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RESUME

L’objectif général de cette thése est de faire I'étude de communautés forestieéres d’arbres et
d’arbustes sous 'angle de leur mémoire écologique et, plus précisément, de leur relation avec
des legs paysagers et différents filtres écologiques ayant agi au fil du temps et a travers différentes
échelles spatiales. Le territoire forestier du sud du Québec, hautement fragmenté et ou les
activités liées a I'agriculture et I'exploitation forestiére ont fagonné les paysages depuis 200 ans,
se reévéle un territoire idéal pour nos travaux.

Le chapitre 1 vise a évaluer si les communautés actuelles d’arbres et d’arbustes situées dans des
paysages forestiers hautement fragmentés possédent une mémoire écologique. Plus
précisément, nous posons la question a savoir si les communautés actuelles sont liées aux
conditions de peuplement et de paysage du passé a travers la présence de legs, tels que des
patrons dans I'abondance, la richesse et la diversité des arbres et arbustes, qui auraient persisté
au fil du temps. Nous examinons l'influence de plusieurs filtres écologiques agissant a I'échelle
locale, du peuplement et du paysage sur les communautés actuelles d’arbres et d’arbustes. Pour
les filires a la dispersion a I'échelle du peuplement et du paysage, notre investigation couvre
quatre périodes a lintérieur des 85 derniéres années, soit le passé lointain (1930-40),
intermédiaire (1958), récent (1983) et le temps présent (2015). Les résultats montrent que les
perturbations et la structure du paysage constituent des facteurs importants influencant les
patrons de diversité et d’'abondance des communautés d’arbres et d’arbustes et que leur influence
persiste a travers le temps jusqu’a 57 a 85 ans plus tard. Ces communautés sont ainsi
caractérisées par une mémoire écologique prenant la forme d’'un délai de réponse suite a des
changements survenus dans le passé dans la structure du paysage. Les résultats montrent
également que les conditions d’habitat plus récentes ou actuelles pouvaient aussi étre
importantes pour expliquer 'abondance de certaines espéces d’arbres et d’arbustes, laissant
entrevoir que des filtres écologiques plus récents (ex., perturbations, conditions biotiques et
abiotiques) avaient la capacité d’effacer la mémoire lointaine des communautés.

Le chapitre 2 vise d’abord a déterminer si les communautés forestiéres d’arbres possédent une
mémoire écologique a travers leurs patrons de traits fonctionnels qui seraient liés aux conditions
d’habitat du passé. Il vise également a déterminer si une trajectoire d’évolution du paysage
hautement perturbée peut conduire a une érosion de la diversité des traits fonctionnels de
réponses et a un filirage des traits de réponses dans les communautés d’arbres actuelles. Cette
trajectoire implique une altération des legs au sein du paysage au fil du temps, en raison de
'importance des milieux ouverts perturbés sur le territoire. Nos résultats indiquent que la structure
fonctionnelle des communautés étudiées porte une mémoire écologique liée aux conditions
d’habitat des années 1930-40 et 1958, mais que les conditions plus récentes ou actuelles sont
également importantes. L’analyse des trajectoires de paysages indique par la suite que I'altération
des legs paysagers, a travers des perturbations continues au fil du temps, peut conduire a une
érosion de la diversité de réponses et a un filtrage des traits de réponses favorisant les espéces
qui possédent des graines se dispersant sur de plus longues distances par le vent ou les
mammiféres. Les trajectoires moins perturbées (davantage forestiéres au fil du temps) favorisent
quant a elles une plus grande diversité de réponses et les espéces dispersant leurs graines par
les oiseaux et capables de se reproduire végétativement. Ainsi, les espéces des communautés
situées au sein de paysages historiquement plus perturbés possédent une meilleure capacité de
colonisation, mais une persistance locale plus faible a travers le mécanisme de reproduction
végeétative.



Le chapitre 3 investigue la relation entre les arbres résiduels actuels distribués au sein des
paysages agricoles et les patrons des communautés forestieres locales, tant au niveau spécifique
que fonctionnel. Nous avons donc cartographié les arbres reliques présents en 2015 dans le
paysage et les avons inclus dans le couvert forestier. Nos résultats montre d’abord que les arbres
résiduels dans le paysage ont un effet positif sur la connectivité et que leur contribution reléve
surtout de leur role en tant que pas japonais. Nos résultats indiquent également qu’il existe une
relation entre les arbres résiduels et les patrons des communautés d’arbustes en ce qui a trait a
leur diversité spécifique et la diversité de leurs traits de réponses liés a la dispersion des graines
et la reproduction. Les arbres résiduels sont également associés aux patrons des communautés
d’arbres en ce qui concerne quatre traits fonctionnels de réponses, soit : la proportion d’espéces
se reproduisant végétativement par drageonnement a partir de la couronne des racines, se
reproduisant surtout de maniére sexuée, dispersant leurs graines par les oiseaux et dispersant
leurs graines par le vent. Les arbres résiduels persistants (présents en 2015 et en 1983) ne se
sont toutefois pas révélés plus importants que les arbres reliques non-persistants (présents
seulement en 2015). L’association entre les patrons des communautés forestiéres et les arbres
résiduels suggére que ces derniers peuvent agir comme sources de propagules et favoriser le
déplacement des animaux dispersant les propagules vers les foréts adjacentes, bien qu’ils
pourraient aussi étre le résultat de la dispersion des propagules en provenance de ces foréts.
Dans les deux cas, les arbres reliques sont interconnectés avec les foréts dans le paysage et
pourraient contribuer a leur mémoire écologique externe. Dans ce contexte, leur rble ne devrait
donc pas étre néegligé.

En somme, cette thése permet de faire progresser nos connaissances quant a la profondeur
temporelle de la mémoire des communautés forestiéres suite a la modification du paysage qui les
entoure. Elle illustre également les effets que peuvent avoir les perturbations historiques
continues sur les communautés forestieres actuelles et nous permet d’anticiper une perte de
résilience des foréts face a de futures perturbations. Enfin, en explorant les liens qui unissent les
arbres reliques situés en milieux perturbés aux communautés forestieres, cette thése pave
également la voie a de futures études qui viseraient a déterminer plus précisément le réle que
pourraient jouer ces legs du paysage dans l'augmentation de la résilience et de la capacité
d’adaptation des foréts dans un contexte de changements globaux.

Mots clés: communautés d’arbres et d’arbustes, traits fonctionnels de réponses, mémoire
écologique, structure et perturbations historiques du paysage, arbres reliques.
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INTRODUCTION GENERALE

Ce projet de doctorat en biologie se situe a l'intersection de plusieurs champs disciplinaires. I
s'insére en effet dans un contexte d'écologie des communautés végétales terrestres, d’écologie
des méta-communautés et d’écologie du paysage. L'écologie des communautés se veut I'étude
des patrons dans la distribution, 'abondance et I'interaction des espéces qui co-occurrent dans le
temps et I'espace (McGill et al., 2006). L’écologie des méta-communautés met 'emphase sur un
ensemble de communautés locales interreliées par la dispersion d’espéces qui peuvent interagir
entre elles (Leibold et al., 2004). De son c6té, I'écologie du paysage étudie I'effet de la structure
du paysage sur les processus écologiques a travers différentes échelles. Un paysage peut étre
défini comme une mosaique de reliefs, d’écosystémes, d’habitats et d’'usages a l'intérieur d’'un
territoire pouvant varier en superficie selon le processus ou les organismes étudiés (ex., quelques
kilomeétres carrés a quelques centaines de kilométres carrés) (With, 2019). L’écologie du paysage
met donc 'emphase sur 'hétérogénéité spatiale, I'influence de celle-ci sur les processus biotiques
et abiotiques ainsi que les interactions et les échanges a travers les paysages hétérogénes
(Turner & Gardner, 2015).

0.1 Structure et assemblage des communautés
0.1.1  Structure des communautés

Une communauté représente le niveau d'organisation qui inclut des organismes de différentes
espéces vivant dans un méme espace a un moment particulier et qui interagissent entre eux et
avec les différents éléments constituant leur environnement (Roughgarden, 2009; Vellend, 2010).
Elles sont caractérisées par des patrons qui peuvent se décliner en termes d'identité, d’abondance

et de diversité des espéces, ainsi que d’identité et de diversité des traits fonctionnels des espéces.

Les traits fonctionnels sont des caractéristiques morphologiques, physiologiques ou
phénologiques mesurables au niveau d’un individu, de la cellule a I'organisme entier, sans qu’il
ne soit fait référence a aucun autre niveau d’organisation ni a aucun facteur du milieu (Violle et
al., 2007). La variation de ces traits a I'échelle des individus influence la structure des

communautés et contribue au fonctionnement général des écosystémes (Chapin Ill et al., 2012;



Diaz & Cabido, 2001; Eviner & Chapin Ill, 2003; Garnier & Navas, 2013; Grime, 2001; Naeem et
al., 2012; Prinzing et al., 2008; Wardle, 2002). Par exemple, il peut s’agir de traits des feuilles (ex.
épaisseur et quantité d’azote) ou des racines (ex. morphologie et longueur). Ces traits sont des
traits d’effets et peuvent affecter des processus comme la productivité primaire nette, la
décomposition et 'accumulation de la litiére, le transfert et le stockage du carbone ainsi que le
bilan hydrique des foréts (Garnier et al., 2004; Garnier & Navas, 2013; Lavorel & Garnier, 2002).
Les espéces peuvent étre assemblées en groupes fonctionnels selon leurs traits d’effets, ceux-ci
pouvant alors comprendre, par exemple, des organismes pollinisateurs, des prédateurs, des

espéces qui dispersent les graines ou d’autres fixatrices d’azote (Folke et al., 2004).

Par ailleurs, les traits qui déterminent la fagon dont les espéces répondent a des perturbations ou
a des changements dans les conditions environnementales sont qualifiés de traits de réponses
(Garnier & Navas, 2013; Lavorel & Garnier, 2002; Naeem & Wright, 2003; Suding et al., 2008;
Suding & Hobbs, 2009). Ainsi, la diversité de réponses consiste en la variabilité des réponses aux
perturbations ou aux changements environnementaux parmi les espéces d’'une communauté
(Elmqvist et al., 2003; Suding & Hobbs, 2009; Walker, 1995). La réponse des plantes en réaction
a des perturbations et a des variations du climat, du CO; ou de la disponibilité des ressources du
sol peut passer, a titre d’exemple, par une variation dans le cycle de vie, la masse des graines ou
le mode de régénération (ex. capacité a drageonner et a faire des rejets de souches) (Lavorel &
Garnier, 2002).

0.1.2 Regles d’'assemblage des communautés

La structure des communautés est affectée par quatre processus fondamentaux, soit 1) la dérive,
2) la spéciation, 3) la dispersion et 4) la sélection (Vellend, 2010). La dérive consiste en des
changements aléatoires dans I'abondance relative des espéces causés par la nature stochastique
des processus tels la mortalité et la natalité, alors que la spéciation constitue I'apparition de
nouvelles espéces. La dispersion concerne pour sa part le mouvement des organismes et des
propagules a travers les communautés. Enfin, la sélection reléve du taux de survie ou de
reproduction différentiel des différentes espéces en fonction des conditions biotiques et abiotiques
auxquelles elles sont exposées. Les processus de dispersion et de sélection, qui sous-tendent
les travaux de cette thése, impliquent une série de contraintes a la coexistence des espéces qui

sont conceptualisées sous la forme d'une combinaison de filtres organisés de maniére



hiérarchique et agissant a différentes échelles spatiales pour favoriser ou défavoriser les espéces
(Gotzenberger et al., 2012). Au nombre de trois, ces filtres sont 1) un filtre a la dispersion a
I'échelle du paysage, 2) un filtre abiotique lié aux conditions environnementales locales ou aux
perturbations abiotiques et 3) un filtre biotique lié aux interactions entre les différentes espéces
présentes au sein d’'une communauté (Figure 0.1) (Garnier & Navas, 2012, 2013; Gotzenberger
et al., 2012; Lavorel & Garnier, 2002; Lortie et al., 2004; Suding et al., 2008; Vellend, 2010).

Bassin d’espéces régional
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Espéces capables de s’établir et de survivre

Figure 0.1. Régles d’'assemblage des communautés selon une série de filtres écologiques
organisés de maniére hiérarchique et agissant a différentes échelles spatiales pour favoriser ou
défavoriser les espéces (figure adaptée de Lortie et al., 2004).




0.1.2.1 Filtre a la dispersion

A I'échelle du paysage, le filtre & la dispersion reléve notamment des événements stochastiques
pouvant y survenir ainsi que de la composition et de la configuration spatiale de ce dernier (de
Bello et al., 2013; Garnier & Navas, 2012; Lortie et al., 2004). Les paysages étant hétérogénes,
les différents usages et habitats du territoire ainsi que leur configuration spatiale peuvent favoriser
ou empécher la dispersion, particuliérement lorsque les propagules des espéces végétales sont
dispersées par les animaux (With, 2019). L’hétérogénéité du paysage influence ainsi le processus
de dispersion des espéces entre les communautés locales formant des méta-communautés
(Leibold et al., 2004; With, 2019). La dispersion entre ces communautés est fondamentale,
notamment pour la colonisation de nouveaux habitats, pour la recolonisation d’habitats ayant été
perturbés, pour le maintien du flux génétique entre les populations des différentes espéces
présentes dans ces communautés et, de maniére plus générale, pour la persistance et la
coexistence des espéces dans le paysage (Garnier & Navas, 2012; Leibold et al., 2004; With,
2019).

Pour la végétation forestiere en milieu agricole, la perte nette d’habitat se traduit directement par
une réduction de la taille des populations et du nombre d’espéces a mesure que la superficie des
parcelles diminue (Kiviniemi, 2008; Turner & Gardner, 2015) et peut ainsi affecter directement le
bassin régional d’espéces disponibles pour coloniser les communautés locales. Pour sa part, la
fragmentation du couvert forestier, qui représente la subdivision d’un habitat continu en plus petits
morceaux survenant dans les écosystémes par I'entremise de perturbations naturelles ou
anthropiques (Andrén, 1994), peut constituer un filtre a la dispersion des propagules de certaines
especes en réduisant la connectivité dans le paysage. La fragmentation peut ainsi altérer ce
processus fondamental, a l'instar du processus de pollinisation, notamment lorsque l'isolement
des parcelles d’habitat empéche les pollinisateurs et les animaux qui dispersent les propagules
de s’y rendre (Aguilar & Galetto, 2004; Chapman et al., 2003; Cordeiro & Howe, 2003; Cramer et
al., 2007; Herrera & Garcia, 2010; Ibanez et al., 2014; McEuen & Curran, 2004; Ozinga et al.,
2009; Rogers et al., 2021; Tewksbury et al., 2002). Conséquemment, la perte et la fragmentation
de I'habitat a travers le paysage peuvent engendrer une réduction de la disponibilité des
propagules, une plus faible colonisation des parcelles d’habitat, une augmentation du risque
d’extinction locale et un isolement génétique des populations vivant au sein des communautés
isolées (Aguilar et al., 2006; Grashof-Bokdam, 1997; Honnay et al., 2008; Honnay & Jacquemyn,
2007; Ibafiez et al., 2014; Joshi et al., 2006; Soons & Heil, 2002).



0.1.2.2 Filtre abiotique

A une échelle plus locale (ex., dans un peuplement forestier), le filtre abiotique correspond quant
a lui a la disponibilité des ressources (ex. éléments nutritifs), aux conditions environnementales
qui prévalent (ex. pH et température du sol) ainsi qu’au régime de perturbations abiotiques (ex.
séveérité et fréquence) (Garnier & Navas, 2012, 2013; Grime, 2006; Lavorel & Garnier, 2002;
Suding et al., 2008). L’ensemble de ces éléments déterminent les conditions locales d’habitat et
influencent quelles espéces sont capables de s’y établir et d’y survivre en fonction des traits de
réponses qu’elles possédent (Grime, 2006). Par exemple, au sein des foréts fragmentées, il existe
un microclimat différent dans les foréts de bordures comparativement aux conditions qui prévalent
a lintérieur de la forét (Brotons et al., 2001; Matlack & Livaitis, 1999; McCollin, 1998). Le taux
d’humidité y est en effet plus faible et la radiation solaire plus élevée, ce qui se reflete sur la
structure de la végétation et sur les espéces animales et végétales présentes dans ce type de
milieu (Esseen & Renhorn, 1998; Matlack & Livaitis, 1999; Villard, 1998).

Le filtre lié aux ressources engendre une convergence des traits impliqués dans I'utilisation de
ces ressources par les especes puisque celles capables de tolérer ces conditions possédent des
traits similaires, ce qui se traduit par une réduction de la diversité fonctionnelle (Bernard-Verdier
et al., 2012; Cornwell & Ackerly, 2009; de Bello et al., 2009). Par contre, le filtre des perturbations
fait plutot intervenir les traits liés a la régénération et engendre une divergence de ces derniers
puisque les espéces possedent des stratégies de reproduction et d’établissement variées (Grime,
2006).

0.1.2.3 Filtre biotique

Toujours a une échelle locale, les relations interspécifiques, telles que la compétition, la prédation
et le mutualisme, exercent un filtre biotique supplémentaire influengant les espéces qui sont
capables de survivre au sein des communautés (Garnier & Navas, 2013; Lavorel & Garnier, 2002).
L’influence du filtre biotique est généralement détectable a une échelle trés locale, soit celle a
lagquelle les individus doivent cohabiter et partager les ressources (de Bello et al., 2013). Dans les
peuplements forestiers isolés en milieu agricole, le filtre biotique peut affecter la performance
individuelle des plantes lorsque, par exemple, la surabondance de certains herbivores cause un

surbroutage de la végétation (Elzinga et al., 2005; Kolb, 2008) ou lorsque la perte de pollinisateurs



due a lisolement des parcelles d’habitat engendre une diminution du succés reproducteur des

espeéces présentes (Aguilar & Galetto, 2004).

Les interactions interspécifiques peuvent conduire a une convergence ou une divergence des
traits fonctionnels au sein d’'une communauté. La convergence des traits est d’abord possible par
I'entremise du principe d’exclusion compétitive. Celui-ci stipule que « dans un environnement
stable et homogene, deux espéces utilisant la méme ressource limitante ne peuvent coexister,
l'une d’entre elles finissant par exclure l'autre selon leur hiérarchie compétitive » (Garnier &
Navas, 2013). Ce principe d’exclusion compétitive est notamment évoqué pour expliquer la plus
faible biodiversité dans les foréts de fin de succession comparativement aux foréts de début ou
milieu de succession. A l'inverse, le filtre biotique peut également conduire & une divergence
fonctionnelle selon le principe de la limitation de la similarité fonctionnelle, qui stipule que « des
espéces ne peuvent coexister que si elles occupent des niches écologiques différentes [...]
limitant ainsi I'effet négatif des interactions biotiques sur leur performance » (MacArthur & Levins,
1967). Une augmentation de la divergence fonctionnelle peut également résulter de processus
biotiques tels que la facilitation, qui peuvent maintenir la présence de compétiteurs plus faibles
(Perronne et al., 2017).

0.2 Lorsque le passé est garant du futur

Bien que les filtres écologiques actuels puissent avoir une grande influence sur la composition et
la structure des communautés, I'effet des conditions (filtres) passées n’est toutefois pas a négliger,
surtout pour les organismes possédant une trés grande persistance due, par exemple, a leur
longévité ou leur capacité a se reproduire veégétativement. |l est désormais clair que des
événements ou des conditions historiques affectent les patrons contemporains décelés au sein
des communautés (Turner & Gardner, 2015). La capacité qu’ont ces événements et conditions
passés a influencer les patrons actuels ou futurs d'une communauté a été décrite en termes de
mémoire (Padisak, 1992; Peterson, 2002) et est intimement liée a la présence de legs (Johnstone
et al., 2016).

Une communauté posséde une mémoire dite interne des conditions passées lorsqu’il subsiste,
en son sein, des legs biologiques qui en témoignent. Il peut s’agir d’espéces ayant persisté a

travers le temps ou de legs suite a une perturbation tels que des arbres semenciers, des banques



de graines dans le sol et des champignons mycorhiziens. Une communauté posséde également
une mémoire externe, qui référe a la présence de legs dans le paysage ayant la capacité
d’influencer son développement (Bengtsson et al., 2003; Perry, 1995). Ces legs sont notamment
constitués des peuplements sources situés dans le paysage et des espéces qui y vivent dont les

semences peuvent coloniser ladite communauté (Johnstone et al., 2016).

Les legs paysagers actuels peuvent avoir été influencés par des événements ou conditions du
passé. Par exemple, le bassin d’espéces sur un territoire est influencé par la structure actuelle du
paysage (filtre a la dispersion actuel; Garnier & Navas, 2012), mais peut aussi refléter 'effet des
filtres a la dispersion passés ayant fagonné le bassin d’espéces au fil du temps. Les legs au sein
d’'une communauté ou dans le paysage peuvent aussi avoir été altérés par I'utilisation anthropique
d’'un territoire a travers le temps. Il peut notamment s’agir d’'une altération de la structure du sol,
une réduction des arbres morts au sein d’'une forét, un changement dans la composition en
espéces des peuplements ou une réduction de I'hétérogénéité ou de la connectivité du paysage
forestier. Ces legs altérés et leurs effets peuvent ainsi perdurer a travers plusieurs décennies,
voire des centaines et milliers d’'années, comme en témoignent les études de Dupouey et al.
(2002) et Dambrine et al. (2007). Ces auteurs ont en effet montré que les activités agricoles
pratiquées en Europe il y a environ 2000 ans avaient induit des changements au niveau des
éléments nutritifs du sol et de la diversité des espéeces végétales qui étaient encore perceptibles
de nos jours. L’ensemble de ces éléments démontre que l'aspect temporel est important a
considérer dans I'étude des communautés et qu'il peut nous permettre de mieux comprendre leur

dynamique.

0.3 Objectif général et contexte de la thése

L’objectif général de cette thése est de faire 'étude de communautés forestiéres d’arbres et
d’arbustes sous I'angle de leur mémoire écologique et, plus précisément, de leur relation avec
des legs paysagers et différents filtres écologiques ayant agi au fil du temps et a travers différentes
échelles spatiales. Le territoire forestier du sud du Québec, hautement fragmenté et ou les
activités liées a 'agriculture et I'exploitation forestiere ont fagonné ses paysages depuis 200 ans,
se révele un territoire idéal pour nos travaux. En ce sens, des études conduites sur une portion
du territoire couvert par cette thése (municipalité de canton de Godmanchester, superficie

d’environ 138 km?) ont montré que les premiers colons s’y sont établis aux alentours des années



1800 (Bouchard & Domon, 1997), alors que I'exploitation forestiére dans cette région y était déja
commencée (Brisson & Bouchard, 2006). A peine 50 ans plus tard, le déclin des activités
forestieres se faisait déja sentir (Bouchard & Domon, 1997). Pendant cette courte période,
'ensemble des espéces prélevées auraient été exploitées jusqu’a I'épuisement des stocks
(Simard & Bouchard, 1996). A la méme époque, les foréts ont également été brilées pour la
production de potasse, le territoire forestier fraichement défriché ayant par la suite été converti en
terres agricoles (Brisson & Bouchard, 2006). C’est autour des années 1825 que I'agriculture s’est
déployée sur le territoire, d’abord sur les dépdts morainiques, ou le sol était mieux drainé, puis
sur la plaine argileuse. Selon Domon & Bouchard (2007), I'agriculture a été a son apogée autour
des années 1890 ou elle occupait, en certains endroits, plus de 80 % du territoire. Vers 1950, les
activités agricoles ont été concentrées sur la plaine argileuse, engendrant alors une déprise sur
les sites morainiques. Une succession secondaire s’est alors amorcée, menant d’abord a une
végétation caractéristique des terres en friche avant d’évoluer vers un stade de jeune forét autour
des années 1975-80. Au fil du temps, ces foréts de seconde venue ont fait I'objet de divers travaux
allant d’'une exploitation par coupe a diamétre limite a la récolte de bois de chauffage, en passant
par des coupes d’assainissement d’érabliéres. L’activité humaine sur ce territoire depuis I'époque
de la colonisation a profondément modifié la composition forestiére, conduisant notamment a une
augmentation de la prévalence de I'Erable a sucre (Acer saccharum) et une raréfaction du Hétre
a grandes feuilles (Fagus grandifolia) et du Bouleau jaune (Betula alleghaniensis) (Brisson et
Bouchard, 2003). Nous posons donc, comme hypothése générale, que cette trajectoire paysageére
a généré des conditions spatiales ayant un effet sur le devenir des communautés forestieres et

que ce signal est toujours décelable aujourd’hui.

04 Structure et objectifs spécifiques de la thése

Cette thése est divisée en trois chapitres, dont chacun étudie le territoire selon une combinaison
spatiotemporelle différente. Ainsi, le chapitre 1 combine les échelles spatiales locales, du
peuplement et du paysage et quatre périodes temporelles allant de 1930 a 2015. Le chapitre 2
met I'emphase sur I'échelle du paysage en intégrant les différentes occupations du sol survenues
au fil du temps en trajectoires d’évolution des paysages. Le chapitre 3 met quant a lui 'emphase
sur le paysage analysé avec un grain (résolution) plus fin qui implique la détection d’arbres
résiduels présents en 2015, qui pouvaient également exister en 1983. En ce qui a trait a la réponse

des communautés, le chapitre 1 met 'accent sur les espéces d’arbres et d’arbustes, le chapitre 2



sur les traits fonctionnels de réponses des arbres et le chapitre 3 sur les espéces et traits

fonctionnels de réponses des arbres et arbustes.

0.4.1 Objectifs et hypothéses du chapitre 1

Le chapitre 1 vise a évaluer si les communautés actuelles d’arbres et d’arbustes situées dans des
paysages forestiers hautement fragmentés possédent une mémoire écologique. Plus
précisément, nous posons la question a savoir si les communautés actuelles sont liées aux
conditions de peuplement et de paysage du passé a travers la présence de legs, tels que des
patrons dans I'abondance, la richesse et la diversité des arbres et arbustes, qui auraient persisté
au fil du temps. L’existence d’'une mémoire montrerait que les communautés ne sont pas en
équilibre avec les conditions d’habitat actuelles et seraient plutét encore influencées par les
conditions d’habitat du passé. Pour atteindre cet objectif, nous examinons l'influence de plusieurs
filtres écologiques agissant a I'échelle locale, du peuplement et du paysage sur les communautés
actuelles d’arbres et d’arbustes. Pour les filtres a la dispersion a I'échelle du peuplement et du
paysage, notre investigation couvre quatre périodes a l'intérieur des 85 derniéres années, que
nous abordons sous les termes de passé lointain (1930-40), passé intermédiaire (1958), passé

récent (1983) et temps présent (2015).

Nous posons I'hypothése que les conditions passées liées aux échelles du peuplement et du
paysage influencent 'abondance, la richesse et la diversité spécifiques des arbres et arbustes,
révélant ainsi I'existence d’'une mémoire écologique interne et externe. Plus précisément, nous
prédisons que les conditions de peuplement et de paysage du passé lointain et intermédiaire sont
importantes pour expliquer les patrons des communautés d’arbres et d’arbustes actuels,
particulierement pour les espéces possédant des valeurs de traits fonctionnels de réponses leur
conférant une bonne persistance a travers le temps (ex., grande longévité, habileté a se
reproduire végétativement et a former des banques de graines) et une bonne capacité de
colonisation (ex., dispersion des graines sur de grandes distances). Nous prédisons également
que les conditions de peuplement et de paysage plus récentes ou actuelles peuvent aussi étre
importantes pour expliquer les patrons des communautés d’aujourd’hui. Les perturbations
récentes (ex., coupes forestieres) pourraient en effet avoir modifié les patrons des communautés

soit en prélevant directement les espéces qui étaient persistantes et liées aux conditions du passé,



ou en modifiant indirectement les conditions d’habitat, affectant ainsi la survie de certaines

especes.

0.4.2 Obijectifs et hypothéses du chapitre 2

Le chapitre 2 vise d’abord a déterminer si les communautés forestiéres d’arbres possédent une
mémoire écologique a travers leurs patrons de traits fonctionnels qui seraient liés aux conditions
d’habitat du passé. Il vise également a déterminer si une trajectoire d’évolution du paysage
hautement perturbée peut conduire a une érosion de la diversité des traits fonctionnels de
réponses et a un filtrage des traits de réponses dans les communautés d’arbres actuelles. Cette
trajectoire implique une altération des legs au sein du paysage au fil du temps, en raison de
l'importance des milieux ouverts perturbés sur le territoire (ex. terres agricoles abandonnées
transformées en friches et en zones de régénération dominées par une strate arbustive).
L’altération de ces legs est susceptible d’avoir contribué a la diminution de la disponibilité des

propagules et empéché leur dispersion a travers le paysage.

Notre premiére hypothése stipule que les conditions de peuplement et de paysage des années
1930-40 et 1958 sont importantes pour expliquer la diversité et la valeur des traits de réponses
dans les communautés d’arbres actuelles. Nous posons également I'hypothése que les
communautés situées dans des paysages caractérisés par une trajectoire d’évolution hautement
perturbée possédent une diversité de réponses plus faible et des espéces ayant été filtrées en
fonction de leurs traits de réponses. Ainsi, les espéeces se reproduisant principalement de maniére
sexuée (par graines), capables de disperser leurs graines sur de plus grandes distances pour
coloniser des sites isolés et dont les graines sont dispersées par le vent auraient été favorisées.
A Tlinverse, les communautés situées dans des paysages caractérisés par une trajectoire moins
perturbée (avec une plus grande superficie forestiére a travers le temps) posséderaient une plus
grande diversité de réponses. Les espéces se reproduisant végétativement et dispersant leurs
graines par les mammiféres et les oiseaux auraient également été favorisées dans les paysages
historiquement moins perturbés, dans la mesure ou plusieurs de ces espéces sont sensibles a la

fragmentation du couvert forestier et peuvent éviter les milieux ouverts lors de leurs déplacements.
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0.4.3 Obijectifs et hypothéses du chapitre 3

Le chapitre 3 investigue la relation entre les arbres résiduels actuels distribués au sein des
paysages agricoles et les communautés forestiéres locales et, conséquemment, si ces arbres
résiduels peuvent contribuer a la mémoire écologique externe de ces communautés. Nous posons
la question a savoir si les arbres résiduels sont liés a la composition et la structure des
communautés tant au niveau spécifique que fonctionnel. Dans le cadre de ce chapitre, nous avons
donc cartographié les arbres résiduels présents en 2015 dans le paysage et les avons inclus dans

le couvert forestier.

Nous posons I'hypothése que les arbres résiduels dans le paysage sont associés aux
communautés forestieres d’arbres et d’arbustes (abondance relative, diversité et richesse
spécifiques, diversité et valeurs de traits de réponses) en favorisant le déplacement des animaux
qui dispersent les propagules d’arbres et d’arbustes et en tant que sources de propagules
d’arbres. Nous posons aussi I'hypothése que les arbres résiduels ayant persisté sur une plus
longue période (arbres plus agés) sont plus importants que ceux ayant persisté moins longtemps
(arbres plus jeunes) pour expliquer les patrons des communautés forestieres adjacentes. Nous
anticipons toutefois que les arbres résiduels d’aujourd’hui pourraient expliquer seulement une
fraction des patrons au sein des communautés d’arbres et d’arbustes, puisque ces communautés
sont influencées par un amalgame de conditions liées au passé et au présent (Gagné, Doyon, et
al., 2022; Gagné, Messier, et al., 2022).

0.5 Pertinence de la thése pour 'avancement des connaissances

Les travaux de cette thése viennent complémenter et apporter un éclairage nouveau sur la
dynamique spatiotemporelle du territoire et ses effets sur les communautés végétales par rapport
aux résultats issus d’études antérieures réalisées dans une portion de notre aire d’étude (ex.,
D’Orangeville et al. (2008) et de Blois et al. (2001)). Les travaux de cette thése se démarquent de
par la couverture d’un territoire plus vaste couvrant 'ensemble des MRC Le Haut-Saint-Laurent
et Vaudreuil-Soulanges. Elle se démarque également de par la combinaison de multiples échelles
spatiales et temporelles, ou I'analyse du territoire s’étend sur une plage temporelle plus grande
(1930 a 2015), incorpore plusieurs échelles d’influence (locale, peuplement, paysage [600 m et
2 km de rayon]), en plus d’inclure une variation du grain d’analyse (résolution), prenant en compte

les diverses classes d’occupation du sol ainsi que la présence d’arbres résiduels distribués au
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sein du territoire agricole. Enfin, 'unicit¢ de ce projet réside également dans I'étude des
communautés forestiéres en combinant le niveau des espéces (abondance, diversité et richesse
spécifiques) a celui des traits fonctionnels de réponses (valeurs et diversité des traits de réponses)

afin de mieux comprendre les mécanismes sous-jacents aux patrons observeés.
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1.1 Abstract

There is a growing interest in investigating the impact of past landscape and stand conditions on
current species patterns. Forests around the world are becoming increasingly fragmented and
these communities of long living organisms can bear the memory of past events for a long period.
Our main goal is to assess whether present-day shrub and tree communities, located in a
fragmented temperate forest landscape resulting from two centuries of human activities in
southern Quebec, Canada, carry internal and external memories due to the persistence of
legacies from the past. More precisely, we ask whether present-day community patterns are linked
to past stand and landscape conditions through the presence of remaining legacies (patterns in
shrub and tree species abundance, richness and diversity) that would have persisted through time.
We sampled shrub and tree communities within 64 sites. We then assessed historical and recent
land use and forest disturbances at the stand and landscape scales around each site at four
different times over the past 85 years by photointerpreting old aerial photographs and analyzing
recent forest maps. This allowed us to determine to what extent antecedent stand and landscape
conditions influenced the present-day community patterns. We show that the relative abundance
of several tree and shrub species, as well as tree richness and diversity, are influenced by events
or conditions that occurred in 1930-40 and 1958, hence revealing the existence of distant and
intermediate ecological memories within these communities. We also show that some species, as
well as shrub diversity and richness, lost their link with distant and intermediate past conditions.
Hence, shrub and tree communities are still controlled by events or conditions that occurred in the
past, but recent habitat conditions or events could have reset the ecological memory of some
species. The observed time lag could lead to uncertainty in the outcome of forest or land
management, since reorganization of communities following a time lag, combined with interactions
with new stressors, might give rise to novel species assemblages that could be unrelated to
previous communities.

Keywords: ecological memory, ecological filters, landscape structure, time lag, shrub and tree
communities.
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1.2 Introduction

Community assembly rules are generally defined as a series of biotic and abiotic constraints to
species coexistence (Gotzenberger et al., 2012; HilleRisLambers et al., 2012) that could be
conceptualized as a combination of hierarchical filters acting at different spatial and temporal
scales. At the landscape scale, the dispersal filter on plant communities is related to stochastic
events and to landscape connectivity and structure that can facilitate or impede propagules
dispersal (de Bello et al., 2013; Garnier & Navas, 2012; Lortie et al., 2004). This dispersal filter
favors species with colonizing traits adapted to the landscape structure, and thus influences the
regional species pool (Garnier & Navas, 2012). Such filter can have a profound impact on
community assembly and dynamics, especially in landscapes where forests are embedded within
a heavily agricultural matrix, and are characterized by a reduced and fragmented forest cover. In
extreme cases, where connectivity has been drastically reduced by habitat conversion, remnant
communities in isolated habitats may undergo extinction when immigration can no longer
compensate for individual mortality (Hanski & Ovaskainen, 2002; Hobbs & Yates, 2003; Ibafiez et
al., 2014; Tilman et al., 1994). At the local or stand scale, abiotic filters encompass resource
availability (e.g., soil nutrients), environmental conditions (e.g., soil pH and temperature) and
disturbance regime (e.g., severity and frequency), whereas biotic filters refer to interspecific
positive and negative relationships such as facilitation, competition, predation, and mutualism
(Garnier & Navas, 2012, 2013; Grime, 2006; Lavorel & Garnier, 2002; Suding et al., 2008). These
abiotic and biotic filters define local habitat conditions and influence which species, and where
within the landscape, they are likely to establish and thrive based on their functional traits (Grime,
2006).

Although present-day ecological filters may demonstrate a strong influence on the current
community patterns, the temporal dimension also needs to be accounted for, particularly for long
living organisms such as trees. The capacity of past events or states to influence present or future
community responses has been referred to in the literature as the ecological memory of an
ecosystem (Padisak, 1992; Peterson, 2002), and appears through the presence of legacies
(Johnstone et al., 2016). The internal ecological memory refers to legacies at the micro- or stand-
scale, such as the presence of certain biological structures (e.g., dead wood), organisms, or soil
and vegetation patterns that either persist following a disturbance (Franklin et al., 2007) or are
altered following a prolonged land-use change (Foster et al., 2003). On the other hand, the

external ecological memory refers to legacies at the landscape scale that influence the dynamics
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of a habitat patch following a disturbance or throughout its development. These legacies represent
the supply of information and material from the surrounding landscape (Johnstone et al., 2016)
such as source areas and their propagules located outside a disturbed site (Bengtsson et al.,
2003). Such landscape legacies originate from past dispersal filters: they were shaped by former

land-use, which have constrained former species and propagule availability.

Ecological memory, through disturbance and landscape legacies, can affect how disturbed stands
will recover and continue their temporal trajectory (Bengtsson et al., 2003; Perry, 1995). The
memory can last for very long periods ranging from decades to thousands of years. For example,
Flinn and Marks (2007) showed that former agricultural activities in the New York state resulted in
a decrease in soil organic matter, carbon and phosphorus, and in an altered species composition
of secondary forests 100 years later. Dupouey et al. (2002) and Dambrine et al. (2007) also
showed that farming in western Europe during Roman times about 2000 years ago induced
changes in soil nutrients and species diversity that are still perceptible today. Ecological memory
can also be detected in populations or communities experiencing a time lag, where their current
state reflects more correctly past habitat conditions than present ones (With, 2007). A time lag is
then the time taken to reach a new equilibrium following a landscape disturbance or restoration,
and can be related to both metapopulation decline and expansion (Jackson & Sax, 2010;
Kuussaari et al., 2009; Nagelkerke et al., 2002; With, 2007). Studies conducted in several
European countries and Brazil showed that such a time delay in the species response to historical
landscape structure still exists after 36-49 years (Krauss et al., 2010), 40 years (Metzger et al.,
2009), 50 years (Burel, 1992; Petit & Burel, 1998), 60 years (van Ruremonde & Kalkhoven, 1991),
70 years (Helm et al., 2006), 100 years (Lindborg & Eriksson, 2004), 120 years (Ellis & Coppins,
2007; Paltto et al., 2006) and about 130 years (Vellend et al., 2006). Hence, the concept of
ecological memory implies a spatiotemporal perspective that includes ecological filters at different
spatial and temporal scales and implicitly recognizes the importance of past land-use and forest

disturbances in shaping the current community composition and structure.

In the present study, our main goal is to assess whether present-day shrub and tree communities,
located in a fragmented forest landscape resulting from two centuries of human activities in
southern Quebec, Canada, carry internal and external memories due to the persistence of
legacies from the past. More precisely, we ask whether present-day community patterns are linked
to past stand and landscape conditions through the presence of remaining legacies (patterns in

shrub and tree species abundance, richness and diversity) that would have persisted through time.
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To achieve this goal, we examine the influence of several local biotic and abiotic filters (e.g., soil
pH and sapling density) and dispersal filters associated with stand and landscape composition,
configuration, connectivity and disturbances on the local present-day shrub and tree communities.
Our investigation of dispersal filters extends over four different times in the past 85 years, which
we refer to as distant past (1930-40), intermediate past (1958), recent past (1983) and current
time (2015). We hypothesize that past conditions pertaining to both the stand and landscape
scales influence the current shrub and tree specific abundance, richness, and diversity, hence
revealing the existence of internal and external memories. More precisely, we predict that distant
and intermediate past stand and landscape conditions are important for explaining the present-
day shrub and tree community patterns, especially for species with response functional trait values
that would have promoted their persistence (e.g., longer lifespan, and the ability to reproduce
vegetatively and build seed banks), and colonization (e.g., long-distance seed dispersal by either
mammals, birds or wind). Colonization is indeed important to reducing the risk of local extinction
and reaching new unoccupied sites, both ensuring regional species persistence over time (Ozinga
et al., 2007). We also predict that more recent or current stand and landscape conditions can be
important in explaining present-day shrub and tree community patterns. Indeed, recent forest
disturbances (e.g., forest logging) could have changed community patterns either by directly
removing species that were persistent and linked with past conditions, or by indirectly modifying

habitat conditions for species in the understorey, hence affecting their survival.

1.3 Study area

The study area is located in the Montérégie region in southern Quebec, Canada, and covers about
983 km? (98 259 ha). It is located between 45.0 and 45.5° north, and between -74.4 and -73.8°
west (Figure 1.1). The mean annual temperature ranges from 5.6 to 7.4°C and the mean total
annual precipitation ranges from 896 to 1120 mm. The topography is mostly flat with a maximum
elevation of 40 m, except for the Rigaud (220 m) and Covey hills (343 m). The bedrock is mostly
composed of dolomite and sandstone with some areas composed of limestone or granite. Surface
deposits vary across the study area and are composed of marine, moraine, sand, gravel, and
glacial till. Forest stands of this region are part of the sugar maple and bitternut hickory bioclimatic
zone (Robitaille & Saucier, 1998) and are dominated by a variety of species, according to their
successional stages, such as sugar maple (Acer saccharum), red maple (Acer rubrum), eastern

hemlock (Tsuga canadensis), white ash (Fraxinus americana), American basswood (Tilia
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americana), eastern white cedar (Thuja occidentalis), grey birch (Betula populifolia) and large-
tooth aspen (Populus grandidentata). In this region, agricultural areas were at their peak around
the 1890s, before starting to decline in the 1950s (Domon & Bouchard, 2007). The present-day
forest of this region covers about 26-36% of the territory and is highly fragmented and scattered
within an agricultural matrix with few large forest remnants such as those located on the Rigaud
hill (> 5000 ha) and around the Covey hill close to the Canada-United States border
(> 10 000 ha). Within the 2 km-buffer zones that we have studied, forest cover generally increased
over time between 1930-40 and 2015 (Figure 1.2), and the present-day forest cover varies from

less than 5% to more than 80% (Annex A).

Figure 1.1. The study area and sampling sites (red dots) located in the regional county
municipalities of Vaudreuil-Soulanges and Le Haut-Saint-Laurent, Quebec, Canada. Forests are
represented by green patches.
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Figure 1.2. Evolution of forested areas between 1930-40 (P1) and 2015 (P4) for one of our 64
sampling sites within the 60 m-buffer zone (a), 600 m-buffer zone (b) and 2 km-buffer zone (c).
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1.4 Methodology

Two main methods were used in this study. First, field sampling of forest communities in the study
area was done to assess the current tree and shrub abundance, diversity and richness, and
biophysical variables at the local scale (30 m radius) in 64 sampling sites. Second,
photointerpretation of old aerial photographs and analyses of recent forest maps were done to
assess stand and landscape historical explanatory variables. We investigated three spatial scales
(60 m, 600 m, and 2k m radii), four periods in time and the intervening years between each of
these periods. The 60 m buffer represents the stand scale at which short-distance seed dispersal
and local disturbances occur. The 600 m and 2 km buffers represent the landscape scale and
encompass different scales of influence of ecosystem processes, such as long-distance seed
dispersal. The use of multi-scale nested buffer zones allows us to assess the amount of habitat
and other landscape characteristics in local landscapes, as recommended in Fahrig (2013) when
the appropriate scale is unknown. The four periods are as follow: P1 — distant past (1930-40), P2
— intermediate past (1958), P3 — recent past (1983), and P4 — current time (2015). The intervening
years are as follows: A1 — distant past (before 1930-40), A2 — intermediate past (between 1930-
40 and 1958), A3 — recent past (between 1958 and 1983), and A4 — very recent past (between
1983 and 2015). The choice of the four periods was dependent on data availability, and time
periods about 15 to 30 years apart were selected which allowed us to witness land-use changes
and forest evolution. Land use was assessed for the five time periods, whereas forest disturbances

were associated with the intervening years.

1.4.1 Site selection

During the spring and summer 2015, 64 sites were established within mature forest patches to
sample tree and shrub communities. Using ecoforestry maps (Ministére des Ressources
naturelles et de la Faune [MRNF], 2009), sites having homogeneous pedological and topographic
characteristics, as well as representing a diversity of historical forest disturbances and land uses
such as clearcutting, agriculture, and pasture, were chosen. Site selection was based on recent
ecoforestry maps (MRNF, 2009), on-site physical evidence of past use (presence of recent or old
cut stumps, fences, sugar shacks or signs of maple syrup production), and discussions with private
landowners. Tree communities in the sampling sites had various profiles, ranging from early to

late-successional assemblages.
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1.4.2 Response variables based on tree and shrub sampling

From the centre of each sampling site, trees were sampled using the prism sweep technique using
a factor 1 prism. All trees with a diameter at breast height (DBH) greater than 9.1 cm were
accounted for during the prism sweep and tree species were identified. The basal area was
obtained by summing the number of stems that were included in the sampling site during the
sweep (i.e., stems whose images saw through the prism were within the real stems), and then
multiplying the number of stems by the prism factor (one in this case). The basal area was
calculated for each tree species. A total of 27 tree species were present in the sampling sites
(Table 1.1). Information on shrubs was collected within four circular subplots with a 2.5 m radius
(total area of 78.5 m?) located 20 m from the central point of the sampling sites in four directions
(north, south, east and west). Within these subplots, shrubs were counted and species were
identified. For shrubs, all stems that were emerging from the same location (e.g., from a main
stem that would have sprouted close to the ground) were considered as a single individual, while
stems emerging from the ground in different locations were considered as separate individuals. A
total of 31 shrub species were present in the sampling sites (Table 1.1). In this study, shrubs
include all woody species of shrubs, subshrubs and vines as defined in the PLANTS Database

(U.S. Department of Agriculture & National Resources Conservation Service, 2016).

From this information, tree and shrub relative abundance was computed for each species based
on its relative basal area and relative density, respectively. Tree and shrub richness and diversity
were also calculated, where the diversity index corresponded to the effective number of species
(Jost, 2006) and was based on the Shannon-Wiener index using the relative basal area and the

relative frequency for all trees and shrubs, respectively.

1.4.3 Local-scale explanatory variables

To characterize local conditions (abiotic and biotic filters), two soil samples of the A horizon (Soil
Classification Working Group, 1998) were randomly collected within a 30 m radius. The soil pH
was measured with a digital pH meter and the soil texture was assessed through a tactile method
(Méthot et al., 2014) and classified using the Canadian system of soil classification (Soil
Classification Working Group, 1998). The percentage of canopy closure was also visually
assessed in the centre of each 2.5 m radius subplot up to 0.5 and 1.5 m above ground. All visual

assessments were done by the same three observers for all sampling sites, who previously
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calibrated their observations and assessments in order to ensure the same interpretation. Further
calibration was also carried out throughout the field work. Within the four circular 2.5 m radius
subplots, tree saplings (stem DBH < 9.1 cm) were also counted and characterized as to species
and DBH. Finally, tree seedlings (stem DBH < 2 cm) were counted within four circular 1.5 m
subplots (total area of 28.3 m?) nested within the 2.5 m subplots and were characterized according
to their species and a combination of height and DBH. Tree seedlings and saplings are important
to include as local-scale explanatory variables for explaining shrub diversity, richness and relative
abundances because they can compete with shrubs for resources such as light (e.g., tree saplings
are often taller than shrubs in our study area), and could thus influence shrub community patterns.
With this information, we calculated the tree sapling and seedling total density (all species

included) and diversity. The diversity indices were computed in the same way as for shrubs.

1.4.4 Explanatory variables based on historical land use and forest disturbances
1.4.4.1 Classification and assessment of historical land use and forest disturbances

Land use included abandoned agricultural field, agriculture, closed forest (forest cover = 60%),
open forest (forest cover =2 25% and <60%), pasture, regeneration, sparse forest (forest cover
<25%) and urbanization. Forest disturbances were divided between severe and partial
disturbances, where the former mainly includes forest clearcutting, while the latter primarily
includes partial logging and ice storms. Forest disturbances were indicated on recent ecoforestry
maps, while they were photointerpreted on older aerial photos based on the canopy opening (most
trees were removed after a clear-cut, while we could detect a residual forest cover after a partial
harvesting). Maple syrup production over the years is also a type of partial forest disturbance at
the stand scale but was considered separately since it is a binary variable (presence/absence) for

which the exact area and period were not possible to assess.

In this study, all land-use classes are related to habitat composition at the stand or landscape
scale, and all but one are also related to disturbances. For example, agricultural and regeneration
areas are both the result of a severe disturbance that removed all trees from a particular site, while
open forests are instead associated with partial disturbances. Areas in regeneration could be the
result of either a clearcut or a slow forest recovery following agricultural abandonment, while open
forests could result from partial logging or from natural disturbances, such as ice storms. Closed

forest is the only land-use class associated with undisturbed habitat. Moreover, landscape
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fragmentation in this study is a result of landscape disturbances and does not reflect natural

geographical barriers.

The assessment of historical land use and forest disturbances was done through data integration
from multiple sources. First, photointerpretation of 185 historical aerial photographs was
conducted with a mirror stereoscope for the years 1930-40 and 1958. To achieve this, acetates
were superimposed on the aerial photographs to reproduce land-use classes and forest
disturbances in at least a 2 km buffer around each of the 64 sampling sites (Annex B). Drawn
acetates were then scanned, georeferenced with Global Mapper (Blue Marble Geographics,
2016), and vectorized with QGIS (QGIS Development Team, 2016) in order to create new
shapefiles. We validated the photointerpretation results during field sampling of the 64 sites and
with a postal survey intended for the 52 landowners where our sampling sites were located that
invited them to share their knowledge about past and current land use (Annex C). Among others,
we were interested in gathering information about past logging activities. About 40% of the
landowners, 21 in total, responded to the survey. This information confirmed the adequacy of the

photointerpretation.

Second, georeferenced ecoforestry maps of the second forest inventory, using aerial photographs
from the year 1983 (Ministére de 'Energie et des Ressources [MER], 1984), were used to extract
relevant information related to land use and forest disturbances. Since each map was a
georeferenced image, it was also necessary to vectorize them to obtain new shapefiles of land

use and forest disturbances.

Third, data originating from Landsat satellite images (30m-resolution) that were available in a
raster format for the year 2013 (Bissonnette & Lavoie, 2015) were used and converted into a
vectorized polygon format with QGIS (QGIS Development Team, 2016). This layer contained
information about agricultural lands, urban areas, forest areas, wetlands, and other non-forest
land-use classes. In addition, very recent forest disturbances (e.g., partial logging, clearcutting)
from an updated version of the 2009 ecoforestry maps (MRNF, 2015) were added to the Landsat
layer. Finally, other very recent forest disturbances (in 2015 or slightly before) that occurred close

to the sampling sites and that were detected during field work were also added to this layer.
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1.4.4.2 Stand and landscape explanatory variables

Most variables represent a combination of three components: 1) a factor related to habitat
structure, connectivity or disturbance, 2) a spatial scale (30 m [local scale, field-surveyed], 60 m
[stand scale], 600 m or 2 km buffers [landscape scales]), and 3) a temporal scale (one of the four
time periods; Annex D). Factors related to stand composition or disturbance include the area of
each land-use class and disturbance type within the 60 m-radius. Measures of landscape
structure, disturbance and functional connectivity include the area of each land-use class and
disturbance type within the 600 m- and 2 km-radii, the distance to the nearest forest disturbance,
the mean distance to forest disturbances, the distance to the nearest forest edge, the distance to
the nearest pasture, the length of forest edges, the length of roads, and the probability of
connectivity index (PC; Saura & Pascual-Hortal, 2007). All distance variables were computed from
the centre of each sampling site. The PC index was computed based on the grey squirrel’s
(Sciurus carolinensis) dispersal ability in open ground between two habitat patches (less than 500-
1000 m; Fitzgibbon, 1993) and on its perceptual range in a fragmented agricultural landscape
(about 300 m; Zollner, 2000). Squirrels are good seed dispersal vectors and the lack of functional
connectivity for this species and similar species is likely to impact tree and shrub seed dispersal

across the landscape.

Some variables were computed at both the stand and landscape scales for each of the four
periods, while some others were computed only at the landscape scale (Annex D). All data
preparation, shapefile manipulations and spatial analyses for computing stand- and landscape-
scale explanatory variables were conducted with Global Mapper (Blue Marble Geographics,
2016), QGIS (QGIS Development Team, 2016) and FME (Safe Software, 2016). The probability

of connectivity index was obtained using Conefor (Saura & Torné, 2009).

1.5 Statistical analyses

Principal component analyses (PCA) were first conducted with our set of standardized continuous
explanatory variables. To do so, we split the variables in the following 13 groups based on their
spatial and temporal scales, and did a PCA for each of these groups for shrubs (n=59) and trees
(n=64):
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1) local — P4,

2) stand — P1,

3) stand — P2,

4) stand — P3,

5) stand — P4,

6) landscape (composition + disturbances; LCD) — P1,
7)LCD - P2,

8) LCD - P3,

9) LCD - P4,

10) landscape (configuration + connectivity; LCC) — P1,
11) LCC - P2,

12) LCC - P3, and

13) LCC - P4.

We used the broken-stick method to decide which dimensions to keep in each group, combined
with the Kaiser-Guttman approach to avoid underestimating the number of interpretable
dimensions that can sometimes happen with the broken-stick method (Jackson, 1993). The
dimensions and associated variables kept for the 13 groups are shown in Tables 1.2 (trees) and
1.3 (shrubs). To complete the groups of explanatory variables, we added the following categorical
variables: soil texture (Trees_1 and Shrubs_1 models), maple syrup production over time
(Trees_5 model), and maple syrup production over time and successional stage (Shrubs_5

model).

Subsequently, we modelled each response variable against the 13 sets of explanatory variables
described above and compared the models with the Akaike’s information criterion (AlIC.) to identify
those with the highest strength of evidence (Burnham & Anderson, 2002). The best and competing

models, with a A AlIC; < 2, are those that are shown and discussed in the Results section.

For shrubs, multiple linear regressions were used to model the following response variables: shrub
diversity, shrub richness, the relative abundance of Cornus alternifolia, and the 4" root-
transformed relative abundance of llex mucronata, Parthenocissus quinquefolia, Rhamnus
cathartica, Ribes spp., Rubus spp., Toxicodendron radicans, Vitis riparia, and Zanthoxylum
americanum. For shrub diversity, shrub richness, Parthenocissus quinquefolia, Rhamnus

cathartica, Rubus spp., Toxicodendron radicans, and Zanthoxylum americanum, we needed to
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account for spatial autocorrelation that was present in the residuals for one or several of their 13
models. In these cases, we used linear spatial lag regression models (Florax & Nijkamp, 2003).
When spatial lag models failed to adequately address spatial autocorrelation in residuals, we used
linear spatial error models instead (Florax & Nijkamp, 2003). In spatial lag models, the regression
coefficients must be interpreted with caution because of the “spatial spillover effect” (Golgher &
Voss, 2016). The spatial spillover effect occurs when one change in an explanatory variable in
one location changes the response variable in that location, but also in its neighbors, meaning that
the impact of a change in one explanatory variable is spatially spread out. For these models, we
thus need to report the direct effects (how a response variable in a specific location changes with
a change in explanatory variables in this same location), the indirect effects (how a response
variable in a specific location changes with a change in explanatory variables elsewhere), and the
total effects (the sum of the direct and indirect effects). Finally, for Amelanchier spp., Prunus
virginiana and Viburnum lentago, multiple Firth penalized logistic regressions were conducted to
model the presence/absence of the species, their low overall occurrence and often low relative
abundance preventing us to use linear regressions. This logistic regression is an appropriate
approach for small sample size and low frequency data (Firth, 1983; Nemes et al., 2009). The
remaining 18 shrub species (Table 1.1) were not modeled individually because of their very low

overall occurrence and relative abundance.

For trees, multiple linear regressions were used to model the following response variables: tree
diversity, tree richness, and the relative abundance of Acer rubrum, Acer saccharum, Ostrya
virginiana, Populus spp., Thuja occidentalis, Tilia americana, and Tsuga canadensis. For tree
richness, Acer rubrum, and Tilia americana, we used linear spatial lag regression models to
account for spatial autocorrelation that was present in the residuals for one or several of their 13
models (Florax & Nijkamp, 2003). We also used multiple Firth penalized logistic regressions to
model the presence/absence of Betula alleghaniensis, Fagus grandifolia, and Fraxinus
americana. The remaining 15 tree species (Table 1.1) were not modeled individually because of

their very low overall occurrence and relative abundance.

For the linear regression models, the following assumptions were tested: normality,
homoscedasticity and collinearity of residuals, outliers, relationship linearity, and spatial
autocorrelation. The normality of residuals was visually assessed with Q-Q plots (Fox & Weisberg,
2019), while their homoscedasticity was tested with the Breusch-Pagan studentized test (Breusch

& Pagan, 1979). To improve the normality and homoscedasticity of residuals, some response
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variables were 4™ root-transformed. When residuals were still heteroscedastic, the standard error
and confidence intervals of the coefficients were measured with a robust method based on a
heteroscedasticity-corrected covariance matrix of the model parameters (Fox & Weisberg, 2019;
Hayes & Cai, 2007). The collinearity of residuals was tested with the Variable Inflation Factors test
(VIF; Fox & Weisberg, 2019). As expected, collinearity was absent from our explanatory variables
data sets since we modelled PCA dimensions, which are orthogonal relative to each other.
Influential outliers were detected with the residual vs. leverage plots showing the Cook’s distance
(Fox & Weisberg, 2019). When needed, sampling sites with a Cook’s distance greater than 0.5
were removed. The linearity of the relationship was verified with the component + residual plots
(Fox & Weisberg, 2019). Finally, residual spatial autocorrelation was tested with the Moran’s test,
which used a weighted list created with the k nearest neighbors’ method from the spatial
coordinates of the sampling sites (Dormann et al., 2007). Spatial lag models and spatial error
models were used to address residual spatial autocorrelation, when needed (Florax & Nijkamp,
2003).

For the Firth logistic regression models, we tested the presence of influential outliers with the
Cook’s distance (Martin & Pardo, 2009) and, when needed, removed sampling sites showing a
Cook’s distance greater than 0.5. We also visually inspected the scatterplots between the logit of
each response variable and each of their continuous explanatory variables to ensure these
relationships were linear (Hosmer et al., 2013). This condition was met for all logistic regression

models.

All statistical analyses were completed with R (R Core Team, 2017) with the following packages:
Hmisc (Harrell & Dupont, 2017), stats (R Core Team, 2017), car (Fox & Weisberg, 2019), moments
(Komsta & Novomestky, 2015), spdep (Bivand et al., 2013a; Bivand & Piras, 2015), AICmodavg
(Mazerolle, 2020), Imtest (Zeileis & Hothorn, 2002), logistf (Heinze et al., 2022), spatialreg (Bivand
et al., 2013a, 2013b, 2021; Bivand & Piras, 2015), and sandwich (Zeileis, 2004; Zeileis et al.,
2020).

1.6 Results

Among the 14 response variables that were modeled for shrubs, we report results for 12 of them,

for which at least one model was significant before proceeding with the model selection (Table
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1.4). For Amelanchier spp. and Vitis riparia, none of their 13 models was significant, so we did not
conduct the model selection. Thus, results for these species are not shown in Table 1.4 and will
not be discussed further. For trees, we were able to model 12 response variables (Table 1.5), of
which one (the relative abundance of B. alleghaniensis) did not have at least one significant model.

In this case, we did not conduct model selection and will not discuss the results.

For shrubs, the best and competing models for seven response variables involve only present-
day or very recent conditions at either the local scale (Shrub diversity), the stand scale (Shrub
richness, C. alternifolia and I. mucronata), the landscape scale (R. cathartica and Ribes spp.) or
at both the stand and landscape scales (T. radicans). On the other hand, the best and competing
models for two response variables involve only past conditions, P. virginiana being influenced by
intermediate and recent past landscape conditions and Z. americanum being influenced only by
distant past landscape conditions. In between, the best and competing models for three response
variables involve present-day or very recent and past conditions. Indeed, P. quinquefolia is
influenced by present-day and very recent local and stand conditions as well as distant past stand
conditions. Rubus spp. Is influenced by present-day and very recent landscape conditions and
intermediate past landscape conditions. Finally, V. lentago is influenced by present-day and very
recent landscape conditions as well as distant and intermediate past landscape conditions. Here,
results for C. alternifolia must be interpreted with caution since neither of its competing models
are significant, and the production of maple syrup over time is the only significant explanatory
variable. Moreover, spatial models for which only the spatial parameter was significant (Shrubs_4
for Rubus spp. and T. radicans) and those where the only significant PCA dimension was mostly
related to latitude and longitude (Shrubs_12 for T. radicans and Shrubs_8 for V. lentago) were not

taken into account in the results reported above (Table 1.4).

For trees, the best and competing models for three response variables involve only present-day
or very recent conditions at the local scale (A. rubrum and T. occidentalis) or the stand scale (A.
saccharum). At the opposite, the best and competing models for seven response variables involve
only past conditions at either the stand scale (O. virginiana) or the landscape scale (Tree diversity,
F. grandifolia, F. americana, Populus spp., T. americana, and T. canadensis). Among these
response variables, four are influenced only by distant or intermediate past conditions (Tree
diversity, O. virginiana, Populus spp., and T. canadensis) and three respond only to recent past
conditions (F. grandifolia, F. americana, and T. americana). In between, the best and competing

models for one response variable (Tree richness) involve present-day or very recent as well as
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past conditions at both the stand and landscape scales, past conditions being related to the distant

time period.

1.7 Discussion
1.7.1 Past and current habitat conditions can drive today’s shrub and tree community patterns

In this study, we first predicted that distant and intermediate past stand and landscape conditions
were important for explaining the present-day shrub and tree community patterns, especially for
species with response functional trait values promoting their persistence and colonization over
time. We showed that several shrub and tree species in the present-day communities, as well as
tree diversity and richness, were still related to past stand and landscape conditions, hence
revealing the existence of an internal and external memory. These species and community
structure are biological legacies from the past that have persisted to this day in the sampled
communities. We also predicted that more recent or current stand and landscape conditions could
be important as well for explaining present-day community patterns because of direct removals of
persistent species that were previously linked to past conditions, or because of indirect habitat
modifications affecting their survival. In this regard, we showed that even species with functional
trait values providing them with a long-term persistence could have their ecological memory reset

by present-day or very recent ecological filters.

1.7.1.1 Shrubs

In our study, shrub species exhibiting a relationship with distant and intermediate past conditions
(P. quinquefolia, P. virginiana, Rubus spp., V. lentago, and Z. americanum) display variable
lifespan and ability to produce persistent seed banks (Aubin et al., 2012; Haeussler & Coates,
1986). However, all these species do have in common the ability to spread vegetatively either
through rhizome, stolon or root sprouting (Crowder et al., 2004; Munter et al., 2018; Niering et al.,
1986; Reinartz & Popp, 1987; U.S. Department of Agriculture & National Resources Conservation
Service, 2016), Z. americanum and V. lentago being even able to form long-lasting clonal stands
(Munter et al., 2018; Niering et al., 1986; Reinartz & Popp, 1987). Some of these species show a
moderate to rapid vegetative spread rate (U.S. Department of Agriculture & National Resources

Conservation Service, 2016), while they all have bird-dispersed seeds and, in some cases,

29



mammal-dispersed seeds (Aubin et al.,, 2012). In comparison, shrub species that are solely
associated with present-day or very recent past conditions (. mucronata, R. cathartica, Ribes
spp., and T. radicans) also display variable lifespan and ability to produce persistent seed banks,
and they all have bird- and mammal-dispersed seeds (Aubin et al., 2012). The difference between
species associated with distant and intermediate past and those with the very recent or present-
day conditions appears to stem from the species ability to spread vegetatively either from root,
rhizome or stolon sprouting and from their spreading rate. This is especially obvious when
comparing species with a similar lifespan from the two groups (Rubus spp. vs. Ribes spp. [short];
P. virginiana, Z. americanum and P. quinquefolia vs. I. mucronata [moderate]; V. lentago vs. R.
cathartica and T. radicans [long]). For all these comparisons, species associated with distant and
intermediate past conditions have a greater ability to spread vegetatively and/or at a faster rate
compared to species that are only associated with very recent past or present-day conditions
(Aubin et al., 2012; Barnes & Wagner, 2004; Converse, 1984; Crowder et al., 2004; Gale, 2000;
Heneghan et al., 2006; Knight, 2005; Moss and Wellner, 1953; Munter et al., 2018; Niering et al.,
1986; Reinartz & Popp, 1987; U.S. Department of Agriculture & National Resources Conservation
Service, 2016). However, there is still uncertainty regarding the effect of seed persistence in soil
seed banks for some species, mainly those for which persistence was noted as +5 years and for

which more precise information was not available.

Despite a certain persistence ability, species responding only to very recent past or present-day
conditions could be in equilibrium with those conditions and their memory could have been reset.
For instance, Ribes spp. generally establish in early forest succession, within canopy openings of
various sizes. As the canopy openings close and the light intensity decreases, Ribes spp. become
less vigorous and lose their sexual reproduction capacity (Zambino, 2010). In our study, all
sampled forests had a present-day closed canopy, but the sampling sites were at various
distances from forest edges and from non-forested habitat in the surroundings. In this context, the
individuals that were sampled may be those who survived where the habitat conditions (abiotic
filter) were the most suitable such as closer to forest edges (for the increased light intensity) and
away from pastures (where the browsing pressure is reduced), as shown in our results. This
highlights the fact that present-day or very recent habitat conditions might filter species based on

functional traits that were not accounted for in the present analysis.
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1.7.1.2 Trees

In the present-day tree communities, all species have the potential to be associated with distant
and intermediate past conditions if only by their long lifespan. Indeed, all but two species have a
lifespan greater than 100 years and some can even reach 800 years, like T. canadensis (Burns &
Honkala, 1990a, 1990b; Loehle, 1988; MRN, 2013). Among species that were analysed
individually, most are also able to reproduce vegetatively, although their ability to do so varies
greatly in relation to tree species, size and age (Aubin et al., 2012; Burns & Honkala, 1990a,
1990b; Del Tredici, 2001; U.S. Department of Agriculture & National Resources Conservation
Service, 2016; Wagner et al., 2010). In this regard, the ability of P. tremuloides, within the Populus
spp. group, to form large clonal colonies through root sprouting is well known (Del Tredici, 2001).
On the other hand, most tree species analysed individually do not have the capacity to build
persistent soil seed banks, with the exception of F. americana whose seeds can still be viable
after five years (MRN, 2013). They also disperse their seeds in different ways, some having wind-
dispersed seeds (A. rubrum, A. saccharum, F. americana, and Populus spp.), the others having a

combination of wind-, bird-, mammal- or gravity-dispersed seeds (Aubin et al., 2012).

In this context, among the three species associated with distant and intermediate past conditions,
Populus spp. stand out by their well-developed clonal spread ability, while T. canadensis stands
out by its lifespan that is way longer than that of other species. Nonetheless, O. virginiana does
not stand out from other species that are associated with more recent stand or landscape
conditions with regards to the response traits discussed above. This emphasizes the fact that
external factors, such as changes in habitat conditions, targeted forest harvesting, or other
stressors or disturbances (abiotic filter) might have reset the ecological memory of some species,
but not all. Indeed, while O. virginiana is not the most sought-after species for harvesting because
of its relatively small size and scattered distribution (Coladonato, 1992), neither is T. canadensis,
whose wood contains a lot of knots, is somewhat brittle and is then considered of lower value
compared to some hardwood species (Carey, 1993). These characteristics could have allowed
these species to regenerate and persist either as companion or co-dominant species in late-
successional stands over time. For their part, Populus spp. could have been cleared-cut in the
past decades and still be occurring in present-day communities, hence retaining their relationship
with distant past conditions, since logging can stimulate root sprouting and favor the clonal spread

of these species (Del Tredici, 2001).
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In our study, three species were only related to conditions that were measured in 2015 despite
their great longevity. In this regard, A. saccharum was only related to maple syrup production over
time at the stand scale (positive relationship), as measured in 2015. This result tells us that
continuous stand management for maple syrup production over time appears to have completely
reset the ecological memory of this species and erased all other links with past landscape
conditions. The situation is different for A. rubrum and T. occidentalis, that were both influenced
by soil pH as measured in 2015 (positive relationship for T. occidentalis and negative relationship
for A. rubrum). Soil pH is a long-lasting soil condition that can be altered by agricultural activities,
as shown in Blondeel et al. (2018) where post-agricultural forest stands had a higher soil pH
compared to stands with a continuous forest cover over time. Similarly, Falkengren-Grerup et al.
(2006) showed that soil pH was lower in stands that had a continuous forest cover over time
compared to stands that were previously cultivated before forest regenerated, and that this
difference was still perceptible after 80 years. In our study, soil pH could be a proxy indicating the
past local conditions in which A. rubrum and T. occidentalis established. Indeed, our data show
that A. rubrum occurs mostly in stands that were forested since before the 1930s (with a lower soil
pH), while T. occidentalis occurs mostly in stands that were characterized by land uses such as
agriculture, pasture or regeneration in 1930-40, 1958 and sometimes until 1983 (with a higher soil
pH). This interpretation is compatible with the study of de Blois & Bouchard (1995) who showed
that stands of T. occidentalis in southern Quebec were associated with pastures, where they would
have been avoided by cattle grazing compared to other species, which would have provided them

with a competitive advantage and allowed them to establish in those agricultural sites.

1.7.2 Community patterns show a time lag in their response to changes in habitat conditions

Our results indicate that some species in the present-day shrub and tree communities, as well as
tree diversity and richness, may experience a time lag in their response to changes in landscape
structure that occurred some time ago (Kuussaari et al., 2009; Nagelkerke et al., 2002; With,
2007). This is consistent with other studies showing that wood inhabiting fungi, forest lichens and
understorey herbaceous and shrub species (Ellis & Coppins, 2007; Kolk & Naaf, 2015; Paltto et
al., 2006; van Ruremonde & Kalkhoven, 1991; Vellend et al., 2006), natural or semi-natural
grassland species (Krauss et al., 2010; Lecoq et al., 2021; Lindborg & Eriksson, 2004), and alvar
grassland species (Helm et al., 2006) all experienced a time lag following an intensive habitat

fragmentation episode. For trees, our results are similar to those reported by Metzger et al. (2009),
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who showed that both shade intolerant and tolerant tree species were responding to past rather

than current landscape structure.

As shown in our study, communities where time lags can occur are generally characterized either
by long-living species, species able to reproduce vegetatively, and, in some cases, by species
producing long-lasting seedbanks (Hylander & Ehrlén, 2013; Lindborg, 2007; Nagelkerke et al.,
2002; With, 2007). All these traits can allow individuals to remain or regenerate in local sites long
after landscape alteration has occurred, and survive in a non-equilibrium dynamics (Hanski &
Ovaskainen, 2002). However, external factors, such as forest harvesting and forest fragmentation,
could break the link between persistent species and past conditions and create a new equilibrium
between more recent or present-day habitat conditions and community composition and structure,

as reported in the present study.

1.7.3 A colonization credit or an extinction debt?

Two hypotheses can be formulated to help interpret the observed time lags found in this study.
Firstly, species associated with the time period ranging from 1930-40 to 1958 could experience a
time lag related to a colonization credit (Jackson & Sax, 2010; Nagelkerke et al., 2002; With,
2007). Indeed, the abandonment of agricultural activities in some areas began around the 1950s
and forests were then able to recover (Domon & Bouchard, 2007). A colonization credit implies a
slow population increase of these species until they reach a new equilibrium with the present,
more forested landscape. The alternative and opposite hypothesis implies that some highly
persistent species could be associated with older periods for which no data were available. In this
case, these species could be relics associated with landscape structure prevailing during the
European settlement period (circa 1785 and after), when forests were more abundant and less
fragmented (Domon & Bouchard, 2007). If this hypothesis holds, it means that the observed time
lags for these species is related to extinction debts that are still not fully paid (Hanski &
Ovaskainen, 2002; Jackson & Sax, 2010; Kuussaari et al., 2009; Tilman et al., 1994), and that
further species decline should be expected in the future until communities are in tune with present,
less abundant and more fragmented habitats. It is not possible to determine which scenario is the
most accurate, yet the results nevertheless strongly suggest that a readjustment in community

structure and composition will happen, and may have already begun for some species.
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1.7.4 How to deal with time-delayed forest communities?

Forests in our study are still influenced by past habitat conditions, which translates into the
observed time lags for some individual species abundance, as well as tree specific diversity and
richness. In the absence of certainty regarding the duration of these time lags and whether they
are related to a colonization credit or to an extinction debt, it is difficult to promote precise
conservation or management guidelines. However, what is certain is that a time lag does bring
about uncertainty in the outcome of forest or land management. Two apparently similar forest
communities may indeed be on different trajectories because of their respective past memories,
and may evolve differently in the future even in the absence of any new disturbance (Perring et
al., 2016). Therefore, should we manage a forest containing species expected to decline in the
future in the same way as another forest with species expected to increase? How will these
transient time-delayed communities interact with stressors such as global change that may affect
local abiotic filter, and thus further influence their trajectories (Perring et al., 2016)? The
reorganization of communities following a time lag, combined with interactions with new stressors,
might give rise to new species assemblages referred as novel ecosystems by some authors (Blrgi
et al., 2017; Hobbs et al., 2014; Kellman, 1996). In this situation, the least we can do is foster a
greater landscape connectivity and a higher local habitat quality (Nagelkerke et al., 2002; Ramalho
& Hobbs, 2012) in order to reduce local extinction and enhance colonization. In this context,
approaches that identify, preserve or restore existing key forest patches with key tree species to
promote short- and long-distance movement corridors could prove to be necessary in highly
fragmented landscapes (Messier et al., 2019; Rayfield et al., 2016). However, preserving the
existing remnant forest patches scattered throughout intensive agricultural areas may not be
enough to enhance local connectivity. Complementary and more pro-active approaches should
receive more attention, such as managing the functional diversity of tree and shrub communities
using a functional complex network approach (Craven et al., 2016; Messier et al., 2019), and
implementing agroforestry practices (Jose, 2012; Schroth et al., 2004; Torralba et al., 2016) that
aim at reintroducing species with particular traits by means of hedgerows, fencerows, windbreaks,

and riparian forest buffer restoration.

1.8 Conclusion

Community structure and composition are driven by a complex spatiotemporal dynamics. In this

study, we showed that past land use and disturbances were important in shaping current shrub
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and tree communities. Indeed, conditions related to the years 1930-40 and 1958 are still affecting
shrub and tree communities 57 to 85 years later. However, more recent or present-day conditions
also turned out to be important in shaping forest communities. Their influence indeed appears to
have reset the ecological memory of some species or, in other words, disrupted their link with past
conditions. Our results thus teach us that our current land and forest management practices may
have an impact on communities that could last for several decades or even centuries in the future.
At the same time, forest and land management could be a powerful tool to reset the ecological
memory of present-day forest communities to help them adapt more rapidly to a changing

environment.

Since current tree and shrub communities may not be in equilibrium with present-day habitat
conditions, we recommend incorporating past landscape trajectories or states in future research
aiming to understand the impact of ecological drivers on present-day communities. This is true
especially in heavily fragmented landscapes having experienced profound and rapid changes in
their structure over time (Nagelkerke et al., 2002; With, 2007). When historical data are available,
this approach could then provide a much deeper understanding of community responses to habitat

conditions.
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1.11 Tables

Table 1.1.

List of tree and shrub species present in the sampling sites (n=59 for shrubs and

n=64 for trees) and number of sites where each species occurs. Species in bold are those for
which their relative abundance was modelled. All species were included in the calculation of
species diversity and richness.

Trees

Nb of sites where
species occurs

Shrubs

Nb of sites where
species occurs

Abies balsamea 1 Acer pensylvanicum 6
Acer rubrum 24 Acer spicatum 2
Acer saccharum 49 Amelanchier spp. 10
Betula alleghaniensis 10 Cornus alternifolia 35
Betula papyrifera 4 Cornus stolonifera 3
Betula populifolia 1 Corylus cornuta 1
Carya cordiforma 8 Crataegus spp. 6
Fagus grandifolia 15 Diervilla lonicera 3
Fraxinus americana 20 Dirca palustris 4
Fraxinus nigra 2 Frangula alnus 1
Fraxinus pennsylvanica 2 llex mucronata 16
Ostrya virginiana 20 Lonicera canadensis 4
Picea glauca 1 Menispermum canadense 2
Pinus strobus 6 Pa:_’thenoc:.?sus 22
quinquefolia
Populus balsamifera? 2 Prunus virginiana 10
Populus grandidantata? 9 Rhamnus cathartica 17
Populus tremuloides? 11 Ribes spp. 28
Prunus serotina 9 Rubus allegheniensis® 5
Quercus alba 1 Rubus idaeus® 19
Quercus macrocarpa 2 Rubus odoratus® 5
Quercus rubra 7 Rubus pubescens 7
Salix nigra 1 Sambucus racemosa 6
Thuja occidentalis 14 Taxus canadensis 1
Tilia americana 18 Toxicodendron radicans 14
Tsuga canadensis 23 Vaccinium angustifolium 2
Ulmus americana 4 Vaccinium myrtilloides 2
Ulmus rubra 7 Viburnum cassinoides 6
Viburnum lantanoides 1
Viburnum opulus var. y
Americanum
Viburnum lentago 11
Vitis riparia 22
Zanthoxylum 13
americanum

@ These species were pooled for the analyses.
b These species were pooled for the analyses.




Table 1.2. Principal component analyses (PCA) dimensions that were retained for each of the
13 models for trees. Models are labeled Trees_1 to Trees 13. Each of them includes a specific
set of explanatory variables based on their spatial and temporal scale. The correlation of each
explanatory variable with each PCA dimension is shown, as well as the percentage of variance
explained by each dimension (in parentheses).

P4 (A4 for forest disturbances)

Trees_1
Local
P4
Variables Dim.1(56%) Dim.2 (36%)
Latitude 0.775 -0.566
Longitude -0.944 -0.053
Soil pH 0.445 0.872
Trees_2
Stand
P1
Variables Dim.1 (33%) Dim.2 (27%) Dim.3 (19%) Dim.4 (13%)
Latitude 0.280 -0.840 -0.228 -0.207
Longitude -0.682 0.601 0.085 0.134
Agriculture area_3 root 0.575 -0.136 0.412 0.682
Closed forest area -0.844 -0.417 0.141 0.018
Pasture area 0.317 0.405 -0.823 0.138
Regeneration area 0.559 0.434 0.472 -0.485
Trees_3
Stand
P2
Variables Dim.1 (34%) Dim.2 (28%) Dim.3 (17%) Dim.4 (14%)
Latitude -0.075 -0.926 0.039 -0.188
Longitude -0.484 0.790 0.101 0.125
Agriculture area_3 root 0.496 -0.164 0.393 0.751
Closed forest area -0.935 -0.093 0.000 0.095
Pasture area_3 root 0.476 0.132 -0.839 0.158
Regeneration area 0.690 0.355 0.372 -0.452
Trees_4
Stand
P3
Variables Dim.1 (43%) Dim.2 (31%) Dim.3 (19%)
Latitude -0.719 0.607 0.083
Longitude 0.924 -0.111 0.021
Agriculture area_3 root -0.360 -0.676 0.637
Closed forest area 0.457 0.647 0.591
Trees_5
Stand

Variables Dim.1 (42%) Dim.2 (28%) Dim.3 (22%)
Latitude -0.804 0.453 0.110
Longitude 0.912 -0.063 0.033
Closed forest area_power 3 0.255 0.677 -0.688
Partial forest disturbance area 0.373 0.669 0.625
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Trees_6
Landscape (composition + disturbances)
P1 (A1 for forest disturbances)
Variables Dim.1 (24%) Dim.2 (22%) Dim.3 (13%) Dim.4 (12%)
Latitude 0.089 0.904 -0.017 0.030
Longitude 0.325 -0.729 -0.378 0.114
Agriculture area_2km -0.927 0.089 0.057 0.059
Agriculture area_600m -0.907 0.107 -0.046 0.073
Closed forest area_2km 0.756 0.450 -0.225 -0.015
Closed forest area_600m 0.554 0.345 -0.482 0.250
Sparse forest area_2km 0.401 0.655 -0.050 -0.114
Sparse forest area_600m_3 root 0.253 0.526 -0.200 -0.163
Open forest area_2km 0.445 0.478 0.524 -0.345
Open forest area_600m 0.179 0.171 0.643 -0.253
Pasture area_2km 0.407 -0.688 -0.117 -0.479
Pasture area_600m 0.296 -0.524 0.176 -0.660
Regeneration area_2km_3 root 0.669 -0.479 0.092 0.315
Regeneration area_600m 0.249 -0.318 0.449 0.573
Partial forest disturbance area_2km_3 root -0.055 -0.069 0.766 -0.143
Severe forest disturbance area_600m 0.203 0.189 0.413 0.419
Severe forest disturbance area_2km_3 root 0.281 -0.154 0.271 0.651
Trees_7

Landscape (composition + disturbances)
P2 (A2 for forest disturbances)

Variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5
(29%) (24%) (11%) (6%) (6%)
Latitude -0.899 0.129 -0.044 -0.088 0.198
Longitude 0.707 0.292 -0.370 0.242 -0.037
Agriculture area_2km -0.067 -0.867 0.101 0.045 0.231
Agriculture area_600m -0.086 -0.868 0.013 0.144 0.034
Closed forest area_2km -0.604 0.715 -0.177 0.038 -0.036
Closed forest area_600m -0.533 0.553 -0.416 0.241 0.006
Sparse forest area_2km -0.685 0.421 0.261 -0.140 0.067
Sparse forest area_600m_3 root -0.599 0.488 0.125 0.040 -0.066
Open forest area_2km -0.364 0.567 0.374 -0.314 -0.095
Open forest area_600m_3 root 0.026 0.373 0.545 0.158 0.080
Pasture area_2km 0.786 0.180 0.312 -0.081 -0.231
Pasture area_600m 0.546 0.188 0.588 -0.303 -0.280
Regeneration area_2km 0.676 0.517 -0.147 0.167 -0.132
Regeneration area_600m 0.601 0.248 -0.140 -0.373 0.462
Partial forest disturbance area_600m -0.118 0.026 0.572 0.537 0.299
E;e;rttlal forest disturbance area_2km_3 0.343 0.976 0.379 0327 0.410
Severe forest disturbance area_2km 0.482 0.632 -0.206 0.330 -0.033
Severe forest disturbance area 600m 0.392 0.364 -0.171 -0.363 0.587
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Trees_8
Landscape (composition + disturbances)
P3 (A3 for forest disturbances)

Variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5
(31%) (17%) (13%) (12%) (6%)
Latitude 0.156 -0.046 -0.843 0.234 0.087
Longitude 0.266 -0.406 0.691 -0.276 0.040
Agriculture area_2km -0.935 -0.029 -0.013 0.044 -0.157
Agriculture area_600m -0.862 -0.163 0.100 0.078 0.155
Closed forest area_2km 0.840 -0.293 -0.175 -0.201 0.070
Closed forest area_600m 0.665 -0.582 -0.107 -0.210 0.015
Open forest area_2km 0.565 0.557 -0.158 -0.390 -0.104
Open forest area_600m 0.214 0.564 -0.325 -0.244 -0.602
Pasture area_2km -0.053 0.666 0.295 -0.387 0.417
Pasture area_600m -0.007 0.758 -0.120 -0.172 0.283
Regeneration area_2km_3 root 0.608 0.195 0.547 0.319 -0.047
Regeneration area_600m_3 root 0.298 0.574 0.476 0.356 -0.162
Partial forest disturbance area_2km 0.646 -0.188 -0.015 -0.578 0.103
Severe forest disturbance area_600m 0.508 0.158 0.067 0.640 0.048
Severe forest disturbance 0.734 0.178 0.072 0419  -0.078
area_2km_3 root
Urban area_2km_3 root 0.367 0.186 -0.379 0.395 0.403
Trees_9
Landscape (composition + disturbances)
P4 (A4 for forest disturbances)

Variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5

(31%) (14%) (12%) (8%) (7%)
Latitude 0.219 -0.637 0.373 0.277 0.131
Longitude 0.195 0.349 -0.673 -0.110 -0.218
Agriculture area_2km -0.842 -0.342 0.096 -0.166 0.027
Agriculture area_600m -0.842 -0.283 0.101 -0.009 -0.084
Closed forest area_2km 0.879 0.055 -0.249 -0.006 0.025
Closed forest area_600m 0.796 -0.014 -0.444 -0.092 0.125
Sparse forest area_2km 0.259 0.751 -0.040 -0.145 -0.090
Sparse forest area_600m -0.004 0.638 0.320 0.067 0.258
Open forest area_2km 0.736 0.046 0.358 -0.206 0.103
Open forest area_600m 0.454 -0.011 0.503 -0.354 0.248
Pasture area_2km -0.470 0.633 -0.010 0.048 0.147
Pasture area_600m -0.449 0.539 -0.016 0.050 -0.102
Regeneration area_2km 0.221 0.467 0.714 -0.166 -0.045
Regeneration area_600m 0.338 -0.021 0.662 -0.275 -0.271
Partial forest disturbance area_2km 0.783 -0.369 0.049 -0.002 0.008
Partial forest disturbance 0.835 -0.100 -0.291 0122 0.338
area_600m
Severe forest disturbance area_2km 0.246 0.225 0.045 0.577 0.431
Severe forest disturbance -0.392 0.035 0.120 0383  0.604
area_600m
Urban area_2km_3 root 0.460 0.063 0.120 0.625 -0.323
Urban area_ 600m_3 root 0.413 0.076 0.243 0.583 -0.492
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Trees_10
Landscape (configuration + connectivity)
P1 (A1 for forest disturbances)

Variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5

(28%) (25%) (17%) (12%) (9%)
Latitude 0.735 0.374 -0.455 0.034 -0.118
Longitude -0.229 -0.359 0.797 0.299 -0.003
Distance to nearest forest edge 0.550 0.048 0.304 0.230 0.657
Mean distance to forest 0.106 0.890 0.394 0053  -0.129
disturbances
Distance to nearest pasture_3 root -0.036 0.265 -0.349 0.848 0.071
Distance to nearest forest 0.131 0.868 0.422 0003 -0.170
disturbance
Length of forest edge 2km 0.772 -0.389 0.266 -0.177 0.005
Length of roads_2km -0.415 0.451 -0.185 -0.373 0.570
f;rgtbab"'ty of connectivity_2km_3 0.904 -0.104 -0.047 20.072 -0.004

Trees_11
Landscape (configuration + connectivity)
P2 (A2 for forest disturbances)

Variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5

(29%) (21%) (16%) (12%) (9%)
Latitude 0.752 -0.583 0.092 0.031 -0.064
Longitude -0.195 0.809 -0.168 -0.406 0.162
ggtance to nearest forest edge_3 0.647 0.374 0.105 -0.245 0.464
Mean distance to forest 0.204 0.635 0.059 0.682 -0.004
disturbances
Distance to nearest pasture _3 root 0.425 -0.037 0.700 -0.365 0.130
Distance to nearest forest 0.397 0.429 0.625 0.236 -0.349
disturbance
Length of forest edge_2km 0.627 0.234 -0.543 0.135 0.070
Length of roads_2km -0.436 -0.262 0.292 0.443 0.655
forgtbab'“ty of connecivity_2km_3 0.812 -0.234 -0.319 0.108 0.129

Trees_12
Landscape (configuration + connectivity)
P3 (A3 for disturbances)

Variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5

(24%) (23%) (17%) (12%) (8%)
Latitude -0.174 -0.694 0.558 -0.078 0.221
Longitude 0.621 0.535 -0.275 -0.101 -0.357
Distance to nearest forest edge_3 0.533 0.203 0.631 0.205 0.119
Mean distance to forest -0.395 0.722 0.259 -0.104 0.286
disturbances
Distance to nearest pasture _3 root 0.290 0.342 0.569 0.531 0.006
Distance to nearest forest -0.703 0.546 0.267 -0.089 0.007
disturbance
Length of forest edge_2km 0.549 0.079 -0.377 0.263 0.664
Length of roads_2km -0.352 -0.440 -0.126 0.639 -0.229
Probability of connectivity 2km 0.531 -0.357 0.413 -0.450 -0.010
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Trees_13
Landscape (configuration + connectivity)
P4 (A4 for forest disturbances)

Variables Dim.1 Dim.2 Dim.3 Dim.4

(27%) (25%) (16%) (10%)
Latitude -0.726 0.364 0.350 -0.115
Longitude 0.806 0.108 -0.378 0.079
Distance to nearest forest edge 0.441 0.736 -0.001 -0.017
Mean distance to forest disturbances 0.489 -0.148 0.718 -0.148
Distance to nearest pasture -0.240 0.774 0.352 -0.163
Distance to nearest forest disturbance_3 root -0.065 -0.569 0.543 -0.076
Length of forest edge 2km 0.661 -0.231 0.459 0.342
Length of roads_2km_3 root -0.487 0.035 0.089 0.830
Probability of connectivity 2km 0.322 0.755 0.212 0.208
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Table 1.3. Principal component analyses (PCA) dimensions that were retained for each of the
13 models for shrubs. Models are labeled Shrub_1 to Shrubs_13. Each of them includes a
specific set of explanatory variables based on their spatial and temporal scale. The correlation of
each explanatory variable with each PCA dimension is shown, as well as the percentage of
variance explained by each dimension (in parentheses).

Shrubs_1
Local
P4
Variables Dim.1 Dim.2 Dim.3 Dim.4 Dim.5 Dim.6
(25%) (16%) (13%) (7%) (7%) (6%)
Longitude 0.066 0.444 -0.579 -0.416 -0.395 -0.107
Latitude 0.347 -0.398 0.616 0.041 0.286 -0.333
Tree sapling density 2 root 0.413 0.372 -0.210 0.684 -0.079 -0.086
Tree seedling density_In 0.240 -0.716 -0.263 -0.026 -0.161 0.032
Tree seedling diversity 0.412 -0.434 -0.257 -0.005 -0.023 0.290
Tree sapling diversity 0.664 0.236 -0.234 0.373 0.074 -0.244
Tree diversity 0.505 0.085 0.024 -0.396 0.337 -0.050
Tree total basal area -0.688 0.076 0.112 0.089 -0.176 -0.223
Soil pH -0.426 -0.394 0.140 0.279 0.080 0.627
% of canopy closure 0.5m above ground 0.482 0486 0.605 -0.038 -0.097 0.246
% of canopy closure 1.5m above ground 0.461 0500 0.643 -0.033 -0.143 0.114
% of ground covered by woody debris_logit  -0.537 -0.098 -0.066 0.060 0.535 -0.253
% of ground covered by herbaceous plants 0.064 -0.559 0415 -0.229 -0.388 -0.190
% of ground covered by coniferous litter -0.793 0.292 0.108 0.164 -0.211 0.011
% of ground covered by deciduous litter 0.859 -0.138 -0.283 0.004 0.077 0.127
% of ground covered by rocks logit -0.262 0.535 -0.149 -0.300 0.408 0.239
Shrubs_2
Stand
P1
Variables Dim.1 (33%) Dim.2 (26%) Dim.3 (19%) Dim.4 (13%)
Longitude -0.662 0.621 0.033 0.131
Latitude 0.236 -0.869 -0.150 -0.192
Agriculture area_3 root 0.574 -0.076 0.406 0.695
Closed forest area -0.862 -0.367 0.164 0.028
Pasture area 0.332 0.296 -0.866 0.111
Regeneration area 0.562 0.438 0.450 -0.497
Shrubs_3
Stand
P2
Variables Dim.1 (34%) Dim.2 (27%) Dim.3 (17%) Dim.4 (14%)
Longitude -0.564 0.733 0.074 0.135
Latitude -0.003 -0.925 0.108 -0.177
Agriculture area_3 root 0.503 -0.103 0.300 0.798
Closed forest area -0.924 -0.152 0.005 0.097
Pasture area_3 root 0.425 0.110 -0.879 0.071
Regeneration area 0.651 0.423 0.412 -0.409
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Shrubs_4
Stand
P3
Variables Dim.1 (41%) Dim.2 (28%) Dim.3 (21%)
Longitude 0.707 -0.570 -0.139
Latitude -0.369 0.847 -0.153
Agriculture area_3 root -0.294 -0.117 0.930
Closed forest area 0.856 0.428 0.034
Open forest area -0.788 -0.400 -0.363
Shrubs_5
Stand
P4 (A4 for forest disturbances)
Variables Dim.1 (41%) Dim.2 (28%) Dim.3 (22%)
Longitude 0.907 -0.049 0.029
Latitude -0.798 0.452 0.123
Closed forest area_power 3 0.233 0.675 -0.697
Partial forest disturbance area 0.373 0.663 0.628
Shrubs_6

Landscape (composition + disturbances)
P1 (A1 for forest disturbances)

Variables Dim.1 (24%) Dim.2 (23%) Dim.3 (13%) Dim.4 (12%)
Longitude 0.099 0.760 -0.348 -0.289
Latitude 0.363 -0.833 -0.061 0.022
Agriculture area_2km -0.859 -0.349 -0.023 0.075
Agriculture area_600m -0.823 -0.393 -0.092 0.006
Closed forest area_2km 0.865 -0.238 -0.121 -0.146
Closed forest area_600m 0.643 -0.182 -0.479 -0.173
Sparse forest area_2km 0.601 -0.488 0.094 -0.024
Sparse forest area_600m_3 root 0.440 -0.435 0.038 -0.178
Open forest area_2km 0.572 -0.319 0.605 0.154
Open forest area_600m 0.190 -0.077 0.603 0.369
Pasture area_2km 0.210 0.743 0.340 -0.413
Pasture area_600m 0.128 0.564 0.636 -0.297
Regeneration area_2km_3 root 0.496 0.662 -0.195 0.251
Regeneration area_600m 0.096 0.477 -0.268 0.624
Partial forest disturbance area_2km_3 root -0.188 0.174 0.591 0.463
Severe forest disturbance area_600m 0.252 -0.085 -0.031 0.660
Severe forest disturbance area_2km_3 root 0.205 0.293 -0.356 0.597
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Shrubs_7
Landscape (composition + disturbances)
P2 (A2 for forest disturbances)

Variables Dim.1 (29%) Dim.2(24%) Dim.3 (11%) Dim.4 (6%) Dim.5 (6%)
Longitude 0.713 0.217 -0.395 0.268 -0.060
Latitude -0.883 0.208 -0.041 -0.011 0.194
Agriculture area_2km -0.107 -0.858 0.121 0.061 0.249
Agriculture area_600m -0.156 -0.858 0.052 0.155 0.016
Closed forest area_2km -0.555 0.756 -0.179 0.056 -0.032
Closed forest area_600m -0.508 0.576 -0.417 0.240 -0.025
Sparse forest area_2km -0.650 0.484 0.264 -0.114 0.053
Sparse forest area_600m_3 root -0.630 0.514 0.164 -0.040 -0.107
Open forest area_2km -0.296 0.608 0.348 -0.314 -0.010
Open forest area_600m_3 root 0.153 0.346 0.578 0.173 0.156
Pasture area_2km 0.804 0.155 0.273 -0.141 -0.198
Pasture area_600m 0.584 0.207 0.532 -0.364 -0.234
Regeneration area_2km 0.704 0.503 -0.112 0.153 -0.241
Regeneration area_600m 0.581 0.230 -0.165 -0.304 0.522
Partial forest disturbance

area_600m -0.111 0.044 0.594 0.571 0.147
Partial forest disturbance

area_2km_3 root 0.353 0.271 0.413 0.321 0.333
Severe forest disturbance

area_2km 0.518 0.586 -0.192 0.337 -0.069
Severe forest disturbance

area_600m 0.396 0.385 -0.231 -0.166 0.632

Shrubs_8

Landscape (composition + disturbances)
P3 (A3 for forest disturbances)

Variables Dim.1 (33%) Dim.2 (17%) Dim.3 (13%) Dim.4 (11%) Dim.5 (6%)
Longitude 0.215 -0.540 0.647 0.162 0.087
Latitude 0.206 0.090 -0.859 -0.061 0.066
Agriculture area_2km -0.928 0.009 -0.053 -0.043 -0.124
Agriculture area_600m -0.867 -0.159 0.000 -0.094 0.158
Closed forest area_2km 0.839 -0.273 -0.151 0.232 0.058
Closed forest area_600m 0.658 -0.565 -0.092 0.251 0.027
Open forest area_2km 0.576 0.562 0.005 0.414 -0.111
Open forest area_600m 0.233 0.593 -0.158 0.307 -0.600
Pasture area_2km -0.028 0.632 0.467 0.230 0.430
Pasture area_600m 0.039 0.772 0.023 0.112 0.300
Regeneration area_2km_3 root 0.622 0.044 0.509 -0.428 -0.090
Regeneration area_600m_3 root 0.367 0.444 0.455 -0.492 -0.177
Partial forest disturbance

area_2km 0.635 -0.155 0.090 0.591 0.137
Severe forest disturbance

area_600m_3 root 0.670 0.177 -0.175 -0.492 0.132
Severe forest disturbance

area_2km_3 root 0.737 -0.256 -0.034 -0.399 -0.108
Urban area_2km_3 root 0.406 0.177 -0.433 -0.286 0.377
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Shrubs_9
Landscape (composition + disturbances)
P4 (A4 for forest disturbances)

Variables Dim.1 (32%) Dim.2 (14%) Dim.3 (12%) Dim.4 (9%) Dim.5 (7%)
Longitude 0.166 0.357 -0.663 -0.167 -0.207
Latitude 0.248 -0.648 0.322 0.304 0.092
Agriculture area_2km -0.846 -0.356 0.073 -0.178 0.016
Agriculture area_600m -0.838 -0.306 0.099 -0.026 -0.080
Closed forest area_2km 0.889 0.079 -0.218 -0.007 0.048
Closed forest area_600m 0.791 0.035 -0.447 -0.100 0.113
Sparse forest area_2km 0.246 0.770 -0.013 -0.136 -0.130
Sparse forest area_600m 0.003 0.633 0.334 0.114 0.248
Open forest area_2km 0.748 0.028 0.324 -0.215 0.113
Open forest area_600m 0.461 -0.033 0.488 -0.359 0.273
Pasture area_2km -0.490 0.638 0.030 0.068 0.156
Pasture area_600m -0.461 0.529 0.033 0.077 -0.105
Regeneration area_2km 0.253 0.446 0.723 -0.122 -0.037
Regeneration area_600m 0.373 -0.072 0.681 -0.243 -0.219
Partial forest disturbance

area_2km 0.792 -0.370 0.006 -0.021 0.036
Partial forest disturbance

area_600m 0.829 -0.072 -0.308 -0.142 0.326
Severe forest disturbance

area_2km 0.226 0.186 0.002 0.609 0.422
Severe forest disturbance

area_600m -0.395 -0.002 0.050 0.386 0.619
Urban area_2km_3 root 0.469 0.015 0.069 0.610 -0.344
Urban area_600m_3 root 0.476 0.048 0.185 0.585 -0.468

Shrubs_10

Landscape (configuration + connectivity)
P1 (A1 for forest disturbances)

Variables Dim.1 (29%) Dim.2 (24%) Dim.3 (16%) Dim.4 (12%) Dim.5 (9%)
Longitude -0.306 -0.274 0.835 0.207 0.016
Latitude 0.811 0.125 -0.438 0.109 -0.133
Length of forest edge_2km 0.606 -0.644 0.176 -0.192 0.021
Length of roads_2km -0.231 0.549 -0.247 -0.369 0.569
Probability of connectivity 2km_3

root 0.825 -0.376 -0.094 -0.044 -0.001
Distance to nearest forest edge 0.528 -0.158 0.274 0.207 0.673
Mean distance to forest

disturbances 0.468 0.761 0.392 -0.115 -0.113
Distance to nearest pasture_3

root 0.026 0.319 -0.191 0.877 0.071
Distance to nearest forest

disturbance 0.491 0.736 0.410 -0.074 -0.148
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Shrubs_11
Landscape (configuration + connectivity)
P2 (A2 for forest disturbances)

Variables Dim.1 (28%) Dim.2 (21%) Dim.3 (17%) Dim.4 (12%) Dim.5 (10%)

Longitude -0.250 0.774 -0.233 -0.413 0.155

Latitude 0.820 -0.447 0.191 0.051 -0.084

Length of forest edge_2km 0.590 0.242 -0.571 0.166 0.061

Length of roads_2km -0.418 -0.352 0.239 0.380 0.683

Probability of

connectivity _2km_3 root 0.850 -0.162 -0.264 0.120 0.097

Distance to nearest forest

edge_3 root 0.575 0.479 0.099 -0.246 0.459

Mean distance to forest

disturbances 0.022 0.625 -0.016 0.731 0.049

Distance to nearest pasture_3

root 0.380 0.084 0.746 -0.273 0.170

Distance to nearest forest

disturbance 0.162 0.531 0.649 0.261 -0.342
Shrubs_12

Landscape (configuration + connectivity)
P3 (A3 for forest disturbances)

Variables Dim.1 (24%) Dim.2 (23%) Dim.3 (17%) Dim.4 (12%) Dim.5 (8%)

Longitude 0.387 0.715 -0.264 -0.093 -0.377

Latitude 0.107 -0.727 0.527 -0.095 0.195

Length of forest edge 2km 0.523 0.249 -0.398 0.212 0.650

Length of roads_2km -0.202 -0.502 -0.111 0.690 -0.179

Probability of connectivity 2km 0.621 -0.207 0.375 -0.441 -0.024

Distance to nearest forest

edge_3 root 0.454 0.352 0.629 0.205 -0.099

Mean distance to forest

disturbances -0.607 0.540 0.269 -0.123 0.318

Distance to nearest pasture_3

root 0.220 0.435 0.562 0.500 0.036

Distance to nearest forest

disturbance -0.837 0.276 0.296 -0.085 0.007
Shrubs_13

Landscape (configuration + connectivity)
P4 (A4 for forest disturbances)

Variables Dim.1 (27%) Dim.2 (25%) Dim.3 (17%) Dim.4 (10%)
Longitude -0.601 0.543 -0.377 0.060
Latitude 0.808 -0.102 0.328 -0.166
Length of forest edge_2km -0.660 0.233 0.485 0.296
Length of roads_2km_3 root 0.434 -0.224 0.156 0.832
Probability of connectivity 2km 0.198 0.788 0.213 0.143
Distance to nearest forest edge 0.127 0.836 -0.013 0.026
Mean distance to forest disturbances -0.458 0.168 0.723 -0.145
Distance to nearest pasture 0.663 0.507 0.321 -0.187
Distance to nearest forest disturbance 3 root -0.283 -0.490 0.576 -0.107

56




Table 1.4. Best and competing regression models following model selection with the AIC. for shrub diversity, richness and relative
abundances. Significant explanatory variables for each model are in bold. The direct, indirect and total effects are provided for linear
spatial lag models in addition to the parameter estimates.

esporsevaale CpARoeE Wouelpe Sl U MM ity b b vmme  Eoimee s tror ol S
E;‘r‘;r(:g;'r')"" 2.04E-01 8.42E-02 3.88E-02 3.69E-01 N/A
f;’_"é?ax;;”e (Loam 5 51E01  341E-01 -1.18E-01 1.22E+00 N/A

Direct effects  5.71E-01  3.57E-01 N/A N/A 1.09E-01
Indirect effects  1.28E-01  1.06E-01 N/A N/A 2.25E-01
Total effects  7.00E-01 _ 4.45E-01 N/A N/A 1.16E-01
Soil texture
(Organic matter 8.62E-01  7.15E-01 -5.40E-01 2.26E+00 N/A
vs. Clay)
Direct effects  8.96E-01  7.40E-01 N/A N/A 2.26E-01
Indirect effects  2.09E-01  2.16E-01 N/A N/A 3.32E-01
Total effects  1.11E+00 _ 9.28E-01 N/A N/A 2.33E-01
fg"ctf:;;re (Sand 3 75£.01  628E-01 -8.55E-01 1.61E+00 N/A
Direct effects  3.32E-01 6.31E-01 N/A N/A 5.98E-01
Indirect effects  8.17E-02  1.60E-01 N/A N/A 6.10E-01
Total effects  4.14E-01 _ 7.79E-01 N/A N/A 5.95E-01
Dim.1 -9.74E-02  6.84E-02 -2.32E-01 3.67E-02 N/A
Shrub diversity Shrubs._1 Linear, Local P4 000 8678 NA  NA Direct effects  1.01E-01  7.14E-02 N/A N/A - 1.59E01
- spatial lag® Indirect effects  -2.20E-02 1.95E-02 N/A N/A 2.59E-01
Total effects -1.23E-01 _ 8.75E-02 N/A N/A 1.62E-01
Dim.2 -5.34E-01  9.16E-02 -7.14E-01 -3.55E-01 N/A
Direct effects  -5.51E-01  9.48E-02 N/A N/A 6.10E-09
Indirect effects  -1.20E-01  5.68E-02 N/A N/A 3.44E-02
Total effects -6.71E-01 _ 1.24E-01 N/A N/A 6.30E-08
Dim.3 763E-02  1.06E-01 -1.31E-01 2.84E-01 N/A
Direct effects  7.90E-02  1.01E-01 N/A N/A 4.32E-01
Indirect effects  1.47E-02  2.43E-02 N/A N/A 5.46E-01
Total effects  9.37E-02  1.22E-01 N/A N/A 4.41E-01
Dim.4 -1.23E-01  1.32E-01 -3.81E-01 1.35E-01 N/A
Direct effects  -1.31E-01  1.29E-01 N/A N/A 3.10E-01
Indirect effects -2.78E-02  3.22E-02 N/A N/A 3.89E-01
Total effects  -1.59E-01  1.57E-01 N/A N/A 3.11E-01
Dim.5 593E-02  1.38E-01 -2.11E-01 3.30E-01 N/A
Direct effects  5.97E-02  1.42E-01 N/A N/A 6.74E-01
Indirect effects  1.29E-02  3.50E-02 N/A N/A 7.12E-01
Total effects  7.26E-02  1.74E-01 N/A N/A 6.76E-01
Dim.6 1.87E-01  141E-01 -8.89E-02 4.62E-01 N/A
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. Best models Spatial Temporal Log Adj. p- Explanatory . Confidence intervals  Simulated
SR VAT AAIC:<2 el A scaleP AAICe jielihood R? value variable S i 2.5% 97.5 % p-value
Direct effects  1.95E-01 1.51E-01 N/A N/A 1.97E-01
Indirect effects ~ 4.35E-02 4.30E-02 N/A N/A 3.13E-01
Total effects  2.38E-01 1.88E-01 N/A N/A 2.06E-01
Rho (spatial 259E-01  8.14E-02 9.96E-02 4.19E-01 N/A
parameter)
Maple syrup
production (Yes  -1.84E+00 8.14E-01 -3.43E+00 -2.42E-01 N/A
vs. No)
Direct effects -1.96E+00 8.54E-01 N/A N/A 2.18E-02
Indirect effects  -5.82E-01 3.29E-01 N/A N/A 7.68E-02
Total effects  -2.54E+00  1.12E+00 N/A N/A 2.37E-02
Successional
stage (Early vs. 2.62E+00 9.56E-01 7.50E-01 4.50E+00 N/A
Mid)
Direct effects  2.81E+00 1.05E+00 N/A N/A 7.22E-03
Indirect effects  8.40E-01 4.53E-01 N/A N/A 6.35E-02
Total effects  3.65E+00 1.41E+00 N/A N/A 9.72E-03
Successional
. stage Late vs. -3.19E-01 7.47E-01 -1.78E+00 1.15E+00 N/A
Shrub richness Shrubs 5 L;';‘Izlalra Stand P4/A4 000  -13061 NA  NA Mid)
P 9 Direct effects  -3.36E-01 7.67E-01 N/A N/A 6.61E-01
Indirect effects  -1.06E-01 2.48E-01 N/A N/A 6.67E-01
Total effects  -4.43E-01 1.00E+00 N/A N/A 6.59E-01
Dim.1! -7.67E-01 2.45E-01 -1.25E+00 -2.86E-01 N/A
Direct effects  -7.95E-01 2.50E-01 N/A N/A 1.50E-03
Indirect effects  -2.30E-01 9.94E-02 N/A N/A 2.07E-02
Total effects  -1.02E+00 3.16E-01 N/A N/A 1.21E-03
Dim.2 -3.71E-01 2.79E-01 -9.19E-01 1.76E-01 N/A
Direct effects  -4.02E-01 2.96E-01 N/A N/A 1.74E-01
Indirect effects  -1.24E-01 1.07E-01 N/A N/A 2.46E-01
Total effects  -5.26E-01 3.92E-01 N/A N/A 1.80E-01
Dim.3 4.61E-01 3.00E-01 -1.27E-01  1.05E+00 N/A
Direct effects  4.81E-01 3.25E-01 N/A N/A 1.38E-01
Indirect effects  1.47E-01 1.20E-01 N/A N/A 2.20E-01
Total effects  6.29E-01 4.34E-01 N/A N/A 1.47E-01
Maple syrup
production (Yes 3.11E-02 1.29E-01 5.28E-02 3.83E-01 N/A
vs. No)
Successional
stage (Early vs. 2.31E-01 1.38E-01 -1.51E-01 2.37E-01 N/A
Cornus alternifolia Shrubs_5 Linear Stand P4/A4 0.00 9.64 0.071 1'?)?5 Mid)
Successional
stage Late vs. 1.12E-01 1.10E-01 -1.81E-01  1.22E-01 N/A
Mid)
Dim.1 -4.81E-02 3.38E-02  -5.27E-02 4.14E-02 N/A
Dim.2 -5.62E-02 4.05E-02  -9.62E-02 1.64E-02 N/A
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. Best models Spatial Temporal Log Adj. p- Explanatory . Confidence intervals  Simulated
SR VAT AAIC:<2 el A scaleP AAICe jielihood R? value variable S i 2.5% 97.5 % p-value
Dim.3 -3.91E-02 4.50E-02 -5.71E-02 6.48E-02 N/A
Dim.1 5.26E-03  2.05E-02  -3.59E-02 4.64E-02 N/A
Shrubs_3 Linear Stand P2 0.07 6.98 0013 3,27E- Dfm.Z 1.20E-02 2.30E-02 5.81E-02  3.41E-02 N/A
01 Dim.3 3.74E-02 2.86E-02  -1.98E-02 9.47E-02 N/A
Dim.4 516E-02  3.14E-02  -1.14E-02 _1.15E-01 N/A
Maple syrup
production (Yes 1.65E-02 1.12E-01 -2.09E-01 2.42E-01 N/A
vs. No)
Successional
stage (Early vs. -3.05E-01 1.31E-01 -5.68E-01 -4.15E-02 N/A
Mid)
llex mucronata (4" . 4,11E-
root-transformed) Shrubs_59 Linear Stand P4/A4 0.00 7.22 0.29 04 Successional
stage Late vs. -2.52E-01 1.22E-01 -4.97E-01 -6.87E-03 N/A
Mid)
Dim.1! -8.76E-02 2.69E-02  -1.42E-01 -3.36E-02 N/A
Dim.2 -7.50E-02 2.86E-02  -1.32E-01 -1.77E-02 N/A
Dim.3 4.19E-02 3.44E-02  -2.71E-02 1.11E-01 N/A
Soiltexture (Loam g ggr 07 976E-02 -1.37E-01 2.55E-01 N/A
vs. Clay)
Soil texture
(Organic matter 6.52E-01 2.04E-01 2.42E-01 1.06E+00 N/A
vs. Clay)
5.05E. fs""ctfax;;re (Sand  305E-01  1.79E-01 -6.65E-01 550E-02  N/A
Shrubs_1 Linear Local P4 0.00 -6.58 0.25 ’ -
03 Dim.1 -4.98E-02 1.95E-02 -8.91E-02 -1.06E-02 N/A
Dim.2 -1.21E-02 2.50E-02  -6.24E-02 3.81E-02 N/A
Dim.3 -7.24E-02 2.93E-02 -1.31E-01 -1.35E-02 N/A
Dim.4 -3.58E-02 3.76E-02  -1.11E-01 3.97E-02 N/A
Dim.5 1.80E-02 3.93E-02 -6.10E-02 9.70E-02 N/A
Dim.6 -3.42E-03 4.02E-02  -8.41E-02 7.73E-02 N/A
Parthenocissus b 280E-01  8.60E-02 1.11E-01 4.49E-01  N/A
quinquefolia (4" root- P
transformed) Maple syrup
production (Yes -6.25E-02 1.05E-01 -2.68E-01  1.43E-01 N/A
vs. No)
Direct effects  -7.20E-02 1.04E-01 N/A N/A 4.88E-01
Indirect effects  -2.24E-02 3.69E-02 N/A N/A 5.43E-01
Li Total effects  -9.44E-02 1.38E-01 N/A N/A 4.95E-01
Shrubs_5 Sp;?iiﬂsg Stand P4/A4 1.06 -10.08 N/A  N/A  Successional
stage (Early vs. 1.62E-01 1.23E-01 -7.96E-02 4.04E-01 N/A
Mid)
Direct effects  1.72E-01 1.35E-01 N/A N/A 2.01E-01
Indirect effects  5.41E-02 4.90E-02 N/A N/A 2.69E-01
Total effects  2.26E-01 1.79E-01 N/A N/A 2.06E-01
Successional
stage Late vs. 7.98E-02 9.69E-02 -1.10E-01 2.70E-01 N/A
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Responsevariable Pt 099%  Modeltype  SPAIE TUUROR! aaic. 009 A B EXPETOY Estimatel st Eron —SOREERESIOAETE Siuaed
Direct effects  8.99E-02  1.07E-01 N/A N/A 4.00E-01
Indirect effects  2.76E-02  3.61E-02 N/A N/A 4.45E-01
Total effects _1.17E-01 _ 1.40E-01 N/A N/A 4.03E-01
Dim. 1’ 4.75E-03  3.01E-02 -5.43E-02 6.38E-02 N/A
Direct effects  4.97E-03  3.18E-02 N/A N/A 8.76E-01
Indirect effects ~ 1.09E-03  1.10E-02 N/A N/A 9.21E-01
Total effects  6.06E-03  4.23E-02 N/A N/A 8.86E-01
Dim.2 1.06E-01 3.59E-02 -1.76E-01 -3.56E-02 N/A
Direct effects  -1.15E-01  3.77E-02 N/A N/A 2.33E-03
Indirect effects  -3.67E-02  1.94E-02 N/A N/A 5.88E-02
Total effects -1.52E-01 __ 5.30E-02 N/A N/A 4.22E-03
Dim.3 -4.46E-02 3.88E-02 -1.21E-01 3.15E-02 N/A
Direct effects  -4.50E-02  4.12E-02 N/A N/A 2.75E-01
Indirect effects  -1.36E-02  1.50E-02 N/A N/A 3.64E-01
Total effects -5.86E-02  5.49E-02 N/A N/A 2.86E-01
Rho (spatial 2.40E-01 9.14E-02  6.04E-02 4.19E-01 N/A
parameter)
Dim.1 208E-02  274E-02 -3.29E-02 7.44E-02 N/A
Direct effects  2.35E-02  2.97E-02 N/A N/A 4.29E-01
Indirect effects  6.46E-03  9.36E-03 N/A N/A 4.90E-01
Total effects  3.00E-02  3.81E-02 N/A N/A 4.32E-01
Dim.2 3.34E-02  3.14E-02 -2.81E-02 9.50E-02 N/A
Direct effects  3.37E-02  3.46E-02 N/A N/A 3.30E-01
Linear Indirect effects ~ 8.44E-03  1.07E-02 N/A N/A 4.29E-01
Shrubs 2 o atiallag  Stand P 1.80 -13.19 NA - NIA Total effects  4.22E-02  4.40E-02 N/A N/A 3.38E-01
Dim.3 265E-02  3.58E-02 -4.37E-02 9.66E-02 N/A
Direct effects  2.81E-02  3.55E-02 N/A N/A 4.28E-01
Indirect effects  7.28E-03 1.06E-02 N/A N/A 4.93E-01
Total effects  3.54E-02  4.51E-02 N/A N/A 4.32E-01
Dim.4 9.82E-02  4.33E-02 1.34E-02 1.83E-01 N/A
Direct effects  1.03E-01  4.54E-02 N/A N/A 2.30E-02
Indirect effects  2.76E-02  1.80E-02 N/A N/A 1.26E-01
Total effects  1.31E-01  5.95E-02 N/A N/A 2.78E-02
Dim. 3.78E-02  2.34E-01 -4.56E-01 5.73E-01 N/A
Firth 5 BUE. Dim.2 1.44E-01  2.53E-01  -6.94E-01 4.07E-01 N/A
Shrubs_12  penalized LCC P3/A3 0.00 13.57 NA 5T Dim3 267E-01 2.94E-01 -9.86E-01 3.44E-01 N/A
logistic® Dim.4 1.27E+00  5.07E-01 -2.81E+00 -3.61E-01 N/A
o Dim.5 1.94E-01 _ 4.52E-01 -1.20E+00  7.99E-01 N/A
Prunus wrglnlana .
Dim.1 2.30E-01  2.42E-01 -2.65E-01 7.89E-01 N/A
Firth Dim.2 3.95E-02  241E-01  -4.66E-01 _5.45E-01 N/A
Shrubs 11 penalized LCC P2/A2 1.98 -14.56 N/A 8’%2'5' Dim.3 -5.87E-01 _ 3.49E-01 -1.44E+00 7.73E-02 N/A
logistic Dim.4 7.34E-01 __ 3.41E-01 _ -1.56E+00 -7.56E-02 N/A
Dim.5 8.47E-01  4.40E-01 -1.88E+00 1.50E-02 N/A
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Response variable stit“rg:agezls Model type ss?::::: TesT;::al A AIC. Iikel;i%%od Algj va':;e Ex‘z::ralla)tlgry Estimatel  Std. Errori Cc;r.lsfi nd/fnce u;t-’e.rsv;:s S;:;":::d
Dim.1 1.78E-02  1.39E-02  -1.02E-02 _4.57E-02 N/A
. Dim.2 -5.60E-02  1.91E-02  -9.43E-02 -1.78E-02 N/A
gﬁar’ggt”tsr:gg:r’;cez) Shrubs_99 Linear LCD P4/A4 0.00 7.86 0.37 1"(‘);5 Dim.3 9.23E-02  1.55E-02  6.13E-02  1.23E-01 N/A
Dim.4 2.77E-02  1.98E-02  -8.74E-02  1.19E-02 N/A
Dim.5 -1.80E-02  3.24E-02  -8.30E-02 4.89E-02 N/A
Dim.1 4.53E-02 _ 2.14E-02 _ 2.49E-03 _ 8.81E-02 N/A
Ribes spp. (4" root- ) 255E- _Dim.2 -8.23E-02  2.21E-02  -1.27E-01 -3.80E-02 N/A
transfamﬁgd)( Shrubs_13 Linear Lee PalA4 0.00 057 0.27 04  Dim.3 -4.62E-02  2.70E-02  -1.00E-01  8.06E-03 N/A
Dim.4 -7.49E-02  3.51E-02  -1.45E-01 -4.67E-03 N/A
E:far(:gfe‘r')a' 2.50E-01  9.01E-02 7.32E-02 4.26E-01 N/A
Dim.1 -3.37E-03  1.52E-02 -3.32E-02 2.65E-02 N/A
Direct effects  -3.59E-03  1.60E-02 N/A N/A 8.22E-01
Indirect effects  -9.83E-04 5.06E-03 N/A N/A 8.46E-01
Total effects _-4.58E-03 __ 2.07E-02 N/A N/A 8.25E-01
Dim.2 1.56E-03  1.35E-02 -2.49E-02 2.80E-02 N/A
Direct effects  1.42E-03  1.74E-02 N/A N/A 9.35E-01
Indirect effects ~ 1.87E-04  5.30E-03 N/A N/A 9.72E-01
Total effects _ 1.61E-03 __ 2.24E-02 N/A N/A 9.43E-01
Linear Dim.3 8.30E-02 271E-02 3.00E-02 1.36E-01 N/A
Shrubs 79 oatiallag  -CP P2/A2 - 0.00 -6.67 NA - NA Direct effects  8.68E-02  2.55E-02 N/A N/A 6.51E-04
Indirect effects ~ 2.40E-02  1.23E-02 N/A N/A 5.00E-02
Total effects  1.11E-01 _ 3.39E-02 N/A N/A 1.06E-03
Dim.4 259E-03  3.59E-02 -6.78E-02 7.30E-02 N/A
Direct effects ~ 3.46E-03  3.55E-02 N/A N/A 9.22E-01
Indirect effects  1.63E-03 1.09E-02 N/A N/A 8.81E-01
Rubus spp."
(4" root-transformed) Total effects  5.08E-03  4.58E-02 N/A N/A 9.12E-01
Dim.5 357E-02 224E-02 -7.97E-02 8.22E-03 N/A
Direct effects  -3.89E-02 3.39E-02 N/A N/A 2.52E-01
Indirect effects  -1.11E-02  1.17E-02 N/A N/A 3.44E-01
Total effects  -4.99E-02  4.42E-02 N/A N/A 2.59E-01
";::‘;‘;‘aegsefft'a' 321E-01  8.86E-02 1.47E-01 4.95E-01 N/A
Shrubs_4 Sp;t'igfzrr’mr, Stand P3 0.29 9.45 N/A NA - _Dim.1 -5.38E-02  2.97E-02  -1.12E-01 4.42E-03 N/A
Dim.2 1.26E-02  4.04E-02  -9.18E-02 _6.66E-02 N/A
Dim.3 4.58E-02  3.31E-02  -1.91E-02  1.11E-01 N/A
s:r‘;r(:;:‘r';" 2.79E-01  8.86E-02 1.05E-01 4.53E-01 N/A
Dim.1 3.00E-03  1.37E-02 -2.38E-02 2.98E-02 N/A
Linear Direct effects ~ 3.45E-03 1.48E-02 N/A N/A 8.15E-01
Shrubs_9 spatial lag LCD P4lAd 0.54 -6.04 NA - NA Indirect effects  1.06E-03  5.34E-03 N/A N/A 8.42E-01
Total effects  4.52E-03 1.99E-02 N/A N/A 8.20E-01
Dim.2 253E-02  2.05E-02 -1.48E-02 6.54E-02 N/A
Direct effects ~ 2.64E-02  2.25E-02 N/A N/A 2.39E-01
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Response variable stit“rg:agezls Model type ss?::::: TesT;::al A AIC. Iikel;i%%od Algj va':;e Ex‘z::ralla)tlgry Estimatel  Std. Errori Cc;r.lsfi nd/fnce u;t-’e.rsv;:s S;:;":::d
Indirect effects  8.76E-03  8.44E-03 N/A N/A 2.99E-01
Total effects  3.52E-02  3.01E-02 N/A N/A 2.42E-01
Dim.3 578E-02  2.28E-02 1.31E-02 1.02E-01 N/A
Direct effects  6.38E-02  2.41E-02 N/A N/A 8.04E-03
Indirect effects  2.07E-02  1.10E-02 N/A N/A 6.07E-02
Total effects  8.44E-02  3.25E-02 N/A N/A 9.38E-03
Dim.4 -3.28E-03 265E-02 -552E-02 4.86E-02 N/A
Direct effects  -4.61E-03  2.76E-02 N/A N/A 8.67E-01
Indirect effects  -1.16E-03  1.01E-02 N/A N/A 9.09E-01
Total effects _-5.77E-03__ 3.73E-02 N/A N/A 8.77E-01
Dim.5 5.29E-02  3.00E-02 -1.12E-01 5.99E-03 N/A
Direct effects  -5.51E-02  3.38E-02 N/A N/A 1.03E-01
Indirect effects  -1.81E-02  1.37E-02 N/A N/A 1.87E-01
Total effects -7.32E-02 _ 4.57E-02 N/A N/A 1.09E-01
g:r‘;r(::;‘r')"“ 219E-01  9.08E-02  4.08E-02 3.97E-01 N/A
Dim.1 754E-03  1.39E-02 -1.97E-02 3.47E-02 N/A
Direct effects  8.10E-03  1.43E-02 N/A N/A 5.70E-01
Indirect effects  1.95E-03  4.01E-03 N/A N/A 6.27E-01
Total effects  1.01E-02  1.79E-02 N/A N/A 5.74E-01
Dim.2 345E-02 212E-02 -7.61E-02 7.11E-03 N/A
Direct effects  -3.64E-02  2.20E-02 N/A N/A 9.79E-02
Indirect effects  -8.46E-03  6.59E-03 N/A N/A 1.99E-01
Total effects -4.49E-02  2.72E-02 N/A N/A 9.93E-02
Linear Dim.3 370E-02  228E-02 -7.75E-03 8.18E-02 N/A
Shrubs_9 spatial lag LCD P4lA4 0.00 -7.08 NA - NA Direct effects  4.03E-02  2.38E-02 N/A N/A 9.02E-02
Indirect effects  9.33E-03 7.30E-03 N/A N/A 2.02E-01
Total effects  4.97E-02  2.94E-02 N/A N/A 9.11E-02
;O(;;f:,fndmn Dim.4 7.06E-03  268E-02 -5.95E-02 4.54E-02 N/A
(4" root-transformed) Direct effects  -6.93E-03 2.85E-02 N/A N/A 8.08E-01
Indirect effects  -1.65E-03  7.98E-03 N/A N/A 8.36E-01
Total effects _-8.58E-03 _ 3.59E-02 N/A N/A 8.11E-01
Dim.5 .8.79E-02  3.06E-02 -1.48E-01 -2.80E-02 N/A
Direct effects  -9.19E-02  3.11E-02 N/A N/A 3.15E-03
Indirect effects  -2.19E-02  1.29E-02 N/A N/A 9.00E-02
Total effects _-1.14E-01 __ 4.00E-02 N/A N/A 4.46E-03
s:;gg;‘:;" 2419E-01  9.10E-02  4.08E-02 3.97E-01 N/A
Dim.1 1.43E-03  2.37E-02 -4.50E-02 4.79E-02 N/A
Linear Direct effects  1.06E-03  2.46E-02 N/A N/A 9.66E-01
Shrubs_12 o atial lag Lce P3IA3 029 722 NA - NIA Indirect effects  -4.26E-05  6.71E-03 N/A N/A 9.95E-01
Total effects  1.01E-03 __ 3.08E-02 N/A N/A 9.74E-01
Dim.2! 7.31E-02  2.48E-02 -1.22E-01 -2.44E-02 N/A
Direct effects  -7.55E-02  2.62E-02 N/A N/A 3.97E-03
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Response variable

AR Meipe s ST NG art b PR coimaw sw iror Comsence i S
Indirect effects  -1.75E-02  9.99E-03 N/A N/A 7.97E-02
Total effects _-9.30E-02 _ 3.20E-02 N/A N/A 3.65E-03
Dim.3 3.77E-02  2.83E-02 -9.32E-02 1.78E-02 N/A
Direct effects  -3.70E-02  2.97E-02 N/A N/A 2.13E-01
Indirect effects  -9.24E-03  9.12E-03 N/A N/A 3.11E-01
Total effects _-4.62E-02 _ 3.76E-02 N/A N/A 2.19E-01
Dim.4 -5.62E-02  3.45E-02 -1.24E-01 1.14E-02 N/A
Direct effects  -5.89E-02  3.59E-02 N/A N/A 1.01E-01
Indirect effects  -1.36E-02  1.13E-02 N/A N/A 2.30E-01
Total effects -7.24E-02 __ 4.49E-02 N/A N/A 1.06E-01
Dim.5 2.35E-02  4.05E-02 -1.03E-01 5.59E-02 N/A
Direct effects  -2.10E-02  3.98E-02 N/A N/A 5.97E-01
Indirect effects  -4.96E-03  1.15E-02 N/A N/A 6.67E-01
Total effects -2.60E-02 _ 5.01E-02 N/A N/A 6.05E-01
g:r‘;r(::;‘r')"“ 2.72E-01  9.07E-02 9.46E-02 4.50E-01 N/A
Dim.1 1.22E-02 256E-02 -6.23E-02 3.79E-02 N/A
Direct effects  -1.09E-02  2.71E-02 N/A N/A 6.88E-01
Indirect effects  -3.08E-03 8.94E-03 N/A N/A 7.30E-01
Total effects _-1.40E-02  3.55E-02 N/A N/A 6.94E-01
Linear Dim.2' 538E-02  3.12E-02 -7.40E-03 1.15E-01 N/A
Shrubs_4 o otiallag  Stand P3 1.29 -10.36 NA - NIA Direct effects  5.66E-02  3.36E-02 N/A N/A 9.27E-02
Indirect effects  1.72E-02  1.33E-02 N/A N/A 1.97E-01
Total effects _ 7.37E-02  4.51E-02 N/A N/A 1.02E-01
Dim.3 594E-02  359E-02 -1.09E-02 1.30E-01 N/A
Direct effects  6.22E-02  3.79E-02 N/A N/A 1.00E-01
Indirect effects ~ 1.92E-02  1.52E-02 N/A N/A 2.08E-01
Total effects _ 8.14E-02 __ 5.09E-02 N/A N/A 1.10E-01
g:r"al(:gt:‘r')a" 229E01 897E-02 526E-02 4.04E-01 N/A
Maple syrup
production (Yes -1.35E-01 9.97E-02 -3.31E-01 6.01E-02 N/A
vs. No)
Direct effects  -1.49E-01  9.88E-02 N/A N/A 1.32E-01
Indirect effects  -3.91E-02  3.45E-02 N/A N/A 2.56E-01
Lincar Total effects -1.88E-01 __ 1.29E-01 N/A N/A 1.44E-01
shrubs 5 o, Stand P4/A4 1.60 -6.48 N/A  NA  Successional
stage (Earlyvs.  2.97E-01  1.17E-01 6.69E-02 5.27E-01 N/A
Mid)
Direct effects ~ 3.13E-01  1.23E-01 N/A N/A 1.08E-02
Indirect effects ~ 7.98E-02  4.78E-02 N/A N/A 9.47E-02
Total effects  3.93E-01 1.58E-01 N/A N/A 1.29E-02
Successional
stage Late vs. 556E-02  9.17E-02 -1.24E-01 2.35E-01 N/A

63

Mid)




Response variable  PpSt099°  Modeitype PR TOMROI amc. 009 Ad B BEEOY Estimate st Eron O SRee TS Sinued
Direct effects  6.38E-02  9.99E-02 N/A N/A 5 23E-01
Indirect effects ~ 1.59E-02  2.89E-02 N/A N/A 5.82E-01
Total effects  7.97E-02  1.26E-01 N/A N/A 5.27E-01
Dim.1i 312E-02 288E-02 -8.76E-02 2.52E-02 N/A
Direct effects  -3.26E-02  2.84E-02 N/A N/A 2.51E-01
Indirect effects  -8.10E-03  8.48E-03 N/A N/A 3.39E-01
Total effects -4.07E-02 _ 3.58E-02 N/A N/A 2.56E-01
Dim.2 195E-02  341E-02 -4.73E-02 8.63E-02 N/A
Direct effects  2.01E-02  3.69E-02 N/A N/A 5.85E-01
Indirect effects ~ 5.17E-03  1.10E-02 N/A N/A 6.39E-01
Total effects  2.53E-02  4.71E-02 N/A N/A 5.91E-01
Dim.3 1.86E-02  368E-02 -5.36E-02 9.07E-02 N/A
Direct effects ~ 2.24E-02  3.81E-02 N/A N/A 5 56E-01
Indirect effects ~ 5.42E-03  1.06E-02 N/A N/A 6.08E-01
Total effects 2.79E-02  4.77E-02 N/A N/A 5.50E-01
Dim 1 3.72E01 _ 213E.01 _ -4.66E-02 8.50E-01 N/A
Firth Dim.2 6.93E-01  262E-01  1.98E-01 1.33E+00 N/A
Shrubs 10 penalized  LCC P1/A1 000  -1352  NA 1"(‘)125 Dim.3 6.60E-01 3.81E-01 -1.61E+00 6.27E-02 N/A
logistic Dim.4 324E-01  3.17E-01 -1.04E+00 3.07E-01 N/A
Dim.5 3.79E-01  3.94E-01 -4.06E-01 1.25E+00 N/A
Dim1 235E-01  1.96E-01  -1.61E-01 6.47E-01 N/A
Firth 10z, Dim2 .5.65E-01 2.95E-01 -1.29E+00 -6.22E-03  NJ/A
Shrubs 11 penalized  LCC P2/A2 1.01 1403 NA  20F Dim.3 6.83E-01  2.78E-01  1.38E-01  1.32E+00 N/A
logistic Dim.4 411E-01 _ 3.08E-01  -1.98E-01 1.13E+00 N/A
. Dim.5 3.02E-01  398E-01 -517E-01 1.20E+00 N/A
Viburnum lentago )
Dim.1 178E-01 _161E-01  -5.50E-01 1.49E-01 N/A
Firth s oap. 2m2 5.02E-01 279E-01 -6.48E-02 1.19E+00 N/A
Shrubs 8 penalized  LCD P3/A3 118 411 NA %055 Dim3 -8.63E-01  3.21E-01 -1.73E+00 -2.67E-01 N/A
logistic Dim.4 265E-01  3.41E-01  -4.39E-01 1.05E+00 N/A
Dim.5 6.18E-01  421E-01  -2.40E-01 1.60E+00 N/A
Dim1 673E-02  1.28E-01 -3.40E-01 1.96E-01 N/A
Firth Dim.2 321E-01  2.10E-01  -8.29E-01 8.01E-02 N/A
Shrubs 9@ penalized  LCD P4/A4 140 1422 NIA 6’%;'5' Dim.3 749E-01  3.42E-01  1.57E-01 1.54E+00 N/A
logistic Dim.4 4.24E-01 2.30E-01  -3.50E-02 9.48E-01 N/A
Dim.5 229E-01  242E-01  -2.66E-01 7.38E-01 N/A
ot Dim 1 1.76E-02 _ 9.43E.03  -3.65E-02 1.30E-03 N/A
e s i ew om wn on SEFDRI_awe swen seen smm
Dim.4 271E02  1.56E-02 -4.23E-03 5.84E-02 N/A

@ Spatial scale: Local —
® Temporal scale: P1 — distant past (1930-40); P2 —
intermediate past (between 1930-40 and 1958); A3 —

A2 -

30m; Stand — 60m; LCD — Landscape composition + disturbances (600m and 2km);
recent past (1983); P4 — current (2015). For forest disturbances: A1 — distant past (before 1930-40);

intermediate past (1958); P3 —
recent past (between 1958 and 1983); A4 — very recent past (between 1983 and 2015).

LCC - Landscape configuration + connectivity (600m and 2km).

¢ The model Trees_5 includes the binary explanatory variable Maple syrup production Yes vs. No that represents a partial disturbance that occurred repetitively in the past, but that we
cannot assign to a specific period.
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4 Spatial lag model was used to take into account spatial autocorrelation of residuals.

¢ Firth penalized logistic regression was used when the number of occurrences was too low to properly fit a linear model.

f Spatial error model was used to take into account spatial autocorrelation of residuals when spatial lag model failed to achieve this.

9 Standard error and confidence intervals measured with a robust method based on a heteroscedasticity-corrected covariance matrix of the model parameters to take into account
residuals heteroscedasticity.

" Ribes spp. — Currant and gooseberry species were merged for the analyses; Rubus spp. — Rubus idaeus, R. Allegheniensis and R. Odoratus were merged for the analyses.

' Dimension associated mostly with geographic coordinates.

I Simulated estimates and standard errors for the direct, indirect and total effects in spatial lag models.
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Table 1.5. Best and competing regression models following model selection with the AIC. for tree diversity, richness and relative
abundances. Significant explanatory variables are in bold. The direct, indirect and total effects are provided for linear spatial lag models
in addition to the parameter estimates.

s:zgzlr;se stlt\;g:gezls Model type s;;:::' Tc;r:;z:al A AlIC. Iikelii%%o d A;zj' p-value Explanatory variable Estimate  Std. Error ZC gr:ﬁf’ldence lntegr_\;.asliﬁ
Dim.1 9.98E-02__ 7.19E-02 -4.40E-02 2.44E-01
. Dim.2 8.68E-02 __ 7.39E-02 -6.12E-02 2.35E-01
Trees_6 Linear LCD P1/A1 0.00 9729 019  231E03 s 320001 961E02 S 12E.01 28501
Dim.4 2.13E-01__ 1.01E-01 1.05E-02 4.16E-01
Tree diversity Dim.1 -1.09E-01 _ 6.31E-02 2.36E-01 1.72E-02
Dim.2 9.81E-02__ 6.93E-02 -4.06E-02 2.37E-01
Trees 7 Linear LCD P2/A2 1.11 9658 019 3,24E-03 Dim.3 2.87E-01__ 1.04E-01 -4.95E-01 -7.81E-02
Dim.4 3.34E-01___ 1.31E-01 7.06E-02 5.97E-01
Dim.5 1.52E-01 __ 1.38E-01 -1.24E-01 4.28E-01
aple S ap Production .1 30E+00  568E01 2526400 -249E-01
Trees_5° Linear Stand P4/A4 000  -12422 017 470E-03 DimA" -3.85E-02__ 1.70E-01 -3.78E-01 3.02E-01
Dim.2 7.22E-01 __ 2.08E-01 3.05E-01 1.14E+00
Dim.3 7.03E-02__ 2.35E-01 -4.00E-01 5.40E-01
Dim.1 1.63E-01 __ 8.72E-02 1.11E-02 3.38E-01
_ Dim.2 2.82E-01__ 1.29E-01 -5.41E-01 -2.26E-02
Treerichness 1005 9 Linear LCD P4/A4 020  -123.06 018 443E-03 Dim.3 2.33E-01 __ 1.38E-01 -5.09E-01 4.32E-02
Dim.4 3.74E-01 __ 1.69E-01 3.52E-02 7.12E-01
Dim.5 3.37E-01___ 1.87E-01 -3.64E-02 7.11E-01
Dim.1 2.00E-01 __ 1.10E-01 -1.11E-02 4.29E-01
_ Dim.2 1.77E-01 __ 1.13E-01 -4.89E-02 4.03E-01
Trees_6 Linear LCD P1/A1 047 12446 016 571E-03 St 3 69E.01 147601 6 62501 46502
Dim.4 3.04E-01 __ 1.55E-01 -6.14E-03 6.14E-01
gl"a"yt)e"‘“re (Loam vs. 387E-02  2.14E-02  -4.23E-03 8.16E-02
_ fq‘;‘{t}:r"x_r%(lg}f)ga“'c 123602  342E-02  -5.62E-02 8.09E-02

Acer rubrum Trees_1¢ Linear Local P4 0.00 52.46 0.23 8,76E-04 Soil texture (Sand. vs.
Chay) 4.65E-02  6.82E-02 -9.00E-02 1.83E-01
Dim.1" A1.77E-02__ 1.08E-02 -3.93E-02 4.04E-03
Dim.2 5.69E-02 _ 1.55E-02 -8.80E-02 -2.58E-02
Maple syrup production 4 78 01 gg4F.02  2.99E-01 6.57E-01

(Yes vs. No)

';‘gcec’harum Trees_5° Linear Stand P4/A4 0.00 -5.92 0.31  3,10E-05 _Dim.1' 149E-02  2.68E-02 -3.86E-02 6.85E-02
Dim.2 3.86E-02 _ 3.28E-02 2.71E-02 1.04E-01
Dim.3 2.13E-02___ 3.70E-02 -5.27E-02 9.54E-02
Dim.1 1.51E-02___ 1.52E-01 -3.06E-01 3.39E-01
Fagus Firth Dim.2 1.73E+00 __ 5.03E-01 -3.21E+00 -8.39E-01
arandifolia Trees_8 penalized LCD P3/A3 0.00 -11.33 N/A  9,05E-05 Dim.3' 541E-01 _ 2.94E-01 1.27E+00 2.94E-02
logistic Dim4 1.21E-01 __ 2.73E-01 -4.51E-01 7.10E-01
Dim.5 7.08E-01 _ 5.55E-01 -2.09E+00 3.71E-01
i Dim.1 6.00E-02__ 1.96E-01 ~4.65E-01 3.49E-01
Fraxinus ; Dim.2 6.11E-01 _ 2.26E-01 1.13E+00 1.82E-01
americana Trees_12 pﬁ;‘gﬁgﬁid Lee P3/A3 0.00 -20.49 NA 81204 him3 6.40E-01 __ 2.49E-01 1.64E-01 1.20E+00
Dim.4 5.18E-01 __ 2.99E-01 -1.19E+00 6.96E-02
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5:3:&2% stlt\;gfgezls Model type s;;:::' Tesr:;::al A AIC. Iikelii%%o d A;zj' p-value Explanatory variable Estimate  Std. Error ZC ;r::dence lntegr;/.aSIiA
Dim.5 -7.96E-01 3.67E-01 -1.64E+00 -9.53E-02
Dim.1 -8.64E-03  3.12E-03 -1.49E-02 -2.40E-03
Ostrya . Dim.2f -4.13E-03  3.47E-03 -1.11E-02 2.82E-03
virginiana Trees_2 Linear Stand P1 0.00 125.87 0.095 4,14E-02 Dim.3 3.26E-03 211E-03 2.97E-03 115E-02
Dim.4 -4.78E-03  4.99E-03 -1.48E-02 5.21E-03
Dim.1 1.97E-03 2.37E-02 -4.54E-02 4.94E-02
Dim.2 2.66E-02 1.86E-02 -1.06E-02 6.38E-02
Populus spp.¢  Trees_10¢ Linear LCC P1/A1 0.00 11.58 0.26  3,60E-04 Dim.3f -3.31E-02 1.75E-02 -6.82E-02 1.94E-03
Dim.4 -3.60E-02  2.99E-02 -9.58E-02 2.38E-02
Dim.5 -1.33E-01 3.65E-02 -2.06E-01 -5.98E-02
Soil texture (Loam vs.
Clay) ( -8.558-02 1.208-01 -3.26E-01 1.55E-01
) Soil texture (Organic 1.67E-01 2.31E-01
Thua Trees_to Linear  Local P4 000 1450 020 2,45-03 —mAtervs.clay) -2.95E-01 8.28E-01
occidentalis Soil texture (Sand. vs. 2.92E-02 113E-01
Clay) -2.56E-01 1.98E-01
Dim.1f 7.33E-02 3.13E-02 1.06E-02 1.36E-01
Dim.2 1.46E-01 4.83E-02 4.94E-02 2.43E-01
Dim.1 -1.44E-02  8.22E-03 -3.09E-02 2.04E-03
- Dim.2 1.66E-02 9.19E-03 -1.78E-03 3.50E-02
;-Z;iricana Trees_12¢ Linear LCC P3/A3 0.00 85.46 042 4,75E-07 Dim.3 2.23E-02 7.97E-03 6.39E-03 3.83E-02
Dim.4 1.12E-02 1.36E-02 -1.61E-02 3.85E-02
Dim.5 -4.62E-02  1.63E-02 -7.88E-02 -1.36E-02
Dim.1 3.25E-02 1.06E-02 1.13E-02 5.37E-02
Tsuga ’ Dim.2 -6.01E-02  1.15E-02 -8.32E-02 -3.70E-02
conadensis  17e56° Linear LCD P1/A1 0.00 2512 045 618E-08 i3 -5.12E-02__ 1.47E-02 -8.06E-02 -2.18E-02
Dim.4 -2.04E-02 1.87E-02 -5.79E-02 1.71E-02

@ Spatial scale: Local — 30m; Stand — 60m; LCD — Landscape composition + disturbances (600m and 2km); LCC — Landscape configuration + connectivity (600m and 2km).

® Temporal scale: P1 — distant past (1930-40); P2 — intermediate past (1958); P3 — recent past (1983); P4 — current (2015). For forest disturbances: A1 — distant past (before 1930-40);
A2 — intermediate past (between 1930-40 and 1958); A3 — recent past (between 1958 and 1983); A4 — very recent past (between 1983 and 2015).

¢ The model Trees_5 includes the binary explanatory variable Maple syrup production Yes vs. No that represents a partial disturbance that occurred repetitively in the past, but that we
cannot assign to a specific period.

4 Standard error and confidence intervals measured with a robust method based on a heteroscedasticity-corrected covariance matrix of the model parameters to take into account
residuals heteroscedasticity.

¢ Species: Populus spp. — Populus tremuloides, Populus grandidentata and Populus balsamifera were merged for the analyses.

f Dimension associated mostly with geographic coordinates.
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1.12  Annexes

Annex A. Absolute (ha) and relative (%) area of the main land-use classes in the 2km-buffer landscapes (n-64) at the four time
periods.

Land use P1 (1930-40) P2 (1958) P3 (1983) P4 (2015)
Agriculture

Area min. 96.1 (7.7) 25.6 (2.0) 12.1 (1.0) 2.4 (0.2)

Area max. 1,190.2 (94.8) 1,181.3 (94.1) 1,160.2 (92.4) 1,147 4 (91.4)

Mean area 669.5 (53.3) 638.6 (50.9) 586.3 (46.7) 470.6 (37.5)
Closed forest

Area min. 11.2 (0.9) 15.8 (1.3) 20.8 (1.7) 33.9 (2.7)

Area max. 691.8 (55.1) 894.7 (71.3) 954 1 (76.0) 1,049.8 (83.6)

Mean area 240.8 (19.2) 254.2 (20.2) 364.8 (29.1) 493.4 (39.3)
Sparse forest

Area min. 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Area max. 91.9 (7.3) 75.3 (6.0) 0 (0.0) 55.1 (4.4)

Mean area 17.8 (1.4) 13.6 (1.1) 0 (0.0) 15.9 (1.3)
Open forest

Area min. 21 (0.2) 0 (0.0) 3.0 (0.2) 0 (0.0)

Area max. 2141 17.1) 215.7 (17.2) 221.8 (17.7) 160.7 (12.8)

Mean area 46.8 (3.7) 50.9 4.1) 95.1 (7.6) 64.1 (5.1)
Pasture

Area min. 0 (0.0) 0 (0.0) 0 (0.0) 28 (0.2)

Area max. 519.6 (41.4) 451.6 (36.0) 338.9 (27.0) 382.9 (30.5)

Mean area 173.1 (13.8) 133.6 (10.6) 97.4 (7.8) 131.3 (10.5)
Regeneration

Area min. 0 (0.0) 4.5 (0.4) 0 (0.0) 0 (0.0)

Area max. 529.7 (42.2) 461.1 (36.7) 349.6 (27.8) 82.2 (6.5)

Mean area 52.1 (4.1) 116.7 (9.3) 51.1 (4.1) 23.2 (1.8)
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Annex B. Photointerpretation of historical aerial photographs. All land uses detected on aerial photographs were drawn on acetates
within a 2km-buffer zone around each sampling site (orange dot on the picture). a) Aerial photograph of one sampling site and its
surrounding landscape in 1958, scale 1:30,000, b) Photointerpretation of that same region.
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Annex C. Postal survey for forest landowners.

Survey to forest owners

Name of the sampling site(s) located on your property (see fact sheet):

1. Forest management and logging

%+ To your knowledge, has there already been, recently or in the past, forest cutting or other kind of forestry
activities in the forest where my sampling site is located?

YES NO I DON'T KNOW
o If so, can you provide me with information about the kind of forest cutting or forestry activities that

were done (e.g. firewood cutting, clearcutting, partial logging, thinning, plantations, sanitation cutting
in sugar maple stands, what tree species have been cut, etc.)?

o What year has each forestry activity above-mentioned been done?

o What is the approximate size of the forest area affected by each forestry activity you mentioned above?
[f needed, you can use the enlarged map on the next page to draw the forest areas where forestry
activities and forest logging have been done.

2. Forest management plan
#+ Do you have a forest management plan for the area where is located my sampling site?
YES_ NO___
o Ifso, do you want to share with me the information contained in your forest management plan
concerning forestry activities that were done around my sampling site?
YES NO

= [f 50, how would vou like to share with me the information of vour forest management plan?
Please note that you can find my contact information at the bottom of the next page.

- Email - Fax - Mail

- Other (let me know how you prefer to contact me)
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3. Agricultural activities

% To your knowledge, is there currently or has there been in the past agricultural activities in the area where is
located my sampling site (e.g. cattle grazing in the wood, any kind of farming before forest regrowth, etc.)?

YES NO [DONT ENOW

o If s0, can you give me more information about those activities (what kind of agricultural activities, what
year, etc.)?

4. Other uses of vour forest

% To your knowledge, is there currently or has there been in the past other kind of uses in the forest where is
located my sampling site?

YES NO [DONT ENOW

o If s0, can you describe them to me (what kind of uses, what year, etc.)?

5. Future collaboration

¥ Would you like to continue collaborating with me and other members of my research team in the coming years
so that we can continue studying impacts of climate change and of other stress factors on private forests of
southern Quebec?

YES NO

o If so, do you want to give me your contact information (phone and email) so that we can contact you in

the future? Please note that this information will be treated confidentially and will be kept for internal
use only.

6. Other comments?

Thank vou for taking the time to complete this survey and to send it back to me by May 31 2016!

My contact information

Caroline Gagné, biol. M.5c., PhD student in biology
Université du Québec 3 Montréal and Université du Québec en Outaouais - Institute of temperate forest science

Tel.:

Email: caroline.casme@outlook.com
Mailing address:

Fax:
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Sondage aux propriétaires forestiers

Nom de la ou des parcelles qui se trouvent sur votre propriété (voir la fiche descriptive) :

1. Coupes forestiéres et travaux forestiers

% Avotre connaissance, v a-t-il déji eu, récemment ou dans le passé, des coupes forestiéres ou d'autres types de
travaux forestiers dans la forét ot se trouve mon site d'échantillonnage?

oul NON JE NE SAISPAS
o 5i oui, pouvez-vous me fournir de I'information sur le type de coupes ou de travaux qui ont été réalisés

(ex coupes de beis de chauffage, coupes totales, coupes partielles, éclaircies, plantations, coupes
d'assainissement d'érabliére, quelles espéces auralent été coupées, ete.)?

o En quelle(s) année(s) a £t réalisé chaque type de travaux ou de coupes mentionnés ci-dessus?

o Quelle estla taille approximative des zones affectées par chaque type de travaux ou de coupes
mentionnés ci-dessus? Au besoin, vous pouvez tracer, sur la carte, les zones ayant fait 'objet de coupes
ou de travaux forestiers.

2. Plan d’aménagement forestier
% Avez-vous un plan d’aménagement forestier pour le secteur ol se trouve meon site d'échantillonnage?
oul NON

o 5i oui, souhaitez-vous partager les informations contenues dans votre plan d'aménagement forestier
concernant les travaux réalisés a I'emplacement de mon site d'échantillonnage?

oul NON

= 5i oui, quel moyen souhaitez-vous utiliser pour partager l'information de votre plan
d'aménagement forestier avec moi? Prenez note que mes coordennées se trouvent a la fin du
sondage au bas de la page.

- Courriel - Télécopieur (fax) - Poste

- Autre (précisez quel autre moyen vous souhaitez utiliser)
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3. Activites agricoles

<+ Avotre connaissance, y a-t-il en ce moment ou ¥ a-t-il déja eu dans le passé des activités agricoles 4 I'endroit ol
se trouve mon site d'échantillonnage (ex paturage d'animaux en sous-bois, présence de cultures anmuelles ou
de paturages avant de laisser la forét repousser, etc.)?

oul NON JE NE SAISPAS

o 5i oui, pouvez-vous m'informer 3 propos de ces activités (types d'activités, année(s), superficie, etc.)?

4. Autres usages de votre forét

<+ Avotre connaissance, ¥ a-t-il en ce moment ou y a-t-il déja eu dans le passé des usages autres que des travaux
forestiers ou des activités agricoles dans la forét ol se trouve mon site d'échantillonnage?

our NON JE NE SAISPAS

o 5i oud, pouvez-vous m'expliquer quels sont ces usages et en quelle(s) année(s) ont-ils été faits?

5. Collaboration future

<+ Seriez-vous intéressé(e) & poursuivre votre collaboration avec moi ou avec d'autres membres de mon équipe
de recherche au cours des prochaines années. de maniére i ce que nous puissions continuer d'étudier les
impacts des changements climatiques et d'autres facteurs de stress sur les foréts privées du sud du Québec?

our NON

o 5i oui, souhaitez-vous me fournir votre adresse courriel pour que nous puissions entrer en contact avec
vous plus facilement dans le futur? Prenez note que cette information sera traitée de maniére
confidentielle et ne sera pas divulguée 3 d'autres personnes.

6. Autres commentaires?

Merci d'avoir pris le temps de répondre a ce sondage et de me le retourner avant le 20 mai 2016!

Mes coordonnées

Caroline Gagneé, biol. M.5c., candidate au doctorat en biclogie
Université du Québec 3 Montréal et Université du Québec en Outaouais - Institut des sciences de la forét tempérée

Tl : [
Courriel : caroline.gagne@outlook.com

Adresze postale:

Télécopieur (fax) :
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Annex D. Original set of explanatory variables for shrub and tree analyses.

Explanatory variable . Shrub (S)
Spatial Temporal Vana?le . or Tree (T)
Factor scale scale? transformation analysis
Local and stand variables
% of canopy closure 0.5m above ground 30m P4 S
% of canopy closure 1.5m above ground 30m P4 S
% of ground covered by coniferous litter 30m P4 S
% of ground covered by deciduous litter 30m P4 S
% of ground covered by herbaceous plants 30m P4 S
% of ground covered by rocks 30m P4 logit S
% of ground covered by woody debris 30m P4 logit S
Soil pH 30m Long lasting ST
Soil texture 30m Long lasting S, T
Tree diversity (Effective number of species) 30m P4 S
Tree sapling density (nb./m?) 30m P4 2 root S
Tree.saphng diversity (Effective number of 30m P4 s
species)
Tree seedling density (nb./m?) 30m P4 In S
Tree.seedllng diversity (Effective number of 30m P4 S
species)
Tree total basal area (m?/ha) 30m P4 S
Successional stage 60m P4 S
Agriculture area (m?) 60m P1 3 root S, T
Agriculture area (m?) 60m P2 3 root S, T
Agriculture area (m?) 60m P3 3 root ST
Closed forest area (m?) 60m P1 S, T
Closed forest area (m?) 60m P2 S, T
Closed forest area (m?) 60m P3 ST
Closed forest area (m?) 60m P4 power 3 ST
Maple syrup production (Yes/No) 60m All S, T
Open forest area (m?) 60m P3 S
Partial forest disturbance area (m?) 60m A4 S, T
Pasture area (m?) 60m P1 S, T
Pasture area (m?) 60m P2 3 root ST
Regeneration area (m?) 60m P1 S, T
Regeneration area (m?) 60m P2 S, T
Landscape composition and disturbance variables
Abandoned agric. field area (m?) 2km P3 ST
Abandoned agric. field area (m?) 600m P3 ST
Agriculture area (m?) 2km P1 S, T
Agriculture area (m?) 2km P2 S, T
Agriculture area (m?) 2km P3 S, T
Agriculture area (m?) 2km P4 S, T
Agriculture area (m?) 600m P1 S, T
Agriculture area (m?) 600m P2 S, T
Agriculture area (m?) 600m P3 S, T
Agriculture area (m?) 600m P4 S, T
Closed forest area (m?) 2km P1 S, T
Closed forest area (m?) 2km P2 S, T
Closed forest area (m?) 2km P3 S, T
Closed forest area (m?) 2km P4 S, T
Closed forest area (m?) 600m P1 S, T
Closed forest area (m?) 600m P2 S, T
Closed forest area (m?) 600m P3 S, T
Closed forest area (m?) 600m P4 S, T
Open forest area (m?) 2km P1 S, T
Open forest area (m?) 2km P2 S, T
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Explanatory variable . Shrub (S)
Spatial Temporal :larla:)Ie fi or Tree (T)
Factor scale scale? ransformation analysis

Open forest area (m?) 2km P3 S, T
Open forest area (m?) 2km P4 ,
Open forest area (m?) 600m P1 ,
Open forest area (m?) 600m P2 3 root ,
Open forest area (m?) 600m P3 ,
Open forest area (m?) 600m P4 ,
Partial forest disturbance area (m?) 2km A1l 3 root ,
Partial forest disturbance area (m?) 2km A2 3 root ,
Partial forest disturbance area (m?) 2km A3 ,
Partial forest disturbance area (m?) 2km A4 ,
Partial forest disturbance area (m?) 600m A2 ,
Partial forest disturbance area (m?2) 600m A4 ,
Pasture area (m?) 2km P1 ,
Pasture area (m?) 2km P2 ,
Pasture area (m?) 2km P4 ,
Pasture area (m?) 600m P1 ,
Pasture area (m?) 600m P2 ,
Pasture area (m?) 600m P4 ,
Regeneration area (m?) 2km P1 3 root ,
Regeneration area (m?) 2km P2 ,
Regeneration area (m?) 2km P3 3 root ,
Regeneration area (m?) 2km P4 ,
Regeneration area (m?) 600m P1

Regeneration area (m?) 600m P2 ,
Regeneration area (m?) 600m P3 3 root ,
Regeneration area (m?) 600m P4 ,

Severe forest disturbance area (m? 2km A1 3 root

Severe forest disturbance area (m? 2km A2

Severe forest disturbance area (m? 2km A3 3 root

Severe forest disturbance area (m? 2km A4

Severe forest disturbance area (m? 600m A2

3 root (shrubs),

)
)
)
)
Severe forest disturbance area (m?) 600m A1
)
)
)
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Severe forest disturbance area (m? 600m A3 NT? ,
(trees)

Severe forest disturbance area (m? 600m A4 ,
Sparse forest area (m?) 2km P1 ,
Sparse forest area (m?) 2km P2 ,
Sparse forest area (m?) 2km P4 ,
Sparse forest area (m?) 600m P1 3 root ,
Sparse forest area (m?) 600m P2 3 root

Sparse forest area (m?) 600m P4 ,
Total % of partial forest disturbance 2km All ,
Total % of severe forest disturbance 2km All ,
Urban area (m?) 2km P3 3 root

Urban area (m?) 2km P4 3 root

Urban area (m?) 600m P4 3 root ,

Landscape configuration and connectivity variables

Distance to nearest forest disturbance (m) All A1l S, T
Distance to nearest forest disturbance (m) All A2 S, T
Distance to nearest forest disturbance (m) All A3 S, T
Distance to nearest forest disturbance (m) All A4 3 root S, T
Distance to nearest forest edge (m) All P1 S, T
Distance to nearest forest edge (m) All P2 3 root S, T
Distance to nearest forest edge (m) All P3 3 root S, T
Distance to nearest forest edge (m) All P4 S, T
Distance to nearest pasture (m) All P1 3 root ST
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Explanatory variable Variable Shrub (S)
Spatial Temporal : or Tree (T)
Factor sF:::aIe sc:Iea transformation analysis
Distance to nearest pasture (m) All P2 3 root ST
Distance to nearest pasture (m) All P3 3 root S, T
Distance to nearest pasture (m) All P4 S, T
Length of forest edge (m) 2km P1 ST
Length of forest edge (m) 2km P2 ST
Length of forest edge (m) 2km P3 ST
Length of forest edge (m) 2km P4 S, T
Length of roads (m) 2km P1 ST
Length of roads (m) 2km P2 ST
Length of roads (m) 2km P3 ST
Length of roads (m) 2km P4 3 root S, T
Mean distance to forest disturbances (m) All A1l S, T
Mean distance to forest disturbances (m) All A2 ST
Mean distance to forest disturbances (m) All A3 S, T
Mean distance to forest disturbances (m) All A4 S, T
Probability of connectivity 2km P1 3 root S, T
Probability of connectivity 2km P2 3 root S, T
Probability of connectivity 2km P3 ST
Probability of connectivity 2km P4 S, T
@ Temporal scale = P1 (1930-40), P2 (1958), P3 (1983), P4 (2015), A1 (before 1930-40), A2 (between 1930-40 and

1958), A3 (between 1958 and 1983), A4 (between 1983 and 2015).
b NT = no transformation.
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CHAPITRE II
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2.1 Abstract

Land-use intensification over time and the resulting fragmentation of forest landscapes can play a
preponderant role in determining the functional composition and structure of forest communities
by altering the distribution of species based on their response traits. In this study, that was
conducted in southern Quebec, Canada, we investigate whether present-day tree communities
are linked to past stand and landscape conditions through their functional trait patterns. We also
investigate whether more disturbed landscape trajectories over time can lead to an erosion of
response diversity and a filtering of response traits in present-day local forest communities. We
sampled 64 sites to assess the current tree abundance and current local explanatory variables at
the sampling site scale (about 30 m radius). We also gathered information about functional
response traits from the literature and trait databases and computed functional diversity indexes
and the community weighted mean for each site. Aerial photographic image interpretation and
analyses of forest maps were conducted to assess stand (60 m) and landscape (600 m and 2 km)
historical explanatory variables for 5 time periods (1907, 1930-40, 1958, 1983 and 2015). We then
identified two combinations of landscape trajectories, each combination comparing more disturbed
landscapes with less disturbed landscapes over the past 85 years. We showed that forest tree
communities located in fragmented landscapes carry an ecological memory in their functional
structure that is related to stand and landscape conditions that date back to the years 1930-40
and 1958, but that more recent past and present-day conditions are also important. We also
showed that landscape disturbance history acted as an important trait filter: more intensively
disturbed landscapes showed a functional erosion of response diversity and a response trait
filtering favouring species with high dispersal ability. Since response diversity is assumed to be
closely related to ecosystem and community resilience, those communities located in highly
disturbed landscapes over time might then have an impaired ability to adapt in the face of global
change threats. Our results support the view of a need for forest restoration emphasizing an
increase in response diversity to enhance forest resilience to stressors related to global changes.
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