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AVANT-PROPOS

Le présent mémoire est divisé en trois chapitres. Le premier chapitre, introduction
générale, est consacré a une revue bibliographique en plus du contexte et des
objectifs de 1’étude. Le deuxiéme chapitre est présenté sous forme d’un article
scientifique qui sera soumis a la revue Forests avec comme auteur, « Chafik Analy,
Lahcen Benomar, Martin Perron, Julie Godbout, Jean Beaulieu, Yves Bergeron,
Jean Bousquet, Mebarek Lamara ». Je suis le principal responsable de la collecte
des données, de leur analyse et de la rédaction de l'article. Mes directeurs et
membres du comité d’encadrement ont contribu¢ a la conception de 1’étude et m’ont
assisté dans I’interprétation des résultats. Ils ont aussi révisé de maniére critique et

constructive le contenu de I’article. Le troisieme chapitre est une conclusion

générale.
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Table
2.1

2.2

LISTE DES TABLEAUX

Geographical coordinates and bioclimate normals of the six
migrated white spruce seed sources origin (timeframe: 1940-
1970) and the actual plantation test sites (timeframe: 2010-2020).
Climate data was extracted using BIOSIM (Régniére et al., 2014).
The table was adapted from (Benomar et al.,

Summary statistics of the analysis of variance (ANOVA) of frost
tolerance indices, tree’s height, and NSC content considering the
effects of plantation test site, seed source, freezing temperature,
and their possible interactions for frost tolerance. Plantation test
site, seed source, freezing temperature, and their possible
interactions for frost tolerance. Plantation test site, seed source,
and their interaction for height. Plantation test site, seed source,
sampling date, and their interaction for NSC content sugars. The
mentioned terms are described as follows. DF: degree of freedom,
SSQ: Sum of squares errors, MSE: Mean square errors. F-value:
Fisher’s test value, and p-value: level of significance............

Page

17



RESUME

Les changements climatiques affectent tous les écosystemes de la planéte. Au
Québec, on s'attend a ce que la température moyenne augmente de 2 °C au cours
des prochaines décennies le long du gradient latitudinal. Par conséquent,
I'occurrence des extrémes climatiques sera plus fréquente et causera des dommages
importants aux espéces foresti¢res. Etant donné l'importance économique et
¢cosystémique de I’épinette blanche, la migration assistée représente une solution
prometteuse pour son adaptation rapide. Dans ce but, six sources de semences
provenant de différentes zones climatiques et une source de locale ont été
considérées dans cette étude apres 7 ans de plantation. La phénologie automnale a
¢été suivie de la mi-juillet a la mi-aotit 2021. Des échantillons représentatifs ont été
prélevés sur chaque source de semences/bloc/site au début du mois de septembre
pour évaluer la tolérance au gel. Deux dates d'échantillonnage ont été considérées
vers la fin de la saison de croissance pour évaluer la dynamique des hydrates de
carbone non-structurel (NSC). Nos résultats ont montré des effets importants du
site de plantation, de la source de semences et de leurs interactions sur la formation
du bourgeon et la croissance. La probabilité d'occurrence des stades 2, 3 et 4 été
significative. La source de semences du sud-est a montré la meilleure croissance
dans les conditions chaudes. La tolérance au gel était significativement plus faible
au Sud a partir de -12 °C pour toutes les sources de semence. Celles les plus
vulnérables partagent des conditions microclimatiques similaires. Quatre NSC ont
¢été détectés : Fructose, glucose, saccharose et pinitol. Ils ont été principalement
affectés par le site de plantation. Les trois premiers sucres ont montré des patrons
dynamiques significatifs : La teneur en fructose et en glucose a diminu¢ dans le Sud
et augmenté dans le Nord entre septembre et octobre, tandis que la teneur en sucrose
a enregistré un patron inverse. La source de semence la plus au sud-ouest a
enregistré la teneur en sucrose la plus faible. Le climat d'origine et le climat actuel
ont montré des associations significatives avec la hauteur, la tolérance au gel et
certains composés de NSC. Les sources de semence et le site de plantation de la
zone Sud étaient, principalement, caractérisés par le nombre de jours d'été, l'indice
d'intensité des précipitations et la durée de la saison de croissance, tandis que les
sources de semence et le site de plantation de la zone Nord étaient caractérisés par
le nombre de jours de gel et de jours de froid. Les sources de semence des latitudes
moyennes ¢étaient principalement décrites par les valeurs quotidiennes minimales et
maximales des températures minimales et maximales. Notre étude a permis d'établir
une cartographie détaillée de certains traits physiologiques importants nécessaires
a une adaptation réussie de 1'épinette blanche. Elle peut étre utilisée pour identifier
les meilleurs sites pour la migration assistée, améliorer la précision des modeles de
transfert de semences a travers le Québec, réduire les risques de dommages causés
par le gel et maintenir des taux de productivité ¢levés dans le futur.

Mots clés : Epinette blanche, phénologie automnale, tolérance au gel, croissance,
migration assistée, sucres



CHAPITRE I : INTRODUCTION GENERALE

1.1. Dynamique des populations foresticres

Au cours du temps, il a été attesté que les espéces ont réagi individuellement au
cours des périodes historiques des changements climatiques par des migrations
géographiques vers et depuis des refuges glaciaires uniques (Petit et al., 2008;
Gonzales et al., 2009). Des recherches récentes ont démontré que de nombreuses
especes d'arbres subissent déja des changements de distribution en réponse aux
changements climatiques. En effet, différentes études ont mis en évidence le
déplacement de certaines especes vers le pdle et en altitude (Chen et al., 2011), et
d’autres se déplacent de I’Est vers 1’Ouest pour suivre les changements dans la
disponibilité de 'humidité et de température (Feiet et al., 2017). Ceci change en
fonction de la population, sa dynamique, et sa position géographique. Ceux dont les
besoins en mati¢re d'habitat sont trés spécifiques ou dont les aires de répartition
sont limitées par des barri¢res physiques sont entiecrement menacées d'extinction ou
de disparition (Erickson et al., 2012). Alors que les espéces largement répandues,
leur disparition compléte ne constitue pas nécessairement un risque, toutefois, les
changements climatiques peuvent entrainer une mortalit¢ a grande échelle et la
disparition de la population en raison de sa mauvaise adaptation. Ceci peut étre
causé en grande partie par les extrémes climatiques, qui ont considérablement
augmenté comparé a la période de base 1951-1980 (Hansen et al., 2012). Durant
cette période, environ 1 % de la surface terrestre était touchée par des événements

extrémes de chaleur alors qu’en 2010 a atteint 10 % (Hansen et al., 2012).



1.2. Prévisions des effets de changement climatique

Au Canada, la forét boréale subira des variations environnementales plus
importantes que la moyenne mondiale en ce qui concerne la température et les
précipitations (GIEC, 2014). On prévoit des augmentations de température
atteignant jusqu’a 6 °C a I’horizon 2100, selon le scénario RCP8.5 (GIEC, 2014),
accompagnées d’une augmentation générale des précipitations. Au Québec,
I’organisme Ouranos prévoit des augmentations similaires pour les années 2071-
2100, alors que les températures annuelles moyennes pourraient augmenter entre 4
°C et 7 °C, étant de plus en plus importantes a mesure que I’on monte vers le Nord
québécois. Le régime des précipitations annuelles devrait également augmenter de
facon générale pour la province, mais des périodes de sécheresse en été pourraient

étre observées au Sud du Québec (Collins et al., 2013) (Figure 1.1).



Figure 1.1 Augmentations de température (en haut a droite) et des précipitations (en
bas a droite) pour I’Amérique du Nord selon les scénarios RCP2,6 et RCPS,5 et
selon I’horizon 2046-2065 et 2081-2100 par rapport aux moyennes de 1986-2005
(Collins et al., 2013).

En tenant compte de I’importance économique de 1’industrie forestiére au Canada,
qui génere 1,25% du produit intérieur brut (PIB) réel (Gouvernement du Canada,
2016a) et le maintien qu’offre a la balance commerciale (exportations des produits

forestiers), qui a éteint en 2013, 19,3 milliards de dollars, les changements



climatiques prévus dans ’hémisphére Nord représentent une menace majeure. En
effet, il a été souligné qu’il y aura des augmentations de température au futur,
accentueront la sécheresse et la disponibilité de I’eau de I’écosystéme boréal. Par
conséquent, les arbres deviendront plus vulnérables et moins productifs

(D’Orangeville et al., 2018).

1.3. Ecologie de 1’épinette blanche

L’épinette blanche (Picea glauca [Moench] Voss) est une espéce largement
distribuée dans la foret boréale nord-américaine. Elle s’étend de la cote Atlantique
vers 1’océan Pacifique. En Amérique du Nord, cette espéce est répartie au
Minnesota, Wisconsin et Maine, et étendu jusqu’a la limite forestiére en Alaska
(Nienstaedt et Zasada, 1990). Elle se trouve généralement au sein des peuplements
mixtes sur des sites bien irrigués et souvent en tant que peuplement pure a I’ouest
du Canada (Bergeron et al., 2014). Cette espece s’établit directement aprés une
perturbation telle qu'un feu de forét (Greene et al., 1999; Purdy et al., 2002) ou
plusieurs décennies apreés une perturbation (Lieffers et al., 2011) comme les
attaques de la tordeuse des bourgeons, qui causent la mortalité d’une grande partie
du couvert forestier formée de sapin baumier (Abies balsamea (L.) Mill.) (Belle-
Isle et Kneeshaw, 2007). L’épinette blanche ne semble pas particulierement adaptée
a la régénération naturelle immédiatement apreés une perturbation et ne possédant
pas des cones (semi) sérotineux comme I’épinette noire (Picea mariana (Mill.)
BSP) (Greene et al., 1999). Bien qu’il y ait différentes strates (issue de marcottage
des branches) dans certains sites de haute altitude (Nienstaedt et Zasada, 1990), la
quasi-totalité¢ de sa régénération provient des graines. La longue espérance de vie,
les faibles taux de mortalité, la dispersion périodique des semences, et la tolérance
a I’ombre peuvent probablement aider a expliquer la persistance de cette espéce

dans les peuplements forestiers et son importance dans la forét boréale.



1.4. Physiologie et métabolisme des sucres chez les arbres

Les processus physiologiques (croissance, secrétions hormonales, métabolisme des
sucres et régulations des phases cycliques) des arbres sont influencés
principalement par les facteurs environnementaux (Benomar et al., 2015). Les
arbres réagissent différemment aux variations climatiques le long de leurs cycles de
développement (Figure 1.2). Par conséquent, des changements rapides et
réversibles du métabolisme ou de la morphologie ont lieu; il s’agit de
I’acclimatation (El Kayal et al., 2011). Grace aux capteurs des signaux de
température, I’arbre détermine les phases de son cycle de développement. En effet,
apres la phase de la croissance active, la premiére phase d’acclimatation automnale,
commence 1’écodormance. Sachant que cette phase est réversible, 1’augmentation
de la température vers la fin de I’été peut entrainer une reprise de la croissance
active. Ainsi, on parle du débourrement tardif. Ensuite, 1’endodormance
(approfondissement de la dormance) commence, généralement, entre septembre-
novembre et permet d’acquérir la résistance au gel afin de survivre a I’hiver (Prunier
et al., 2015). Ce processus est accompagné avec I’allocation des réserves de sucres

dans la partie aérienne de I’arbre (Jiang et al., 1994).



Figure 1.2 Cycle annuel de croissance chez les arbres (Adapté de Singh et al., 2017).
JC = jour court; BT=basse température; TE= température élevée; JL=jour long.

La synchronisation de I’entrée en dormance avec la fin de la période propice a la
croissance est reli¢e a la date d’apparition du bourgeon terminal lors de 1’aotitement
(Bigras & Colombo, 2001). Cette partie de 1’arbre contient une des structures les
plus vulnérables au froid qui est le méristeme apical. Son développement passe par
différents mécanismes physiologiques, citant entre autres, la formation du
bourgeon, I’acquisition de la tolérance au gel et la dormance (Rohde & Bhalerao,
2007; Ruttink et al., 2007). Comme l'aotitement, le niveau de tolérance au gel des
arbres n’est pas le méme tout au long de I’année. Suivant l'aolitement, il augmente

en effet, progressivement en automne, via un processus actif (Weiser, 1970) appelé



I’endurcissement (Levitt, 1980; Sakai et Sakai, 1987). L aottement est donc une
caractéristique phénologique importante de 1’acclimatation au froid. Plus t6t le
bourgeon terminal apparait, plus tot I’arbre acquiert la résistance au froid nécessaire
pour hiverner sans dommages et plus tot la croissance s’arréte (Bigras & Colombo,
2001; Howe et al., 2003). L’occurrence des extrémes climatiques, notamment le
gel, entraine des perturbations du cycle de croissance annuel et affecte le

développement normal de la croissance des arbres.

1.5. Variabilité génétique et migration assistée de 1’épinette blanche

Etant donnée le large domaine écologique de I’épinette blanche au Canada,
plusieurs études ont ¢été réalisée sur sa diversité génétique et son adaptation aux
changement climatiques. En effet, I’étude d’Andalo et al. (2005) a démontré que
I’adaptation locale de 1’épinette blanche est un processus complexe sur le plan
génétique, impliquant plusieurs composantes indépendantes et leurs interactions.
Dans un autre contexte, le développement d’un modele de transfert de semences
d’épinette blanche a témoigné la mésadaptation des sources de semences locales en
considérant leurs conditions climatiques d’origines et ceux du site de plantation
(Andalo et al., 2005; Hornoy et al., 2015). Cette mésadaptation a été constatée aussi
suivant le gradient latitudinal. Les sources génétiques optimales proviennent d’un
climat plus méridional alors que les sources locales sont adaptées a un climat
moyennement froid que le climat actuel (communication personnelle de Jean
Bousquet, 2021). En termes de phénologie, Li et al. (1993) ont souligné la
synchronicité du débourrement et la grande variabilité de 1’aotitement de différentes
provenances génétiques de I’épinette blanche. En outre, Lu et Man (2011) ont
montré que la période de débourrement varie considérablement entre les

provenances. Par ailleurs, Beaulieu et Rainville (2005), attestent que les sources de



semences d’épinette blanches sont mieux adaptées aux conditions climatiques 1a ou
elles croissent actuellement et atteignent un rendement maximum sous ces

conditions.

L’épinette blanche porte un intérét particulier chez la communauté scientifique en
matiere d’amélioration génétique et d’aménagement forestier. Ainsi, la migration
assistée, qui consiste a déplacer une population par ’humain, de plantes ou
d’animaux vers les habitats climatiques auxquels ils sont adaptés (Ste-Marie et al.,
2011, Benomar et al., 2022), représente une approche prometteuse d’aide a
I’adaptation des espéces foresticres. En effet, plusieurs modéles de transfert de
semences ont été développés pour différentes espéces, en combinant les données
climatiques et les données de croissance des arbres (Rainville et al., 2014). Ces
modeles permettent d’estimer la productivité future en volume de bois marchand et
déterminer les provenances performantes et mieux adaptées aux conditions futures.
Au Canada, certaines provinces ont déja commencé a adopter la migration assistée
comme mesure proactive sur leurs territoires, citant entre autres, le Québec qui
utilise les modéles de transfert de Beaulieu et al. (2004) et de Rainville & Beaulieu,
(2005). En outre, plusieurs chercheurs (sont impliqués dans le développement des
modeles de transfert de semences des principales essences commerciales
notamment, le pin gris et 1’épinette blanche (Benomar et al., 2015, 2016, 2017;
Villeneuve et al., 2016; Lamhamedi et al., 2017) ainsi que 1’épinette noire en
Ontario (Thomson et al., 2009) et au Québec (Rainville et al., 2014) afin de choisir
les sources de semences les mieux adaptées au climat futur a I’échelle provinciale.
Ces modeles s’articulent majoritairement sur [’évaluation des contributions
génétiques et la plasticité phénotypique des différentes sources de semences. En
effet, Marquis et al. (2020) ont souligné I’importance de développer des modeles
de transfert de semences qui tiennent en compte les processus physiologiques et les
extrémes climatiques (surtout le gel printanier). En fait, les modeles de transfert ont
pour but de prédire la performance des plants selon le climat projeté ou encore selon

la différence de climat entre plusieurs sites. Malgré leur importante contribution



dans I’¢laboration d’un plan de migration assistée pour le Québec, ces modeles ne
prennent toutefois pas en considération certains €léments importants susceptibles
d’affecter la survie et la performance des plants (Isaac-Renton et al., 2014), par
exemple les traits physiologiques régissant la tolérance des différentes sources
génétiques aux sécheresses et au gel. Il a été souligné que les variables de croissance
sont fortement associées a la génétique des plants (degré d’adaptation et de
plasticité) et a I’environnement (fertilité, sol, eau, température, précipitations, etc.)
(Li et al., 2017). Certes, pour réduire les risques des extrémes climatiques, il est
important d’inclure la réponse de certains processus physiologiques aux modeles
de transfert (e.g. phénologie et tolérance au gel, acclimatation thermique, nutrition
minérale, dynamique des métabolites, etc.) afin d’optimiser la performance des
essences foresticres en fonction des changements climatiques anticipés
(Lamhamedi et al., 2017) et face aux perturbations naturelles (e.g. Feu, tordeuse
du bourgeon). Comme il a ét¢ mentionné par Kim et al. (2017), le renforcement des
anomalies de réchauffement de I'Arctique au cours des dernic¢res décennies a réduit
la productivité en Amérique du Nord. De plus, ’occurrence du froid hatif en 2018
et 2019, avec des températures chutant en dessous de -15 °C a -20 °C et des
tempétes de neige (blizzards) dés le début de  novembre

(https://www.meteomedia.com/ca, consult¢ en 2020). Ce phénoméne di aux

oscillations vertigineuses du vortex polaire descendant sous les latitudes du Québec
étalé sur une grande période en raison de ’affaiblissement du courant jet ou le
réchauffement accentué du climat au pole Nord améne le vortex polaire a descendre
beaucoup plus vers le sud fréquemment. Ce méme phénomeéne amene aussi des
blocages climatiques 1’été avec des sécheresses accentuées et plus fréquentes
accompagnées d’une remontée plus importante des masses d’air chaudes (Kug et
al., 2015; Overland et al., 2016). Ainsi, I’évaluation des traits physiologiques durant
la phase juvénile des plants forestiers, apres leur mise en terre, est nécessaire
puisque la phase d’établissement constitue la période la plus critique en raison de
la vulnérabilité des plants aux stress environnementaux et a leurs interactions

multiples (Lamhamedi & Bernier, 1994).


https://www.meteomedia.com/ca
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C’est dans cette optique ou le présent projet a eu lieu en vue de comprendre la
relation entre la phénologie automnale de I’épinette blanche et sa tolérance au gel
suivant un gradient climatique afin d’évaluer les interactions génotype-
environnement et de développer un nouveau modele de transfert de semences
d’¢épinette blanche. Pour ce faire, les objectifs spécifiques ont été structurés comme

suit :

1.6.  Objectifs et hypothese

1.6.1. Hypothese de recherche

La phénologie du bourgeon de I’épinette blanche, sa croissance, sa tolérance au gel
et la teneur en sucres solubles varient significativement suivant la source génétique,

le gradient climatique et le climat du site de plantation.

1.6.2. Objectifs spécifiques

» Examiner les variations génétiques et la plasticité phénotypique des différentes

phases phénologiques d’aolitement et de croissance.
» Déterminer la relation entre la tolérance au gel, le climat du site de plantation et

le climat d’origine des sources génétiques.

» Comparer la dynamique des sucres solubles a la fin de la saison de croissance

des différentes sources génétiques.
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2.1. Abstract

To assess potential impact of climate change on white spruce, six seed sources from
different climatic zones and one local seed source were evaluated after 7 years of
planting in two sites. Bud set, frost tolerance and non-structural carbohydrates
(NSC) content analysis showed important effects of plantation test site, seed source,
and their interactions on bud set phenology and growth. The first phase of bud set
occurred one week later in the southern site compared to the northern site, whereas
the late phase of bud set was similar in both sites. Significant differences were
recorded between seed sources for some phenological stages. The frost tolerance
was significantly lower in the southern plantation test site below -12 °C for all seed
sources. NSC, fructose and glucose content variation were opposite in September
between sites. It decreased from September to October in the southern site and
increased in the northern site, while Sucrose content recorded the opposite pattern
in October. The southwestern seed source had the lowest sucrose content. The NSC
content was correlated to frost tolerance. Our study highlighted the important role
of NSC in cold hardiness and growth response to early frost and origins climate

implication to white spruce adaptation.

Keywords: bud set phenology, Picea glauca, assisted migration, cold hardiness,

functional traits, growth, non-structural carbohydrates.
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2.2. Introduction

During past periods of climate change, natural forest species responded individually
with extensive geographic migrations from glacial refugia (Petit et al., 2008;
Gonzales et al., 2009; Jaramillo-Correa et al., 2009). Recent research showed that
many tree species are already undergoing distributional changes in response to
climate change, highlighting the poleward and upper elevation shifts of some
species (Chen et al., 2011; Aidenapol et al., 2015; Wu et al., 2015), and others
moving in longitude following moisture availability and temperature changes (Fei

etal., 2017).

In Canada, it is predicted that the boreal forest will experience greater
environmental variation in temperature and precipitation than the global averages
(Adam-Poupart et al., 2014). In the eastern part of this ecozone, the temperature
will increase by up to 6 °C in the horizon of 2100 under the RCP8.5, the worst-case
scenario, coupled with an overall increase in precipitation (IPCC, 2021). For the
boreal forest of Québec, the Ouranos climate change monitoring organization has
predicted similar increases for the years 2071-2100, where average annual
temperatures could rise between 4 °C and 7 °C as one moves northward in Québec.
However, the climate change that we are experiencing is shifting the environmental
conditions too fast for trees to follow their optimal growing conditions and climate
by migration alone (Aitken et al., 2008). Already, signatures of local genetic
maladaptation have been recorded with regards to warming temperatures (Andalo
et al., 2005; Benomar et al., 2022). Despite the obvious warming trend in average
temperature, climate change is also expected to increase the frequency and severity
of extreme events, which have a high potential to impact vegetation communities

(Lloret et al., 2012; Marquis et al., 2022).
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Assisted population migration, also called assisted gene flow, was proposed as a
proactive approach to help forest species adaptation to global change. It has also
been suggested as a strategy to mitigate the effect of climate change on forests
(Pedlar et al., 2012; Aitken & Bemmels, 2016). This approach relies on the
calculation of the maximal seed source’s transfer distance which is generally within
the natural range of the species distribution using growth response and bioclimatic
predictors (Beaulieu & Rainville, 2005). However, when moving local seed sources
to colder environments, assisted migration could carry the risk of frost damage if
seed sources are moved too far, or if expected warmer climate conditions have not
yet materialized (Benomar et al., 2022). In spite of the warming climate of the last
few decades under northern mid-latitudes, severe frost damage still occurred in
natural populations, particularly during the growing season, for instance, after a
frost spell in spring 2007 in Eastern North America (Gu et al., 2008; Man et al.,
2009), and after another late spring cold spell in 2021 following an early warm
spring, where local populations and migrated seed sources suffered severe damages
(Benomar et al., 2022). Thus, frost damage and growth limitations become a serious

risk for the newly introduced populations.

Moreover, differences between seed sources in bud set and the onset of cold
hardiness during late summer and in the fall have been reported to be greater than
that for bud flush and the release of cold hardiness in spring (e.g., Li et al., 1993).
Thus, latitudinal transfers might have a greater impact on susceptibility to early fall
frost occurrences (Aitken & Hannerz, 2001). Many studies have highlighted the
necessity of including eco-physiological responses and non-structural
carbohydrates metabolism in seed transfer models to reduce frost damage risks
(Villeneuve et al., 2016; Marquis et al., 2020; Benomar et al., 2020, 2022). Such
models should include extreme weather events, cold hardiness chronology, non-
structural carbohydrates dynamics of seed sources, and ecological conditions of
plantation test sites at the end of the growing season. Knowing that cold hardiness

heavily relies on bud set phenology and the release of cold hardiness, and that
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variation for this trait is usually the main factor affecting the length of the growing
season (Li et al., 1993), the trade-off between growth and cold hardiness is largely
driven by how long trees extend their growing season during the fall (Howe et al.,

2003).

In this study, we used six white spruce (Picea glauca [Moench] Voss) seed sources
originating from different bioclimatic domains in the province of Québec (Canada)
and local population controls to assess the importance of adaptive traits that could
impact tree productivity in two sites presenting contrasted environmental conditions
(warm and cold). Our goal was to disentangle the genetic from the environmental
effects and understand their interaction for bud set, frost tolerance and non-

structural carbohydrate content, and detect potential clinal variation in those traits.

This study should help minimizing the risks of frost damage related to seed source
transfer under assisted migration programs and support the development of new
seed transfer models better adapted to predicted climatic conditions, thus
maintaining optimal productivity in future reforestation efforts in the context of

climate change.

2.3. Material and methods

2.3.1. Study area: Seed sources and experimental site conditions

Between 2014 and 2015, six seed sources (from orchards) and local seed sources
(control) were planted at nine test sites by the MRNF (Ministére des Ressources
Naturelles et des Foréts du Québec) distributed between latitudes 45°N and 49°N
and longitudes 65°W and 79°W in the province of Québec (Otis-Prud’homme et
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al., 2018). These plantations were arranged along an average annual temperature
gradient of 5.8 °C. Two of these plantation test sites with most contrasting average
annual temperatures were considered in this study, the southern Wendover site
(planted in 2014) and the northern Rousseau site (planted in 2015) (Figure 2.1).
Each plantation test site thus contained six transferred seed sources and the local
seed source (Table 2.1). The photoperiod was estimated for each site based on sites’
latitude and longitude. The maximum difference in the daylight period between the
northern and southern sites observed during the summer solstice was around half

an hour (Annexe A).

Figure 2.1 Geographical locations of seed sources and plantation test sites.
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Table 2.1 Geographical coordinates and bioclimate normals of the six migrated
white spruce seed sources origin (timeframe: 1940-1970) and the actual plantation
test sites (timeframe: 2010-2020). Climate data was extracted using BIOSIM
(Régnicre et al., 2014). The table was adapted from (Benomar et al., 2016).

Latitude Longitude Altitude GDD5 MAT TAP FD SD
CN) W) (m) 0  (C) (mm) (days) (days)

Seed sources

Wendover 46.39 71.94 116 1708 4.16 1093 157 62
Fontbrune 46.43 75.74 354 1588 3.42 989 183 43
Baby 47.75 78.47 321 1480 2.03 920 197 31
Robidoux 48.76 77.86 314 1332 0.84 889 204 14
Desroberts 48.55 65.59 270 1298 2.60 1117 212 32
Falardeau 48.54 71.73 351 1347 1.37 1039 184 35

Plantation test sites
Wendover 45.98 72.52 71 2141 6.2 1080 156 51
Rousseau 49.15 79.20 292 1430 1.1 925 205 33

GDDS5: Number of growing degree-days >= 5°C; MAT: Mean annual temperature;
TAP: Total annual precipitation; FD: Number of frost days (Days with Tmin <
0°C); SD: Number of summer days (days with Tmax > 25°C).

2.3.2. Experimental design

Each site contains 4032 white spruce trees organized in 4 randomized complete
blocks (density of 2000 trees/ha; spacing of 2.25 m x 2.25 m). Each block has 7
plots (each being occupied by one of the 7 seed sources), and each plot contains

144 trees (12 % 12). The two outer rows were excluded from the measurements to
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avoid the border effect. Thus, only the central 64 trees per plot were considered for

sampling and analysis.

2.3.3. Climatic data

Seed source climatic data were obtained using the BIOSIM10 software (Régniere
et al., 2014), which allows the extrapolation of temperature and precipitation from
data collected in the most adjacent meteorological stations. The climate conditions
of seed source origins were assessed using the local climatic normals experienced
by the parental generation from 1940 to 1970, while the current plantation test sites’
climate was assessed using the climatic normals of plantation test sites from 2010

to 2020. Multiple bioclimatic indices (https:/www.climdex.org/learn/indices/)

were derived from temperature and precipitation using the climdex R package
(Bronaugh, 2010) to assess the underlying mechanisms of adaptation and the

interaction effects between seed sources and plantation test sites.

e (dd ratio of frost probability

The odd ratio of annual frost probability during the growing season between
plantation test sites (Annexe B) showed an extreme inter-annual variation of frost
probability during the after-planting years in the northern plantation test site. For
estimation, the growing season was defined as between June 1% and October 31% of
each year, and the number of frost days for each year was estimated as the number

of days with daily minimal temperature < 0 °C during this period (Annexe B).


https://www.climdex.org/learn/indices/

2.3.4. Bud set monitoring

A follow-up of the different phenological stages of bud set was carried out on 20
trees/plot/block/site during the growing season of 2021, once a week with a one-
week delay for the southern site, from the end of June to early August. For each
tree, the chronology of the average bud set stage, on several lateral shoots ranging
from 7 to 10 shoots per tree, was recorded considering different geographical
exposures and heights. The phenological stages were recorded using the white
spruce phenology field guide (Annexe C). The studied bud set stages are described

as follows:

Stage 0: no buds. Elongation of the main stem may already be complete. Stage 1:
apical bud initiation. Presence of a white bud at the end of the main stem hidden
under the needles. Stage 2: beige bud. The scales that begin to cover the bud become
beige. The size of the bud has increased. Stage 3: browning bud. The apical bud is
completely covered with browning scales. The volume of the apical bud has
increased significantly. Stage 4: brown bud. The apical bud is completely brown
and clearly visible. The needles of the whorl are beginning to open outwards. Stage
5: open needles. The apical bud is clearly visible, and its brown, opaque and
concave scales are well-formed (Dhont et al., 2010). To evaluate the late-frost
damage that occurred during the year 2021, the health state of terminal shoots was
also recorded considering using a crown damage index, which was defined as the
proportion of the crown of the trees affected by the late cold spell. Trees with more

than 70% crown damage index were simply avoided.
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2.3.5. Evaluation of frost tolerance

A frequency analysis of the first fall frost was carried out over the last 30 years for
each plantation test site using the daily minimal temperature. It has allowed us to
identify the maximal date before which the first frost fall occurs between the end of
the bud setting and the first fall frost. The October 3™, 2021 was identified as the
best late sampling date to avoid fall frost damage. For each seed source/block/site,
composite samples of 24 shoots were taken randomly from a few undamaged trees.
Shoots were stored in plastic bags previously labelled. Each bag contained a wet
absorbent paper to keep a fresh environment for the samples and avoid their
deterioration through direct contact with ice when placed in a cooler and sent to the

MRNF laboratory in Quebec City for analysis the following day.

The frost tolerance test consisted of applying 6 temperature levels ranging from To
=4 °C (control) to -16 °C with a step of 4 °C using a programmable freezer (Model
T20RS Tenney environmental inc., Williamsport, PA, USA). Each temperature
level lasts 4 hours, and then the temperature was lowered at a rate of 1 °C-h™!; once
the target temperature was attained, it was held constant for 4 hours, and the
electrolytic conductivity (EC) was estimated according to the protocol proposed by
Lamhamedi et al. (2005, 2022). Then, the temperature was lowered at a rate of 1
°C-h™!, and the EC measurements were repeated after 4 hours with a constant
temperature. Briefly, for each site and each freezing temperature, four shoots were
used for each seed source in each block. After having undergone the 5 levels of
freezing temperature (T1 =0 °C, T2 =-4 °C, T3 =-8 °C, T4 =-12 °C, Ts = -16 °C)
as samples of To were not subjected to freezing treatment, the samples were then
immersed in 100 ml of demineralized water overnight at a temperature of 4 °C.
After saturation, the release of electrolytes (EC measured in pSiemens/cm) in the

solution of each sample was measured using a conductivity meter (model 160,
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Orion Research Inc., Boston, MA, USA). Two frost tolerance indices were

calculated as follow:

REC (%) = EC1/EC2 (Eq. 1)
RECsample = REC/RECo (Eq. 2)
LDI = (RECsample — RECo)/(1 — RECo)) (Eq. 3)

Where: REC sample: Relative conductivity at a given freezing temperature (Eq. 1),
EC1: Measured electrolytic conductivity at a given freezing temperature at the
beginning of the test,

EC2: Measured electrolytic conductivity at the end of the test for the same
freezing temperature,

RECo: Relative conductivity at reference temperature 4 °C, LDI: Leaf damage

index (Eq. 3).

2.3.6. Tree height measurement

To assess the growth performance of seed sources and detect any possible frost
effects on their growth, total tree height at 7 years after the plantation was measured
in both sites, and mortality was recorded for all seed sources and within each
plantation test site. Due to the 1-year difference of trees age, the height was adjusted
for 6 years old trees by adding shoot’s length of 2021 to the total height of the same
year to allow a comparison of height between plantation test sites as a proxy for the

Same age.
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2.3.7. Non-structural carbohydrates (NSC) analyses

To examine variations in non-structural carbohydrate (NSC) content towards the
end of the growing season in relation to hardiness and frost tolerance, the sampling
of shoots was carried out on two dates in fall of 2021. The first sampling day in
early September, and the second in early October 2021. For each seed source, three
trees of different height classes (small, medium, and high) were sampled.
Synchronizing NSC and sampling for frost tolerance assessment was designed to
determine the relationship between frost tolerance and sugar metabolism. After
collection, the samples were quickly stored in a cooler containing dry ice. Then they
were freeze-dried to preserve the integrity and quality of the sugars. Finally, they
were sent to the TransBIOTech laboratory (Levis, QC, Canada) to determine NSC
content using an ultra-performance liquid chromatography-evaporative light
scattering detector (UPLC-ELSD). These analyses focused primarily on the most
important sugars for cold acclimation, that is, raffinose, glucose, sucrose, fructose,

and pinitol.

2.3.8. Statistical analyses

To characterize the climate conditions of seed sources origins and actual plantation
test sites, the annual odd ratio of frost probability during the growing season and
the length of the growing season were calculated using the climdex.gsl function
from the climdex R package (Bronaugh, 2010). These two variables were fitted
separately to simple linear models to evaluate the differences between seed sources
and plantation test sites. The significantly different groups were mapped for both

variables along the geographic gradient (north south).
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Normality and homogeneity of variance assumptions were assessed and validated
prior to the analysis of variance (ANOVA) for all fitted linear models in this study.
These models were fitted using the /m and aov functions from the stats R package
(R Core Team 2022). The presence of significant differences was followed by a
post hoc analysis using Tukey’s test method from stats R package (R Core Team
2022) to identify the best seed sources in terms of growth and frost tolerance. The
R-square method was used to estimate the explained percentage of the total variance

using the Performance R package (Liidecke et al., 2021).

The likelihood probability of bud set stage was modeled as a function of day of the
year, plantation test site and seed source (Eq. 4) by an ordinal logistic regression
using polr function from MASS R package (Venables & Ripley, 2002). The results
were visualized using the ggeffects R package (Liidecke, 2018) to highlight the
variation of bud set probability over time between seed sources and plantation test

sites. The model formula is written as follows:

Bud set stage ~ Site + seed source + site x seed source + day of the year

(Eq. 4)

Successive stages correlations were examined as well (Annexe J).

The percentage of damaged terminal shoots and survival rate were fitted to a linear
mixed model with fixed effect of seed sources, plantation test site and their

interatction and the random effect of the bloc nested within site as follows:

Damaged terminal shoot (%) ~ plantation site + seed source + seed source x
plantation site + block (site) (Eq. 6)
Survival rate (%) ~ plantation site + seed source + seed source x plantation site +

block (site). (Eq. 7)
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To evaluate seed source’s frost tolerance, two linear models were fitted to REC and
LDI vs. plantation test site, seed source, freezing temperature, and all their

interactions. The model formula is written as follow for both frost tolerance indices:

Frost tolerance indice ~ plantation site + seed source + freezing temperature + seed
source x plantation site + freezing temperature x plantation site + freezing

temperature x seed source + plantation site X seed source x freezing temperature

(Eq. 8)

Total height was analyzed using the model in Eq. 6, while NSC content was
analyzed using the model in Eq 8 after replacing the freezing temperature by

sampling date.

To determine the relationship between the climate of seed sources' origins, the
climate of plantation test sites, frost tolerance indices, NSC content, and tree height
and bioclimatic variables, correlation analysis was conducted on the average values
of seed sources alone, then added the average values of plantation test sites for all
24 variables. Similar correlations were grouped together using the Ward complete
hierarchical clustering method (Ward, 1963). The resulting clusters were visualized
in two heatmaps (with and without plantation test sites average values) with

significance levels using corrplot R package (Taiyun & Viliam, 2021).

All significant correlations of frost tolerance indices were scatter plotted to
highlight linear relationships of seed source’s origin and the actual plantation test
site in terms of bioclimate, frost tolerance, height and NSC content. To determine
the discriminating factors of the studied seed sources and plantation test sites,
bioclimatic variables were scaled and centered, then, a principal component
analysis (PCA) was fitted using the NIPALS (Nonlinear Iterative Partial Least
Squares) approach from the pcamethods R package (Stacklies et al., 2007).
Factoextra R package (Alboukadel & Fabian, 2020) was used for visualization.
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2.4. Results

2.4.1. Climate characterization of plantation test sites and seed sources origins

The average length of the growing season, calculated over the reference period,
showed that the Wendover seed source had the highest length, around 150 days
(Figure 2.2A). However, the northern Baby and Desroberts seed sources exhibited
smaller lengths of growing season of around 100 days. Wendover seed source
showed significant differences compared to these two north-western seed sources.
However, the mid-latitude Robidoux and Falardeau seed sources exhibited a
moderate average length of the growing season ranging from 115 to 130 days. These
seed sources were not significantly different. On the other hand, plantation test sites
showed significant differences in the average length of growing season, with 165
days at the northern site Rousseau, and 200 days at the southern site Wendover

(Figure 2.2A).

Regarding the average frost odd ratio probability during the growing season,
Wendover, Fontbrune, and Falardeau seed sources showed the lowest frost
probability, around 0.1 (Figure 2.2A). It was significantly higher for the Baby seed
source (mid-latitude), with an average probability of 0.13. The highest frost
probability was exhibited by Robidoux (mid-latitude east) and Desroberts
(northwest) seed sources ranging from 0.18 to 0.21. Regarding the plantation test
site, significant differences were recorded, with 0.05 average frost probability in

the south and 0.16 in the north.

The Fontbrune southern seed source belonged to an intermediate group that
combines the ¢ and b Tukey groups for the frost odd ratio probability (Figure 2.2B),
which are represented, respectively, by the southern Wendover seed source and the

northern Baby seed source.
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On the other hand, the Fontbrune, Robidoux and Falardeau seed sources were
similar and were clustered into an intermediate group between southern and
northern locations for the length of the growing season (Figure 2.2A). The frost odd
ratio probability increases from south to north (Figure 2.2B), while the opposite
occurs for the length of the growing season (Figure 2.2A).

Figure 2.2 Means and standard deviations of the length of growing season (A) and
frost odd ratio probability (B) for seed source origins and plantation test sites, with
actual climate data (2010-2020) for plantation test sites and data of climates of
origins (1940-1970) for seed sources. The beginning of the length of the growing
season was determined as 6 consecutive days with temperature > 5 °C, from June
1% to October 31%. Seed sources and plantation test sites are listed from north to
south.
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2.4.2. Chronology of bud set phenology.

The chronology of bud set of the studied seed sources followed a sigmoidal curve
starting from 0 (last week of June) to 5 (final bud set stage: 1% week of August).
The Wendover plantation test site showed an earlier bud set for all stages and all
seed sources compared to those planted in the north, and all seed sources reached
the final bud set stage at the same time. However, the last stage of bud set was
similar among tested sites. Thus, the bud set period of the studied seed sources was
longer at the southern plantation test site. On the other hand, the average normal
GDDS to initiate bud set was higher for the Wendover southern plantation test site,
around 700 growing degree-days, versus 490 growing degree-days for the Rousseau

northern test site (Figure 2.3).
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Figure 2.3 The chronology of bud set of the studied seed sources for each of the
northern Rousseau and southern Wendover plantation test sites (A) presented with
the corresponding average normal GDD (cumulative growing degree-days > 5 °C
calculated over a 10-year period (2010-2020)) (B). Seed sources are listed from
south to north. Note: GDD5=0, if (Tmin + Tmax) < 5°C; and GDDS5 = (TmintTmax)/2 -
5, if Tmin + Tmax > 5°C.

e Modeling bud set phenology of seed source at plantation test sites.

The ordinal logistic regression model of bud set explained 63% of the total variation
according to McFadden R2 coefficient (Annex J). Bud set initiation was earlier in
the southern plantation test site and for all bud set stages. It highlights a highly
significant effect of the day of the year on the bud set transition (Figure 2.4A) and
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less interference were recorded for stages 0, 4, and 5. However, stages 1, 2, and 3
showed moderate occurrence probability (with a maximum of 0.5) and higher
interference between stages in the time frame between 185 and 205 Julian days of
the year (Figure 2.4A). Regarding variation among seed sources, the same pattern
was recorded for stages 0, 4, and 5, with higher occurrence probability at the
beginning and the end of the bud set cycle. Higher variation was recorded for stages
1, 2, 3, and 4 during the time frame between 190 and 205 Julian days of the year,
with moderate probabilities and higher interference between bud set stages (Figure
2.4B). All seed sources coefficients were significant compared to the Wendover
seed source except Fontbrune, another southern seed source (Annexe J). There was
a highly significant GXE interaction implicating the southern Wendover plantation
test site and the seed sources Desroberts, Baby, and the local seed source of that

plantation test site (Annexe J).
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Figure 2.4 Predicted probability distribution and confidence intervals of bud set
stages of white spruce by plantation test site and seed source through time: A)
northern Rousseau and southern Wendover plantation test sites, and B) the seven
seed source including those local to plantation test sites.

2.4.3. Levels of frost tolerance damage of terminal shoots and survival rate of seed

sources at plantation test sites

The percentage of trees of each seed source showing shoot frost damage in both

plantation test sites following the late cold spell of 2021 (Benomar et al., 2022) is
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presented in Figure 2.5. Most seed sources planted in the southern plantation test
site showed moderate to high damages to terminal shoots, with values ranging from
50% to 80% (particularly for local seed sources). This site also showed high
variability compared to the northern plantation test site where most seed sources
had a percentage of damaged terminal shoots around 50%. The lowest level of shoot
damage was recorded for the Baby seed source (35%) in the northern plantation test
site. Little significant differences were recorded among seed sources and between

plantation test sites for shoot frost damage and survival rate (Figure 2.5).

Figure 2.5 Distribution of the average damaged terminal shoots and live trees
percentages for all seed sources within each plantation test site. Seed sources are
listed from north to south.
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2.4.4. Analysis of variance of frost tolerance, height, and detected NSC

compounds

Relative electrolytic conductivity (REC) and leaf damage index (LDI) were
significantly influenced by the plantation test site, the freezing temperature, and
their interaction between both factors. However, only REC showed an additional
significant effect of the triple interaction between plantation test site, seed source,
and freezing temperature. For height, the seed source, plantation test site, and their
interaction effects were highly significant. For NSC compounds, the plantation test
site effect was significant for all detected sugars. Seed source and sampling date
effects were only significant for sucrose content. However, the interaction between
plantation test site and sampling date was significant for fructose, sucrose, and

glucose compounds content (Table 2.2).
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Table 2.2: Summary statistics of the analysis of variance (ANOVA) of frost
tolerance indices, tree’s height, and NSC content considering the effects of
plantation test site, seed source, freezing temperature, and their possible interactions
for frost tolerance. Plantation test site, seed source, freezing temperature, and their
possible interactions for frost tolerance. Plantation test site, seed source, and their
interaction for height. Plantation test site, seed source, sampling date, and their
interaction for NSC content sugars. The mentioned terms are described as follows.
DF: degree of freedom, SSQ: Sum of squares errors, MSE: Mean square errors. F-
value: Fisher’s test value, and p-value: level of significance.

Source of variation Df SSQ MSE F-val  P-val
A- Relative electrolyte conductivity (REC)

Plantation test site 1 97.29  97.29 172.65 0.00
Seed source 6 2.07 0.34 0.61 0.72
Temperature 4 176.51  44.13 78.30 0.00
Site x Seed source 6 1.12 0.19 0.33 0.92
Site x temperature 4 122.09  30.52 54.16 0.00
Seed source x temperature 24 21.08 0.88 1.56 0.06
Site x Seed source x 24 42.34 1.76 3.13 0.00
temperature

Residuals 135 76.08 0.56

B- Leaf damage index (LDI)

Plantation test site 1 445.13 445.13 109.3 0.00
Seed source 6 11.71 1.95 0.48 0.82
Temperature 4 920.59 230.15 56.53 0.00
Site x seed source 6 4.52 0.75 0.19 0.98
Site x temperature 4 550.74 137.69 33.82 0.00
Seed source x temperature 24 45.51 1.90 0.47 0.98
Site x seed source x 24 48.31 2.01 0.49 0.98

temperature
Residuals 140 569.98 4.07




Table 2.2: Continued.

C- 7 years height (cm)

Plantation test site 1 302814.68 302814.6 134.2 0.00
Seed source 6 90743.70  15123.95 6.90 0.00
Block 3 161498.98  53832.99 24.57 0.00
Site x block 3 39565.96  13188.65 6.02 0.00
Site x seed source 6 102863.52  17143.92 7.57 0.00
Residuals 2606  5709230.6 2190.80

D- Fructose content (%)

Plantation test site 1 15.84 15.84 97.44 0.00
Seed source 6 0.98 0.16 1.01 0.42
Date 1 0.00 0.00 0.00 0.94
Site x seed source 6 0.13 0.02 0.13  0.99
Site x date 1 6.24 6.24 3840 0.00
Seed source x date 6 0.82 0.14 0.84 0.54
Site x seed source x date 6 0.94 0.16 0.96 0.45
Residuals 220 35.77 0.16

E- Glucose content (%)

Site 1 11.06 11.06  9.95 0.00
Seed source 6 13.47 2.25 2.02  0.06
Date 1 0.88 0.88 0.79 0.38
Site x seed source 6 5.42 0.90 0.81 0.56
Site x date 1 42.89 42.89 38.57 0.00
Seed source x date 6 9.59 1.60 1.44 0.20
Site x seed source x date 6 2.61 0.44 0.39 0.88
Residuals 220 244.69 1.11
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Table 2.2: Continued.

F- Sucrose content (%)

Site 1 29.61 29.61 27.52 0.00
Seed source 6 23.58 3.93 3.65 0.00
Date 1 16.27 16.27 15.12 0.00
Site x seed source 6 3.68 0.61 0.57 0.75
Site x date 1 128.33 128.33  119.2 0.00
Seed source x date 6 9.14 1.52 1.42 0.21
Site x seed source x date 6 2.26 0.38 0.35 0091
Residuals 192 206.57 1.08

G- Pinitol content (%)

Site 1 6.30 6.30 63.88 0.00
Seed source 6 0.48 0.08 0.81 0.56
Date 1 0.02 0.02 0.18 0.67
Site x seed source 6 0.20 0.03 0.33 092
Site x date 1 0.04 0.04 037 054
Seed source x date 6 0.17 0.03 0.29 0.94
Site x seed source x date 6 0.31 0.05 0.52 0.79
Residuals 220 21.70 0.10
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2.4.5. Frost tolerance indices: Relative electrolytic conductivity (REC) and leaf

damage index (LDI) of seed sources at plantation test sites

Significant differences in REC and LDI were detected by ANOV A and more details
on the trends observed are presented here. The relative electrolytic conductivity
(REC) boxplots of the studied seed sources showed an increasing pattern with high
values (low frost tolerance) under -12 °C and -16 °C in the southern Wendover
plantation test site (Figure 2.6A). In contrast, most of the seed sources in the
northern Rousseau plantation test site showed a more uniform pattern following the
decrease of freezing temperature. Thus, all seed sources planted in the north showed
low electrolytic conductivity except Falardeau, which reflects their capacity to
tolerate higher freezing temperatures. It is well known that low REC values reflect
high frost tolerance (Lamhamedi et al., 2005, 2022) and, ultimately, that seed
sources are more likely to adapt and grow under these freezing temperatures.
Similar patterns were recorded for the leaf damage index (LDI), highlighting its
strong correlation with (REC). Seed sources showing values around 2 (black
horizontal line, Figure 2.6C) had no apparent frost damage, which was particularly
the case for the Desroberts northern seed source and the Robidoux eastern seed
source (Figure 2.6B, 2.6C). The identified patterns for REC and LDI were
statistically significant (Table 2.2A, 2.2B) and confirmed by Tukey test (Figure
2.6), highlighting three different groups, mainly for the southern plantation test site
(Figure 2.6A), with regards to freezing temperature: -16 °C, -12 °C and [-8 °C, 0
°C]. These groups also allowed to identify the most vulnerable seed sources

(Falardeau and Wendover) under low-freezing temperatures (Figure 2.6B, 2.6C).

36



Figure 2.6 Estimated means and standard deviations with confidence intervals of
relative electrolytic conductivity (REC) and leaf damage index (LDI) of the
studied seed sources within each plantation test site (Rousseau and Wendover) and
for the five tested freezing temperatures (A), (B) and (C) represent predicted REC
and LDI under the effects of seed source, plantation test site, freezing temperature,
and their interactions. Seed sources are listed from north to south.
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2.4.6. Height variation within and among seed sources at plantation test sites.

Given that significant effects were detected by ANOVA for 7-year height, we
looked at the variation in more details. The distribution of 7-year tree height showed
higher variation among seed sources at the Wendover southern plantation test site
compared to the Rousseau northern plantation site (Figure 2.7A). The average
height in the northern plantation site ranged from 120 cm to 145 cm while it ranged
from 130 cm to 185 cm in the southern plantation site. Then mid-latitude east
Robidoux seed source recorded the lowest height in the southern plantation test site,
while the Fontbrune southern seed source has recorded the maximal height (Figure
2.7B). The latter was significantly higher than the other studied seed sources
planted in the south. However, the Desroberts northern and Wendover southern
seed sources were approximately similar in terms of height. At the northern
plantation test site, no significant differences were recorded between seed sources

7-years height (Figure 2.7A, 2.7B).

Little interaction with sites was observed for the seed sources Wendover, Falardeau,
and Baby. The southern Fontbrune seed source showed an important increase in
tree height, from 130 cm at the northern Rousseau site to 180 cm at the southern

Wendover site, highlighting its positive response to warmer conditions in the south.
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Figure 2.7 Distribution of means, standard deviations, and confidence intervals of
7-years tree height (cm) for all studied seed sources in the northern Rousseau and
southern Wendover plantation test sites. A) Represents the confidence intervals of
predicted 7-years height from (Table 2) and B) represents the Tukey test results
with statistical differences and grouping letters; Seed sources are listed from north
to south.

2.4.7. Dynamics of non-structural carbohydrates (NSC)

Given that significant effects were detected by ANOVA for non-structural
carbohydrates, we were interested in looking at the variation in more details. The
chemical analysis of NSC compounds detected four significant types of sugar:
fructose, glucose, sucrose, and pinitol. Following the variation of NSC content,
many spatio-temporal patterns were recorded for fructose, glucose, and sucrose
content (Figure 2.8A, 2.8B, 2.8C, 2.8E) at both plantation test sites and for both
sampling dates. From September to October, fructose and glucose contents
increased in the south and decreased in the northern plantation test site (Figure

2.8A, 2.8B, 2.8E), while the opposite of this pattern was observed for sucrose
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content (Figure 2.8C and 2.8E). However, pinitol content showed significant
differences only between plantation test sites with higher values in the southern
plantation test site. Significant seed sources effect was only recorded for sucrose
content. The Robidoux seed source had the lowest sucrose content, while
Desroberts, Baby, and Wendover seed sources had the highest values. No
significant differences were observed between southern and northern seed sources.
No significant correlations were recorded between southern and northern seed

sources.

Figure 2.8 Means, standard deviations, and confidence intervals of interactions
for all significant differences of non-structural carbohydrates (NSC) content
detected between plantation test site, seed source, sampling date, and their
interactions. Seed sources and plantation test sites are listed from north to south.
The y axis of subplots colored by plantation site represent the sampling date.
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2.4.8. Correlation heatmap of non-structural carbohydrates (NSC), height, frost
tolerance indices, and bioclimate indices at plantation test site and seed

source origin

The correlation analysis of the mean values of all variables taken pairwise showed
multiple associations between functional traits, growth parameters, climates of seed
source origins, and actual climates at plantation test sites (Figure 2.9A). The
hierarchical clustering of similar correlations resulted in six distinct groups, among
which four were highly significant clusters (Pearson test with a significance test of
0.05 risk level). The first group was characterized by the number of frost and icing
days, the maximum length of the wet spell, and the daily temperature range
describing thermal variation and humidity conditions association. The second
significant group gathered pinitol and fructose contents, frost tolerance indices, and
tree height. It described associations between ecophysiological traits and growth.
The third group was more about the climatic conditions during the growing season,
described mainly by maximal extremes of daily temperature and the number of
summer days, which differentiate well the northern from the southern plantation
test sites and seed sources origin climate. The fourth group was characterized
mainly by precipitation variables and minimum values of daily maximum and
minimum temperature highlighting the thermal amplitude and precipitation
association. When excluding the averages of the plantation test sites, many
biologically significant correlations were detected, highlighting the important role
of ecophysiological plasticity in clustering patterns of associations between

variables (Figure 9B).
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Figure 2.9 Pearson correlation heatmap of the averages of frost tolerance
indices, non-structural carbohydrates content, tree height, bioclimatic variables
of seed source origins and plantation test sites (A) and the same correlation
heatmap without the plantation test site averages (B). * P <0.05, ** P <0.01,
*xk P <0.001.
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This section reports on all significant pairwise correlations detected between frost
tolerance indices, NSC content, tree height, and bioclimatic variables of seed source
origins (Figure 2.10). Following the climatic gradient of seed source origins from
north to south and from west to east, the average leaf damage index was negatively
correlated with tree height. Shorter trees appeared to be more prone to frost damage
than taller ones, which is likely due to cold air masses being physically closer to the

ground during late cold spells (Benomar et al., 2022).

Fructose content was positively correlated with leaf damage index, with the lowest
value being recorded for the northern seed source. The Falardeau from mid-latitude
and Wendover southern seed sources had a similar leaf damage index for slightly
different fructose content. The average fructose content explained 35% (R?) of leaf

damage index total variance (Figure 2.10).

Regarding the bioclimate variables, the average length of growing season, the
minimum values of daily minimal and maximal temperature, and the precipitation
intensity index showed positive relationships with the average leaf damage index.
They explained, respectively, 46%, 39%, 48%, and 27% of the total variance of leaf
damage index. Longer length of growing season was associated with higher leaf
damage index (Figure 10), likely indicating a propensy for more southern seed
sources to have suffered more damage for the 2021 late cold spell. The average leaf
damage index was also positively correlated to the number of frost days and icing
days, the maximum length of wet spell, and the daily temperature range value. They
explained, respectively, 61%, 41%, 83%, and 48% of leaf damage index total
variance. All observed relationships of leaf damage index to seed source origins
climate generally followed the same north-south geographic gradient (Figure 2.10).
An exception was the Falardeau seed source, which seems to be the most vulnerable
and being out of the confidence interval of most of the fitted models (Figure 2.10).
The high explained total variance of our models indicates the differential local
adaptation of the studied seed sources. The rest of the unexplained variance was

attributed mainly to plantation test sites and the plantation test site x freezing
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temperature interaction, as identified previously for the leaf damage index (Figure
2.10).

Figure 2.10 Simple linear regressions of average leaf damage index and
confidence intervals versus all detected significant correlations with non-

structural carbohydrates content, tree height, and bioclimatic variables of seed
source origins.
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Four significant correlations were recorded for the average REC in relation to NSC
content (fructose and pinitol), height, and leaf damage index (Annexe E). An
increasing pattern was recorded for fructose content and leaf damage index,
explaining, respectively, 25% and 27% of REC's total variance. Knowing that high
values of REC reflect low frost tolerance, we can clearly see that Desroberts seed
source has exhibited the lowest REC value (highest frost tolerance) among the seed
sources. However, Robidoux seed source recorded the highest REC value (lowest
frost tolerance) at low to medium values of fructose. Regarding the leaf damage
index, Desroberts seed source has recorded the highest frost tolerance and lowest
frost damage, while Robidoux showed particularly the lowest frost tolerance with
medium frost damage. Wendover and Falardeau have recorded the same leaf
damage with medium frost tolerance among seed sources. On the other hand, height
and pinitol content have exhibited a decreasing pattern in relation to REC and
explaining, respectively, 59% and 49% of REC's total variance. The lowest REC
(highest frost tolerance) value was recorded for the most northern Desroberts seed
source having the maximum average height, while the most mid-latitude eastern
Robidoux seed source has recorded the highest REC value (lowest frost tolerance)

with the minimal height among seed sources (Annexe E).

2.5. Discussion

Given the predicted climate change in boreal forest, some species will be exposed
to environmental stresses that are likely to cause important damage to trees with
low dispersion ability and low plasticity. Thus, becoming maladapted to new
conditions and vulnerable to competition against invasive species and climate
extremes. Assisted population migration was suggested as a proactive approach to

climate change adaptation. It consists of relocating species within their actual
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natural range to environments experiencing climatic conditions like those to which
they were adapted. In this study, the evaluation of six seed sources on two plantation
test sites located along a climatic gradient from southern Wendover to northern
Rousseau plantation test sites made it possible to simulate the effect of climatic
transfers. Through the study of past and actual climate conditions, bud set
phenology, growth, frost tolerance, and non-structural carbohydrates metabolism
towards the end of the growing season, it was possible to gain knowledge on the
genetic adaptation and plasticity of the studied seed sources in terms of growth and

physiological responses to environmental changes.

2.5.1. Length of the growing season and frost probability of seed sources origins

and plantation test sites

Going from the southern to northern locations for plantation test sites and seed
source origins, the analysis of variance showed a decreasing pattern of the growing
season length while the frost probability recorded a significant increase. The mid-
latitude most eastern Robidoux seed source has unexpectedly recorded high frost
probability (same level of the most northern Desroberts seed source) (Figure 2.4).
This association was also confirmed by our principal component analysis of the
climate of seed source origins and the actual climate of the plantation test site
(Annexe D). Following the geographic gradient from south to north, northern
locations were characterized by the number of frost and icing days, while the
southern locations were characterized by the growing season length, summer days,
and precipitation indices. Our findings about the growing season length and frost
occurrence events association are aligned with the findings of Marquis et al. (2022).

Besides, Ouranos confirmed these findings by mapping many frosts and growing
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season indices under different climate scenarios in Québec on their climate platform

(https://www.ouranos.ca/fr/portraits-climatiques, visited in 2022).

2.5.2. Bud set phenology of seed sources in contrasted environments

Modeling the probability of bud set phenology through time has allowed us to
identify the significant effects of the plantation test site, seed sources, and their
interactions, in addition to the day of the year effect (Annexe J). The highly
significant plantation test site effect highlights the phenotypic plasticity of bud set
expression. These results are aligned with Jill et al. (2016), highlighting the earlier
initiation of bud set in southern locations. However, other studies attested the early
start of bud set in the more northern locations (Beaulieu et al., 2004; Lesser et al.,
2004; Li et al., 1993, 1997). These differences might be related to large seed source
variation, as well as local photoperiod and temperature, which represent the
essential factors to initiate bud formation during the winter and the subsequent

dormancy, as highlighted by Delpierre et al. (2015).

Most seed sources recorded highly significant effects compared to Wendover seed
source. The exception goes to Fontbrune, reflecting the adaptive capacity of the
studied seed sources. Our findings are aligned with previous studies suggesting high
genetic control over the marginal effects of environment for the final bud set stages

of white spruce (Perrin et al., 2017).

The highly significant effect of the day of the year reflects the temporal aspect of
phenology, which is mainly related to temperature and photoperiod. Moreover,
large genetic variation in the timing of bud set has been found among natural
populations of white spruce in the northeastern part of its natural range, with

southern populations showing later bud set and, accordingly, longer growing


https://www.ouranos.ca/fr/portraits-climatiques

season, resulting in larger growth (Li et al., 1993; Jaramillo-Correa et al., 2001).
The same adaptive patterns were observed for black spruce in eastern Canada
(Beaulieu et al., 2004, Perrin et al., 2017) and interior spruce in western Canada

(Liepe et al., 2016).

Significant GXE interactions were recorded for Desroberts, Baby, and local seed
sources. These interactions of northwestern and local seed sources suggest that bud
set expression changes under warm conditions with long growing seasons. This was
observed in the increase of likelihood probability of bud set stages between the 2™
and 4" bud set stages compared to more southern seed sources. Thus, northern seed
sources would benefit from longer growing seasons under climate change. This will
allow them to increase their growth through the extension of growing season, while

maintaining a high level of frost tolerance.

2.5.3. Survival rate of seed sources at plantation test sites

The survival rate of seed sources in the northern Rousseau plantation test site was
above 75% for three seed sources: Desroberts, Falardeau (from the northwest and
mid-latitude), and Fontbrune (from the south), while the three other seed sources
(Baby from the western mid-latitude, Robidoux from the northeast, and Wendover
from the south) showed a lower survival rate around 60%. In the southern
Wendover plantation test site, most seed sources exhibited a high survival rate
above 70%, except for Baby, with a 50% survival rate. Local seed sources showed
approximately the same survival rate above 75% in both plantation test sites. These
results may underly adaptive genetic variation associated with local climates of seed
source origins, given that many significant relationships have been noted between

provenance variation and allelic variation at adaptive genes and diverse factors
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related to climate in white spruce and other conifers in the region, with climatic
variation following mainly a north-south latitudinal trend in temperature and east-
west longitudinal trend in precipitation (Li et al., 1997; Beaulieu et al., 2004;
Namroud et al., 2008; Prunier et al., 2011, 2013; Hornoy et al., 2015; Villeneuve et
al., 2016; Depardieu et al., 2020, 2021). The survival rate was quite lower compared
to previous studies of the same seed sources and study area, which reported a 98%
of survival rate at the early stage after plantation (Villeneuve et al., 2016; Otis
Prud’homme et al., 2018). Besides the increasing occurrence of drought episodes
during the growing season in temperate/boreal ecozones at mid-latitudes
(Depardieu et al., 2020), which could affect severely the ability of young white
spruces to survive and grow (Soro et al., 2022), this decreased survival rate could
also be explained, in part, by the increasing occurrence of late spring frosts preceded
by warmer springs promoting an early start of the growing season in the south, such
as that observed during spring 2021 (Benomar et al., 2022). The proportion of
damaged terminal shoots in this study confirmed this hypothesis by recording high
damage rates, more than 80%, in the south for all seed sources compared to more

than 60% in the north.

2.5.4. Frost damage and tolerance of seed sources in contrasted environments

The relative electrolytic conductivity (REC) and leaf damage index (LDI) of seed
sources in both plantation test sites and under different freezing temperatures
showed significant effects of site, freezing temperature, their interaction, and the
triple interaction (site x seed source x freezing temperature), accounting for more
than 85% of the total variance for each index. These two parameters were used as
indirect methods in many studies to test for the frost tolerance of many coniferous

trees, such as jack pine, black spruce, lodgepole pine, and white spruce (Lamhamedi
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et al., 2005, 2022; Man et al., 2021). Our results showed that most seed sources
become vulnerable to frost damage under -12 °C when planted in the south. This
level of vulnerability remains the same under -16 °C except for the mid-latitude
Falardeau seed source and the southern Wendover seed source. These two seed
sources have exhibited the highest levels of vulnerability to frost damage (Figure
2.8). However, all seed sources maintained high levels of frost tolerance when

planted in the north, even under -12 °C and -16 °C.

These results underline the phenotypic plasticity of frost tolerance following the
climatic gradient. Previous studies of the eco-physiological traits of white spruce
confirmed that the values of functional traits are significantly different from site to
site (Benomar et al., 2016). For example, Schuch et al. (1989a, b) found that the
cold hardiness of Douglas fir seed sources was mainly affected by plantation
locations in Oregon. Those planted in the north showed the highest frost tolerance
and the earliest build-up of cold hardiness. Repo et al. (2000) also reported that the
onset of hardening and the increased build-up of frost tolerance was earlier for
northern seed sources of Scots pine. For white spruce, Lamhamedi et al. (2005)
found that the build-up of frost tolerance is a progressive process varying
significantly over time (end of August to mid-October). The general pattern is thus
one where during the end of summer and fall seasons, bud formation and the build-
up of frost tolerance are intimately related to the decrease of photoperiod
accompanied by temperature decrease (Bigras & D’aoust, 1992; Lamhamedi &
Bernier, 1994; Johnsen & Skreppa, 2000; Howe et al., 2003). In the light of our
frost tolerance analysis, most seed sources planted in the north acquired frost
tolerance under -16 °C earlier and showed no damage to tested samples. Among
more southern seed sources, the southwestern Fontbrune seed source showed
moderate frost tolerance when planted in the south compared to the Wendover seed
source or the mid-latitude Falardeau seed source (same longitude as Wendover seed
source). Thus, Fontbrune is likely to be a good candidate for white spruce transfer
northward under future climate conditions where it will benefit from warm

conditions for growth and moderate frost tolerance. This can be confirmed through
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the sampling over many time points, particularly after the end of cold hardiness
phenology, to better understand the timing of cold resistance acquisition at the end

of the growing season.

2.5.5. Growth performance of different seed sources contrasted environments.

The 7-year height showed highly significant effects of seed sources, plantation test
sites, and their interaction. The average height of trees of all seed sources combined
was higher in the southern plantation test site, highlighting the effect of the warmer
climate conditions on growth productivity. The Wendover southern seed source and
Desroberts northern seed source have recorded similar performance in the southern
plantation test site. Our results are partially aligned with the findings of Benomar
et al. (2016) and Otis Prud’homme et al. (2018) regarding the growth performance
of the same white spruce seed sources in contrasting environments. They have
reported significant effects of the plantation test site and the studied seed sources at
their juvenile stage. However, no significant genotype x environment (GxE)
interactions were reported, presumably because the trees were assessed at a very
young age (3 to 4 years). However, Lu et al. (2014) reported a significant GXE
interactions for different white spruce seed sources’ growth performance in
contrasted environments. Xie, (2003) has also reported a highly significant GXE
interaction effect on 10-year height among 232 open-pollinated interior spruce
families in north central interior British Columbia, where altitudinal variation is
much more pronounced than in eastern Canada. In our study, the GXE interaction
implicating mostly the Fontbrune southern seed source could be explained by
genetic adaptation to the local climate of origin, which is characterized by minimal
and maximal daily extreme temperatures (Tmin and Tmax) together with high values

of precipitation variables (maximum 1-day precipitation and max 5 consecutive



days precipitation) (Annexe D). In fact, the climate profile of the Fontbrune seed
source origin had similarities with the climate envelopes of both plantation test
sites. Combined with the moderate vulnerability of this seed source to frost damage
(Figure 2.6), these adaptations could explain the important shift of the Fontbrune
tree height when planted in the south. Thus, the Fontbrune seed source would
benefit more than others from longer growing seasons under future climate

conditions.

2.5.6. Dynamics of non-structural carbohydrates (NSC)

The highly significant effects of plantation test site were recorded for fructose,
glucose, sucrose, and pinitol, suggesting strong environmental effects on non-
structural carbohydrate content, which contributed to cold hardiness and thus to the
build-up of frost tolerance. Fructose, glucose, and pinitol content decreased
northwardly, reflecting their use during the growing season under warm conditions,
while sucrose increased northwardly, reflecting their use for the initiation of
dormancy and cold resistance acquisition under cold conditions (Figure 2.8). The
recorded correlations between the NSC contents reflected their interrelated
metabolism. In fact, the ability of plants to synthesize and accumulate sucrose in
leaves is mainly determined by the concerted action of three enzymes: sucrose
degrading sucrose synthase (SS), acid invertase (Al), and sucrose accumulating
sucrose phosphate synthase (SPS) (Rinne et al., 2015). The SS reactions are
reversible, while Al reactions, which produce glucose and fructose by hydrolyzing
sucrose, are irreversible (Li et al., 2006). Simard et al. (2013) reported sucrose to
be the least abundant sugar in conditions of high demand for growth, explaining its
increase northwardly in our study. On the other hand, high concentrations of sugars,

which have a role in cryoprotection and osmotic adjustments (Hoch & Korner,
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2003), were described as a strategy to survive frequent biomass losses caused by
extreme climate, mainly during the growing season (Sveinbjoinsson, 2000). Other
studies reported high levels of sugars during the growing season in trees growing
under cold conditions (Kagawa et al., 2006; Simard et al., 2013), which could
explain the observed northward increase of sucrose content used in cold resistance

acquisition.

Significant effects of the sampling date were detected for fructose, glucose, and
sucrose content which indicate the presence of dynamic metabolism in response to
environmental changes. The interaction between plantation test site and sampling
date was significant for fructose and glucose content, with an increasing pattern in
the south and a decreasing pattern in the north over time. The opposite of these two
patterns was recorded for sucrose content. These spatio-temporal interactions
suggest the presence of dynamic plasticity of NSC compounds expression. The
negative associations of fructose to the numbers of icing days and frost days and its
positive association with the growing season length confirmed that fructose is more

related to growth and warm conditions (Figure 2.9, A).

Regarding seed sources effects, only sucrose was significantly low for Robidoux
most eastern mid-latitude seed source compared to other seed sources reflecting its
climate conditions, especially for being exposed to high humidity waves coming

from the ocean.
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2.5.7. Frost tolerance association with the averages of growth, the NSC

compounds content, and the climate of seed sources origins

The leaf damage index (LDI) showed a negative correlation with height and a
positive correlation with fructose content. The taller the tree, the less it is exposed
to frost damage, and the higher fructose content, the higher frost damage. Indeed,
Marquis et al. (2020) have found that taller white spruce trees are less exposed to
frost damage. For fructose, Simard et al. (2013) have found that it is related to high
growth conditions and tends to be low in colder regions, as identified for the
northern Desroberts seed source (Figure 2.10). Besides, previous studies showed
that soluble sugars, including sucrose and pinitol, accumulate in leaf tissues to
enhance freezing tolerance in pine trees (Strimbeck et al., 2008; Angelcheva et al.,

2014).

Regarding the climate of seed source origins, the growing season length, the
minimum daily value of maximal temperature, the minimum daily value of minimal
temperature, and the precipitation intensity index were positively correlated with
the leaf damage index. This pattern was particularly the same going from northern
to southern seed source locations. Knowing that the longer the growing season of
southern seed sources expose them more to frost damage. The minimum values of
daily minimal and maximal temperature characterized mainly the intersection of
both climatic southern and northern envelopes as described in the Annexe D. The
precipitation intensity index, which is an important growth parameter, was also
positively correlated with leaf damage index. Besides, the higher precipitation
intensity was also correlated with the growing season length, which explains the

higher frost damage for southern seed sources.

On the other hand, negative associations of leaf damage index were recorded with
the number of frost days, icing days, the maximum length of the wet spell, and the

temperature range. Indeed, our principal component analysis of bioclimate

54


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5047089/#bib82
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5047089/#bib4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5047089/#bib4

parameters at plantation test site and seed source origins showed that frost days and
icing days characterized northern locations and were negatively correlated to
summer days, precipitation intensity and growing season length (Annexe D), which
explains the high leaf damage values to the most southern seed source (Wendover).
These negatively correlated bioclimatic indices at plantation test site are more likely
to induce cold hardiness and dormancy for trees, thus decreasing the propensity for
leaf damage. These associations are mainly due to plasticity as found in the
correlation heatmap with and without plantation test site averages (Figure 2.9, A &

B).

Our findings are aligned with the results of Sebastian-Azcona et al. (2018),
indicating a significant relationship between cold hardiness (at -30 °C) and the
length of the growing season, coldest monthly temperature, winter temperatures,

mean annual temperature, and first frost date.

The REC of seed sources was positively correlated to leaf damage index and
fructose content. Knowing that low REC values reflect high frost tolerance levels,
white spruce trees tend to have low frost damage when planted in the north. This
response is partially due to the adaptive capacity of seed sources to local conditions.
On the other hand, negative correlations were recorded for height and pinitol

content.

Tall trees recorded low REC values (Annexe E), which could be partly explained
by the reduced exposure to cold temperature coming from the soil surface, but also
due to the plasticity of frost tolerance as highlighted in our freezing test (Figure
2.6). The pinitol content's negative association with REC (Annexe E) highlights the
important role of pinitol in cold resistance acquisition as cited by (Strimbeck et al.,

2008; Angelcheva et al., 2014).
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2.5.8. Implications for assisted migration

Our findings highlight the local adaptation, environment, and GXE effects on
growth and bud set phenology of the studied seed sources in contrasted
environments. The temporal factor effect was mainly significant for Non-structural
carbohydrates (NSC) and bud set, reflecting the relationship of these two
components to white spruce growth cycle. In addition, frost tolerance and NSC
content plasticity was highly significant. Our results also showed significant
associations between frost tolerance, NSC content, growth, and climate of seed
source origins and plantation test sites. These key patterns will help improve seed
transfer modeling, investigate potential hotspots for assisted migration at a large

scale, and reduce the assisted migration frost risks of white spruce.

2.6. Conclusion

The assessment of bud set phenology, frost tolerance, 7-years tree height, and the
non-structural carbohydrates for various seed sources grown in two contrasting
environments allowed us to identify the effects of plantation test sites, seed sources,
and their interactions, in addition to the timing of sampling dates for non-structural

carbohydrate compounds. The following observations should be highlighted.

The onset bud set phenology was earlier in the southern Wendover plantation test
site for all seed sources, and most seed sources effects were significant for each

stage of bud set transition. The Baby and Desroberts northeastern seed sources and
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the two local seed sources at plantation test sites showed significant interactions
compared to Wendover seed source.

The frost tolerance showed significant effects of seed sources and plantation test
sites, together in interaction with freezing temperature. The central mid-latitude
Falardeau and southern seed sources showed the highest vulnerability to frost under
-16°C freezing temperature. Thus, they are more likely to suffer from frost damage
and have lower growth under future climate conditions if planted in the north.
However, the other seed sources showed moderate frost vulnerability while
maintaining the same level of frost tolerance under -12 °C and -16 °C, which makes
them more likely to grow well under future climate conditions when transferred

towards the north.

The significant effects of plantation test site, seed source, and their interactions
recorded for 7-year height highlighted the adaptive capacity and plasticity of white
spruce seed sources. The Fontbrune seed source outperformed all other seed sources
under warmer conditions. This seed source appears to be a good candidate for
northwardly transfer, considering its moderate frost tolerance under -16°C and its
climate of origin, which overlapped the climatic envelopes of both the Wendover

and Rousseau plantation test sites.

The non-structural carbohydrates analysis showed significant plasticity and
dynamics. The identified spatio-temporal patterns have suggested that dynamic
changes in the carbon pool are taking place at the end of the growing season and

play a crucial role in growth, cold hardiness, and frost tolerance.

The climate of seed source origins and the actual climate means at plantation test
sites showed significant correlations with the two frost tolerance indices, height,
and NSC compounds. These associations have allowed us to map the complex
relationships between growth, frost tolerance, and non-structural carbohydrates

compounds roles, in growth and cold resistance, in relation to climate conditions.
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CHAPITRE III : CONCLUSION GENERALE

3.1. Objectifs et conclusions principales

La présente étude, axée sur I’épinette blanche, fournit une cartographie détaillée des
effets génétique, environnemental et leur interaction sur la croissance et la tolérance
au gel. Il s’en ajoute I’effet temporel sur la phénologie d’aolitement et la dynamique
des sucres non structuraux. Par ailleurs, 1’effet du climat d’origine des sources de
semence et le climat actuel des sites de plantation ont été explorés également par
rapport aux paramétres de croissance et de tolérance au gel. Ainsi, les patrons
généraux ont ét¢ identifiés et discutés en relation avec la migration assistée comme

¢tant une solution proactive d’adaptation au changement au climatique.

En effet, la croissance des sources de semence testées était supérieure sous des
conditions chaudes avec une meilleure performance de Fontbrune. C’est une source
de semence provenant du sud-ouest du Québec. Fontbrune a montré une tolérance
au gel modérée au Sud entre -12 °C et -16 °C de température de congélation. De 0
°C a -8 °C, aucun dégat de gel n’a été observé pour toutes les sources de semences
et dans les deux sites de plantation suggérant la présence d’un seuil minimal
commun de résistance au gel (-8 °C). Allant jusqu’a -16 °C de température de
congélation, les sources de semences : Wendover (provenant du sud-est) et
Falardeau (provenant des latitudes moyennes et la méme longitude que Wendover)
¢taient les plus vulnérables. C’est deux sources de semence sont susceptibles
d’enregistrer de plus faibles performances sous les conditions climatiques futures.
En effet, I’occurrence des extrémes climatiques pendant la saison de croissance
(notamment le gel automnal et printanier) réduiront significativement leur

croissance annuelle (Benomar et al., 2022). Cette réduction pourrait étre aggravée



par ’occurrence des épisodes de sécheresse sous un climat future réchauffé
(Depardieu et al., 2020). La tolérance au gel élevée aux sites de plantation nordique
a été aussi souligné par Repo et al. (2000) pour le pin sylvestre.

La probabilité¢ d’occurrence des stades de formation du bourgeon des sources de
semences testées était significativement différente entre elle et entre les sites de
plantation, avec un effet significatif du jours de I’année. L’effet du site était trois
fois plus important que I’effet génétique. La meilleure source de semence en termes
de croissance (Fontbrune) n’a pas montré de différences significatives en termes de
formation du bourgeon suggérant sa grande plasticité d’expression, d’ou sa
meilleure performance. Li et al. (1993) et Jaramillo-Correa et al. (2001) ont
souligné I’effet génétique et I’effet du site de plantation sur la formation du
bourgeon. De plus, Delpierre et al. (2016) ont trouvé que la formation du bourgeon

commence plutot au Sud qu’au Nord.

Le glucose, le fructose, le sucrose et le pinitol sont les quatre sucres non structuraux
détectés. Leurs teneurs étaient significativement différentes entre les sites de
plantation confirmant le role de I’environnement dans la régulation du métabolisme
des sucres de croissance et de résistance au froid. En effet, la teneur des trois
premiers sucres €tait aussi significative entre septembre et octobre. Le fructose et
le glucose ont diminué au Sud et ont augmenté au Nord vers la fin de la saison de
croissance alors que le sucrose a enregistré un patron oppos¢ avec une diminution
importante au Nord et une teneur moyenne supérieur au Sud. La teneur en pinitol

¢tait aussi significativement supérieure au sud.

En combinant ces patrons généraux avec les variables climatiques, les parametres
de croissance et de tolérance au gel, on a pu déterminer les sucres associés a la
croissance et ceux associés a la résistance au froid. On a également identifié la

nature du lien entre la tolérance au gel, le climat d’origine et le climat actuel.
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En effet, la teneur en fructose était négativement corrélée au nombre de jours de
froid et de gel et positivement corrélé a la longueur de la saison de croissance, la
hauteur et I’indice de dommage foliaire sous ’effet principal du climat actuel du
site de plantation. Simard et al. (2013) ont aussi trouvé que les teneurs élevées en
fructose sont associées a des conditions favorables de croissance alors qu’il est
présent a tres faibles teneur sous des conditions froides. Ainsi, les teneurs élevées
en fructose peuvent étre détectées pendant la phase active de croissance ou les
arbres d’épinette blanche sont plus vulnérables a I’occurrence du gel. Ceci est
partiellement vrai pour le pinitol vu ses corrélations positives avec les indices de
tolérance au gel et la hauteur. Alors que la teneur en sucrose était négativement
corrélée a I’indice de dommage foliaire et la conductivité électrolytique relative
(positivement corrélé a la tolérance au gel). D’ou le role du sucrose en acquisition
de la résistance au froid (Kagawa et al., 2006 ; Simard et al., 2013). Concernant la
tolérance au gel et sa relation avec le climat, le nombre de jours de froid et de gel,
I’amplitude de la température journalicre, étaient négativement corrélés a 1’indice

de dommage foliaire sous I’effet principal du climat actuel du site de plantation.

3.2. Implications et recommandations

L’ensemble de ces résultats permettra d’améliorer la précision des modeles de
transfert des semences a 1I’échelle du Québec et d’orienter les efforts d’amélioration
génétique de I’épinette blanche afin de maintenir une meilleure productivité et une
bonne adaptabilité aux conditions climatiques futures. En plus, les principaux
résultats peuvent servir a approfondir la compréhension des mécanismes

d’adaptation de 1’épinette blanche a la suite du changement de son environnement

en explorant d’avantage les liens entre son écologie et sa physiologie. Par ailleurs,
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les liens climatiques identifiés peuvent servir a identifier les meilleurs sites de

migration assistée favorisant une productivité ¢levée et une bonne tolérance au gel.

En guise de conclusion, on recommande d’investiguer d’avantage la tolérance au
gel et la dynamique des sucres non-structuraux en relation avec la phénologie
d’aolitement via 1’augmentation des dates d’échantillonnage afin de pouvoir
superposer les trois composantes sur I’axe du temps et d’espace tout en considérant
I’aspect climatique actuel et futur. Ceci permettrait de juger la stabilité des patrons

détectés et ajuster la stratégie d’adaptation aux changement climatiques.
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ANNEXE A: PHOTOPERIOD

Annexe A Day length distribution over a year for both plantation test sites and the
observed differences between them. The distribution was also recorded from the
first day of budset to the last day of the year. The red and green horizontal lines
represent the average day length and average day length difference between site
over the corresponding period.



ANNEXE B: ANNUAL FROST PROBABILITY

Annexe B Annual odd ratio of frost probability variation recorded during the
growing season over a 30-year period for the northern Rousseau and the southern
Wendover plantation test sites. The vertical line represents the planting year (2014),
where the climate heterogeneity starts.



ANNEXE C: PHENOLOGY FIELD GUIDE

Annexe C Illustration of the different phenological stages of bud formation in white
spruce (Dhont et al., 2010).



ANNEXE D : CLIMATE VARIABLES CLUSTERING

Annexe D Biplot of principal component analysis of bioclimatic variables of seed
sources origins and plantation test sites. The locations in the legend are ordered

from south (Wendover) to north (Desroberts seed source and Rousseau plan test
site.



ANNEXE E: LINEAR MODELS OF AVERAGE FROST TOLERANCE

Annexe E Simple linear regressions of mean relative electrolytic conductivity
(REC) and confidence intervals versus non-structural carbohydrates content,
height, and leaf damage index of seed sources.



ANNEXE F: PRECIPITATION PARAMETERS

Annexe F Distribution of the annual means of precipitation indices of seed sources
calculated for their climate of origin (1940-1970). The groups represent the results
of Tukey’s honest significant tests. https://www.climdex.org/learn/indices/.



https://www.climdex.org/learn/indices/

ANNEXE G: THERMAL PARAMETERS

Annexe G Distribution of the indices of annual means of temperature extremes of
seed sources calculated for their climate of origin (1940-1970). The groups
represent  the  results of  Tukey’s  honest  significant  tests.
https://www.climdex.org/learn/indices/.



ANNEXE H: SEASONS PARAMETERS

Annexe H Distribution of the annual means of days of cold and thermal indices of
seed sources calculated for their climate of origin (1940-1970). The groups
represent the results of  Tukey’s honest significant tests.
https://www.climdex.org/learn/indices/.



ANNEXE [: HUMIDITY PARAMETERS

Annexe I: Distribution of the annual average number of days of humidity indices
of seed sources calculated for their climate of origin (1940-1970). The groups
represent  the results of  Tukey’s honest significant tests.
https://www.climdex.org/learn/indices/.
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ANNEXE J: PHENOLOGY MODEL SUMMARY

Annexe J The Wendover plantation test site estimates are calculated with Rousseau
plantation test site being the reference. For seed sources estimates, the Wendover
seed source is the reference. The bud set stages transitions are expressed as follow:
Stage n | Stage n+1 (n starting from 0). The R? McFadden reflects the total variance
explained by the model. It is equivalent to R? coefficient for linear models.

Terms Estimate Standard error  t-value p-value
Site Wendover 3.647 0.168 21.760 0.000 ***
Seed source Falardeau 0.576 0.198 2910 0.004%*
Seed source Robidoux 0.582 0.199 2918 0.004%*
Seed source Baby 0.719 0.186 3.872 0.000
Seed source Desroberts 0.672 0.185 3.628 0.000
Seed source Local 1.006 0.188 5.335 0.000
Day of year 0.647 0.001 820.140  0.000
Site Wendover: Seed source -0.628 0.248 -2.533 0.011
Baby

Site Wendover: Seed source -0.496 0.245 -2.025 0.043
Desroberts

Site Wendover: Seed source -0.880 0.255 -3.457 0.001
Local

0[1 124.207  0.019 6668.078  0.000
112 126.059  0.069 1824.939  0.000
23 128.527  0.085 1515.071  0.000
314 131.062  0.102 1281.642  0.000
45 138.259  0.107 1293.522  0.000

R? McFadden. 0.63
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