stands, the sapling density increased by a factor of 3 for
every 1/3 of overstory removed, in the 20 years following the harvesting. With an
mcrease in cut mtensity, the density of aspen increases whale that of fir decreases over
time Gradowski ef al. (2010) observed the same pattern in Western Canada in the same
three successional stages- a reduced regeneration of aspen when a portion of the
ongmal stand was retained. Leaving residual mature aspen stems mamtamns some
supply of auxin to the root system, which prevents suckering (DesRochers and Lieffers,
2001). In addition, aspen 1s a shade intolerant species, and its regeneration 1s negatively
affected by shade and therefore by canopy retention (Frey ef al., 2003a; Man ef al.,
2008). Thus mamntaimng 77% of the stems with the PC1/3 linited aspen suckering,
resulting in decreased stem mortality and increased growth of pre-harvested established
trees, over 20 years. However, between less mtense PC (PC1/3) and control stands,
regeneration and commercial tree basal area rates remained similar, over the 20 years.
These results showed that PC1/3 only had negligible effects on stand structure, and
thus, less mtensive removal did not allow to accelerate the stand transition through
successive cohort but rather mamtamed 1t i its original state.

In more intense PC, the density of aspen saplings was sufficient to establish a new
aspen donunated stand or to conserve the aspen composition of an existing stand. The
regeneration rates were sigmficantly higher and commercial tree basal area were
significantly lower than those found in the control stands, over the 20 years. These
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results showed that more intensive partial removal did not mamtain the stand m 1ts
ongmal state but set the stand back to an anterior to the pre-harvest stage and thus
delayed the transition through successive cohorts. Even if the focus i conservation 1s
often on old growth forests, aspen domunated stands are an important part of the boreal
landscape, housing a specific biodiversity of vascular plants species (De Grandpre ef
al., 2003), mosses, lichens (Boudreault ef al., 2000) and birds (Drapeau ef al., 2000).
If aspen regeneration 1s an objective to maintain hardwood stands, more intensive cuts
may be suggested. Conversely, less intensive cuts may be an effective strategy to

mimmize aspen regeneration in favor of comferous species.

2.6.12 Dynamucs in mixedwood stands after partial harvesting

In mxedwood stands, the two PC types had the same harvesting intensity (40% of the
basal area) but differed in spatial configuration. Regardless of the harvesting
configuration applied, we observed a strong regeneration of 11,042 + 2224 saplings/ha,
with a strong increase of trembling aspen saplings, sigmificantly superior to that
observed in control stands. This contradicts some studies that found that large open
areas are needed to obtain sipmificant regeneration of aspen (Landhausser ef al., 2019;
Rogers et al., 2014), while here harvesting 40% of the total basal area was enough to
stimulate regeneration. In these nuxedwood stands, balsam fir saplings were more
abundant than frembling aspen saplings in all harvest intensities, however fir
abundance decreased, and aspen abundance increased along a gradient of PCreg,
PCgap, CC. It 1s likely that the area of both small and large gaps has increased, partly
due to windthrow, resulting in the observed higher densities of intolerant hardwood
stems than those of the control stands in both partial harvests. In contrast, the presence
of more fir than aspen saplings, suggests a “legacy” phenomenon of the original stand
composition. Compared to the aspen dominant stands, the fewer aspen stems and
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consequently the sparser bud bank resulted in lower potential sucker production
(Gradowsk ef al., 2010) as has been found in other studies conducted in mixedwood
stands (Bose et al., 2015a; Maleki ef al., 2020b).

The two PC harvests slowed down the stand level growth rate and seemed to have
stopped 1t over time as both PC harvest types resulted in a significantly inferior tree
basal area than that found in control stands. Thus, they did not meet the objective of
NDBM of advancing the transition of stands towards the next successional stage
(comiferous stands) (Bergeron and Harvey, 1997; Gauthier ef al., 2009). However, they
maintained a 50-50 proportion of hardwood and comiferous tree species. Bose ef al.
(2015b), with a spatially explicit stand dynamics model SORTIE-ND, simulated over
100 years the development of the same stands after logging. They showed that, by
favoring a continuous recruitment of trembling aspen as well as tolerant comifers, all
gap treatments, and 80% dispersed harvesting created more complex stand structures
m both stand types (Bose ef al., 2015b). Our field-based results observed after 20 years
support these modelled trends in structure and composition. Thus, both partial cut types
regular and dispersed, have the potential to mamtain a nuxed stand structure over
hundreds of years.

¥

2.6.1.3 Dynanucs after clearcuts

Twenty years after CC, the three successional stages had similar commercial tree basal
areas meanming no matter in what type of stand the harvests were carred out, aspen
dominated, mixed or conifer dominated stands, there is about 8 m*/ha of commercial
trees established after 20 years. Furthermore, this implies that an equal number of
young trees established after harvest have reached 10 cm 1 DBH after 20 years 1n all
successional stages. However, 1f we compared 20 years after harvest the regeneration
m the three successional stages, there was a very linmted density of saplings in
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coniferous stands compared to hardwood and mixedwood stands (half as much). This
limited regeneration shows the linuts of applying CC in old forests. In 2000, the low
frequency of aspen (2% of plots) found in control stands in coniferous stands probably
explamns the sigmficantly smaller aspen sapling density found 20 years after CC
(Gradowski et al., 2010). Despite this, a higher regeneration of hardwood species
compared to comiferous species was observed. The himited comifer recrmitment and
growth may be due to the strong competition for resources with hardwoods but also
with shade-tolerant woody shrubs, such as 4cer spicatum Lamb._, which vigorously
occupies openings after harvesting. We did not consider these non-commercial species
m our study, but we know that they limit the establishment of seedlings just after cuts
(Brais et al., 2004). Often, they are pioneer species that benefit from the openings in
the canopy to mmltiply, preventing the establishment of commercial tree seedlings.
Thus, CC practiced in mixedwood and coniferous stands did not completely “reset™ the
development of the stands, because we did not find a structure and composition similar
to clearcuts stands mn hardwood stands. It has limited the establishment of conifers and
should continue to do so at least 80 years (Maleki ef al., 2020b).

262 Potential of Ecosystem-based Management to enhance the development of
old-growth attributes in mature even-aged stands

In hardwood dominated stands, Bose ef al. (2014) observed that 12% of total stems
died three years after PC2/3, compared to 1% three years after PC1/3. The ligher tree
mortality after more mtensive PC was translated into higher snag density than in PC1/3
and confrols stands. In the PC2/3, after 20 years, , snag basal area decreased and
downed deadwood volume increased, the reverse of what was observed after PC1/3.
Solarnk et al. (2012) observed in hardwood, mixed and comiferous stands of Western
Canada that residual aspen mortality was highest after more intense cuts (90 and 80%
of BA harvesting) and that five years after harvest, most of the dead trees remamned
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standing as snags (87%) but at ten years after harvest approximately 40% of the dead
trees had fallen. If the snag development continues to decrease over time 1t might be a
problem for species associated with this habitat in hardwood forests, like bryophytes,
lichens (Crites and Dale, 1998) and birds (Drapeau ef al., 2009). The increases in
downed deadwood deposition after PC2/3 mught be due to windthrow (Lavoie ef al.,
2012; Mascamia Lopez ef al., 2006), causmg snag density to decrease. Thus, retention
time of snags 1s relatively short as much of the potential deadwood reaches the ground
within 20 years and probably even earlier. After PC1/3, the decreases in downed
deadwood deposition over time suggest that the deadwood delivery system provided
by retention can be slow or delayed. This can be a constramnt for the biodiversity
associated with this type of habitat like bryophytes, insects, or mammals (Caners ef al.,
2013a; Fauteux ef al., 2012; Saint-Germain ef al., 2006).

In mixedwood donunated stands, the dinunution of snag basal area across time 1s
reflected in the increased volume of fresh downed deadwood. This mcreased supply of
fresh deadwood 15 expected to decay at a slower rate than in hardwood domunated
stands, with decay times estimated at fifty years for hardwoods and eighty years for
conifers, which should offset the loss of snags for a few decades (Brais ef al., 2006).
The increase in old downed deadwood, particularly m PCgap, allows the conservation
of the different deadwood structures in the stand and thus the biodiversity associated
with it (Cole et al., 2008).

In comiferous stands, in the first few years after CC, hugh volumes of fresh downed
deadwood has been documented in simular stand types in managed and natural settings
(Heikkala et al., 2014; Moussaowm et al., 2016). Mortality, in the first years after
disturbance, may occur because of competition for resources or gaps generated by the
harvest which create wind inlets, mcreasing the risk of windthrow (Lavoie et al., 2012;
Mascania Lopez ef al., 2006). In our case, the fact that we found high volumes of fresh
downed deadwood may be related to the absence of inventoried snags. Snags were
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probably present in the pre-harvest stands, but they must have been weakened by the
harvesting which create wind entries, and thus fallen on the ground. The volume of
downed deadwood strongly decreased over time in contrast to the snag basal area which
mcreased. This growth 15 a good sign that in the future, deadwood will be available on
the ground, which i1s necessary to conserve old-growth attributes in mature stands

(Martin et al., 2018).

26.3 Combining natural and anthropic disturbances

The continuous recruitment of young trembling aspen in nixed and coniferous stands
could come from the spruce budworm outbreak that occurred in the region between
1971-1985 (Campbell ef al., 2008; Monn et al., 1993). Maleki et al., (2020b) found
that the effect of spruce budworm epidemics on stand development, night be visible
for at least 100 years after the event. Stand replacement dynamucs following
disturbances depended upon the composition of the disturbed stands and site conditions
for instance, seed sources or seed bed limitations (Bergeron, 2000; Colford-Gilks et al.,

¥

2012). Insect outbreaks can increase the regeneration of hardwood species if conifer
regeneration 1s not sufficient (Bergeron ef al, 2014). The epidemic impacted the
regeneration but also probably the vitality of residual comiferous trees, particularly in
the oldest stands. Normally, in natural stands of this age we were expecting to find a
majonty of large diameter coniferous trees (Bergeron, 2000; Campbell ef al., 2008;
Chavardés ef al., 2021; Chen and Popadiouk, 2002). In our case, stands were dominated
by two to four times more saplings than larger trees, dominated by shade intolerant
birch and shade tolerant spruce. This result suggests that in the future, if hardwood
species persist and grow with the comiferous species, we would have more of a mixed
stand than a coniferous dominated stand. The conversion of comfer-donunated stands
to mixedwood stands by spruce budworm outbreaks that favor the recruitment of
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shade-intolerant tree species, such as trembling aspen and white birch was also
observed by Chen and Taylor (2012) and Kneeshaw and Bergeron (1998). This effect
would be accelerated with the combination of CC and would be perceptible for at least
100 years of post-disturbance succession (Maleki ef al., 2020b). Our study confirms
the mmportance of taking the site natural disturbance post history into account in
harvesting plamfication.

27 Conclusions

The principal aim of this study was to identify if silvicultural objectives established in
NDBM were reached following different harvest intensities practiced in three different
stand types representing the three successional stages, i the boreal mixedwood forest.
The residual tree layer in the PC1/3 of hardwood dominated stands clearly retains much
of the closed, relatively intact structure of the control stands. Like Brais et al., (2004)
suggested, the moment of final harvest should be determuned by stand health. PC1/3
may be used to prolong final harvest in stands of nonclonal species by reducing inter-
stem competition and removing the most suppressed trees. In contrast PC2/3 has
slowed the stand development by disproportionately favoring the recrutment and
growth of shade-intolerant species such as trembling aspen. This cut can be used to
conserve hardwood-domunated stands until the saplings in clearcuts grow. These
effects are somewhat similar to those of regular and gap cuts in mixedwood stands,
slowing down the development but also mamntaining the stand 1n 1ts original structure.

Our observations confirmed the assumptions of many others that (1) the more intense
the harvest, the longer it takes for the stand to return to its reference state, (2) post-
harvest stand structure and composition depends on several factors mcluding spatial
patterns of harvest and retention rate, and (3) post-harvest stand successional dynamics
may be influenced by pre-harvest natural disturbances such as spruce budworm
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outbreaks (Bose ef al., 2015a; Bose et al., 2015b; Brais et al., 2013). Our study
confirmed that this silvicultural approach fulfills a part of the NDBM objectives 1e._,
PC allowed the maintenance of stands with muxed structure and composition,
constituting an interesting complement to CC, which reset stand regeneration. However,
1t did not support the ability of PC to enhance the development of old-growth attributes
m mature even-aged stands which could imply future biodiversity losses and thus
deserves a more important temporal follow-up. Furthermore, partial harvest did not
progress younger stands to earlier stages with more intensive harvesting, or even
advance stands to later stages with less mtensive harvesting. We essentially had an
mitial impact that seemed to dissipate over time.
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3.1 Abstract

Sustainable forest management relies on a diversity of harvesting practices to conserve
the variety of stand structures and compositions found in natural forests. Extensive use
of clearcuts can homogemze stand structure by removing all the canopy, damage forest
soils and destroy older downed woody debris already present within stands. In contrast
partial cuts mamntam some standing overstory and conserve certain biological legacies
like large live trees as well as standing and downed dead wood, and thus should better
conserve biodiversity. However, given the large number of species potentially affected
by harvest operations, balancing harvesting intensity and conservation of biodiversity
requires a clear understanding of habitat requirements of resident orgamisms and
species conservation post-harvest. We examined the impacts of increasing intensities
of stem removal (33%, 40%, 66% and 100%) 20 years after harvest on bryophyte
communifies in three stand types common in the succession sequences of Eastern
boreal mixedwood forests that were domunated by trembling aspen, mixedwood and
conifers. While many generalist and common forest species were shared among all
harvesting levels and forest types, more specialized species like liverworts differed
strongly between uncut and clearcut stands and less between uncut and partial cut
stands. Bryophyte species in hardwood dominated stands tolerated more fluctuations
m environmental conditions than species mm muxed stands. We were unable to find
habitat specialists typically associated with conmiferous stands and may be related to
prior outbreaks of spruce budworm that occurred 30 years ago. Our results highlight
how harvest mtensity and forest stand type interact to affect bryophytes and how intact
stands may be required to conserve many species that are sensitive to any degree of
harvesting.
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32 Resume

La gestion durable des foréts repose sur 1utilisation dune diversité de pratique de
récolte afin de conserver la vanété de structures et de compositions des peuplements
que l'on trouve dans les foréts naturelles. L'utilisation intensive des coupes totales
homogénéise la structure des peuplements en retirant I’ensemble de la canopée,
endommageant les sols forestiers et détrnusant le bois mort plus ancien déja présents
dans les peuplements. En revanche, les coupes partielles maintiennent une partie de
'étage donunant et conservent certains héntages biologiques tels que les grands arbres
vivants ainsi que le bois mort sur pied et abattu, et devraient donc mieux préserver la
biodiversité. Cependant, étant donné le grand nombre d'espéces potentiellement
affectées par les pratiques de récolte, 'equilibre entre l'intensité de la récolte et la
conservation de la biodiversité nécessite une compréhension claire des besoins en
habitat des orgamismes résidents et de la conservation des espéces aprés la récolte. Nous
avons exanuné les impacts d'intensités croissantes d'enlévement des tiges (33%, 40%,
66% et 100%), 20 ans aprés récolte, sur les communautés de bryophytes dans trois
types de peuplements communs dans les séquences de succession des foréts boréales
muxtes de I'Est qui étaient dominées par les femllus, mixtes et les coniféres. Alors que
de nombreuses espéces forestiéres généralistes et communes étalent partagées entre
tous les mveaux de récolte et tous les types de foréts, les espéces plus spécialisées
comme les hépatiques différaient fortement entre les peuplements non coupés et 1ssus
de coupes totales et moins entre les peuplements non coupés et i1ssus de coupes
partielles. Les espéces bryophytes des peuplements domuinés par les femllus toléraient
davantage les fluctuations des conditions environnementales que les espéces des
peuplements mixtes. Nous n'avons pas trouvé d’espéce spécialiste des peuplements de
coniféres, ce qui pourrait étre lié a des épidénues antérieures de tordeuse des bourgeons
de I'épinette survenues 1l y a 30 ans. Nos résultats soulignent la facon dont I'intensité
de la récolte et le type de peuplement forestier interagissent pour affecter les bryophytes



et comment des peuplements intacts peuvent étre nécessaires pour conserver de

nombreuses espéces qui sont sensibles a tout degré de récolte.

33 Introduction

Despite a growing consensus that forest management aiming to conserve biodiversity
should be based on the spectrum of disturbance vanability (time interval, size, severnty)
produced by natural regimes (Gauthier ef al_, 2009; Kuuluvamnen, 2002; Puettmann ef
al., 2012), clearcutting remains the domunant harvesting approach in boreal forests
(Boucher et al., 2021; Kuuluvamen and Gauthier, 2018). These intensive cuts produce
complex impacts on species assemblages, including bryophyte communities (Caners ef
al., 2013b; Paquette ef al., 2016). Bryophytes are a fundamental boreal ecosystem
component m terms of richness and function (Fenton ef al., 2015; Holland - Moritz ef
al., 2018; Rudolphi and Gustafsson, 2011; Turetsky ef al., 2012). They are implicated
m water filtration, carbon sequestration, and soil thermoregulation and they also
provide important habitats for cyanobacteria, invertebrates, and seedlings of vascular
plants (Fenton ef al., 2015; Holland - Montz ef al., 2018; Rudolpl1 and Gustafsson,
2011; Turetsky ef al., 2012). Given the functional roles of bryophytes m forest
ecosystems, a change in bryophyte commumity in response to disturbances like
clearcuts could have repercussions on the overall boreal system.

Clearcutting removes all merchantable stems from the canopy and can damage the
forest floor as well as future mnputs of downed woody debris. Clearcutting also
simplifies and eliminates old growth forest structure, and stands are established that
would otherwise be imtiated by natural disturbances such as fire (Bergeron ef al., 2002;
Nguyen-Xuan ef al., 2000). In contrast, partial cuts can attenuate many of these
problems by reducing impacts on forest soils and by conserving biological legacies



61

such as live standing and deadwood (Gustafsson ef al., 2012; Maleki ef al., 2020a).
Thus, partial cuts are thought to maintain elements of existing stand structure and in
some cases even to accelerate the development of structure simular to that of mature
stands that are affected by insect outbreaks, disease and senescence (Brais ef al., 2013;
Gauthier ef al_, 2009).

The term “bryophyte™ groups three phyla of terrestrial plants: the Marchantiophytes
(liverworts), the Bryophytes senso stricto (mosses mncluding the genera sphagnum) and
the Anthocerotophytes (hornworts) which can be differentiated by their morphological
and physiological charactenistics but also by their habitat requuirements (Boudreault ef
al., 2000; Lohmus ef al., 2006). For example, many liverwort species are restricted to
deadwood (Ewald, 2000) and while some species are associated with well-decomposed
coniferous deadwood, such as Cephalozia lunulifolia (Dumort) and Tritomaria
exsectiformis (Breidl. Scluffn), others such as Chiloscyphus pallescens (Ehrh. Ex
Hoffm ) are associated with well decomposed hardwood deadwood (Caners ef al.,
2013a). In addition, bryophytes are poikilohydric, they can gain and lose water rapidly
and have no control over water loss compared to vascular plants. This means that
changes in microclimate like a decrease m hummdity generated by canopy removal will
negatively impact their diversity (Chen et al., 1999; Heithecker and Halpern, 2006).
These umque physiological and habitat requirements make them very sensitive to
forestry operations and thus well suited to study the consequences of forest harvesting
on biodiversity (Caners ef al., 2013b; Paquette ef al., 2016).

Consequently, studies have examined the direct effects of harvesting on bryophyte
biodiversity. Clear cuts can have direct negative impacts on biodiversity, particularly
epixylic bryophytes (deadwood-living bryophytes), as these species requure a constant
supply of decaymng wood, and a hunud and shady microclimate (Cole et al., 2008;
Hofmeister et al., 2015). Partial cuts, in contrast, are believed to have less impact than
clearcuts as the residual stands promote the development of old growth forests
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structural features by ensuring a continual supply of deadwood and the presence of
later successional species (Caners ef al., 2013a; Kuuluvamen ef al., 2019).

Boreal mixedwood stands can be characterized by the successive domunance of
mtolerant hardwood, mixed and softwood stands (Bergeron ef al., 2000; Bergeron ef
al., 2002) and offer a diversity of valuable habitats for bryophytes (Barbier ef al., 2008).
For example, vanation in deciduous tree foliage results in seasonal changes in
temperature, humidity, iradiance, and wind in the understory (Barbier ef al., 2008). In
confrast, the constant and relatively dense overstory of coniferous stands, which retain
their needles all the year, buffers seasonal wvarnations of regional climate on the
understory (Barbé et al., 2020). Thus, bryophyte species in predomunantly hardwood
stands must be able to tolerate more fluctuating seasonal conditions than species in
muxed stands, which must be able to tolerate more fluctuating conditions than species
m coniferous stands.

This study examined the effects of increasing stem removal (33%, 40%, 66% and 100%)
on bryophyte communities in three successional cohorts of boreal mixedwood forests.
Specifically, we tested: 1) whether harvest intensity influenced bryophyte communities,
20 years post-harvest; 2) whether partial harvesting promotes old-growth forest
bryophyte assemblages; and 3) which environmental factors are drivers for bryophyte
communities’ richness? We hypothesized that (1) harvesting treatments in the oldest
forests (cohorts 2 and 3) will have greater effects on bryophyte communities than in
young forests (cohort 1). Twenty years after harvesting, we anticipated greater
differences between control and harvested in the oldest stands where bryophyte
communities should reform more slowly from disturbance. We also hypothesized that
(2) the more intense the cut, the longer it would take to recover habitat conditions
similar to the control stands and thus to observe bryophyte commumities similar to the
communifies in the respective control stands. Finally we expected (3) that across all
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cohorts, that more specialist species, such as those dependent on specific microhabitats,
would be better maintained in less intense harvests (Kiraly ef al., 2013; Rambo, 2001).

34 Matenals and methods

341 Study area

Our study area was located in the Lake Duparquet Research and Teaching Forest
(LDRTF) m the Abitib1 region of northwestern Quebec, Canada (48°30°N, 79°20°0).
The region 1s situated mn the mixedwood zone of the boreal forest, in the balsam fir-
white birch (4bies balsamea (L.) Mill and Befula papyrifera Marsh) bioclimatic
domain. The territory of the LDRTF 1s located on glaciolacustrine clay deposits left by
proglacial Lake Opbway (Vincent and Hardy, 1977). Soil texture 1s charactenized by
heavy clay (>75% clay) and the forest floor 1s a thin mor of 2—7 cm. The climate 1s
confinental with an average annual temperature of 1°C and annual precipitation of
about 989 mm with 30% in the form of snow (Mont Brun weather station, average over
the last 25 years) (Environnement Canada, 2019).

342 Expenmental design and treatments

The SAFE project (french acronym for “sylviculture et aménagement forestier
écosystémique”™ or ecosystem management and sylviculture) was established between
1998 and 2001. SAFE consists of a series of silvicultural experiments carried out n
three stand types corresponding to three cohorts that typify post-fire succession in this
region. Cohort 1 stands were aspen domunated stands (Populus tremuloides Michx ) of
fire ongin dating from 1923. Cohort 2 stands were mixed stands principally composed
of aspen, balsam fir, and white and black spruce (Picea glauca [Moench] Voss and



Picea mariana [Mill.] B.SP)) of fire ongin dating from 1910. Cohort 3 stands were
muxed stands with balsam fir, spruce and paper birch (B. papyrifera) that expenenced
a partial disturbance from the spruce budworm outbreak (Choristoneura fumiferiana
Clem., Lepidoptera: Tortricidae, 1970-1987), in fire onigin stands dating to 1760
(Bergeron and Dansereau, 1993; Morin, 1994) (Figure 3.1).

In stands from cohort 1, one no-harvest (control), one clear cut treatment (CC) and two
partial cut (PC) treatments were carried out. One-third cuts (PC1/3), removing about
33% of the total basal area, and two-third cuts (PC2/3), removing about 66% of the
total basal area were applied. The first cut consisted of a thinning from below where
non-vigorous stems were removed and the second cut was essentially thinned from
above with larger, vigorous stems preferentially selected. For stands from cohort 2, one
confrol, one CC and two types of PC cuts where 40% of the stems were harvested were
made: one cut with regular harvest, 1e. all trees were removed in 5 m-wide hauling
trails, and approximately 25% of stems were harvested to a depth of 6 to 7 m 1n the
adjacent strips (PCreg), and one cut with harvest by gaps of approxumately 400 m? in
area (PCgap) (Figure 3.1). In stands from cohort 3, one control and one CC were
apphied. Expennmental umits ranged from 1 to 2.5 ha in size and were applied mn a
complete block design with three replications of each treatment. Harvesting was done
without heavy machinery in all treatments. Before harvesting, i each experimental
unit, 5 circular permanent plots of 400m? (radius = 11.28m) were established to follow
the stand structure and composition over time for a total of 150 plots, 60 plots in each
stand of cohorts 1 and 2, and 30 in stands of cohort 3.
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Figure 3.1 Experimental treatments of the three phases of the SAFE project. Source:
http://safe ugat ca/default htm

343 Sampling design

3431 Stand structure and downed deadwood

In each permanent 400m? plot, all live stems greater than 9.1 cm in diameter at breast
height (DBH) were identified and measured to determune tree density by species
(Annexe B). Total hardwood and coniferous basal area m each plot represent the “stand”
descriptor variables i the models. In each permanent plot, we also count all stumps


http://safe.uqat.ca/default.htm

and standing deadwood, snags, where bryophytes were present. We estimated volume
of downed deadwood (for logs with a diameter > 5 cm) using the line-intercept method
(Van Wagner, 1982). One triangle with 30 m sides was sampled i each block of each
treatment and deadwood frequency was recorded by diameter and by decomposition
class based on Daniels et al. (1997). Coarse deadwood was divided into two large
decomposition classes: fresh and well decomposed (fresh dw =classes 1 to 3, old dw=
classes 4 to 5) and summed over all diameter classes. Stump abundance, snag
abundance, fresh deadwood volume, and old deadwood wvolume represent the
“microhabitat™ varables in the models.

3432 Environmental conditions

Weather micro-stations (WatchDog 1525 Micro station) with soil moisture and
temperature probes (SM 100 soil moisture sensor and SMEC 300 soil moisture / EC /
temperature) were placed 10 cm deep in the soil. We selected randomly and placed
stations in three of the five permanent 400m? plots in each treatment, per block, per
cohort, for a total of 90 stations. Temperature and arr hunmdity measurements were
taken every hour, duning a growing season (June 1st to the end of September i 2020)
(Annexe B). We took the 2 extremes of temperatures, mmmimum and maximum, at each
plot to then make an average mumimum and maximum per freatment per cohort, over a
growing season. Average mummum and maximum soil temperature and moisture
content represent the climate variables in the models.
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3433 Bryophyte communities

We used the transect method for the bryophyte inventory (Kerns et al., 2002). From
the center of each permanent plot, we traced a 11.28 meter long (radms of the
permanent plot) and 1 meter wide transect, oriented north to south. Across the entire
transect, we collected bryophytes by microhabitat. The types of microhabitats were
trees bases (<2m from the ground), snags, fresh deadwood, old deadwood, stumps, and
nmuneral soil. All the sampled bryophyte specimens were placed mn individual marked
paper bags to be identified mn the laboratory. Taxonomy 1s based on Faubert (2012,
2013, 2014).

species have a good dispersal capacity and few ecological requirements to establish a
colony. Therefore, they often have a large distnbution range and are found 1n a variety
of habitats. Specialist species are closely associated with specific microhabitats (the
smallest subunit of forest habitat like pieces of deadwood, rocks), with narrow
ecological requirements and reduced dispersal abilities (During, 1992; Johansson et al.,
2012).

344 Data analyses

3441 Response of bryophyte communities to treatments, as a function of cohorts

We evaluated the pattern of overall commumity composition by species lifeform across
cohorts and treatment types with principal coordinate analysis (PCoA; (Borcard ef al.,
2018)) based on Bray-Curtis dissimilarity. Negative eigenvalues, obtained from PCoA
axis were corrected by the Cailliez correction (Gower and Legendre, 1986). Caillez
correction consists of adding a constant to the dissinulanty matrix to get two null
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eigenvalues and the others positive in PCoA We performed a prion tests of freatment
and cohort effects on community pattern using distance-based tests of multivariate
differences between treatment types (10 predefined groups) using multiple response
permutation tests (PERMANOVA), with 9999 permutations (Anderson, 2014). These
analyses PCoA and PERMANOVA were then repeated for each cohort separately. To
visualize species found and share by treatment of each cohort we made Venn diagrams
(Gao efal., 2021).

We compared bryophyte richness between treatments within each cohort. Bryophyte
richness was expressed as the average number of species per plot per treatment type in
each cohort and are examuned for all bryophyte species combined (total species
richness) and for each bryophyte Life form (average nchness of hiverworts, acrocarpous
and pleurocarpous mosses). To determune the response of species richness to treatments,
we first ran model selection to identify the best random effects model, associated with
the nested sampling structure. The model with only block effect, excluding the plot had
the lowest AICc. Then generalized linear mixed models (Poisson famly) with random
block effects were used to evaluate the differences in specific richness between
treatments as a function of cohort (Annexe A). Post hoc tests based on Tukey were
performed to exanune the differences among pairs of treatments.

3442 Relationship between life form and environmental conditions mn the cohorts

To mvestigate the effect of environmental variables on bryophyte commumnities,
represented by the richness of each life form in each cohort, we performed multimodel
selection based on eight candidate models that included a null model, individual and
combined models of the environmental variables and the bryophyte richness for each
life form in each cohort (Tableau 3.1). We used generalized linear mixed models with
the Poisson fanuly. The responses to treatments and environmental conditions of
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acrocarpous, pleurocarpous and liverworts commumities were examined cohort by
cohort. Environmental conditions were represented by stand structure (hardwood and
coniferous species densities), microhabitats (abundance of stumps and snags, volume
of fresh and old deadwood on the ground) and climate (mean mimmum and mean

maximum soil temperature and moisture content over a growing season).

Tableau 3.1 Models tested for multimodel selection procedure for each life form and
each cohort.

Model Variables considered

Null model 1

Each class of variable separately

Climate min_temp + max_temp + min_soil_moist + max_soil_moist
Stand hardwood + coniferous

Microhabitats stumps + snags + fresh_dw + old_dw

Combined models

min_temp + max_temp + min_soil_moist + max_soil_moist +

Climate + Stand .
hardwood + coniferous

Climate + min_temp + max_temp + min_soil_moist + max_soil_moist +
Microhabitats stumps + snags + fresh_dw + old_dw
Stand +
. . hardwood + coniferous + stumps + snags + fresh dw + old dw

Microhabitats P &S - -
Global model

min temp + max temp + min soil moist + max soil moist +
Complete —temp —emp - = - =

hardwood + coniferous + stumps + snags + fresh_dw + old_dw

Candidate models were ranked based on the Akaike information criterion corrected for
small sample size (AICc, (Burnham and Anderson, 2002)). Models with the lowest
AICc were considered the best compromise of parsimony and explanatory power.
Several models can be selected, we have chosen to keep the models that had a delta
AlICc < 2. In this case, evidence-ratio tests were performed to compare their respective
explanatory weight. Subsequently, based on the previous models, the effect of each
explanatory variable of the best model(s) was examuned and i1t was determuned that
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variables with 95% confidence intervals excluding 0 had a sigmificant effect on
community composition.

All analyses were conducted with R software (version 4.0.3, R core Team 2020). Lme4
and emmeans packages were used for general linear models and post-hoc tests. PCoA
and PERMANOVA were conducted with the vegan package (version 2.3.0; (Therneau,
2004)). AICc were computed with the aicemodavg package (version 2.1.1, (Mazerolle,
2017)). In all statistical tests, a P value < 0.05 is considered significant.

35 Results

351 Bryophyte commumty: composition across cohorts

We 1dentified a total of 69 species of bryophytes, 25% of which can be considered rare
m the dataset (< 5 occurrences, < 0.1% of the total observations) (Figure 3.2, Annexe
C). 19 species of all those identified were found in all treatments in the 3 cohorts. Four
of these species were acrocarpous, ten were pleurocarpous and five were hiverworts.
Bryophyte composition varied by cohort (PERMANOVA results, pseudo-F = 5.233,

2= 0.15467, p = 1 e~ 04#*¥) but community differences among treatments within a
cohort were more linited. There was a gradient from hardwood domunated stands,
cohort 1, to mixedwood stands, cohort 2, along the first axis (varance explained:
10.16%) with clearly separated ellipses (Figure 3.2). The comferous stands, cohort 3
was primarily explained by the second axis (vanance explained: 6.70 %) (Figure 3.2).
Many forest generalist species were shared among the three forest types, including 78%
of acrocarpous species (e.g. Dicranum montanum Hedw., Dicranum polysetum Sw.,
Plagiomnium cuspidatum Hedw.) and 68% of pleurocarpous (Brachythecium
campestre Miill Hal, Callicladium haldanianmum Grev., Sanionia uncinata Hedw )
(Figure 3.2, Annexe C). However, only 35% of the liverworts were found in all three
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cohorts, such as common species like Chiloscyphus profundus Nees, Ptilidium ciliare
L. and Ptilidium pulcherrimum Weber. This lowest simularity among cohorts in the
liverwort group 1s reflected by the presence of species umque to a given treatment.
Aneura pinguis L., Barbilophozia attenuata Mart., Bazzania trilobata L., and Geocalyx
graveolens Schrad., were only found in cohort 1 in the PC or in the control (Figure 3.2,
Annexe C). Frullania inflata G., Homalia trichomanoides Hedw., Jamesoniella
autumnalis DC,, Radula complanate L. were only found m the PC or in the control
from cohort 2. No species were unique to cohort 3 which had only two treatments,

control and clearcut.
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Figure 3.2 Principal coordinates analysis (PCoA) based on the abundance of species,
m function of life form, in each plot represented by a treatment (harvesting type) and a
cohort (stand age at the time cuts were made). Acrocarpous species are represented by

red, pleurocarpous species by green, and liverworts by blue. The ellipses regroup the
most common species m each cohort. Each treatment 1s represented by a different.

When performing PCoA on each cohort separately, a gradient from control to CC, via
PC stands seemed to be mostly explained by the second axis (7.37% in cohort 1, 8.32%
mn cohort 2, and 9.19% in cohort 3). However, differences between treatments are not
visible (Figure 3 .3) suggesting that very few species are umque to one treatment. With
PERMANOVA analyses, differences between communities were found in cohort 1 (F



73

=2.5941, R2 = 0.12201, p = 1 e ~%***+) and cohort 2 (F = 2.5086, R? = 0.11847, p =
1 e~ 04#%¥)_ In cohort 3, there was no difference between the two treatments applied,
CC and control (F = 1.3963, R?=0.04917, p = 0.1541).
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1,b. Cohort 2, c. Cohort 3), based on the abundance of species, in function of life forms,
m each treatment (harvesting type). The centroid of the plots for a same treatment 1s
represented by the treatment name in the PCoA. PC 1s for partial cut. See Annexe C for
more details on the species in each cohort.



15

In cohort 1, 54.1% of the total species found (61 species) were present in all treatments
(Figure 3.4). There were very few species unique to a given treatment (11 species).
Two unique species were found in the most intensive harvesting stands (PC2/3 and CC)
and three and four species were found in control and PC1/3, respectively. Most of these
species were acrocarpous in control stands and all species umique to PC were liverworts.
In PC1/3 were Hedwigia ciliate Hedw., Barbilophozia attenuata Mart., Nowellia
curvifolia Dicks Mitt. and Radula complanate L. Dumort. and in PC2/3 were Aneura
pinguis L. Dumort and Chiloscyphus graveolens Schrad. (Figure 3.3, Annexe C). In
cohort 2, 52 7% of the total species found (55 species) were present in all treatments
(Figure 3.4). Two generalist species were umque to CC stands, one acrocarpous
(Polytrichum juniperinum Hedw.) and one pleurocarpous (Brotherella recurvans
Michx ) (Figure 3.3, Annexe C). The umque species in PCgap was a liverwort,
Scapania apiculata Spruce. Ten species were umque to control stands: four
acrocarpous species, three pleurocarpous species, and three hiverworts (Figure 3.4,
Annexe C). In cohort 3, 79.2% of all the species found (48 species) were found in
confrol and CC stands (Figure 3.3). The eight species umque to control stands were
primarily pleurocarpous (4 species) and then hverworts (3 species) and finally
acrocarpous (1 species) (Figure 3.3, Annexe C). The two species umque to the CC
stands were pleurocarpous (Amblystegium serpens Hedw Sclump. and Pylaisia
polyantha Hedw Schimp ).
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Figure 3.4 Venn diagram of all species found in each treatment of each cohort, a
Cohort 1, b. Cohort 2, c. Cohort 3. Numbers in overlapping areas indicate the number
of species found in more than one treatment. See Annexe C for more details on the

unique species i each section.

352 Bryophyte commumty: differences between treatment as a function of cohort?

The response of bryophyte species richness to harvesting treatment varied by cohort
and by life form The random effect block had a vanance of 0.00065 + 0.04 meaning
that 1t may be considered uniform (Annexe A). In cohort 1, total bryophyte richness
was lower in CC stands than in control and partial cuts (Figure 3_5). These differences
were driven primarily by the loss of pleurocarpous species in the CC stands. No
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differences were observed for acrocarpous species richness among treatments. For
liverworts, PC2/3 stands had higher richness than the other treatments. In cohort 2, total
bryophyte richness declined significantly in PC regular and CC stands relative to uncut
stands. This trend 1s particularly visible for the liverworts. Control and PC gap stands
had higher liverwort richness than i PC regular and CC stands. While overall
bryophyte richness did not change i cohort 3 between treatments, fewer liverworts
were observed in CC than in control stands (Figure 3.5).
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Figure 3.5 Mean specific richness per transect presented by total species richness and
bryophyte life forms for the three cohorts. Richness 1s compared between treatments
of the same cohort. Statistical sigmficant difference as determuned by Tukey tests 1s
mdicated by letters. Different letters indicate a significant difference by panel.
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353 Relationships between life form and environmental conditions i the cohorts

For acrocarpous and liverworts species, variables related to the microhabitat and to
stand composition had the greatest influence in the three cohorts (Tableau 3.2),
mdicating the presence of specialized species associated with living or dead trees. In
the case of acrocarpous species, the presence of epiphytic species like Dicranum
flagellare Hedw_, Mnium spinulosum Bruch & Schimp. or Plagiomnium drummondii
Bruch & Schimp or epixylic species like Aulacomnium palustre Hedw. Schwigr.,
Oncophorus virens Hedw. Bnid. or Tefraphis pellucida Hedw. (Hill ef al., 2007), in the
three cohorts, nught explain the influence of the microhabitat and stand models. In the
case of liverworts, most of species found m the three cohorts are associated with
microhabitats and especially deadwood like Chiloscyphus profundus, Jamesoniella
autumnalis or Ptilidium pulcherrimum, the three most frequent species. For
pleurocarpous species, the best model was the Null model for the three forest types,
suggesting that the richness of this life form maybe related to other ecological variables
that were not measured in this study. Most of the species found are considered epigeic
(Brachythecium campestre, Pleurozium schreberi Willd. Ex Bnd., Ptilium crista-
castrensis Hedw. De Not.) so probably related to soil conditions, which must be other
than temperature or hurmdity measured n this study or other more stochastic variables

such as those related to dispersion.
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Tableau 3.2 Results of the multimodel selection of Poisson mixed models describing
the effect of the environment on bryophyte life form richness i the communities per
cohort/forest type. See Figure 6 for more details on the vanable effects for each life

form in each cohort.
Cohort: Life form Modelname K AICc AAICc AlCcwt CVidence
forest type ratio
Microhabitat 5 241.96 0.00 0.47
Cohort1:  'crocarpous i:?c':‘i;ab“at 7 24369 173 o020 27
Ei‘::i':] teg _Pleurocarpous Null 1 27534 000 0.77
stands Stand 3 24958 000 044 514
Liverworts Microhabitat 5 251.10 1.52 0.21 )
Null 1 25137 180 018
Stand 3 23313 000 048 224
Cohort 2- Acrocarpous  Null 1 23474 161 021
mixed Microhabitat 5 235.11 198 0.18
stands Pleurocarpous Null 1 276.88 0.00 092
Liverworts Stand 3 24167 000 050 27
Climate 5 24365 198 0.19
Acrocarpous Null 1 12144 0.00 0.69 538
Cohort 3: Stand 3 12317 173 029
coniferous  Pleurocarpous Null 1 13456 0.00 0.5
mixedwood Liverworts Null 1 12319 0.00 051 1.43
Stand 3 12391 072 036 |

Notes: Only the first three best models are presented. Number of parameters (K),
second order Akaike information criterion (AICc), distance from the best model
(AAICc), Akaike weight (AICcwt), and value of the evidence ratio between the best
model and the second model.

Taken separately, most environmental variables had little effect on the richness of

bryophyte lifeforms (Figure 3.6). However, in cohort 1, acrocarpous species richness
decreased sigmificantly with increasing volumes of downed fresh wood. In cohort 2,

pleurocarpous species richness decreased significantly with increasing volumes of
older downed wood.
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Figure 3.6 The influence of environmental vanables on bryophyte abundance per life
form based on Generalized linear muxed models (Poisson famuly). Statistical

significance 1s indicated by an asterisk, * indicate a p-value < 0.05.



82

3.6 Discussion

36.1 Influence of cohort phases in commumty response to treatments

Bryophyte responses to harvest intensities differed among the three cohort types. In
cohort 1, regardless the intensity of partial cut, total bryophyte and life form richness
was similar to that found in the stands evolving naturally (controls), showing the
resilience of the commumities. In confrast, 20 years after clear cut the bryophytes
richness was lower compared to the control stands, especially for the pleurocarpous
and hiverwort species. In deciduous forests composed primanly by trembling aspen,
birch spp. and black alder (4lnus glutinosa) of Latvia, MadZzule et al. (2012) showed
that non-intensive management (selective cuts) for a period up to 90 years can result in
a high biological value hardwood forest. They found that epixylic bryophyte richness
was sigmificantly higher in these less managed stands compared to intensive managed
stands (clearcuts), which may be explained by the greater temporal continmty of dead
wood supply in the latter. In our sites, the snag inflow i clearcuts was sigmificantly
lower than in control stands and there was less fresh and old downed deadwood
amounts, which can explam the differences found mn bryophyte richness between
treatments (Noualhaguet ef al., 2023c). Species associated with deadwood like the
acrocarpous species Hypnum imponens and Pylaisia infricata or the liverworts
Bazzania trilobata and Frullania oakesiana (Hill et al., 2007) were found in control
and less mtensive treatments but not in clearcuts stands. In contrast, by looking on the
total bryophyte species richness, like us, Madzule ef al. (2012), did not find sigmficant
differences between intensive and non-intensive managed stands.

In cohort 2, regardless of the harvest level, there was a loss in bryophyte richness;
acrocarpous species decreased after partial cut by gap and liverworts decreased after
partial cut regular. In cohort 3, while total richness was similar between clearcut and
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confrol stands, differences were found for the liverworts. Caners ef al. (2013a) studied
the bryophyte assemblage structure after partial harvesting in western boreal forests in
Canada, domunated by varymg amounts of broadleaf (Populus tremuloides Michx. and
Populus balsamifera L.) and coniferous (Picea glauca [Moench] Voss) canopy cover.
They also noted a decrease in richness of liverworts 56 years after partial harvest in
mixed and coniferous stands attributed to a reduction in tree retention. In their study
the same species as in our study, Blepharostoma trichophyllum, Cephalozia lunulifolia
and Lepidozia reptans, were less frequent with the increasing harvest intensity.
Moreover in their study the group of mosses sensus stricto did not differ in nchness
between retention levels, suggesting that they were not as sensitive to changes in local
habitat conditions as liverworts (Caners et al., 2013a). We again found the same species,
such as the acrocarpous species Dicranum fuscescens and Plagiomnium cuspidatum or
the pleurocarpous species Brachythecium campestre and Sanionia uncinata, which
were present at high frequency n all types of treatments. Our similar results indicate
that these different bryophyte life forms respond sinularly to harvesting in eastern and
western Canada m nuxed boreal stands.

36.2 Role of environmental conditions in determining species and commumity

response

Bryophyte richness in deciduous stands was less impacted after treatment than i mixed
stands. This completes the study of Barbé ef al. (2020) conducted in muxed and
coniferous forests. They showed that the bryophyte commumty in mixed forests were
more tolerant to changes in environmental conditions than the community in coniferous
forests. Here, we showed that the community in hardwood stands are even more
tolerant than the community in mixedwood stands following partial cuts. The greater
tolerance of these commumities could be due to a greater tolerance to changing
environmental conditions. In fact, young stands were mostly composed of trembling
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aspen (Populus tremuloides Michx). This deciduous species loses its foliage every
winter creating seasonal fluctuations m temperature, humidity, irradiance, and wind 1n
the understory (Barbier ef al., 2008). In contrast, the constant and relatively dense
overstory of comferous stands, which retain their needles all year, nutigate seasonal
variations of regional climate in the understory (Barbé ef al., 2020). In our study, the
maximum and mummum so1l temperature and soi1l moisture varied significantly in only
the cohort 2 stands but not in cohorts 1 and 3 stands. These vanables were not found
sigmificant, but they could be biologically, influencing the richness of the different life
forms. Thus, bryophytes would have been prnimanly affected by the intensity of
harvesting, correlated with the density of hardwoods and comifers m the canopy.
Bryophyte species in predominantly hardwood stands were able to tolerate greater
fluctuations m seasonal conditions than species in mixed stands which mught be able
to tolerate more fluctuating conditions than species in coniferous stands.

In cohort 3, we observed no differences between bryophytes in clearcuts and uncut
stands 20 years post-harvest and nearly all bryophyte species in these stands were also
found in Cohorts 1 and 2. A previous epidemuc of spruce budworm that occurred
between 1970 and 1987 (Morin, 1994) may have had lasting impacts on bryophytes
that obscured differences generated by harvesting. In the absence of spruce budworm
outbreaks, comfer species strongly influence light, temperature and hunudity in the
understory which in turn can favor bryophyte communities that are rich in specialized
species, particularly hiverworts and small species (Bergeron and Fenton, 2012; Paquette
etal., 2016). However, during spruce budworm outbreaks, the defoliation of coniferous
species, leaves space and light in the understory that often favors the reestablishment
of hardwood species. After the end of the epidenuc, defoliated trees continue to die for
decades, allowing hardwood species to reach the canopy (Chen and Popadiouk, 2002).
Hardwood donunated or mixed overstories necessanly impart more seasonal changes
m the understory when leaves are lost during fall and winter. Increased light and wind
can reduce soil forest moisture and alter bryophyte composition (Barbier ef al., 2008).
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We could therefore assume that the bryophyte communities present before the cuts
were already habituated to fluctuating seasonal environmental conditions, such as the
communifies present in mixed, or hardwood stands. The influence of the canopy
composition was directly reflected by the results of the multimodel selection. The Stand
model, represented by the total basal area of hardwood and coniferous tree species, was
among the best models explaimning the acrocarpous species and liverwort richness n
the three cohorts.

Pleurocarpous species were the most abundant i all treatments in all stand types, but
no environmental conditions explamed pleurocarpous species nichness probably
because most of the species found are known to be forest generalists, with broad
ecological requirements and distribution ranges that indicate good dispersal abilities
(Barbé et al., 2020; Dunng, 1992). In aspen stands domunant species were
Brachythecium campestre and Callicladium haldanianum and 1n nuxed stands, cohorts
2 and 3, feather mosses, mamnly Pleurozium schreberi and Ptilium crista-castrensis
were domunant (Paquette ef al., 2016). These species, considered as good colomzing
and perenmal species, mhibit the establishment of other species.

363 Response of hiverworts to harvesting

Liverworts are known to be more specialist species, closely associated with one or a
few well-defined mucrohabitats, with narrow ecological requirements and reduced
dispersal abilities (Caners ef al., 2013a; Johansson ef al., 2012). In our study, liverwort
species richness was primanily explained by stands variables (hardwood and comiferous
basal area). The hiverwort commmunity richness differed from control stands when cuts
were imtense (1.e_, CC) mn cohorts 2 and 3 or when cuts were regularly spaced (1e., PC
regular) n mixedwood stands from cohort 2. The regular partial cut 1s when all types
of stems are harvested in a umform manner to imutate/accelerate the self-thinning
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phenomenon, during which some intermediate individuals in competition for resource
capture will die (Brais ef al., 2013; Chen and Popadiouk, 2002). Practiced in
mixedwood stands, thinning cuts “release” balsam fir and thus accelerates natural
succession by homogemizing the proportion of trembling aspen and fir found (Prévost
and Gauthier, 2012). In our study sites, even though we observed a homogemzation
between deciduous and coniferous species after this regular partial cut, the abundance
of trees was significantly lower than in unharvested stands (Noualhaguet ef al., 2023c).
This might explamn the sigmficantly lower presence of liverwort species, in particular
epiphytic species, which grow on the trunk of trees. In control and regular partial cut
stands, 14 species of liverworts were found, nine were in both treatments and four were
umquely found in control stands. Of these, three were associated with trees: Frullania
inflata, Homalia trichomanoides, and Radula complanata. In contrast, the thinming cut
m cohort 1 stands, had no impact on liverwort communities 20 years later, probably
because stands conserved and recovered structures, compositions, and attributes of
confrol stands (Noualhaguet et al., 2023c). Thus suggests that in addition to the overall
level of retention, the distribution of standing residual trees within harvested blocks 1s
also an important factor to mamtamn communities of species that we find mn uncut stands.
Stmlar responses have been reported elsewhere for bryophytes (Caners ef al., 2013a),
seedling regeneration (Bose ef al., 2015a), and ground beetle commumities (Brais ef al.,
2013).

In cohort 1, liverwort species nichness was secondly explained by nucrohabitat
variables (deadwood volume, stumps, snags), which was consistent with the tight
relationship of this group with its substrate (Caners ef al., 2013a; Johansson ef al.,
2012). Liverworts commonly grow as epixylics on decayed wood in boreal forests and
are sensitive to canopy removal (Arseneault ef al., 2012; Fenton et al, 2003).
Deadwood dynamics are often the focus of restoration and species conservation efforts
(Harvey and Brais, 2007; Vanha-Majamaa et al., 2007). The elevated, convex surface
of this substrate may lose moisture quuckly after harvest (Hylander, 2005). Any degree
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of partial harvesting in mixed and comiferous stands results i a significant reduction
m soil moisture compared to intact forest (Caners, 2010) and a loss of species
associated with decaying wood (Arseneault ef al., 2012; Caners et al., 2013a).
Therefore, value of deadwood as a habitat for bryophytes 1s dimimished after harvesting

3.7 Conclusion: implications for species conservation and forest management

These observations underscore the importance of harvest configuration and intensity,
but also the condition of the post-harvested stands, structure, and composition, for the
maintenance of bryophytes in managed forests. If the conservation efforts typically
focus on older forests, we showed 1n this study the diversity of species associated with
young forests and thus the importance to also consider these stands in management and
conservation plans. Overall, harvesting intensity led to reduced bryophyte richness,
hardwood forests showed less response to harvesting than did mixedwood or comifer
forests, and alternative forest management practices, like partial cuts, can have a
considerable influence on bryophyte assemblages. The threshold of harvesting
mtensity, to preserve species associated with mature forest, seems to be at a maximum
of 33% of basal area. After 20 years, we observed a good recolomization of generalist
and common forest species shared among all harvesting levels and forest types.
However, these larger species could inhibit the establishment of other species. To
counteract this effect, the addition of live or dead wood trunks, substrates suspended
above ground level, create relatively protected habitats from competition by perenmal
feathermosses, and thus promote new species establishment (Arseneault et al |, 2012).
By letting the stands evolve completely naturally during these 20 years, like a passive
conservation, it seems that the imtial deadwood inflow created by harvesting developed
and allowed the presence of rare and more specialized species like liverworts. Many
attributes of wood influence the quality of habitat that 1t provides to epixylic species:
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water content, texture, abundance, decomposition class and position relative to the
forest floor. Thus, passive conservation can be problematic if there 1s no new inflow of
deadwood which can stop the diversity of these bryophytes’ mucrohabitats. It was
estimated that passive conservation of a harvested stand can allow 1t to reach an
adequate biological value in a period of 45 to 90 years (Madzule ef al., 2012). If we
want to accelerate the processus of recolomisation of species, active restoration which
creates a continuous supply of dead wood combined with passive conservation, like
already suggested in other countries in the boreal zone (Berglund ef al., 2011; Lilja-
Rothsten ef al., 2008), are prescribed 1 the boreal mixedwood forest.
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41 Abstract

Natural Disturbance Based Management (NDBM) 1s hypothesized to maintain
managed forest ecosystem mtegnity by reducing differences between natural and
managed forests. The effectiveness of this approach 1s commonly assessed by
quantifymng differences in species composition or diversity for a variety of biota
Momitorng often includes understory vegetation because of its broad importance to
nutrient cycling, forest regeneration, and wildlife. Despite progress on understanding
responses of plant communities to forest harvesting, most of these studies have been
conducted at local scale. A trait-based approach allow to obtain greater comparability
among sites, improving our understanding of simlarities and differences in responses
to disturbance by communities with distinct species assemblages. We sought to better
understand the long-term influence of retention harvesting in two distinct regions of
the Canadian boreal forest We utilized two large experimental tests of NDBM:
Sylviculture en Ameénagement Forestier Ecosystémuque (SAFE) and Ecosystem
Management Emmlating Natural Disturbance (EMEND), located in the eastern and
western regions of the Canadian boreal, respectively. Both expeniments were designed
to test the effects of canopy retention levels on biodiversity including understory plant
communities. EMEND and SAFE have distinct tree communities, while sharing some
ubiquitous species, with distinct soils and climate. We examined functional
composition (using commumty trait mean values) and vanation m trait values
(intraspecific trait vanmabihity (ITV)) for five common species. The impacts of
harvesting on understory community taxonomuc richness, functional diversity, and
functional traits were linited 20 years post-harvest. In terms of ITV, leaf morphological
traits varied between retention levels within each experiment, depending on the species
identity. The five species studied were characterized by different functional responses
to retention, showing species-specific reactions to environmental variation. These
results showed the potential of NDBM tfo mamntamn understory commumnities.
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Furthermore, they highlight the importance of mtraspecific vanability m plant
communities for understanding responses to forest harvesting and the relevance to
choose traits appropniate to study the species response’ at the environment.

42 Resume

La gestion basée sur les perturbations naturelles (NDBM) permettrait de maimntemr
I'intégnité écologique des écosystémes forestiers gérés en rédusant les différences entre
les foréts naturelles et les foréts gérées. L'efficacité de cette approche est généralement
évaluée en quantifiant les différences dans la composition ou la diversité des espéces
pour une variété de biotes. Les suivis portent souvent sur la végétation du sous-bois en
raison de son importance dans le cycle des nutriments, la régénération des foréts et
ressources pour la faune Malgpré les progrés réalisés dans la compréhension des
réponses des communautés végétales a l'exploitation forestiére, la plupart des études
ont été menées a l'échelle locale. Une approche basée sur les traits permet d'obtenir
une plus grande comparabilité entre les sites, améliorant ainsi notre compréhension des
similitudes et des différences dans les réponses des communautés aux perturbations.
Nous avons cherché & mieux comprendre l'influence a long terme de la récolte par
rétention dans deux régions distinctes de 1a forét boréale canadienne. Nous avons utilisé
deux grands tests expérnimentaux du NDBM : Sylviculture en Aménagement Forestier
Ecosystémique (SAFE) et Ecosystem Management Emulating Natural Disturbance
(EMEND), situés respectivement dans les régions est et ouest de la forét boréale
canadienne. Les deux expériences ont été concues pour tester les effets des mveaux de
rétention de la canopée sur la biodiversité, y compris sur les communautés végétales
du sous-bois. SAFE et EMEND ont des communautés d'arbres distinctes avec des sols
et des chimats différents, tout en partageant certaines espéces omniprésentes. Nous

avons exanuné la composition fonctionnelle (en utilisant les valeurs moyennes des
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traits de la communauté) et la variation des valeurs des traits (vanabilité intraspécifique
des traits (ITV)) pour cing espéces communes. Les impacts de la récolte sur la richesse
taxonomique, la diversité fonctionnelle et les traits fonctionnels de la communauté du
sous-étage étatent linutés aprés 20 ans. En termes d'TTV, les traits morphologiques
foliaires ont varié entre les niveaux de rétention au sein de chaque expénence, en
fonction de 'identité de l'espéce. Les cinq espéces étudiées se sont caractérisées par des
réponses fonctionnelles différentes a la rétention, montrant des réactions spécifiques
aux espéces aux variations environnementales. Ces résultats ont montré le potentiel du
NDBM pour maintemr les communautés du sous-étage. En outre, ils soulignent
I''mportance de la variabilité mtraspécifique dans les communautés végétales pour
comprendre les réactions a l'exploitation forestiére et 1a pertinence de choisir des traits

appropriés pour étudier la réaction de l'espéce a I'environnement.

43 Introduction

In the boreal forest of Canada, conventional forestry practices such as clearcutting
prioritize efficient timber production. While clearcutting achieves the objective of
efficient imber production, 1t simplifies forest structure and composition at multiple
scales, which reduces habitat and species diversity (Gustafsson ef al., 2012; Venier ef
al., 2014). Increasingly, a broader set of priorities 1s emphasized, including sustamning
forest biodiversity. The use of the Natural Disturbance Based Management (NDBM)
approach has been promoted as a method to retamn the range of vanability found in
natural ecosystems (Bergeron and Harvey, 1997; Kuuluvamnen, 2002). Operationally,
NDBM relies on a variety of silvicultural approaches, including those that retain both
live and dead frees at the stand scale to mamntain forest complexity at the landscape
scale, constifuting a sustainable alternative to traditional clearcutting practices often
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applied in boreal forests (Gauthier et al., 2009; Kuuluvainen, 2002; Puettmann ef al.,
2012).

In North American boreal mixed forests, natural and anthropogenic disturbances drive
forest dynamics and shape the vanety of habitats observed at the landscape and stand
scales (Chen and Popadiouk, 2002; Venier et al., 2014). Timber harvesting leads to a
series of changes in ecosystem properties, including mereased light availability, soil
moisture and available nutrients (Aerts and Chapin, 1999; Haeussler ef al., 2002;
Weither and Keddy, 1995). Harvesting also creates colomzation opporfumities by
liberating space and increasing resource availability. Following harvest, species
richness often increases (Dodson ef al_, 2008; Wei et al_, 2019; Wienk et al_, 2004) due
m part to establishment of species with an “acqusitive” ability (fast-growing, shade
mtolerant species, short life span) (Aerts and Chapin, 1999; Haeussler et al., 2002;
Weiher and Keddy, 1995). Through time as plant communities develops the availability
of light, soil nutrients, and moisture decline, and plant species with more
"conservative" ability (low-growing, shade tolerant species, long life span) become
more domnant (Aerts and Chapin, 1999; Cornwell and Ackerly, 2009; Wether and
Keddy, 1995).

Quantifying how species composition or diversity differs between unmanaged versus
harvested forests has been a key measure of the effects of forest management.
Understory plants play an important role in mamtaiming biodiversity, carbon stocks and
so1l nutrient cycling (Gilliam, 2007; Zhou et al., 2018) and are also important indicators
of forest site quality (We1 ef al., 2020). The study of plant functional traits offers a
means to effectively characterize and compare, mm a standardized way, plant
performance and fitness across large environmental gradients where sinularity in
species composifion, and thus direct compansons of performance, may be lumted
(Garmier ef al., 2016; Violle ef al., 2012).
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Environmental filtering not only selects local species from a larger regional species
pool, but also selects individuals within species, represented by the mftraspecific trait
vaniability (ITV) (Kichemin ef al., 2013; Kumordz ef al., 2019; Violle et al., 2012). It
15 well known that leaf morphological traits, such as specific leaf area (SLA, the ratio
of water-saturated leaf area to leaf dry mass) and leaf dry matter content (LDMC, the
ratio of leaf dry mass to water-saturated fresh mass), and leaf chemical traits, such as
leaf mitrogen and phosphorus concentrations (LNC, LPC), respond plastically to the
light environment in which a leaf grows (Boiffin ef al., 2015; Thaffault et al., 2007).
Based on the leaf economic spectrum (Wright et al., 2004), canopy removal 1s expected
to lead to increased abundance of individual plants with mgh SLA LNC and LPC and
lower LDMC. Over time as canopy closure mcreases and understory light availability
declines, individuals with lower SLA, LNC and LPC and lugh LDMC will establish
(Aerts and Chapin, 1999; Haeussler ef al., 2002; Wether and Keddy, 1995). However,
this 1s not necessarnly the case and substantial differences of ITV among species
suppose the influence of random processes (Bolmck et al., 2011; Joner ef al., 2012;
Moran et al_, 2016).

The boreal mixedwood forest region in Canada forms a wide belt encompassing a large
proportion of the boreal forest distributed over 5,200 km longitudinally. This region 1s
charactenized by a complex diversity of forest structure and composition strongly
mfluenced by an east-to-west gradient in chimate, edaphic conditions and disturbance
regimes (Baldwin ef al., 2019). The eastern portion of the mixedwood region 1s
generally characterized by wetter conditions, and lower size and frequency of fires
compared to the west (Bergeron and Fenton, 2012; Fulton, 1989; Hare and Thomas,
1979). These differences strongly influence forest vegetation composition, structure,
dynamics, and functional traits (Brassard et al., 2008; Cnispo ef al., 2021; Johnstone ef
al., 2010; McIntire et al., 2005). Within-stand temporal vanability in conditions 1s
nested within larger scale climatic gradients of precipitation and temperature (Baldwin
et al., 2019; Chen and Popadiouk, 2002). Following harvest, stand structure and
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composition often evolves over time from young hardwood stands with relatively
bright understory conditions, and lower moisture, then passing through a mixture phase,
and then to older comiferous stands with relatively moist and shady understory
conditions (Chen and Popadiouk, 2002). However, there are differences in post-harvest
forest development across the region; for example, Bartels ef al. (2016) showed that
stand recovery after harvesting was longer in the eastern Boreal Shield ecozone (32.9
years), which is characterized by mostly clay deposits, than in the western Boreal Plains
ecozone (14.1 years), which 1s characterized by rich mineral deposits. In the Boreal
Shield ecozone, Barbé ef al. (2020) and Noualhaguet ef al. (2023b) showed that the
bryophyte community in hardwood stands, which would be better adapted to seasonal
chimate variation, 1s more tolerant to changes in environmental conditions than 1s the
community in mixedwood stands, which 1s again more tolerant than the commumnity in
coniferous stands. Some understory vascular plant species are well adapted to the full
range of these environmental vanations and are present across a vast geographical
extent and have broad ecological range (Hart and Chen, 2006; Kumordz ef al., 2019).
ITV could help to understand this ecological breadth and also their ability to maintain
themselves 1n varying environmental conditions at local scales.

Evidence-based forest management requires testing of ideas and concepts, and
experimentation 1s one method of assessing whether forest ecosystems respond to
retention levels in the ways we predict. In 1998, two large-scale experiments,
Sylviculture en Ameénagement Forestier Ecosystémuque (SAFE) and Ecosystem
Management Emulating Natural Disturbance (EMEND), based in Eastern and Western
Canada respectively, were established to assess the feasibility of NDBM silvicultural
practices via a series of expennmental retention harvesting treatments (Brais et al., 2004;
Spence et al., 1999). Here, we report on the functional responses of the understory
forest plant commumnity, 20 years post-retention, in these two expennments. We employ
a trait-based approach that allows us to determine if the disturbance levels lead to
similar effects on commumities mn the two regions with contrasting environmental
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conditions; 1e. changes in commumty mean frait values or ITV. This trait-based
approach allows for comparisons between areas with similar functioning but differing
regional species pools. Our first objective was to compare commumty species richness
and functional responses among retention levels and between experiments. We
hypothesized that: 1) traits favoured by harvest will be those reflecting an acquisitive
strategy (e.g., shade intolerant, fast growth, low LDMC, high SLA LNC, LPC); 11)
species richness and functional diversity will increase after harvest compared to control
stands; and u11) differences between harvest and control stands will be more pronounced
m the east than in the west, and especially in the older mixedwood forests. Secondly,
we sought to compare ITV 1n the different retention levels within each experiment (trait
frequency, vanation and means). We hypothesized that: 1) each species would adjust
their trait values to obtain a better fitness following the treatment, and that this will be
expressed by individuals with lower LDMC and higher SLA, LNC, LPC after
harvesting compared to unharvested control stands; and 1) that ITV, measured within
a species, nught reveal more functional differences between retention levels than the
community patterns i functional diversity or traits (Kichemn et al., 2013; Kumordzi
et al., 2019). This will be reflected by more differentiation among individuals from

lower retention levels than from control.

44 Matenals and methods

441 Study area

The two experiments in this study are located on the boreal shield in eastern Canada
(SAFE), and the boreal plamns in western Canada (EMEND) (Figure 4.1). The average
annual precipitation ranges from 600 to 1,200 mm in the eastern boreal forest but only
from 300 fo 600 mm in the western boreal forest (Environment Canada, 2019). This
leads to differences in soil moisture availability and fire cycles that range from
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~150 years in the east where fires tend to be smaller and less severe, to an average of
75 years m the west where the soil 1s drier and fires are typically larger and more severe
(Bergeron ef al., 2014; Hart and Chen, 2006).

The SAFE experiment 1s located i the Lake Duparquet Research and Teaching Forest
(LDRTF) mn the Abitibi region of northern Quebec (48°30°N, 79°20°W), m the
mixedwood zone of the boreal shield, and the Abies balsamea (L)) Mill - Betula
papyrifera March (balsam fir-white birch) bioclimatic domain (Saucier ef al., 2001).
Soils are gray Luvisols that originated from glaciolacustrine clay deposits left by
proglacial Lake Ojibway (Vincent and Hardy, 1977). The climate is continental with
an average annual temperature of 1°C and annual precipitation of about 989 mm (Mont
Brun weather station, average over the last 25 years) (Environment Canada, 2019).

The EMEND experiment 1s located near the town of Peace River in northwestern
Alberta (56°46'N, 118°22W), mn the Lower Boreal Highlands subregion of Alberta
(Alberta Parks, 2015). Soils are fine-textured luvisols that originated from glacio-
lacustrine deposits (Kishchuk ef al., 2014). The mean annual temperature in the region
15 1°C and the mean annual precipitation 1s 483 mm (Environment Canada, 2019). The
donunant tree species are trembling aspen (Populus tremuloides Michx ), white spruce
(Picea glauca (Moench) Voss) and balsam poplar (Populus balsamifera L) (Alberta
Parks, 2015).

442 Expenimental design and treatments

We focused on hardwood domunated stands [>70% deciduous (1.e., broadleaf) canopy
cover] and mixedwood stands that are common to both experiments (comfer and
broadleaf canopy cover, each composing 35—-65%) (Dansereau and Bergeron, 1993;
Solank et al., 2012). In the SAFE experiment, four retention levels were applied with
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three replicates of each retention level for each forest type (Figure 4.1). Harvest was
completed during the winters of 1998-1999 and 2000-2001. Experimental units ranged
m size from 1 ha to 2.5 ha. In hardwood stands, two partial cut treatments were
mmplemented, the first targeting one third removal of the merchantable basal area (66%
of retention level), and the second two thirds (33% of retention level). Thinmng from
below with removal of non-vigorous stems was the one-third treatment whereas larger,
vigorous stems were selected in the two-thirds removal treatment In muxedwood
stands, two partial cut treatments were applied, both of which removed approximately
40% of the total basal area but with two different patterns of retention. One pattern
consisted mn removing stems in a regular manner (60% retention), while the other
consisted of removing stems in gaps of approximately 400m? (60% gap retention). For
a more complete description of the harvesting treatments, see Brais ef al. (2004) and
Brais ef al. (2013).

In the EMEND experiment, retention levels were applied during the winter of 1998-
1999 to 10-ha ‘compartments’, with three replicate compartments of each retention
level for each forest type (Figure 4.1). Within each compartment, 20 m wide retention
strips were established between 5 m wide machine corndors, with the harvesting
equipment traversing the machine corndors; thus, mumimal disturbance of the forest
floor occurred 1n the retention strips. The retention strips were partially harvested to
attain the prescribed retention level for each compartment. For both hardwood and
mixedwood stands, the two partial harvesting treatments were 75% and 20% dispersed
green free retention with trees removed without bias towards species or size (Spence ef
al., 1999)
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443 Data collection

4431 Understory plant species community

Understory plant species community composition and abundance (low shrub < 1.5 m
and forb species) have been monitored from the onset of each experiment. During
surveys, each individual was 1dentified to the species level utilising reference texts: the
Flore Laurentienne (Bourliere, 1966) nomenclature for SAFE, and Flora of Alberta
(Moss, 1983) for EMEND. In the SAFE experiment, between late July and nud-August
2019, forty 1 m* quadrats were randomly placed within each replicate for each retention
level and forest fype combination, and the abundance of each identified species was
estimated as percent cover using five classes: <1%, 1-10%, 11%-25%, 26%-
50%, =50%. For EMEND, data were collected in late June to late July 2015 (Bartels
and Macdonald, 2023). In each replicate of retention level and forest type, cover values
were estimated in six 2 x 2 m quadrats using the following system: from 0 to 1 % to
the nearest 0.5%, from 1 to 20 % to the nearest 1%, and from 20 to 100% to the nearest
5%. Plants with mimimal cover were assigned a value 0.1%. For subsequent analyses
cover values per species were averaged to the level of the replicate.

4432 Traits

Information on plant traits was obtamned both from direct measurements and from
existing published values using the Traits Of Plants In Canada database (TOPIC, Aubin
et al., 2020). We use the term “trait” in its broader sense and include metrics related to
plant morphology, strategy of regeneration, dispersion, environmental performance,
and resource utilhization. To characterize differences in functional composition of
understory communities between the two experniments, we chose to use seven
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categorical/semu-quantitative traits along with four quantitative traits, which we
measured mn the field (Tableau 4.1). The selected traits and metrics relate to the capacity
for colomzation, development, and competition processes i understory plant
communities that are directly impacted by forest harvesting.

Categorical traits were extracted for each low shrub (height < 1.5 m) and forb species
observed in the different communities. For the quantitative traits we focused on the
most abundant species. This decision was based on the “biomass ratio hypothesis™
proposed by Grime (1998), which states that the traits of a species influence ecosystem
properties in proportion to the contributions of the species to the total biomass of the
community, and therefore the number, relative abundance, and i1dentity of the species
present (Garnier et al., 2004). In each experiment, forest type and replicate of retention
level, we selected the 3 to 4 most abundant low shrub and forb species, whose
cumulative cover represented 80% total cover (Garnier ef al., 2004). This resulted mn
14 species for SAFE and 18 for EMEND for a total of 26 species, with six species
shared between the two (data are available in Noualhaguet et al_, (2023a)).

We measured four quantitative traits, including two morphological and two resources
utilization traits, in situ for the 26 selected species. The two morphological fraits were:
1) Specific Leaf Area (SLA), defined as the ratio between the one-sided area of a leaf
to oven-dried leaf mass in cm?® g‘l; and 2) Leaf Dry Matter Content (LDMC), which 1s
the oven-dry mass of a leaf divided by its water-saturated fresh mass in mg g'. The
two resource utilization traits were: Leaf Nitrogen Content (LNC), the concentration
of mitrogen in the fohage; and leaf phosphorous content (LPC), the concentration of
phosphorous i the foliage. These in sifu measurements also allowed us to assess
mtraspecific trait varability (ITV) for these quantitative trats.

In July 2020 for SAFE and July 2021 for EMEND, we collected fresh leaves of the
selected species i each of the 24 replicates of retention level and forest type m each
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experiment followmg the standardized protocol of Perez-Harpmindeguy et al. (2016).
Collection was conducted uniformly throughout each replicate of each retention level
and forest type. To measure SLA and LDMC, we collected one leaf from each of 20
reproductively mature, healthy-looking individuals, per species per replicate. This
represented a total of 180 to 220 samples per retention level of each stand type and
experiment. Leaf area was estimated from scanned images (Epson Expression
1200031, 600pp1 resolution) of fresh leaves using the software Winfolia (one sided
area, cm?; Regent Instruments Inc, Canada). The fresh weight was recorded after
rehydrating the leaves by immersing them in water within than four hours after harvest.
Fresh weight was measured between 24 h to 48h after the leaf was hydrated. The
constant dry weight was obtained after drying the leaves for at least 48 hours at 70°C.
For LNC and LPC, we collected additional leaves (approximately 500g) from each
species per replicate, representing a total of 145 samples. Each sample was oven dried
for 48 hours at 70°C and then ground for mitrogen and phosphorous analysis in the
laboratory (1Forét at Montréal, Québec, Canada). LNC percentage was determuned by
mfrared thermal conductivity after sample combustion at 1040°C. LPC percentage was
determined by fluorescence spectrometry induced with X-ray (XRF, 8-50 kV rhodium
tube).

From the measurement of these traits, two matrices were developed 1) traits per species
for community functional composition analysis, 2) traits per species per replicate of
retention level and forest type for ITV analysis. Traits measured in the field were: a)
an average per species used in community functional composition analysis; and b) the
value of individuals per species per replicate for ITV analysis.
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Tableau 4.1 Categorical/semi-quantitative traits’ selected from the TOPIC (Traits Of
Plants in Canada) database, and quantitative traits* measured in the field. Adapted from
Aubin et al., (2020).

Category  Traits Value Description Importance Dafa
source
Chamaephyte:
cha buds between 1
mm & 25 cm from
ground
co Geophyte: buds in
g the ground
Hemicryptophyte: Bud
hem buds on the placement
surface of the relative to
Raunquier ground forest floor
life form' Micro, nano affects ability TOPIC
(RA) phanerophyte: to survive
mcpha buds between 25 disturbance
cm & 8 m from (Raunkiaer,
Envi t the ground 1934)
performance ME? me];.;
- phanerophyte:
metrics mepha buds > 8 m from
the ground
the Therophyte: no
bud, annual plant
0 Hal_:-itat xe_:ric or Ability to
Xeric-mesic survive in a
Water 1 1 Habitat mesic gﬂeﬂ TOPIC
preference 2 No preference condition
Habitat humid or ~ (Garmier and
3 umid.mesic Navas, 2012)
Light Shade tolerant, <2 S;bu ’.1:3;3
: 1 1 hours of direct . TOPIC
requirement sunlight given

condition



Tableau 4.1 continued

Mid tolerant, 2-
3 5hours of
direct sunlight
6 Shade (Messier et
mtolerant, al_, 1999)
needs >6 hours
of direct
sunlight at nmd-
summer
Leaf Concentration
nitrogen o of mitrogen 1n Ability to
content® °  the foliage in%  acclimate to
Resource  (LNC) dry leaf mass the
lization Leaf Concentration envimqn_lental TOPIC
hosphorous of phosphorous conditions
Eun % 1n ﬁ fl'n];fage m (Wrght &;‘af. s
% e 2004
(LPC) mass
The presence of )
0 flowersin Adaptation to
Flowering Spring environmental 1OPIC
phenology’ The presence of  conditions
(Flowering) | flowersin (Garnier and
Morphology SUmmer or in Navas, 2012)
and strategy early fall
of Slow rate of Ability to
regeneration 0  aboveground colonize
_and growth available
dispersal Medium rate of ;
Growth! 0.5 aboveground paceil — 1oprc
wih disturbed
Ao .
Rapid rate of habitats
1  aboveground (Garmer et
srowth al_, 2007)
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Tableau 4.1 continued

0
01
Lateral
extension!
05

Absent : no
vegetative
propagation
Compact:
vegetative
propagation by
sprouting, root
collar sprouts
b(phanemphyte),
Y

bulbs/bulbettes,
corm/caudex,
tubers (non-
phanerophyte)
Inter:
vegetative
propagation by
layering, root
suckers,
rhizomes
(phanerophyte),
by bulbuls,
layering (non-
phanerophyte)
Extensive:
propagation by
root suckers,
rhizomes
(phanerophyte),
by rhizomes,
stolons, plant
fragments
(non-

phanerophyte)

Ability to
colonize
available
space 1n
disturbed
habitats

(Garmier et
al_, 2007)
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The oven-
Leaf dry dry weight  Adaptation to
matter mg/e of a leaf environmental
content’ d“"ﬁde:ilby conditions
(LDMC) 1ts fre
weight and Field
The ratio of t_acn— ) measures
Specific the one- physmlﬂgmal
1ntaI:IE;E'iC:alre.zl2 cm?/g sided area properties
(SLA) ofaleafto (Wrnghteral.,
oven-dried 2004)
leaf mass
Short
0 viability : < )
1 ‘i_.nt-:aartj‘f B Ens““I_‘g
Semi. population
persistence in
Seed ba”elf 0.5 D b e“t]_ disturbed TOPIC
> 1-5 years hab1_tat5
P ent (Baskin and
) seed bank- Baskin, 2014)
>5 years

444 Statistical analyses

4441 Understory community responses at 20 years post-harvest

To compare community scale multivanate and umivanate functional responses to
retention levels and between expeniments, we analyzed hardwood and mixedwood

forest types separately. First, to examine the multivanate commumity response, we used

functional and taxonomic metrics to assess understory response to the different

retention level using three distinet matrices: (1) matrix L contained cover data per
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species per replicate in each expeniment, (2) matrix Q (traits by species) contamned
species trait value data. For the categorical/semm-quantitative traits, we assigned a value
per species based on Aubin ef al. (2020) (Tableau 4.1). For the quanfitative fraits
measured m the field, the average value per trait, species, experiment and retention
level was used. (3) Matrix R represented the information on the experiment (SAFE or
EMEND) and the level of tree retention applied at harvest 20 years ago. Then we
generated a Commumty-Weighted Mean (CWM) matnx using matrix L and matnx Q
(Racotta and Moretti, 2011). The CWM matrnix was generated by calculating the mean
of the trait value present in the commumty, weighted by the percent cover for each
species (Garer ef al., 2004). We then conducted a Principal Component Analysis
(PCA) on the CWM matnx to relate patterns of co-occurring traits to retention levels
m the two expeniments. We performed a prion tests of retention levels and experiments
effects on commumty pattern usmg distance-based tests of multivanate differences
between the different combinations of retention levels-experiments (8 predefined
groups 1n each forest type) using multiple response permutation tests (PERMANOVA),
with 9999 permutations (Anderson, 2014).

Second, to look at the response of umivanate commumty scale indices to harvesting,
taxonomic richness and functional diversity were calculated and compared among
retention levels separately by forest type and for each experiment Richness was
measured using the number of species per replicate of retention level. Functional
diversity was calculated using Rao’s quadratic enfropy index (Rao, 1982; Ricotta and
Morett1, 2011). Rao’s index describes the vanation of species trait composition within
the commumty and 15 calculated as the sum of pairwise distances between species
weighted by their relative abundance. Using the matrices L and Q, the functional
diversity was computed as a umvanate index. Then to analyze the effect of retention
level on these two diversity mndices, we used analysis of vanance models (ANOVA)
and Tukey’s HSD (Honestly Significant Difference). The models were fit separately
for the two experiments i each of the two forest types. Square root transformations
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were applied when the residuals did not conform to the assumptions of normality and
homogeneity of variance. Finally, Tukey HSD (Honestly Significant Difference) post-
hoc tests were used to examine differences between all pairwise combinations of
retention levels by experiment and forest type.

44472 Intraspecific trait varability

To test how mitraspecific trait vanability responded to retention levels in each
experiment, we studied five of the six species present at both SAFE and EMEND,
because they were present m the control stands and at least one retention level: Aralia
nudicaulis (L.), Cornus canadensis (L.), Linnaea borealis (L.), Rubus pubescens (Raf’)
and Fiburnum edule (Michx ). First, to examine the breadth of intraspecific variability
across each species’ sampled range, we created density plots, based on Kernel density,
showing the relative frequency of morphological (SLA and LDMC) and chemical
(LNC and LPC) leaf trait values for each of the five species. The relative frequency
represented the proportion of samples that had a certain value of the trait. Second, to
determine the impact of retention level in each forest type on the two morphological
traits, we used ANOVA and Tukey’s HSD for each species and for each experiment
and forest type separately. Square root transformations were applied when necessary
to ensure normality and homogeneity of variance of the residuals. We note that in some
cases species were not observed in the selected retention levels and the retention level
doesn't appear in the analysis for that species. Companisons of the mean value of the
trait in the species were made between the different retention levels.

All analyses were conducted using R software (version 4.0.3, R core Team 2020). The
functional diversity indices were calculated using the package FD (Laliberté and
Legendre, 2010) and the PCA was conducted with the package ade4 (Dray and Dufour,
2007). In all statistical tests, a p value < 0.05 was considered significant.
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45 Results

451 Understory community responses 20 years post-harvest

4511 Commumty functional composition

For hardwood dominated stands, the first two axes of the PCA on the community-
weighted mean (CWM) explamed 76.7% of the total varation (Figure 4.2 a). The
community functional composition did not vary significantly between experiments
(PERMANOVA results, F=2.655, R2=0.24117, p=0.2494) or among retention levels
(PERMANOVA results, F = 1.471, R2 = 0.66801, p = 0.4476). The first axis separates
the two experiments, with SAFE stands on the left and EMEND stands on the nght,
and was associated with functional changes in commumnities from species with more
rapid growth, spning flowening, and an extensive lateral extension, to species that were
more shade intolerant, had high seed bank persistence, and mgh LDMC, LNC and LPC
(Figure 42 a). The second axis separates the stands with higher retention levels
(controls and 75% EMEND) from the stands with lower retention levels. Separation
along axis 2 was predonunantly associated with Raunquer life form, LDMC, SLA and
soill moisture. Microphanerophytes had higher abundance i SAFE control
Chamaephyte species with a mgher LDMC and a preference for higher soil moisture
had lugher abundance in EMEND control and 75% retention. Hemicryptophytes had
higher abundance m SAFE 66%, 33% and clearcut. Therophytes and shade mntolerant
species with a higher SLA LNC and LPC had higher abundance 1n the EMEND 20%
and clearcut.

For mixedwood dominated stands, the first two PCA axes explained 71 4% of the total
variation in the CWM (Figure 4.2 b). The commumty functional composition did not
vary significantly by experiment (PERMANOVWVA results, F = 1.704, R? = 0.29933, p
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= 0.3998) or retention level (PERMANOVA results, F = 0.598, R? = 0.52505, p =
0.7593). The extremes of the gradients are defined by EMEND stands whereas the trait
values did not vary much for the four SAFE retention levels. This suggest that
differences between retention levels at EMEND were greater than the differences
among retention levels at SAFE. We observed four groupings with the EMEND control
on the top night, EMEND clearcut on the mmddle left, the two intermediate levels of
retention of EMEND on the bottom right and the two intermediate levels of retention
of SAFE on the bottom left. The control and clearcut at SAFE were centrally located.
EMEND control was characterized by more chamaephytes and species with extensive
lateral extension. EMEND clearcut was characterized by more hemicryptophytes
species with higher LPC. Both 75 and 20% EMEND had more microphanerophytes
and species with spring flowening and a high seed bank persistence.
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Figure 4 2 First two axes of the principal component analysis conducted on the matrix
of Community Weight Mean (CWM) trait x site (experiment (SAFE, EMEND) and
retention level) showing the patterns in trait occurrences for the a. Hardwood
donunated and b. Mixedwood stands. The experiment and retention level name n bold
mdicates the centroid of the replicates for that combination. Light grey arrows and their
length indicate, respectively, the direction and the strength of the relationships between
site and functional traits. See Tableau 4.1 for trait code descriptions.
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4512 Commumty scale taxonomic richness and functional diversity

For the hardwood dominated stands, taxonomic richness and functional diversity did
not differ statistically among the levels of retention (Annexe D). For SAFE, the mean
species richness varied between 26 and 28 among retention levels (Tableau 4.2). The
functional diversity varied between 0.175 and 0.210. For EMEND, the mean species
richness varied between 35 and 39 among retention levels (Tableau 4.2). The functional
diversity varied between 0.186 and 0.212.
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Tableau 4.2 Mean and standard deviation of the taxonomuc (species richness per
replicate of retention level) and functional (Rao umivarate index per replicate of
retention levels) diversity indices for each experiment and retention level, in hardwood
and nixedwood stands. Results of the comparisons based on a Tukey test are indicated
by letters. Different letters indicate a significant difference at p<0.05. Results of the
ANOVA models are presented in Annexe D.

. Daversity % Residual trees
Stand type Experiment )
mndex control 66/75 33/20 clearcut
SAFE 51 sy T Y
Richness ) ’ ) )
EMEND 380+ 370+ 353+ 393+
2.0 1.0 2.1 38
Hardwood SAPE 0103+ 0175+ 0210 0202+
0.026 0.033 0.031 0.024
Rao 0.186+ 0.198 0.190 0.212
3 + 3 + 3 + 3 +
EMEND 0.087  0.061 0.068 0.057
control 60/75 60gap/20 clearcut
SAFE Ry o
Richness : : : -
) EMEND 393+ 393+ 493 + 36.7+
Mixed 12 38° 407 3.1°
0299+ 0291+ 0295+ 0304+
wood AFE
S 0.0022*  0.005® 0.002° 0.0032
Rao 0.293 0.300 0.296 0.297
B + 3 + 3 + 3 +
EMEND 0.002 0.006 0.006 0.006

For the mixedwood stands in SAFE, responses of taxonomic richness and functional
diversity to retention level were similar (Annexe D): species richness was higher in the
clearcut than in the 60% retention, and functional diversity was higher in the clearcut
than in both the 60% retention and the 60%gap. For both, the control had intermediate
values for taxonomic richness and functional diversity (Tableau 4.2). In EMEND,
taxonomic richness differed among retention levels (Annexe D) with species richness
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sigmificantly higher in 20% retention than in the other three retention levels, with a
mean of 49 species per replicate, compared to a mean of ~37 - 39 species per replicate
for the other retention levels (Tableau 4.2). No sigmficant differences were observed
among the retention levels for the functional diversity at EMEND (Annexe D).

452 Species level mtraspecific trait varability

4521 Breadth of trait distribution

The five studied species had different trait distributions across the experiments and
retention levels with differences among species in the mean, the mode and the breadth
of their frait distribution (Figure 4.3). For the four traits, R. pubescens and V. edule had
relatively wider breadths of distribution whereas the breadth for C. canadensis and L.
borealis was relatively lower. In terms of traits values, when the species had a
maximum frequency at higher LDMC values, they had a maximum frequency at lower
SLA, LNC and LPC values. This was observed for L. borealis and C. canadensis. In
confrast, when species had a maximum frequency at lower LDMC values, they had a
maximum frequency at higher SLA, LNC and LPC values. This was observed for 4.
nudicaulis, R. pubescens and V. edule.
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45272 Effects of retention levels on mtraspecific vanability

Impacts of retention levels on the trait values of the five studied species varied with the
experiment and the forest type (Figure 4 4, Figure 4.5, Annexe E, Annexe F).

For the LDMC, lower values, which charactenzed acqusitive species mn an
environment with a good availability of light, and so1l moisture and available nutrients,
were expected for lower retention levels. This was observed in hardwood stands at
SAFE, with higher LDMC values in control stands compared to 66%, 33% and clearcut
for R. pubescens (Figure 4 4). In contrast, C. canadensis showed the opposite response
with higher LDMC values in clearcut than in control stands. In mixedwood stands, we
observed significantly lower LDMC values i clearcut and 60% by gap retention than
m control, for C. canadensis; and than control for L. borealis. For V. edule LDMC was
lower mn 60% and 60% by gap retention than for clearcut or control, which did not
differ from one another.

In EMEND for hardwood stands, LDMC was significantly lower in 20% retention than
m control for R. pubescens, and in clearcut compared to control and 20%, but not 75%,
for V. edule (Figure 4.4). In nuxedwood stands, we observed sigmficantly lower
LDMC values in the 75% retention than in the control for A. nudicaulis and m 75%
and 20% retention compared to control for L. borealis. V. edule in mixedwood stands
showed a response somewhat opposite to what was expected, with higher LDMC
values in 75% and 20% stands than i control stands. C. canadensis showed no
differences in LDMC values among retention levels for either forest type.
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Figure 44 Comparison of Leaf Dry Matter Content (LDMC) trait values among
retention levels or the five selected species that were found in SAFE and EMEND, by
forest type. Results of the comparisons based on Tukey tests are mndicated by letters.
Dafferent letters indicate a significant difference at p<<0.05. Results are mussing for
retention levels and/or forest types for some species because they were not found in
that combination. See also Annexe E.
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In contrast to LDMC, higher SLA values characterize acquisitive species and thus were
expected after lower retention levels. This was sometimes the case at SAFE, with
significantly lugher SLA values, compared to controls, for R. pubescens m hardwood
stands 1n 66%, 33% and clearcuts, and in mixedwood stands for 4. nudicaulis in 60gap
and clearcut (Figure 4.5). Unexpectedly, we in some cases observed sigmficantly lower
values of SLA 1n harvested compared to control stands: for C. canadensis in 66%, 60%
and clearcut for both hardwood and mixedwood stands and for V. edule in hardwood
66%. L. borealis, R. pubescens and V. edule in mixedwood stands showed no
differences in SLA among retention levels.

Results at EMEND occasionally supported our expectations. Compared to control
stands, we observed sigmificantly higher values of SLA for R. pubescens i 20%
retention hardwood stands, C. canadensis in 75% retention hardwood stands, and for
L. borealis in 75% retention mixedwood stands (Figure 4.5). In contrast to expectations
we observed, compared to control, significantly lower values of SLA for C. canadensis
m 75% retention and for V. edule in 75% and 20% retentions 1n mixedwood stands.
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Figure 4.5 Companison of Specific Leaf Area (SLA) among retention levels for the five
selected species that were found m SAFE and EMEND, by forest type. Results of the
comparisons based on Tukey tests are indicated by letters. Different letters mndicate a
sigmficant difference at p<0.05. Results are missing for retention levels and/or forest
types for some species because they were not found in that combination. See also

Annexe F.
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46 Discussion

46.1 Understory community scale response 20 years after retention

In both hardwood and mixedwood stands the commumty functional composition did
not vary significantly by expeniment or retention levels (from PERMANOVA) but
trends can be observed in the PCA_ We hypothesized that traits favored by harvest were
those reflecting an acquisitive strategy. However, we observed this trend only for
hardwood stands in SAFE experiment, and for hardwood and muixedwood stands in
EMEND experiment. EMEND hardwood stands with lower retention (20% and
clearcut) were characterized by species that were shade intolerant, with higher LNC
and LPC. In EMEND nuxedwood stands that were clearcut, species with these
attributes were favored, as well as those with faster growth and higher SLA. In the
SAFE experiment, species with faster growth were favoured in hardwood 33%, 66%
and clearcut retention stands, supporting this hypothesis. However, the results for
mixedwood stands did not provide any evidence for this hypothesis as commumities
were similar across the different retention levels. Noualhaguet ef al. (2023b) observed
for bryophytes, which are known to be sensitive to harvesting (Caners ef al., 2013b),
that many generalist and common species were shared among all retention levels and
forest types in SAFE. We attnbute sumlarity in commumity traits to the simmlar
microclimatic conditions (soil temperature and understory humudity) found on these
sites (Noualhaguet ef al_, 2023b), as understory vascular vegetation 1s known to be very
sensitive to differences in microclimate (Christiansen et al., 2022; Zellweger ef al.,
2020).

We expected increased taxonomuc richness and functional diversity after harvest, as
compared to control stands, with the differences between harvest and control stands
bemg more pronounced in the east than mn the west, and especially in the older
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mixedwood forest. We found himited support for this hypothesis. In hardwood stands,
taxonomic richness and functional diversity were similar among the levels of retention
m both expeniments. In the nixedwood stands at SAFE, clearcuts had hugher nichness
and functional diversity than other retention levels. In the mixedwood stands at
EMEND, taxonomic richness did not follow the retention levels; rather, it was highest
m the 20%. These results could be attributable to changes in richness that accrued over
the 20 years since harvesting as stands regenerated. Simlar to our results, Bermiidez ef
al. (2007), mn a study of secondary growth laure] forest stands 15 years after harvest,
observed only small changes in species diversity following clearcutting. These authors
attributed this to the high fertility of the soils and the low disturbance of the forest floor
during the harvesting. SAFE and EMEND expeniments were harvested in winter when
the ground was snow covered so physical soil disturbances (rutting or scarification)
were minimal 1n all treatments (Brais et al., 2004; Sidders and Luchkow, 1998). Our
results contrast with previous studies that found a large increase in functional diversity
after harvesting in boreal mixedwood and coniferous forests as well as in temperate
forests (Dodson ef al_, 2008; We1 et al_, 2019; Wienk et al_, 2004). We assume that
these differences are due to the different harvest periods, spring for Dodson ef al.
(2008), autumn-wimter Wienk ef al. (2004), and from post-harvest site preparation
(plow, disk trenching and burning) in the study of We1 ef al. (2019). Harvest timing
and site preparation are both characteristics that influence soil fertility and available
space, and therefore species establishment (Belleau ef al., 2006; Frey ef al., 2003b).
While these practices can be used to promote commercial trees species, they can also
be unfavorable to understory vegetation (Dodson et al., 2008; Harvey ef al., 2002; We1
etal.,2019; Wienk et al., 2004) as silvicultural operations (harvesting, site preparation,
plantation) are mechanical disturbances that are different in nature from natural
disturbances (chemucal, biological, physical).

Our results suggest that lower retention levels in the SAFE expennment had a more
pronounced and longer effect on the functional diversity of communities than at the
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EMEND experiment. We suggest that this 15 due to differences in mucroclimate
between eastern (wetter) and western (drier) regions (Bergeron and Fenton, 2012;
Fulton, 1989; Hare and Thomas, 1979). Harvesting in the east likely creates more
differences from pre-harvest in the microenvironment (light, temperature, hunmdity) by
opening the canopy (Aerts and Chapin, 1999; Haeussler ef al., 2002; Wether and Keddy,
1995) and exposing the understory to more contrasting conditions than in the west
where species are already adapted to tolerate drier conditions. Furthermore, in studies
based on seedling establishment and stem regeneration after retention harvesting, lower
retention levels in the east had a more pronounced and longer effect than in the west
(Gradowski et al_, 2010; Noualhaguet ef al_, 2023c; Solank ef al_, 2012). This 1s likely
attributable to edaphic factors such as parent matenial, surficial deposits, and organic
matter accumulation which influence the regeneration and growth of trees following a
disturbance (Mansuy ef al., 2012). The mostly clay deposits in the east Boreal Shield
compared to rich nineral deposits in the west Boreal Plains, nught explained the longer
stands recovery after harvesting observed in the east (Bartels ef al., 2016). The slower
recovery of the stands would play on the slower recovery of the understory

communities.

Our hypothesis that the effects of harvesting on species richness would be greater in
the older forest (mixedwood) than the younger forest (hardwood) was only partially
supported by limited differences apparent only in mixedwood stands. Like between
east and west, between hardwood dner and mixedwood wetter stands (Chen and
Popadiouk, 2002), communitfies in hardwood stands might be able to tolerate greater
fluctuations m seasonal conditions than species in mixedwood stands. The greater
tolerance of hardwood communities could be due to a greater tolerance to changing
environmental conditions. Young stands, mostly composed of deciduous trembling
aspen (Populus tremuloides Michx ) are subjected to stronger seasonal fluctuations in
temperature, hunidity, wrradiance, and wind in the understory (Barbier et al., 2008).
Older stands, composed of a nuix of deciduous and persistent coniferous species have
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more moderate seasonal climatic variation in the understory (Barbé et al., 2020). We
follow agam the results observed by Noualhaguet et al_, (2023b) for the bryophytes and
suggest that species in hardwood dominated stands tolerated more fluctuations in
environmental conditions than species in mixed stands.

462 Species level response 20 years after retention

When we examined the trait breath distribution, the foliar economic spectrum (Wright
et al., 2004) was well expressed. As expected, for a given species, SLA, LNC and LPC
were mnversely related to LDMC. Rubus pubescens and Vibwrnum edule had traits
consistent with an acqusitive strategy which dominate in early successional
communities (Whittle ef al., 1997). Aralia nudicaulis was also characterized by an
acqusitive strategy, however this ubiquitous species 1s not normally part of early
successional post-harvest commumnities and 1s more generally characterized by more
conservative strategy (Hart and Chen, 2006). Cornus canadensis and Linnaea borealis,
shade tolerant species which are normally part of later successional communities, had
traits consistent with a conservative strategy, which are low SLA, LNC and LPC but
high LDMC (Hart and Chen, 2006; Rowe, 1983). The different breath and peak in the
frequency of functional traits showed the plasticity of these five species. The species
studied not having been found in majority m all the retention levels, could have
explamed the different breath and peak. The realization of density plots, showing the
relative frequency only in control stands (figure not presented), showed simmlar
tendencies in the breaths, and i the intervals wvalues of picks but with reduced
frequency for the four traits of the five species. Each species had its own distribution
of traits, and thus 1t was not possible to highlight a common pattern. Kumordz ef al.,
(2019) also observed different frait distributions for common species across their
distribution m the boreal mixedwoods. These authors also showed an important
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proportion of the ITV occurred at the local scale (comparison of disturbed vs
undisturbed sites) whereas large scale environmental gradients, such as temperature
and precipitation, had relatively less impact. In our study, commumty richness and
functional diversity were similar between the different levels of retention/experiments,
more differences occurred at the individual scale; 1.e | between species.

After harvesting, we expected leaf morphological fraits to vary predictably with
harvesting; 1e_, the lower the retention level, the greater the abundance of individuals
with high SLA and lower LDMC compared to control stands (Wnight er al., 2004).
However, responses differed among the five species and did not follow the retention
levels. Commumity assembly 1s thought to result from the mteraction between three
types of processes: environmental filtering, biotic interactions and demographic
stochasticity (HilleRisLambers ef al_, 2012). The distinct responses of the five species,
20 years post retention, might result from a combination of the three like observed by
Cardou ef al_, (2022). With the environmental filtering, the five species which exploit
broader niches, have high ITV that have allowed them to modify trait values to find the
local adaptive optima and achieve higher fitness at the local scale (Ackerly, 2003).
With the influence of biotic factors, like the interspecific competition, the niche overlap
should be mumimized between coexisting species m a community by maximuizing the
differences (The himiting similanity theory, (Chesson, 2000)). With the random factor,
species respond to the environmental changes in other ways that expected and
sometimes without providing a net adaptive advantage (Bolmck ef al., 2011; Joner ef
al_, 2012; Moran et al., 2016). These last two factors could explam the distinct and
unexpected responses of the five species 20 years after harvest.

Our results imply that there 15 more than one strategy for achieving consistent presence
m forest understory plant communities. Species can rely on different strategies for
resource acquisifion. They can have range between acquusitive or conservative or they
can rely on high level of plasticity. The distinct responses of the species to harvesting
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mmplies that the functional response of understory commumnities to harvesting 1s very
complex and requires species-specific studies. To represent the community functional
composition, it 1s important to understand autecology of each species and to measure
range and variation of fraits on a large number of individuals and also on different part
of the plants (Kumordz1 ef al., 2019; Poorter ef al., 2019). It 1s also important to
recogmzed that a trait may be present because 1t was inhented from a previous ancestor
and not because it 1s necessary for adaptation to current habitat conditions (Wang et al.,
2018). Thus make the trait selection a very important step that should be based on
precise hypotheses. Certain key traits are often excluded because they are difficult to
measure and not readily available in databases (1.e_, root traits), limiting the predictive
capacity of a trait-based approach (Aubin ef al., 2016). However, the choice of traits
must be made according to the mechamisms underlying the species' response to 1ts
environment, fo avoid non-functional traits (1e., inhenited from previous ancestor).
These factors make 1t difficult to 1solate the effects of a disturbance like harvesting on
an individual trait. Nevertheless, 1t 1s essential to recognized that the functional
response at community level (1.e. via community weight mean) may differ from that at

mtraspecific.

47 Conclusion

We found that the impacts of harvesting on understory commumity taxonomic richness,
functional diversity, and functional fraits were limted 20 years post-harvest. This
suggests that retention harvesting has the potential to help mamtamn functional
understory diversity. These results also showed that there 1s more than one strategy
understory plant species to maintain themselves in forest commumities through changes
associated with a disturbance like harvesting. Although species with acquisitive
strategy are favored at the commumty level, different trait value can be expressed by
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the species to obtam a better fitness when faced with changing env conditions. This 1s
particularly the case in systems with species having a broad ecological range as in
boreal forest. It 1s therefore needed to assess both inter and intra specific response to
obtain a comprehensive portrait of understory community response to disturbance in
boreal forest. We found that each species was characterized by a different functional
response to the retention levels, showing the species-specific reactions to
environmental varation. Thus, species favored m a particular environment might not
only be species that show traits we expect to be advantageous but may be those
possessing the largest intraspecific vanability. While a trait-based approach may be
often use for studying plant ecology, 1t 1s important to consider its linutations when
applying 1t to different ecosystems or research questions. Effectively the relevance of
traits can vary depending on mechamsms underlying the species response’ at the
environment. Taxonomic, functional and phylogenetic approaches should complement
each other increasingly in future research, to improve our understanding of community
structure and composition.



CONCLUSION

En forét boréale canadienne, la CT est la pratique forestiére la plus commune malgré
la reconnaissance de ses effets négatifs, notamment la simplification des structures
forestiéres. Cela a conduit a une situation d’urgence de protection et de conservation
de la biodiversité ou I’évaluation de traitements sylvicoles alternatifs est I'une des
priorités de la recherche en forestenie. Ces fraitements alternatifs permettraient de
maintenir  des foréts productives saines, offrant une multitude de services
écosystémiques et riches en diversité d'espéces indigénes. C’est I'objectif de I'AFE.
Pour I’atteindre, I’ AFE suggeére une gestion des foréts de mameére a les rapprocher, en
termes de structure, de fonction et de composition, aux foréts naturelles a tous les stades
de développement de la succession. Parvient-on a reproduire la diversité des structures
et des compositions forestiéres observées aprés perturbations naturelles grace a une
gamme de traitements sylvicoles ? C’est la problématique principale de cette these.
Pour cela, le smvis des deux dispositifs expérimentaux SAFE au Québec et EMEND
en Alberta mis en place 1l y a 20 ans, nous a servis d’appuis pour évaluer s1 les
mtentions sylvicoles établies dans le sens de I’ AFE s’appliquent dans le temps suite a
différents trastements en forét boréale mixte  La question souléve différents aspects de
réponses qui touche deux domaines qui semblent s’opposer : la productivité et la

conservation.

Le premuer est principalement abordé dans le Chapitre 2 de cette thése. Il est représenté
par la structure d’dge et composition en espéces commerciales des peuplements
localisés dans le dispositif SAFE. Nous montrons que plus la coupe appliquée fut

mtense, plus le peuplement met du temps a revenir a un état de référence naturel en
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termes de surface ternére des arbres commercialisables. De plus, les coupes plus
mtenses favorisent des taux de régénération (gaules) élevés par rapport aux coupes
moins intenses. Le second domaine, la conservation, est abordé dans les Chapitres 3 et
4, représentée par les communautés végétales de sous-bois (richesse en especes de
bryophytes et diversité fonctionnelle des plantes vasculaires) et n’est pas indépendant
des aspects de productivité (structure et composition des peuplements) présentés dans
le Chapitre 2. En effet, nous montrons ''mportance du niveau de récolte et du type de
peuplement forestier on1 sont pratiquées les coupes, pour le maintien de la richesse en
espéces de bryophytes dans les foréts gérées (Chapitre 3). Méme s1 les peuplements ont
été récoltés avec une perturbation mimimale des habitats du sol forestier, la structure et
la composition des peuplements, incluant la dynanuque du bois mort, 20 ans apreés la
récolte ont affecté difféeremment les habitats forestiers et les conditions de croissance,
et par conséquent les communautés. Ces attributs hiés a I'hunidité, a la température et
aux nutriments du sol, sont tous des éléments importants a considérer lors de la mise
en place de plan de récolte. Au miveau de la végétation vasculaire de sous-bois
(Chapitre 4), la comparaison entre les 2 dispositifs SAFE dans I'est et EMEND dans
I'ouest du Canada montre d’une part I'importance des factewrs a grande échelle
(précipitations, température, régimes d'incendie) quu peuvent structurer 1'assemblage
général des espéces de sous-bois. D’autre part, elle montre I''mportance relative de la
vaniabilité intraspécifique dans les communautés végétales lorsque nous cherchons a
explorer les effets de conditions environnementales contrastées résultant de
perturbations locales telles que l'exploitation forestiere. Ces résultats ont des
mmplications au miveau des plans d'échantillonnage, dans la sélection des varnables de
réponse et des variables explicatives pour réaliser des études locales et continentales.

Le Canada présente une prande diversité d'écosystémes forestiers et de régimes de
perturbation, ainsi que des considérations sociales et économiques qui varient d'un
endroit a l'autre. Par exemple s1 dans 1’Est, un des objectifs principaux des CP est de

favoriser le retour et 1’accroissement des coniféres souvent par la limitation du retour
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du peuplier faux-tremble, dans 1'Ouest, le peuplier fait partie des composants du
paysage et donc les CP cherchent a favoriser son retour ainsi que celu des comiféres.
Les pratiques de gestion forestiére dorvent varier en fonction de cette diversité. Aucun
systéme de récolte ou de sylviculture n'est approprié partout. Les systémes de coupe
totale, partielle, de rétention, de coupe progressive ou de sélection peuvent étre
écologiquement, économiquement et socialement appropriés dans le bon contexte.
L'utilisation d'un mélange de systémes peut aider a obtenir une gamme de tailles et de
structures de parcelles dans les peuplements et dans les paysages. Les forestiers doivent
choisir le systéme sylvicole le plus appropné, en fonction de facteurs de sécurité,
d'écologie et d'exploitation. Le plus important est peut-étre que les forestiers doivent
concilier ou équilibrer les objectifs souvent contradictoires de la sylviculture et de la
conservation de la biodiversité. Ce que nous montrons possible dans cette thése avec
les CP qui permettent, 8 moyen terme, le maintien ou la récupération des attnnbuts des
peuplements boréaux mixtes en termes de productivité (Chapitre 2) et de conservation
de la biodiversité (Chapitre 3, Chapitre 4). Tandis qu’avec les CT, 1’emphase porte plus
sur la régénération qui permet d’envisager un développement futur des peuplements
(Chapitre 2). Toutefois, les CP n'ont pas fait reculer les peuplements a des stades plus
précoces avec une exploitation plus intensive, m méme avancer les peuplements a des
stades plus tardifs avec une exploitation moins mntensive. Elles ont essentiellement en
un impact mitial qu semble se dissiper avec le temps. Malgré la confirmation du
potentiel de I'AFE de maimtenir un plus large éventail de services écosystémuques que
les pratiques forestiéres intensives, nous ne pouvons pas conclure que nous parvenons
a miter la complexité des peuplements générés par les régimes de perturbation
naturelle. Mais voulons-nous vraiment imiter les perturbations naturelles ?

Le sujet reléve de plus en plus de discussions aujourd’hwi. S’ mspirer des perturbations
naturelles est un principe fondamental qu gmde la gestion forestiére dans 1'écozone
boréale de 'Amérique du Nord depuis la mise en place de I’AFE (Attrwill, 1994; Chen
et Popadiouk, 2002; Gauthier ef al., 2009). L'hypothése était que les pratiques de
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gestion forestiére (en grande partie l'exploitation et la régénération) qui reprodwsent le
plus fidélement les perturbations naturelles permettraient de mieux préserver
I'ensemble des valeurs forestiéres. Cependant les défis posés par la mise en ceuvre de

cet aménagement sont multiples.

Tout d’abord, la nature méme de la foresterie commerciale (c'est-a-dire 1'enlévement
du bois) rend impossible I''mitation précise des perturbations naturelles. Aucune
perturbation naturelle n'enléve les troncs d'arbres et laisse tout le reste dermére elle
(Palik et al., 2002). Les opérations sylvicoles (récolte, préparation de terramn,
dégagement de plantation) sont des perturbations mécaniques dont la nature est
différente des perturbations naturelles (chimques, biologiques, physiques). Les effets
des deux types de perturbations seront différents méme si le régime peut étre semblable
(Bergeron et al, 2017; Brais ef al, 2013; Simard ef al, 2001). Malgré cela,
I’observation des structures et des modéles de peuplements a travers les paysages
produits par les perturbations naturelles a fourm des modéles potentiels pour les
conditions souhaitées des peuplements et des paysages aménagés Cependant, les
perturbations naturelles sont de toutes formes et de toutes tailles, a de multiples échelles
temporelles (Attrwill, 1994) de sorte qu’il est toujours possible de trouver qu’une action
de gestion est d'une mameére ou d'une autre « fondée sur » une perturbation naturelle.
Il est donc essentiel de déterminer dans quelle mesure un peuplement doit étre simulaire
a l'état jugé « naturel » pour atteindre les objectifs de I’AFE et ne pas penser que
presque tout puisse passer pour cette approche. Au Québec, 1l v a un registre qu
référence 17 états jugés naturels représentant les objectifs de gestion 4 atteindre aprés
les coupes. Ces états sont défims en fonction de composants d’intérét comme la
structure, composition et bois morts des peuplements retrouvés dans les foréts
prémdustrielles (Bouchard ef al., 2011). Cependant jusqu’a ce jour, de nombreuses
études ont révélé la complexité spatiale de I'hétérogénéité des peuplements laissée
aprés les perturbations naturelles a laquelle s’ajoute la complexité temporelle de
retrouver les états naturels d’aprés perturbations (Bergeron ef al., 2014; McCarthy,
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2001, Oliver et Larson, 1996). Ces hétérogénéités a 1'échelle des peuplements nichées
dans les paysages sont encore mal comprises et les résultats de cette thése le démontre.
En étudiant le dispositif SAFE ou les peuplements ont été récoltés manuellement, sans
grosse perturbation physique du sol, les arbres récoltés sectionnés un par un, nous ne
sommes pas parvenus a « orienter » le développement des peuplements tel que nous le
souhaitions avec les CP (Chapitre 2). Nous n’avons pas fait reculer les peuplements a
des stades plus précoces avec une exploitation plus mtensive, m méme avancer les
peuplements a des stades plus tardifs avec une exploitation moins mtensive, nous avons

essentiellement eu un impact 1nitial qui semble se dissiper avec le temps.

Donc aujourd’hm 1l ne faudrait peut-étre pas essayer de « copier » ces perturbations
mais plutot essayer de s’adapter a ces perturbations surtout s1 elles sont susceptibles
d’augmenter dans le futur. De nombreuses études reportent 1’évolution des régimes de
perturbations naturelles, notamment en raison du réchauffement climatique suggérant
qu’il peut ne pas étre souhaitable d'émuler la gamme compléte du type, de I'échelle et
de la sévénté des perturbations présentes. Par exemple, les incendies de forét ont
perturbé des zones frois fois plus grandes que l'échelle de l'activité d'exploitation
forestiére (Natural Resources Canada, 2021). Les infestations du dendroctone du pin
ponderosa (Dendroctonus ponderosae Hopkins, 1902), au début des années 1990, ont
touché plus de 18 nullions d'hectares de forét en Colombie-Britannique et en Alberta
(Cooke and Carroll, 2017), celles de la tordeuse des bourgeons de I’épinette plus de 13
millions d’hectares au Québec en 2020 (MFFP, 2020). L’augmentation de la sécheresse
a enfrainé une mortalité et une réduction générales de la croissance des arbres (Gray et
Hamann, 2011; Hogg ef al., 2017), en particulier dans I'Ouest canadien sujet a la
sécheresse (Hogg et Bermier, 2005). Par conséquent, méme s1 I''mitation de la nature
s'est imposée comme une stratégie de gestion forestiére permettant de mamtemr a la
fois les produits du bois et la biodiversité, 1l n'est peut-étre pas nécessaire de tenter
d'mter véritablement les perturbations naturelles. Il est peut-étre temps de revenir a
I’ objectif mitial de I’ AFE : soutemir le plus large éventail de valeurs forestiéres (Hunter,
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1990). Les nombreuses études portant sur I'inutations des perturbations naturelles nous
gmdent sur les approches futures de gestion forestiéres pour atteindre cet objectif
général.

En gardant a 'espnit que I’AFE nécessite une bonne compréhension de la dynamique
naturelle des peuplements, 1l est impératif que les objectifs et les prescriptions
sylvicoles soient basés a la fois sur les conditions actuelles des peuplements et sur la
dynammque anticipée de la végétation, c'est-a-dire le recrutement, la croissance et la
mortalité, aprés différents trastements. En outre, 1l est probable que les foréts pnnmaires
restantes dans les paysages aménagés seront les plus vulnérables aux mcendies qu
devraient augmenter en raison du changement climatique (Bergeron ef al., 2017a;
Grondin, et al., 2021). Nous pourrions assister a un effet additif du changement
chimatique et de la gestion forestiére, renforcant les menaces actuelles qu pésent sur
les foréts boréales. Face a ce scénano, les stratégies d'aménagement écosystémique
devraient tepir compte de ces nisques pour nueux adapter les pratiques sylvicoles a ce
nouveau contexte. Par exemple, appliquer des pratiques de restauration (dramnage,
plantation) pour améliorer la résistance et la résilience des foréts moins productives.
Promouvoir la variabilité des CP comme alternative aux CT dans les foréts les plus
productives permettrait également de mamtenir les fonctions et services
écosystémiques qu'elles fournissent déja. Ensuite, nous devons adapter nos pratiques
en fonction des enjeux de récolte. Sont-1ls plus économique, sociétale,

environnementale, les trois combinés ou seulement deux ?

Les avantages des foréts ont de multiples facettes et ne doivent pas étre limités a une
fausse division entre la production de bois et tous les autres services écosystémiques.
Les compronus et les interactions sont complexes, dépendent du contexte et sont
susceptibles de changer en fonction des priorités sociétales et de l'évolution des
conditions écologiques. Ainsi, forestiers, écologistes et scientifiques appliqués
apportent des contributions importantes et indissociables a la gestion des foréts. Les
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forestiers gestionnaires doivent reconnaitre les risques auxquels sont exposées les
foréts et étre préts a les intégrer dans les plans de gestion. En accord avec cela, les
écologistes appliqués et les chercheurs forestiers doivent également s'adapter pour
comprendre les oufils économiques, sociaux et politiques utilisés par les gestionnaires.
Grice a cette compréhension, 1ls peuvent s'efforcer de trouver les questions de
recherche importantes qui éclairent la gestion et la politique forestiéres face a la
demande croissante de bois (Betts et al., 2021; Kok et al., 2018).

Ce projet de recherche a abordé des aspects clefs de I’ AFE pour évaluer I’efficacité de
multiples intensités de coupes dans le but de promouvoir la croissance des arbres
résiduels, de favoriser la régénération et de muminuser les pertes de biodiversité.
Toutefois, pour avoir une évaluation plus compléte dans un contexte de gestion durable
des foréts, 1l faudrait réaliser des études supplémentaires focalisées sur d’avantage
d’aspect économuque, de conservation, de services écosystémiques et de temps de
réecupération des aftributs forestiers. Un des grands avantages des dispositifs
expérimentaux SAFE et EMEND est l'existence de parcelles permanentes
d’échantillonnage qu garantit le smivi des systémes sylvicoles dans le temps et le
développement des recherches futures. De plus, 1ils se trouvent dans des domaines trés
mmportants pour la productivité forestiére au Canada. Les recherches déja menées et
celles de ce doctorat contribuent donc directement a 1'industrie du bois. Enfin, les
grands jeux de données accumulés pendant 20 ans peuvent compléter nos
connaissances sur la complexité des écosystémes forestiers. Bien souvent pour
améliorer l'efficacité de la gestion ou pour attemdre d'autres objectifs sociétaux, les
structures et modéles naturels ont été simplifiés (Beese ef al., 2019). Par exemple dans
cette thése, nous avons étudier 1’effet des coupes sur différentes strates des peuplements
forestiers, soit les arbres vivants et morts, les bryophytes et la végétation de sous-bois
mais sans jamais vraiment regarder l'interaction entre ces strates. Pourtant, les
processus d’mteractions multiples sont considérés comme les principaux moteurs de la
dynammque des écosystémes forestiers et notamment de la dynammque de régénération
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forestiere (Binkley et Fisher, 2012; Callaway, 1995; Grace et Tilman, 1990;
HilleRisLambers et al., 2012). La quantification de !'influence des interactions
positives, négatives ou neutres, directes ou mndirectes dans la dynammque forestiére et
la compréhension des meécanismes sous-jacents sont nécessaires pour mieux
comprendre les effets de ’AFE. Ainsi le développement d’études dans ce sens nous
permettrait de mieux comprendre quand, pourquo1 et comment les différents processus
sont importants dans la structuration des écosystémes forestiers pour les considérer
dans la plamification des récoltes forestiéres.



ANNEXE A

Results of model on the bryvophyte richness in function of treatment and cohort

Results of the generalized linead mixed model on the total bryophyte richness in
function of treatment and cohort.

Standard
Random effects Variance deviation
BLOC 0.0006488 0.025
Fixed effects Estimate  Standard error t-value p-value
Intercept 3.01 0.06 50.81 <0.001
cohort2 0.08 0.08 099 032
cohort3 0.04 0.08 044 0.66
treatmentCC -0.33 0.09 -3.70 <0.001
treatmentPC1/3 -0.09 0.08 -1.12 026
treatmentPC2/3 -0.03 0.08 -0.41 0.68
treatmentPCgap -0.20 0.08 -241 <0.05
treatmentPCreg -0.25 0.08 -3.05 <0.005
cohort2 treatmentCC -0.01 0.12 -0.04 0.97
cohort3 treatmentCC 0.24 012 196 0.05




ANNEXEB

Mean values and standard errors for stand structures, microhabitats and climate variables by treatment and cohort

Mean values and standard errors for stand structures, microhabitats and chimate variables by treatment and cohort. Variable
are compared between treatments of the same cohort. Statistical significance determuned by Tukey tests 1s indicated by letters.
When no letter 1s mentioned, 1f means that no difference was found between treatments of the same cohort. Different letters
mdicate a sigmficant difference by panel. PC, partial cut; CC, clearcut; BA, basal area; Nb, number.

ariah] Cohort 1 Cohort 2 Cohort 3
anables Control PC1/3 PC2/3 CC | Comtrol PCreg PCpgap CC | Comtrol  CC
Stand structure
Harwood 426+ 347+ 179+ 142+ 294+ 144+ 124+ 44+ | 98+ 83+
(BA/ha) 12.8% 10.8* 7.5 5.1° 852 6.0 5.9P 3.7° 8.6 5.8
Coniferous S1+ S1+ 59+ 27+ | 159+ 158+ 133+ 126+ 137+ 43+
(BA/ha) 33 24 33 25 39 49 59 2.9 4.8 3.5°
gi’;“w closure | o) c4 5568 6427 6378 | 6642 6913 6455 6476 | 6476  67.01
Microhabitats
Stumps @bhay | 14425 2667+ 4150+ 7500+ | 2700+ 4583+ 4250+ 5367+ 1696+ 2577+
psin 9252 10552 1772 2588% 1461 1863 1724 2525 | 1202 1653
Snags (ab/ha) | 1683% 1183+ 1596+ 821 3071+ 2571+ 1817+ S31+ 1821+ 11942
&s 821 79.9 42.7 641 | 1353% 13747 1200° 209° | 917 1480
Fresh dead 591+ 178+ 434+ 25+ @ 655+ 449+ 422+ 190+ 184+ 26+
wood (m’/ha) 353 14.6 221 2.0 40.7 19.3 30.2 20.9 12.7 15



Old dead wood = 60.1+ 440+ 708+ 153+ 451+ 536+ 616+ 570+ | 366+ 631+
(m*/ha) 15.8 30.4 255 11.6 14.6 11.7 13.7 18.9 1.9 11.9
Climate

,f‘“mm:m 35+ 10+ 26+ 24+ 11+ 08+ 27+ 01+ | 13+ 09+
erper 19 25 21 0.4 1204 35 52 58 13 209
cc)

f*"‘“x 50;1m 322+ 328+ 313+ 306+ 320+ 317+ 331+ 361+ | 317+ 327
(EHDC‘P) e 1.5 0.9 0.6 0.4 0.7 0.9 17 10.0 0.9 425
Min soil moist = 45+ 18+ 54+ 94+ 65+ 145+ 19+ 233+ | 324 204+
(%) 2.6 23 41 58 9.0 4.7 25 3.6 4.0 49
Max soil moist | 439+ 406+ 463+ S09+ @ 452+ 431+ 417+ S03+ | 497+ 530+
(%) 6.6 12.3 9.8 8.1 533 1692 1509 372 7.6 3.0

LET



ANNEXE C

Number of occurrences for each brvophyte species found in each forest type, in each treatment

Number of occurrences for each bryophyte species found m each forest type, in each treatment. Nomenclature follows
Faubert (2012-2014). Species are presented by life forms. n refers to the number of species in each forest type. * Represents
species considered rare on the surveyed sites (abundance < 6). PC, partial cut; CC, clearcut.

Taxon fgggles Cﬁhgrt 1: _ Cohort 2 : g] (;]:?el;t‘uis
Aspen dominated stands Mixedwood stands mixedwood stands

Control PC1/3 PC2/3 CcC Control PCreg PCgap CC Control CC

# of species 61 56 48

ACROCARPOUS

Aulacomnium

palustre Aulpal 9 1 1 5 2 2 1 1

Dicranum

flagellare Dicfla ! 3 ! 6 15

Dicranum

ﬁuce.scem Dicfus 19 14 28 13 40 29 22 36 39 42

Dicranum 1 1 1

majus* Dicmaj

Dicranum

. 15 10 19 7 17 15 14 11 41 29
montanum Dicmon



Dicranum
polysetum
Dicranum
Scoparium
Dicranum
viride *
Hedwigia
ciliata™
Mnium

spinulosum
Oncophorus

VIrens

Plagiomnium
cuspidatum
Plagiomnium
drummondii
Plagiomnium

ellipticum

Plagiomnium

medium™®

Pohlia nutans
Polytrichum
Juniperinum
Rhizomnium

punctatum
Tetraphis
pellucida

Dicpol

Dicsco

Hedcil
Mnisp1
Oncvir
Placus

Pladru

Plaell

Plamed
Pohmut

Poljun

Tetpel

16

28

6E1



PLEUROCARPOUS

Amblystegium
serpens
Brachythecium
acuminatum
Brachythecium
acutum
Brachythecium
campesire
Brachythecium
curtum
Brachythecium
Jfalcatum™
Brachythecium
reflexum
Brachythecium
rutabulum™®
Brachythecium
starkii
Brotherella
recurvans
Callicladium
haldanianum

Campyliadelphus

chrysophyllus

Campylophyllum

hispidulum

Ambser

Braacu

Braact

Bracam

Bracur

Brafal

Braref

Brarut

Brasta

Calhal

Camchr

Cambhis

54

109

16

59

20

57

20

29

119

22

57

38

32

12

140

30

61

24

58

11

47

89

35

29

32

24

10

12

13

136

16

29

23

17

17

95

41

21

23

19

103

14

27

33

15

148

18

43

11

29

65

28

37

24

109

10

32

88

20

38

24

120

17

0Fl1



Eurhynchiastrum

pulchellum
Herzogiella
turfacea
Hylocomium
splendens
Hypnum
fauriei*
Hypnum
Imponens
Hypnum
pallescens
Plagiothecium
cavifolium
Plagiothecium
denticulatum™
Platygyrium
repens
Pleurozium
schreberi
Ptilium crista-
castrensis
Pylaisia
intricata
Pylaisia
polyantha

Eurpul
Hertur
Hylspl
Hypfau
Hypimp
Hyppal
Placav
Pladen
Plarep
Plesch
Pticri
Pylint

Pylpol

12

14

10

24

25

16

18

28

14

14

14

12

8

5 10
5 5
8 9
6

95 80

50 27
9 9
7 8

91

26

45

12

12

17

35

I+l



Rhytidiadelphus

triquetrus Rhytr1 3 ! 2 16
Sanionia 71 74 72 14 | 133
uncinata Sanunc

LIVERWORTS

Aneura 1

pinguis™ Anepin

Barbilophozia I

attenuata™ Baratt

Barbilophozia

barbata Barbar 2 1 2 2

Bazzania

trilobata Baztni 2 > .

Blepharostoma

trichophyllum Bletr1 10 4 6 ! >
Cephalozia

lunulifolia Ceplun 7 2 6 !
Chiloscyphus 1

graveolens™ Chigra

Chiloscyphus

profundus Chipro 36 14 32 15 75
Frullania )
inflata™ Fruunf

Frullania

oakesiana Fruoak ! 1 16
Geocalyx 18 28 29 9 14
graveolens Geogra

i



Homalia

trichomanoides™

Jamesoniella
autumnalis
Lepidozia
reptans
Lophozia
guttulata
Nowellia
curvifolia
Nowellia
unifolia™
Ptilidium
ciliare
Ptilidium
pulcherrimum
Radula
complanata™
Riccardia
latifrons ™
Scapania
apiculata™

Homitn

Jamaut 68

Lopgut

Nowcur

Pticil
Pipul | 2
Radcom

Riclat

Scaap1

14

41

18

57

14

30

23

17

46

14

18

41

60

46

21

32

66

32

12

17

49

35

36

24

19

£l



ANNEXED

Results of the models testing for differences in the two diversity indices

(taxonomic richness and functional diversity (Rao)) between the retention levels

Results of the ANOVA models testing for differences in the two diversity indices
(taxonomuc richness and functional diversity (Rao)) between the retention levels. p-
value indicates if the difference was sigmficant with *_ df degrees of freedom.

Stand  Experiment Diversity Sumof Mean Statistic p-value
mdices squares  squares F
S Richness 3 5.67 1.89 0.11 0.949
Rao 3 0.002 0.0006 0.80 0.528
Hardwood -
Richness 3 2558 8.53 1.44 0.301
Rao 3 0.001 0.0004 0.09 0.966
S Richness 3 125.70 41.89 559 00231 *
Mixed Rao 3 2834 9435 1010 0004 *
wood Richn . . : : *
ess 3 281.00 93.67 9.07 0.006
Rao 3 8.08e5 2.69e-5 0.91 0.476




ANNEXE E

Results of the models testing for differences in leaf dry matter content (LDMC)

between the retention levels

Results of the ANOVA models testing for differences m leaf dry matter content
(LDMC) between the retention levels. p-value indicates if the difference was
sigmficant with * Exp, Experniment; df degrees of freedom (varies because species
were not always present in all retention levels).

Stand Exp species df S;ng Means Statthc p-value
Aralia nudicaulis 23648 7883 6.65 <0001 *
Cornus canadensis 14487 7243 7.79 1.02e-03 *

3
2
Rubus pubescens 3 43321 14440 24.56 <0.001 *
1
3
1

Viburnum edule 1386 1385.7 143 0.239
Cornus canadensis 8736 2912 1.96 0.124
Rubus pubescens 6838 6838 11.51 1.63e-03 *

Viburnum edule 3 7518 2506 414 9.03e03 *

wloNok=Nwil--Rh:
UZmmmmen

Aralia nudicaulis 3 8168 27227 8.13 <0001 *
M S " Cornus canadensis 3 40435 13478 10.35 <0001 *
I J;“ Linnaea borealis 1 2170 2170 42.83 <0001 *
X E Rubus pubescens 2 2780 1390.1 229 0.108
IE} Viburnum edule 3 51340 17113 15.52 <0.001 *
W E Aralia nudicaulis 1 19272 19272 16.63 <0001 *
o) M Cornus canadensis 3 7275 2425 1.30 0276
s E Linnaea borealis 2 18442 9221 11.57 <0.001 *
D N Rubus pubescens 1 8484 8484 3.68 0.060
D Viburnum edule 2 17621 8810 17.76 <0.001 *




ANNEXE F

Results of the models testing for differences in surface leaf area (SLA) between

the retention levels

Results of the ANOVA models testing for differences in surface leaf area (SLA)
between the retention levels. p-value mdicates if the difference was significant with *.
Exp: Expeniments; df degrees of freedom (vares because species were not always
present in all retention levels).

Sum of Mean

Stand Exp species df squares Statistic F  p-value
g Aralia nudicaulis 3 634403 211468 0.38 <0001 *
H A Cornus canadensis 2 325562 162781 18.39 <0.001 *
g F  Rubus pubescens 3 1929048 643016 16.9 <0.001 *
D E Viburnum edule 1 399952 399952 75.53 <0.001 *
g,r IEI Cornus canadensis 3 81557 27186 10.38 <0001 *
O 'I]?I Rubus pubescens 1 68361 68361 6.47 0015 *
D D Viburnum edule 3 65733 21911 754 <0.001 *
Aralia nudicaulis 3 1126967 375656 19.5 <0001 *
M S Cornus canadensis 3 733958 244653 33.18 <0001 *
I i;; Linnaea borealis 1 2170 2170 42.83 <0001 *
X E Rubus pubescens 2 29708 14854 0.70 0.500
IE} Viburnum edule 3 208624 69541 212 0.103
W E Aralia nudicaulis 1 10796 10796 403 0.052
0 M Cornus canadensis 3 181366 60455 12.69 <0.001 *
s E Linnaea borealis 2 8182 4091 0 46 <0.001 *
D N Rubus pubescens 1 52892 52892 296 0.091
D Viburnum edule 2 150929 75464 3917 <0.001 *
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