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RESUME

Dans les écosystémes tempérés et boréaux, les arbres alternent entre phases de
croissance et de dormance afin d’éviter le gel durant la saison froide. Ce cycle comprend des
changements dans la résistance au gel, qui est minimale pendant la saison de croissance et
atteint son maximum durant la dormance. A mesure que les changements climatiques
s’intensifient, le réchauffement des températures et 'augmentation de la variabilité climatique
peuvent créer un décalage entre la phénologie des populations adaptées aux conditions
locales et les conditions environnementales, entrainant un risque accru de dégats causés par
le gel. Malgré l'importance fondamentale de ces traits pour la survie des arbres dans les
régions froides, il y a encore peu d’études empiriques sur le terrain qui explorent le lien entre
la phénologie et la résistance au gel pour de nombreuses espéces d'arbres. Une source
particuliéere d’incertitude est le rble de la différenciation intraspécifique, car différentes
provenances peuvent présenter des réponses divergentes en ce qui a trait a la phénologie et
la résistance au gel pouvant engendrer des risques différents d’exposition au gel.

Dans ce travail, j’ai utilisé une combinaison d’observations sur le terrain et d’analyses
en laboratoire pour relier la phénologie et la résistance au gel dans deux espéces clés des
foréts de I'Est du Canada, I'épinette noire (Picea mariana Mill. BSP) et I'érable a sucre (Acer
saccharum Marsh.). Pour les deux espéces, différentes provenances ont été comparées pour
étudier la variation intraspécifique. Les objectifs généraux étaient i) d’évaluer la variabilité
intraspécifique de la résistance au gel et de la phénologie du débourrement et de la dormance,
et ii) de relier ces deux traits pour comprendre les variations intraspécifiques du risque de
dégats dus au gel. L’étude est articulée en trois chapitres, chacun se concentrant sur un
objectif et des hypothéses spécifiques.

Le chapitre 1 a étudié les impacts d'un événement naturel de gel tardif survenant dans
un jardin commun de P. mariana en analysant les dégats dus au gel selon les différences
intraspécifiques dans les dates de débourrement. Le jardin commun étant au sud de l'aire de
répartition de I'épinette noire, la plupart des provenances se trouvait dans des conditions plus
chaudes par rapport a leur origine. L’hypothése était que dans les mémes conditions, les
provenances de climats plus froids étaient plus endommagées par le gel tardif en raison d’'un
débourrement plus précoce, exposant les jeunes pousses au gel. Les résultats ont confirmé
I'hypothése. Les provenances nordiques de P. mariana ont eu un débourrement plus précoce
de maniére cohérente sur plusieurs années d’observations, entrainant davantage de dégéats
lors de I'’événement de gel tardif de 2021. Mon étude a démontré comment les différences
intraspécifiques dans la phénologie du débourrement peuvent déterminer des risques
d’exposition au gel au sein de la méme espéce. J'ai pu ainsi mettre en évidence qu'il serait
possible de gérer le risque de gel tardif avec la gestion forestiere en sélectionnant des
provenances méridionales a phénologie printaniére plus tardive.

Le chapitre 2 a analysé la résistance au gel chez les jeunes plants de sept provenances
d’A. saccharum poussant sur deux sites proches de la limite nord de I'aire de répartition de
'espéce. J'ai appliqué des prélévements destructifs a répétition pour mesurer la résistance au
gel durant une saison hivernale afin d’en comparer les contrOles endogénes et
environnementaux. Les hypothéses étaient que : 1) les conditions météorologiques locales
influencent la résistance au gel, avec les semis du site plus froid montrant une acclimatation
plus précoce et plus rapide en automne, une résistance au gel maximale plus élevée en hiver
et une déacclimatation plus tardive et plus lente au printemps, par rapport au site plus au sud
; et 2) les conditions climatiques a la provenance influencent la dynamique de résistance au
gel, avec les semis des provenances plus froides montrant une acclimatation plus précoce et
plus rapide en automne, une résistance au gel plus élevée et une déacclimatation plus tardive
et plus lente au printemps par rapport aux provenances plus chaudes. Mes résultats ont
partiellement confirmé I'hypothése 1, car les plants du site plus chaud ont montré une
déacclimatation plus précoce et plus rapide, démontrant I'effet des températures chaudes sur
la réactivation printaniére. J’ai toutefois d0 rejeter I'hypothése 2, car je n’ai observée aucune
différence en ce qui a trait a I'acclimatation en automne ni a la résistance maximale au gel
pendant I'hiver, ni entre les provenances. La variable LTso, la température |étale pour 50 % des



cellules, a varié entre -4 °C en été (juillet) et -68 °C en hiver (février). Toutes les provenances
ont atteint des LTso de -55 °C ou moins, bien en dessous des températures minimales
hivernales habituelles a la limite nord de la distribution de I'espéce.

Dans le chapitre 3, je me suis concentré sur le role des températures sous le point de
congélation dans l'accumulation du froid et la levée de I'endodormance. Des semis d’A.
saccharum appartenant a sept provenances et poussant prés de la limite nord de l'aire de
répartition de l'espéce ont été exposés a des conditions de refroidissement naturelles ou
artificielles (4°C) a partir de la fin de 'automne. Les échantillons ont été transférés a des
conditions de forgage a intervalles réguliers pendant I'hiver. J'ai mesuré la résistance au gel
au moment du transfert et observé le temps de débourrement sous des conditions de forgage.
Les hypotheses étaient que : 1) la levée d’endodormance est plus facile a détecter dans les
traitements de refroidissement artificiels, ou I'effet de la résistance au gel est limité; 2) un
modéle de calcul des unités de refroidissement prenant en compte les températures inférieures
a0 °C est plus efficace pour une espéce de climat tempéré froid ou les températures hivernales
restent en bas de 0°C pendant plusieurs mois; 3) les échantillons avec une résistance au gel
plus élevée ont besoin de plus de temps pour effectuer le débourrement, car ils ont besoin de
plus de temps pour la déacclimatation. Les résultats ont confirmé mes hypothéses, mettant en
évidence comment une température de 4°C peut a la fois satisfaire le besoin de froid et induire
la déacclimatation, menant au développement ontogénétique du bourgeon. A linverse, les
échantillons soumis au froid naturel ont conservé une plus grande résistance au gel jusqu'a la
fin de la saison, ce qui était corrélé avec un débourrement plus tardif et une difficulté accrue
d’identification de la levée d’endodormance. La provenance n'a pas eu d'effet significatif sur le
temps nécessaire au débourrement sous conditions de forcage. Mes résultats indiquent que
linclusion des températures inférieures a 0°C peut améliorer les calculs d’accumulation
d’'unités de refroidissement durant la période de dormance dans les climats froids. Mes travaux
montrent que le fait de mesurer la résistance au gel durant les expériences de refroidissement
et forgage peut clarifier son role dans le processus d'accumulation du froid et la dynamique de
la dormance.

Les trois chapitres de ma thése ont ajouté des données originales a la littérature
existante en clarifiant la connection entre résistance au gel et phénologie. Les résultats
montrent comment chaque espéce peut posséder différents degrés de plasticité et de
différenciation intraspécifique. Les provenances de P. mariana transferées au sud ont montré
des différences de débourrement entre les provenances, une tendance observée de maniére
cohérente sur plusieurs années d’observations. Par contre, A. saccharum a montré une plus
grande plasticité puisque les provenances de la zone d'étude, toutes situées dans la partie
nord de l'aire de répartition, ont eu des réponses similaires aux conditions environnementales
tant en ce qui a trait a la résistance au gel qu’au débourrement. Ces différences de plasticité
entre espéces ont des implications importantes pour la gestion du risque de gel. Les
provenances nordiques de P. mariana pourraient étre plus exposées au gel tardif a I'avenir en
raison de leurs besoins de chaleur plus faible, mais la sélection de provenances pourrait étre
un outil efficace pour réduire les risques, du moins en contexte de foréts aménagées. En
revanche, A. saccharum serait probablement déja capable de survivre aux hivers au nord de
son aire de répartition actuelle grace a sa forte résistance au gel. Sa grande plasticité
physiologique signifie toutefois aussi que la sélection des provenances serait moins utile pour
réduire le risque de gel que pour P. mariana. Enfin, mes travaux montrent I'importance d'étudier
la résistance au gel et la régulation de la dormance, en particulier en contexte de
réchauffement climatique. Ces traits sont des composantes fondamentales du cycle de vie des
arbres. Une meilleure compréhension de ces mécanismes est nécessaire pour améliorer les
prédictions des impacts des changements climatiques et pour développer des mesures
d’adaptation en gestion forestiere.



ABSTRACT

In temperate and boreal ecosystems, trees shift between the phenological phases of
growth and dormancy in order to avoid frost during the cold season. This cycle includes
changes in frost hardiness, which is at a minimum during the growing season and reaches its
maximum during dormancy. As climate change intensifies, warming temperatures and
increased weather variability may create a mismatch between the phenology of locally adapted
populations and their surrounding environmental conditions, leading to increased risk of frost
damage. Field studies exploring the link between phenology and frost hardiness are still
missing for many tree species, despite the fundamental importance of these traits for tree
survival in cold regions. One particular source of uncertainty is the role of intraspecific
differentiation, as different provenances may exhibit diverging responses in their phenology
and frost hardiness, resulting in different risks of frost exposure.

In this work, | used a combination of field observations and lab analyses to link
phenology and frost hardiness in two key species of Eastern Canada’s forests, black spruce
(Picea mariana Mill. BSP) and sugar maple (Acer saccharum Marsh.). For each species,
different provenances were compared to account for intraspecific variation. The general
objectives were i) assessing intraspecific variability in frost hardiness and phenology of
budbreak and dormancy, and ii) linking these two traits to understand intraspecific variations
in risk of frost damage. The study is articulated in three chapters, each focusing on a specific
objective and hypothesis.

Chapter 1 focused on the impacts of a natural late frost event occurring in a P. mariana
common garden, analyzing frost damage through the lens of intraspecific differences in
budbreak timings. Most of the provenances were in warmer conditions compared to their
climates of origin, since the common garden was situated at the southern limit of the species’
range. The hypothesis was that under the same conditions, provenances from colder climates
were more damaged by late frost because of an earlier budbreak, which exposed growing
shoots to freezing temperatures. The results confirmed the hypothesis, with northern P.
mariana provenances performing earlier budbreak consistently over several years of
observations, resulting in higher damages during the late frost event of 2021. The study
demonstrated how intraspecific differences in budbreak phenology can determine different risk
of frost exposure within the same species, and highlighted how forest management can
decrease the risk of late frost by selecting provenances with later spring phenology.

Chapter 2 analysed frost hardiness in seedlings belonging to seven A. saccharum
provenances growing in two sites near the northern limit of the species’ range, using repeated
destructive sampling to measure frost hardiness during the winter season and compare its
endogenous and environmental controls. The hypotheses were that 1) local weather influences
frost hardiness, with seedlings in the colder site showing earlier and faster acclimation in
autumn, higher maximum frost hardiness during winter, and later and slower deacclimation in
spring, compared with the southern site; and 2) climatic conditions at the provenance origin
influence frost hardiness, with seedlings from colder provenances showing earlier and faster
acclimation in autumn, higher frost hardiness, and later, slower deacclimation in spring
compared with warmer provenances. The results partially confirmed hypothesis 1, as the
saplings in the warmer site showed earlier and faster deacclimation confirming the strong effect
of warm temperatures on spring reactivation. Hypothesis 2 was rejected since no difference
was found during acclimation in the autumn or maximum frost hardiness during winter, nor
between provenances. LT50, i.e. the lethal temperature for 50% of the cells, varied between -
4 °C in summer (July) and -68 °C in winter (February). All provenances attained LT50 of -55°C
or lower, far below the common minimum winter temperatures at the northern limit of the
species’ distribution.

Chapter 3 focused on the role of freezing temperatures on chilling accumulation and
endodormancy break. A. saccharum saplings belonging to 7 provenances and growing near
the northern range limit of the species were exposed to either natural or artificial chilling
conditions (4°C) starting at the end of autumn. Samples were transferred to forcing conditions



at regular intervals throughout the winter. | measured frost hardiness at the time of transfer and
observed time to budbreak under forcing conditions. The predictions were that 1)
endodormancy break would be easier to detect in artificial chilling treatments, where the
confounding effect of frost hardiness would be limited; 2) a chilling model considering freezing
temperatures would be more effective in a cold climate experiencing temperature below 0°C
for several months; 3) samples with higher frost hardiness would take more time to perform
budbreak, as they need more time to deacclimate. The results confirmed our hypotheses,
highlighting how 4°C can both fulfill the chilling requirement and promote deacclimation,
leading to ontogenetic development in the bud. Conversely, samples under natural chilling
retained higher frost hardiness until late in the season, correlating with longer time to budbreak
and a more difficult identification of an endodormancy break point. Provenance did not have a
significant effect in the time to budbreak under forcing conditions. My results indicate that
including freezing temperatures can improve chilling calculations in cold climates, where
temperatures remain below 0°C during most of the winter. Moreover, measuring frost hardiness
during chilling-forcing experiments can clarify its role in chilling accumulation and dormancy
dynamics.

The three chapters of this work added original data to the literature, providing insight into
the interconnected traits of frost hardiness and phenology. The results show how tree species
can have different degrees of plasticity and intraspecific differentiation. P. mariana transferred
to warmer conditions had different timings of budbreak between provenances, a trend
consistently observed over several years of observation. On the other hand, A. saccharum had
higher plasticity, with provenances from the study area (the northern portion of the species’
range) showing similar responses to environmental conditions in both frost hardiness and
budbreak. These intra-specific differences in plasticity have important implications for frost risk.
Northern P. mariana provenances may be more exposed to late frost in the future because of
their lower forcing requirements, but provenance selection may be an effective tool to reduce
the risks, at least in commercial forestry. A. saccharum may already be able to survive winters
north of its current range of distribution thanks to its high frost hardiness. Its increased plasticity
in frost hardiness and budbreak means that provenance selection would have little effect on
frost risk reduction. This work shows the importance of studying frost hardiness and dormancy
regulation, especially under global warming. These traits are fundamental components of the
life cycle of trees, and a more thorough comprehension is needed to improve predictions of
climate change impacts and to develop adaptive forest management practices.
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INTRODUCTION

In temperate and cold climates, trees alternate between phases of active growth and
periods of reduced metabolism (i.e. dormancy) in order to survive unfavorable winter conditions
(Hanninen & Kramer, 2007; Junttila, 2007). Transitions between growth and dormancy are
accompanied by physiological adjustments, such as inhibition of growth and increased frost
hardiness overwinter (Charrier et al., 2015; Sakai & Larcher, 1987). This cycle is marked by
key events such as growth initiation and budbreak (the emergence of live tissues from the
dormant bud) in the spring and growth cessation and bud set (the formation of the bud) towards
the autumn (Hanninen, 2016). Phenology is the study of such recurring, cyclic events, and of

the biotic and abiotic factors that influence them (Delpierre et al., 2016).
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Figure 1 : Example of yearly phenological cycle in temperate and boreal tree species. Trees enter
dormancy at the end of the growing season in response to decreasing temperature and
photoperiod, a transition accompanied by the phenological events of bud formation, growth
cessation, and in deciduous species leaf senescence. After spending the winter in a dormant
state, increasing temperatures and photoperiod in the spring induce budbreak and growth
resumption, marking the beginning of a new growing season.




The synchronization of the annual phenological cycle with environmental conditions is
essential to ensure optimal tree survival and growth (Hanninen, 2016; Vitasse, Lenz, & Korner,
2014). However, climate change can disrupt this balance through rising temperatures and
increasing weather variability (IPCC, 2023). Mismatches between phenology and environment
can result in exposure to damaging weather events, a typical example being an early budbreak
in the spring leaving growing tissues exposed to late frosts (e.g. Hufkens et al., 2012; Kriebel,
1957; Vitasse & Rebetez, 2018). Moreover, the frequency of freezing days can have diverging
effects on tree growth and carbon sequestration depending on species- and population-specific
traits (Girardin et al., 2022). To address this problematic there is a need for a better
understanding of tree phenology, frost hardiness and the effect of environmental cues on these
traits (Chuine et al., 2016; Fadon et al., 2020). In particular, winter dormancy, frost hardiness
and their environmental and endogenous regulation are still poorly understood, and more
scientific studies combining field observations and controlled-conditions experiments are

needed (Hanninen et al., 2019; North & Kovaleski, 2024; Wang et al., 2020).

Tree Phenology and Frost Hardiness

Freezing temperatures exceeding the tree’s frost hardiness can cause intra-cellular ice
formation, rupturing the cell membrane and causing cell death (Sakai & Larcher, 1987; Uemura
et al., 2006). Trees adopt two main strategies to survive cold weather: avoidance and tolerance
(Charrier et al., 2015). Avoidance is achieved through phenological shifts, by synchronizing
dormancy with the unfavorable season, thus preventing the exposure of vulnerable growing
tissues to cold temperatures (Vitasse, Lenz, & Koérner, 2014). Tolerance is achieved by
increasing frost hardiness (i.e., the ability of the tree to withstand cold temperatures) in the
overwintering organs (in deciduous species, branches and buds) during the dormant season
(Charrier et al., 2018; Sakai & Larcher, 1987). These two strategies are complementary rather

than exclusive, as both are employed by trees during their annual cycle.



Frost avoidance

Avoidance is strictly connected to tree phenology, and in particular to dormancy
dynamics. Traditionally, dormancy is divided in three different phases: paradormancy,
endodormancy and ecodormancy (Lang et al., 1987). Paradormancy is the transition between
the growing season and proper dormancy. During paradormancy, bud set and lignification take
place in response to decreasing photoperiod and cold temperatures in the autumn, but
dormancy is still reversible and may be released in response to warm temperatures (Camargo
Alvarez et al.,, 2018). An increase in the depth of dormancy marks the start of the
endodormancy phase (Baffoin, 2021). Endodormancy is characterized by internal growth
inhibitors which prevent growth resumption in response to favorable environmental conditions,
such as abnormal off-season warm temperatures (Charrier et al., 2011). Endodormancy is
released by exposure to a certain amount of low temperatures, named chilling requirement,
after which trees enter the ecodormancy phase (Chuine et al., 2016; Sakai & Larcher, 1987).
Ecodormancy depends on external temperatures, and is mainly regulated by warm
temperatures in the spring inducing budbreak and growth resumption (Charrier et al., 2015;
Kalberer et al., 2006). In some species, photoperiod also plays a role in releasing ecodormancy
(Basler & Korner, 2012; Heide, 1993). The accumulation of warm temperatures necessary to

induce budbreak is called forcing requirement.

Frost tolerance

The dynamics of frost tolerance, i.e. the increase and decrease in frost hardiness in the
overwintering organs, closely match the dormancy succession (Figure 2). During the growing
season most resources are allocated to growth and reproduction, while frost hardiness is at a
minimum (Hanninen, 2016; Welling & Palva, 2006). As the tree enters dormancy, frost
hardiness gradually increases in response to cold temperatures and short photoperiod until
reaching its maximum levels (Charrier & Améglio, 2011). This process, known as ‘cold
acclimation’, is induced by environmental factors (mainly temperature and photoperiod), which
trigger endogenous responses linked to frost hardiness at the cellular level, such as osmotic

and sugar content adjustments (Baffoin, 2021; Welling & Palva, 2006). Frost hardiness remains



high during the winter, then gradually decreases in response to warming temperatures leading
to spring, budbreak and growth onset in a process called deacclimation (Charrier et al., 2011;

Kovaleski et al., 2018).
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Figure 2: Conceptualization of frost avoidance and tolerance. Trees enter dormancy during the
winter (frost avoidance) and at the same time increase frost hardiness in overwintering organs,
becoming capable of tolerating lower temperatures during dormancy (frost tolerance).

The physiology of frost hardiness

At the physiological level, reducing cell water content (i.e. dehydration) and increasing
the concentration of soluble sugars in the citosol appears to have a primary role in cold
acclimation, although several mechanisms are involved (Baffoin, 2021; Deslauriers et al., 2021;
Xin & Browse, 2000). During autumn, starch reserves accumulated during the growing season
are converted to soluble carbohydrates such as glucose, raffinose, sucrose and fructose, which
in turn increase frost hardiness by stabilizing cell membranes, preventing frost-induced
dehydration and acting as cryoprotectants (Charrier et al., 2013; Deslauriers et al., 2021).
Dehydration, which occurs naturally during winter because of transpiration (evergreens) and
root exudation (evergreen and deciduous), increases frost resistance by lowering the freezing
point of the cytosol and enhancing the synthesis of soluble sugars (Charrier & Améglio, 2011).
Supercooling, i.e. the property of some liquids to avoid freezing at temperatures below their
melting point, is also a relevant mechanism in limiting intracellular ice formation and frost

damages (Bozonnet et al., 2024).



Overall, dormancy and frost hardiness dynamics are largely driven by environmental
cues such as temperature and photoperiod (Hanninen, 2016; Junttila, 2007; Vitasse, Lenz, &
Koérner, 2014). Therefore, frost avoidance and tolerance closely depend on the phenological
cycle to minimize frost risk. Climate change raises the question of whether the phenology of

tree species and populations will still match rapidly shifting environmental conditions.

Climate change

The ongoing anthropogenic changes in the earth’s climate are quickly modifying
environmental conditions (IPCC, 2023). Global mean temperature has been 1.1° C higher
during 2011-2020 than in 1850-1900, with additional increases expected for the next future.
The warming is stronger and quicker over land masses and northern regions of the boreal
hemisphere (IPCC, 2023). Extreme events such as off-season frosts, droughts and floods are
projected to increase, with significant impacts on human societies and forest ecosystems alike
(IPCC, 2023).

Such drastic changes affect tree phenology, as well as growth and survival, and affect
forest structure, composition and response to disturbances (Hogg et al., 2017; Morin et al.,
2009; Ruiz-Pérez & Vico, 2020). One main effect of rising temperatures is an earlier
ecodormancy release, which advances the timing of budbreak in the spring (Hanninen &
Tanino, 2011). The combination of earlier budbreak and increased variability in temperature
can increase the risk of a late spring frost, i.e. freezing temperatures occurring after leaf-out
and damaging the young shoots (Chamberlain et al., 2019). Indeed, late frosts have received
increasing attention in the past few years, as more events and increasing risks are studied
(Chamberlain et al., 2021; Liu et al., 2018; Marquis et al., 2022; Vitasse & Rebetez, 2018;
Zohner et al., 2020). Direct measurements of the impact of this kind of discrete event are
difficult to plan and carry out, calling for more field studies that can provide direct evidence and
improve frost damage predictions under climate change (Atucha Zamkova et al., 2021; Jentsch

et al., 2007).



At a larger scale, climate change is inducing a poleward shift of tree habitats (McKenney
et al. 2007, Boisvert-Marsh and Périé 2014). As the rate of habitat shift is often faster than
trees ability to migrate, artificial plantings of tree species and populations at increasing latitudes
and elevations beyond their current range (i.e. assisted migration) are proposed to allow tree
species to keep up with the pace of climate change (Palik et al., 2022; Pedlar et al., 2012; Ste-
Marie et al., 2011). However, as trees migrate or are transferred to colder conditions winter
frost damage could be a significant constraint, negatively impacting growth and performance
of trees (Kreyling et al., 2015; Winder et al., 2011). For example, Montwé et al. (2018) found
that a frost event taking place 20 years after planting induced lasting growth reduction in a
Pinus contorta (Dougl. ex. Loud) common garden. The common garden was located in the
center of the species’ range, with the southern provenances being more affected by the frost
event. This example highlights how frost hardiness is a relevant trait to determine species’
potential for migration into colder areas, and to select provenances or populations at the
intraspecific level (Aubin et al., 2016). Quantifying frost hardiness can therefore both improve
predictions of tree migration under climate change and the selection of species and

provenances in assisted migration projects.

Intraspecific differences

Species with a wide distribution can develop adaptations to local environmental
conditions, forming distinct populations or ecotypes. These adaptations can produce
differences in functional traits including phenology and frost hardiness, making a population
slightly distinct from other populations of the species it belongs to (Westerband et al., 2021).
Such intraspecific differences are of primary importance under climate change, as they can
produce diverging responses to environmental cues in populations or provenances of the same
species (Des Roches et al., 2018). Studies investigating intraspecific variations in functional
traits can therefore provide valuable information to scientists, land managers and decision-

makers (Hanninen, 2006; Rammig et al., 2010).



The existence of intraspecific gradients in budbreak phenology is well known in the
literature. For instance, northern populations of some species can have a lower forcing
requirement for growth reactivation in the spring, resulting in earlier budbreak when growing in
a common garden with southern populations (Barsoum, 2015; Ren et al., 2020; Risk et al.,
2021; Rossi & Bousquet, 2014). Conversely, higher chilling requirements of some populations
may remain unfulfilled during warmer winters, causing a delay in budbreak and a shortening of
the growing season (Chuine et al., 2016; Kriebel & Wang, 1962). These differences can have
important implication for frost risk exposure. For example, populations with earlier budbreak
may have a higher risk of exposure to late frost. Indeed, late frost avoidance seems to be a
primary driver of intra- and inter-specific differences in budbreak timings for many tree species
(Lenz et al., 2016; Vitasse, Lenz, & Korner, 2014).

Intraspecific differences can also be more directly related to frost hardiness levels. For
instance, populations adapted to colder locations may have higher frost tolerance and winter
survival rates (Vitasse, Lenz, & Korner, 2014). Interestingly, these differences may be specific
to one phase of dormancy. Beuker et al. (1998) found that provenances of the boreal species
Pinus sylvestris (L.) and Picea abies ([L.] Karst) had different levels of frost hardiness only
during acclimation in the autumn, but not during midwinter and deacclimation. Conversely,
Charrier et al. (2011) found that Juglans regia genotypes differed during deacclimation, but not
during acclimation or midwinter.

Intraspecific differences can be stronger in some tree species than others. Generally,
there is a trade-off between phenotypic plasticity (i.e. potential to acclimate to a wider range of
conditions) and genetic adaptation (i.e. specializing to local conditions). While the degree of
specialization is species-specific, it appears to be more common in conifers, with broadleaves
showing greater plasticity (Leites & Benito Garzén, 2023). Moreover, within many species there
is a tendency towards lower phenotypic plasticity in populations adapted to the coldest climates
(Rehfeldt et al., 2018). Given the lack of knowledge and direct measurements of frost hardiness

for many tree species, it is necessary to conduct more experimental research on this subject



to elucidate intraspecific patterns in order to improve climate change impact predictions and

provenance selection.

Novelty and experimental design

In this work, | evaluated the intraspecific differences in phenology and frost hardiness in
two key species of Eastern Canada’s forests, black spruce (Picea mariana Mill. BSP) and sugar
maple (Acer saccharum Marsh.). For both species, provenances from different geographic
areas were compared. In this work, | chose to use the term “provenance” rather than
“population” or “ecotype” as these last two assume a genetic difference. Evaluating genotypic
differences is beyond the scope of this work, so | used the term “provenance” to indicate trees
originated from a specific geographical area.

Black spruce is an emblematic species of Canada’s boreal forest, expanding up to the
northern edge of the forest-tundra biome border. The ability of the species to grow in extremely
cold climates where temperatures below -40°C can occur is well known, but late and early
frosts can significantly damage young shoots even at temperatures as mild as -4°C and
represent a common problem in forest nurseries (Dang et al., 1992; Glerum, 1973; Lamhamedi
& Bernier, 1994). Using a common garden experiment, established in 2014 and counting five
provenances of black spruce from a wide latitudinal gradient (48°13’ to 53°47’), | evaluated
whether different timings of budbreak in black spruce provenances translate to different risks
of exposure to late frost in the spring. Specifically, | collected data of frost damage in the
common garden after a naturally occurring late frost event and compared the amount of frost
damage with the stage of budbreak measured before the event. Such direct measurements of
the effect of late frost are scarce, because of the difficulty in predicting such discrete events.

Sugar maple spans a wide distribution in eastern North-America (Godman et al., 1990)
and holds great ecological and economic importance because of maple syrup production,
particularly in Canada (Agriculture and Agri-Food Canada, 2019). Despite its importance,

studies on sugar maples’ genetic variation and intraspecific differences in functional traits are



underrepresented in provenance trial experiments compared to other species (Eskelin et al.,
2011; Risk et al., 2021). Past and recent studies point to the existence of intraspecific
differences in sugar maple (Guo et al., 2020a; Kriebel & Wang, 1962; McCarragher et al., 2011;
Ren et al., 2020), but the relationship between phenology and frost hardiness remains to be
explored. In this work, | used seven provenances of sugar maple issued from the northern
portion of the species’ range. | quantified frost hardiness monthly over the course of the
2021/2022 winter in all provenances. Further, during the 2022/23 and 2023/24 winters | carried
out chilling-forcing experiments to compare the effect of artificial and natural chilling conditions
during the winter on both budbreak timing and frost hardiness acclimation/deacclimation.
These experiments yielded valuable data, previously missing from the literature on this species,

with valuable implications for forest managers under climate change.

Objectives and hypotheses

The general objectives are i) assessing intraspecific variability in frost hardiness and
phenology of budbreak and dormancy, and ii) linking these two traits to understand intraspecific
variations in risk of frost damage.

The dissertation is formed by three chapters, each following the structure of a scientific
paper, which has either been published or submitted to a peer-reviewed journal at the time of
writing. The formatting of the texts has been standardized to enhance the document's
readability. A reference to the published versions of the chapter is provided on the title page of
each chapter.

Chapter 1 focuses on the impacts of a natural late frost event occurring in a common
garden of black spruce, analyzing frost damage through the lens of intraspecific differences in
budbreak timings. The hypothesis was that under the same conditions, provenances from
colder climates are more damaged by the frost because of an earlier budbreak, which exposes

growing shoots to freezing temperatures.



Chapter 2 analyses frost hardiness in seven sugar maple provenances growing in two
sites near the northern limit of the species’ range, using repeated destructive sampling to
compare the endogenous (i.e. determined by seed provenance) and environmental (i.e.
induced by conditions in the site of growth) controls of frost hardiness throughout a winter
season. The hypotheses were that 1) local weather influences frost hardiness, with seedlings
in the colder site showing earlier and faster acclimation in autumn, higher maximum frost
hardiness during winter, and later and slower deacclimation in spring, compared with the
southern site; and 2) climatic conditions at the provenance origin influence frost dynamics, with
seedlings from colder provenances showing earlier and faster acclimation in autumn, higher
frost hardiness, and later, slower deacclimation in spring compared with warmer provenances.

Chapter 3 compares the effect of exposure to both natural and artificial chilling conditions
on budbreak in sugar maple. The effect of provenance is considered, as well as the contribution
of freezing temperatures to chilling during the winter. The hypotheses were that 1)
endodormancy break would be easier to detect in artificial chilling treatments, where the
confounding effect of frost hardiness would be limited; 2) a chilling model considering freezing
temperatures would be more effective for a cold temperate species experiencing below zero
temperature for several months; and 3) sugar maple samples with higher frost hardiness would

take more time to perform budbreak.
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CHAPITRE 1

The early bud gets the cold : Diverging spring phenology drives exposure to late
frost in a Picea mariana [(Mill.) BSP] common garden.
Published in Physiologia Plantarum
Mura, C., Buttd, V., Silvestro, R., Deslauriers, A., Charrier, G., Raymond, P., & Rossi, S. (2022).
The early bud gets the cold : Diverging spring phenology drives exposure to late frost in
a Picea mariana [(Mill.) BSP] common garden. Physiologia Plantarum, 174(6), e13798.

https://doi.org/10.1111/ppl.13798

1.1 ABSTRACT

Under climate change, the increasing occurrence of late frost combined with advancing
spring phenology can increase the risk of frost damage in trees. In this study, we tested the
link between intraspecific variability in bud phenology and frost exposure and damages. We
analysed the effects of the 2021 late frost event in a black spruce (Picea mariana (Mill.) BSP)
common garden in Québec, Canada. We hypothesized that the timing of budbreak drives the
exposure of vulnerable tissues and explains differences in frost damages. Budbreak was
monitored from 2015 to 2021 on 371 trees from five provenances originating between 48° and
53° N and planted in a common garden at 48° N. Frost damages were assessed on the same
trees through the proportion of damaged buds per tree and related to the phenological phases
by ordinal regressions. After an unusually warm spring, minimum temperatures fell to -1.9°C
on 28 and 29 May 2021. At this moment, trees from northern provenances were more
advanced in their phenology and showed more frost damages. Provenances with earlier
budbreak had higher probability of damage occurrence according to ordinal regression. Our
study highlights the importance of intraspecific variability of phenological traits on the risk of
frost exposure. We provide evidence that the timings of bud phenology affect sensitivity to frost,

leading to damages at temperatures of -1.9°C. Under the same conditions, the earlier growth
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reactivation observed in the northern provenances increases the risks of late frost damage on

the developing buds.

1.2 INTRODUCTION

In cold-exposed areas, woody plants alternate phases of intense activity, growth and
reproduction with dormancy (i.e. low metabolic activity) to survive under unfavourable
conditions (Junttila, 2007). In temperate and boreal ecosystems, temperature is a limiting
factor, mainly during winter. When temperatures drop below zero, ice is formed within the living
tissues, leading to cell death by frost desiccation and disruption of the plasma membrane
(Dowgert & Steponkus, 1984; Uemura et al., 2006). Frost damage happens when the exposure
to cold temperatures (environmental factor) exceeds plant sensitivity (endogenous factor)
(Burke et al., 1976; Charrier et al., 2015, 2018).

Trees adopt two strategies to reduce the risk of frost damage: avoidance and tolerance
(Charrier et al., 2011). Avoidance is achieved through the synchronization of phenological
processes (dormancy) with the unfavourable season, thus preventing the exposure of sensitive
growing tissues to damaging temperatures (Chamberlain et al., 2019). Tolerance is achieved
by increasing frost hardiness (i.e., the ability of tissues to withstand cold temperatures by
preventing ice formation inside the cells) in the overwintering organs during the dormant
season (Atucha Zamkova et al., 2021). Therefore, frost hardiness of trees changes according
to the organ (variation in space) and phenological phase (variation in time) (Charrier et al.,
2013; Sakai & Larcher, 1987). Current scientific knowledge suggests that trees at high latitudes
withstand temperatures lower than -40°C during dormancy, but their developing shoots can be
damaged at -4°C (Dang et al., 1992; Glerum, 1973).

The two strategies of frost tolerance and frost avoidance are closely linked and depend
on a good synchronization with the seasonal variations between favourable and unfavourable
temperatures. Frost hardiness is generally at a minimum during the growing season, when

most resources are allocated to growth (Lang et al., 1987). Growing tissues have a high water
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content to achieve the cell turgor necessary for cell enlargement (Steppe et al., 2015) and are
therefore more likely to freeze intracellularly, resulting in frost damage (Charrier et al., 2013).
As days get shorter and temperatures decrease, secondary growth stops and the primary
meristems become protected from cold temperatures by the formation of winter bud scales,
entering into dormancy (i.e. frost avoidance; Charrier, 2022). This phase of dormancy,
endodormancy, is internally regulated by growth inhibitors, and released by exposure to
accumulated cold temperatures (i.e. chilling requirement) (Chuine et al.,, 2016). As
temperatures get colder, the frost hardiness of overwintering organs (i.e. frost tolerance)
increases through physiological mechanisms aimed at lowering the freezing point of the living
cells and favouring the formation of extra-cellular ice (Baffoin, 2021; Charrier et al., 2013;
Deslauriers et al., 2021). Once the chilling requirements are fulfilled, the trees enter the
ecodormancy phase. In this phase, frost hardiness decreases in response to warm temperature
(Charrier et al., 2011, 2015; Kovaleski, 2022; Kovaleski et al., 2018; North et al., 2022). After
being exposed to a certain amount of warm temperatures (i.e. forcing requirement) trees
resume growth through the phenological event of budbreak. The forcing requirement can be
measured as heat units accumulation, e.g. with the commonly used growing degree-days
(GDD) calculated by subtracting daily mean temperatures from a pre-determined base
threshold (Snyder et al., 1999).

The ongoing warming conditions produced by climate change are shifting the timing of
phenological events by fulfilling forcing requirements earlier (i.e. accelerating ecodormancy
release), potentially exposing plants to an increasing risk of frost damages due to late frost
events (Gu et al.,, 2008; Liu et al., 2018; Vitasse et al., 2018; Zohner et al., 2020). Late frost
events are characterized by freezing temperatures taking place after plant leaf-out in the spring,
often causing significant damages to crops and forests (Chamberlain et al., 2019; Rigby &
Porporato, 2008). Under climate change, the combination of warmer spring conditions and
increased variability in temperature values make late frosts a serious threat, which has received
increasing attention in the scientific literature (Chamberlain et al., 2021; Marquis et al., 2022).

However, late frosts are discrete weather events, more difficult to predict compared to long-
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term climatic trends and mean values (Jentsch et al., 2007). This makes field measurements
of such events challenging to design in advance, limiting empirical evidence about this topic
and generating uncertainty in predicting future consequences (Atucha Zamkova et al., 2021;
Chuine et al., 2016; Warrington & Rook, 1980).

A relevant source of uncertainty is that species with a wide distribution can exhibit
ecotypes with different responses to environmental drivers, resulting in variations in
phenological traits. For example, when growing in the same conditions, northern provenances
of some species show earlier budbreak than southern provenances (Ren et al., 2020; Rossi &
Bousquet, 2014). These diverging responses point to differences in plant sensitivity to
environmental cues, e.g. lower forcing requirements in a provenance can lead to earlier
budbreak. Since growing tissues are more vulnerable to frost damage, different timings of
budbreak entail a different sensitivity to frost within the same species (Charrier et al., 2013).
Understanding the link between these intraspecific differences in phenology and the risk of
exposure to late frosts can both improve predictions of climate change impacts on forests (both
natural and managed) and help adopt management strategies to minimize the risk of frost
damage in the spring, e.g. by provenance selection. Given its wide distribution across the
boreal region of North America, and its ecological and economic importance, black spruce
[Picea mariana (Mill.) B.S.P.] is a relevant model species to study this problematic. The current
scenario of increasing risk of late frost would entail negative impacts on growth, carbon uptake,
and survival of boreal species by loss of photosynthetic and reproductive tissue (Hufkens et
al., 2012b) and potentially increase the susceptibility to other stressors, such as drought
(Charrier et al., 2021).

This study investigated the impact of a late frost event occurring in spring 2021 in a
common garden hosting five P. mariana provenances originating from a temperature gradient
in the boreal forest of Quebec, Canada. The common garden is located in the southernmost
margin of the closed-canopy boreal forest, representing a warmer condition for most
provenances. The aim of our work was to understand the relationship between phenological

patterns in tree provenances and the potential exposure to frost damage. We tested the
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hypothesis that under the same conditions, provenances from colder climates are more
damaged by the frost because of an earlier budbreak, which exposes growing shoots to

freezing temperatures.

1.3 MATERIALS AND METHODS

1.3.1 Common garden and phenological observations

Black spruce [Picea mariana (Mill.) B.S.P.] seeds from natural stands were collected
from five provenances located along a latitudinal and climatic gradient between 48° and 53° N
in the boreal forest of Quebec, Canada (Figure 3, Table 1). The term “provenance” is used in
this work to indicate the site of origin, i.e. the natural P. mariana stand in which the seeds were
collected. Simoncouche (SIM) and Bernatchez (BER) are located in the A. balsamea - B.
papyrifera (balsam fir-white birch) bioclimatic domain. Mistassibi (MIS) and Camp Daniel (DAN)
belong to the P. mariana - moss bioclimatic domain. Mirage (MIR) is located in the P. mariana
- lichen domain characterized by lower density and growth rates (Morneau, 2021). All sites are
natural forests, i.e. no forestry operations or other anthropogenic disturbances are recorded.
We therefore consider these stands to be representative of locally adapted and naturally

occurring P. mariana.

Table 1 : Characteristics of the five sites where black spruce provenances were collected.

Site Total Latitude Longitude Altitude Annual T Min T
count of (N) (W) (ma.s.l.) (°C) Coldest

trees 1970-2000 month (°C)

1970-2000
SIM 89 48°13 71°15’ 338 1.2 -21.6
MIS 56 49°43 71°56’ 342 0.1 -25.2
BER 86 48°51 70°20° 611 -0.6 -23.3
DAN 71 50°41° 72°11° 487 -0.9 -26.6
MIR 69 53°47 72°52 384 -3.4 -28.8
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Figure 3 : Geographical location of the five P. mariana provenances in Québec, Canada.
Provenance origins (yellow diamonds) are shown with their mean annual temperature. All
provenances were planted in a common garden located in the southernmost provenance site, SIM
(diamond with red border)

The climate of the area is typically boreal, with long, cold winters, and short, cool and
wet summers. Temperatures decrease with increasing latitude and elevation, with mean
annual temperatures ranging from 1.2 to -3.4°C (Table 1). In this work, we use mean annual
temperature at the site of origin to define the climatic gradient in order to account for the effect
of elevation. For example, site BER is further south than MIS, but being at a higher elevation
the annual temperature is lower (Figure 3, Table 1). Using mean annual temperature to define
the gradient allows us to take into account the effective environmental conditions in the
provenance’s site of origin, instead of only considering the geographical position.

A common garden was established in July 2014 in Simoncouche (SIM), the
southernmost site, using seeds collected from the five provenances (Silvestro et al., 2019).
Apart from SIM, all the other provenances were transferred to warmer conditions. Seedlings

were planted in a 0.5 ha clearcut forest patch, following a grid design with a random distribution
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of provenances and distances of 2 m x 2 m. On each side of the common garden, two rows of
non-experimental spruces were planted to prevent the edge effect of the nearby forest.

Bud phenology was observed once per week from May to October in 2015, 2017-2021
(Guo et al., 2021). Measurements in 2016 were not performed due to logistical constraints. A
total of 371 trees were measured for budbreak phenology (Table 1). During weekly visits, the
apical bud of each tree was observed to assess the phenological stage. Seven ordinal phases
of budbreak were identified: 0) closed bud; 1) open bud with a lightly coloured tip; 2) elongated
bud, with scales stretching; 3) swollen bud with smooth scales; 4) translucent bud with needles
visible through the scales; 5) bud broken, with needles exposed but not yet spread; 6) exposed

shoot and spread needles (Dhont et al., 2010).

1.3.2 Environmental conditions

Environmental conditions for the spring of 2021 were compared with historical averages
in order to understand and contextualize the weather leading to the late frost. A weather station
located in Simoncouche (500 m from the study area) recorded the temperatures for 2021. The
nearest weather station providing long-term data (1990-2020) of temperature and snow cover
was in Bagotville, QC, 23 km away from the study site (Environment Canada, 2023). Daily
temperature data were recorded at two stations (Simoncouche and Bagotville) from 2010 to
2015. The relationship between the temperatures recorded at the two sites was modelled using
linear regressions (Table S1). Slope and intercept of the regression were used to calculate the
long-term temperature in the study site by imputation, allowing long-term (1990 - 2020)
averages to be computed for the study area in Simoncouche. Growing degree days (GDD)
were used as a proxy to represent warming conditions leading to spring and allow for a
quantitative comparison between 2021 and the historical average (Gilmore & Rogers, 1958;
Snyder et al.,, 1999). GDD were also used to assess differences in forcing requirements
between provenances. We defined the forcing requirement as the mean GDD accumulation

necessary to complete budbreak (i.e. reach phase 6), based on our 6 years of phenological
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observations. In order to select the base threshold for GDD calculation, we tested different
base temperatures to compute the GDD necessary for budbreak, and selected the one which
produced less variability between years (Snyder et al., 1999). Variability was calculated as the
coefficient of variation of the yearly mean GDD value necessary to reach budbreak. Four
provenances out of five had a best base threshold (i.e. producing the lowest coefficient of
variation) of -3°C (Figure S1). The warmest provenance (i.e. SIM) had very similar variability
values using both -2 and -3°C, i.e. 0.0676 and 0.0677 respectively. For consistency, we used

-3°C as the base threshold for all GDD calculations in this work.

1.3.3 Frost damage measurement

After the occurrence of damages in the field, a pilot survey was conducted with the
objectives of establishing a protocol of frost damage assessment and training the observer to
perform the measurement. We based our protocol on the browning method used to visually
assess frost damages in conifers by observing tissue browning after frost treatments (Burr et
al., 2001; Glerum, 1985). During the pilot survey, the repartition of brown buds on individual
trees was also visually assessed to exclude spatial variations in frost damages (e.g. more
damage on one side of the tree). Based on the proportion of damaged brown buds on each
tree, we defined four frost damage levels: 0) no damaged buds; 1) low, <5% of buds damaged,;
2) medium, 5-15% of buds damaged; 3) high, >15% of buds damaged. Observations of frost
damages were performed on 11 June 2021, i.e. two weeks after the late frost event. Each tree

in the plantation was assigned a score for frost damage, for a total of 371 trees.

1.3.4 Statistical analyses

To test for differences in the occurrence of frost damage between provenances (i.e.,
presence or absence of damage), we applied a chi-squared (y2) test followed by a post-hoc
pairwise comparison using Fisher’'s exact test. We applied an ordinal regression to model the

relationship between phenology and frost damage. We set the frost damage level (i.e., 0-3) as
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an ordinal response variable and the phenological phase at the time of frost occurrence (i.e.,
0-6) as ordinal explanatory variable. The Lipsitz goodness of fit test was applied to evaluate
the model, with non-significant p-values indicating that the model is reliable (Fagerland &
Hosmer, 2016; Lipsitz et al., 1996). Finally, we used the ordinal model to predict the probability
of observing each frost damage level based on a given phenological phase. All statistical
analyses were performed in R (R Core Team, 2020) using chisqg.posthoc.test (Ebbert, 2019),

MASS (Venables & Ripley, 2002), generalhoslem (Jay, 2019) and pollen (Nowosad, 2019).

1.4 RESULTS

1.41 Phenology across P. mariana provenances

During 2015-2020, budbreak varied across years, in duration and timing. In general, it
lasted from mid-May until the end of June. The bud phases succession was longer in 2015 (35
days), and shorter in 2019 (55 days). Regardless of the lower threshold temperature used to
calculate GDD, provenances from colder climates had lower forcing requirements (Figure S1).
The mean value of GDD necessary to complete budbreak (i.e. reach phase 6) varied between
provenances along the temperature gradient, with a minimum of 741 + 47.9 (st. dev.) degree-
days for the coldest provenance (i.e. MIR) and a maximum of 892 + 60.5 (st. dev.) degree-
days for the warmest provenance (i.e. SIM). Across years, and despite the inter-annual
variation, colder provenances required less GDD to perform budbreak (Figure 4). Having lower
GDD requirements (i.e., forcing requirements), provenances from colder sites showed a
consistently earlier budbreak compared with provenances from warmer sites (Figure S2).
Averaging six years of observations, the coldest provenance (i.e. MIR) completed budbreak
(i.e., reached phase 6) on DOY 161 (early May), eight days earlier than the warmest

provenance (i.e. SIM).
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Figure 4 : Mean growing degree days (GDD) necessary to complete budbreak for each year of
observation. Colours indicate the five P. mariana provenances, points and whiskers the mean *
SE.

1.4.2 The late frost event of 2021

Snow cover in the 2020/2021 winter started on 27 October 2020 (DOY 301), similar to
the 30-year average (DOY 304 + 10 st. dev.). Snow effectively disappeared on April 8 2021
(DQY 98), with only a minor accumulation happening afterwards (Figure 5). Conversely, on the
long-term average the snowpack lasts 20 more days, up to DOY 118 (+ 10 st. dev.). The
snowpack was thin throughout the winter, reaching a maximum snowpack height of 45 cm on
9 March (DOY 68), 15 cm lower than the 30-year average for the same day. GDD (base
threshold -3°C) accumulated faster compared to the historical average, reaching 753 degree-
days on 27 May (DOY 147), the day before the start of the frost events. This GDD sum was
187 degree-days higher than the 30-year historical average for the same day, indicating the
particularly warm conditions of this year (+33% GDD). Maximum temperatures in the late winter
peaked twice, on 24 march (DOY 83) and 9 April (DOY 99). In both occasions temperatures
reached 17.5°C, which is respectively 17.8 and 13.8°C higher than the long term average. This
indicates two warm periods early in the season (Figure 5). Minimum temperatures showed a

marked increase after 15 May, culminating at a value of 16.4°C, on 22 May (DOY 142). This
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value is 11.7°C higher than the average, marking another warm period. The late frost event
occurred on 28 and 29 May 2021 (DOY 148-149), when minimum temperatures measured at
the study site (Simoncouche) fell abruptly, reaching minimum values of -1.1 and -1.9°C
respectively on the two days. Sub-zero temperatures lasted 6 hours on 28 May (2 to 8 AM) and
4 hours on 29 May (3 to 7 AM). Wind conditions during the event were calm, averaging 0.55

and 0.02 m s-1 during the freeze hours of 28 and 29 May, respectively.
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Figure 5 : Climatic conditions of 2021 (blue line) compared to the average for the 30-year period
1990-2020 (mean * standard deviation, light-blue shaded area). The vertical dashed lines indicate
when the frost days occurred. The horizontal dotted lines indicate the reference of 0°C.
Temperature data and GDD for 2021 was measured at a weather station located 500 m from the
study area. Temperature data and GDD for the 30-year period was estimated for the study area by
imputation, from the weather station of Bagotville (23 km from study area). Snow cover data was
measured at the weather station of Bagotville.
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1.4.3 Timings of spring phenology in 2021

Budbreak was already advanced at the time of frost occurrence, because of the warm
conditions of the 2021 spring. On 28 May (DOY 148), the first day on which temperatures
dropped below 0°C, 61.5% of the observed trees were at phases 5 or 6 (i.e., the final phases
of bud phenology). Provenances originating from colder climates exhibited more advanced
phases of budbreak, as observed in 2015-2020 (Figure 6). Indeed, 58.7% of all trees at phase
6 (i.e., the final phenological phase for budbreak) before the frost event were those from MIR,
the coldest provenance. In contrast, no tree from SIM, the warmest provenance, had reached

phase 6 at the time.
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Figure 6 : Distribution of frost damage levels (upper) and budbreak phenological phases at the
time of frost occurrence (lower) between trees, by site of provenance. Darker colours indicate a
higher proportion of damaged buds and a more advanced budbreak phase, respectively.
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1.4.4 Frost damage

Frost damages occurred in the form of collapsed, dead brown buds (Figure 7). The
survey confirmed that frost was most likely the cause of the bud mortality, as no sign of other
causes (e.g. insects, parasite) was observed. Visual assessment of the repartition of frost
damages on individual trees did not identify any spatial variation (i.e. damages appeared well

distributed on the tree). Bud mortality rate did not exceed 30%.

Figure 7 : Appearance of the developing buds after the late frost occurred on 28 and 29 May. The
brown buds killed by the frost are also visible.

The percentage of damaged trees (i.e. frost damage level > 0) followed the provenance
temperature gradient, varying between 60.7 to 100% for the warmest (i.e. SIM) and coldest
(i.,e. MIR), respectively (Table 2). The chi-square test confirmed differences among the
provenances (y2 = 58.98, p < 0.0001). The post-hoc test indicated that provenances from
warmer sites were less damaged than provenances from colder sites, with differences being

more marked for the provenances at the extremes of the temperature gradient.
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Table 2 : Frost damage occurrence for each provenance of the common garden. Trees are
considered damaged if the ordinal level of frost damage is 1 or higher (see section 2.3). The total
number of measured trees in the common garden is 371. Letters in brackets indicate significantly
different groups, according to posthoc pairwise comparison using Fisher’s exact test.

Provenance N. damaged Damaged trees
trees / n. trees (%)

SIM 54/89 60.7 (a)

MIS 45/56 80.4 (b)

BER 79/86 91.9 (b)

DAN 66/71 93 (bc)

MIR 69/69 100 (c)

Intermediate levels of damage (i.e., level 1 and 2) were more frequent, accounting for
75.7% of the observations. Only 15.6% of the trees had no damage (i.e., level 0); of these,
79.3% belonged to the two warmer provenances (i.e., SIM and MIS). On the other hand, the
two coldest provenances (i.e. MIR and DAN) accounted for 71.8% of all observed higher-level
damages (i.e., level 3).

The observed distribution of damages matched the phenological phase observed at the
time of the frost event, i.e. coldest provenances were more advanced in their timing of budbreak
and exhibited more severe damages on their buds (Figure 6). Consistently, the ordinal model
predicted higher probabilities of observing damage on more advanced budbreak phases

(Figure 8). Goodness of fit indicated that the model is reliable (LR = 3.63, df =9, p = 0.9339).

1.5 DISCUSSION

This study quantified the effects of a late frost event on P. mariana provenances growing
in a common garden. We used six years of phenological observations to understand budbreak
dynamics in five provenances originating from a thermal gradient along the Iatitudinal
distribution of the boreal forest in Quebec, Canada. We compared the progression of budbreak
in 2021 with the resulting levels of frost damage. Provenances from colder sites had an earlier

and faster budbreak, and showed more frost damages. We provided field-based evidence that,
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despite its well-known winter frost hardiness, P. mariana can experience damages at air

temperatures as mild as -1.9°C in the case of a failure in frost avoidance.
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Figure 8 : Probability of frost damage occurring at different phases of budbreak, as predicted by
an ordinal regression model.

1.5.1 The late frost event of 2021

Overall, the spring of 2021 showed the typical characteristics of a false spring event, i.e.
early warm conditions preceding a late cold spell (Gu et al., 2008). This is evident by looking
at GDD accumulation, which started earlier and progressed faster in 2021 compared to the 30-
year average. Moreover, snow cover during winter was scarce and melted 20 days earlier than
usual (Figure 5). Temperatures reveal three warm spells, with temperatures higher than the
norm contributing to hasten budbreak in the trees. Afterwards, there was a return of cold
weather, with freezing minimum temperatures recorded on 27 and 28 May in calm air
conditions (wind speed < 6 m s-1), indicating a radiative-type frost event (Kalma et al., 1992).

Frost damages were observed after mild temperatures (minimum recorded hourly
temperature -1.9°C). While P. mariana can withstand temperatures below -40°C during the

winter (Glerum, 1973), the growing shoots can be damaged by air temperatures of -4°C (Dang
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etal., 1992). In the present case, the frost happened during budbreak and we found the highest
damages on more advanced buds (i.e. with exposed shoots; Figure 6). In this phase, the cells
are highly hydrated to reach the turgor pressure necessary for cell enlargement, have a low
concentration of solutes, which act as cryoprotectant in winter, and thinner cell walls (Charrier
et al.,, 2013; Pantin et al., 2012) all factors that increase the likelihood of intracellular ice
formation, which is lethal for the cell in natural conditions (Charrier et al., 2015; Wolfe & Bryant,
2001). Moreover, the restoration of water fluxes between the stem and bud favours ice
propagation between organs (Neuner & Beikircher, 2010; Villouta et al., 2022). The less
densely packed configuration of elongating buds may also contribute to increase bud
vulnerability to frost. For these reasons, shoots in the first phase of elongation have lower frost
hardiness than both closed buds and fully formed shoots (Lenz et al., 2013). This shows the
importance of matching budbreak with favourable environmental conditions. To our knowledge,
this is the first time that damages on immature P. mariana shoots have been quantified at air
temperatures above -2°C. The literature found similar thresholds for other species, indicating
that spring temperatures of -2°C are able to damage growing tissues of trees in temperate
areas of North America and Europe (Chamberlain et al., 2019).

Frost damages were more frequent and severe in provenances originating from colder
sites, which also showed an advanced progression in the timing of budbreak at the time of the
frost (Figure 6). Although most trees presented some degree of damage, in most cases only 5
to 15% of buds were damaged. This is in line with results from Charrier et al. (2018), who used
modelling approaches to determine that greater frost damages are more related to the intensity
of the frost event rather than tree frost hardiness (i.e. tree vulnerability, sensu Charrier et al.,
2015). In other words, the main variable influencing frost damage is the minimum temperature
reached by the frost event: lower minimum temperatures can overwhelm frost hardiness
thresholds and cause more severe damages to the tree. Beside the relatively mild
temperatures reached, the overall low percentage of damaged buds may be due to the fact
that budbreak was still ongoing at the time of the frost. It is likely that only buds in the most

vulnerable phases of budbreak were damaged, since closed buds are more resistant to frost
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and fully developed shoots are not damaged even at -3°C (Dang et al., 1992). Itis also possible
that microclimatic variations played a role in determining differences in frost damage, e.g. lower
temperatures near the soil, in higher parts of the canopy or on bud surfaces (Charrier et al.,
2015; Peaucelle et al., 2022; Winkel et al., 2009). However, in the present case the spatial
distribution of damaged buds on individual trees appeared homogeneous. This would suggest
that phenological phases of the buds (and underlying physiological traits influencing frost
hardiness) played an important role in determining bud sensitivity and therefore frost damage
occurrence. This hypothesis is supported by our field observations, which found healthy and
well-developing buds close to browned buds (Figure 7), suggesting that differences in
development among buds at the time of frost occurrence determined differences in frost
sensitivity and ultimately in frost damage. Hypothetically, if the frost event studied in this work
happened only a few weeks later, buds from northern provenances would have been advanced
enough in their cell formation and development to be more frost hardy (Charrier et al., 2015).
In this scenario, northern provenances could have been able to better resist the frost.
Conversely, southern provenances still in the middle of budbreak would have been more
damaged because of their low frost hardiness (Charrier et al., 2013). Further studies
quantifying bud frost hardiness levels at different stages of budbreak could validate this

hypothesis and shed light on tree sensitivity to frost during this crucial phenological event.

1.5.2 Spring phenology in P. mariana provenances

Our results show that provenances originating from colder sites have a lower forcing
requirement for spring reactivation and therefore show an earlier budbreak than provenances
originating from warmer sites when growing in the same conditions. (Figure 4). The lower
threshold for GDD calculation is close to -3°C for all provenances, indicating that there is no
difference in sensitivity to warm temperatures (Figure S1). In other words, provenances from
colder climates perform an earlier budbreak because they need less heat accumulation, and

not because they start accumulating heat at lower temperatures. When growing in the same
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conditions, i.e. in the common garden, northern provenances fulfil their forcing requirements
faster than southern provenances, resulting in an earlier budbreak.

These findings are consistent with existing knowledge of P. mariana provenances.
Earlier field studies in the same common garden (Guo et al., 2021; Usmani et al., 2020) as well
as controlled-conditions experiments (Rossi & Bousquet, 2014) observed that provenances
from colder places have lower forcing requirements, leading to faster budbreak under the same
conditions. Similar findings have been reported for other conifers (Blum, 1988; Worrall, 1983;
Zeltins et al., 2021) as well as broad-leaved species living in similar environments, such as
sugar maple (Acer saccharum Marsh.) (Guo et al., 2020b; Ren et al., 2020). In environments
where cold is the main limitation, the timings of budbreak are driven by a trade-off between late
frost avoidance and maximization of growth and reproduction during the short growing season
(Chuine, 2010). Late frost avoidance appears to be a major evolutionary constraint driving
budbreak timings for several species (Lenz et al., 2016; Marquis et al., 2020). In this
perspective our findings show that northern provenances have lower forcing requirements that
allow them to perform a faster dormancy release and maximize the shorter growing season in
cold environments. Future studies should focus on quantifying the risk of late frost damage in
northern P. mariana forests. Because of lower forcing requirements, trees in these regions
could be more affected by the advance in budbreak induced by warmer spring conditions. This,
in turn, could leave the trees exposed to the risk of late frost, which may become more frequent
as spring temperatures variability increases (Chamberlain et al., 2021; Marquis et al., 2022).

However, it is not clear how far these results can be generalized to other species or
ecosystems. Other studies have found opposite results, i.e. that when growing in the same
conditions northern provenances perform budbreak later than southern. This was observed in
common gardens for Pseudotsuga menziesii [(Mirb.) Franco] and Juglans nigra (L.) (Bey et al.,
1971; Campbell & Sugano, 1979) and confirmed by experimental treatments in Juglans regia
and Juglans regia x nigra (Charrier et al., 2011). This points to factors other than late frost
influencing population-specific spring phenology timings. For example, drought-induced growth

limitations during the summer can exert selection pressure and drive local provenances to
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perform an earlier budbreak, in order to maximize growth early in the season (Campbell &
Sugano, 1979). Some species may be more sensitive to long photoperiod in the spring,
reducing the advancement in budbreak induced by warmer temperatures (Basler & Kérner,
2012; Hanninen & Tanino, 2011). These differences highlight the complex interactions between
intraspecific traits and environmental factors, and the need for more field observations and
experimental studies to better understand intraspecific variations in tree phenology.

Photoperiodic control over budbreak phenology could play an important role in mitigating
advances in spring phenology (Basler & Kérner, 2012). The role of photoperiod is often difficult
to predict due to species-specific differences (Basler & Kérner, 2014) and the absence of clear
patterns among species (Flynn & Wolkovich, 2018; Way & Montgomery, 2015). In the case of
P. mariana, photoperiod appears to have a marginal control over budbreak with respect to
temperature (Rossi, 2015). However, photoperiod seems to play a more important role when
chilling requirements for budbreak are not met (Malyshev et al., 2018; Ren et al., 2020).
Unfulfilled chilling requirement can also directly delay budbreak (Chuine et al., 2016).
Therefore, warmer winters in the future could mitigate or even offset the advances in spring
phenology and reduce the risk of late frost damage in these regions. Further studies on the
dormancy dynamics could help quantify these diverging drivers and improve predictions of
climate change impacts in these regions.

In a context of provenance selection, the higher GDD requirement of southern
provenances would delay budbreak under warming conditions. Assisted migration could
therefore be a useful tool to decrease the risk of damage from late frost events. Northward
movement of provenances has already been suggested, also because southern provenances
have higher potential for growth and timber production (Prud’homme et al., 2018). However, in
the present study we moved provenances southward (Figure 3). This allowed us to simulate
an increase in temperatures for the northern provenances but leaves open questions regarding
the vulnerability to autumn and winter frosts in southern provenances moved north. Working
on the same common garden plantation that we analysed in this work, Silvestro et al. (2019)

found that a later budbreak correlates with a later bud set in P. mariana provenances. More
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specifically, bud burst occurred 1.2 days later and bud set 1.8 days later for each degree
Celsius of increase in mean annual temperature at the provenance origin. This suggests a
trade-off between reducing the risk of late and early frost. Therefore, southern provenances
may be more vulnerable to early frosts in the autumn (Montwé et al., 2018). Moreover, it is
possible that southern populations, adapted to milder winters, have lower maximum frost
hardiness and may not survive prolonged harsh winter temperatures. There is evidence that
different provenances of conifers have different levels of frost hardiness (Repo et al., 2001;
Sakai, 1983), although not all species exhibit the same trend (Charrier et al., 2011; Hawkins et
al., 1994; Larcher & Mair, 1968; Morin et al., 2007). In boreal environments, where winter
temperatures can reach values lower than -40°C, frost tolerance in overwintering organs is an
essential aspect to be considered (Sebastian-Azcona et al., 2019).

A relevant aspect that remains to be investigated is the role of physiological regulators
of budbreak and their interaction with environmental factors. While temperature is the main
environmental cue inducing budbreak (Hanninen, 1997; Junttila, 2007; Sarvas, 1972),
biochemical mechanisms are also involved. In particular, bud reactivation in the spring must
be sustained by carbohydrates previously stored in other organs (Rinne et al., 1994; Tixier et
al., 2017). During winter dormancy, these carbohydrates have a key function in increasing the
tree’s frost hardiness (Kasuga et al., 2007). For this reason, carbohydrates ultimately exert a
strong regulation over deacclimation dynamics leading to budbreak (Baffoin, 2021; Deslauriers
et al., 2021). This suggests a positive correlation between maximum frost hardiness in the
winter and the quantity of carbohydrates available in the spring to promote a fast reactivation
(Delpierre et al., 2019). In this perspective, higher maximum frost hardiness in northern P.
mariana provenances driven by harsher local winter conditions could provide a mechanistic
explanation for faster budbreak. Investigating the link between differences in frost hardiness,
carbohydrate content and rates of growth resumption could provide valuable insight in the

drivers of phenotypic differences in P. mariana populations.
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1.5.3 Conclusions and recommendations

Our results confirm the hypothesis that provenances originating from colder climates
have a higher risk of exposure to late frost because of an earlier budbreak. In a scenario where
climate warming advances budbreak and increases variability in spring temperatures, northern
provenances can be expected to be more sensitive to local increases in late frost risk
(Chamberlain et al., 2019; Gu et al., 2008). Our study highlights the importance of investigating
intraspecific differences when studying ecophysiological traits of trees, especially in the face of
climate change. Diverging responses to spring temperatures entail different sensitivity to late
frost in tree provenances, with important implications for studying ecological impacts of climate
change and implementing adaptive management actions.

Our results support the idea of northward assisted migration of P. mariana provenances
to minimize the risk of late frost damage. However, more research is necessary to address
unanswered questions and fill in the gaps in knowledge. Further studies should measure frost
hardiness in P. mariana provenances throughout the dormant period in order to clarify whether
southern provenances can survive northern winters. Understanding species-specific dynamics
of frost avoidance and frost resistance can improve predictions of climate change impacts and

allow for informed choices in assisted migration and provenance selection.
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1.6 ANNEXES

Table S1. Linear equations used to calculate temperature minimum (T min), mean (T mean) and
maximum (T max) values for the site of Simoncouche based on temperatures measured at the
weather station of Bagotville, Saguenay, QC. The equations were calculated based on daily mean
values recorded at the two sites for the period 2010-2015. The u variable is the temperature

measured at Bagotville.

Variable Equation R?

Minimum daily -0.24+0.98 n 0.97
temperature (°C)

Mean daily -0.65+0.97 n 0.98
temperature (°C)

Maximum daily - 0.82+0.98 x 0.98
temperature (°C)
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Figure S1: a) coefficient of variation (CV) of the mean growing degree days (GDD) necessary to
complete budbreak and b) mean growing degree days (GDD) across years of observation in five
P. mariana provenances. GDD have been computed and averaged for six years of phenological
observations (2015,2017:2021). CV represents the variability of the mean GDD value between
years.
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Lines indicate the mean day of the year (DOY) values for each budbreak phase. Results are
grouped by site of provenance, identified by lines of different colours (warm to cold temperature
gradient: SIM, MIS, BER, DAN, MIR). Measurements were taken in a common garden at the
southernmost site, SIM
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21 ABSTRACT

In temperate and boreal ecosystems, trees undergo dormancy to avoid cold
temperatures during the unfavorable season. This phase includes changes in frost hardiness,
which is minimal during the growing season and reaches its maximum in winter. Quantifying
frost hardiness is important to assess the frost risk and shifts of species distribution under a
changing climate. We investigate the effect of local conditions and intraspecific variation on
frost hardiness in sugar maple (Acer saccharum Marsh.). Seedlings belonging to seven
provenances from the northern area of the species’ range were planted at two sites in Quebec,
Canada. LTso, i.e. the lethal temperature for 50% of the cells, was measured monthly with the
Relative Electrolyte Leakage (REL) method on branches and buds from September 2021 to
July 2022. LTso varied between -4 °C in summer (July) and -68 °C in winter (February).
Autumnal acclimation rates (September to early December) and mid-winter frost hardiness
(December to early March) were similar in both sites. Samples in the southern site
deacclimated faster than in the northern site between March and July, because of a warmer
and earlier spring. No difference in frost hardiness was detected between provenances. Our
results suggest that the frost hardiness trait is similar within the northern part of the sugar maple
distribution, with local weather conditions having a greater influence than provenance. We

demonstrate that LTso in sugar maple can exceed -55 °C, far below the minimum temperatures


https://doi.org/10.1093/treephys/tpae167

occurring in winter at the northern limit of the species. In order to minimize the risk of damage
from extreme frost events exceeding tree frost hardiness, a careful evaluation of site
characteristics is more important than provenance selection. Other factors should also be
considered within the context of changing climate, in particular the phenology of maple and

avoidance of late frost in spring.

2.2 INTRODUCTION

In cold environments, trees have developed the ability to increase their frost hardiness
to endure winter conditions. Temperatures exceeding the plant’s vulnerability to frost can cause
severe tissue damage and death (Sakai & Larcher, 1987). Frost damage occurs when cold
temperatures induce ice formation within plant tissues, which can lead to rupture of the plasma
membrane and cell death (Uemura et al., 2006). Plants reduce the risk of frost damage by
synchronising their growing season with the warmer period of the year through phenological
adjustments (frost avoidance), and increasing the frost hardiness of overwintering organs
through physiological adjustments (frost tolerance) (Charrier et al., 2015). However, questions
remain regarding the intraspecific differences in frost hardiness resulting from local
populations, and their implications for forest adaptation to climate change.

At the cellular level, trees can increase their frost hardiness by lowering the freezing
point of the cytosol and inducing ice formation outside of the cell to avoid intracellular ice
formation and membrane rupturing. This is partially accomplished by physiological
adjustments, for example reducing the water content and increasing the concentration of
soluble sugars in the cells (Baffoin et al., 2021; Deslauriers et al., 2021). Frost hardiness
therefore changes during the year, being at a minimum during the growing season and at a
maximum in mid-winter (Lang et al., 1987; Sakai & Larcher, 1987). For example, a study on
boreal Vaccinium spp. found that frost resistance, quantified as the temperature inducing lethal
damage to 50% of the cells, varied between -5 °C during the growing season and -67 °C during

winter (Deslauriers et al., 2021).
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Frost hardiness dynamics are closely linked with the phenological cycle of growth and
dormancy (Leinonen, 1996; Vitasse, Lenz, & Kérner, 2014). In mid-summer, trees stop radial
growth and form buds to protect the meristems (Butto et al., 2021; Rohde & Bhalerao, 2007).
In autumn, colder temperatures and shortening photoperiod induce dormancy (Hamilton et al.,
2016; Way, 2011). Initially, trees enter the endodormancy phase, which is internally regulated
by growth inhibitors and requires exposure to cold temperatures (i.e. chilling) to be released
(Chuine et al., 2016; Lang et al., 1987). During endodormancy, frost hardiness increases in
overwintering organs (i.e. acclimation) until reaching a peak in winter (Sakai & Larcher, 1987;
Vitasse, Lenz, & Koérner, 2014). During autumn and winter, exposure to cold temperatures
releases endodormancy and the tree enters the ecodormancy phase, which is mainly controlled
by temperature (Charrier et al., 2015; Delpierre et al., 2016; Junttila, 2007) with a minor effect
of photoperiod in some species (Flynn & Wolkovich, 2018; Malyshev et al., 2018; Way &
Montgomery, 2015). The gradual rise in temperature during spring, defined as forcing units,
releases ecodormancy and triggers a decrease in frost hardiness (deacclimation) until
budbreak and the resumption of growth (Charrier et al., 2011; Hanninen, 1990a; Kovaleski et
al., 2018).

Frost hardiness is a critical trait for tree survival in cold climates and is considered one
of the main factors limiting poleward expansion of species range (Inouye, 2000; Sakai &
Larcher, 1987). Accordingly, the hardiness zones commonly used to define climate suitability
for plant species in North America are based on absolute minimum temperatures (Daly et al.,
2012). In a study on 27 native and exotic species growing in a common garden in central
Europe, Kreyling et al. (2015) found that tree frost hardiness correlated to the climate at the
species’ origin, particularly the minimum temperature of the coldest month. Some studies have
pointed out the importance of off-season late frosts as a major driver of natural selection and
range expansion (Korner et al., 2016; Lenz et al., 2013). However, analyses of frost hardiness
are often time-consuming and labour-intensive, which limits their application to special or
localized cases (Burr et al., 2001). For this reason, field data quantifying tree frost hardiness

during acclimation and deacclimation are still missing for many species.
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Under climate change, the habitats of many species are expected to shift polewards or
upwards, towards sites submitted to colder conditions (Boisvert-Marsh et al., 2014; McKenney
et al., 2007). While winters will generally become warmer, the weather is becoming more
variable and less predictable, making frost events likely even under global warming scenarios
(Marquis et al., 2022; Screen & Simmonds, 2013). Accordingly, warming events during winter
or spring can induce deacclimation and lead to frost damage when the temperatures again fall
below 0 °C (Augspurger, 2013; Vitasse, Lenz, & Korner, 2014; Zohner et al., 2020). Even if not
lethal, frost events can have critical impacts on tree growth and competitiveness. Montwé et
al. (2018) showed that a frost event happening 20 years after planting significantly affected the
growth in Pinus contorta (Dougl. ex. Loud) common garden, which remained low in subsequent
years. Reduced growth and performance of trees and saplings can also hinder the
establishment and long-term survival of new cohorts, thus limiting poleward or upward
expansion of tree species range (Kreyling et al., 2015; Winder et al., 2011).Frost hardiness is
therefore an important aspect to predict the frequency of frost damages, the potential range
expansion of trees, and the consequent evolution of forest structure.

Different populations of the same species can differ in their frost hardiness and
phenology. A study by Charrier et al. (2011) found that Juglans regia (L.) genotypes artificially
selected for fruit production reached lower frost hardiness (lethal temperature of -28 °C) than
J. regia x nigra hybrids selected for wood production (lethal temperature of -35 °C). Intraspecific
differences can also occur naturally across latitudinal ranges, where populations from colder
climates can exhibit greater frost tolerance and winter survival (Vitasse, Lenz, & Kérner, 2014).
This trend has been observed both in conifers (Kreyling et al., 2012; Viveros-Viveros et al.,
2009) and angiosperms (Kreyling et al., 2014; Li et al., 2003). However, other studies
suggested that intraspecific differences in frost hardiness are limited to one phase of the frost
hardiness cycle. Beuker et al. (1998) found differences in frost hardiness during the autumnal
acclimation, but not during winter and deacclimation, in Pinus sylvestris (L.) and Picea abies
([L.] Karst). Instead, Charrier et al. (2011) found differences between Juglans regia genotypes

in deacclimation, but not during acclimation or midwinter. Understanding species-specific
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drivers of variations in frost hardiness can provide relevant information to guide tree
provenance selection under climate change (Hanninen, 2006; Rammig et al., 2010). This is
particularly true in cases where tree species and provenances are artificially transferred
poleward, i.e. in assisted migration (Ste-Marie et al., 2011). Assisted migration is a tool to
promote forest resilience in the face of a rapidly changing climate (Twardek et al., 2023).
However, transferring trees poleward begs the question of whether they will be able to survive
in colder climates, especially at the sapling stage (Aubin et al., 2016; Pedlar et al., 2011).
Quantifying intraspecific differences in frost hardiness can therefore help the selection of
provenances for assisted migration, increasing the chances of success. In this study, we
measured frost hardiness in sugar maple (Acer saccharum Marsh.) seedlings from seven
provenances located in the northern portion of the species’ distribution and growing in two sites
in the Quebec province, Canada. We aimed to quantify intraspecific variability in frost hardiness
by comparing the effect of provenance and local environmental conditions. We raised the
hypothesis that local weather influences frost hardiness, with seedlings in the colder site
showing earlier and faster acclimation in autumn, higher maximum frost hardiness during
winter, and later and slower deacclimation in spring, compared to the southern site (Figure 9).
We also expect that climatic conditions at the provenance origin influence frost dynamics, with
seedlings from colder provenances showing earlier and faster acclimation in autumn, higher
frost hardiness and later, slower deacclimation in spring compared to warmer provenances

(Figure 1).
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Figure 9. Hypotheses tested for the effect of provenance and site on frost hardiness in sugar
maple. We expect samples in the warmer site (dashed lines) to reach lower frost hardiness than
in the northern site (solid lines). Within each site, we expect that provenances from colder areas
(blue lines) will show faster acclimation but slower deacclimation than provenances from warmer
areas (red lines). In this study, we use the temperature causing lethal damage to the tree (LTso0) as
an indicator of frost hardiness at a given time.

2.3 MATERIALS AND METHODS

2.3.1 Provenance selection

The plant material for this study consisted of 2-year-old seedlings of sugar maple (Acer
saccharum Marsh.) belonging to seven commercial provenances from Eastern Canada (Table
3, Figure 10). We focused on this study area, which corresponds to the northern portion of
sugar maple’s range, because a comparison of frost hardiness for different provenances in this
zone is currently missing from the literature. Seeds were collected on single mother trees for
Duchesnay, Coy Brook and First Eel Lake provenances (abbreviated as DUC, COB, and FEL,
respectively) by the National Tree Seed Center (Natural Resources Canada, Fredericton,
Canada). The provenances Shawinigan, Lapocatiere, Cantley and Sherbrooke (abbreviated
as SHW, LAP, CAN, and SHR, respectively) originated from seeds collected at stand level by

the Ministére des Ressources Naturelles et des Foréts du Québec, Canada. All stands of seed
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collection are natural (i.e. no artificial selection or tree breeding) and are considered

representative of the area of provenance.

Table 3. Characteristics of the seven sugar maple provenances studied in this work. Mother tree
indicates whether the seeds were collected on a single tree or on multiple trees for each seed lot.
Climate data is averaged for the 1980-2010 period (source: BioSIM).

Absolute
. minimum T Annual
Name ID Lat. Long. Elevation Mother An:'ual of the prec.
(ma.s.l.) tree T (°C)

coldest (mm)

month (°C)
Duchesnay DUC 46.87 -71.67 250 Single 3.6 -34 1361.9
Lapocatiere LAP  47.36 -70.03 22 Multiple 4.5 -28.5 937.1
Shawinigan SHW 46.53 -72.65 124 Multiple 4.7 -32.6 1057.7
First Eel :
Lake FEL 45.83 -67.62 177 Single 5.1 -30.8 1158.7
Coy Brook COB 46.27 -65.53 89 Single 5.5 -29.7 1124
Sherbrooke SHR 45.38 -71.92 301 Multiple 5.5 -31.9 1136.7
Cantley CAN 4557 -75.78 154 Multiple 5.7 -31.7 999
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Figure 10. Locations of the seven sugar maple provenances studied (points) and the two sites
where seedlings were grown and sampled (triangles).

A total of 1008 seedlings were grown in the forest nursery in Berthierville, QC, Canada.
After germination in 2020, seedlings grew in a 85% peat, 7.5% vermiculite, 7.5% perlite
substrate with added lime (9 kg lime per 3.1 m?3 peat). Seedlings stayed in tunnels covered by
transparent plastic until reaching 25 cm in height and were then transferred outdoors under a
shading net. After entering dormancy, the seedlings spent the winter in a cold room at -3 °C.
In May 2021, the seedlings were transplanted in trays containing 15 cavities of 320 cm? and
placed outdoors in two open sites, Chicoutimi and Ripon (QC, Canada, Figure 10). We chose
the two sites for their location with respect to maple distribution. Chicoutimi (48°25’ N, 71°02’
W) and the surrounding region represent the northern limit of maple’s range (Godman et al.,
1990). Ripon (45°46’ N, 75°06’ W) is a warmer site, 420 km south-west of Chicoutimi, located

within the natural range of sugar maple (Table 4).
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Table 4. Characteristics of the two sites where the seedlings were grown before sampling for the
frost hardiness assessment. Climate data is relative to the 1980-2010 period (source: BioSIM).

Average
Elevation Annual minimum Extreme  Annual
Name Lat. Long. (masl) T(°C) T of the minimum precipitation
R coldest T (°C) (mm)
month (°C)
Ripon 45.78 -75.10 180 4.9 -18.7 -43.3 1091
Chicoutimi  48.42 -71.05 82 3.1 -21.3 -43.3 931

2.3.2 Climate and weather data

Climate and weather data were used to compare the provenances and understand the
drivers of frost hardiness. We obtained historical (1980-2010) climate averages for the two
sites of sampling and seven geographic provenances using BioSIM (Régniére et al., 2014).
We also used BioSIM to obtain weather data for the period of measurement (winter 2021/2022).
We obtained snow cover and historical daily temperatures from the nearest available weather
station, i.e. Chénéville (13 km from Ripon) and Bagotville (9 km from Chicoutimi) (Environment
Canada, 2023). Growing degree days (GDD) were calculated from January 2022 onwards with
a base threshold of 0 °C to track above-zero temperature accumulation during the spring.
Cumulative chilling days were calculated for the acclimation period (September to January) to
quantify cold accumulation in the two sites. Chilling units (CU) were calculated daily as CU =
max (7 — Tm; 0), where Tn is the mean daily temperature. We used cumulative daily CU instead
of the more common chilling hours because hourly temperatures were missing for Ripon. The
threshold of 7 °C was used as suggested in the literature for sugar maple (Raulier & Bernier,

2000; Weinberger, 1967).

2.3.3 Frost hardiness tests

We performed monthly frost hardiness measurements from September 2021 to July

2022. Seedlings were two-years-old at this time, having spent their second growing season
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outdoors in each site. We defined frost hardiness as the temperature inducing 50% of cellular
damage (LTso0), measured with the Relative Electrolyte Leakage (REL) method (Repo & Lappi,
1989). All provenances were sampled monthly except COB, which was sampled every two
months because of a smaller number of seedlings. Overall, we sampled 154 seedlings per
provenance, and 84 seedlings for COB. All samples were analysed in Chicoutimi. Samples
from Ripon were delivered to the lab within 24 hours from collection and immediately started
the REL analysis. To minimize the impact of the 24-hour lag between sampling and analyses,
samples were placed in plastic bags with wet paper towels to maintain humidity and prevent
dehydration, and were shipped in a styrofoam box for insulation from external temperatures
during transport.

On each sampling date, seven seedlings per provenance were collected in each site.
Different samples were collected on each date. Seedlings were separated into three samples,
each at least 5 cm long, and distributed randomly between seven target temperatures for the
frost treatment. In total, each target temperature had 3 samples per provenance, wrapped in
tin foil and placed in a thermal container. Two thermocouples per thermal container were used
to keep track of temperature during the tests, one attached to a random sample and one
measuring air temperature inside the container.

During each test, we exposed the samples to seven different treatment temperatures
ranging from +5 to -80 °C. One thermal container was stored in a cold chamber at +5 °C (control
treatment). A second thermal container was stored in a freezer at -80 °C for four hours (lethal
treatment) before being transferred to +5 °C. The remaining five thermal containers were
exposed to five different temperatures ranging from -7 °C to -60 °C in a controlled-temperature
freezer (EH40—2-3, Envirotronics, Grand Rapids, MI). The target temperatures changed during
the sampling dates to better quantify the expected frost hardiness, mostly with regular intervals
of -10 to -15 °C between target temperatures (i.e. we tested colder temperatures during winter,
see Figure S3). The temperature in the freezer was manually adjusted to attain a cooling rate
of -10 K h-1. This rate is higher than the cooling rate of -5 K h-1 normally used in the literature,

and faster than freezing rates normally observed in nature (Atucha Zamkova et al., 2021;
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Cannell & Sheppard, 1982). However, in our case the temperature of the freezer needed to be
continuously and manually adjusted in small temperature increments, since the freezer model
did not have a function for controlled temperature descent. This made a cooling rate of -5 K h-
1 logistically unattainable, requiring 17 hours of continuous presence and input to control the
descent rate. Upon reaching one of the target temperatures, one random container was taken
out of the freezer and stored in a cold chamber at +5 °C. All containers were then left at +5 °C
overnight.

On the second day, the samples were prepared for conductivity measurements. Each
seedling was separated in branches (cut in slices 0.5 mm thick) and buds (split in two along
the longitudinal axis), then stored in vials with 10 ml of demineralised water. Because of the
small number of buds available, buds from the same provenance and within the same target
temperature were placed in the same vial. Vials were left to agitate on a multi-platform orbital
shaker (Thermo Fisher Scientific, Waltham, MA) at 5 °C overnight.

The third day, conductivity in each tube was measured as an indicator of electrolyte
leakage from cells damaged by the frost (C1). Samples were then put in an autoclave at 120
°C, 1.2 bar, for 30 minutes. A second conductivity measurement was performed after the
autoclave treatment, corresponding to the maximum cellular damage (C2). REL was then
calculated as C1/C2, i.e. the ratio of electrolyte leakage caused by frost to the leakage caused
by maximum damage. We calculated the relationship between REL and temperature using the

logistic function (Repo and Lappi 1989):

a (1

REL = oy + 4

where T is the test temperature, d is the higher asymptote, a+d is the lower asymptote
and b is the slope at the inflection point c. Frost hardiness (LTs0) was calculated for each
provenance as the temperature at the inflection point c, i.e. the temperature causing 50% of
cellular damage. Temperatures inducing 10% cellular damage (LT10) were also calculated

from the logistic curve, to estimate a lower threshold for frost damage occurrence and for
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comparison with LTso. The logistic function was fitted with the nlsLM function of the minpack.Im
package (Elzhov et al., 2022). An example of the end result of monthly REL analyses illustrating
the logistic fittings used to estimate LTso can be found in Figure 11.
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Figure 11. Example of the results of the REL analysis, divided by provenance (columns), organs
and site of sampling (rows). Black dots are REL measurements at different test temperatures for
each provenance and organ (branches, buds). Logistic curves (in blue) were fitted to estimate
LTso based on Relative Electrolyte Leakage (REL) measurements. L50 was estimated as the
inflection point of the logistic curve.

2.3.4 Statistical analyses

We applied Wilcoxon rank sum exact tests to compare the differences in frost hardiness
between sites on specific sampling dates. Based on the observed pattern of frost hardiness,
we identified three periods: (1) acclimation, corresponding to the increase in frost hardiness
during autumn (between September and December); (2) maximum hardiness, corresponding
to the peak in frost hardiness during midwinter (between December and March); and (3)
deacclimation, corresponding to the decrease in frost hardiness during spring (between March
and June). For each period, the differences in frost hardiness between sites and provenances

were tested using ANCOVA. We set LTso as the response variable, circadian days since the
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start of the experiment (September 7, 2021) as quantitative covariate, and site and provenance
as categorical variables. We fitted ANCOVA with the Anova function of the rstatix package
(Kassambara, 2023). We tested for normality and homoscedasticity with the Shapiro-Wilks and
Levene’s tests, respectively. Model goodness-of-fit was evaluated by adjusted R2 values,
distribution of standardised residuals and visual assessment of residuals plots.

We fitted a circular regression model to investigate differences between site and
provenance during the whole frost hardiness cycle. Circular regressions allow recurrent
biological events to be described by transforming the independent variable, i.e. time, into a
circular variable expressed in radians (Batschelet, 1981). We used circular regression in order
to test for site (environment) and provenance effects, with a model that could account for frost
hardiness variation throughout the year. We expressed the time as circadian days since the
start of the experiment, transformed into radians (trad). The sine and cosine functions of trad
represent the seasonal pattern of frost hardiness in the model. We fitted a circular model with
LTso as the response variable, the sine and cosine functions of trad as quantitative explanatory
variables, in addition to the factors site (two levels) and provenance (seven levels). We used
delta-AIC (Akaike Information Criterion) to compare models with and without the variables for
site, provenance and their interaction in order to select the best model, both for ANCOVA and
circular regression. Delta-AlC comparison was carried out with the aictab function of the
AlCcmodavg package (Mazerolle, 2023). All statistical analyses were performed in R (R Core

Team, 2020).

2.4 RESULTS

2.4.1 Weather conditions

From September 2021 to July 2022, the northern site (Chicoutimi) and southern site
(Ripon) experienced a mean temperature of 0.4 and 3.1 °C, respectively. On average, the

temperatures differed from 1 to 1.2 °C between sites during the autumn (September to
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November), with Ripon being the warmer site. Chilling units’ accumulation, i.e. the days with
mean daily temperature <7 °C, started on day of the year (DOY) 295 (October 22) in both sites
and reached 16 and 18 degree-days in Ripon and Chicoutimi, respectively on DOY 305
(November 1). The difference in chilling units between sites remained below 50 until DOY 341
(December 7), then increased to 144 on DOY 365 (December 31), with Chicoutimi being the

coldest site (Figure 12).
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Figure 12. Trends of a) air temperature (°C), b) snow cover (cm), c) daily chilling units (°C) and d)
growing degree-days (GDD °C) during the study period in winter 2021/2022. Air temperature is
shown as a shaded area between daily maximum and minimum values. Data obtained from the
nearest weather stations (Environment Canada, 2023).

In winter (December to February) Chicoutimi was colder by an average of 4.7, 4.3 and
3.9 °C for minimum, mean and maximum temperatures, respectively. The lowest daily

minimum temperature recorded during winter was -34.7 °C on both sites, which occurred on
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DOY 22 in the southern site (Ripon) and on DOY 29 in the northern site (Chicoutimi). In spring
(March to June), Chicoutimi was 2.5 to 2.8 °C colder than Ripon. On DOY 121 (May 1), the
growing degree days (GDD) above 0 °C reached 233 in Ripon and 134 in Chicoutimi. Snow
cover appeared on the same date in the two sites, on DOY 331 (November 27) (Figure 12,
lower panel), reaching a height of 114 cm in Chicoutimi, 34 cm more than in Ripon. The snow
on the soil disappeared on DOY 100 (April 10) in Ripon, 24 days earlier than in Chicoutimi

(Figure 12).

2.4.2 Acclimation

On average, LTso of branches in early September was -12 and -9 °C in Chicoutimi and
Ripon, respectively (Figure 13). At the same time, bud LTso was -9 and -12 °C in Chicoutimi
and Ripon, respectively. From September to December, LTso decreased by an average of 15
°C per month in both organs. In early December, LTso reached -58 °C in branches, and -62 °C
in buds in Chicoutimi. At the same time, LTso0 in Ripon were -55 °C and -62 °C for branches
and buds, respectively (Figure 13). The overall lowest frost hardiness for branches was
assessed in early September, -6 °C in Chicoutimi (provenance FEL) and -3.5 °C in Ripon
(provenance LAP). LTso in buds was significantly higher in Chicoutimi (-35.9 £ 5 °C) than in
Ripon (-49 £ 4.7 °C) only in November according to the Wilcoxon test (W = 36, p < 0.01, Table
5). LTso in branches was not significantly different between sites. The ANCOVA for acclimation
was significant, showing with an effect of site on LTso in buds (p < 0.05), but not in branches.
The effect of provenance during acclimation was not significant (Table 6).

Table 5. Results of the Wilcoxon bilateral rank sum exact test comparing differences in LTso
between sites for different organs and sampling dates. One, two and three asterisks correspond
to P <0.05, P <0.01 and P < 0.001 respectively.

Organ Date w
2021-09-07 24
2021-10-04 24
2021-11-01 36 **

Buds
2021-12-01 24
2022-01-10 24
2022-02-07 20
2022-03-07 22
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2022-04-04 22
2022-05-02 3
2022-05-23 20
2021-09-07 11
2021-10-04 24
2021-11-01 16
2021-12-01 19
2022-01-10 27
Branches

2022-02-07 37
2022-03-07 12
2022-04-04 26
2022-05-02 0**
2022-05-23 0 ***
2022-07-11 39

Table 6. ANCOVA results testing the effect of site and provenance (prov.) during the periods of
acclimation (September to December), maximum hardiness (December to February) and
deacclimation (March to July). The variable time indicates days since the start of the experiment.
The adjusted R? for goodness of fit is shown with F values and significance levels for the whole
model and terms. One, two and three asterisks correspond to P < 0.05, P < 0.01 and P < 0.001

respectively.

Model Terms
R? F (Intercept) time site prov.
Acclimation 0.93 88.95*** 63.69*** 702.96*** 1.95 0.19
Maximum Kkk
Branches hardiness 0.02 1.113 230 0.01 0.81 1.34
Deacclimation  0.85 35.78*** 425.97*** 254.57***  9.12***  0.91
Acclimation 0.93 89.04*** 29.39*** 699.77*** 5.65* 0.37
Maximum Sekk
Buds hardiness -0.05 0.698 300.75 1.77 0.05 0.63
Deacclimation  0.88 33.64*** 358.78*** 259.00*** 0.68 0.38
2.4.3 Maximum hardiness

From December to early March, LTso reached a plateau and fluctuated around low

temperatures (Figure 13). During this period, the variation in LTso between monthly sampling

dates was on average below 4 °C in branches and below 5 °C in buds. Between December

and March, the lowest LTso attained in Chicoutimi were -58 °C in branches and -64 °C in buds),
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which were measured in December and February, respectively. In Ripon, the lowest LTs0 were
-60 °C in branches and -63 °C in buds, measured in February and December, respectively
(Figure 13). Among provenances, the provenance SHW reached the lowest values of LTso in
Chicoutimi, -68 °C for branches in December and -67 °C for buds in February. In Ripon, the
lowest LTso was measured on SHW for buds (-68 °C in January) and on COB for branches (-
67 °C in February). According to the Wilcoxon test, there were no significant differences
between sites during this period (Table 5). ANCOVA for this period was not significant, and
with low R? (Table 6). This was due to the lack of variability in LTso, which made the inclusion

of explanatory variables in the model redundant.

Branches

Buds

Frost hardiness (LT5,°C)

=TT T T T T T T T T 1
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul

Month

Figure 13. Frost hardiness (LTso) of seven sugar maple provenances sampled in two study sites
for branches (above) and buds (below). Points indicate estimated values of LTso. Shaded areas
indicate the 95% confidence interval of the circular model’s prediction. Ripon is the southern site
and Chicoutimi the northern one.
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2.4.4 Deacclimation

From March to May, LTso for branches in Ripon rose from -55 °C to -13 °C, with an
average increase of 14 °C per month, declining to 1 °C per month between late May and July.
LTso for buds in Ripon increased from -59 °C to -15 °C between March and early May, a rate
of 16 °C per month, which decreased to 4 °C per month between early and late May. In
Chicoutimi, LTso for branches increased from -57 °C to -9 °C between March and July (11 °C
per month). Between March and May, LTso for buds in Chicoutimi rose from -56 °C to -13 °C,
with an average increase of 14 °C per month (Figure 13). LTso in April showed the highest
variability amongst sampling dates. This was likely due to the high conductivity of the sugar-
rich sap that maples produce during spring reactivation (Perkins & van den Berg, 2009), which
altered the REL. For this reason, LTso from April was considered unreliable and excluded from
the successive analyses (i.e. ANCOVA and circular regression analyses).

The overall lowest frost hardiness in buds was measured in late May, -3.6 °C in
Chicoutimi (provenance DUC) and -4 °C in Ripon (provenance SHR). Frost hardiness was
significantly lower in Ripon in early May according to Wilcoxon test (W = 3, p < 0.05, Table 5).
Frost hardiness in branches was significantly lower in Ripon on both sampling dates of May
(W =0, p <0.01), with Ripon showing the lower frost hardiness (Figure 13). ANCOVA indicated
a significant effect of site on LTso in branches (p < 0.01), but not in buds. Provenance had no

significant effect on LTso for the two organs (Table 6).

2.4.5 Circular model

Delta AlC-based model selection indicated that the best circular model for LTso included
the terms cos and sin, which defines the time, site as a fixed effect, which represented two
different environments, and their interaction. The provenance was discarded during model
selection for both branches and buds.

In the final circular model for branches, LTso changed mainly as a function of time (cos

and sin variables and their interaction, p < 0.001, Table 7). This indicates the strong seasonality
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of frost hardiness, with an increase in autumn (acclimation) and a decrease in spring
(deacclimation), as described earlier. The site also had a significant effect on LTso in branches
(p<0.01, Table 7). The interactions between sin and cos function, as well as their interaction
with site, were significant (p<0.05, Table 7), indicating that the site influences the shape of the
circular regression curve, i.e. the rate of acclimation and deacclimation. In the final circular
model for buds, cos, sin and their interaction were significant (p < 0.05, Table 7), indicating the
seasonal pattern of LTso following acclimation and deacclimation. Site was not significant but

had a significant interaction with the sin function (p < 0.1, Table 7).

Table 7. Results of circular modelling of frost hardiness (LTso) in sugar maple branches and buds.
LTso is modelled as a function of time (cos and sin variables), sampling site and provenance. The
operator “x” is used to indicate interactions between variables. The adjusted R? for goodness of
fit is shown with the significance level of the linear regression. T values are shown with the
significance level of single terms. Points correspond to P < 0.1. One, two and three asterisks
correspond to P < 0.05, P < 0.01 and P < 0.001 respectively.

Branches
R? F Terms estimate st. error t

(Intercept) -35.88 0.78 -46.07***
cos 20.63 1.16 17.86***
sin -17.15 1.09 -15.81***
site 2.18 1.10 1.98*

0.90 171.1%* -
cosxsin -11.19 2.25 -4.98***
cosxsite -1.65 1.63 -1.01
sinxsite -4.70 1.53 -3.06**
cosxsinxsite = 12.23 3.18 3.84***

Buds
R? F Terms estimate st. error t

(Intercept) -31.59 1.00 -31.50***
cos 22.55 1.44 15.69***
sin -27.30 1.46 -18.75***

0.91 195.9*** site -0.11 1.30 -0.09
cosxsin -4.52 2.51 -1.80.
sinxsite -3.39 1.87 -1.81.
cosxsite -2.03 1.77 -1.15
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2.5 DISCUSSION

Frost hardiness ranged between -4 °C during the growing season and -68 °C in the
coldest period of winter, showing the typical pattern of acclimation, lower plateau and
deacclimation reported in the literature for other species. This range of values confirms the
capacity of sugar maple to maximize its frost resistance during the dormant period (Charrier et
al., 2015; Sakai & Larcher, 1987). Our results show that acclimation (i.e., increasing frost
hardiness levels) took place between September and December. LTso reached a plateau
between December and March, followed by deacclimation (i.e. decreasing frost hardiness) until
July.

Differences between sites were observed mainly during the deacclimation in spring, with
the southern site showing a faster decrease in frost hardiness (Figure 13), corresponding with
the earlier warming recorded at that site (Figure 12). No difference in LTso was detected
between provenances. Our results suggest that frost hardiness adaptations are similar across
the sampled area, located in the northern portion of sugar maple’s range. Local environment
had greater importance than geographic provenance in determining the dynamics of frost
hardiness, in agreement with previous studies reported in the literature (Charrier et al., 2011,

2018).

2.5.1 Acclimation

Overall, acclimation in branches was similar between sites, contradicting our hypothesis
that seedlings in the colder site would acclimate faster. This lack of difference is likely due to
the similar weather and photoperiod in the two sites. Chilling accumulation was similar between
October and early December 2021, with daily temperatures differing on average by 1 °C
between sites. Moreover, the two sites have similar photoperiods, with differences during the
acclimation period ranging between 10 minutes on September 1 and 20 minutes on December
21. Temperature and photoperiod are the main environmental signals inducing growth

cessation, dormancy and cold acclimation (Charrier et al., 2015; Vitasse, Lenz, & Kérner, 2014;
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Weiser, 1970). Therefore, similar weather conditions can explain the converging acclimation
patterns between the two sites.

Buds showed more differences between sites during acclimation, as shown by the
significant effect of site on frost hardiness (Table 6). Although LTso was similar on most
sampling dates, differences in LTso were detected in November, with the southern site (Ripon)
showing higher frost hardiness. The mean temperatures during the week before sampling were
warmer in the southern site (7.3 °C) than the northern site (6.2 °C), which is counterintuitive
since we expected a higher frost hardiness in the colder site. The observed difference in LTso
may be due to the sampling day (see section 2.3.3). In the northern site, samples were
collected on November 1, after a short warm event with minimum temperatures reaching 3.6
°C. In the southern site, samples were collected on November 2, after a cold night with
minimum temperatures falling to 1 °C. The frost could have stimulated a rapid adjustment of
frost hardiness in the southern site, which would explain the differences observed. Several
other studies documented quick fluctuations of tree frost hardiness in response to temperature
changes during dormancy (Neuner et al., 1999; Sakai & Larcher, 1987; Vitasse, Lenz, &

Koérner, 2014), which confirm our hypothesis.

2.5.2 Maximum hardiness

During the coldest part of the winter (between January and February) frost hardiness
reached stable and maximum values, with LTso varying between -43 and -68 °C. All
provenances attained LTso below -55 °C in both sites. The low R? of ANCOVA indicated a lack
of trend in LTso0, which varied around maximum values without a distinct pattern (Table 6). Our
LTso values are much lower compared to those recorded in other temperate deciduous species,
which in most cases reach maximum values of -40 °C (Charrier et al., 2011; Vitra et al., 2017).
This could reflect the harsher conditions of our sampling sites, which lie close to the border
between the temperate and boreal forest. Indeed, a study on wild blueberry (Vaccinium spp.)
conducted in the same geographical area as our study found LTso of -68 °C during the winter,

which are similar to our findings in maple (Deslauriers et al., 2021). Cold hardiness below -60
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°C, and occasionally below -70 °C, is known for several boreal woody species (Sakai, 1983;
Sakai & Larcher, 1987).

In our experiment, provenances growing in the colder site (Chicoutimi), were effectively
moved to the northern limit of the species (Godman et al., 1990). LTso in Chicoutimi exceeded
both the lowest daily minimum temperature recorded during our study (-34.7 °C), the average
minimum winter temperature of the last 30 years (from 1990 to 2020) (-33.4 £ 2.7 °C) and the
lowest minimum temperature recorded since 1981 (-43.3 °C; Environment Canada, 2023).
Even when considering the more conservative LT10 (i.e. temperature inducing 10% of cellular
damage), all provenances attained values below -40 °C, indicating a good ability to minimize
frost damages in harsh winter conditions. Our results demonstrate that Canadian sugar maple
provenances transferred to northern areas at the limit of the species range can endure the
minimum temperatures expected under winter conditions. This is consistent with a three-year
common garden study on sugar maple seedlings, which found that northern populations are
able to survive and grow well beyond the species’ northern distribution limit (Putnam & Reich,
2017). Several other studies have found that deciduous species generally exhibit a frost
hardiness higher than the local minimum temperatures of winter (Charrier et al., 2018; Kollas
etal, 2014; Lenz et al., 2013).

Extreme frost events could limit the expansion and establishment of sugar maple.
Extreme events are difficult to predict (Jentsch et al., 2007) and can be particularly relevant
when considering trees, which have a long life span, particularly in the northern regions. An
extreme frost could exceed the frost hardiness of maple, cause widespread mortality, and have
long-lasting effects on a developing stand (Montwé et al., 2018). For example, a single extreme
frost event occurring more than 30 years after the date of planting induced a widespread
mortality in southern provenances of Pinus pinaster (Ait.) in southern France, highlighting a
maladaptation that was previously not evident (Benito-Garzén et al., 2013).

In our experimental design, the exposure of samples to target temperatures did not last
more than a few minutes. This means that our LTso corresponded to the temperature that would

cause instantaneous lethal damage. It is possible that longer exposures (e.g. several hours
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during a nighttime frost) to low temperatures above the observed LTso could cause severe or
lethal damage to maple. Because of the inherent differences between controlled experiments
and natural conditions, the link between LTso or different levels of damage and actual mortality
still remains to be quantified (Burr et al., 2001). In our protocol, we used 10 K h-1 as a freezing
rate, while the thawing rates (i.e. the rate of warming of the samples after the frost treatments)
were not controlled. In the literature, most studies adopt freeze rates of 5 K h-1, which seems
to be closer to what observed during freezing events in the field (Atucha Zamkova et al., 2021).
Fast freeze or thaw cycles can increase frost damages; therefore, caution should be applied

when comparing our results with LTso obtained with different protocols.

2.5.3 Deacclimation

Deacclimation generally lasted from March to late May for all organs and sites, with the
exception of branches in the northern site (Chicoutimi), which continued to lose frost hardiness
between the end of May and beginning of July. Differences between sites were evident in May,
with the warmer southern site showing an earlier and faster deacclimation. These results point
to a strong environmental control over deacclimation, consistently with our hypothesis. It is well
known that environmental signals, such as temperature and photoperiod, have a strong
influence on ecodormancy release and budbreak (Hanninen, 1997; Kovaleski et al., 2018).
Temperature is regarded as the main factor inducing ecodormancy release and budbreak
(Charrier et al., 2015; Junttila, 2007), while the effect of photoperiod is less linear than
temperature and is often species-specific (Flynn & Wolkovich, 2018; Hanninen & Tanino,
2011). In our study, warmer temperatures in the southern site led to faster snowmelt and
growing degree days accumulation (Figure 12). This suggests a strong effect of temperature,
a likely explanation for the observed differences in LTso between sites. Photoperiod, on the
other hand, was longer in the northern site after the equinox (March 20, DOY 79). A longer
photoperiod would have induced a faster deacclimation in the northern site, contrary to what
was observed in our case. It is also possible that differences in photoperiod between sites (30

min at maximum) were too marginal to affect the experiment. We conclude that deacclimation
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in sugar maple is mainly driven by temperature in our study region, which is consistent with
other studies on spring reactivation and budbreak in this species (Guo et al., 2020b; Ren et al.,
2020).

Further research should focus specifically on investigating intraspecific variations in
spring late frost risk. Our results indicate that sugar maple is sensitive to warm spring
temperatures, which could lead to early budbreak and frost damage in the case of false spring
events (Chamberlain et al., 2019). Moreover, there is evidence of intraspecific differences in
budbreak phenology for sugar maple in the literature (Guo et al., 2020b; Zeng et al., 2022).
This is an important aspect to consider since the risk of desynchronization between spring
phenology and favourable environmental conditions is increased under climate change

(Augspurger, 2013).

2.5.4 Intraspecific differences

Our experimental results found no significant differences in frost hardiness between
provenances. The provenance factor variable was not significant in ANCOVA when performed
separately for acclimation and deacclimation. Moreover, model selection for the circular
regression considering the whole frost hardiness cycle discarded the provenance factor. Most
of the variation in LTso is explained by the time of sampling, with site having a minor effect. This
lack of intraspecific differentiation may stem from the limited geographic gradient considered
in our study. We selected seven provenances from the same geographic area, i.e. southern
Quebec and New Brunswick. This corresponds to the northern distribution of sugar maples,
which extends southwards to Tennessee (U.S.) and westwards to the states of Missouri and
Minnesota (Godman et al. 1990). Recent unpublished data on sugar maple genetic diversity
showed no clear genetic structure within this study area, with the larger variation occurring
between individuals than between provenances, thus demonstrating a high level of gene flow
(Yann Surget-Groba, unpublished data). Kriebel (1957) studied the intraspecific variation of
ecophysiological traits in sugar maple across a wider range and proposed three broad

ecotypes: southern, central and northern. Similarly, a study of maple spring phenology by Buttd
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et al. (2023) found intraspecific differences only when considering the whole species range. It
is therefore likely that the provenances considered here are genetically homogeneous and
have similar adaptations, belonging to the northern ecotype. Other studies considering a wider
geographical gradient could find higher intraspecific variability.

In the current study, we do not assess the risk of off-season frost, i.e. frost events
occurring before acclimation in autumn (early frost) or after deacclimation in spring (late frost).
However, within their distribution range, there is evidence that sugar maple provenances differ
in their spring phenology, likely because of local adaptations to avoid late frost risk (Guo et al.,
2020b; Zeng et al., 2022). To study these critical stages with more accuracy, the meteorological
gradient should be enlarged to include warmer conditions simulating the expected future
temperatures in the northern range of the distribution. Moreover, future investigations should
consider observations at higher temporal resolutions (weekly), in order to include differences
in phenology between the provenances. Such an approach might test whether spring
phenology and deacclimation dynamics are more important drivers of tree species range limits
than winter frost hardiness, as suggested in previous studies (Kollas et al., 2014; Kérner et al.,
2016). Further studies are needed to quantify the chilling and forcing requirements regulating
dormancy dynamics in sugar maple provenances (Chuine et al., 2016). This aspect is
particularly important for forest management and provenance selection, since late frost
damage can affect tree establishment and growth during the first years after planting (Hufkens

et al. 2012; Vitasse et al. 2014).

2.5.5 Conclusion

This study assessed frost hardiness in sugar maple seedlings belonging to seven
Canadian provenances and growing in two sites in Quebec, at the northern portion of the
species’ range. Over the 2021/2022 dormant season, frost hardiness was similar between sites
during the periods of acclimation and maximum hardiness. This contradicted our hypothesis
that seedlings in the northern sites would have faster acclimation and higher frost hardiness

during winter. Deacclimation was faster and earlier in the southern and warmer site, partially
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confirming our hypothesis and underlining the importance of temperature in determining the
timings of budbreak.

We did not find any significant difference between provenances in either acclimation,
maximum hardiness period, or deacclimation. LTso was far lower than the long-term minimum
temperatures occurring at the northern border of the species range. This suggests that winter
conditions are not a limiting factor for the northward expansion of sugar maple, consistently
with existing knowledge in the literature (Charrier et al., 2018; Kollas et al., 2014; Lenz et al.,
2013; Putnam & Reich, 2017). In order to minimize the risks of frost for maple, the climatic
characteristics of the planting site should have priority in respect to provenance selection.
Provenance selection should be guided by other factors, such as phenological avoidance of
late frosts, growth performance, and enhancing biodiversity and gene flows between
populations (Aitken & Bemmels, 2016). This information is particularly relevant in forest
management projects considering the northward transfer of provenances, i.e. assisted

migration (Pedlar et al., 2011).
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2.6 ANNEXES

Figure S3: Target temperatures tested in Relative Electrolyte Leakage (REL) analysis by date of
sampling.
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Figure S4 (continued): Logistic curves (in blue) fitted to estimate LT50 based on Relative
Electrolyte Leakage (REL) measurements. Black dots are REL measurements at different test
temperatures of sampling for each provenance and organ (branches, buds). L50 was estimated
as the inflection point of the logistic curve.
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Figure S 2 (continued)
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Figure S 2 (continued)
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Figure S 2 (continued)
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Figure S 2 (continued)
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Figure S 2 (continued)
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CHAPITRE 3

Is it cold enough? Effect of artificial and natural chilling on budbreak and frost
hardiness in Acer saccharum (Marsh.)
Manuscript submitted to Physiologia Plantarum
Mura, C., Charrier, G., Kovaleski, A. P., Delagrange, S., Raymond, P., Deslauriers, A. &

Rossi, S.

3.1 ABSTRACT

In cold climates, trees need to adjust their phenology and frost hardiness to
environmental conditions. A crucial part of this cycle is the exposure to chilling temperatures
during dormancy, which release endogenous growth inhibitors allowing the tree to react to
external cues. Chilling requirements are studied by performing chilling-forcing experiments,
commonly under mild, above-freezing artificial chilling conditions. In this study, we compare
the effect of artificial chilling and natural freezing chilling on sugar maple (Acer saccharum
Marsh.) seedlings.

Samples were either placed in growing chambers under controlled chilling conditions (4
°C) or outdoors in Chicoutimi, Canada. Starting in late autumn, we performed regular transfers
to forcing conditions, quantified the frost hardiness (LTso) at the time of transfer, and observed
the time necessary to perform budbreak. We measured chilling accumulation both with classic
models considering only temperatures above 0°C and with a simple model accounting for
temperatures down to -5°C.

We estimated endodormancy break point for sugar maple between 2715 and 3075 hours
at 4°C. Samples in artificial chilling until late April initiated the budbreak process, indicating that
4°C can both fulfill the chilling requirement and initiate ontogenetic development. Moreover,
4°C induced progressive loss of frost hardiness in maples, suggesting deacclimation.
Conversely, samples under natural chilling retained higher frost hardiness until late in the

season, correlating with longer time to budbreak and a more difficult identification of an



endodormancy break point. The chiling model accounting for freezing temperatures
outperformed classic chilling models. Provenance did not have a significant effect.

Our results indicate that including freezing temperatures can improve chilling
calculations in cold climates or boreal species, where temperatures remain below 0°C during
most of the winter. Moreover, measuring frost hardiness during chilling-forcing experiments

can clarify how acclimation and deacclimation influence tree dormancy dynamics.

3.2 INTRODUCTION

In temperate and boreal ecosystems, trees need to synchronize their annual cycle with
external conditions to avoid frost damage. When freezing temperatures exceed the tree’s frost
hardiness, ice formation inside the cytosol can lead to cell death, tissue damage and death
(Charrier et al., 2018; Uemura et al., 2006). There is a trade-off between growth and stress
resistance, and trees improve their frost resistance by concentrating their activity in the
favorable growing season, and spending the winter in a dormant state (Hanninen & Tanino,
2011; Volaire et al., 2023). This phenological cycle of growth and dormancy is associated to
physiological adjustments, e.g. increased frost hardiness overwinter (Charrier et al., 2015).

The main signals inducing dormancy are shortening photoperiod and decreasing
temperatures in the late summer and autumn (Hamilton et al., 2016; Rohde & Bhalerao, 2007).
Low temperatures can activate dormancy-associated Mads-box (DAM) genes, which are
responsible for dormancy induction (Lloret et al., 2018; Wu et al., 2017). Shortening
photoperiod interacts with photoreceptors such as phytocrome A (PHYA) to initiate growth
cessation (Lloret et al., 2018; Olsen, 2010). The paradormancy, the initial stage of dormancy,
is a transition phase in which growth resumption is still possible under favorable external
conditions (Lang et al., 1987). As temperatures get colder and photoperiod shortens, trees
enter the endodormancy phase. Endodormancy is characterized by endogenous inhibition of
growth in the bud, which prevents loss of frost hardiness (i.e. deacclimation) and growth

resumption in response to favorable conditions, e.g. late warm spells during autumn (Charrier
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et al., 2015; Kovaleski, 2024). During endodormancy, trees also increase their frost hardiness
in a process called cold acclimation (Charrier et al., 2011; Vitasse, Lenz, & Kérner, 2014).
Exposure to cold temperatures, i.e. chilling, is necessary to break endodormancy (Chuine et
al., 2016). Additionally, extreme stress can also induce endodormancy release (Mohamed et
al., 2014). After the endodormancy break, trees enter the ecodormancy phase, which is
externally regulated by environmental signals (Charrier et al., 2015; Lang et al., 1987). At this
stage, warm temperatures and increasing photoperiod during spring induce cold deacclimation,
budbreak and growth resumption (Delpierre et al., 2016; Flynn & Wolkovich, 2018; Junttila,
2007). The endodormancy, and the chilling required to break it, are therefore key components
of the phenological cycle of the tree (Charrier, 2022).

One major concern of climate change is that warmer winter conditions could be
insufficient to fulfill the chilling requirement, thus preventing an endodormancy break, which
could delay budbreak and lead to phenological maladaptations (Chuine et al., 2016). Assessing
the chilling requirements of forest species is therefore necessary to better predict the
phenological responses of dormancy and growth to future conditions (Laube et al., 2014). In
most cases, chilling requirements are assessed by chilling-forcing experiments, in which
samples are transferred at regular intervals from chilling conditions to growing conditions (i.e.
forcing) during the autumn and winter (Hanninen et al., 2019). This allows to identify the
endodormancy break, which is defined as the point where time to budbreak stops decreasing
significantly or the percentage of successful budbreak is maximized (Hanninen, 2016). Chilling-
forcing experiments are most often conducted in controlled conditions, whereas the derived
models are tested on budbreak occurring in natural conditions (Hanninen et al., 2019).
However, to our knowledge few studies have compared time to budbreak and endodormancy
break under both natural and artificial chilling conditions.

Several models are proposed to calculate chilling accumulation, including the classic
Chilling Hours model (Weinberger, 1950), the Dynamic Model (Fishman et al., 1987) and the
Utah Model (Richardson et al., 1974). These models have different approaches to calculate

cumulative chilling units, and consider different temperature ranges to be effective for chilling.
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Chilling Hours accounts for temperatures between 0 and 7.2°C, with no contribution outside
this range. The Utah model considers temperatures between 1.4°C and 12.4°C, with different
weights at set temperature ranges and a negative effect (chilling negation) at temperatures
warmer than 12.4°C. The Dynamic Model is a two-step model in which warm temperatures
have a negative effect on chilling accumulation only in the first step. For chilling computation,
the Dynamic Model assumes a bell-shaped curve for chilling accumulation, between 0°C and
12.6°C. A shared feature of these models is the assumption that temperatures below 0°C do
not release endodormancy. However, this assumption is not based on mechanistic
understanding of the physiological processes underlying chilling requirements, which is still
lacking nowadays (Fadén et al.,, 2020; North et al., 2024; Wang et al., 2020). In colder
environments where temperatures remain below 0°C for several months (i.e. cold temperate,
high latitude or elevation environments), the above-mentioned chilling models could therefore
lead to underestimating the chilling accumulation. Indeed, several authors support the addition
of freezing temperatures in chilling models for a diversity of both conifer and deciduous tree
species (Baumgarten et al., 2021; Hanninen, 2016; Sarvas, 1974), fruit crops (Guak & Neilsen,
2013; Mahmood et al., 2000) and vine cultivars (North et al., 2024).

Another confounding aspect of chilling units’ computation is the influence of frost
hardiness on dormancy depth. Most chilling-forcing experiments evaluate time to budbreak
without accounting for the plant frost hardiness at the time of transfer to forcing conditions.
However, recent studies have highlighted that trees under deeper frost hardiness take more
time to deacclimate and perform budbreak (Kovaleski et al., 2018; North & Kovaleski, 2024).
For example, a study by Kovaleski (2022) found that frost hardiness at the time of transfer to
forcing conditions explained differences in time to budbreak in 15 woody perennial species
spanning the seed plant phylogeny. Compared to fluctuating natural conditions, stable chilling
temperatures in controlled environments can decrease plant frost hardiness, leading to faster
budbreak under forcing conditions (North & Kovaleski, 2024). These studies highlight the
importance of investigating the link between frost hardiness and time to budbreak in chilling-

forcing experiments.
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In this study, we performed chilling-forcing experiments in saplings belonging to seven
sugar maple (Acer saccharum Marsh.) provenances in Eastern Canada. Our aim was to
quantify time to budbreak after exposition to artificial and natural chilling treatments, testing for
different chilling models and the influence of frost hardiness on budbreak. We predicted that:
1) endodormancy break would be easier to detect (i.e. lower standard deviation on the
estimation of endodormancy break date) in artificial chilling treatments, where the confounding
effect of frost hardiness would be limited; 2) a chilling model considering freezing temperatures
would perform better in a cold climate experiencing temperature below 0°C for several months;
3) samples with higher frost hardiness would take more time to perform budbreak, as they need

more time to deacclimate.

3.3 MATERIALS AND METHODS

3.3.1 Plant material

This study used sugar maple (Acer saccharum Marsh.) seedlings of seven provenances
produced by a forest nursery in Berthierville, QC, Canada (Table 8, Figure 14). Provenances
Duchesnay, Coy Brook and First Eel Lake (DUC, COB, and FEL, respectively) were collected
on single mother trees by the National Tree Seed Center (Natural Resources Canada,
Fredericton, Canada). Seeds for the Shawinigan, Lapocatiére, Cantley and Sherbrooke
provenances (abbreviated as SHW, LAP, CAN, and SHR, respectively) were collected at stand
level by the Ministére des Ressources Naturelles et des Foréts du Québec, Canada. All sites
of seed collection are natural (i.e. no artificial selection or tree breeding) and are thus
considered representative of the provenance area.

Seedlings germinated in 2020 at the forest nursery and grew in transparent plastic
tunnels until they reached approximately 25 cm in height, at which point they were transferred
outdoors and kept under a shading net. After the end of the growing season, seedlings were

transferred into a cold room at -3°C for the rest of the winter. In May 2021, the seedlings were
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transplanted into trays containing 15 cavities of 320 cm?® and placed outdoors in Chicoutimi,
Canada (named sampling site, Figure 14). Chicoutimi is located at the northern limit of the
sugar maple range, with an average annual temperature of 2.8°C and an average minimum
temperature of -22.1°C in the coldest month (Environment Canada, 2023; Godman et al.,
1990). Seedlings spent the following growing seasons outdoors under a shading net until the

experiments, which started in late 2022.

Table 8. Characteristics of the seven sugar maple provenances examined in this study. Climate
data is relative to the 1970-2000 period (source: WorldClim).

Average
. Annual minimum Annual
Elevation R
Provenance ID (m a.s.l.) temperature temperature precipitation
= (e°C) of the coldest (mm)

month (°C)
Duchesnay DUC 250 3.4 -18.9 1364
Shawinigan SHW 124 3.95 -18.8 1063
La Pocatiére LAP 22 4.21 -16.3 939
Coy Brook COB 89 4.83 -15.2 1119
Cantley CAN 154 4.88 -17.2 994
First Eel Lake FEL 177 4.88 -16.7 1100
Sherbrooke SHR 301 5.38 -15.9 1077
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Figure 14. Sampling site (green diamond) and provenances (points) for sugar maple seedlings
used in this study.
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3.3.2 Experimental design

We performed two experiments to assess chilling and forcing requirements in sugar
maple seedlings, which took place in the winter 2022/2023 (hereafter experiment 1) and
2023/2024 (experiment 2) (Figure 15). Following leaf fall (12 December in experiment 1, 9
November in experiment 2), seedlings were either left outdoors in natural chilling treatment or
placed in growth chambers (Conviron models CMP6050 and CMP6060) for artificial chilling
(4°C, 8h photoperiod). Over the winter, saplings were sampled to obtain twig sections, named
cuttings, of at least 5 cm, including the apical bud. Samplings were destructive, i.e. different
individuals were sampled on different dates (no repeated measurements). Cuttings were
placed in trays with the bottom tips immersed in water and transferred to growth chambers at

forcing treatment for budbreak observations.

Experiment 1 - 2022/2023

Artificial 0 18 1®) O
CO0o o0 OO
chilling {4 °C) o0 Q0 OOOOO @]¢]
@ puc
Natural chilling [0]@]0)] e eoe eoe Oshw
T O LAP
NI DI J| Flb MI AI MI > | OcoR
ov l ec l an l e l ar l pr l ay O FEL
Artificial @caN
chilling {4 °C) ® ® @ ® ® @ Q@ SHR
Natural chilling @ @ @ @ ] @

Experiment 2 - 2023/2024

Figure 15. Experimental design adopted in this study and divided in two experiments during
winter 2022-2023 (experiment 1, top panel) and winter 2023-2024 (experiment 2, lower panel).
Arrows indicates dates of transfer to forcing treatment. Each point symbol indicates a different
sugar maple provenance. Note that in experiment 2 only one provenance (DUC) was analyzed.

Experiment 1 used all seven provenances of sugar maple. DUC, LAP, and SHR
provenances were placed in both artificial and natural chilling treatments, while the other four

provenances were only artificially chilled due to seedling availability. Over the course of chilling,
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we performed four transfers to forcing treatments (20°C, 16h photoperiod, 75% RH) (Figure
15) at different times. Transfer dates during the winter 2022/2023 were 12 December (DOY
346), 16 January (DOY 16), 13 February (DOY 44), and 17 April (DOY 107). On each transfer
date, 10 seedlings from each provenance and each chilling treatment were sampled for
observations.

During experiment 2, we only used seedlings from the DUC provenance. We performed
six transfers to forcing treatment (18°C, 16h photoperiod, 75% RH) during the 2023/2024
winter. Transfer dates were: 9 November (DOY 313), 18 December (DOY 352), 22 January
(DOY 22), 28 February (DOY 59), 26 March (DOY 86) and 22 April (DOY 113). On each
transfer date, 15 seedlings per chilling treatment were sampled for budbreak and frost
hardiness assessment. A lower forcing temperature was used in experiment 2 due to
desiccation observed during experiment 1. It should be noted that DUC is one of the
provenances collected at tree level, which can be a limiting factor for the genetic diversity
between samples. We chose this specific provenance because of the higher number of

available samples.

3.3.3 Budbreak observation

Once transferred to forcing treatment, buds were observed twice a week to assess
budbreak. We used a phenological scale adapted from Skinner & Parker (1994) shown here
with the corresponding BBCH stage (Meier, 2001): 0) dormant bud, no sign of swelling (BBCH
stage 00); 1) bud elongation, yellowish color visible between the scales (BBCH 01); 2)
budbreak, with leaves visible between the scales (BBCH 09); 3) leaf emergence from the bud,
leaves still not fully expanded (BBCH 10) and 4) complete leaf expansion (BBCH 11). Time to
budbreak (TBB) was defined as the number of days necessary to reach stage 2 after

transferring the cuttings to forcing treatment.

3.3.4 Frost Hardiness measurements
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Frost hardiness was measured for buds and branches using the REL (Relative
Electrolyte Leakage) technique (Repo & Lappi, 1989). On each transfer date, seven seedlings
per chilling treatment (artificial vs natural) were sampled for frost hardiness measurement.
Three cuttings at least 5 cm long were obtained from each seedling, wrapped in tin foil, and
randomly distributed between seven thermal containers. Thermal containers were then placed
in a controlled-temperature freezer (CryoMed controlled rate freezer, Thermo Fisher Scientific)
and exposed to freezing temperatures. On each transfer date, we tested seven target
temperatures between +5 and -80°C. The cooling rate was set at 6 K h-!, the minimum reached
by the controlled-temperature freezer. After exposure to freezing temperatures, samples were
placed in vials with 10 mL demineralized water. Conductivity in the vials was measured a first
time after the target temperature treatment (C1) and a second time after an autoclave treatment
to damage all the cells (C2, 120°C for 30 min). The ratio between C1 and C2, named REL, is
a proxy of cellular damage caused by the frost. We modelled REL values by temperature
treatments as a logistic curve in order to identify LTso, i.e. the temperature inflicting 50% of
cellular damage (Repo & Lappi, 1989). More detailed information on the REL technique is

provided in supplementary materials.

3.3.5 Weather and climate data

We obtained long-term (1980-2010) climate averages for the sampling site (Chicoutimi)
and the seven provenances with WorldClim (Fick & Hijmans, 2017). For the winters of
experiments 1 and 2, temperature data was measured hourly with an on-site temperature
weather station (Priva North America Inc., Vineland Station, Ontario, Canada). Missing data
were replaced by data from the nearest available weather station, Bagotville (9 km from
Chicoutimi, Environment Canada, 2023).

We calculated hourly chilling units accumulation using four chilling metrics: Chilling
Hours as suggested by Weinberger (1950), Freezing Hours calculated using the same formula

as Chilling Hours, but customized in R to include temperatures below 0°C (higher and lower

77



temperature limits at 7.2 °C and -5°C, respectively), Chill Units according to the Utah Model
(Richardson et al., 1974) and Chill Portions according to the Dynamic Model (Fishman et al.,
1987). We used the chilling_hourtable function in the R package chillR (Luedeling et al., 2023)

to calculate Chilling Hours, Chill Units and Chill Portions.

Table 9 : Chilling models used in this study, including corresponding chilling metrics, lower and
upper threshold for the effective range of chilling temperatures, and reference.

Chilling Chilling Lower chilling Upper chilling

model metric threshold (°C) threshold (°C) Reference
Chilling Chilling
Hours hours 0 7.2 Weinberger, 1950
Freezing Freezing Modified from Weinberger
Hours hours -5 7.2 1950
Dynamic Chill
Model Portions 0 12.6 Fishman et al., 1987
Chill
Utah Model  Units 1.4 124 Richardson et al., 1974

3.3.6 Statistical analyses

We tested normality of budbreak dates for each treatment using the Shapiro-Wilks test
and the homogeneity of variance using Bartlett’s test. We used Pearson’s Chi-squared test to
compare the proportion of buds performing budbreak in artificial and natural chilling treatments.
P-value of reference for statistical significance was 0.05.

We used ANCOVA to test for significant effects of several variables on the time tu
budbreak under forcing conditions (TBB). We compared several ANCOVA models, each using
a different quantitative covariate (either time of transfer since start of the experiment in days,
Chilling Hours, Chill Units, Chill Portions or Freezing Hours) with chilling treatment (artificial vs
natural) as a qualitative covariate. For experiment 1, provenance was also included as
qualitative covariate. For each quantitative variable, we performed model selection using delta-
AIC (Akaike Information Criterion, Akaike 1974). We also used delta-AlC to compare models
with different quantitative variables to identify the best one. Delta-AlC comparison was carried

out with the aictab function of the AlCcmodavg package (Mazerolle, 2023). Model goodness-
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of-fit was evaluated by adjusted R? values, distribution of standardized residuals and visual
assessment of diagnostics plots.

We fitted an exponential curve to test for the relationship between time to budbreak and
frost hardiness:

TBB = a x e(?*LT50)

Where TBB is the time to budbreak (days) after transfer to forcing conditions, LTspis
frost hardiness at the time of transfer, and a and b are the terms of the function.

In order to identify the date of endodormancy break, i.e. the moment in which further
chilling accumulation does not reduce TBB, we applied segmented regression with TBB as the
response variable and the days since start of the experiment as explanatory variable. We used
the segmented package in R (Muggeo, 2008). All statistical analyses were performed in R

version 4.3.1 (R Development Core Team, 2023).

3.4 RESULTS

During experiment 1, temperatures below 0°C began occurring under natural conditions
on 14 November. Mean daily temperatures remained below 0 for most of the winter, from 31
December 2022 until 14 March 2023. As a result, the accumulation of classic chilling metrics
(i.e. not accounting for freezing temperatures) during this period was very low, amounting to
117 for Chilling Hours, 22 for Chill Portions and 49 for Chill Units. By contrast, the Freezing
Hours model, accounting for freezing temperatures, accumulated a total of 4254 hours over
the same period. The weather during experiment 2 showed a similar pattern, with temperatures
remaining mostly below 0°C between 18 December 2023 and 28 February 2024, resulting in
low chilling accumulation for classic chilling models, while the Freezing Hours model kept

accumulating (Figure 16).
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Figure 16. Daily air temperatures (top), accumulation of chilling metrics based on Weinberger,
1950 (middle) and accumulation of chilling metrics from the Dynamic and Utah models (bottom).
Freezing Hours is the only chilling metric accounting for the chilling effect of freezing
temperatures. Chill Portions, Chill Units and Chilling Hours are classic chilling metrics which only
consider above-freezing temperatures.

Time to budbreak (TBB) decreased over time in both experiments (Figure 17). During
experiment 1, TBB decreased from 70 + 20 days on the first transfer date (12 December 2022)
to 12 + 7 days on the last transfer date (17 April 2023). During experiment 2, TBB decreased
from 77 £ 16 days to 6 + 3 days. During both experiments, some samples attained stage 1 of
the budbreak process (bud elongation) under artificial chilling treatments in April. Model
selection indicated that the best ANCOVA model for experiment 1 included the variables time
(days since start of the experiment), chilling treatment (natural vs. artificial), provenance and
the interaction between time and chilling treatment. Both time and chilling treatment had a
significant effect on TBB, while provenance and the interaction between time and chilling were
not significant (Table 10). The best model for experiment 2 included time and chilling treatment,

which were both significant (Table 10). In both years, samples in artificial treatments showed
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a faster decrease of TBB over time (Figure 17). Delta-AlC and R? indicated that time was the
best quantitative covariate for TBB, closely followed by freezing hours. Classic chilling metrics
not accounting for temperatures below 0°C had lower performance in both experiments (Table

10).

Table 10. Results of ANCOVA models testing the effect of quantitative covariates, chilling
treatment (artificial vs natural) and provenance (only in experiment 1) on the time to budbreak
(TBB) under forcing treatment. Quantitative variables are either Time (days since the start of the
experiment) or a chilling accumulation metric (Chill Units, Chill Portions, Chilling Hours or
Freezing Hours). For the whole model, the adjusted R? for goodness of fit and F values and
significance levels are shown. For the variables, F values and significance levels are shown. One,
two and three asterisks correspond to P < 0.05, P < 0.01 and P < 0.001 respectively. NA indicates
that the corresponding variable was discarded during model selection.

Experiment 1

Chill Chilling Freezing
Time Chill Units Portions Hours Hours
R? 0.7 0.69 0.69 0.69 0.7
F 74.57*  68.63*** 71.23**  69.99*** 73.9%**
AIC 2272.6 2281.7 2285.2 2289 2274.4

Quantitative variable 472.7***  138.85***  282.66*** 175.79*** 293.192***

Chilling treatment 8.19** 48.16*** 5.2* 22.77*** 8.98**
Provenance 1.89 1.74 1.8 1.78 1.87
Quantitativexchilling  3.36 90.61*** 19.64*** 70.96*** 26.45***

Experiment 2

R? 0.82 0.7 0.79 0.76 0.81
F 187.6***  64.14*** 100.5***  84.13*** 113.5***
AIC 611.8 627.5 638.6 654.7 619.6

Quantitative variable 334.49*** 130.44**  265.13*** 188.5*** 294 13***
Chilling treatment 15.26***  3.71 0.98 0.045 4.32*
Quantitativexchilling  NA 45.71*** 17.83***  56.96*** 37.12**
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Figure 17. Boxplots of time to budbreak (TBB) in sugar maple seedlings transferred to warm
treatments during experiments 1 (winter 2022-2023) and 2 (winter 2023-2024). Different colors
indicate whether the samples were exposed to artificial (orange) or natural (dark blue) chilling
treatments prior to sampling. Lines indicate the segmented regression model used to identify
endodormancy break.

During both experiments, the budbreak percentage of samples increased with duration
of chilling (Figure S5). Percentage of successful budbreak varied from a minimum of 52% (12
December 2022, natural chilling) to a maximum of 100% (17 April 2023, artificial chilling) in
experiment 1, and from a minimum of 6% (9 November 2023, natural chilling) to a maximum
of 100% (22 April 2024, artificial chilling) in experiment 2. Samples in artificial chilling had
higher budbreak percentages than samples in natural chilling in most cases. During experiment
1, samples in artificial chilling treatment had higher percentage of budbreak than those in
natural chilling treatment on both 13 February (x*>= 6.4, p =0.01) and 17 April (x> = 14.2; p

<0.001). Conversely, during experiment 2, samples in natural chilling had a higher budbreak
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percentage than samples in artificial chilling on 28 February (x* = 3.9; p = 0.049), with no
significant differences in other dates.

During experiment 2, frost hardiness, based on LT50, varied between -53°C and -12°C
in buds, measured on 18 December 2023 and 22 April 2024 respectively (Figure 18). LT50 in
branches was slightly lower and varied between -61°C and -15°C, measured on 26 March and
27 May 2024, respectively (Figure 18). LT50 in buds reached its lowest values between
December and mid-January, and consistently increased afterwards in both natural and artificial
chilling treatments. LT50 in branches in artificial chilling followed a similar pattern to buds,
increasing from January onwards. Conversely, LT50 in branches under natural treatment
showed a less linear pattern, with a marked decrease between 28 February and 26 March. A
negative exponential relationship was observed between bud LT50 and time to budbreak,
where higher bud frost hardiness (i.e lower LT50 values) corresponded to longer TBB, for both
natural and artificial chilling (Figure 19). A similar relationship was found for branch LT50 and

TBB under artificial conditions, but not under natural chilling (Figure 19, Table 11).
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Figure 18. LTso values in sugar maple buds and branches under two different artificial (orange)
and natural (dark blue) chilling treatments during experiment 2 (winter 2023-2024).
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Table 11. Results of exponential curve fitting for the relationship between time to budbreak and
frost hardiness. Residual sum of squares (RSS), root mean square error (RMSE) and Pseudo R?
values are shown for the overall fit, as well as estimate, standard error and p-value estimation for
the model terms. One, two and three asterisks correspond to P < 0.05, P < 0.01 and P < 0.001

respectively.

Pseudo

Std.

Organ Chilling RSS RMSE R2 Term Estimate err P-value
a 2.578 0.80 0.003**
Artificial 4232 10.04 0.79
b -0.065 0.01 <0.001***
Buds
a 0.111 0.15 0.462
Natural 10848 16.27 0.63
b -0.120 0.03 <0.001***
a 0.927 0.41 0.029*
Atrtificial 5388 11.33 0.73
b -0.092 0.01 <0.001***
Branches
a 43.543 154 0.007**
Natural 27331 25.82 0.02
b 0.007 0.01 0.445
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Figure 19. Relationship between time to budbreak (TBB) under forcing treatment and frost
hardiness for sugar maple under artificial (orange) and natural (dark blue) chilling treatments.
Points show LTso (°C) estimation using the REL method. Lines refer to exponential curve fit of

the data.
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Segmented regression suggested that sugar maple broke endodormancy (minimized
TBB) on 13 February on experiment 1 (Table 12). The same date was estimated for both
artificial and natural chilling treatments. For experiment 2, endodormancy break date was
estimated on 2 March and 26 March in artificial and natural chilling, respectively. For both
experiments, the estimation for natural chilling had a much higher standard deviation due to
the linear pattern of TBB decrease, making the estimation unreliable (Figure 17). The Chill
Portions units, associated to the Dynamic model (Fishman et al., 1987), produced the smallest
difference between dates of endodormancy across years for artificial chilling. Coefficient of
variations of the date of endodormancy break across years ranged between 0.02 and 0.04 for

all chilling metrics.

Table 12. Timings of endodormancy break identified by segmented regression. Standard deviation
of the estimated date of dormancy break is shown. Cumulative values for several chilling metrics
are also reported for each dormancy break date: Chilling Hours as suggested by Bennet et al.
(1947), Chill Portions according to the Dynamic Model (Erez et al., 1990) and Chill Units according
to the Utah Model (Richardson et al., 1974).

Experiment 1 Experiment 2

Artificial Natural Artificial Natural
Dormancy break 2023-02-13 2023-02-13 2024-03-02 2024-03-26
St. Dev. (days) 12 741 10 71
Chilling Hours 2715 762 2968 834
Chill Portions 103.9 55.3 108.5 71.2
Chill Units 2711.5 604.5 2830.5 405
Freezing Hours 2716 1413 3075 1924

3.5 DISCUSSION

Time to budbreak (TBB) under forcing conditions decreased with increasing exposure to
chilling temperatures during the winter. The rate of decrease was faster under artificial chilling
compared to the natural chilling. A cumulative chilling metric accounting for mild temperatures

below 0°C (Freezing Hours) was a better predictor than classic metrics (Chilling Hours, Chill
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Units and Chill Portions, only considering temperatures above 0°C). This suggests that
accounting for freezing temperatures improves the measurement of chilling accumulation in
cold temperate species such as sugar maple.

Endodormancy break was only reliably detectable in samples under artificial chilling
conditions. We observed that the artificial chilling at 4°C induced earlier deacclimation, initiating
ontogenetic development in the bud in the first half of April (before transfer to forcing
conditions). Conversely, samples in natural conditions retained higher frost hardiness levels
until late spring. Samples were able to reach LTso below -50°C until the end of March, a
temperature well below the average minimum winter temperatures common in the study area
(-33.4 £ 2.7 °C for the 1990-2020 period, Environment Canada, 2023). Higher frost hardiness
correlated with longer time to budbreak, possibly suggesting a confounding effect of frost
hardiness on TBB. These results highlight the importance of measuring frost hardiness when
performing chilling-forcing experiments, especially in cold climates where frost damage is a

risk until late in the growing season.

3.5.1 Chilling temperatures

The timing of transfer from chilling to forcing conditions was the best explanatory variable
for the time necessary to perform budbreak (TBB), closely followed by Freezing Hours (Table
10). Interestingly, Freezing Hours (i.e., the chilling model including freezing temperatures down
to -5°C) outperformed classic chilling metrics (i.e. Chilling Hours, Chill Units and Chill Portions).
This suggests that accounting for temperatures below 0°C in chilling accumulation improved
prediction of TBB, confirming our hypothesis. It should be noted that in our study classic chilling
units (ignoring temperatures < 0°C) still had reasonably high R2 values, indicating a good
overall performance. However, Chilling Hours and Chill Units, in particular, seem to
underestimate chilling accumulation in natural conditions (Figure S6).

This could be explained by the rigid winter temperatures, remaining below 0°C during

several months. As a result, classic chilling models (Chilling Hours, Chill Units and Chill
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Portions) calculated virtually no chilling accumulation over much of the winter (Figure 16).
Indeed, classic chilling models were first developed to predict fruit tree phenology in temperate
climates (Fishman et al., 1987; Richardson et al., 1974; Weinberger, 1950), with no
consideration of chilling accumulation below 0°C. This assumption (i.e. that chilling
accumulation happens only above 0°C) therefore does not hold in temperate and cold boreal
climates and can lead to an underestimation of chilling requirements, negatively affecting
endodormancy break calculation and thus predictions under future climate conditions. Other
studies have shown the importance of including freezing temperatures in chilling accumulation
(Baumgarten et al., 2021; Guak & Neilsen, 2013; Hanninen, 1990b; Mahmood et al., 2000;
North et al., 2024). A recent study evaluated the effectiveness of different chilling models using
a vast phenological databases, and found that models accounting for freezing temperatures
performed better than those limited to temperatures above freezing (Wang et al., 2020).

The conviction that there is no chilling accumulation below 0°C probably stems from the
assumption that molecular processes, involving the mechanisms of endodormancy release,
cannot take place at freezing temperatures. However, trees can avoid intracellular freezing by
dehydration, soluble sugar concentration and supercooling (Bozonnet et al., 2024; Neuner et
al., 1999), which could allow the molecular processes involved in endodormancy break to
function below 0°C. The main problem comes from the fact that the underlying physiological
regulation of the endodormancy break is still largely unknown (Cooke et al., 2012; Hanninen et
al., 2019). Until we have a more mechanistic understanding of the physiological and molecular
processes underlying the chilling requirement and the endodormancy break, temperature
ranges for chilling accumulation models remain based on experimental evidence and
assumptions. Exploring other approaches to model tree phenology and budbreak, for example
focusing more on the physiological effects of chilling on carbohydrate metabolism, can provide
new interesting perspectives to study the internal regulation of plant phenology (Carteni et al.,
2023).

Our results show that between 2715 and 3075 hours (i.e. 113 and 128 days) at 4°C are

necessary to break endodormancy and minimize TBB. While these results do not reflect natural
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conditions, they are still relevant for comparison with other studies of chilling at mild
temperatures and to clarify endodormancy break in sugar maple under artificial conditions. In
a chilling-forcing experiment on several provenances of sugar maple, Kriebel & Wang (1962)
found that the earlier budbreak under forcing conditions took place after 1235 to 1637 chilling
hours below 7.2°C. The different results could be explained by ecotypic differentiation. In our
study, we considered maples from the northern part of the species’ range. Conversely, Kriebel
& Wang (1962) used samples from a wider gradient, and their northern provenance remained
south of the U.S.-Canada border. Kriebel & Wang (1962) did find higher chilling requirements
in northern maple provenances, which reinforces this hypothesis.

Little variation in chilling and forcing requirements was found between provenances. This
lack of differences could be explained by the limited geographic gradient considered. The
provenances used in this study were all located in eastern Canada, an area corresponding to
the northern portion of sugar maple’s range (Godman et al., 1990). In a previous study, we
compared frost hardiness between the same provenances and found no differences,
suggesting an overall similarity between maples in this area (Mura et al., 2024). Other studies
have found lower genetic diversity in sugar maple populations closer to the range edge, further
corroborating this interpretation (Perry & Knowles, 1989; Young et al., 1993). Studies
considering provenances over a wider geographic gradient may find more pronounced
differences (Ren et al., 2020). For example, Kriebel (1957) compared budbreak in sugar maple
provenances from a wider area ranging from Tennessee (US) to Québec (Canada) and found
three main ecotypes, namely “southern”, “central” and “northern”. It is likely that the samples
used in our study belong to the northern ecotype, which would explain the observed lack of
differences. The lack of differences in budbreak timings suggests that provenance selection in
forestry has a limited role to play in reducing the risk of late frost damage. Other tools may be
more effective, such as choosing a plantation site sheltered from extreme frosts or adopting
silvicultural techniques such as a shelterwood system to create a more favorable microclimate

(Charrier et al., 2015; Dumais et al., 2024). This is particularly relevant for sugar maple, as the

88



species is shade-tolerant and can grow well in a sheltered site where an upper canopy is

present (Boulet, 2013; Godman et al., 1990).

3.5.2 Budbreak and frost hardiness

The time to reach budbreak (TBB) decreased as transfers to forcing conditions became
closer to spring (usually late April / early May in the study area). As chilling exposure
accumulates, trees enter ecodormancy and become more sensitive to external conditions,
decreasing the time necessary to perform budbreak (Charrier et al., 2015; Chuine et al., 2016;
Lang et al., 1987). Phenology advanced faster under artificial chilling treatment (4°C). In most
cases, artificial chilling also led to higher percentages of budbreak. At first glance, this could
suggest that mild and stable chilling conditions (at 4°C) were more effective than fluctuating
natural temperatures in fulfilling chilling requirements. However, we argue that bringing frost
hardiness into the picture may offer an alternative explanation, as mild artificial chilling may
have both fulfilled the chilling requirement and contributed to forcing, initiated ontogenetic
development in the bud. Conversely, low freezing temperatures in natural conditions could
have fulfilled the chilling requirement but also induced high levels of frost hardiness and
prevented deacclimation until late in spring.

Indeed, while temperature of 4°C were cold enough to fulfill chilling requirements in
sugar maple, artificial chilling promoted deacclimation to frost, which could potentially be
detrimental for trees. Bud frost hardiness decreased earlier under artificial 4°C chilling: in late
March, bud LTso under artificial and natural conditions was -18°C and - 48°C, respectively,
leading to a 30°C of difference. Temperatures lower than -18°C are not uncommon in the study
area in April, and highlight the potential risk of frost damage following deacclimation under
warming winter conditions. The earlier deacclimation under artificial chilling was also confirmed
by visual observation of buds initiating the budbreak process inside the growth chambers at
4°C in April, before the transfer to forcing conditions. Other studies report that above-freezing

chilling temperatures can induce ontogenetic development once chilling requirements are
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fulfilled (Hanninen, 1990b). Kovaleski (2022) found similar results in red maple (Acer rubrum
L.), which lost around 0.2 °C in LTso0 per day at 4°C after fulfilling the chilling requirement. Both
sugar maple and red maple are species with wide distribution, which spans northwards until
the limit of the boreal forest, and these species may be particularly sensitive to mild
temperatures above 0°C in the spring. Conversely, species accustomed to warmer climates
may be less sensitive to such mild cool temperatures. For example, a study by Charrier et al.
(2011) on European walnut (Juglans regia L.) found some signs of budbreak in samples at 5°C
artificial chilling conditions, but at very low rates.

Longer time to budbreak was correlated with stronger frost hardiness in buds (i.e. lower
LTso). This relationship was observed in both artificial and natural chilling, although stronger in
natural conditions. In branches, we found a correlation between frost hardiness and time to
budbreak only under artificial chilling. Although correlation does not necessarily entail
causation, frost hardiness could explain the observed differences in TBB between samples in
artificial and natural chilling. Samples in natural chilling treatment were exposed to freezing
temperatures until late March, inducing lower LTso and thus preventing deacclimation (Neuner
et al., 1999; Vitasse, Lenz, & Kérner, 2014) and potential cell damage. Kovaleski (2022) has
recently demonstrated that both the level of frost hardiness at the time of transfer and the rate
of deacclimation can explain the time required to reach budbreak in several tree species,
including sugar maple. This correlation between frost hardiness and budbreak may be caused
by the physiological mechanisms involved in increasing frost hardiness. These changes involve
dehydration in the cells and the formation of a barrier between bud and stem (Bozonnet et al.,
2024; Neuner et al., 2019). These adjustments are not compatible with growth resumption,
budburst and leaf formation, which require highly hydrated tissues connected to the stem
(Hanninen, 2016; Xie et al., 2018). Plants with higher levels of cold hardiness need to adjust
physiologically before performing their budbreak, i.e. by rehydrating their tissues and restoring
connectivity between bud and stem, resulting in a longer TBB after transfer to forcing conditions

as observed by Kovaleski (2022).
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The identification of an endodormancy break point was only reliable in samples under
artificial conditions. Indeed, TBB in samples under natural chilling showed a linear decrease
without a break point (Figure 17). By contrast, samples in artificial chilling treatment started
deacclimating earlier, leading to a faster decrease of TBB and allowing to easily identify an
endodormancy break point. One possible explanation is that freezing air temperatures in
natural chilling could have kept the samples at high frost hardiness levels, inducing a series of
physiological adjustments (dehydrated cells, increased sugar content, frost barrier between
bud and stem). This would cause a confounding effect, where plants in natural chilling have
longer TBB than plants in artificial chilling because of the need to revert the physiological
changes required to increase frost hardiness, independently of the actual fulfillment of chilling
requirements. However, a concurrent explanation could also be that very low freezing
temperatures (e.g. below -5°C) prevented or delayed the fulfillment of chilling requirements by

stopping biogeochemical reactions in the cells.

3.5.3 Conclusion

We performed chilling-forcing experiments on sugar maple saplings for two consecutive
winters. We tested the effect of natural and artificial chilling treatments, and measured frost
hardiness on each transfer to forcing conditions. Fulfillment of chilling requirements was easier
to detect in artificial chilling treatment, while cold temperatures in natural conditions induced
strong acclimation until spring and masked the effect of endodormancy break. As a result,
budbreak advanced faster under artificial chilling conditions. Accounting for freezing
temperatures in chilling accumulation worked better than classic models. Provenance did not
have a significant effect on time to budbreak.

This study provides quantitative measurements of the chilling requirements of sugar
maple, an important factor to account for in a changing climate scenario. Moreover, our results

join a growing body of literature highlighting the importance of both measuring frost hardiness
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and accounting for freezing temperatures in chilling accumulation when performing chilling-
forcing experiments (Baumgarten et al., 2021; Kovaleski, 2022; North & Kovaleski, 2024).
Taking into account frost acclimation and deacclimation dynamics can greatly improve the
understanding and interpretation of chilling-forcing experiments results in the future. Future
studies employing chilling-forcing experiments should account for deacclimation dynamics by
performing regular frost hardiness (such as LTso tests) measurements after the transfer to
forcing conditions (Kovaleski et al., 2018; North & Kovaleski, 2024). Similarly, repeated
measurements of LTso under different chilling conditions could help quantify the contribution of
mild chilling temperatures to forcing and deacclimation (Flynn & Wolkovich, 2018). These
aspects can help clarify the role of above- and below-freezing temperatures in regulating frost
hardiness and dormancy, advancing the knowledge on this crucial and yet still partially

understood aspect of plant physiology.
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3.6 ANNEXES

3.6.1 REL method for experiment 2

On each sampling date, seven seedlings per provenance were collected in each site.
Seedlings were separated into three samples, each at least 5 cm long, and distributed
randomly between seven target temperatures for the frost treatment. In total, each target
temperature had 3 samples per provenance, wrapped in tin foil and placed in a thermal
container. Thermocouples (two per container) were used to measure sample temperature
during the tests.

During each test, we exposed the samples to seven different treatment temperatures
ranging from +5 to -80°C. One thermal container was stored in a cold chamber at +5°C (control
treatment). The remaining six thermal containers were exposed to five different temperatures
ranging from -7°C to -80°C in a controlled-temperature freezer (CryoMed controlled rate
freezer, Thermo Fisher Scientific). The target temperatures changed during the sampling dates
to better quantify the expected frost hardiness (i.e. we tested colder temperatures during
winter). The temperature in the freezer was manually adjusted to attain a cooling rate of -6°C
h-'. Upon reaching one of the target temperatures, one random container was taken out of the
freezer and stored in a cold chamber at +5°C. All containers were then left at +5°C overnight.

On the second day, the samples were prepared for conductivity measurements.
Samples were separated in branches (cut in slices 0.5 mm thick) and buds (split in two along
the longitudinal axis), then stored in vials with 10 ml of demineralized water. Because of the
small number of buds available, buds from the same provenance and within the same target
temperature were placed in the same vial. Vials were left to agitate on a multi-platform orbital
shaker (Thermo Fisher Scientific, Waltham, MA) at 5°C overnight.

The third day, conductivity in each tube was measured as an indicator of electrolyte
leakage from cells damaged by the frost (C+1). Samples were then put in an autoclave at 120°C,
1 bar, for 30 minutes. A second conductivity measurement was performed after the autoclave
treatment, corresponding to the maximum cellular damage (C2). REL was then calculated as

C1/C2, i.e. the ratio of electrolyte leakage caused by frost to the leakage caused by maximum
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damage. We calculated the relationship between REL and temperature using the logistic

function (Repo & Lappi, 1989):

a 2

where T is the test temperature, d is the higher asymptote, a+d is the lower asymptote
and b is the slope at the inflection point ¢. Frost hardiness (LTs0) was calculated for each
provenance as the temperature at the inflection point ¢, i.e. the temperature causing 50% of
cellular damage. Temperatures inducing 10% cellular damage (LT 10) were also calculated from
the logistic curve, to estimate a lower threshold for frost damage occurrence and for
comparison with LTso. The logistic function was fitted with the nlsLM function of the minpack.Im

package (Elzhov et al., 2022).
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3.6.2 Supplementary figures
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Figure S5. Percentage of buds performing budbreak after transfer to forcing treatment and
divided in two experiments during winter 2022-2023 (experiment 1, top panel) and winter 2023-
2024 (experiment 2, lower panel). Bar colors indicate artificial (orange) and natural (dark blue)
chilling treatment. For experiment 1, all provenances are grouped together because of a non-
significant effect according to ANCOVA.
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96



CONCLUSION GENERALE

The general objectives of my dissertation were i) assessing intraspecific variability in
frost hardiness and phenology of dormancy and budbreak, and ii) linking these two traits to
understand intraspecific variations in risk of frost damage. Concerning the general objective i),
my results highlighted interesting differences in the intraspecific variations between Picea
mariana and Acer saccharum. Picea mariana provenances showed a clear pattern in budbreak
timing, with northern provenances performing earlier budbreak consistently over several years
of observations. On the other side, Acer saccharum appeared to lack intraspecific
differentiation between the provenances considered in this work, both in their frost hardiness
and sensistivity to temperatures during dormancy.

One possible interpretation for this divergence would be that the gradient for P. mariana
provenances is wider, leading to higher climatic distance between the provenances. Indeed,
the gradient for P. mariana provenances covers a 4°C variation in mean annual temperature,
while difference between A. saccharum provenances is limited to 2°C. By covering a larger
climatic gradient, it follows that P. mariana provenances would show higher differentiation in
their functional traits. Had we selected P. mariana provenances exclusively from the northern
portion of the species’ range, as we did with maple, it is possible that physiological responses
would have been more similar. However, in P. mariana the intraspecific differences were clear
even between provenances that have only 1 to 2 °C difference in mean annual temperature,
suggesting that this interpretation may be not sufficient.

An alternative explanation of the results is that the different species have different
plasticity and adaptive potential, where A. saccharum shows more capacity to acclimate and
to produce similar intraspecific responses in the same environmental conditions compared to
P. mariana. This interpretation is reinforced by a recent review of tree species adaptations by
Leites & Benito Garzon (2023), which found that genetic adaptations to local climates are more
common in conifers than broadleaves, hinting to different evolutionary strategies. This has

relevant implications for climate change: plasticity of functional traits is essential to adjust to



climate change, and A. saccharum seems to have an advantage in this regard. In order to
better understand this point, further studies considering larger climatic gradients for A.
saccharum should be carried out. Such studies should take into account this work and the
research by Kriebel & Wang (1962), who considered intraspecific differences in sugar maples
from a larger portion of the species’ distribution and identified three major ecotypes (southern,
central and northern). Replicating this study, with a higher number of samples and more
functional traits analyzed, could greatly clarify patterns of genetic variation and phenotypic
plasticity in A. saccharum.

These different trends in intraspecific differentiation are also relevant when considering
the general objective ii), i.e. the influence of phenology and frost hardiness on the frost risk
exposure. The clear intraspecific pattern in P. mariana spring phenology showed a clear trend
where northern provenances have higher risk of exposure to late frost because of an earlier
budbreak. This highlights a possible problematic under climate change, i.e. that northern
populations of P. mariana may see an increase in late frost damage as spring conditions
become both warmer and more variable (Chamberlain et al., 2019). A follow-up study of
chapter 1 that | co-authored found that northern P. mariana provenances did not change their
budbreak timing following the frost event of 2021 (Silvestro et al., 2023). Despite a reduction
in apical growth in the year following the event, northern provenances continued to show an
earlier budbreak, suggesting limited plasticity and underscoring the problematic.

Chapter 1 highlights how provenance selection in forest management may help mitigate
the problem of late frost exposure, e.g. by transferring southern provenances northwards to
decrease late frost risk. However, one limitation of the study is that only one common garden
was considered, where all provenances were either local or transferred to the south. Realising
a second P. mariana common garden in the northern portion of the species’ range with the
same provenances could provide relevant information to better identify intraspecific
differences. Realising such a plantation would allow to compare the effect of the local
environment versus genetic adaptations on functional traits, similarly to what | did for A.

saccharum in chapter 2. The main constraint to experimental plantings in the northern portion
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of P. mariana’s range is the remoteness of these territories. For example, reaching the
northernmost provenance MIR (Mirage) requires more than 20 hours of driving from the nearest
university, making the collection of weekly phenological data a logistical challenge. One way
to solve this problem would be to focus on traits that require less frequent surveys, such as
yearly apical shoot growth or winter survival.

Compared to P. mariana, the lack of intraspecific differences in A. saccharum frost
hardiness and budbreak suggests that all provenances have similar risk of frost exposure. The
results on frost hardiness also indicate that this species is capable of attaining LTso values
much lower than actual minimum temperatures at the species’ range limit. This suggests that
A. saccharum can survive winters beyond its current northern range limit, an important pre-
requisite for northward transfers in assisted migration projects. The similar phenology and
budbreak between provenances suggest that provenance selection has little potential to limit
frost risk, and might instead focus on other desired traits such as growth performance or
drought tolerance (Dumais et al., 2024). A. saccharum’s current range may be determined by
factors other than winter survival, such as edaphic conditions (e.g., acid or poorly drained soils
typical of boreal ecosystems) or lack of associated mycorrhizal organisms in the soil (Carteron
et al., 2020). Such limitations need to be addressed and evaluated in order to maximize the
success of assisted migration projects (Park et al., 2018).

Chapter 3 highlighted that more knowledge is necessary to better understand chilling
accumulation and endodormancy break, as these are key in predicting tree responses to future
climate. In particular, the possible influence of frost hardiness levels on the depth of dormancy
needs to be further investigated, as there is a growing body of studies highlighting the
interdependency of these factors. This is especially relevant in cold climates such as our area
of study, where temperatures can remain below 0°C for most of the winter, making frost
hardiness a necessity and influency chilling accumulation. In my work, | measured frost
hardiness at the time of transfer from chilling to forcing conditions and found an interesting
correlation with the time necessary to perform budbreak. Further studies should perform

repeated frost hardiness measurements, in order to track the progressive loss of frost
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hardiness of samples under forcing conditions. While these analyses are destructive and
tipically require a huge number of samples, employing techniques of frost hardiness
measurement that require less samples such as the DTA (Differential Thermal Analysis) can
help tackle the logistical challenges of these studies. A reference for this kind of research
design can be found in Kovaleski (2022).

Results from the three chapters of this work added original data and insight to the
existing literature, improving the understanding of these fundamental components of the life
cycle of trees. With global temperatures and weather variability increasing as an effect of
climate change, frost hardiness and dormancy regulation remain extremely relevant aspects of
tree ecophysiology. Although interest in this field is rising, many aspects require clarification.
Frost hardiness measurements spanning whole dormant seasons are still missing for many
species, and the mechanistic functioning of chilling accumulation needs to be further explored
and clarified. Expanding studies on these subjects in the near future, covering new species,
provenances and geographical areas, will be key to understanding this important driver of plant
adaptation and to improve predictions of climate change impacts. Interdisciplinary studies
linking physiological knowledge of trees to the physics of ice formation in plant tissues and the

molecular control of dormancy will be necessary to fully elucidate these points.
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