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Local conditions have greater influence than provenance
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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
intra-specific 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. LTgg, i.e. the lethal temperature for 50% of the cells, was measured
monthly with the relative electrolyte leakage method on branches and buds from September 2021 to July 2022. LT 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 LTsg in sugar maple can exceed —55 °C, far below the minimum temperatures 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.
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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 and 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 synchronizing 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 intra-specific 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 and
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).

Frost hardiness dynamics are closely linked with the pheno-
logical cycle of growth and dormancy (Leinonen 1996, Vitasse
et al. 2014b). In mid-summer, trees stop radial growth and
form buds to protect the meristems (Rohde and Bhalerao
2007, Butto et al. 2021). In autumn, colder temperatures
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and shortening photoperiod induce dormancy (Way 2011,
Hamilton et al. 2016). 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 (Lang et al. 1987, Chuine et al. 2016). Dur-
ing endodormancy, frost hardiness increases in overwintering
organs (i.e. acclimation) until reaching a peak in winter (Sakai
and Larcher 1987, Vitasse et al. 2014b). During autumn and
winter, exposure to cold temperatures releases endodormancy,
and the tree enters the ecodormancy phase, which is mainly
controlled by temperature (Junttila 2007, Charrier et al. 20135,
Delpierre et al. 2016) with a minor effect of photoperiod
in some species (Way and Montgomery 2015, Flynn and
Wolkovich 2018, Malyshev et al. 2018). The gradual rise in
temperature during spring, defined as forcing units, releases
ecodormancy and triggers a decrease in frost hardiness (deac-
climation) until budbreak and the resumption of growth
(Hanninen 1990, Charrier et al. 2011, 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 (Sakai and Larcher 1987,
Inouye 2000). 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 (Lenz et al. 2013,
Korner et al. 2016). However, analyses of frost hardiness are
often time-consuming and labor-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.

Under climate change, the habitats of many species are
expected to shift poleward or upwards toward sites submitted
to colder conditions (McKenney et al. 2007, Boisvert-Marsh
and Périé 2014). While winters will generally become
warmer, the weather is becoming more variable and less
predictable, making frost events likely even under global
warming scenarios (Screen and Simmonds 2013, Marquis
et al. 2022). 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 et al. 2014b, 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 a 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
(Winder et al. 2011, Kreyling et al. 2015). Frost hardiness is,
therefore, an important aspect of predicting 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
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(lethal temperature of —28 °C) than J. regia x nigra hybrids
selected for wood production (lethal temperature of —35 °C).
Intra-specific differences can also occur naturally across
latitudinal ranges, where populations from colder climates
can exhibit greater frost tolerance and winter survival (Vitasse
et al. 2014b). This trend has been observed both in conifers
(Viveros-Viveros et al. 2009, Kreyling et al. 2012) and
angiosperms (Li et al. 2003, Kreyling et al. 2014). However,
other studies suggested that intra-specific differences in frost
hardiness are limited to one phase of the frost hardiness cycle.
Beuker et al. (1998) found differences in frost hardiness during
autumnal acclimation but not during winter and deaccli-
mation in Pinus sylvestris (L.) and Picea abies ([L.] Karst).
Instead, Charrier et al. (2011) found differences between J.
regia genotypes in deacclimation but not during acclimation
or midwinter. Understanding species-specific 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 cli-
mates, especially at the sapling stage (Pedlar et al. 2011, Aubin
et al. 2016). Quantifying intra-specific 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 intra-specific variability in frost hardiness
by comparing the effect of provenance and local environmen-
tal 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 with the southern site
(Figure 1). We also expect that climatic conditions at the
provenance origin influence frost dynamics, with seedlings
from colder provenances showing earlier and faster accli-
mation in autumn, higher frost hardiness, and later, slower
deacclimation in spring compared with warmer provenances
(Figure 1).

Materials and methods
Provenance selection

The plant material for this study consisted of 2-year-old
seedlings of sugar maple (Acer saccharum Marsh.) belong-
ing to seven commercial provenances from Eastern Canada
(Table 1, Figure 2). 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 prove-
nances 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, La Pocatiére, Cantley and Sher-
brooke (abbreviated as SHW, LAP, CAN and SHR, respec-
tively) originated from seeds collected at stand level by the
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Table 1. 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 are relative to the 1980-2010 period (source: BioSIM).

Name 1D Latitude Longitude Elevation Mother Annual Average Annual
(m a.s.L) tree temperature minimum precipitation
(°C) temperature of (mm)
the coldest
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 45.57 —75.78 154 Multiple 5.7 -31.7 999
X 7 A total of 1008 seedlings were grown in the forest nursery
> in Berthierville, QC, Canada. After germination in 2020,
seedlings grew in an 85% peat, 7.5% vermiculite and 7.5%
perlite substrate with added lime (9 kg lime per 3.1 m? peat).
Site

==+ Warmer

== Colder

Frost hardiness

Provenance

= Warmer

=== Colder

Winter
(plateau)

Autumn
(acclimation)
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Figure 1. 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 will show faster acclimation but slower deacclimation than
provenances from warmer areas. In this study, we use the temperature
causing lethal damage to the tree (LTsp) as an indicator of frost hardiness
at a given time.

o
A Site of growth

Mean annual temperature

M 35
B o0
B :0
[ Jeo0

| [ 190

Provenance

200 400 km

Figure 2. Locations of the seven sugar maple provenances studied
(points) and the two sites where seedlings were grown and sampled
(triangles).

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

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 2). 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
southwest of Chicoutimi, located within the natural range of
sugar maple (Table 2).

Climate and weather data

Climate and weather data were used to compare the prove-
nances 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 (Régniere 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 accu-
mulation during the spring. Cumulative chilling days were
calculated for the acclimation period (September—January) to
quantify cold accumulation in the two sites. Chilling units
(CU) were calculated daily as CU = max(7 — Ty,; 0), where
Ty 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 (Wein-
berger 1967, Raulier and Bernier 2000).

Frost hardiness tests

We performed monthly frost hardiness measurements from
September 2021 to July 2022. Seedlings were 2-year-old at this
time, having spent their second growing season outdoors at
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Table 2. 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).

Name Latitude Longitude Elevation Annual Average minimum Extreme Annual
(ma.s.L) temperature temperature of the minimum precipitation
(°C) coldest month (°C) temperature (°C) (mm)
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

each site. We defined frost hardiness as the temperature induc-
ing 50% of cellular damage (LT's5(), measured with the relative
electrolyte leakage (REL) method (Repo and Lappi 1989).
All provenances were sampled monthly except COB, which
was sampled every 2 months because of a smaller number of
seedlings. Overall, we sampled 154 seedlings per provenance
and 84 seedlings for COB. All samples were analyzed in
Chicoutimi. Samples from Ripon were delivered to the lab
within 24 h of collection, and immediately started the REL
analysis. To minimize the impact of the 24-h lag between
sampling and analyses, samples were placed in plastic bags
with wet paper towels to maintain humidity and prevent dehy-
dration 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 tar-
get temperatures for the frost treatment. In total, each target
temperature had three 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 4 h (lethal treatment) before
being transferred to +5 °C. The remaining five thermal con-
tainers 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, USA). The tar-
get 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 S1
available as Supplementary data at Tree Physiology Online).
The temperature in the freezer was manually adjusted to
attain a cooling rate of —10 K h™!. This rate is higher than
the cooling rate of 5 K h™! normally used in the literature
and faster than freezing rates normally observed in nature
(Cannell and Sheppard 1982, Atucha Zamkova et al. 2021).
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~! logistically unattainable, requiring 17 h of con-
tinuous 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
+35 °C. All containers were then left at +5 °C overnight.

On the second day, the samples were prepared for con-
ductivity measurements. Each seedling was separated into
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, USA) 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 (Cy). Samples were then put in an autoclave at 120 °C,
1.2 bar, for 30 min. A second conductivity measurement was
performed after the autoclave treatment, corresponding to the
maximum cellular damage (C;). 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
REL = Ao +d (1)

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 (LTs) was calculated for
each provenance as the temperature at the inflection point c,
i.e. the temperature causing 50% of cellular damage (Figure S2
available as Supplementary data at Tree Physiology Online).
Temperatures inducing 10% cellular damage (LT1o) were also
calculated from the logistic curve to estimate a lower threshold
for frost damage occurrence and for comparison with LTs.
The logistic function was fitted with the nlsLM function of
the minpack.lm package (Elzhov et al. 2022). An example of
the end result of monthly REL analyses illustrating the logistic
fittings used to estimate L'Tsg can be found in Figure 3.

Statistical analyses

We applied Wilcoxon rank sum exact tests to compare the dif-
ferences in frost hardiness between sites on specific sampling
dates. Based on the observed pattern of frost hardiness, we
identified three periods: (i) acclimation, corresponding to the
increase in frost hardiness during autumn (between September
and December), (ii) maximum hardiness, corresponding to the
peak in frost hardiness during midwinter (between December
and March) and (iii) 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 LTs5q as the response variable, circadian days since the
start of the experiment (7 September 2021) as quantitative
covariate, and site and provenance as categorical variables.
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Figure 3. 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 (lines) were fitted to estimate LTsg based
on REL measurements. L50 was estimated as the inflection point of the logistic curve.

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
R? values, distribution of standardized residuals and visual
assessment of residuals plots.

We fitted a circular regression model to investigate differ-
ences between site and provenance during the whole frost
hardiness cycle. Circular regressions allow recurrent biolog-
ical 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 (t,q). The
sine and cosine functions of t.,4 represent the seasonal pattern
of frost hardiness in the model. We fitted a circular model
with LTso as the response variable and the sine and cosine
functions of t,,q 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-
AIC comparison was carried out with the aictab function
of the AICcmodavg package (Mazerolle 2023). All statistical
analyses were performed in R (R Core Team 2020).

Results
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-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 (22 October) in both sites and
reached 16 and 18 degree-days in Ripon and Chicoutimi,
respectively on DOY 305 (1 November). The difference
in CU between sites remained below 50 until DOY 341
(7 December), then increased to 144 on DOY 365 (31
December), with Chicoutimi being the coldest site (Figure 4).
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 DOY 22 in the southern site
(Ripon) and on DOY 29 in the northern site (Chicoutimi).
In spring (March to June), Chicoutimi was 2.5-2.8 °C colder
than Ripon. On DOY 121 (1 May), the 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
(27 November) (Figure 4, lower panel), reaching a height of
114 c¢m in Chicoutimi, 34 cm more than in Ripon. The snow
on the soil disappeared on DOY 100 (10 April) in Ripon,
24 days earlier than in Chicoutimi (Figure 4).

Acclimation

On average, LTs5o of branches in early September was —12
and —9 °C in Chicoutimi and Ripon, respectively (Figure 3).
At the same time, bud LT 5y was —9 and —12 °C in Chicoutimi
and Ripon, respectively. From September to December, LT'so
decreased by an average of 15 °C per month in both organs. In
early December, LT5g reached —58 °C in branches and —62 °C
in buds in Chicoutimi. At the same time, LT5( in Ripon were
—55 °C and —62 °C for branches and buds, respectively
(Figure 5). The overall lowest frost hardiness for branches was
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Figure 4. Trends of (a) air temperature (°C), (b) snow cover (cm), (c) daily CU (°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 was obtained from the nearest weather

stations (Environment Canada 2023).

assessed in early September, —6 °C in Chicoutimi (provenance
FEL) and —3.5 °C in Ripon (provenance LAP). LTsq 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 3). LT5o in branches
was not significantly different between sites. The analysis
of covariance (ANCOVA) for acclimation was significant,
showing an effect of site on LT in buds (P < 0.05) but not
in branches. The effect of provenance during acclimation was
not significant (Table 4).

Maximum hardiness

From December to early March, LTso reached a plateau
and fluctuated around low temperatures (Figure 5). During
this period, the variation in LTy between monthly sampling
dates was, on average, below 4 °C in branches and below
5 °C in buds. Between December and March, the lowest
LTS5 attained in Chicoutimi were —58 °C in branches and
—64 °C in buds), which were measured in December and
February, respectively. In Ripon, the lowest LT 5o were —60 °C
in branches and —63 °C in buds, measured in February
and December, respectively (Figure 5). Among provenances,
the provenance SHW reached the lowest values of LTs in
Chicoutimi, —68 °C for branches in December and —67 °C for
buds in February. In Ripon, the lowest LT5y 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 3). ANCOVA for this period was not significant, and
with low R? (Table 4). This was due to the lack of variability
in LT5o, which made the inclusion of explanatory variables in
the model redundant.

Deacclimation

From March to May, LTs( 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. LTs5¢ 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, LTsy for branches increased
from —57 °C to —9 °C between March and July (11 °C
per month). Between March and May, LTsy for buds in
Chicoutimi rose from —56 °C to —13 °C, with an aver-
age increase of 14 °C per month (Figure 5). LTso in April
showed the highest variability among sampling dates. This
was likely due to the high conductivity of the sugar-rich sap
that maples produce during spring reactivation (Perkins and
van den Berg 2009), which altered the REL. For this reason,
LTso from April was considered unreliable and excluded from
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Figure 5. Frost hardiness (LTsg) of seven sugar maple provenances
sampled in two study sites for branches (above) and buds (below). Points
indicate estimated values of LT5p. Shaded areas indicate the 95%
confidence interval of the circular model’s prediction. Ripon is the
southern site, and Chicoutimi the northern one.

Table 3. Results of the Wilcoxon bilateral rank sum exact test comparing
differences in LTsg 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 (dd-mm-yyyy) w

Buds 07-09-2021 24
04-10-2021 24
01-11-2021 36**
01-12-2021 24
10-01-2022 24
01-02-2022 20
07-03-2022 22
04-04-2022 22
02-05-2022 3*
23-05-2022 20

Branches 07-09-2021 11
04-10-2021 24
01-11-2021 16
01-12-2021 19
10-01-2022 27
07-02-2022 37
07-03-2022 12
04-04-2022 26
02-05-2022 0**
23-05-2022 (Vi
11-07-2022 39

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 sig-
nificantly lower in Ripon in early May, according to Wilcoxon
test (W = 3, P < 0.05, Table 3). 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 5). ANCOVA indicated a significant effect
of site on LT5y in branches (P < 0.01), but not in buds.
Provenance had no significant effect on LTsq for the two
organs (Table 4).

Circular model

Delta AIC-based model selection indicated that the best cir-
cular model for LTsg included the terms cos and siz, which
define the time, and site as a fixed effect, which represented
two different environments and their interaction. The prove-
nance was discarded during model selection for both branches
and buds.

In the final circular model for branches, L'Tsg changed
mainly as a function of time (cos and sin variables and their
interaction, P < 0.001, Table 5). This indicates the strong
seasonality 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 LT5g
in branches (P < 0.01, Table 5). The interactions between sin
and cos function, as well as their interaction with site, were
significant (P < 0.05, Table 5), indicating that the site influ-
ences 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 5), indicating the seasonal pattern of LTsy following
acclimation and deacclimation. Site was not significant but
had a significant interaction with the siz function (P < 0.1,
Table 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 deaccli-
mation 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 (Sakai and
Larcher 1987, Charrier et al. 2015). Our results show that
acclimation (i.e. increasing frost hardiness levels) took place
between September and December. LTsg 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 5), corresponding
with the earlier warming recorded at that site (Figure 4). No
difference in LTsy 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 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).

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
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Table 4. ANCOVA results testing the effect of site and provenance during the periods of acclimation (September-December), maximum hardiness
(December—February) and deacclimation (March-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 and three asterisks correspond to P < 0.05 and P < 0.001,

respectively.

Model Terms
R2 F (Intercept) Time Site Provenance
Branches Acclimation 0.93 88.95%* 63.69%** 702.96*** 1.95 0.19
Maximum 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
Buds Acclimation 0.93 89.04*** 29.39%** 699.77%** 5.65* 0.37
Maximum hardiness -0.05 0.6982 300.75*** 1.77 0.05 0.63
Deacclimation 0.88 33.64%* 358.78*** 259.00%** 0.68 0.38

Table 5. Results of circular modeling of frost hardiness (LTsg) in sugar maple branches and buds. LTsq is modeled 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

0.90 171.1%** (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*
cos x sin —-11.19 2.25 —4.98%**
cos x site —1.65 1.63 —1.01
sin X site —-4.70 1.53 —3.06™*
cos X sin x site 12.23 3.18 3.84%**

Buds

R? F Terms Estimate St. error t

0.91 195.9%** (Intercept) -31.59 1.00 —31.50%**
cos 22.55 1.44 15.69%*
sin —-27.30 1.46 —18.75%**
site -0.11 1.30 -0.09
cos X sin —4.52 2.51 —1.80
sin X site -3.39 1.87 —1.81
cos x site -2.03 1.77 -1.15

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 min on 1 September and 20 min on 21
December. Temperature and photoperiod are the main envi-
ronmental signals, inducing growth cessation, dormancy and
cold acclimation (Weiser 1970, Vitasse et al. 20145, Charrier
etal.2015). Therefore, similar weather conditions can explain
the converging acclimation patterns between the two sites.
Buds showed more differences between sites during accli-
mation, as shown by the significant effect of site on frost
hardiness (Table 4). Although LTs( was similar on most sam-
pling 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
LT5o may be due to the sampling day (see section 0). In the
northern site, samples were collected on 1 November, after
a short warm event with minimum temperatures reaching
3.6 °C. In the southern site, samples were collected on 2
November, 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 stud-
ies documented quick fluctuations of tree frost hardiness in
response to temperature changes during dormancy (Sakai and
Larcher 1987, Neuner et al. 1999, Vitasse et al. 20145), which
confirms our hypothesis.

Maximum hardiness

During the coldest part of the winter (between January and
February) frost hardiness reached stable and maximum val-
ues, with LT5g varying between —43 and —68 °C. All prove-
nances attained LTs5y below —55 °C in both sites. The low
R2 of ANCOVA indicated a lack of trend in LTsq, which
varied around maximum values without a distinct pattern
(Table 4). Our LT5y values are much lower compared with
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 geo-
graphical area as our study found LTs of —68 °C during the
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winter, which are similar to our findings in maple (Deslauriers
et al. 2021). Cold hardiness below —60 °C, and occasionally
below —70 °C, is known for several boreal woody species
(Sakai 1983, Sakai and 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). LT 5o in Chicoutimi exceeded
both the lowest daily minimum temperature recorded during
our study (—34.7 °C), the average minimum winter tempera-
ture 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 consid-
ering the more conservative LTy (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 north-
ern areas at the limit of the species range can endure the min-
imum temperatures expected under winter conditions. This is
consistent with a 3-year common garden study on sugar maple
seedlings, which found that northern populations are able to
survive and grow well beyond the species’ northern distribu-
tion limit (Putnam and Reich 2017). Several other studies have
found that deciduous species generally exhibit a frost hardi-
ness higher than the local minimum temperatures of winter
(Lenz et al. 2013, Kollas et al. 2014, Charrier et al. 2018).

Extreme frost events could limit the expansion and estab-
lishment of sugar maple. Extreme events are difficult to pre-
dict (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 occur-
ring 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 maladap-
tation that was previously not evident (Benito-Garzon 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 LTsq corresponded to the temperature
that would cause instantaneous lethal damage. It is possible
that longer exposures (e.g. several hours during a nighttime
frost) to low temperatures above the observed LTsq could
cause severe or lethal damage to maple. Because of the inher-
ent differences between controlled experiments and natural
conditions, the link between LT 5 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~! 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 LT5o obtained with
different protocols.

Deacclimation

Deacclimation generally lasted from March to late May for all
organs and sites, with the exception of branches in the north-
ern 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 south-
ern site showing an earlier and faster deacclimation. These
results point to a strong environmental control over deaccli-
mation, consistently with our hypothesis. It is well known that
environmental signals, such as temperature and photoperiod,
have a strong influence on ecodormancy release and bud-
break (Hanninen 1997, Kovaleski et al. 2018). Temperature
is regarded as the main factor inducing ecodormancy release
and budbreak (Junttila 2007, Charrier et al. 2015), while the
effect of photoperiod is less linear than temperature and is
often species-specific (Hanninen and Tanino 2011, Flynn and
Wolkovich 2018). In our study, warmer temperatures in the
southern site led to faster snowmelt and GDD accumulation
(Figure 4). This suggests a strong effect of temperature, a likely
explanation for the observed differences in LTsy between
sites. Photoperiod, on the other hand, was longer in the
northern site after the equinox (20 March, 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 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. 2020, Ren et al. 2020).
Further research should focus specifically on investigat-
ing intra-specific 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 intra-specific differences
in budbreak phenology for sugar maple in the literature
(Guo et al. 2020, Zeng et al. 2022). This is an important
aspect to consider since the risk of desynchronization between
spring phenology and favorable environmental conditions is
increased under climate change (Augspurger 2013).

Intra-specific 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 intra-specific 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 (US) 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
(2024 unpublished data by Y. Surget-Groba; unreferenced),
Kriebel (1957) studied the intra-specific variation of eco-
physiological 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
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Butto et al. (2023) found intra-specific 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 intra-specific 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 evi-
dence that sugar maple provenances differ in their spring
phenology, likely because of local adaptations to avoid late
frost risk (Guo et al. 2020, 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, Korner 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. 2014a).

Conclusions

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
confirming our hypothesis and underlining the importance of
temperature in determining the timings of budbreak.

We did not find any significant difference between prove-
nances in either acclimation, maximum hardiness period or
deacclimation. LTsg was far lower than the long-term min-
imum 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 (Lenz
et al. 2013, Kollas et al. 2014, Putnam and Reich 2017,
Charrier et al. 2018). 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 phe-
nological avoidance of late frosts, growth performance and
enhancing biodiversity and gene flows between populations
(Aitken and Bemmels 2016). This information is particularly
relevant in forest management projects considering the north-
ward transfer of provenances, i.e., assisted migration (Pedlar
etal. 2011).
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Acknowledgments

Project partners include Syndicat des Producteurs de bois du Saguenay-
Lac-Saint-Jean, Centre Acer, Producteurs et Productrices Acéricoles du
Québec. The authors thank Denise Alano Bonacini, Valérie Neron
and Catherine Tremblay for technical support, and Alison Garside for
editing the English text.

Author contributions

Study conception and design: C.M., A.D., G.C., S.R.; methodology
implementation: C.M., A.D., G.C.; experiment execution: C.M., A.D.;
data collection: C.M.; data analysis/interpretation: C.M., V.B., A.D.,
G.C., S.R.; first manuscript draft: C.M. All authors contributed to
manuscript writing and revisions.

Supplementary data

Supplementary data for this article are available at Tree Physiology
Online.

Conflict of interest

None declared.

Funding

This work was funded by the Natural Sciences and Engineering
Research Council of Canada (NSERC). Funding was provided by
the Contrat de service de recherche forestiére number (142332175-1)
obtained by S.R. and S.D. from the Ministére des Ressources naturelles
et des Foréts (Quebec, Canada).

Data availability

The original data and R codes that support the findings of this study
are available on request from the corresponding author.

References

Aitken SN, Bemmels JB (2016) Time to get moving: assisted gene
flow of forest trees. Evol Appl 9:271-290. https://doi.org/10.1111/e
va.12293.

Atucha Zamkova A-A, Steele KA, Smith AR (2021) Methods for
measuring frost tolerance of conifers: a systematic map. Forests
12:1094. https://doi.org/10.3390/12081094.

Aubin I, Munson A, Cardou F et al. (2016) Traits to stay, traits to
move: a review of functional traits to assess sensitivity and adaptive
capacity of temperate and boreal trees to climate change. Environ
Rev 24:164-186. https://doi.org/10.1139/er-2015-0072.

Augspurger CK (2013) Reconstructing patterns of temperature, phe-
nology, and frost damage over 124 years: spring damage risk is
increasing. Ecology 94:41-50. https://doi.org/10.1890/12-0200.1.

Baffoin R, Charrier G, Bouchardon A-E, Bonhomme M, Améglio T,
Lacointe A (2021) Seasonal changes in carbohydrates and water
content predict dynamics of frost hardiness in various temperate
tree species. Tree Physiol 41:1583-1600. https://doi.org/10.1093/
treephys/tpab033.

Batschelet E (1981) Chapter 8: Periodic regression. In: Sibson R (ed).
Circular statistics in biology (mathematics in biology). Academic
press, London (UK), pp 159-177.

Benito-Garzon M, Ha-Duong M, Frascaria-Lacoste N, Fernandez-
Manjarrés J (2013) Habitat restoration and climate change: dealing
with climate variability, incomplete data, and management decisions
with tree translocations. Restoration Ecology 21:530-536. Portico.
https://doi.org/10.1111/rec.12032.

Gzoz Aenuga g0 uo 1sanb Aq L£/£€6//2919edy/ L /SH/a10ne/sAydaal/woo dno-ojwapeoe//:sdyy wol) papeojumoq


https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpae167#supplementary-data
https://doi.org/10.1111/eva.12293
https://doi.org/10.1111/eva.12293
https://doi.org/10.1111/eva.12293
https://doi.org/10.1111/eva.12293
https://doi.org/10.3390/f12081094
https://doi.org/10.3390/f12081094
https://doi.org/10.3390/f12081094
https://doi.org/10.3390/f12081094
https://doi.org/10.1139/er-2015-0072
https://doi.org/10.1139/er-2015-0072
https://doi.org/10.1139/er-2015-0072
https://doi.org/10.1139/er-2015-0072
https://doi.org/10.1890/12-0200.1
https://doi.org/10.1890/12-0200.1
https://doi.org/10.1890/12-0200.1
https://doi.org/10.1093/treephys/tpab033
https://doi.org/10.1093/treephys/tpab033
https://doi.org/10.1093/treephys/tpab033
https://doi.org/10.1093/treephys/tpab033
https://doi.org/10.1093/treephys/tpab033
https://doi.org/10.1093/treephys/tpab033
https://doi.org/10.1093/treephys/tpab033
https://doi.org/10.1111/rec.12032
https://doi.org/10.1111/rec.12032
https://doi.org/10.1111/rec.12032
https://doi.org/10.1111/rec.12032
https://doi.org/10.1111/rec.12032

Local conditions and provenance in maple frost hardiness

Beuker E, Valtonen E, Repo T (1998) Seasonal variation in the frost
hardiness of scots pine and Norway spruce in old provenance
experiments in Finland. For Ecol Manage 107:87-98. https://doi.o
rg/10.1016/50378-1127(97)00344-7.

Boisvert-Marsh L, Périé C, Blois S de. 2014. Shifting with climate? Evi-
dence for recent changes in tree species distribution at high latitudes.
Ecosphere. 5:art83. https://doi.org/10.1890/ES14-00111.1.

Burr KE, Hawkins CDB, L’Hirondelle SJ, Binder WD, George MF,
Repo T. (2001) Methods for measuring cold hardiness of conifers.
In: Bigras FJ, Colombo SJ (eds). Conifer cold hardiness. Springer
Netherlands, Dordrecht (NL). (Tree Physiology). p. 369-401.
[accessed 2022 October 21]. https://doi.org/10.1007/978-94-015-
9650-3_14.

Butto V,Khare S, Jain P, de Lima SG, Rossi S (2023) Spatial patterns and
climatic drivers of leaf spring phenology of maple in eastern North
America. Sci Total Environ 857:159064. https://doi.org/10.1016/j.
scitotenv.2022.159064.

Butto V, Khare S, Drolet G, Sylvain J-D, Gennaretti F, Deslauriers
A, Morin H, Rossi S (2021) Regionwide temporal gradients of
carbon allocation allow for shoot growth and latewood formation
in boreal black spruce. Glob Ecol Biogeogr 30:1657-1670. https:/
doi.org/10.1111/geb.13340.

Cannell MGR, Sheppard LJ (1982) Seasonal changes in the frost
hardiness of provenances of Picea sitchensis in Scotland. Forestry
55:137-153. https://doi.org/10.1093/forestry/55.2.137.

Chamberlain CJ, Cook BI, Garcia de Cortizar-Atauri I, Wolkovich
EM (2019) Rethinking false spring risk. Glob Chang Biol 25:
2209-2220. https://doi.org/10.1111/gcb.14642.

Charrier G, Bonhomme M, Lacointe A, Améglio T (2011) Are budburst
dates, dormancy and cold acclimation in walnut trees (Juglans regia
L.) under mainly genotypic or environmental control? Int ] Biome-
teorol 55:763-774. https://doi.org/10.1007/s00484-011-0470-1.

Charrier G, Ngao ], Saudreau M, Améglio T (2015) Effects of
environmental factors and management practices on microclimate,
winter physiology, and frost resistance in trees. Front Plant Sci
6. https://doi.org/10.3389/fpls.2015.00259.[accessed2021Mar$5].
https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full.

Charrier G, Chuine I, Bonhomme M, Améglio T (2018) Assessing
frost damages using dynamic models in walnut trees: exposure
rather than vulnerability controls frost risks: frost risks in walnut
trees. Plant Cell Environ 41:1008-1021. https://doi.org/10.1111/
pce.12935.

Chuine I, Bonhomme M, Legave J-M, Garcia de Cortdzar-Atauri I,
Charrier G, Lacointe A, Améglio T (2016) Can phenological models
predict tree phenology accurately in the future? The unrevealed
hurdle of endodormancy break. Glob Change Biol 22:3444-3460.
https://doi.org/10.1111/gcb.13383.

Daly C, Widrlechner MP, Halbleib MD, Smith JI, Gibson WP (2012)
Development of a new USDA plant hardiness zone map for the
United States. J Appl Meteorol Climatol 51:242-264. https://doi.o
rg/10.1175/2010JAMC2536.1.

Delpierre N, Vitasse Y, Chuine I, Guillemot J, Bazot S, Rutishauser T,
Rathgeber CBK (2016) Temperate and boreal forest tree phenology:
from organ-scale processes to terrestrial ecosystem models. Ann For
Sci 73:5-25. https://doi.org/10.1007/s13595-015-0477-6.

Deslauriers A, Garcia L, Charrier G, Buttd V, Pichette A, Paré M
(2021) Cold acclimation and deacclimation in wild blueberry: direct
and indirect influence of environmental factors and non-structural
carbohydrates. Agric For Meteorol 301-302:108349. https://doi.o
rg/10.1016/j.agrformet.2021.108349.

Elzhov TV, Mullen KM, Spiess A-N, Bolker B (2022) Minpack.Lm:
R Interface to the Levenberg-Marquardt nonlinear least-squares
algorithm found in MINPACK, plus support for bounds. https:/
CRAN.R-project.org/package=minpack.lm.

Environment Canada (2023) Historical Climate Data. [accessed
2022 March 17]. https://climat.meteo.gc.ca/climate_data/daily_da
ta_f.html?StationID=5889.

Flynn DFB, Wolkovich EM (2018) Temperature and photoperiod
drive spring phenology across all species in a temperate forest

1"

community. New Phytol 219:1353-1362. https://doi.org/10.1111/
nph.15232.

Godman RM, Yawney HW, Tubbs CH, Honkala BH, Burns RM (1990)
Acer saccharum Marsh. Sugar maple. In: Burns RM, Honkala BH
(eds). Silvics of North America: 2. Hardwoods. 2. USDA Forest
Service, Washington D.C. (USA), p. 194:2135. [accessed 2021 Febru-
ary 10]. https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_co
ntents.htm.

Guo X, Khare S, Silvestro R, Huang J, Sylvain J-D, Delagrange S, Rossi
S (2020) Minimum spring temperatures at the provenance origin
drive leaf phenology in sugar maple populations. Tree Physiol 40:
1639-1647. https://doi.org/10.1093/treephys/tpaa096.

Hamilton JA, El Kayal W, Hart AT, Runcie DE, Arango-Velez A, Cooke
JEK (2016) The joint influence of photoperiod and temperature
during growth cessation and development of dormancy in white
spruce (Picea glauca). Tree Physiol 36:1432-1448. https://doi.o
rg/10.1093/treephys/tpw061.

Hinninen H (1997) Effects of climatic change on overwintering of For-
est trees in temperate and boreal zones. In: Mohren GM]J, Kramer
K, Sabaté S (eds). Impacts of global change on tree physiology and
Forest ecosystems: Proceedings of the international conference on
impacts of global change on tree physiology and Forest ecosystems,
held 26-29 November 1996, Wageningen, the Netherlands. Springer
Netherlands (Forestry Sciences), Dordrecht (NL). p. 149-158.
[accessed 22 September 2020]. https://doi.org/10.1007/978-94-015-
8949-9_20.

Hinninen H (1990) Modelling bud dormancy release in trees from
cool and temperate regions. Acta For Fenn 213:1-27. https://doi.o
rg/10.14214/aff.7660. [accessed 2021 Apr 27]. http://www.silvafe
nnica.fi/article/7660.

Hinninen H (2006) Climate warming and the risk of frost dam-
age to boreal forest trees: identification of critical ecophysiolog-
ical traits. Tree Physiol 26:889-898. https://doi.org/10.1093/tree
phys/26.7.889.

Hinninen H, Tanino K (2011) Tree seasonality in a warming cli-
mate. Trends Plant Sci 16:412-416. https://doi.org/10.1016/j.tpla
nts.2011.05.001.

Hufkens K, Friedl MA, Keenan TF, Sonnentag O, Bailey A, O’Keefe
J, Richardson AD (2012) Ecological impacts of a widespread
frost event following early spring leaf-out. Glob Chang Biol 18:
2365-2377. https://doi.org/10.1111/j.1365-2486.2012.02712.x.

Inouye D, w. (2000) The ecological and evolutionary significance of
frost in the context of climate change. Ecol Lett 3:457-463. https:/
doi.org/10.1046/j.1461-0248.2000.00165..x.

Jentsch A, Kreyling ], Beierkuhnlein C (2007) A new generation of
climate-change experiments: events, not trends. Front Ecol Envi-
ron 5:365-374. https://doi.org/10.1890/1540-9295(2007)5[365:A
NGOCE]2.0.CO;2.

Junttila O (2007) Regulation of annual shoot growth cycle in northern
tree species. In: Taulavuori E, Taulavuori K (eds). Physiology of
northern plants under changing environment. Research Signpost,
Kerala, India, pp 177-210.

Kassambara A (2023) Rstatix: pipe-friendly framework for basic statis-
tical tests. https://CRAN.R-project.org/package=rstatix.

Kollas C, Kérner C, Randin CF (2014) Spring frost and growing season
length co-control the cold range limits of broad-leaved trees. ]
Biogeogr 41:773-783. https://doi.org/10.1111/jbi.12238.

Korner C, Basler D, Hoch G, Kollas C, Lenz A, Randin CF,
Vitasse Y, Zimmermann NE (2016) Where, why and how?
Explaining the low-temperature range limits of temperate tree
species. ] Ecol 104:1076-1088. https://doi.org/10.1111/1365-2745.
12574.

Kovaleski AP, Reisch BI, Londo JP (2018) Deacclimation kinetics as
a quantitative phenotype for delineating the dormancy transition
and thermal efficiency for budbreak in Vitis species. AoB PLANTS
10:ply066. https://doi.org/10.1093/aobpla/ply066.

Kreyling J, Wiesenberg GLB, Thiel D, Wohlfart C, Huber G, Walter ],
Jentsch A, Konnert M, Beierkuhnlein C (2012) Cold hardiness of
Pinus nigra Arnold as influenced by geographic origin, warming,

Gzoz Aenuga g0 uo 1sanb Aq L£/£€6//2919edy/ L /SH/a10ne/sAydaal/woo dno-ojwapeoe//:sdyy wol) papeojumoq


https://doi.org/10.1016/S0378-1127(97)00344-7
https://doi.org/10.1016/S0378-1127(97)00344-7
https://doi.org/10.1016/S0378-1127(97)00344-7
https://doi.org/10.1016/S0378-1127(97)00344-7
https://doi.org/10.1016/S0378-1127(97)00344-7
https://doi.org/10.1016/S0378-1127(97)00344-7
https://doi.org/10.1890/ES14-00111.1
https://doi.org/10.1890/ES14-00111.1
https://doi.org/10.1890/ES14-00111.1
https://doi.org/10.1890/ES14-00111.1
https://doi.org/10.1007/978-94-015-9650-3_14
https://doi.org/10.1016/j.scitotenv.2022.159064
https://doi.org/10.1016/j.scitotenv.2022.159064
https://doi.org/10.1016/j.scitotenv.2022.159064
https://doi.org/10.1016/j.scitotenv.2022.159064
https://doi.org/10.1016/j.scitotenv.2022.159064
https://doi.org/10.1016/j.scitotenv.2022.159064
https://doi.org/10.1016/j.scitotenv.2022.159064
https://doi.org/10.1016/j.scitotenv.2022.159064
https://doi.org/10.1111/geb.13340
https://doi.org/10.1111/geb.13340
https://doi.org/10.1111/geb.13340
https://doi.org/10.1111/geb.13340
https://doi.org/10.1111/geb.13340
https://doi.org/10.1093/forestry/55.2.137
https://doi.org/10.1093/forestry/55.2.137
https://doi.org/10.1093/forestry/55.2.137
https://doi.org/10.1093/forestry/55.2.137
https://doi.org/10.1093/forestry/55.2.137
https://doi.org/10.1093/forestry/55.2.137
https://doi.org/10.1111/gcb.14642
https://doi.org/10.1111/gcb.14642
https://doi.org/10.1111/gcb.14642
https://doi.org/10.1111/gcb.14642
https://doi.org/10.1007/s00484-011-0470-1
https://doi.org/10.1007/s00484-011-0470-1
https://doi.org/10.1007/s00484-011-0470-1
https://doi.org/10.1007/s00484-011-0470-1
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.3389/fpls.2015.00259. [accessed 2021 Mar 5]. https://www.frontiersin.org/articles/10.3389/fpls.2015.00259/full
https://doi.org/10.1111/pce.12935
https://doi.org/10.1111/pce.12935
https://doi.org/10.1111/pce.12935
https://doi.org/10.1111/pce.12935
https://doi.org/10.1111/gcb.13383
https://doi.org/10.1111/gcb.13383
https://doi.org/10.1111/gcb.13383
https://doi.org/10.1111/gcb.13383
https://doi.org/10.1175/2010JAMC2536.1
https://doi.org/10.1175/2010JAMC2536.1
https://doi.org/10.1175/2010JAMC2536.1
https://doi.org/10.1175/2010JAMC2536.1
https://doi.org/10.1175/2010JAMC2536.1
https://doi.org/10.1007/s13595-015-0477-6
https://doi.org/10.1007/s13595-015-0477-6
https://doi.org/10.1007/s13595-015-0477-6
https://doi.org/10.1007/s13595-015-0477-6
https://doi.org/10.1016/j.agrformet.2021.108349
https://doi.org/10.1016/j.agrformet.2021.108349
https://doi.org/10.1016/j.agrformet.2021.108349
https://doi.org/10.1016/j.agrformet.2021.108349
https://doi.org/10.1016/j.agrformet.2021.108349
https://doi.org/10.1016/j.agrformet.2021.108349
https://doi.org/10.1016/j.agrformet.2021.108349
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://CRAN.R-project.org/package=minpack.lm
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://climat.meteo.gc.ca/climate_data/daily_data_f.html?StationID=5889
https://doi.org/10.1111/nph.15232
https://doi.org/10.1111/nph.15232
https://doi.org/10.1111/nph.15232
https://doi.org/10.1111/nph.15232
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://www.srs.fs.usda.gov/pubs/misc/ag_654/table_of_contents.htm
https://doi.org/10.1093/treephys/tpaa096
https://doi.org/10.1093/treephys/tpaa096
https://doi.org/10.1093/treephys/tpaa096
https://doi.org/10.1093/treephys/tpaa096
https://doi.org/10.1093/treephys/tpaa096
https://doi.org/10.1093/treephys/tpaa096
https://doi.org/10.1093/treephys/tpw061
https://doi.org/10.1093/treephys/tpw061
https://doi.org/10.1093/treephys/tpw061
https://doi.org/10.1093/treephys/tpw061
https://doi.org/10.1093/treephys/tpw061
https://doi.org/10.1093/treephys/tpw061
http://dx.doi.org/10.1007/978-94-015-8949-9_20
https://doi.org/10.14214/aff.7660
https://doi.org/10.14214/aff.7660
https://doi.org/10.14214/aff.7660
https://doi.org/10.14214/aff.7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
http://www.silvafennica.fi/article/7660
https://doi.org/10.1093/treephys/26.7.889
https://doi.org/10.1093/treephys/26.7.889
https://doi.org/10.1093/treephys/26.7.889
https://doi.org/10.1093/treephys/26.7.889
https://doi.org/10.1093/treephys/26.7.889
https://doi.org/10.1016/j.tplants.2011.05.001
https://doi.org/10.1016/j.tplants.2011.05.001
https://doi.org/10.1016/j.tplants.2011.05.001
https://doi.org/10.1016/j.tplants.2011.05.001
https://doi.org/10.1016/j.tplants.2011.05.001
https://doi.org/10.1016/j.tplants.2011.05.001
https://doi.org/10.1111/j.1365-2486.2012.02712.x
https://doi.org/10.1111/j.1365-2486.2012.02712.x
https://doi.org/10.1111/j.1365-2486.2012.02712.x
https://doi.org/10.1111/j.1365-2486.2012.02712.x
https://doi.org/10.1111/j.1365-2486.2012.02712.x
https://doi.org/10.1046/j.1461-0248.2000.00165.x
https://doi.org/10.1046/j.1461-0248.2000.00165.x
https://doi.org/10.1046/j.1461-0248.2000.00165.x
https://doi.org/10.1046/j.1461-0248.2000.00165.x
https://doi.org/10.1046/j.1461-0248.2000.00165.x
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://CRAN.R-project.org/package=rstatix
https://doi.org/10.1111/jbi.12238
https://doi.org/10.1111/jbi.12238
https://doi.org/10.1111/jbi.12238
https://doi.org/10.1111/jbi.12238
https://doi.org/10.1111/1365-2745.12574
https://doi.org/10.1093/aobpla/ply066
https://doi.org/10.1093/aobpla/ply066
https://doi.org/10.1093/aobpla/ply066
https://doi.org/10.1093/aobpla/ply066
https://doi.org/10.1093/aobpla/ply066

12

and extreme summer drought. Environ Exp Bot 78:99-108. https:/
doi.org/10.1016/j.envexpbot.2011.12.026.

Kreyling J, Buhk C, Backhaus S et al. (2014) Local adaptations to frost
in marginal and central populations of the dominant forest tree
Fagus sylvatica L. as affected by temperature and extreme drought
in common garden experiments. Ecol Evol 4:594-605. https://doi.o
rg/10.1002/ece3.971.

Kreyling J, Schmid S, Aas G (2015) Cold tolerance of tree species is
related to the climate of their native ranges. ] Biogeogr 42:156-166.
https://doi.org/10.1111/jbi.12411.

Kriebel HB (1957) Patterns of genetic variation in sugar maple. Report
No.: 791. Ohio agricultural experiment station, Wooster, OH.

Lang GA, Early JD, Martin GC, Darnell RL (1987) Endo-, para-,
and ecodormancy: physiological terminology and classification for
dormancy research. HortScience 22:371-377.

Leinonen I (1996) A simulation model for the annual frost hardiness
and freeze damage of scots pine. Ann Bot 78:687-693. https://doi.o
rg/10.1006/anbo.1996.0178.

Lenz A, Hoch G, Vitasse Y, Korner C (2013) European deciduous trees
exhibit similar safety margins against damage by spring freeze events
along elevational gradients. New Phytol 200:1166-1175. https:/
doi.org/10.1111/nph.12452.

Li C, Viherd-Aarnio A, Puhakainen T, Junttila O, Heino P, Tapio
PE (2003) Ecotype-dependent control of growth, dormancy and
freezing tolerance under seasonal changes in Betula pendula Roth.
Trees 17:127-132. https://doi.org/10.1007/s00468-002-0214-2.

Malyshev AV, Henry HAL, Bolte A, Arfin Khan MAS, Kreyling J
(2018) Temporal photoperiod sensitivity and forcing requirements
for budburst in temperate tree seedlings. Agric For Meteorol 248:
82-90. https://doi.org/10.1016/j.agrformet.2017.09.011.

Marquis B, Bergeron Y, Houle D, Leduc M, Rossi S (2022) Variability
in frost occurrence under climate change and consequent risk of
damage to trees of western Quebec. Canada Sci Rep 12:7220.
https://doi.org/10.1038/s41598-022-11105-y.

Mazerolle MJ (2023) AICcmodavg: model selection and multimodel
inference based on (Q)AIC(c). https://cran.r-project.org/package=Al
Ccmodavg.

McKenney DW, Pedlar JH, Lawrence K, Campbell K, Hutchinson
MF (2007) Potential impacts of climate change on the distribu-
tion of north American trees. Bioscience 57:939-948. https://doi.o
rg/10.1641/B571106.

Montwé D, Isaac-Renton M, Hamann A, Spiecker H (2018) Cold adap-
tation recorded in tree rings highlights risks associated with climate
change and assisted migration. Nat Commun 9:1574. https://doi.o
rg/10.1038/s41467-018-04039-5.

Neuner G, Ambach D, Buchner O (1999) Readiness to frost harden dur-
ing the dehardening period measured in situ in leaves of Rhododen-
dron ferrugineum L. at the alpine timberline. Flora 194:289-296.
https://doi.org/10.1016/S0367-2530(17)30916-7.

Pedlar JH, McKenney D, Beaulieu J, Colombo S, McLachlan ],
O’Neill G (2011) The implementation of assisted migrationin
Canadian forests. For Chron 87:766-777. https://doi.org/10.5558/
tfc2011-093.

Perkins TD, van den Berg AK (2009) Chapter 4 maple syrup—
Production, composition, chemistry, and sensory characteristics.
In: Taylor SL (ed). Advances in food and nutrition research. Vol.
56. Academic Press, Underhill Center, Vermont (USA). p 101-143.
[accessed 2024 January 8]. https://www.sciencedirect.com/science/a
rticle/pii/S1043452608006049.

Putnam RC, Reich PB (2017) Climate and competition affect growth
and survival of transplanted sugar maple seedlings along a 1700-
km gradient. Ecol Monogr 87:130-157. https://doi.org/10.1002/e
cm.1237.

R Core Team (2020) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/.

Rammig A, Jonsson AM, Hickler T, Smith B, Birring L, Sykes MT
(2010) Impacts of changing frost regimes on Swedish forests:

Mura et al.

incorporating cold hardiness in a regional ecosystem model.
Ecol Model 221:303-313. https://doi.org/10.1016/j.ecolmode
1.2009.05.014.

Raulier F, Bernier PY (2000) Predicting the date of leaf emergence for
sugar maple across its native range. Can ] For Res 30:1429-1435.
https://doi.org/10.1139/x00-064.

Régnieére J, Saint-Amant R, Béchard A (2014) BioSIM 10 user’s manual.
Natural Resources Canada, Laurentian Forestry Centre.

Ren P, Liang E, Raymond P, Rossi S (2020) Phenological differenti-
ation in sugar maple populations and responses of bud break to
an experimental warming. Forests 11:929. https://doi.org/10.3390/
£11090929.

Repo T, Lappi J (1989) Estimation of standard error of impedance-
estimated frost resistance. Scand J For Res 4:67-74. https://doi.o
rg/10.1080/02827588909382547.

Rohde A, Bhalerao RP (2007) Plant dormancy in the perennial con-
text. Trends Plant Sci 12:217-223. https://doi.org/10.1016/j.tpla
nts.2007.03.012.

Sakai A (1983) Comparative study on freezing resistance of conifers
with special reference to cold adaptation and its evolutive aspects.
Can J Bot 61:2323-2332. https://doi.org/10.1139/b83-255.

Sakai A, Larcher W (1987) Frost survival of plants. Berlin, Heidelberg:
Springer (Billings WD, Golley F, Lange OL, Olson JS, Remmert H
(eds). Ecological studies. [accessed 2022 September 25]. http://link.
springer.com/10.1007/978-3-642-71745-1.

Screen JA, Simmonds I (2013) Exploring links between Arctic ampli-
fication and mid-latitude weather. Geophys Res Lett 40:959-964.
https://doi.org/10.1002/grl.50174.

Ste-Marie CA, Nelson E, Dabros A, Bonneau M-E (2011) Assisted
migration: introduction to a multifaceted concept. For Chron 87:
724-730. https://doi.org/10.5558/tfc2011-089.

Twardek WM, Taylor JJ, Rytwinski T, Aitken SN, MacDonald A, Van
Bogaert R, Cooke SJ (2023) The application of assisted migra-
tion as a climate change adaptation tactic: an evidence map and
synthesis. Biol Conserv 280:109932. https://doi.org/10.1016/j.bioco
n.2023.109932.

Uemura M, Tominaga Y, Nakagawara C, Shigematsu S, Minami
A, Kawamura Y (2006) Responses of the plasma membrane to
low temperatures. Physiologia Plantarum. 126:81-89. https://doi.o
rg/10.1111/5.1399-3054.2005.00594 .x.

Vitasse Y, Lenz A, Hoch G, Kérner C (2014a) Earlier leaf-out rather
than difference in freezing resistance puts juvenile trees at greater
risk of damage than adult trees. ] Ecol 102:981-988. https://doi.o
rg/10.1111/1365-2745.12251.

Vitasse Y, Lenz A, Korner C (2014b) The interaction between freezing
tolerance and phenology in temperate deciduous trees. Front.
Plant Sci 5:1-12. https://www.frontiersin.org/articles/10.3389/
fpls.2014.00541.

Vitra A, Lenz A, Vitasse Y (2017) Frost hardening and dehardening
potential in temperate trees from winter to budburst. New Phytol
216:113-123. https://doi.org/10.1111/nph.14698.

Viveros-Viveros H, Sdenz-Romero C, Vargas-Herndndez JJ, Lopez-Up-
ton ], Ramirez-Valverde G, Santacruz-Varela A (2009) Alti-
tudinal genetic variation in Pinus hartwegii Lindl. I: height
growth, shoot phenology, and frost damage in seedlings. For
Ecol Manage 257:836-842. https://doi.org/10.1016/j.foreco.2008.
10.021.

Way DA (2011) Tree phenology responses to warming: spring forward,
fall back? Tree Physiol 31:469-471. https://doi.org/10.1093/tree
phys/tpr044.

Way DA, Montgomery RA (2015) Photoperiod constraints on tree
phenology, performance and migration in a warming world. Plant
Cell Environ 38:1725-1736. https://doi.org/10.1111/pce.12431.

Weinberger JH (1967) Some temperature relations in natural breaking
of the rest of peach flower buds in the San Joaquin Valley. CAL 91:
84-89.

Weiser CJ (1970) Cold resistance and injury in woody plants. Science
169:1269-1278. https://doi.org/10.1126/science.169.3952.1269.

Gzoz Aenuga g0 uo 1sanb Aq L£/£€6//2919edy/ L /SH/a10ne/sAydaal/woo dno-ojwapeoe//:sdyy wol) papeojumoq


https://doi.org/10.1016/j.envexpbot.2011.12.026
https://doi.org/10.1016/j.envexpbot.2011.12.026
https://doi.org/10.1016/j.envexpbot.2011.12.026
https://doi.org/10.1016/j.envexpbot.2011.12.026
https://doi.org/10.1016/j.envexpbot.2011.12.026
https://doi.org/10.1016/j.envexpbot.2011.12.026
https://doi.org/10.1016/j.envexpbot.2011.12.026
https://doi.org/10.1002/ece3.971
https://doi.org/10.1002/ece3.971
https://doi.org/10.1002/ece3.971
https://doi.org/10.1002/ece3.971
https://doi.org/10.1111/jbi.12411
https://doi.org/10.1111/jbi.12411
https://doi.org/10.1111/jbi.12411
https://doi.org/10.1111/jbi.12411
https://doi.org/10.1006/anbo.1996.0178
https://doi.org/10.1006/anbo.1996.0178
https://doi.org/10.1006/anbo.1996.0178
https://doi.org/10.1006/anbo.1996.0178
https://doi.org/10.1111/nph.12452
https://doi.org/10.1111/nph.12452
https://doi.org/10.1111/nph.12452
https://doi.org/10.1111/nph.12452
https://doi.org/10.1007/s00468-002-0214-2
https://doi.org/10.1007/s00468-002-0214-2
https://doi.org/10.1007/s00468-002-0214-2
https://doi.org/10.1007/s00468-002-0214-2
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1038/s41598-022-11105-y
https://doi.org/10.1038/s41598-022-11105-y
https://doi.org/10.1038/s41598-022-11105-y
https://doi.org/10.1038/s41598-022-11105-y
https://doi.org/10.1038/s41598-022-11105-y
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://doi.org/10.1641/B571106
https://doi.org/10.1641/B571106
https://doi.org/10.1641/B571106
https://doi.org/10.1641/B571106
https://doi.org/10.1038/s41467-018-04039-5
https://doi.org/10.1038/s41467-018-04039-5
https://doi.org/10.1038/s41467-018-04039-5
https://doi.org/10.1038/s41467-018-04039-5
https://doi.org/10.1016/S0367-2530(17)30916-7
https://doi.org/10.1016/S0367-2530(17)30916-7
https://doi.org/10.1016/S0367-2530(17)30916-7
https://doi.org/10.1016/S0367-2530(17)30916-7
https://doi.org/10.1016/S0367-2530(17)30916-7
https://doi.org/10.1016/S0367-2530(17)30916-7
https://doi.org/10.5558/tfc2011-093
https://doi.org/10.5558/tfc2011-093
https://doi.org/10.5558/tfc2011-093
https://doi.org/10.5558/tfc2011-093
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://www.sciencedirect.com/science/article/pii/S1043452608006049
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://doi.org/10.1002/ecm.1237
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.ecolmodel.2009.05.014
https://doi.org/10.1016/j.ecolmodel.2009.05.014
https://doi.org/10.1016/j.ecolmodel.2009.05.014
https://doi.org/10.1016/j.ecolmodel.2009.05.014
https://doi.org/10.1016/j.ecolmodel.2009.05.014
https://doi.org/10.1016/j.ecolmodel.2009.05.014
https://doi.org/10.1016/j.ecolmodel.2009.05.014
https://doi.org/10.1016/j.ecolmodel.2009.05.014
https://doi.org/10.1139/x00-064
https://doi.org/10.1139/x00-064
https://doi.org/10.1139/x00-064
https://doi.org/10.1139/x00-064
https://doi.org/10.3390/f11090929
https://doi.org/10.3390/f11090929
https://doi.org/10.3390/f11090929
https://doi.org/10.3390/f11090929
https://doi.org/10.1080/02827588909382547
https://doi.org/10.1080/02827588909382547
https://doi.org/10.1080/02827588909382547
https://doi.org/10.1016/j.tplants.2007.03.012
https://doi.org/10.1016/j.tplants.2007.03.012
https://doi.org/10.1016/j.tplants.2007.03.012
https://doi.org/10.1016/j.tplants.2007.03.012
https://doi.org/10.1016/j.tplants.2007.03.012
https://doi.org/10.1016/j.tplants.2007.03.012
https://doi.org/10.1139/b83-255
https://doi.org/10.1139/b83-255
https://doi.org/10.1139/b83-255
https://doi.org/10.1139/b83-255
http://link.springer.com/10.1007/978-3-642-71745-1
http://link.springer.com/10.1007/978-3-642-71745-1
http://link.springer.com/10.1007/978-3-642-71745-1
http://link.springer.com/10.1007/978-3-642-71745-1
http://link.springer.com/10.1007/978-3-642-71745-1
http://link.springer.com/10.1007/978-3-642-71745-1
http://link.springer.com/10.1007/978-3-642-71745-1
http://link.springer.com/10.1007/978-3-642-71745-1
https://doi.org/10.1002/grl.50174
https://doi.org/10.1002/grl.50174
https://doi.org/10.1002/grl.50174
https://doi.org/10.1002/grl.50174
https://doi.org/10.5558/tfc2011-089
https://doi.org/10.5558/tfc2011-089
https://doi.org/10.5558/tfc2011-089
https://doi.org/10.5558/tfc2011-089
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1016/j.biocon.2023.109932
https://doi.org/10.1111/j.1399-3054.2005.00594.x
https://doi.org/10.1111/j.1399-3054.2005.00594.x
https://doi.org/10.1111/j.1399-3054.2005.00594.x
https://doi.org/10.1111/j.1399-3054.2005.00594.x
https://doi.org/10.1111/j.1399-3054.2005.00594.x
https://doi.org/10.1111/1365-2745.12251
https://doi.org/10.1111/1365-2745.12251
https://doi.org/10.1111/1365-2745.12251
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://www.frontiersin.org/articles/10.3389/fpls.2014.00541
https://doi.org/10.1111/nph.14698
https://doi.org/10.1111/nph.14698
https://doi.org/10.1111/nph.14698
https://doi.org/10.1111/nph.14698
https://doi.org/10.1016/j.foreco.2008.10.021
https://doi.org/10.1093/treephys/tpr044
https://doi.org/10.1093/treephys/tpr044
https://doi.org/10.1093/treephys/tpr044
https://doi.org/10.1093/treephys/tpr044
https://doi.org/10.1093/treephys/tpr044
https://doi.org/10.1093/treephys/tpr044
https://doi.org/10.1111/pce.12431
https://doi.org/10.1111/pce.12431
https://doi.org/10.1111/pce.12431
https://doi.org/10.1111/pce.12431
https://doi.org/10.1126/science.169.3952.1269
https://doi.org/10.1126/science.169.3952.1269
https://doi.org/10.1126/science.169.3952.1269
https://doi.org/10.1126/science.169.3952.1269
https://doi.org/10.1126/science.169.3952.1269

Local conditions and provenance in maple frost hardiness

Winder RS, Nelson E, Beardmore T (2011) Ecological implications
for assisted migration in Canadian forests. For Chron 87:731-744.
https://doi.org/10.5558/tfc2011-090.

Zeng Q, Marquis B, Delagrange S, Zhou P, Yuan S, Sylvain J-D,
Raymond P, Rossi S (2022) Late frost as a driver of ecotypic
differentiation in sugar maple: implications for assisted migration.

© The Author(s) 2024. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons

medium, provided the original work is properly cited.
Tree Physiology, 2025, 45, tpac167
hetpsi//doi.org/10.1093/treephys/tpac167

Research paper

13

Agric For Meteorol 323:109041. https://doi.org/10.1016/j.agrforme
£.2022.109041.

Zohner CM, Mo L, Renner SS et al. (2020) Late-spring frost risk
between 1959 and 2017 decreased in North America but increased
in Europe and Asia. Proc Natl Acad Sci USA 117:12192-12200.
https://doi.org/10.1073/pnas.1920816117.

License (t licenses/by/4.0/), which permits unrestricted reuse, distribution, and reprod in any

Gzoz Aenuga g0 uo 1sanb Aq L£/£€6//2919edy/ L /SH/a10ne/sAydaal/woo dno-ojwapeoe//:sdyy wol) papeojumoq


https://doi.org/10.5558/tfc2011-090
https://doi.org/10.5558/tfc2011-090
https://doi.org/10.5558/tfc2011-090
https://doi.org/10.5558/tfc2011-090
https://doi.org/10.1016/j.agrformet.2022.109041
https://doi.org/10.1016/j.agrformet.2022.109041
https://doi.org/10.1016/j.agrformet.2022.109041
https://doi.org/10.1016/j.agrformet.2022.109041
https://doi.org/10.1016/j.agrformet.2022.109041
https://doi.org/10.1016/j.agrformet.2022.109041
https://doi.org/10.1016/j.agrformet.2022.109041
https://doi.org/10.1073/pnas.1920816117
https://doi.org/10.1073/pnas.1920816117
https://doi.org/10.1073/pnas.1920816117
https://doi.org/10.1073/pnas.1920816117
https://doi.org/10.1073/pnas.1920816117
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/treephys/tpae167

	 Local conditions have greater influence than provenance on sugar maple Acer saccharum Marsh. frost hardiness at its northern range limit
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	 Acknowledgments
	Author contributions
	Supplementary data
	Conflict of interest
	Funding
	Data availability


