UNIVERSITE DU QUEBEC EN ABITIBI-TEMISCAMINGUE

IMPACT DE LA PROPORTION DE MELEZE LARICIN EN CANOPEE SUR LA
COMPOSITION, LA DIVERSITE ET LES TRAITS FONCTIONNELS DES
PLANTES VASCULAIRES ET DES BRYOPHYTES EN SOUS-BOIS

MEMOIRE
PRESENTE
COMME EXIGENCE PARTIELLE

A LA MAITRISE EN ECOLOGIE

PAR

ANDREANE GARANT

FEVRIER 2022



REMERCIEMENTS

J’aimerais d’abord remercier ma directrice, Nicole J.Fenton, pour son soutien dans la
réalisation de ce projet de recherche. Au cours de mon passage dans son laboratoire,
elle a su me partager son enthousiasme pour la réalisation de chaque étape d’un projet
de recherche et pour I’étude des bryophytes. Aussi, j’ai beaucoup apprécié travailler
avec Nicole pour son grand ceeur, son écoute de mes idées et son respect de mes besoins.
Finalement, j’aimerais la remerci¢ de m’avoir inspirée par ses méthodes de gestion de
groupe et de projet, ainsi que par sa grande d’implication dans le milieu. Merci
beaucoup! Je tiens aussi a remercier mon codirecteur, Yves Bergeron, pour m’avoir
partagé son sourire et sa passion pour la recherche tout au long de mon parcours a
I"UQAT. Egalement, je remercie les membres de mon comité de projet qui ont su
apporter des connaissances nécessaires a la bonne réalisation de ce projet de recherche :
M¢élanie Jean, John William Shipley et Alain Leduc. J’ai bien apprécié travailler avec

vous!

Je remercie particulierement mes collégues de laboratoire, le service Corrige-moi,
Hermine Nguena Nguefack, M¢lanie Jean, Xiang Bo Yin, Maurane Bourgouin, Juanita
Rodriguez-Rodriguez et Catherine Boudreault pour leur précieuse aide en statistique et
en rédaction. Sans eux, j’aurais passé beaucoup plus d’heures a trouver le "bug" dans
mon code R ou a relire mon texte sans voir les améliorations évidentes a apporter. Dans
le méme ordre d’idée, je remercie toutes les personnes qui m’ont aidé a réaliser mon
travail de terrain et de laboratoire, soit Julie Arseneault, Sameera Liyanage, Maisa
DeNohra, Amira Fetouab, Lilian Car, Marion Cartier, Juanita Rodriguez-Rodriguez,
Enrique Hernandez-Rodriguez, Marc-Frederic Indorf, Nils Ambec, Rémi Boivert,

Alexandre Nolin, Manon Carboni, Albane Matricon, Marie-Anyse Dubuc, mais surtout



il

Terresa Kim avec qui j’ai passé 2 mois formidables a faire les inventaires et les

échantillonnages.

Je tiens aussi a remercier Sophie Laliberté, Dani¢le Laporte, Marie-Hélene Longpré,
Martha Roussel et Danielle Charron qui ont contribué indirectement a ce projet de
recherche en m’encourageant et en me partageant leur dynamisme contagieux. Je
remercie aussi mes parents de m’avoir soutenu tout au long de mes études, pour avoir
assisté aux colloques a distances avec moi et commenté mes travaux de vulgarisation

de mon projet de recherche.

Finalement, j’aimerais remercier le CRSNG pour m’avoir octroyé un financement d’un
an, ainsi que nos partenaires, soit la Scierie Landrienne, Produits forestiers GreenFirst

et la chaire d’aménagement forestier durable qui ont soutenu ce projet financi¢rement.



AVANT-PROPOS

Le mémoire est présenté sous forme d’article. Ce dernier sera soumis a la revue «
Journal of vegetation science» avec comme auteur, «Andréane Garant, Alain Leduc,
Yves Bergeron et Nicole J. Fentony. Je suis la principale responsable de I’étude, de la
collecte des données, de leur analyse et de la rédaction de l'article. Mes directions et
codirections de recherche ont contribué¢ a la conception de I’étude et m’ont assisté(e)
dans Dinterprétation des résultats. Elles ont aussi révis¢é de maniére critique et

constructive le contenu de 1’article.



TABLE DES MATIERES

REMERCIEMENTS ...ttt sttt ettt et e s e neas ii
AVANT-PROPOS ...ttt v
LISTE DES FIGURES ..ottt vii
LISTE DES TABLEAUX ...ttt ix
RESUME ...ttt Xi
CHAPITRE I Introduction @Enérale ...........ccccceeriienieniieiieeiieiieeieece e 1
1.1 Mise en contexte et problematiqUE ..........eecvveeriieeriieeriieeiee e e ereeeeeeeevee e 1
1.2 Etat des CONNAISSANCES .............oveveeverreeereeeeeeeeesseseesessessesseseeseeseesessesseesessssnsenes 3
1.2.1 Caractéristiques des MEIEZINS ........cc.eeevueieeiiiierciieeeiee e 3
1.2.2 Caractéristiques du MEIEZe..........ccueeviiiriieiiiieeiiece e 5
1.2.3 Role des communautés de plantes vasculaires de sous-bois dans
IECOSYStEME fOTESTIET ...ouvveeiiieiiieiiieiie ettt ens 6
1.2.4 Role des bryophytes dans 1’écosystéme forestier.........ccceevveeecveeecrreennnenn. 6
1.2.5 Ladiversité du sous-bois en forét boréale...........cccevveriinenincincniennne 7
1.2.6 L’approche scientifique par traits fonctionnels..........cccceeevvieeeieeecieennnenn. 8
1.2.7 Les traits fonctionnels utilisés pour étudier les plantes vasculaires.......... 8
1.2.8 Les traits fonctionnels utilisés pour étudier les bryophytes....................... 9
1.3 Objectifs de I’étude et hypotheses de travail ..........cccoeecveeiieniiiiniiniiiieeieee 9
1.3.1 Objectifs de I’¢tude ......ccveieeiiieiieeieeeeeee e 9
1.3.2 Hypotheéses de travail ............ccocuierieiiieniiiiieieeecee e 10
CHAPITRE I Impact of larch on composition, diversity and functionnal traits
of Vascular plant and bryophyte communities in the boreal undergrowth.............. 11
2.1 ADSIIACE ...ttt ettt et eeas 11
2.2 TNEOAUCHION. ...ttt sttt et ettt sae e 12

2.3 IMEEIOAS ..o a e e ——— 14



Vi

23,1 STUAY QICA....ccutieiiiieiieiieeieeeie ettt ettt ettt e et e et e e be et eebeebeeenaeeneeas 14
2.3.2 Selection of sites and inventory quadrats..........cccceeeveeeiieeeiieeeiieeeieeens 14
2.3.3 SAMPING ceevieiiieiie ettt et enaeas 15
2.3.4 NEEALE tTANSTEIT ... eeeeeeeeeeee e e e e e e e e e e 18
2.3.5 FUNCHONAL tTAIES...eeeteteeieeeeeeeeeeeeeeeee et eeeeeeeeeeeeeeeeeeeeeeeennnnes 19
2.3.6  Statistical analySiS .......ccccvieeciiieeiiieeeiie et 21
A A T LS 23
2.4.1 Environmental Variables. .......coooiuuumoeeee e 23
2.4.2 Understory diVerSItY......ccceeruieeiiierieeiienie et enieeeieesieeeaeesieeeseeseesnneeneeas 25
2.4.3 Understory COMPOSILION .....ccuveeerieeeriieeriieesieeesiteeeeteeenseeeeaneeeseeesseeenns 28
2.4.4 Needle addition eXPEriMENt ...........cecveeruieriieenieeieeniieereeneeeveesieeseveeneeas 38
2.4.5 FUNCHIONAL TTAIES .. eeeeeeeeeeeee et e e et e e e e e e e ereenaaaens 40
I B 1Yo 1113 (o) s WO 42
2.5.1 Driver 2 : Canopy OPEINESS ....veeeeuveeerveeerrreerieeesreesssseessseeesssseessseesssseeenns 44
B O 4161 1113 (o) s W 46
CHAPITRE III Conclusion gENerale ............cecvueeeeieeeiiieeiieeeiieesieeeevee e eeevee s 47
ANNEXE A Tableau comparatif des sites d’étude ..........ccccueevieviiiiienieeieee, 50

ANNEXE B Photos de I’'impact d’une feuille de peuplier et d’aiguilles
d’épinette Noire sur 1es bryOPhYLeS ........cccvierieeiiienieeieerie et 51

ANNEXE C Tableau des especes INdICAIICES .....cveeererreerereeeiiieeiieeeieeeeveeeseveens 52

BIBLIOGRAPHIE.......cccoooiiiiiiiiiiiieeeee e 54



Figure

2.1

2.2

23

24

LISTE DES FIGURES

Location of the study sites in the regions of Abitibi-West and Eeyou
Istchee James Bay. The proportion of larch is illustrated by the color
of the circle for each site............cooooiiiiiiiiiiii

Variation in the number of vascular plant and bryophyte species as a
function of larch proportion at (a) 4 m? quadrat level and (b) at site
level. Colored area represents the standard error. Linear mixed models
were used in (a) and simple linear models were used in (b). Regardless
of the model used for the analyses, a linear model with standard error
was used to illustrate the relation on both graphs...........................

Btotal diversity of vascular plants and bryophytes in 4 m? quadrats
among the four LCC (A = 0-25 % ; B =25-50 %; C = 50-75 % ,D =
75-100 %). The darker section (Prepl) of each bar indicates species
replacement, that is the degree to which species are replaced by new
species among quadrats of the same LCC. The lighter section (Brich)
indicates differences in richness, in other words, differences in the
number of species within quadrats of the same LCC........................

Principal coordinate analysis (PCoA) ordination of quadrats from 14
sites based on a) bryophyte and b) vascular plant community
composition using the Bray-Curtis dissimilarity index and Lingoes
correction, with eigenvalues (EV) in brackets. Quadrats are shown as
colored circles, with colours indicating the LCC associated (A =0 —
25%, B= 25-50%, 50-75%, 75-100 %). Species names and
environmental variables were added by correlation to the axes. The
variable “Mesisol depth” represents the inverse of the decomposition
rate.The length of the arrows indicates the strength of the correlation
t0 The AXES. ..ottt

Page

15

25

27



viii

2.5  Bryophyte mortality caused by needle clump in a a) Sphagnum quadrat
and b) Feather moss quadrat. ¢c) Decomposition of needles and feather
moss and presence of fungi mycelium..................oooiiiiiiiii. 38



LISTE DES TABLEAUX

Tableau Page

2.1 Mean values + standard deviation of environmental variables among the
four LCC (A = 0-25 %, B = 25-50 %, C = 50-75 %, D = 75-100 %).
Results of linear mixed models with site as a random factor on continuous
LCC data are shown. To facilitate the visualization of results, we presented
them in categories (LCC). Significant variables are in bold
(DO.05). -+ttt ettt ettt et et eneen 24

2.2 Bryophytes and vascular plants species mean cover when present and its
standard deviation, and frequency in 4 m? quadrats across the four LCC
(0-25 %, 25-50 %, 50-75 %, 75-100 %). 0% cover and 0% frequency
indicated a species was absent from that LCC. Frequency of species over
50% in the category isshown in bold. Correlation and Gtest that are
significant (p <0.05) are followed by an asterisk “*”.The number of

€69

quadrats in this category is represented by “n” in brackets.................... 30

2.3 Bryophyte community traits (mean values + standard deviation) and
results from linear mixed models with site as a random variable on
continuous data of larch proportion showed among the four LCC (A = 0-

25 %, B = 25-50 %, C = 50-75 %, D = 75-100 %). Significant variables
are shown in bold font (p<0.05). “n” is the number of bryophyte samples
analyzed with a proportion of larch included in the category................ 40

2.4 Vascular plant community traits (mean values + standard deviation) and
results from ANOVA of linear mixed models with site as a random
variable on site LCC data (A = 0-25 %, B = 25-50 %, C = 50-75 %, D =
75-100 %). Significant variables are shown in bold font (p<0.05). “n” is
the number of leave scan analyzed with a proportion of larch included in
the CatEZOTY . ..ttt 41

2.5 Alnus incana subsp. rugosa traits (mean values + standard deviation) and
results from ANOVA of linear mixed models with site as a random



variable on site LCC data (A = 0-25 %, B = 25-50 %, C = 50-75 %, D =
75-100 %). Significant variables are shown in bold font (p<0.05). “n” is
the number of leaves analyzed with a proportion of larch included in the
category



RESUME

Le méléze est le seul conmifére a feuille caduque en Amérique du Nord. Cette
caractéristique distingue la fonction écosystémique du méléze des autres coniféres et
des feuillus. Afin de mieux connaitre sa fonction écosystémique en forét boréale, nous
avons ¢étudié son impact sur la composition, la diversité et les traits fonctionnels des
communautés de plantes vasculaires et de bryophytes. Nous avons donc déterminé les
caractéristiques hydrogéochimiques du sol, la fermeture et la densité de la canopée,
ainsi que la composition et les traits fonctionnels des communautés de plantes
vasculaires et de bryophytes de sous-bois dans 15 sites sélectionnés pour couvrir un
gradient de proportion de mél¢zes dans des foréts d’épinettes noires du nord du Québec.
Dix quadrats d'inventaire et d’échantillonnage ont été placés dans chaque site. De plus,
nous avons installé des quadrats de suivi de I’impact de I’ajout d’aiguilles de méleze
sur les communautés de sous-bois dans un site d’épinettes noires dépourvu de méléze.
Nos résultats montrent qu’avec une augmentation de la proportion de méleze en
canopée, il y a une augmentation de la diversité de plantes vasculaires, de la surface
spécifique des feuilles, de la concentration en azote, et une diminution de la
concentration en carbone foliaire, ainsi qu’une transition des especes associées aux
peuplements pauvres de coniferes vers des especes de milieux plus riches de foréts
comportant du méléze. Pour les bryophytes, nous avons noté une diminution du nombre
d’espéces et une mortalité causée par la chute de la litiere de méléze, mais aussi une
augmentation de la concentration en azote dans les bryophytes persistantes. En
conclusion, ces connaissances montrent que le méléze en forte proportion aurait
comme fonction écosystémique de fertiliser et de structurer le sol, permettant ainsi de
rendre des sols organiques improductifs plus productifs. Des études devraient étre
entreprises pour évaluer la densité optimale de plantation et le temps nécessaire a la
création d'un sol productif.

Mots clés : Méléze Laricin, Larix laricina (du Roi) K. Koch, Forét boréale, Traits
fonctionnels, Mousses, Herbacées, Arbustes, Sol organique, Paludification



CHAPITRE I

INTRODUCTION GENERALE

1.1 Mise en contexte et problématique

La forét boréale est constamment perturbée, a différentes fréquences et intensités, par
divers types de perturbations dont les plus importantes sont les coupes forestieres, les
feux, les chablis, les épidémies et les inondations. Ces perturbations affectent la flore,
la faune, ainsi que les services écosystémiques rendus a [’humain. Ainsi, afin d’assurer
les ressources nécessaires a la survie et au bien étre futur des humains, il est donc
d’intérét de prédire I’'impact des différentes perturbations sur la composition et la
structure de la flore, de la faune et du sol. Cependant, pour faire des modeles de
prédiction précis, nous avons besoin de meilleures connaissances sur la dynamique

forestiére.

La dynamique foresti¢ére est le processus de changement de la composition et de la
structure des communautés végétales en fonction du temps et des perturbations (MRN,
2013). L’¢évolution de ce processus dépend de la fréquence, de ’intensité et de
I’ampleur des perturbations, ainsi que du climat, du milieu et des caractéristiques du
peuplement, notamment, la composition forestiere et le degré de paludification (MRN,
2013). Dans le nord-ouest du Québec, la dynamique forestiere est principalement
influencée par I’interaction entre la fréquence et la sévérité des feux, ainsi que I’effet

de cette interaction sur le processus de paludification (Simard et al., 2007). La



paludification engendre une augmentation de la profondeur de la couche organique du
sol, un rehaussement de la nappe phréatique et une diminution de la productivité des
arbres. En plus des feux, la coupe avec rétention de la régénération et des sols peut
augmenter le risque de paludification et la perte de productivité (Lafleur et al., 2010).
La paludification est donc un enjeu important pour I’aménagement forestier dans la

région.

Le sous-bois forestier est une composante importante de 1’écosystéme parce qu’il
représente une diversité floristique, un habitat et des ressources pour la faune et exerce
différentes fonctions, notamment dans la régénération de la strate arborescente, le
cyclage des nutriments, ainsi que I’activité biologique du sol (Nilsson & Wardle, 2005).
Le sous-bois varie entre les types de foréts, par exemple on retrouve des especes de
milieux plus riches et une plus grande diversité de plantes vasculaires sous une canopée
de feuillus en comparaison a une canopée de coniferes (Légaré et al., 2001). Comme la
canopée et le sous-bois sont en interaction continuelle et qu’elles ont un impact sur la
composition et la structure de chacun (Légaré et al., 2002; Mestre et al., 2017; Nilsson
& Wardle, 2005), il est important d’avoir des connaissances sur la composition et la

fonction de ces deux strates végétales pour mieux comprendre la dynamique foresticre.

Le méleze laricin (Larix laricina (Du Roi) K. Koch) est un des coniféres les plus
répandus en Amérique du Nord (Johnston, 1990). Au Québec, on le retrouve sur tout
le territoire forestier, mais plus particulierement en tourbicre boréale (Cauboue, 2007).
Cette grande distribution de l'espece est due a sa capacité d'adaptation a une grande
variabilit¢ de conditions environnementales, telles que des températures et des
précipitations extrémes, ainsi que sa capacité a croitre sur différents types de sol

(Cauboue, 2007; Johnston, 1990).



Plusieurs études se sont intéressées aux facteurs de stress et de perturbation (Burnside
etal., 2013; Islam & Macdonald, 2004), a la répartition (Dufour-Tremblay et al., 2012;
C. Evans et al., 2016) et au cycle de vie du méléze (Brown et al., 1988; Chakravarty &
Chatarpaul, 1990; Clausen & Kozlowski, 1970). Cependant, trés peu d’études, a notre
connaissance, se sont intéressées a I’impact du méléze sur les communautés de sous-
bois (Fowells, 1965). Pourtant, I’apport de ces connaissances pourrait permettre une
meilleure compréhension de la dynamique forestiere et ainsi faire de meilleures
prévisions de la succession foresti¢re. Ces prévisions sont utiles pour parfaire les plans

d’aménagement forestier.

1.2 Etat des connaissances

1.2.1 Caractéristiques des mélézins

On retrouve des mélézins dans une grande variété de milieux, mais davantage dans les
foréts tourbeuses et les tourbicres. Le sol est soit, organique fibreux, organique mésique,
organique humique ou tourbeux humique (Taylor et al., 2000). Ces milieux sont tres
humides, souvent mal drainés et paludifiés (mati¢re organique de plus de 20 cm

d’épaisseur).

La paludification est le phénomene d'accumulation graduelle de matiére organique
(Payette & Rochefort, 2001). Pour qu'il y ait paludification, il y a d'abord une
modification des conditions environnementales du milieu, favorisant un exces hydrique
ou la fluctuation de la nappe phréatique (Vitt & Wieder, 2008). L’exces hydrique
survient lorsqu’il y a plus de précipitations que d'évapotranspiration dans un milieu
ayant une nappe phréatique superficielle (Payette & Rochefort, 2001). DG a I’exces
hydrique, il y a une diminution de la température du sol et le développement d’une
zone anoxique, ce qui permet la colonisation du milieu par certaines especes végétales,

bactériennes et fongiques spécialisées. Mis a part certaines especes, la majorité des



especes de plantes vasculaires ont une productivité réduite, voir impossible dans ce
type de milieu. Ainsi, ce milieu est caractérisé par un faible taux de décomposition, un
degré d’acidité plus ¢élevé qu’en pessiere noire, ainsi qu’une accumulation de matiére

organique.

En plus de favoriser la paludification du milieu, lorsque la nappe phréatique est
superficielle, les sols sont mal aérés (Campbell, 1980), les nutriments sont peu
disponibles pour la croissance des plantes (Ponnamperuma, 1984) et la température de
la matiére organique est basse (Lee, 1980). Pour les plantes ligneuses, une mauvaise
aération du sol entraine une diminution de la transpiration, de la conductance
stomatique, du taux net d'assimilation, de l'efficacité de 1'utilisation de 1'eau et de la
photosynthese (Islam et al., 2003). La faible disponibilité des nutriments et la faible
température de la matiere organique sont des facteurs limitants pour 1'établissement et
la croissance des plantes terrestres. De plus, les plantes qui sont soumises a un exces
hydrique et qui n'y sont pas adaptées accumulent de I'é¢thyléne, un composé qui inhibe,
entre autres, le taux net d'assimilation de CO2, la transpiration et la conductance
stomatique (Blake & Reid, 1981). Une nappe phréatique superficielle augmente la
mortalité racinaire, le taux de décomposition des racines et diminue le ratio racine/tige

de l'arbre (Kozlowski, 1986).

Les adaptations morphologiques et physiologiques aux conditions d’exces hydrique
sont nombreuses chez le méléze laricin. Entre autres, il y a le développement de racines
adventives (Calvo-Polanco et al., 2012), I’hypertrophie des lenticelles a la base de la
tige (Islam & Macdonald, 2004), ainsi que le maintien de la capacité de transporter
I’oxygene aux racines pour assurer une respiration minimale (Conlin & Lieffers, 1993).
Malgré ces différentes adaptations, on observe une diminution de la productivité¢ du

méleze lorsqu’il pousse en conditions de sursaturation en eau (Islam et al., 2003).



1.2.2 Caractéristiques du méleze

Le méleze laricin est le seul conifére a aiguilles caduques au Québec (Cauboue, 2007).
La hauteur moyenne d’un individu mature est de 15 a 23 m avec un diametre a hauteur
de poitrine (DHP) moyen entre 36 et 51 cm (Johnston, 1990). La longévité du méleze

est généralement de 150 ans (Johnston, 1990).

Les aiguilles du méléze peuvent atteindre une longueur de 10 a 25 mm et sont
regroupées en faisceau (Marie-Victorin et al., 2002). Les ¢léments azote (N),
phosphore (P), calcium (Ca), magnésium (Mg), potassium (K), zinc (Zn), aluminium
(Al), fer (Fe), manganése (Mn) et bore (B) se retrouvent dans les aiguilles et leur
concentration dépend des conditions environnementales du milieu (Tilton, 1977). En
comparaison avec I'épinette noire (Picea mariana (Miller) Britton, Sterns &
Poggenburgh), avec qui le méléze partage des habitats, la concentration d'azote
contenue dans les aiguilles du méléze serait plus du double (Lieffers & Macdonald,
1990). Avant la chute des aiguilles, la concentration en N et en K diminue dans les
aiguilles, tandis que la concentration des autres ¢léments demeure inchangée (Tilton,
1977). Pour ce qui est de la transpiration journaliére estivale, elle serait deux fois plus

¢levée que celle de I'épinette noire dans les mémes conditions (Kimmins, 2004).

Le réseau racinaire du méléze se trouve a la surface du sol (entre 30 et 60 cm de
profondeur) et peut étre assez étendu dans de bonnes conditions de croissance (Fowells,
1965). Sous une couverture de sphaignes favorisant la saturation en eau du sol, le
méleze remplace continuellement ses racines par des racines au-dessus des anciennes
afin d’assurer sa respiration et son apport en ¢léments nutritifs dans des conditions de
paludification. De plus, un réseau de racines adventives est produit par le méleze
lorsqu'il est soumis a une période prolongée d'inondations ou d'épidémie d'insectes

(Fowells, 1965).



Le méléze est une espece pionnicre, dont les semis tolérent mal I'ombre, limitant ainsi
la colonisation du sous-bois par I’espece. L'épinette noire, qui est une espece de fin de
succession, est généralement I'espeéce qui remplacera progressivement le méleze dans
la strate arborescente (Cauboue, 2007; Fowells, 1965). Pour avoir une germination
optimale, la graine de méléze a besoin de certaines conditions, soit une humidité
constante sur de I'humus ou sur des mousses a croissance lente telles que Mnium spp.,
Drepanocladus spp. et Helodium spp. (Fowells, 1965). Dans des conditions
environnementales similaires, le méléze a un taux de croissance plus élevé que

I’épinette noire (Jutras et al., 2006).

1.2.3 Rodle des communautés de plantes vasculaires de sous-bois dans 1’écosystéme

forestier

Les communautés de plantes vasculaires, incluant les arbustes et les plantes herbacées,
jouent un réle important dans 1’écosystéme forestier (Nilsson & Wardle, 2005). En
effet, elles influencent la succession de la strate supérieure (Messier et al., 1998), le
cycle des nutriments (Weber & Van Cleve, 1981), ainsi que 1’habitat et les ressources
pour la faune (Gunnarsson et al., 2004). Ces communautés de sous-bois sont
dynamiques (Chipman & Johnson, 2002) et varient en fonction de la structure et la
composition de la canopée et du sol (Chen et al., 2004). Plus précisément, elles sont
influencées par le degré de la pente (Reich et al., 2001), la quantité de lumiere (Légaré
et al., 2002), de nutriments (Wardle & Zackrisson, 2005), le type d'humus (Qian et al.,
2003) et le pH du sol (Wardle & Zackrisson, 2005).

1.2.4 Role des bryophytes dans 1’écosystéme forestier

Les bryophytes sont des plantes dépourvues de vaisseaux, ce qui les distingue des
plantes vasculaires. Ils absorbent donc 1’eau et les nutriments par la surface de leur

corps, le rendant du méme coup sensible aux changements d’humidité environnants et



aux polluants atmosphériques (Glime, 2017; Hoodaji et al., 2012; Streeter, 1970). En
forét boréale, les bryophytes constituent une grande proportion de la biomasse végétale
et de la diversité végétale (Barbier et al., 2008). Ils ont un impact sur la température du
sol (Gornall et al., 2007), le cycle des nutriments (Turetsky et al., 2012), la
décomposition de la matiére organique (Turetsky et al., 2010), I'humidité (Turetsky et
al., 2012) et la diversité de microhabitats fauniques (Belyea & Baird, 2006; Nungesser,
2003). De plus, les bryophytes ont des effets positifs ou négatifs sur la germination et
la croissance de plantes vasculaires dépendamment des espéces et des conditions
abiotiques (Gornall et al., 2011). Ainsi, un changement dans l'abondance et la
composition des communautés de bryophytes influencera le fonctionnement de
I'écosysteme. Les principaux facteurs abiotiques limitant la composition et la
répartition des bryophytes sont la quantité¢ de précipitations (Busby et al., 1978) et la
quantité de lumiére (Raabe et al., 2010). Les principaux facteurs biotiques sont la
stratégie de dispersion des propagules (Caners et al., 2009), la composition et la
structure de la canopée (McGee & Kimmerer, 2002), I’accumulation de la litiere de
feuillus (Jean et al., 2020), les interactions interspécifiques (Caners et al., 2010), ainsi
que la disponibilité de microhabitats de croissance (Diamond et al., 2020; Frego &

Carleton, 1995).

1.2.5 La diversité du sous-bois en forét boréale

La diversité totale (plantes vasculaires et bryophytes) en sous-bois est sensiblement la
méme entre les différents couverts forestiers de la forét boréale (Fenton & Bergeron,
2011). Un couvert forestier composé de feuillus est favorable aux communautés de
plantes vasculaires et défavorable aux bryophytes, puisqu’il est généralement plus
fertile (Légaré et al., 2002; Nieppola & Carleton, 1991). A I’inverse, un couvert
forestier composé de coniféres est favorable aux bryophytes et défavorable aux plantes

herbacées, puisqu’il est généralement plus pauvre et acide (Barbier et al., 2008;



Chipman & Johnson, 2002). Ainsi, ’augmentation de la diversit¢ des bryophytes

compense la diminution de celle des plantes vasculaires et vice-versa.

1.2.6 L’approche scientifique par traits fonctionnels

Les traits fonctionnels des plantes ont un impact sur la productivité primaire nette de
'écosystéme, le taux de décomposition et le carbone et I'azote total du sol (Garnier et
al., 2004). Il est donc possible de comprendre une partie du fonctionnement de
I'écosysteme en étudiant les traits fonctionnels des plantes. L'approche par traits
fonctionnels est simple dans le sens qu’elle ne demande ni analyses génétiques
complexes ni compétences taxonomiques (Violle et al., 2007). En effet, plutdt que
d’identifier les especes, les traits sont mesurés en considérant qu'il s'agit d'especes
différentes dans les mod¢les. De plus, il est possible de comparer ces mesures de traits
a travers diverses communautés végétales dans le monde. Ainsi, pour étudier I’écologie
végétale a une échelle plus grande, la méthode par traits fonctionnels est avantageuse
comparativement a I'approche par espece. Les traits fonctionnels utilisés sont
sé¢lectionnés de maniére a étre faciles a mesurer (Cornelissen et al., 2003), ainsi qu’a
répondre a plusieurs processus physiques et physiologiques pour minimiser le nombre
de traits mesurés, puisque certains peuvent étre corrélés entre eux, ce qui augmente le
bruit dans les résultats (Weiher et al., 1999). En effet, on peut avoir le méme résultat

avec 3 traits fonctionnels bien choisis qu'avec 14 traits (Pierce et al., 2017).

1.2.7 Les traits fonctionnels utilisés pour étudier les plantes vasculaires

La surface spécifique des feuilles (SLA), la densité de tissus (LDMC) et la
concentration en azote foliaire (LNC) ont été proposées comme marqueurs
fonctionnels par Garnier et al., (2004), puisqu'ils peuvent étre utilisés pour noter
I'impact des changements des communautés sur le fonctionnement de 1'écosysteme et

qu’ils sont faciles a interpréter. De plus, I'établissement de marqueurs permet une



homogénéité dans le choix de traits pour différentes études. La SLA correspond a la
surface d'interception de la lumicre d'une feuille par unité de masse séche. Il s'agit d'une
approximation du taux d'assimilation et de la croissance relative de la plante (Shipley,
2002). Le LDMC est une approximation de la densité de tissus, permettant
d’approximer la rétention de nutriments par la plante (Smart et al., 2017). La LNC est
une approximation de la concentration d'azote dans les feuilles et permet

I’approximation du niveau de photosynthese de la plante (Evans, 1989).

1.2.8 Les traits fonctionnels utilisés pour étudier les bryophytes

L'approche par traits fonctionnels a ¢été peu utilisée chez les bryophytes
comparativement aux plantes vasculaires. Les traits fonctionnels les plus couramment
utilisés sont les suivants : la capacité de rétention de 1'eau (Rice et al., 2008), la quantité
de chlorophylle a et b, la surface spécifique de la tige, la quantité d'azote (Chen et al.,
2016), la densité de tiges, le volume de la tige, la hauteur moyenne de la colonie

(Michel et al., 2012) et le pH (Cornelissen et al., 2006).

1.3 Objectifs de I’é¢tude et hypotheses de travail

1.3.1 Objectifs de I’étude

L’objectif général de I’étude est de déterminer I’impact du méleze laricin sur la
composition, la diversité et les traits fonctionnels des bryophytes et des plantes
vasculaires en forét boréale. Afin de répondre a cet objectif, nous avons défini les 3

objectifs spécifiques suivants :

1. Déterminer 1'impact de la proportion de méléze en canopée sur la composition

et la diversité des plantes vasculaires et des bryophytes



10

2. Déterminer I’'impact de la proportion de méléze en canopée sur les traits

fonctionnels des communautés de plantes vasculaires et de bryophytes

3. Déterminer I’impact de la chute des aiguilles de méléze sur la composition et

I’abondance des communautés de plantes vasculaires et de bryophytes

1.3.2 Hypotheses de travail

Nous nous attendons a un changement significatif de la composition, de la richesse en
especes et des traits fonctionnels des plantes vasculaires et bryophytes de sous-bois en
fonction de la proportion de mélézes dans la canopée, car la perte des aiguilles de
méleze pourrait apporter plus de lumieére et de nutriments au sous-étage,
comparativement a 1’épinette noire (Messier et al., 1998; Par¢ & Cleve, 1993; Prescott
et al., 2000). Cependant, nous nous attendons a ce que la diversité totale (addition de
la richesse des bryophytes et des plantes vasculaires) soit similaire entre les différentes
proportions de mélézes, puisqu’il a ét¢ démontré que la diversité totale est similaire
entre les différents couverts forestiers de la forét boréale (Fenton & Bergeron, 2011).
De plus, nous supposons que la chute des aiguilles sur les bryophytes entrainera la
mortalité des bryophytes, tel qu’observée avec les feuilles des bouleaux (Jean et al.,

2020).



CHAPITRE II

IMPACT OF LARCH ON COMPOSITION, DIVERSITY AND
FUNCTIONNAL TRAITS OF VASCULAR PLANT AND BRYOPHYTE
COMMUNITIES IN THE BOREAL UNDERGROWTH

2.1 Abstract

The larch is the only deciduous conifer in North America. This characteristic
distinguishes it from other conifers and hardwoods in terms of its potential function in
ecosystems. In order to better understand the ecosystemic function of larch in the boreal
forest, we studied its impact on the composition, diversity and functional traits of
vascular plant and bryophyte communities. We therefore determined soil
hydrogeochemical characteristics, canopy openness and density, and the composition
and functional traits of understory vascular and bryophyte communities at 15 sites
selected to cover a larch proportion gradient in black spruce stands of northern Quebec.
Ten inventory quadrats were sampled at each site. In addition, we installed quadrats to
monitor the impact of larch needles on understory communities in a black spruce site
without larch. Our results illustrate that with an increase in the proportion of larch in
the canopy, there is an increase in vascular plant diversity, leaf size, foliar nitrogen and
a decrese in foliar carbon concentration, as well as a transition from species associated

with poor coniferous stands to species of richer forest environments associated with
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an increase in larch proportion . For bryophytes, we noted a decrease in the number of
species and mortality caused by larch litterfall, but also an increase in nitrogen
concentration in persistent bryophytes. In conclusion, this knowledge suggests that
larch could have the capacity to create a layer of productive soil for vascular plants
over an low-productive organic soil, such as peat. Studies should be undertaken to

evaluate the optimal planting density and the time required to create a productive soil.

2.2 Introduction

Forests are one of the world’s largest ecosystems, covering 1/3 of the Earth’s surface
(FAO, 2020). The boreal forest represents 1/3 of the global forest area (Brandt et al.,
2013) and is found mostly in Canada, Russia and Alaska (Potapov et al., 2008). The
boreal forest is a forest biome among which the larch is present in abundance (Mamet
et al., 2019). There are 13 globally distributed Larix species, of which the only species
found in the Canadian boreal forest is Larix laricina (Du Roi) K. Koch (Cauboue, 2007;
Mamet et al., 2019). Larch is one of the most widespread conifers in North America
and is the only deciduous conifer (Johnston, 1990). This wide distribution of the species
is due to its ability to adapt to a wide range of environmental conditions, such as
extreme temperatures and precipitation, as well as its ability to grow on different soil
types (Cauboue, 2007; Johnston, 1990). In the Canadian boreal forest, larch is found
throughout the forest, but particularly in peatlands (Cauboue, 2007). In this
environment, larch grows faster than any other conifer (Johnston, 1990; Jutras et al.,
20006). Larch is a pioneer species, whose seedlings are intolerant to shade, but tolerant
to flooding, which limits their colonization of the understory and favours their
establishment in peatlands. For larch needles, they are richer in nitrogen than those of
the black spruce, the dominant species in the boreal forest. Canopy trees have an effect

on understory conditions, including litter production, respiration, biotic interactions,
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understory light transmission, etc., which impacts vascular plant and cryptogam

composition and diversity (Chavez & Macdonald, 2010; Macdonald & Fenniak, 2007).

In return, the understory has an essential role in maintaining the structure and function
of the forest ecosystem (Gilliam, 2007; Nilsson & Wardle, 2005), upper stratum
succession (Hart & Chen, 2006; Messier et al., 1998), nutrient cycling (Weber & Cleve,
1981), and fauna habitat and ressources (De Grandpré et al., 2003; Gunnarsson et al.,
2004; Nilsson & Wardle, 2005). Understory communities are dynamic (Chipman &
Johnson, 2002) and vary with canopy and soil structure and composition (Chen et al.,
2004). Thus, knowing the interaction between trees and the understory is important to
better understand natural dynamics and ecosystem function (Gilliam & Roberts, 2003).
To date, very little is known about the interaction between larch and understory

communities.

This study aimed to assess the effect of the proportion of larch in the canopy of black
spruce stands on the composition of shrubs, herbaceous plants, and bryophytes in the
understory. Our specific objectives were to understand the impact of larch proportion
in the canopy on (1) composition and diversity of understory vegetation communities,
(2) on functional trait variation of the understory communities and (3) to understand
the impact of larch needle drop on understory communities. We expected a significant
change in composition, species richness and functional traits with changes in larch
proportion in the canopy because needle loss could bring more light and nutrients to
the understory (Messier et al., 1998; Paré & Cleve, 1993; Prescott et al., 2000).
Furthermore, we assume that needle drop on bryophytes will result in bryophyte
mortality, as observed with birch and aspen leaves (Jean et al., 2020; Startsev et al.,

2008).
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2.3  Methods

2.3.1 Study area

The boreal forest is dominated by black spruce (Picea mariana (Miller) Britton, Sterns
& Poggenburgh) in association with white spruce (Picea glauca (Moench) Voss), jack
pine (Pinus banksiana Lambert), white pine (Pinus strobus Linnaeus), larch (Larix
laricina (Du Roi) K. Koch), balsam fir (4bies balsamea (Linnaeus) Miller), trembling
aspen (Populus tremuloides Michaux), balsam poplar (Populus balsamifera Linnaeus),
and paper birch (Betula papyrifera Marshall)MFFP, 2020). This region has an
abundance of wetlands (18.2 to 58.0 % of the area; Pellerin & Poulin, 2013), due to the
poor drainage of the clay soil, generated by glacial Lake Ojibway from 8200 BP, cold
temperatures, and relatively abundant precipitation (average annual temperature of 0°C,
643.8 mm of rain and 265.3 cm of snow) (Environnement Canada, 2013). These
climatic and forest conditions are conducive to forest fires, flooding, insect outbreaks
and windthrow disturbances that are part of the natural forest dynamics of the region
(Bergeron et al., 2002). In addition to these natural disturbances, silviculture and

mining play a role in the composition of the forest stand mosaic.

2.3.2 Selection of sites and inventory quadrats

Based on the Quebec ecoforestry maps (MFFP, 2020), 15 sites were selected that had
the following characteristics: larch-spruce composition, 50-70 years post stand
replacing disturbance, accessible by road or trail and within a 40 km radius of the
nearest village “Villebois”. Thus, sites are close to each others, share similar climatic
history, site conditions and have a similar commercial value in terms of comparable

basal area (Appendix 1). Finally, site selection ensured a balanced number of stands in
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different larch canopy proportions (4 sites of 0 %, 4 sites of 0-25 %, 4 sites of 25-50 %,
4 sites of 50-75 % and 3 sites of 75-100 %) defined by the mean of 5 visual assignment
of larch proportion coverage within a 10m radius of random points in the site. A more
precise measure of larch proportion was made later in the process. Despite our search,
a 4™ site was not found for the 75-100 % category in the vicinity. In each of the 15
sites, 10 quadrats of 4 m? were randomly localized, taking care not to have any other
tree species than black spruce and larch within 5m radius of their center. A five m
radius quadrat (78.5 m2) was overlayed to determine local influence of trees on 4 m?
quadrat. This radius was establish based on Okland et al. (1999) study that showed that

single tree have an influence on the understory within one meter from the stem.

2.3.3 Sampling
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Field inventory was conducted from 2019 to 2021 in Northwestern Quebec, Canada
(Figure 2.1). Our first objective was to understand how the proportion of larch in the
canopy changes the ecological function of the ecosystem by looking at its effect on the
composition and diversity of understory vegetation communities. Thus, for each of the
10 quadrats of 4 m? in the 15 sites, we conducted floristic inventories, abundance
measurements on bryophytes, herbaceous plants, and shrubs and environmental

condition measurements.

In order to know the abundance of each understory species related to the proportion of
larch in the canopy, at each 4 m? quadrat, we made visual estimates of percent cover
(1-100 %) for each vascular plant and bryophyte species. We brought back unknown
vascular plants specimens in a press and bryophytes specimen in paper bags for

laboratory identification.

To define the proportion of larch around quadrats, we recorded the species and diameter
at breast height (DBH) of all trees within a 5m radius of each quadrat. This DBH
correspond to a high average of 1.35 m. Then, we calculated the basal area of each tree
with DBH data to assess a proportion of larch in the quadrat based on total basal area
within 5m radius. To get a proxy for understory moisture and its effect on herbaceous,
shrub and bryophyte composition, tree density (number of stems of any tree species)
within 5 m of the center of the quadrat was calculated from the species and diameter

data.

To see if the proportion of larch in the canopy correlates with the average summer
water table depth, 1.52 m long metal rods were driven into each quadrat center to a
depth of one meter in the forest floor in early June 2020 and were removed in late

September 2020. The difference between the height of the rod at the soil surface and
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the height of the oxidation is used to determine the average depth of the water table for
the season. This method, which has been previously proven (Fenton et al., 2006), was

chosen for its simplicity and because high precision was not required for this point.

To understand the effect of soil nutrient concentration on the composition of vascular
plants and bryophyte communities, a composite soil sample per quadrat was formed
from five subsamples of humus decomposed to an H5-H6 (Von Post chart), i.e., when
the origin of the organic matter could no longer be defined. This stage was reached
when the first layer of organic matter below the fibrous layer was attained. The name
of this organic layer is mesisol. The depth at which this stage of decomposition was
reached was noted to serve as a proxy for the inverse of the litter decomposition rate.
These composite samples were then sieved to 2 mm and analyze in the laboratory to
determine the average composition of nitrogen, phosphorus, potassium, calcium,
magnesium (Mehlich 3 method and ICP-OES analysis with Agilent 5110 DV) and pH
(1:1 method with water). In addition, in order to know the effect of the depth of organic
matter on the composition of these communities, a direct measurement of the thickness
of the organic matter was carried out for each quadrat using a 1.20m long soil corer.

When the depth exceeded 1.20 m, the value >1.20 m was noted.

Finally, to understand the effect of the amount of understory light on the communities,
a measurement of canopy openness in each quadrat center was made in the direction of
the four cardinal points with the spherical crown densiometer (Forestry Suppliers,
Convex Model A). Another measurement of canopy openness was made prior to larch
needle bud burst in the spring for two sites with spruce only and two sites with 75-
100 % larch. This will allow to determine if the absence of larch needles in the canopy
in the spring had a more significant effect on the composition of understory

communities in comparison with close spruce forest.
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2.3.4 Needle transfert

To experimentally test the effect of larch needle drop on vascular plants and bryophyte
communities, we set 18 permanent 1m? quadrats at a site with no larch and a majority
of black spruce. Nine permanent quadrats were placed on existing colonies of feather
mosses (FM) including Pleurozium schreberi (Willd. ex Brid.) Mitt, Ptilium crista-
castrensis (Hedw.) and Hylocomium splendens (Hedwig) and nine permanent quadrats
on existing colonies of Sphagnum (S) including Sphagnum capillifolium (Ehrhart)
Hedwig., Sphagnum russowii Warnst., Sphagnum wulfianum Girg. and Sphagnum
angustifolium (Warnst.). A photo and inventory of the herbaceous, shrub, and
bryophyte species present were taken for each quadrat as a reference of the initial
situation before the needles were transferred. Once a year after the needles were
deposited, a new photo was taken and an inventory and percent cover of species were

taken on these quadrats.

In the falls of 2019, 2020, and 2021, larch needles were collected on bedsheets laid on
the forest floor in a stand with a larch dominated canopy (75-100 %), to minimize
contamination by needles of other species. For each bedsheet, the mass of needles
collected was divided by the bedsheet area to obtain a representative mass of needles
that fell on 1 m?. On six permanent quadrats, consisting of three S colonies and three
FM colonies, 50 % of the equivalent mass of 1 m? was deposited. On the six other
quadrats, 100 % of this same mass of needles was deposited. The six additional

quadrats, three of each species, served as controls.

To assess the contribution of larch and spruce to the total mass of needles harvested,

several random subsamples of needles were sorted and then weighed by species. Thus,
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larch needles deposited on the permanent quadrats could be considered to contain less

than 5 % spruce needles.

2.3.5 Functional traits

To understand the functional trait variation of the understory communities across a
gradient of larch proportion in the canopy (objective 2) we made functional trait
measurements of herbaceous, shrub and bryophyte species. For herbaceous and shrub
species (vascular plants), the average cover percentage of the species that represent the
most biomass of the site were added together until at least 80 % was obtained (“most
abundant species”) (Garnier et al., 2004). Then, at least 4g of dry leaf mass from each
of these species was harvested in all sites (not necessarily in inventory quadrats)
following the standardized protocol of Garnier et al., (2001) for nutritional and leaf pH
analyses. The 10 largest intact leaves of each species were scanned with a scanner
(Epson Expression 12000XL) and weighed fresh, then oven dried to calculate the
specific leaf area (SLA) and the leaf dry matter content (LDMC). For species with very
small leaves, such as Gaultheria hispidula, we scanned a shoot and removed the stem
with GIMP software for analysis and weighted all leaves together. The remaining
leaves of each species were oven dried for 24 hours at 80°C and then ground (Thomas
Scientific model 18Y51) for carbon (C) and nitrogen (N) analysis (Dumas method on
Vario Max Cube company Elementar and analyzed by TCD) in laboratory. In addition
to analyzing the community traits, we looked in more detail at the traits of Alnus incana

subsp. Rugosa which was present along the larch gradient.

To characterize the function of bryophyte communities in our quadrats, we selected the
following five functional traits: ratio of water volume absorbed to bryophyte volume

(ml/cm?), time for 50 % water loss (h), drying rate (log(g/h)), C (%) and N (%) content,
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and the LDMC (g/g). These traits were measured on five 5 g dry weight subsamples
from five randomly selected bryophyte samples from inventory quadrats per site. These
subsamples are an amalgam of stems of different bryophyte species without
conservation of colony structure and preserving species proportion. Most of debris and
non-photosynthetic parts were removed from the samples. To make the measurements,
the bryophyte subsamples were placed in yogurt-type pots into which 500 ml of water
was added. After one night of soaking, the excess water that was not absorbed by the
bryophytes was collected in a 500 ml (+/- 2.5 ml) graduated cylinder. The subsample
was then placed in a mesh bag to preserve it and then turned 20 times in a salad spinner.
The weight was recorded, and the experiment was repeated until a stable weight
(+/- 0.1 g) was reached. Once a stable weight was reached, the subsample was
weighed, to obtain its weight at field capacity and the water at the bottom of the spinner
was added to the 500 ml graduated cylinder. By subtracting this new volume from the
initial 500 ml, we obtain the water absorption capacity of the subsample. Then, to know
the volume at field capacity of the sub-sample, it was placed in an overflow vase filled
with water. The water having been expelled from the vase during this maneuver was
collected in a graduated cylinder of 100ml (+/- 0.5 ml). The volume obtained in the
cylinder corresponds to the volume of the bryophyte subsample in cm?. Finally, in order
to know the drying rate and the time to lose 50% of the water content of each
subsample, these subsamples, at field capacity, were placed uniformly in weighing
cups and a mass measurement was taken after 30 minutes, 1h, 1h30, 2h, 4h, 6h, 21h,
30h, 45h and 54h. To measure the C and N concentration, bryophyte samples were
oven dried for 24 hours at 80 °C and then ground (Thomas Scientific model 18Y51)
for analysis (Dumas method on Vario Max Cube company Elementar and analyzed by

TCD) in laboratory.
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2.3.6 Statistical analysis

All analyses were performed using the R 4.1.0 software (R Core Team, 2020). We
removed site #12 because there were marks on the trees that suggested that the stand

had been thinned, making it uncomparable with the other sites.

Firstly, we used a linear mixed model approach to examine the relationship between
each environmental variable and continuous data of the larch proportion in canopy
measured at the quadrat level with site as random variable. Sites were set as a random
variable in this and subsequent analyses to account for the site effect. We presented
theses results in larch canopy categories (LCC) to facilitate visualization. LCC include
quadrats in four equidistant categories according to the larch proportion within 5m
radius of plot center (A: 0-25 %, B: 25-50 %, C: 50-75 %, D: 75-100 %). Secondly,
we analyze the impact of larch proportion on species diversity and composition of
bryophyte and vascular plant communities (Objective 1). We examined the effect of
larch proportion in canopy on species richness at the quadrat level (alpha a diversity),
and at the site level (gamma y diversity). We analysed species richness (o and y) of
vascular and bryophyte communities with a linear mixed model between the number
of species (quadrat level for alpha and site level for gamma) and larch proportion in the
canopy with site as random variable. Dissimilarity measures (beta 3 diversity) between
quadrats sharing the same larch canopy category (LCC), was also analysed. Total beta
diversity and the proportion explained by Prepl and Prich was calculated with
beta.multi function (R package “BAT”; Cardoso et al., 2021) and represented by a bar
plot (Microsoft® Excel® for Microsoft 365 MSO (16.0.14131.20278)). Brepl indicates
species replacement, that is the degree to which species are replaced within quadrats of
the same LCC. B rich indicates differences in richness, in other words, differences in

the number of species within quadrats of the same LCC. All diversity models (o, § and
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y) were performed using species abundance data. Then, we calculated the mean cover
and the frequency of each species belonging to a similar LCC. We consider a frequency
over 50 % as a common species in this LCC. Also, when a species was found in two or

less LCC, we consider it as a specific species for this or these LCC.

Quadrat-scale community composition was then represented in two separate graphs for
vascular plants and bryophytes with a Principal coordinates analysis (PCoA) ordination
performed on all abundance data using the Bray-Curtis distance and the Lingoes
correction (package ape; Paradis & Schliep, 2019). To show how environmental
conditions in the understory impact quadrat scale community composition, we added
environmental variables (tree density, phosphorus, pH, water table depth, canopy
openness, mesisol depth, C:N ratio and organic matter depth) to the ordination as a
vector using the “env.fif” function (package vegan; Oksanen et al., 2020). To test the
relative importance of larch proportion in explaining understory species composition
patterns in each quadrat, we performed a Permutational Multivariate Analysis of
Variance (PERMANOVA) on 9999 permutations with the function adonis2 (package
vegan; Oksanen et al., 2020). Then, species were plotted according to their weighted

average coordinates.

We compared bryophyte functional traits along the larch proportion (continuous data)
and vascular plant along a LCC at site level (categorical data) instead of quadrat level
like for B diversity, to determine the impact of larch proportion on ecosystem
functioning (objective 2). To determine if there is a significant variation in trait values
along the larch proportion gradient, we used a linear mixed model for each trait
measured as a community mean as dependent variable, the proportion of larch as

independent variable and site as random variable. We also examined trait value
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variation at the species level (4/nus incana subsp. Rugosa), using a linear mixed model

with site as random variable.

The impact of the addition of larch needles on bryophyte and vascular plant
composition and abundance was analysed using PERMANOVAs with the adonis2
function (package vegan; Oksanen et al., 2020) on 9999 permutations on all species
abundance data for three years (fixed variables). We did it first only on 50 % needles
data and then on 100 % data. An ANOVA was also performed to assess if there existed
a significant annual difference in abundance of P. schreberi, H. splendens and P.crista-
castrensis that visually seemed more affected by the needle treatment (personal

observations).

2.4 Results

2.4.1 Environmental variables

Comparing quadrats with different amounts of larch in the canopy showed that quadrats
with higher LCCs had lower tree density and higher average DBH (Table 1). Despite
this result,we obtain a similar or slightly higher basal area with more than 25 % of larch,
with maximum basal areas in mixed stand (Table 1). However, we obtain a canopy
opening that is greater in pure stands than in mixed stands (B and C). The lower basal
area in black spruce stands (category A) is correlated (p value = 1.9x10°) with a lower
amount of light in the understory. There were no significant differences for the other
categories. We also found a greater amount of light in the undergrowth in the spring in
quadrats with high larch cover compared to closed spruce forest without larch (t = -

18.717, p-value = 1x107'%). The other environmental variables did not vary along the
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larch gradient in part due to the important amount of variation at the site level (results

not shown).

Table 2.1 Mean values + standard deviation of environmental variables among the four
LCC (A =0-25 %, B=25-50 %, C =50-75 %, D = 75-100 %). Results of linear mixed
models with the site as a random factor on continuous LCC data are shown. To facilitate
the visualization of results, we presented them in categories (LCC). Significant

variables are in bold (p<0.05).

LcC A (>0-25%) B (>25-50%) C(>50-75%) D (>75%) T-value pvalue
Basal area (m?/ha) 11.62+5.15 15.45 +4.59 17.77+6.52  15.16+6.35  3.66  4x10-4
Canopy openning (%) 30.77 £14.13 22724812  2224+7.29  2821+808 -2.10  0.04
Mean DBH (cm) 10.28+1.90 12.42+2.62 14754312  15.68+2.82 538305  0.00
Mesisol depth (cm) 2541+11.76  20.05+12.05  18.95+14.83 13274448  -023 081
Organic matter depth (cm) ~ 77.37+4820  95.15+40.10  102.08+33.22 1100842416 130  0.20
Soil C:N * 25.98 +5.23 23.64+4.91 23304360  2023+190  -017  0.87
Soil calcium (mg g-1 dry soil) 54 5 7, 3.30¢2.44 5.73+2.89 6.18:2.84  -038  0.70
Soil carbon (%) * 39.38 +5.83 40.16+7.27 4044536  3691£393 001  0.99
Soil mag"ei””';’*(mg e1dy 4725038 059+ 0.39 1.01+0.47 099%039  -046 064
Soil nitrogen (%) * 1.56+0.32 1.76 +0.44 1.76 +£0.29 1.84+028 015 088
Soil pH (unit) * 437+0.72 4.26+0.63 4.74£0.70 487058 030 076
ol phOSphS‘:)ri‘IJ)s*(mg e1dy  5018+0.010 0.015:£0.006  0.015+0.009 0.017+0.008 004  0.96
Soil pmasssizirl'; (mgeldry 194010 0.18£0.07 0.18£0.11 018005 028  0.78
Tree density ( Number of
tree within 5m radius of 23.69 +8.70 22.73 +10.53 18.74 +9.60 12.92 +5.10 -1.87 0.06
quadrat center)
Water table depth (cm) 24.38+10.72 2295+617  2052+12.88 2858+12.86 010  0.92

* Five samples per site were taken for soil variables instead of 10 as for other variables
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2.4.2 Understory diversity

Along the larch gradient, the average number of bryophyte species per quadrat (alpha
diversity) decreased slightly (6 to 4), while the average number of vascular plant
species doubled (6 to 12; Figure 2a). At the site level, the number of species per site
(gamma diversity) shows a similar pattern as that found at the quadrat level, except that
the bryophyte gamma diversity remains constant along the larch gradient (Figure 2b).
For bryophytes, there is a mean of 10 species per site regardless of the proportion of
larch in the canopy (Figure 2b). For vascular plants, there is a mean of 10 species with
less than 25 % larch in the canopy and a mean of 25 species with more than 50 %

(Figure 2b).
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b)
Bryophytes : R2=-0.08  p=0.89
Vascular plants : R2=0.42 p = 0.01
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Figure 2.2 Variation in the number of vascular plant and bryophyte species as a
function of larch proportion at (a) 4 m? quadrat level and (b) at site level. Colored area
represents the standard error. Linear mixed models were used in (a) and simple linear
models were used in (b). Regardless of the model used for the analyses, a linear model
with standard error was used to illustrate the relation on both graphs.

Bryophyte communities had a higher dissimilarity among the quadrats under a higher
proportion of larch (BTotal) (Figure 3). Moreover, dissimilarity, which is explained
primarily by Prepl in quadrats of category A, is replaced by Prich with increasing LCC.
This means that between category A quadrats, there is a similar number of species, but
different species among quadrats. For category B and C, there is about the same

proportion of dissimilarity explained by both Brepl and Brich. Finally, among category
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D quadrats, there is variation in the number of species present, but the species are
mostly the same. The maximum percentage of dissimilarity is 80 % found for D

quadrats and the minimum percentage is 60 % found for A quadrats.

There was a different pattern of B diversity for vascular plants. Indeed, they were more
similar across quadrats in stands that were pure spruce or larch (A and D), than in mixed
stands (B and C) (BTotal). Moreover, the dissimilarity, which is first explained equally
by Prepl and Prich gives way to Brepl with increasing proportion of larch. The
maximum percentage of dissimilarity is 81 % for B quadrats and the minimum

percentage is 69 % for A quadrats.
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Figure 2.3 Btotal diversity of vascular plants and bryophytes in 4 m? quadrats among
the four LCC (A = 0-25 % ; B =25-50 %; C = 50-75 % , D = 75-100 %). The darker
section (Brepl) of each bar indicates species replacement, that is the degree to which
species are replaced by new species among quadrats of the same LCC. The lighter
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section (Prich) indicates differences in richness, in other words, differences in the
number of species within quadrats of the same LCC.

2.4.3 Understory composition

In bryophyte communities, among species present in 50 % or more of quadrats in at
least one LCC, we observed a decrease in frequency of Dicranum polysetum,
Sphagnum angustifolium, S. russowii and Pleurozium schreberi along the LCC. At the
same time, no species increased in frequency along the larch gradient (Table 2). Among
species present in only one or two LCC, Dicranum flagellare and S. rubellum were
specific to category A, D. montanum, S. fuscum and S. quinquefarium were specific to
categories A and B, Plagiothecium latebricola to category B, Sphagnum cf. centrale to
categories B and C, Hypnum imponens to category C, Sciuro-hypnum curtum to
categories C and D and P. laetum to category D. We also observed a decrease in the

number of common species along the larch gradient (A =4, B=4, C=3, D=1) (Table 2).

For vascular plants communities, we observed a decrease in frequency of Gaultheria
hispidula, Kalmia angustifolia, Rhododendron groenlandicum, Vaccinium
angustifolium and Vaccinium myrtilloides, and an increase in frequency of Alnus
incana subsp. Rugosa, Carex sp., Coptis trifolia, Cornus canadensis, Lysimachia
borealis, Maianthemum canadense, Rubus idaeus and R. pubescens along the larch
gradient (Table 2). Drosera sp. and Rubus chamaemorus were specific to the category
A, Maianthemum trifolium to categories A and B, Galium palustre to the category B,
Anemone quinquefolia and Caltha palustris to categories B and C, C. alternifolia, C.
sericea, Fragaria sp., Solidago rugosa, Symphyotrichum cf. ciliolatum and Taraxacum
sp. to categories C and D, and Gymnocarpium dryopteris, Lonicera canadensis et

Thelypteris palustris var. pubescens to the category D. We also observed an increase
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in the number of common species along the larch gradient (A =5, B=5, C=6, D=11)
(Table 2).



Table 2.2 Bryophytes and vascular plants species mean cover when present and its standard deviation, and frequency in 4 m?
quadrats across the four LCC (0-25 %, 25-50 %, 50-75 %, 75-100 %). 0 % cover and 0 % frequency indicated a species
was absent from that LCC. Frequency of species over 50% in the category isshown in bold. Correlation and Gtest that are

€C_ 9

significant (p <0.05) are followed by an asterisk “*”. The number of quadrats in this category is represented by “n” in

brackets.
Species Pears
A B C D on
correl G-Test
(n=51) (n=26) (n=38) (n=24) ation
Cover (%) F(f,zc)l' Cover (%) F(f)/e:)l' Cover (%) F(f,zc)l' Cover (%) F(f)/e:)l' Cover G-value
Bryophytes
Aulacomnium palustre 0.50 11.76  0.50 23.08  0.50 13.16  0.50 8.33 0.00 2.12
Dicranum flagellare 0.50 3.92 0.00 0.00 0.00 0.00 0.00 0.00 0.00 NA
Dicranum fuscescens 1.17+1.15 5.88 2.50 3.85 0.50 5.26 0.00 0.00 035 NA
Dicranum montanum 0.50 1.96 0.50 3.85 0.00 0.00 0.00 0.00 0.00  NA
Dicranum polysetum 1.54£0.99 8235 1.52+0.92 80.77 1.64+0.86 7632  1.54+0.61 4583  0.01 3.63
Dicranum scoparium 0.50 1.96 0.00 0.00 0.50 7.89 2.50 4.17 039 NA
Hylocomium splendens 0.68 £ 0.60 2157 5.88+1282  30.77 825+091 1053 3.60+0.97 2083 039* 3.42
Hypnum imponens 0.00 0.00 0.00 0.00 0.50 2.63 0.00 0.00 0 NA
Hypnum pallescens 0.50 1.96 0.00 0.00 0.00 0.00 0.00 0.00 0 NA
Plagiothecium laetum 0.00 0.00 0.00 0.00 0.00 0.00 0.50 1667 0 NA
Plagiothecium latebricola 0.00 0.00 0.50 3.85 0.00 0.00 0.00 0.00 0 NA
Pleurozium schreberi 392+36.94  98.04 1845+26.79 7692 4.36+6.92 73.68 1.88+0.73 70.83 % -0.54* 230
Ptilidium ciliare 0.50 49.02  0.50 2692 0.50 7.89 0.50 4167 0 21.66*

0¢
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Ptilium crista-castrensis
Sciuro-hypnum curtum
Sphagnum angustifolium
Sphagnum capillifolium
Sphagnum cf. centrale
Sphagnum divinum
Sphagnum fallax
Sphagnum fuscum
Sphagnum girgensohnii
Sphagnum quinquefarium
Sphagnum rubellum
Sphagnum russowii
Sphagnum wulfianum

Tomenthypnum nitens
Vascular plants

Alnus incana subsp. Rugosa
Amelanchier sp.
Anemone quinquefolia
Betula nana

Caltha palustris

Carex sp.

Chamaedaphne calyculata
Clintonia borealis

Coptis trifolia

Cornus alternifolia
Cornus canadensis

Cornus sericea

543 +£13.05
0.00

16.82 + 14.64
11.40 +4.07
0.00

10.43 +12.26
2.62 +£2.94
2527+7.71
425+2.47
8.97+14.21
9.06 £9.28
16.98 +22.72
1.93+£0.71
0.00

15.69 +30.39
0.50

0.00

0.50

0.00

4.66 +7.76
5.29+0.86
3.88+1.03
2.19+£0.90
0.00
2.59+0.79
0.00

43.14
0.00
62.75
19.61
0.00
49.02
5.88
13.73
3.92
11.76
3.92
50.98
5.88
0.00

15.69
1.96
0.00
1.96
0.00
43.14
23.53
7.84
15.69
0.00
21.57
0.00

5.62+1291
0.00

10.83 +13.68
14.62 + 8.88
3.46 £4.80
18.70 +18.20
0.12

11.31 £ 0.09
33.82 £32.75
20.00

0.00

18.40 + 18.08
4.38

0.50

17.08 +18.14
0.50

0.50

1.50 + 1.41
0.50
2.07+1.01
3.20+1.02
2.50

0.50

0.00

19.90 +31.50
0.00

30.77
0.00
50.00
38.46
11.54
26.92
3.85
7.69
11.54
3.85
0.00
50.00
3.85
3.85

23.08
3.85
3.85
7.69
3.85
57.69
19.23
3.85
38.46
0.00
38.46
0.00

0.86 +0.81
0.50
8.31+8.45
9.03+11.46
2.20+2.54
5.08+3.90
0.05

0.00

31.12 £42.60
0.00

0.00

16.69 +19.12
1.56 £0.44
0.50

22.22 +23.03
2.80+0.87
0.50

0.50

0.50
2.20+0.98
0.50

5.00 +£0.87
2.63+0.92
0.50

9.04 +£9.70
3.67+0.29

28.95
10.53
50.00
39.47
5.26
36.84
2.63
0.00
5.26
0.00
0.00
36.84
5.26
2.63

42.11
13.16
2.63
7.89
2.63
60.53
5.26
7.89
50.00
2.63
36.84
7.89

1.00 +1.00
0.50

7.98 £2.61
921+11.27
0.00
34+2.76
10.45 +13.90
0.00

6.50 +8.48
0.00

0.00

16.29 +17.29
1.01 +£1.26
0.50

14.63 +15.34
0.50

0.00

0.00

0.00

8.80 £21.68
3.57+0.87
10.17 £ 0.76
2.12+1.00
0.50

13.31 +£25.23
2.50

16.67
8.33
20.83
41.67
0.00
20.83
12.50
0.00
8.33
0.00
0.00
37.50
8.33
12.50

75.00
4.17
0.00
0.00
0.00
75.00
29.17
12.5
50.00
16.67
54.17
4.17

-0.20

-0.26*
-0.13
-0.48
-0.22
0.40
-0.42
0.07
-0.18

0.01
-0.39

-0.07
0.23

-0.04

0.06
-0.20
0.42
0.06

0.13
0.26

4.04
NA
6.77
441
NA
4.60
241
10.96*
1.64
NA
NA
1.44
0.45
NA

16.80*
4.66
NA
NA
NA
3.18
6.93
1.21
10.46*
NA
5.32
NA
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Drosera sp.

Dryopteris carthusiana
Dryopteris cristata
Equisetum sylvaticum
Eurybia radula

Fragaria sp.

Galium asprellum

Galium palustre
Gaultheria hispidula
Gymnocarpium disjunctum
Gymnocarpium dryopteris
Iris versicolor

Kalmia angustifolia

Kalmia Polifolia

Larix Laricina

Linnaea borealis

Lonicera canadensis
Lonicera villosa

Lysimachia borealis
Maianthemum canadense
Maianthemum trifolium
Mitella nuda

Picea mariana

Poaceae

Populus tremuloides
Pyrola elliptica
Rhododendron groenlandicum

Ribes glandulosum

0.50

0.00

0.00

1.07 £0.98
0.00

0.00

0.00

0.00

1.66 +0.99
0.00

0.00

0.00

5.67 £6.08
1.00 +£0.92
0.50

0.50

0.00

0.00
1.50+1.15
1.00 +£0.92
2.06 +0.88
0.00

10.96 +13.31
0.50

0.50

0.00

9.88 +£11.82
0.50

1.96
0.00
0.00
13.72
0.00
0.00
0.00
0.00
56.86
0.00
0.00
0.00
70.59
15.69
1.96
3.92
0.00
0.00
7.84
15.69
17.65
0.00
25.49
3.92
1.96
0.00
82.35
3.92

0.00

1.50 £1.15
0.00

0.50

0.50

0.00

0.50

0.50
1.85+0.94
0.00

0.00

0.00
3.57+0.97
0.50

2.50

0.50

0.00

0.50

0.86 +0.81
2.22+0.97
0.50

2.50
8.72+11.95
0.50

0.00

0.50
4.89+0.92
0.00

0.00
15.38
0.00
7.69
11.54
0.00
7.69
3.85
50.00
0.00
0.00
0.00
53.85
11.54
3.85
19.23
0.00
3.85
4231
34.62
7.69
3.85
34.62
7.69
0.00
3.85
73.08
0.00

0.00
0.50
0.50
0.50
0.50
1.30+1.10
0.50
0.00
3.52+7.74
1.50 £ 1.41
0.00
0.50
4.23+0.93
0.50
0.00
4.25+9.79
0.00
0.83 +0.82
1.16 £0.94
4.09 +=0.87
0.00
5.00 +£0.87
2.00 +1.00
0.75+0.71
0.00
0.50
2.89 +£0.94
1.50+1.15

0.00
2.63
2.63
10.53
7.89
13.16
13.16
0.00
57.89
5.26
0.00
2.63
28.95
5.26
0.00
36.84
0.00
15.79
73.68
57.89
0.00
7.89
10.53
21.05
0.00
5.26
57.89
10.53

0.00
0.00
0.50
0.50
1.00 +1.00
1.07 £0.98
0.50
0.00
0.78 £0.76
0.50
0.50
0.00
2.04 +£0.88
0.00
0.00
245+047
0.50
1.30 +1.03
0.85+0.78
1.84 £0.98
0.00
1.83 +£1.03
2.50
1.25+1.04
0.00
3.67+0.29
4,93 +£0.89
0.50

0.00
0.00
8.33
4.17
16.67
29.17
25.00
0.00
29.17
4.17
4.17
0.00
54.17
0.00
0.00
41.67
4.17
41.67
70.83
66.67
0.00
25.00
4.17
33.33
0.00
12.50
58.33
4.17

-0.70

-0.41
0.46
-0.20

0.05
-0.16

-0.24*
-0.31

-0.02

0.32
-0.17
0.07
-0.78%*
-0.33
-0.18
0.31

0.26
-0.25%
0.45

NA
NA
NA
1.84
9.97
20.99*
14.29*
NA
333
NA
NA
NA
7.68
7.11
NA
18.12*
NA
25.12*
32.70*
16.23*
14.06*
14.11*
9.48%*
11.83*
NA
NA
243
NA
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Ribes lacustre

Ribes triste

Rosa sp.

Rubus chamaemorus
Rubus idaeus

Rubus pubescens
Salix sp.

Solidago cf. uliginosa
Solidago rugosa
Sorbus americana

Spinulum annotinum
Symphyotrichum cf.
ciliolatum

Taraxacum sp.
Thelypteris
palustris var. pubescens

Vaccinium angustifolium
Vaccinium myrtilloides
Vaccinium oxycoccos
Viburnum cassinoides

Viola sp.

0.00
0.00
1.50 £ 1.41
1.17+1.15
0.00
1.50+1.10
1.70 £1.10
0.00
0.00
0.00
5.25+0.35

0.00
0.00

0.00
2.72+£0.78
2.76 £0.80
0.50
0.00
0.00

0.00
0.00
3.92
5.88
0.00
11.76
9.80
0.00
0.00
0.00
3.92

0.00
0.00

0.00
60.78
80.39
21.57
0.00
0.00

50.55
1.17+1.15
2.50

0.00

21.38 +£21.22
7.71+13.73
2.50

0.50

0.00
1.17+1.15
14.17 £0.29

0.00
0.00

0.00
1.10+£0.97
3.29+£0.96
0.50
1.50 £ 1.41
0.50

3.85
11.54
3.85
0.00
15.38
26.92
3.85
3.85
0.00
11.54
11.54

0.00
0.00

0.00
38.46
46.15
11.54
7.69
3.85

0.50

0.50

2.50

0.00

31.72 £29.96
4,94 +0.94
20.00

0.00
433+1.04
1.30+1.10
13.08 +14.91

10.00
0.50

0.00
0.50
0.90 +0.82
0.50
4.33+£1.04
5.25+0.35

2.63
2.63
2.63
0.00
23.68
47.37
2.63
0.00
7.89
13.16
15.79

2.63
5.26

0.00
26.32
52.63
5.26
7.89
5.26

0.75+0.71
2.50

2.50

0.00

8.68 £9.63
7.50+11.93
2.50

0.50

1.50 £1.15
2.50

18.00 + 15.94

0.50
0.50

0.50
0.50
0.96 +0.88
0.00
4.33+1.04
0.50

33.33
4.17
4.17
0.00
58.33
70.83
4.17
4.17
16.67
8.33
20.83

4.17
4.17

4.17
12.50
54.17
0.00
12.50
8.33

-0.65%*
0.43
0.37

-0.42%
0.24
0.55

-0.30
0.24
0.30

21.13*
NA
NA
NA
32.34%*
19.40*
NA
NA
NA
9.32
543

NA
NA

NA
12.96*
4.51
10.57*
NA
NA
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In bryophyte ordinations, we observe a triangular shape of our data. In the upper-left,
we observe species and environmental conditions associated with productive black
spruce forests on dryer land, in the lower-left part, species and environmental
conditions associated with weak productive black spruceforests, and on the right part
species and environmental conditions associated with larch forest (figure 4). For
vascular plants, we observe the opposite trend in the data distribution on the Y axis of
the ordination. Instead of having plants of richer environments in the upper part, we
have it in the lower part of the graph. Along axis 1 of PCoA ordination, we observed a
trend in herbaceous and bryophyte species composition patterns as a function of the
proportion of larch. For bryophytes, the left half of axis 1 contains mostly quadrats with
less than 25 % of larch cover proportion (LCC A) associated with species such as:
Pleurozium schreberi, Sphagnum quinquefarium and Ptilium crista-castrensis and the
right half contains quadrats of other categories with a variety of Sphagnum spp (figure
4 a). For vascular plant species, quadrats with less than 50 % of larch cover (LCC A
and B) are mostly found on the left half of axis 1 associated with Rhododendron
groenlandicum, Maianthemum trifolium and Vaccinium angustifolium, while the
quadrats of more than 50 % of larch cover (LCC C and D) are on the right of axis 1
associated with Mitella nuda and Gymnocarpium disjunctum (figure 4b). However,
there is no significant difference in bryophyte and vascular plant composition patterns
between all LCC (Vascular plants: F=7.034, p=0.5376; Bryophytes: F= 26.449, p=
0.6194).

The pH, C:N ratio, mesisol depth and tree density had the strongest relationships with
the community patterns for both bryophyte and vascular species communities on axis
1 (Figure 4). For the bryophyte community, nutrients and decomposition rate were
associated with axis 2 (Figure 4) while for vascular plants, axis 2 was associated with
canopy openness. In terms of the magnitude of effect, nitrogen and organic matter

depth had a greater effect on bryophytes than on vascular plants, while the amount of
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light in the understory had the opposite pattern. Water table depth didn’t have a great

impact on quadrat composition.



Figure 2.4. Suite a la page suivante
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2.4.4 Needle addition experiment

We found that the abundance and composition of vascular plants (PERMANOVA,
50 % : F =0.93; R2=0.06; p=0.41, 100 %: F=0.42; R2=0.03; P=0.72) and bryophytes
(PERMANOVA, 50 % : F =0.77; R2=0.04; p=0.48, 100 %: F=0.62; R2=0.04; p=0.53)
remained the same after the addition of either 50 or 100 % of the needle fall of a >75 %
larch site for three years. Furthermore, there was no difference in the abundances of P.
schreberi (50 %: F=0.06, p=0.80; 100 %: F=0.03, p=0.87), P. crista-castrensis (50 %:
F=0.39, p=0.54; 100 %: F=0.01, p=0.94) and H. splendens (50 %: F=NA, p=NA;
100 %: F=0.15, p=0.70) under the different needle additions. Although there was no
significant decrease in bryophyte cover, it was observed that underneath the deposited
needle clumps, feather mosses and Sphagnum were black in color and covered with

fungi (Figure 5).

Figure 2.5. Suite a la page suivante
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Figure 2.5 Bryophyte mortality caused by needle clump in a a) Sphagnum quadrat
and b) Feather moss quadrat. ¢) Decomposition of needles and feather moss and
presence of fungi mycelium.
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2.4.5 Functional traits

Higher bryophyte nitrogen content was found in quadrats with a higher proportion of
larch, which lead to a lower C:N ratio (Table 3). Vascular plants and Alnus incana
subsp. rugosa did not follow the same pattern. For vascular plants, there were a higher
specific leaf area, a higher nitrogen content and a decrease in carbon content with the
increase of larch proportion (Table 4). For Alnus incana subsp. rugosa, there was a
higher specific leaf area with an increase of larch proportion (Table 5). The other traits

did not vary along the larch gradient.

Table 2.3 Bryophyte community traits (mean values + standard deviation) and results
from linear mixed models with site as a random variable on continuous data of larch
proportion showed among the four LCC (A = 0-25 %, B = 25-50 %, C = 50-75 %, D
=75-100 %). Significant variables are shown in bold font (p<0.05). “n” is the number
of bryophyte samples analyzed with a proportion of larch included in the category.

A B C D

T-value p-value
(n=26) (n=11) (n=17) (n=7)

Ratio of

absorbed water

volume to 1.06+0.25 1134031 1.03£0.15 0.92+0.15 011 0.92

bryophyte

volume (ml/cm3)

Leaf dry matter

content (LDMC) 0.11+0.05 0.11+0.06 0.10+0.05 0.13+0.01 0.81 0.42

(g8-1)

Nitrogen (N) (%)  1.16 £0.25 1.66 £ 0.50 1.73+0.28 1.8240.32 4.09 2x10-4

Carbon (C) (%) 46.13+0.76 45.94 +0.65 45.69 +0.62 4524 +0.85 181 0.08

Drying rate -0.02+ 0.002 -0.02+ 0.001 0.02+0001  -0.02+0.002 0.21 0.83

(log(g)/h)

(HTaS'g’)d(rr:';”g time  5449+1.78 24.93+2.05 25.30+ 1.58 25.83+1.31 1.48 0.14

C:N ratio 42.14+9.61 30.46 + 10.50 26.98 +4.30 25.53+4.22 -4.54 0.00
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Table 2.4 Vascular plant community traits (mean values + standard deviation) and
results from ANOVA of linear mixed models with site as a random variable on site
LCC data (A = 0-25 %, B = 25-50 %, C = 50-75 %, D = 75-100 %). Significant
variables are shown in bold font (p<0.05). “n” is the number of leave scan analyzed

with a proportion of larch included in the category.

A B C D
F-value p-value
(n=97) (n=149) (n=139) (n=69)

Specific leaf
Area (SLA)
(cm?/g) 194.73 £53.63  236.26 + 112.91 340.38 + 140.34 326.52 * 206.65 3.36 0.06
Leaf dry matter
content (LDMC)
(gg-1) 0.39 +0.08 0.32+0.10 0.30+0.24 0.47 £0.49 1.58 0.26
Nitrogen (N) (%) 1.86 +0.26 2.13+0.51 2.83+0.78 2.92 +0.92 12.94 0.0001
Carbon (C) (%) 55.52 +2.68 52.38 +3.04 50.78 + 2.49 50.67 + 2.59 5.95 0.01
C:N ratio 30.42 £ 4.20 26.00 * 6.22 18.09 +4.61 18.89 +5.21 6.85 0.001

Table 2.5 Alnus incana subsp. rugosa traits (mean values + standard deviation) and
results from ANOVA of linear mixed models with site as a random variable on site
LCC data (A = 0-25%, B = 25-50 %, C = 50-75 %, D = 75-100 %). Significant
variables are shown in bold font (p<0.05). “»” is the number of leaves analyzed with
a proportion of larch included in the category.

A B C D
F-value p-value
(n=0) (n=20) (n=20) (n=20)
Specific leaf
Area (SLA)
(cm?/g) NA 265.82+40.21  320.00 + 88.62  337.23+83.14 8.21 0.06
Leaf dry matter
content (LDMC)
(gg-1) NA 0.31+0.03 0.46 +0.64 0.40 £ 0.52 0.41 0.70
Nitrogen (N) (%) NA 2.92+0.08 3.18+0.14 3.24+0.27 0.95 0.48
Carbon (C) (%) NA 53.55+0.97 52.55+0.18 51.96 + 0.46 1.70 0.32
C:N ratio NA 18.36 +0.15 16.56 +0.78 16.16 +1.48 1.42 0.37
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2.5 Discussion

Based on our results, on a thick layer of organic matter, larch would create understory
conditions that are both favorable for vascular plant diversity and slightly detrimental
for bryophyte diversity. The effect is observable as soon as the proportion exceed 25 %
of larch in the canopy and is accentuated with the increase of the proportion of larch.
This is an interesting result since a thick layer of organic matter under a spruce canopy
is a difficult growing environment for vascular plants due to cold soil temperature, high
acidity, low nutrient levels, and shallow water table (Simard et al., 2007). Moreover, it
would not be the first time that a larch species has created conditions conducive to
herbaceous plants on a low fertility substrate (Arno & Habeck, 1972). The Alpine
Larch (Larix lyallii Parl.) creates a substrate that allow the establishment of subalpine
understory communities in the alpine zone (Arno & Habeck, 1972). According to our
results, we identified litter accumulation and canopy openness as the two primary
drivers that would explain the observed increase in diversity and the shift from species
associated with spruce understory to species associated with mixed hardwood forest

understory.

Driver 1: Litter accumulation

Litter accumulation influenced the diversity, compositional pattern, and functional
traits of vascular plants and bryophytes. For bryophytes, litter has a deleterious effect
in general but its effect is more important for feathermosses. This result can be
explained by the fall of needles between the Sphagnum mosses as they grow, only
partially impairing their growth and causing less mortality than for the slower growing
feathermoss species (Turetsky et al., 2010). As seen in the field, larch litter impact is
similar to that of a poplar leaf, i.e., blackening of bryophytes and their covering by

mycelium. Thus, we hypothesize that larch litter creates a physical barrier to light for
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bryophyte communities, as does poplars in the Startsev et al. (2008) study. Larch litter
could also release phenolic compounds harmful to bryophytes (Startsev et al., 2008) or
promote the establishment of micro and macrofauna feeding on bryophytes (Lindo &

Gonzalez, 2010).

When we ignore the site effect in our analyses and look at the overall pattern, we
observe a higher litter decomposition rate in quadrats with a higher proportion of larch.
Indeed, decomposition is strongly site-dependent, i.e., the same litter can have opposite
decomposition rates at two different sites under the same treatment conditions
(Sariyildiz, 2003). Since decomposition is generally higher under a larch canopy than
under a spruce canopy, we suppose that larch litter is of higher quality since litter
quality is one of the primary driver of organic matter decomposition rate in forest
ecosystems (Cornwell et al., 2008; Zhang et al., 2008). This result is consistent with
Lieffers & Macdonald, (1990) who compared leaf nutrients in larch and black spruce
and found equal or greater nutrient concentration in larch than in black spruce. Despite
the higher decomposition rate in the quadrats with a high proportion of larch, we did
not find a higher concentration of nutrients in the soil. However, we did find a higher
foliar concentration of nitrogen and a decrease in carbon in vascular plants and

bryophytes. These results suggest a rapid cycling of nutrients.

Moreover, the vascular plant species commonly found (present in more than 50 % of
quadrats) in quadrats with less than 25 % of larch are perennial species, that keep their
leaves all year long, and have a high leaf carbon content which are nutrient retention
strategies for poor environments (Wright et al., 2004). Futhermore, in the guide to
recognizing ecological types in our ecological region (Blouin & Berger, 2002), G.
hispidula, K. angustifolia, R. groenlandicum, V. angustifolium, and V. myrtilloides are
classified as indicators species for poor to very poor environments. With the increase

of larch, these species decrease in frequency and are replaced by Carex sp. C. trifolia,
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M. canadense, C. canadensis, A. incana subsp. rugosa, L. borealis, R. idaeus, and R.
pubescens, which are species that are found in moderately to very rich environments
(Blouin & Berger, 2002). Thus, we assume a transition from species of poor sites to
species of rich sites, which supports our previous results that larch forest soil is richer

than spruce forest soil.

An opposite result is observed for bryophytes. There is a decrease in the number of
bryophyte species with an increase in the proportion of larch, which agrees with several
studies that show that the amount of moss is less with the increase in the amount of
litter generated (Jean et al., 2020; Mestre et al., 2017; Startsev et al., 2008). Among
others, we observe a decrease in Dicranum polysetum, Sphagnum angustifolium,
Sphagnum russowii, and Pleurozium schreberi and note a punctual presence of Sciuro-
hypnum curtum, Hypnum imponens and Plagiothecium laetum. However, the mosses
that remain present in the quadrats with a more significant proportion of larch are
driven by higher pH and lower soil carbon concentration. This suggests that quadrats
with more larch are less acidic and have higher nutrient cycling than quadrats with
more black spruce. High litter input is known to play an essential role in forming a soil
horizon (Stevenson, 1994). Thus, we hypothesize that the high larch litter supply and
its rapid decomposition allow the creation of soil on top of bryophytes, thus creating a
substrate for the understory plants growth. Then, the establishment of different
understory plants in the undergrowth contribute to the litter supply, which changes the

soil structure and composition and so, the ecosystem functioning (Hart & Chen, 2006).

2.5.1 Diriver 2 : Canopy openess

We measured a less dense stand under a high proportion of larch than under high
proportion of spruce. We explain this result by the rapid growth of larch and its larger
size than black spruce that competition for more space under surrounding conditions.

This rapid growth and large size would allow the transition from an open environment
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with a lot of small trees to a more closed environment with bigger trees as shown by
the basal area relation in our ordinations. The combination of relatively open canopy
in pure larch stand and the low density of trees per m? in comparaison of black spruce
stands, allow a good light passage to the understory. The mixity of the forest favors a
better saturation of the space by the staggering of the tops between the spruces and the
larches, which leads to more shade in the undergrowth (Jucker et al., 2020). This shaded
environment allows undergrowth plants that are more sensitive to high light levels to
colonize the area. In our multivariate analyses, we see that the amount of light reaching
the understory strongly impacts the understory floristic composition. This result agrees
with the review of Hart & Chen, (2006), which mentions that light is one of the main

drivers of understory community composition patterns.

In addition to having a good amount of light in the understory in summer, we measured
a significantly greater canopy openess in spring in a closed larch forest than in a closed
spruce forest, which we explained by needle loss. This result suggests more rapid
spring snowmelt in the larch understory, allowing for a more extended growth period
of understory plants. Thus, some plants that require a longer growth period than that
found under spruce may colonize the larch understory, like white spruce does under
aspen (Lieffers et al., 1996). In our study, we observe an increase in the specific surface
of the average leaves of the vascular plant communities with the increase of larch. This
result could be explained by the fact that in a rich environment, competition for light
increases, which results in above-ground biomass allocation in vascular plants (Poorter

& Remkes, 1990).

For future research, we suggest studying the microtopography of the forest floor in the
different stands. In stands with a lot of larch, we observed a very variable
microtopography due to the large superficial roots of this tree. Since local seed

germination microsite and water stress are essential in plant survival and growth in
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wetlands (Diamond et al., 2020; Sullivan et al., 2008), we believe that data at this scale
would be needed to explain a more significant proportion of the variance. Also, our
results showed that a large proportion of larch has a positive impact on the diversity
and species composition of vascular plants of rich environments and is detrimental to
bryophyte species. Being richer and limiting the spread of bryophytes, these
environments could favor the growth of the successive tree layer. Then, to understand
better the litter impact, longer term monitoring would allow us to quantify the
magnitude of the effects of added litter in the understory and thus estimate the time

required to limitate the paludification process.

2.6  Conclusion

In this study, we showed that the proportion of larch in the canopy has an impact on
understory composition, diversity and functional traits. We remarked that with an
increase in larch proportion, there is a shift of vascular plant species from species
associated with spruce (poor and acidic environment) to species associated with mixed
hardwood forest (richer and less acidic environment). We also observed an increase in
the number of species with an increase of larch in canopy. For bryophytes, we noted a
decrease in the number of species and an increase of beta diversity. Finally, we
attributed these results to the higher rate of nutrients cycling, lower tree density and
closer canopy measured in quadrats with a higher proportion of larch. We assume that
the large supply of rapidly decomposing litter allows for the creation of a more suitable
surface soil layer for the growth of vascular plants on a thick layer of organic matter.
This knowledge is interesting as it shows that larch in medium proportion could have
the ability to transform weak productive soils into productive soils. Studies on the
optimal planting density and the optimal time after planting for the creation of a

productive soil should be conducted.



CHAPITRE III

CONCLUSION GENERALE

Dans cette ¢tude, nous avons démontré que la proportion de méléze dans la canopée a
un impact sur la composition, la diversité et les traits fonctionnels des plantes
vasculaires et des bryophytes en sous-bois. En effet, avec une augmentation de la
proportion de méleze, il y a une transition des especes de plantes vasculaires associées
a I'épinette noire (environnement pauvre et acide) vers des especes associées a la forét
mixte (environnement plus riche et moins acide). Nous avons également observé une
augmentation du nombre d'espéces de plantes vasculaires, de 1’azote foliaire et de la
surface foliaire avec 1’augmentation de la proportion de mélézes. Pour les bryophytes,
nous avons noté¢ une diminution du nombre d'especes et une plus grande variabilité
dans la présence et le nombre d’espéces avec 1’augmentation de la proportion de méléze
en canopée. Cependant, nous avons noté une plus grande concentration en azote foliaire
dans les mousses persistantes. Enfin, nous avons attribué ces résultats au cyclage plus
rapide des nutriments, a la plus faible densité d'arbres et a la canopée plus fermée, mais
pas nécessairement moins lumineuse dans les quadrats avec une forte proportion de
méleze. Nous supposons que l'apport important de litiere a décomposition rapide
permet la création d'une couche superficielle du sol propice a la croissance des plantes
vasculaires sur une épaisse couche de matieére organique. Cependant, nous suggérons
de mettre en relation la composition et la diversité du sous-bois avec les conditions
environnementales du microhabitat afin d’avoir une meilleure explication de la

présence de certaines espéces de sous-bois. De plus, une prise en compte de la structure
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et de la morphologie du méléze dans la mesure de I’ouverture de la canopée en
comparaison avec 1’épinette noire serait nécessaire pour mieux comprendre leur impact
sur la lumiére disponible en sous-bois. Finalement, il serait intéressant d’étudier la
relation entre I’age du peuplement de méléze et la quantité de litiere générée, puisqu’il

pourrait potentiellement en avoir plus dans un peuplement jeune et dense.

Ces connaissances sont intéressantes, car elles suggerent que le méléze aurait la
capacité de créer un sol productif sur un sol organique improductif. Dans un contexte
d’aménagement forestier durable, dans la région du nord-ouest du Québec, ces résultats
font partie d’une solution a I’enjeu de la paludification qui diminue la productivité
forestiere. En sylviculture, lorsqu’il y a une coupe forestiére dans une forét tourbeuse
avec une épaisse couche de tourbe, il est nécessaire de faire une préparation mécanique
du sol. Cette préparation améliore les conditions du sol et réduit la distance entre le
semis qui sera planté et la couche de sol minéral, ce qui favorise la croissance du semis
(Lafleur et al., 2018; Lavoie et al., 2005; Prevost et al., 1997). Deux types de
préparations mécaniques du sol sont couramment utilisées au Québec, soit le scarifiage
T26 et le hersage forestier a disques. Le scarifiage consiste a insérer dans le sol deux
disques dentés afin de retourner le sol pour éliminer la végétation concurrente et créer
des conditions propices a la régénération naturelle et artificielle. Pour ce qui est du
hersage forestier, il y a insertion de 6 a 10 disques dans le sol afin de I’ameublir et de
le rendre plus propice a la régénération (Bérard et al., 1996). De cette fagon, il y a une

meilleure croissance du semis (Henneb et al., 2020).

De plus, une forét mixte est connue pour avoir une strate arborescente plus productive
qu’une forét pure (Pretzsch, 2022; Pretzsch & Schiitze, 2021; Richards et al., 2010).
Entre autres, le peuplier faux-tremble (Populus tremuloides ), tout comme le méléze,
améliorerait aussi la productivité de 1’épinette noire en forét boréale (Légaré et al.,

2004). Jusqu’a une proportion de 40 % de la surface terricre du peuplement, le peuplier
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faux-tremble faciliterait la croissance de I’épinette noire en apportant des nutriments
par sa litiére, en influengant positivement le taux de décomposition, mais aussi en
diminuant la vulnérabilité de 1’épinette aux changements climatiques (Chavardes et al.,
2021; Légaré et al., 2004). Contrairement au peuplier, le méléze a plus de résistance a
des conditions d’inondations (Blouin & Berger, 2002) et a la présence d’une couche
organique épaisse (Gewehr et al., 2014; Lafleur et al., 2015). Ainsi, dans un parterre de
coupe ou il y a une remontée de la nappe phréatique, le méléze aura une meilleure
croissance que le peuplier et sera donc plus approprié pour améliorer la productivité de

I’épinette noire.

En effet, la coupe forestiére peut engendrer la remontée de la nappe phréatique et ainsi
créer des conditions propices a I’entourbement du site reboisé (Dubé et al., 1995). Le
site de coupe devient donc peu productif en matiere ligneuse, augmentant par le fait
méme la proportion de foréts improductive dans la région (Lavoie, 2006). En
définissant 1I’impact de la proportion de méleéze sur les communautés de sous-bois et
les conditions environnementales, on peut suggérer que le méléze pourrait jouer un role
dans la limitation de la paludification. On pourrait par exemple reboiser les sentiers de
débardage apres les CPRS ou effectuer des plantations mixtes. Ce projet de recherche
est donc une contribution de connaissances a celles nécessaires pour établir une
technique de remise en production de sites de coupe tourbeux. De cette manicre,
I’impact de I’exploitation de ces foréts est moins grand et est ainsi mieux percu par la

population.



ANNEXE A

TABLEAU COMPARATIF DES SITES D’ETUDE

Annexe 1 Caractéristiques des sites d’études basées sur les données de la carte
¢coforestiere du 4° inventaire forestier et de la carte des feux.

Basal Year Woody Shape Larch

area  of last species Density ~ Height ~ Age  Slope  Surfacial  Drainage Area  proportion
Site  (m¥ha) __fire group class class  class _ class _ materials class Ecotype  (m2) (%)
5 33,3 1825 ENML C 4 50 A 4GA 50 RE37 5997 6
6 18,2 1825 ENML C 4 50 A 4GA 50 RE37 2524 4
7 31,5 1875 ENEN C 4 50 A 7T 50 RE39 2789 12
8 38,5 1775 ENML B 3 JIR A 7E 60 RE39 3052 15
9 27,6 1875 RXRX C 5 50 A 7T 50 RE39 5840 29
10 44,2 1875 ENRX C 3 50 A 4GA 40 RS26 3865 39
11 35,1 1916 MLEN B 3 JIR A 7E 60 RE39 6807 40
13 57,1 1916 MLEN B 2 JIR A 4GA 40 ME16 3323 62
14 32,7 1875 MLEN B 3 JIR A 7T 53 RE39 4516 42
15 40,1 1916 MLEN B 3 JIR A 7T 60 RE39 5653 65
16 33,2 1916 MLEN B 3 VIR A 7T 50 RE38 8430 66
17 35,6 1725 MLML C 2 70 A 7E 60 RE39 7928 78
18 29 1775 MLMLPT B 3 JIR A 4GA 40 MS26 4579 93
19 34,8 1916 MLEN C 3 50 A 7E 60 RE39 4934 66




ANNEXE B

PHOTOS DE L’IMPACT D’UNE FEUILLE DE PEUPLIER ET D’AIGUILLES
D’EPINETTE NOIRE SUR LES BRYOPHYTES

Annexe 2 Mortalité¢ du Pleurozium schreberi et présence de mycélium sous a) une
feuille de peuplier et b) sous un amas d’aiguilles d’épinette noire.



ANNEXE C

TABLEAU DES ESPECES INDICATRICES

Annexe 3 Especes indicatrices des différentes catégories de méléze déterminées selon
la proportion de méléze a I’intérieur d’un rayon de Sm du centre du quadrat (LCC). Les
valeurs ont été obtenues avec le package indicspecies.

Lcc Type Specie A B v P-Value
A Vasculars ~ Mai_tri 0.90414 0.17647 0.399 0.008
(>0-25%) Rub_cha 1.00000 0.05882 0.243 0.205
Dro_sp 1.00000 0.01961 0.140 1.000

Pop_tre 1.00000 0.01961 0.140 1.000

Bryophytes  Dic_fla 1.00000 0.03922 0.198 0.335

sph_rub 1.00000 0.03922 0.198 0.415

Hyp_pal 1.00000 0.01961 0.140 1.000

B Vasculars Dry_car 0.94606 0.15385 0.382 0.007
(25-50%) Gal pal 1.00000 0.03846 0.196 0.327
Lar_lar 0.90747 0.03846 0.187 0.524

Bryophytes ~ sph_cen 0.77041 0.11538 0.298 0.076

Pla_lat 1.00000 0.03846 0.196 0.352

C Vasculars Ame_sp 0.88078 0.13158 0.340 0.069
(50-75%) Rib_gla 0.79610 0.10526 0.289 0.154
Iri_ver 1.00000 0.02632 0.162 0.645

Bryophytes  Hyp imp 1.00000 0.02703 0.164 0.629

D Vasculars Lon_yvil 0.78222 0.41667 0.571 0.001
(>75%) Cor _alt 0.86364 0.16667 0.379 0.002
Pyr_ell 0.90961 0.12500 0.337 0.047




Annexe 3 suite

A+B
(>0-50%)

C+D
(>50%)

Bryophytes

Vasculars

Bryophytes

Vasculars

Bryophytes

Dry _cri
Gym_dry
Lon can
The pal

Pla_lae

sph_fal
Tom_nit
Vac_ang
Pic_mar
Vac_oxy

Kal pol

Pti_cil

Pti_cri

sph_fus

sph_qui
Dic_mon
Aln_rug

lin_bor

Poa_sp
Fra_sp.
Mit _nud
Sol rug

Cor_ser

Vio sp
Gym_dis

Tar_sp
Sym_cil
Bra_cur
Dic sco

0.76000
1.00000
1.00000
1.00000
1.0000
0.9113
0.7068
0.9147
0.9486
0.8628
0.8907
0.85029
0.89710
1.00000
1.00000
1.00000
0.76052
0.95716
0.90821
1.00000
0.89870
1.00000
1.00000
0.94297
1.00000
1.00000
1.00000
1.00000
0.94611

0.08333
0.04167
0.04167
0.04167
0.2105
0.1579
0.1579
0.5325
0.2857
0.1818
0.1429
0.41558
0.38961
0.11688
0.09091
0.02597
0.54839
0.38710
0.25806
0.19355
0.14516
0.11290
0.06452
0.06452
0.04839
0.04839
0.03226
0.10714
0.07143

0.252
0.204
0.204
0.204
0.459
0.379
0.334
0.698
0.521
0.396
0.357
0.594
0.591
0.342
0.302
0.161
0.646
0.609
0.484
0.440
0.361
0.336
0.254
0.247
0.220
0.220
0.180
0.327
0.260

53

0.104
0.189
0.173
0.172
0.001
0.027
0.028
0.001
0.006
0.024
0.087
0.001
0.189
0.067
0.151
0.774
0.001
0.001
0.007
0.003
0.022
0.036
0.223
0.407
0.247
0.256
0.585
0.038
0.187



BIBLIOGRAPHIE

Ao, S. F., & Habeck, J. R. (1972). Ecology of Alpine Larch (Larix lyallii Parl.) in the
Pacific Northwest. Ecological ~ Monographs, 42(4), 417-450.
https://doi.org/10.2307/1942166

Barbier, S., Gosselin, F., & Balandier, P. (2008). Influence of tree species on understory
vegetation diversity and mechanisms involved—A critical review for temperate
and boreal forests. Forest Ecology and Management, 254(1), 1-15.
https://doi.org/10.1016/j.foreco.2007.09.038

Belyea, L. R., & Baird, A. J. (2006). Beyond « The limits to peat bog growth » : Cross-
scale feedback in peatland development. Ecological Monographs, 76(3),
299-322. https://doi.org/10.1890/0012-9615(2006)076[0299:BTLTPB]2.0.CO;2

Bérard, J., Coté, M., & Ordre des ingénieurs forestiers du Qu??bec (Qu??bec). (1996).
Manuel de foresterie.

Bergeron, Y., Denneler, B., Charron, D., & Girardin, M.-P. (2002). Using
dendrochronology to reconstruct disturbance and forest dynamics around Lake
Duparquet, northwestern Quebec. Dendrochronologia, 20(1-2), 175-189.
https://doi.org/10.1078/1125-7865-00015

Blake, T., & Reid, D. (1981). Ethylene, Water Relations and Tolerance to
Waterlogging of Three Eucalyptus Species. Functional Plant Biology, 8(6), 497.
https://doi.org/10.1071/PP9810497

Blouin, J., & Berger, J. P. (2002). Guide de reconnaissance des types écologiques de
la région écologique 5a—Plaine de [’Abitibi. Ministere des Ressources naturelles
du Québec, Forét Québec, Direction des inventaires forestiers, Division de la
classification écologique et productivité des stations.

Brandt, J. P., Flannigan, M. D., Maynard, D. G., Thompson, L. D., & Volney, W. J. A.
(2013). An introduction to Canada’s boreal zone : Ecosystem processes, health,
sustainability, and environmental issues. Environmental Reviews, 21(4),
207-226. https://doi.org/10.1139/er-2013-0040



55

Brown, K. R., Zobel, D. B., & Zasada, J. C. (1988). Seed dispersal, seedling emergence,
and early survival of Larix laricina (DuRoi) K. Koch in the Tanana Valley,
Alaska. Canadian Journal of Forest Research, 18(3), 306-314.
https://doi.org/10.1139/x88-047

Burnside, R., Schultz, M., Lisuzzo, N., & Kruse, J. (2013). Assessing mortality and
regeneration of larch (Larix laricina) after a 1999-2004 landscape level outbreak
of the larch sawfly (Pristiphora erichsonii) in Alaska. In Forest Health
Monitoring : National status, trends, and analysis 2010 (Gen. Tech. Rep. SRS-
GTR-176., p. 143-150).

Busby, J. R., Bliss, L. C., & Hamilton, C. D. (1978). Microclimate Control of Growth
Rates and Habitats of the Boreal Forest Mosses, Tomenthypnum nitens and
Hylocomium  splendens.  Ecological ~ Monographs, 48(2), 95-110.
https://doi.org/10.2307/2937294

Calvo-Polanco, M., Sefiorans, J., & Zwiazek, J. J. (2012). Role of adventitious roots in
water relations of tamarack (Larix laricina) seedlings exposed to flooding. BMC
Plant Biology, 12(1), 99. https://doi.org/10.1186/1471-2229-12-99

Campbell, J. A. (1980). Oxygen flux measurements in organic soil. Canadian Journal
of Soil Science, 60(4), 641-650. https://doi.org/10.4141/cjss80-073

Caners, R. T., Ellen Macdonald, S., & Belland, R. J. (2009). Recolonization potential
of bryophyte diaspore banks in harvested boreal mixed-wood forest. Plant
Ecology, 204(1), 55-68. https://doi.org/10.1007/s11258-008-9565-0

Caners, R. T., Macdonald, S. E., & Belland, R. J. (2010). Responses of boreal epiphytic
bryophytes to different levels of partial canopy harvestThis paper is one of a
selection of papers published as part of the special Schofield Gedenkschrift.
Botany, 88(4), 315-328. https://doi.org/10.1139/B09-089

Cardoso, P., Mammola, S., Rigal, F., & Carvalho, J. (2021). BAT: Biodiversity
Assessment  Tools [R  package version 2.6.0]. https://CRAN.R-
project.org/package=BAT

Cauboue, M. (2007). Description écologique des foréts du Quebec (College de
Maisonneuve & Centre collégial de développement de matériel didactique, Eds.).
CCDMD.

Chakravarty, P., & Chatarpaul, L. (1990). Effect of fertilization on seedling growth,
ectomycorrhizal symbiosis, and nutrient uptake in Larix laricina. Canadian
Journal of Forest Research, 20(2), 245-248. https://doi.org/10.1139/x90-034



56

Chavardes, R. D., Gennaretti, F., Grondin, P., Cavard, X., Morin, H., & Bergeron, Y.
(2021). Role of Mixed-Species Stands in Attenuating the Vulnerability of Boreal
Forests to Climate Change and Insect Epidemics. Frontiers in Plant Science, 12,
658880. https://doi.org/10.3389/1pls.2021.658880

Chévez, V., & Macdonald, S. E. (2010). The influence of canopy patch mosaics on
understory plant community composition in boreal mixedwood forest. Forest
Ecology and Management, 259(6), 1067-1075.
https://doi.org/10.1016/j.foreco.2009.12.013

Chen, H. Y., Légaré, S., & Bergeron, Y. (2004). Variation of the understory
composition and diversity along a gradient of productivity in Populus
tremuloides stands of northern British Columbias, Canada. Canadian Journal of
Botany, 82(9), 1314-1323. https://doi.org/10.1139/b04-086

Chen, X., Liu, W.-Y., Song, L., Li, S., Wu, C.-S., & Lu, H.-Z. (2016). Adaptation of
epiphytic bryophytes in the understorey attributing to the correlations and trade-
offs between functional traits. Journal of Bryology, 38(2), 110-117.
https://doi.org/10.1080/03736687.2015.1120370

Chipman, S. J., & Johnson, E. A. (2002). Understory vascular plant species diversit in
the mixedwood boreal forest of western Canada. Ecological Applications, 12(2),
588-601. https://doi.org/10.1890/1051-0761(2002)012[0588:UVPSDI]2.0.CO;2

Clausen, J. J., & Kozlowski, T. T. (1970). Observations on growth of long shoots in
Larix laricina. Canadian Journal of Botany, 48(6), 1045-1048.
https://doi.org/10.1139/b70-150

Conlin, T. S. S., & Lieffers, V. J. (1993). Anaerobic and aerobic CO ; efflux rates from
boreal forest conifer roots at low temperatures. Canadian Journal of Forest
Research, 23(5), 767-771. https://doi.org/10.1139/x93-101

Cornelissen, J. H. C., Lavorel, S., Garmier, E., Diaz, S., Buchmann, N., Gurvich, D. E.,
Reich, P. B., Steege, H. ter, Morgan, H. D., Heijden, M. G. A. van der, Pausas,
J. G., & Poorter, H. (2003). A handbook of protocols for standardised and easy
measurement of plant functional traits worldwide. Australian Journal of Botany,
51(4), 335. https://doi.org/10.1071/BT02124

Cornelissen, J. H. C., Quested, H. M., van Logtestijn, R. S. P., Pérez-Harguindeguy,
N., Gwynn-Jones, D., Diaz, S., Callaghan, T. V., Press, M. C., & Aerts, R. (2006).
Foliar pH as a new plant trait : Can it explain variation in foliar chemistry and



57

carbon cycling processes among subarctic plant species and types? Oecologia,
147(2), 315-326. https://doi.org/10.1007/s00442-005-0269-z

Cornwell, W. K., Cornelissen, J. H. C., Amatangelo, K., Dorrepaal, E., Eviner, V. T.,
Godoy, O., Hobbie, S. E., Hoorens, B., Kurokawa, H., Pérez-Harguindeguy, N.,
Quested, H. M., Santiago, L. S., Wardle, D. A., Wright, L. J., Aerts, R., Allison,
S. D., van Bodegom, P., Brovkin, V., Chatain, A., ... Westoby, M. (2008). Plant
species traits are the predominant control on litter decomposition rates within
biomes worldwide. Ecology Letters, 11(10), 1065-1071.
https://doi.org/10.1111/j.1461-0248.2008.01219.x

De Grandpré, L., Bergeron, Y., Nguyen, T., Boudreault, C., & Grondin, P. (2003).
Composition and dynamics of the understory vegetation in the boreal forests of
Quebec. In The Herbaceous Layer in Forests of Eastern North America. Oxford
University Press, USA.

Diamond, J. S., McLaughlin, D. L., Slesak, R. A., & Stovall, A. (2020).
Microtopography is a fundamental organizing structure of vegetation and soil
chemistry in black ash wetlands. Biogeosciences, 17(4), 901-915.
https://doi.org/10.5194/bg-17-901-2020

Dubg, S., Plamondon, A. P., & Rothwell, R. L. (1995). Watering up After Clear-Cutting
on Forested Wetlands of the St. Lawrence Lowland. Water Resources Research,
31(7), 1741-1750. https://doi.org/10.1029/95SWR00427

Dufour-Tremblay, G., Lévesque, E., & Boudreau, S. (2012). Dynamics at the treeline :
Differential responses of Picea mariana and Larix laricina to climate change in

eastern subarctic Québec. Environmental Research Letters, 7(4), 044038.
https://doi.org/10.1088/1748-9326/7/4/044038

Environnement Canada. (2013, septembre 25). Données des stations pour le calcul des
normales climatiques au Canada de 1981 a 2010—Climat—Environnement et
Changement climatique Canada.
https://climat.meteo.gc.ca/climate normals/results 1981 2010 f.html?searchT
ype=stnName&txtStationName=joutel &searchMethod=contains&txtCentral Lat
Min=0&txtCentralLatSec=0&txtCentral LongMin=0&txtCentralLongSec=0&st
nID=6042&dispBack=1

Evans, C., DeSotle, R., Mattilio, C., Yankowsky, E., Chenaille, A.-A., & Whiston, A.
(2016). A Fine-Scale Examination of Larix laricina and Picea mariana

Abundances along Abiotic Gradients in an Adirondack Peatland. Northeastern
Naturalist, 23(3), 420-433. https://doi.org/10.1656/045.023.0312



58

Evans, J. R. (1989). Photosynthesis and nitrogen relationships in leaves of C3 plants.
Oecologia, 78(1), 9-19. https://doi.org/10.1007/BF00377192

FAO. (2020). Evaluation des ressources forestiéres mondiales 2020—Principaux
réesultats. FAO. https://doi.org/10.4060/ca8753 fr

Fenton, N. J., & Bergeron, Y. (2011). Dynamic old-growth forests ? A case study of
boreal black spruce forest bryophytes. Silva Fennica, 45(5), 983-994.

Fenton, N., Légar¢, S., Bergeron, Y., & Paré, D. (2006). Soil oxygen within boreal
forests across an age gradient. Canadian Journal of Soil Science, 86(1), 1-9.
https://doi.org/10.4141/S05-004

Fowells, H. A. (1965). Silvics of Forest Trees of the United States. U.S. Department of
Agriculture, Forest Service.

Frego, K. A., & Carleton, T. J. (1995). Microsite conditions and spatial pattern in a
boreal bryophyte community. Canadian Journal of Botany, 73(4), 544-551.
https://doi.org/10.1139/b95-056

Garnier, E., Cortez, J., Billés, G., Navas, M.-L., Roumet, C., Debussche, M., Laurent,
G., Blanchard, A., Aubry, D., Bellmann, A., Neill, C., & Toussaint, J.-P. (2004).
Plant functional markers capture ecosystem properties during secondary
succession. Ecology, 85(9), 2630-2637. https://doi.org/10.1890/03-0799

Garnier, E., Shipley, B., Roumet, C., & Laurent, G. (2001). A standardized protocol
for the determination of specific leaf area and leaf dry matter content. Functional
Ecology, 15(5), 688-695. https://doi.org/10.1046/1.0269-8463.2001.00563.x

Gewehr, S., Drobyshev, 1., Berninger, F., & Bergeron, Y. (2014). Soil characteristics
mediate the distribution and response of boreal trees to climatic variability.
Canadian Journal of  Forest Research, 44(5), 487-498.
https://doi.org/10.1139/cjfr-2013-0481

Gilliam, F. S. (2007). The Ecological Significance of the Herbaceous Layer in
Temperate Forest Ecosystems. BioScience, 57(10), 845-858.
https://doi.org/10.1641/B571007

Gilliam, F. S., & Roberts, M. R. (2003). Interactions between the herbaceous layer and
overstory canopy of eastern forests. In The Herbaceous Layer in Forests of
Eastern North America. Oxford University Press, USA.

Glime, J. M. (2017). Bryophyte Ecology (Vol. 1).



59

Gornall, J. L., Jonsdéttir, I. S., Woodin, S. J., & Van der Wal, R. (2007). Arctic mosses
govern below-ground environment and ecosystem processes. Oecologia, 153(4),
931-941. https://doi.org/10.1007/s00442-007-0785-0

Gornall, J. L., Woodin, S. J., Jonsdottir, I. S., & van der Wal, R. (2011). Balancing
positive and negative plant interactions : How mosses structure vascular plant
communities. Oecologia, 166(3), 769-782. https://doi.org/10.1007/s00442-011-
1911-6

Gunnarsson, B., Hake, M., & Hultengren, S. (2004). A functional relationship between

species richness of spiders and lichens in spruce. Biodiversity and Conservation,
13(4), 685-693. https://doi.org/10.1023/B:BIOC.0000011720.18889.17

Hart, S. A., & Chen, H. Y. H. (2006). Understory Vegetation Dynamics of North
American Boreal Forests. Critical Reviews in Plant Sciences, 25(4), 381-397.
https://doi.org/10.1080/07352680600819286

Henneb, M., Thiffault, N., & Valeria, O. (2020). Regional Climate, Edaphic Conditions
and Establishment Substrates Interact to Influence Initial Growth of Black Spruce
and Jack Pine Planted in the Boreal Forest. Forests, 11(2), 139.
https://doi.org/10.3390/f11020139

Hoodaji, M., Ataabadi, M., & Najafi, P. (2012). Biomonitoring of airborne heavy metal
contamination. Air Pollution — Monitoring, Modelling, Health and Control, 21.

Islam, M. A., & Macdonald, S. E. (2004). Ecophysiological adaptations of black spruce
( Picea mariana) and tamarack ( Larix laricina) seedlings to flooding. Trees,
18(1), 35-42. https://doi.org/10.1007/s00468-003-0276-9

Islam, M. A., MacDonald, S. E., & Zwiazek, J. J. (2003). Responses of black spruce
(Picea mariana) and tamarack (Larix laricina) to flooding and ethylene. Tree
Physiology, 23(8), 545-552. https://doi.org/10.1093/treephys/23.8.545

Jean, M., Melvin, A. M., Mack, M. C., & Johnstone, J. F. (2020). Broadleaf Litter
Controls Feather Moss Growth in Black Spruce and Birch Forests of Interior
Alaska. Ecosystems, 23(1), 18-33. https://doi.org/10.1007/s10021-019-00384-8

Johnston, W. F. (1990). Larix laricina (Du Roi) K.Koch. In Agriculture Handbook 654
Sylvics of North America. (Forest service, p. 141-151). U.S. Department of
Agriculture, Forest Service.

Jucker, T., Koricheva, J., Finér, L., Bouriaud, O., Iacopetti, G., & Coomes, D. A.
(2020). Good things take time—Diversity effects on tree growth shift from



60

negative to positive during stand development in boreal forests. Journal of
Ecology, 108(6), 2198-2211. https://doi.org/10.1111/1365-2745.13464

Jutras, S., Hokka, H., Bégin, J., & Plamondon, A. P. (2006). Beneficial influence of
plant neighbours on tree growth in drained forested peatlands: A case study.
Canadian  Journal  of  Forest  Research, 36(9), 2341-2350.
https://doi.org/10.1139/x06-134

Kimmins, J. P. (2004). Forest ecology: A foundation for sustainable forest
management and environmental ethics in forestry (3rd ed). Prentice Hall.

Kozlowski, T. T. (1986). Soil aeration and growth of forest trees. Scandinavian Journal
of Forest Research, 1(1-4), 113-123.
https://doi.org/10.1080/02827588609382405

Lafleur, B., Cazal, A., Leduc, A., & Bergeron, Y. (2015). Soil organic layer thickness
influences the establishment and growth of trembling aspen (Populus
tremuloides) in boreal forests. Forest Ecology and Management, 347, 209-216.
https://doi.org/10.1016/j.foreco.2015.03.031

Lafleur, B., Fenton, N. J., Simard, M., Leduc, A., Par¢, D., Valeria, O., & Bergeron, Y.
(2018). Ecosystem management in paludified boreal forests : Enhancing wood
production, biodiversity, and carbon sequestration at the landscape level. Forest
Ecosystems, 5(1), 27. https://doi.org/10.1186/s40663-018-0145-z

Lafleur, B., Fenton, N., Paré, D., Simard, M., & Bergeron, Y. (2010). Contrasting
effects of season and method of harvest on soil properties and the growth of black
spruce regeneration in the boreal forested peatlands of eastern Canada. Silva
Fennica, 44(5). https://doi.org/10.14214/s£.122

Lavoie, M. (2006). Qualité des substrats pour la croissance et la nutrition de l’épinette
noire en regenération dans les pessieres noires a mousses Sujettes a
l’entourbement [Phd, Universit¢ du Québec en Abitbi-Témiscamingue].
https://depositum.uqat.ca/id/eprint/149/

Lavoie, M., Par¢, D., Fenton, N., Groot, A., & Taylor, K. (2005). Paludification and
management of forested peatlands in Canada: A literature review.
Environmental Reviews, 13(2), 21-50. https://doi.org/10.1139/a05-006

Lee, R. (1980). Forest Hydrology. https://doi.org/10.7312/lee-91170



61

Légarg, S., Bergeron, Y., Leduc, A., & Paré, D. (2001). Comparison of the understory
vegetation in boreal forest types of southwest Quebec. Canadian Journal of
Botany. https://doi.org/10.1139/b01-076

Légaré, S., Bergeron, Y., & Paré, D. (2002). Influence of forest composition on
understory cover in boreal mixedwood forests of western Quebec. Silva Fennica,
36(1). https://doi.org/10.14214/sf.567

Légarg, S., Paré, D., & Bergeron, Y. (2004). The responses of black spruce growth to
an increased proportion of aspen in mixed stands. Canadian Journal of Forest
Research, 34(2), 405-416. https://doi.org/10.1139/x03-251

Lieffers, V. J., & Macdonald, S. E. (1990). Growth and foliar nutrient status of black
spruce and tamarack in relation to depth of water table in some Alberta peatlands.
Canadian Journal of  Forest Research, 20(6), 805-809.
https://doi.org/10.1139/x90-106

Lieffers, V. J., Stadt, K. J., & Navratil, S. (1996). Age structure and growth of
understory white spruce under aspen. Canadian Journal of Forest Research,
26(6), 1002-1007. https://doi.org/10.1139/x26-110

Lindo, Z., & Gonzalez, A. (2010). The Bryosphere: An Integral and Influential
Component of the Earth’s Biosphere. Ecosystems, 13(4), 612-627.
https://doi.org/10.1007/s10021-010-9336-3

Macdonald, S. E., & Fenniak, T. E. (2007). Understory plant communities of boreal
mixedwood forests in western Canada : Natural patterns and response to variable-

retention harvesting. Forest Ecology and Management, 242(1), 34-48.
https://doi.org/10.1016/j.foreco.2007.01.029

Mamet, S. D., Brown, C. D., Trant, A. J., & Laroque, C. P. (2019). Shifting global
Larix distributions : Northern expansion and southern retraction as species
respond to changing climate. Journal of Biogeography, 46(1), 30-44.
https://doi.org/10.1111/jbi.13465

Marie-Victorin, Brouillet, L., Rouleau, E., Goulet, 1., & Hay, S. (2002). Flore
laurentienne (Cheneliére éducation). G. Morin.

McGee, G. G., & Kimmerer, R. W. (2002). Forest age and management effects on
epiphytic bryophyte communities in Adirondack northern hardwood forests,
New York, USA. Canadian Journal of Forest Research, 32, 1562-1576.



62

Messier, C., Parent, S., & Bergeron, Y. (1998). Effects of overstory and understory
vegetation on the understory light environment in mixed boreal forests. Journal
of Vegetation Science, 9(4), 511-520. https://doi.org/10.2307/3237266

Mestre, L., Toro-Manriquez, M., Soler, R., Huertas-Herrera, A., Martinez-Pastur, G.,
& Lencinas, M. V. (2017). The influence of canopy-layer composition on
understory plant diversity in southern temperate forests. Forest Ecosystems, 4(1),
6. https://doi.org/10.1186/s40663-017-0093-z

MFFP. (2020). Cartographie du 4e inventaire écoforestier du Québec méridional—
Meéthodes et données associées, ministere des Foréts, de la Faune et des Parcs,
Secteur des foréts, Direction des inventaires forestiers.

Michel, P., Lee, W. G., During, H. J., & Cornelissen, J. H. C. (2012). Species traits and
their non-additive interactions control the water economy of bryophyte cushions.
Journal of Ecology, 100(1), 222-231. https://doi.org/10.1111/5.1365-
2745.2011.01898.x

Ministere des ressources naturelles. (2013). Le guide sylvicole du Québec, Tome 2. Les
concepts et l’application de la sylviculture, ouvrage collectif sous la supervision
de C. Larouche, F. Guillemette, P.Raymond et J.-Saucier. Les Publications du
Québec.

Nieppola, J. J., & Carleton, T. J. (1991). Relations between understorey vegetation, site
productivity, and environmental factors in Pinus sylvestris L. stands in southern
Finland. Vegetatio, 93(1), 57-72.

Nilsson, M.-C., & Wardle, D. A. (2005). Understory vegetation as a forest ecosystem
driver : Evidence from the northern Swedish boreal forest. Frontiers in Ecology
and the Environment, 3(8), 421-428. https://doi.org/10.1890/1540-
9295(2005)003[0421:UVAAFE]2.0.CO;2

Nungesser, M. K. (2003). Modelling microtopography in boreal peatlands : Hummocks
and hollows. Ecological Modelling, 165(2-3), 175-207.
https://doi.org/10.1016/S0304-3800(03)00067-X

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mc Glinn, D.,
Minchin, P. R., O’Hara, R. B., Simpson, G. L., Solymos, P., Stevens, H. H.,
Szoecs, E., & Wagner, H. (2020). vegan : Community Ecology Package (2.5-7)
[R package]. https://CRAN.R-project.org/package=vegan



63

Paradis, E., & Schliep, K. (2019). ape 5.0 : An environment for modern phylogenetics
and evolutionary analyses in R. Bioinformatics, 35(3), 526-528.
https://doi.org/10.1093/bioinformatics/bty633

Paré, D., & Cleve, K. V. (1993). Soil nutrient availability and relationships with
aboveground biomass production on postharvested upland white spruce sites in
interior Alaska. Canadian Journal of Forest Research, 23(6), 1223-1232.
https://doi.org/10.1139/x93-154

Payette, S., & Rochefort, L. (Eds.). (2001). Ecologie des tourbiéres du Québec-
Labrador. Presses de 1’Université Laval.

Pellerin, S., & Poulin, M. (2013). Analyse de la situation des milieux humides au
Québec et recommandations a des fins de conservation et de gestion durable
[Rapport — bilan]. Centre de la Science de la Biodiversité du Québec (CSBQ).
http://belsp.uqtr.ca/id/eprint/1135/

Pierce, S., Negreiros, D., Cerabolini, B. E. L., Kattge, J., Diaz, S., Kleyer, M., Shipley,
B., Wright, S. J., Soudzilovskaia, N. A., Onipchenko, V. G., van Bodegom, P.
M., Frenette-Dussault, C., Weiher, E., Pinho, B. X., Cornelissen, J. H. C., Grime,
J. P., Thompson, K., Hunt, R., Wilson, P. J., ... Tampucci, D. (2017). A global
method for calculating plant CSR ecological strategies applied across biomes
world-wide. Functional Ecology, 31(2), 444-457. https://doi.org/10.1111/1365-
2435.12722

Ponnamperuma, F. N. (Ed.). (1984). Effect of flooding on soil. In Flooding and plant
growth. Academic Press.

Poorter, H., & Remkes, C. (1990). Leaf area ratio and net assimilation rate of 24 wild
species differing in relative growth rate. Oecologia, 83(4), 553-559.
https://doi.org/10.1007/BF00317209

Potapov, P., Yaroshenko, A., Turubanova, S., Dubinin, M., Laestadius, L., Thies, C.,
Aksenov, D., Egorov, A., Yesipova, Y., Glushkov, I., Karpachevskiy, M.,
Kostikova, A., Manisha, A., Tsybikova, E., & Zhuravleva, 1. (2008). Mapping
the World’s Intact Forest Landscapes by Remote Sensing. Ecology and Society,
13(2). https://www.jstor.org/stable/26267984

Prescott, C. E., Zabek, L. M., Staley, C. L., & Kabzems, R. (2000). Decomposition of
broadleaf and needle litter in forests of British Columbia: Influences of litter

type, forest type, and litter mixtures. Canadian Journal of Forest Research,
30(11), 1742-1750. https://doi.org/10.1139/x00-097



64

Pretzsch, H. (2022). Facilitation and competition reduction in tree species mixtures in
Central Europe : Consequences for growth modeling and forest management.
Ecological Modelling, 464, 109812.
https://doi.org/10.1016/j.ecolmodel.2021.109812

Pretzsch, H., & Schiitze, G. (2021). Tree species mixing can increase stand
productivity, density and growth efficiency and attenuate the trade-off between
density and growth throughout the whole rotation. Annals of Botany, 128(6),
767-786. https://doi.org/10.1093/aob/mcab077

Prevost, M., Belleau, P., & Plamondon, A. P. (1997). Substrate conditions in a treed
peatland:  Responses to  drainage. Ecoscience, 4(4), 543-554.
https://doi.org/10.1080/11956860.1997.11682434

Qian, H., Klinka, K., @kland, R. H., Krestov, P., & Kayahara, G. J. (2003). Understorey
vegetation in boreal Picea mariana and Populus tremuloides stands in British
Columbia.  Journal  of  Vegetation  Science, 14(2), 173-184.
https://doi.org/10.1111/j.1654-1103.2003.tb02142.x

R Core Team. (2020). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. https://www.R-project.org/

Raabe, S., Miiller, J., Manthey, M., Diirhammer, O., Teuber, U., Géttlein, A., Forster,
B., Brandl, R., & Bissler, C. (2010). Drivers of bryophyte diversity allow
implications for forest management with a focus on climate change. Forest
Ecology and Management, 260(11), 1956-1964.
https://doi.org/10.1016/j.foreco.2010.08.042

Reich, P. B., Bakken, P., Carlson, D., Frelich, L. E., Friedman, S. K., & Grigal, D. F.
(2001). Influence of logging, fire, and forest type on biodiversity and productivity
in southern boreal forests. Ecology, 82(10), 2731-2748.
https://doi.org/10.1890/0012-9658(2001)082[2731:10LFAF]2.0.CO;2

Rice, S. K., Aclander, L., & Hanson, D. T. (2008). Do bryophyte shoot systems
function like vascular plant leaves or canopies? Functional trait relationships in
Sphagnum mosses (Sphagnaceae). American Journal of Botany, 95(11),
1366-1374. https://doi.org/10.3732/ajb.0800019

Richards, A. E., Forrester, D. 1., Bauhus, J., & Scherer-Lorenzen, M. (2010). The
influence of mixed tree plantations on the nutrition of individual species: A
review. Tree Physiology, 3009), 1192-1208.
https://doi.org/10.1093/treephys/tpq035



65

Sariyildiz, T. (2003). Interactions between litter quality, decomposition and soil
fertility : A laboratory study. Soil Biology and Biochemistry, 35(3), 391-399.
https://doi.org/10.1016/S0038-0717(02)00290-0

Shipley, B. (2002). Trade-offs between net assimilation rate and specific leaf area in
determining relative growth rate : Relationship with daily irradiance. Functional
Ecology, 16(5), 682-689. https://doi.org/10.1046/j.1365-2435.2002.00672.x

Simard, M., Lecomte, N., Bergeron, Y., Bernier, P. Y., & Paré, D. (2007). Forest
productivity decline caused by successional paludifiction of boreal soils.
Ecological Applications, 17(6), 1619-1637. https://doi.org/10.1890/06-1795.1

Smart, S. M., Glanville, H. C., Blanes, M. del C., Mercado, L. M., Emmett, B. A.,
Jones, D. L., Cosby, B. J., Marrs, R. H., Butler, A., Marshall, M. R., Reinsch, S.,
Herrero-Jauregui, C., & Hodgson, J. G. (2017). Leaf dry matter content is better
at predicting above-ground net primary production than specific leaf area.
Functional  Ecology, 31(6), 1336-1344. https://doi.org/10.1111/1365-
2435.12832

Startsev, N., Lieffers, V. J., & Landhéusser, S. M. (2008). Effects of leaf litter on the
growth of boreal feather mosses: Implication for forest floor development.
Journal of Vegetation Science, 19(2), 253-260. https://doi.org/10.3170/2008-8-
18367

Stevenson, F. J. (1994). Humus Chemistry : Genesis, Composition, Reactions. John
Wiley & Sons.

Streeter, D. T. (1970). Bryophyte ecology. Science Progress (1993-), 419-434.

Sullivan, P. F., Arens, S. J. T., Chimner, R. A., & Welker, J. M. (2008). Temperature
and Microtopography Interact to Control Carbon Cycling in a High Arctic Fen.
Ecosystems, 11(1), 61-76. https://doi.org/10.1007/s10021-007-9107-y

Taylor, K. C., R'W. Arnup, B.G.Merchant, W.J.Parton, & J.Nieppola. (2000). Field
guide to forest ecosystems of northeastern Ontario: Vol. Field Guide FG-001.
Northeast Science & Technology.

Tilton, D. L. (1977). Seasonal growth and foliar nutrients of Larix laricina in three
wetland ecosystems. Canadian Journal of Botany, 55(10), 1291-1298.
https://doi.org/10.1139/b77-150

Turetsky, M. R., Bond-Lamberty, B., Euskirchen, E., Talbot, J., Frolking, S., McGuire,
A. D., & Tuittila, E.-S. (2012). The resilience and functional role of moss in



66

boreal and arctic ecosystems : Tansley review. New Phytologist, 196(1), 49-67.
https://doi.org/10.1111/j.1469-8137.2012.04254.x

Turetsky, M. R., Mack, M. C., Hollingsworth, T. N., & Harden, J. W. (2010). The role
of mosses in ecosystem succession and function in Alaska’s boreal forestThis
article is one of a selection of papers from The Dynamics of Change in Alaska’s
Boreal Forests : Resilience and Vulnerability in Response to Climate Warming.
Canadian  Journal  of  Forest  Research, 40(7), 1237-1264.
https://doi.org/10.1139/X10-072

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, 1., & Garnier,
E. (2007). Let the concept of trait be functional! Oikos, 116(5), 882-892.
https://doi.org/10.1111/j.0030-1299.2007.15559.x

Vitt, D. H., & Wieder, R. K. (2008). The structure and function of bryophyte-
dominated peatland. In Bryophyte Biology. Cambridge University Press.

Wardle, D. A., & Zackrisson, O. (2005). Effects of species and functional group loss
on island ecosstem properties. Nature, 435(7043), 806-810.

Weber, M. G., & Van Cleve, K. (1981). Nitrogen dynamics in the forest floor of interior
Alaska black spruce ecosystems. Canadian Journal of Forest Research, 11(4),
743-751. https://doi.org/10.1139/x81-106

Weiher, E., Werf, A., Thompson, K., Roderick, M., Garnier, E., & Eriksson, O. (1999).
Challenging Theophrastus: A common core list of plant traits for functional
ecology. Journal of  Vegetation Science, 10(5), 609-620.
https://doi.org/10.2307/3237076

Wright, 1. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F.,
Cavender-Bares, J., Chapin, T., Cornelissen, J. H. C., Diemer, M., Flexas, J.,
Garnier, E., Groom, P. K., Gulias, J., Hikosaka, K., Lamont, B. B., Lee, T., Lee,
W., Lusk, C., ... Villar, R. (2004). The worldwide leaf economics spectrum.
Nature, 428(6985), 821-827. https://doi.org/10.1038/nature02403

Zhang, D., Hui, D., Luo, Y., & Zhou, G. (2008). Rates of litter decomposition in
terrestrial ecosystems : Global patterns and controlling factors. Journal of Plant
Ecology, 1(2), 85-93. https://doi.org/10.1093/jpe/rtn002



	REMERCIEMENTS
	AVANT-PROPOS
	LISTE DES FIGURES
	LISTE DES TABLEAUX
	RÉSUMÉ
	1 CHAPITRE I   Introduction générale
	1.1 Mise en contexte et problématique
	1.2 État des connaissances
	1.2.1 Caractéristiques des mélézins
	1.2.2 Caractéristiques du mélèze
	1.2.3 Rôle des communautés de plantes vasculaires de sous-bois dans l’écosystème forestier
	1.2.4 Rôle des bryophytes dans l’écosystème forestier
	1.2.5 La diversité du sous-bois en forêt boréale
	1.2.6 L’approche scientifique par traits fonctionnels
	1.2.7 Les traits fonctionnels utilisés pour étudier les plantes vasculaires
	1.2.8 Les traits fonctionnels utilisés pour étudier les bryophytes

	1.3 Objectifs de l’étude et hypothèses de travail
	1.3.1 Objectifs de l’étude
	1.3.2 Hypothèses de travail


	2 CHAPITRE II   Impact of larch on composition, diversity and functionnal traits of Vascular plant and bryophyte communities in the boreal undergrowth
	2.1 Abstract
	2.2 Introduction
	2.3 Methods
	2.3.1 Study area
	2.3.2 Selection of sites and inventory quadrats
	2.3.3 Sampling
	2.3.4 Needle transfert
	2.3.5 Functional traits
	2.3.6 Statistical analysis

	2.4 Results
	2.4.1 Environmental variables
	2.4.2 Understory diversity
	2.4.3 Understory composition
	2.4.4 Needle addition experiment
	2.4.5 Functional traits

	2.5 Discussion
	2.5.1 Driver 2 : Canopy openess

	2.6 Conclusion

	3 CHAPITRE III   Conclusion générale
	ANNEXE A   Tableau comparatif des sites d’étude
	ANNEXE B   Photos de l’impact d’une feuille de peuplier et d’aiguilles d’épinette noire sur les bryophytes
	ANNEXE C   Tableau des espèces indicatrices
	BIBLIOGRAPHIE

