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Local adaptation shapes functional 
traits and resource allocation 
in black spruce
R. Silvestro 1*, C. Mura 1, D. Alano Bonacini 1, G. de Lafontaine 2, P. Faubert 1,3, 
M. Mencuccini 4,5 & S. Rossi 1

Climate change is rapidly altering weather patterns, resulting in shifts in climatic zones. The survival 
of trees in specific locations depends on their functional traits. Local populations exhibit trait 
adaptations that ensure their survival and accomplishment of growth and reproduction processes 
during the growing season. Studying these traits offers valuable insights into species responses to 
present and future environmental conditions, aiding the implementation of measures to ensure 
forest resilience and productivity. This study investigates the variability in functional traits among five 
black spruce (Picea mariana (Mill.) B.S.P.) provenances originating from a latitudinal gradient along 
the boreal forest, and planted in a common garden in Quebec, Canada. We examined differences in 
bud phenology, growth performance, lifetime first reproduction, and the impact of a late-frost event 
on tree growth and phenological adjustments. The findings revealed that trees from northern sites 
exhibit earlier budbreak, lower growth increments, and reach reproductive maturity earlier than 
those from southern sites. Late-frost damage affected growth performance, but no phenological 
adjustment was observed in the successive year. Local adaptation in the functional traits may lead to 
maladaptation of black spruce under future climate conditions or serve as a potent evolutionary force 
promoting rapid adaptation under changing environmental conditions.

Climate change affects the weather by raising temperatures, shifting precipitation regimes, and producing more 
frequent and intense extreme  events1–3. These changes are expected to shift the climatic  zones4 at a magnitude that 
exceeds the natural rate of vegetation  migration5. Such a shift of climatic niches challenges one of the fundamental 
assumptions underlying past and present forest management, which affirms that native seed sources must be 
preferred to those from other regions because they have a better adaptation to the local  conditions6. The ongoing 
geographical shifts in climate can mismatch the trees from their optimal niche, causing  maladaptation7. For this 
reason, the current challenge for forest managers is predicting climate change impacts on the vegetation and 
implementing measures to sustain resilience, functionality and productivity of forest ecosystems. However, such 
an aim requires a deep understanding of the complex relationships between climate and the eco-physiological 
processes of  trees8, which are still partially lacking for many species.

The survival of trees in a specific location relies on functional traits, which encompass the morphological, 
physiological and phenological attributes governing their interactions and responses to the  environment8–10. 
Within certain species, local populations exhibit divergent phenology, as well as growth and reproductive per-
formances that are adapted to optimize survival and reproductive success in their specific local  conditions11. 
The intraspecific variation of functional traits reflects differences in genotype and phenotypic plasticity across 
 environments12. Local adaptation to contrasting environments driven by natural selection leads to an increased 
genetic divergence over  time12. Plasticity enables individuals to quickly adjust their phenotypes in response to 
local conditions, thereby mitigating selective  pressures13. Genetic variation and plasticity also play crucial roles 
in determining the ability of populations to adapt to climate  change14, including the opportunity of moving 
genotypes or provenances for restoration and reforestation practices.
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In recent decades, scientists have focussed on the intraspecific variability of phenological and growth  traits15. 
Phenological traits determine the seasonal timings of biological events, ensuring growth and reproduction, while 
minimizing the risks due to climate  hazards16,17. Tree size, particularly total height at a specific age, is commonly 
used in forestry as an indicator of fitness and  productivity18. These traits can offer valuable insights into species 
responses to current and future environmental conditions. In addition, adaptations in phenology and growth 
performance can reflect intraspecific differences in life history and resource allocation strategies, potentially 
encompassing other key functional traits. However, while it is important to recognize that some traits could be 
correlated with each other, the sensitivity and responsiveness to climate factors could vary between co-evolved 
 traits10,19. Therefore, we stress the importance of assessing multiple traits when quantifying biological and eco-
logical variations within a species.

Compared to other functional traits, very little is known about the response of plant reproduction to climate 
 change20. There is a lack in the literature on lifetime first reproduction, although such a trait is closely related 
to plant  demography21. The generation time is a demographic parameter that can influence the rate at which 
species or populations evolve. The earlier the beginning of reproduction, the higher the ability of populations to 
respond to a changing  environment22. Lifetime first reproduction is intimately linked to growth performances. 
Indeed, it is widely acknowledged that trees need to reach a certain age or size to produce flowers and  seeds23. 
As different provenances can show different growth  performances24–26, we raise the hypothesis that lifetime first 
reproduction, or the size to initiate cone production, changes with provenance.

Frost hardiness is an important trait influenced by phenology and affecting fitness and growth 
 performance27–29. Frost hardiness changes during the year, being at a minimum during the growing season and 
reaching its maximum during dormancy, when temperatures are  lower30. Budbreak is a transition between dor-
mancy and growth, and needs to be synchronized with environmental conditions in order to avoid the risk of 
frost damage on vulnerable new  tissues30. Under climate change, warmer spring temperatures cause an advance 
in spring phenology, increasing the risk of exposing the young shoots to damaging late-spring frost  events30,31. 
Late-spring frost damage can occur when below-freezing temperatures hit after budbreak or the first leaf-out. 
Exposure to frost during the initial stages of leaf emergence can have dramatic effects on growth and reproduc-
tion by affecting individual resource  acquisition28,32,33. Plants experiencing a non-lethal stress can respond with 
a phenological shift in the subsequent  year34–36. This shift typically involves a sugar-mediated response, mani-
fested by earlier starch  breakdown35. The higher sugar availability for shoot growth explains the phenological 
shift of budburst in defoliated individuals. Since frost damage primarily affects crown development, a similar 
phenological shift may occur in individuals with a significant degree of damaged buds, potentially increasing 
or decreasing frost hardiness.

This study relies on a common garden experiment to investigate the variation in adaptive traits of five black 
spruce [Picea mariana (Mill.) B.S.P.] provenances originating from a latitudinal gradient in the coniferous boreal 
forest in Quebec, Canada. Specifically, we assess the differences among provenances in: (1) bud phenology and 
growth performance, (2) timings of lifetime first reproduction, and (3) the consequences of the late-frost event 
in 2021 on the growth performance and phenological adjustments of trees. According to previous  studies24,37, 
the provenance differs in bud phenology and growth performance. We test the common assumption that the 
provenances with faster growth start reproduction at younger  ages38. Lastly, we expect that the trees experiencing 
damage from frost show an annual growth decline but adjust their phenology to mitigate exposure to late frost 
events during the successive years.

Results
In this study, we assessed the timings of bud development, apical growth, reproductive maturity, and the dam-
age caused by late-spring frost in five provenances of black spruce in a common garden experiment. These 
provenances originated from natural stands located along a latitudinal gradient ranging from the 48th to 53rd 
parallels in Quebec (Fig. 1).

Phenological timings and growth performances
Bud break occurred from the beginning of May to mid-June, while bud set from the end of June to the end of 
September, depending on the study year and provenance (Fig. S1; Table S1). On average, the period of bud break 
lasted 36 days, with a difference of 16 days between the shortest (28 days) and longest (44 days) period in 2020 
and 2022, respectively (Fig. S2). The duration of bud set was more variable among years. On average, bud set 
lasted 74 days, with a difference of 42 days between the shortest (53 days) and longest (95 days) period in 2019 
and 2021, respectively (Fig. S2). The phenological stages were delayed by 1.5–2.1 days for each degree Celsius of 
increase in mean annual temperature of the origin site.

The duration of growth (i.e., of the period required for apical shoot extension) occurred from the beginning 
of June to the beginning of July and was longer in the provenances originating from the coldest sites (Fig. S2). 
On average, the period of shoot extension was shorter by 0.18–1.77 days for each degree Celsius of increase in 
mean annual temperature of the original site.

The annual height increment varied according to provenance, with provenances from the northern sites 
exhibiting lower shoot extension compared to provenances from the southern sites (Fig. S3). The effect of prov-
enance was also confirmed on the total height in 2022 (F = 4.83, P < 0.001). On average, individuals from the 
northernmost provenance (MIR) were 40 cm shorter than those from the southernmost provenance (SIM), with 
an average height of 212 and 252 cm, respectively (Fig. 2).

The effect of provenance was also confirmed on the basal diameter in 2022 (F = 9.13, P < 0.001). On average, 
the basal diameter of individuals from MIR was 10 mm smaller than those from SIM, with an average basal 
diameter of 40 and 50 mm, respectively (Fig. 2).
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Lifetime first reproduction
Provenances from the northern sites reached reproductive maturity earlier than those from the southern sites 
(Fig. 3). In 2020, the first year in which cones were observed in the studied trees, 26% of individuals from the 
northernmost provenance (MIR) had cones on the crown. By 2022, 52% of trees from MIR showed cones, while 
only 38% of trees from the southernmost provenance SIM had started reproduction (Fig. 3). We also found that 
reproducing trees were taller (F = 56.07, P = 0.001) and had a larger basal diameter (F = 35.70, P = 0.001) (Fig. 3, 
Table S2). On average, reproductive trees were 55 cm taller and 9 mm larger in diameter than non-reproducing 
trees from the same provenance (Fig. 3).

Late frost event and frost damages
The late frost event took place on 28 and 29 May, 2021 (DOY 148–149), when nighttime temperatures at the com-
mon garden in SIM dropped sharply, reaching − 1.1 and − 1.9 °C, respectively. The percentage of damaged trees 
followed the temperature gradient, ranging from 60.7 to 100% for the southernmost (i.e., SIM) and northernmost 
(i.e., MIR) sites, respectively (χ2 = 58.98, P < 0.0001). Overall, low levels of damage (i.e., < 15% of damaged buds) 
were more common, accounting for 75.7% of all observations. Only 15.6% of trees showed no damage, 79.3% of 
which belonged to the two southernmost provenances (i.e., SIM and MIS). Provenances from the northernmost 
sites exhibited higher levels of damage (i.e., > 15% of damaged buds), with the two northernmost provenances 
(i.e., MIR and DAN) accounting for 71.8% of all trees with highly damaged trees.

Frost damage and bud phenology
Compared to the other study years, the onset and ending of budbreak occurred earlier in 2021, while develop-
ment of the winter bud took longer, with an earlier onset and delayed ending of bud set (Fig. S1, S2). In 2021, 
the onset of budbreak in the two northernmost provenances (i.e., MIR and DAN) occurred on average on DOY 
135, 13 days before the late frost event.

For the two provenances most damaged by the frost (i.e., MIR and DAN), the timings of budbreak and bud 
set varied between years (Fig. 4, Table S3), with significant differences observed for all phases, (F-values ranging 
between 44.67 and 352.58, P < 0.001) (Table S3). However, no effect of the damage level or the interaction between 
damage level and year was observed (Table S3). Therefore, we found no significant differences in phenology 
between damaged and undamaged trees (Fig. 4).

Frost damage and height growth performances
The effects of provenance, damage level, and their interaction on apical shoot growth were significant (P < 0.01) 
(Table S4). In particular, provenances with a higher level of damage (i.e., > 15% of damaged buds) exhibited a 
lower apical shoot growth (26 cm) compared with provenances with low or no damage (42 cm) (Fig. 5).

The growth in height in the two provenances most damaged (MIR and DAN), varied between years (Fig. 6, 
Table S5). This difference was significant (F-value in MIR = 18.99, F-value in DAN = 28.32, P < 0.001 for both 
provenances) (Table S5). However, the growth between highly damaged trees and those with low or no damage 
was similar across all study years, except for 2022, when a significant difference was observed (Fig. 6).

Figure 1.  Origin sites of the five black spruce provenances [Simoncouche (abbreviated as SIM), Bernatchez 
(BER), Mistassibi (MIS), Camp Daniel (DAN) and Mirage (MIR)] in Quebec, Canada, and annual temperature 
across the study region. All provenances were planted in a common garden located in SIM (white circle with 
black border).
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Discussion
This study relies on a common garden experiment to test differences in functional traits among five black spruce 
provenances originating from a latitudinal gradient along the boreal forest of Quebec, Canada. We profit from 
the late frost event occurring in 2021 to assess differences in frost tolerance and investigate the successive growth 
performance and phenological adjustment in trees. The results reveal significant variations in all observed traits 
among the provenances. Trees from the northern sites have earlier bud development, lower growth increments, 
and reached reproductive maturity earlier than those from southern sites. The late frost in 2021 affected growth 
performance, but no phenological adjustment was observed.

Tree size and reproductive maturity
Northern provenances exhibited an earlier reproductive maturity than those from southern regions. Trees need 
to reach a specific age or size before initiating cone production, which aligns with existing  knowledge23, although 
cone production does not automatically imply that the seeds are viable and fertile. However, our findings reveal 
that the size for reproductive maturity varies among provenances. Northern provenances attain reproductive 
maturity at smaller dimensions than those originating from the southern sites. In particular, northern prov-
enances exhibit cones at a smaller height than southern provenances.

In trees, the size for reproduction reflects the necessity to allocate the resources to growth during the early 
developmental stages to successively maximize reproductive  success39. For certain coniferous species, tree size 

Figure 2.  Comparison of basal diameter and total height across the five black spruce provenances 
[Simoncouche (abbreviated as SIM), Bernatchez (BER), Mistassibi (MIS), Camp Daniel (DAN) and Mirage 
(MIR)]. Boxplots represent upper and lower quartiles; whiskers achieve the 10th and 90th percentiles; the 
median and mean values are drawn as horizontal black lines and black diamond, respectively.
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has proven to be a better indicator of cone production than tree  age40,41. This relationship is likely explained by 
the fact that tree size strongly reflects the access to  resources42. Consequently, within a provenance, the correlation 

Figure 3.  Number of trees in reproduction and tree growth in the five black spruce provenances [Simoncouche 
(abbreviated as SIM), Bernatchez (BER), Mistassibi (MIS), Camp Daniel (DAN) and Mirage (MIR)]. The 
boxplots illustrate the upper and lower quartiles, with whiskers indicating the 10th and 90th percentiles. The 
median and the mean are represented by horizontal black lines and a black diamond, respectively.
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between total height and reproductive maturity might be attributed to intra-provenance variability in growth 
performance and individual  fitness43.

Among provenances, the variability in the threshold size to reach reproductive maturity probably reflects 
a divergent life history strategy and resource allocation. Generally, the risk of mortality and its predictability 
influence the timing of first reproduction within  species44,45. For example, an early high fecundity in fire-prone 
ecosystems is an advantageous  trait46. In such ecosystems, the persistence of a species after recurrent wildfires 
(i.e., stand self-replacement) is usually contingent on immediate and vigorous post-fire tree  recruitment46,47. 
Post-fire seeding species, such as black spruce, rely on the ability to quickly establish a persistent seed bank 
before the subsequent wildfire  event48. In this context, the higher wildfire frequency at higher latitudes in Eastern 
 Canada49 likely represents a selective force advancing the reproductive maturity of northern provenances, as 
highlighted in our study.

Differentiation between provenances in reproductive allocation and growth performances can therefore 
be regarded as a fingerprint of different selection processes acting in their respective native environment. It is 
well known that, when moved south, growth performance of northern provenances remains lower than that of 
southern  ones18,24. In this context, the variability in certain functional traits within a species may reflect some 
more conservative and precautionary strategies, whereby northern provenances invest more resources during 
their life cycle to ensure individual survival (e.g., maintaining higher levels of frost hardiness during the dormant 
season) and enhance reproductive success.

Figure 4.  Bud phenology in trees according to their visible damage by the late frost in 2021. Mean values are 
denoted by dots, while vertical lines indicate the standard deviations.

Figure 5.  Apical shoot extension in 2022 in trees with different damage by the late frost in 2021. The boxplots 
illustrate the upper and lower quartiles, with whiskers indicating the 10th and 90th percentiles. The median and 
the mean are represented by horizontal black lines and a black diamond, respectively.
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Phenology and frost tolerance
Late frost affected the growth performance but did not trigger a phenological adjustment. As emphasized in a 
previous study, northern provenances were more exposed to the late frost due to their earlier growth reactiva-
tion and  budbreak50. Accordingly, the extent of damage in northern provenances exceeded that observed in 
provenances from the southern  sites50. Our findings highlight the existence of a threshold level of damage that 
results in a decline in height growth. In particular, individuals from the two northern provenances (i.e., MIR and 
DAN), which had a higher proportion of buds damaged, experienced the larger contraction in height growth 
in the following year.

The impact of a frost on growth performance has primarily been studied in terms of radial growth. Late 
frosts occur at the onset of the growing season, and often lead to reductions in tree ring width comparable to, 
or greater than, those caused by extreme summer  droughts51,52. However, no carry-over effects are reported in 
the subsequent  years53. In this study, we observe that the effects of the late frost on height growth appears only 
in the subsequent growing season. There are several explanations for this delayed impact on height growth. 
Previous research has demonstrated that the canopy recovers in 2 months from a late frost  event54,55, suggesting 
a potential recovery through exact  compensation56. Still, canopy recovery comes at a cost in terms of resource 
allocation. Several studies that have manipulated growth conditions have shown that non-structural carbohydrate 
(NSC) reserves are restored rapidly after a disturbance, at the expense of growth  activity57,58. This supports the 
empirical evidence that carbon storage takes priority over  growth59, and trees maintain a safety margin in terms 
of carbohydrate reserves to cope with injuries caused by biotic or climatic events, including  frost60. Moreover, 
shoot increment is primarily determined by the growth units already formed within the bud, which are influ-
enced by the environmental conditions occurring during the preceding  summer61. Considering that (1) frost 
damage negatively impacts individual resource  acquisition28,32,33, (2) canopy recovery and restoration of NSC 
reserves have priority following a frost event, and (3) height growth is largely predetermined by the previous 
year’s environmental conditions, it is more likely to observe a decline in height growth in the year following the 
frost event and in individuals with a higher degree of damages, as highlighted in our study.

The damage caused by the late frost did not induce a phenological adjustment in our trees. Indeed, the timing 
of budbreak for the subsequent year remained similar between individuals of the same provenance, regardless 
of the frost damage levels. Bud phenology in black spruce provenances represents a local adaptation to the 
climatic conditions at the origin sites. Provenances from northern and colder sites exhibit an earlier budbreak 
than provenances from southern and warmer  sites37,62, due to lower forcing  requirements50. For this reason, our 
results indicate a maladaptive phenological plasticity and, even after a frost event, highly damaged trees do not 
adjust their phenology. In this context, provenances or individuals that are more susceptible to late frost damage 
also remain prone to suffer from similar events in the future.

Our results differ from observations of other non-lethal stresses, which resulted in phenological shifts in the 
following  year34–36. This difference may be due to the degree of damage, which may not have been sufficient to 
alter sugar mobilization in the subsequent year. The limited number of buds produced in our damaged trees 
may not have created enough competition for  sugars63. Although the trees may compensate for the damage at 

Figure 6.  Apical shoot extension in trees with different damage by the late frost in 2021 for the study years 
2017–2022. The boxplots illustrate the upper and lower quartiles, with whiskers indicating the 10th and 
90th percentiles. The median and the mean are represented by horizontal black lines and a black diamond, 
respectively.
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the expense of radial growth in the same year and height growth in the subsequent year, a prolonged carry-over 
effect on growth performance seems, to our knowledge, unlikely.

A blessing in disguise or a curse in hiding?
Our results indicate that the functional traits studied in black spruce are related to the provenances, and thus 
probably affected by a local adaptation to the origin sites. When considering the phenological traits and the 
associated risk of late-spring frost exposure, northern provenances may be maladapted to future climatic condi-
tions. However, assuming a certain degree of genetic variation within natural populations, this maladaptation 
could potentially serve as an evolutionary force that promotes a rapid local adaptation to the new environment. 
Given the magnitude of the ongoing climate change, adaptation would need to occur swiftly, which is a challenge 
for long-living organisms. Our results suggest that northern populations may have a faster generation turnover, 
which should foster a quicker evolutionary response to selective pressures compared with southern populations. 
A deeper assessment of reproductive traits such as seed production and germination rate is necessary to validate 
our hypothesis.

Similar considerations arise when contemplating the potential of moving species or provenances. The timing 
of first reproduction and generation turnover are vital traits to take into account in these practices. While further 
research is needed to evaluate variations in reproductive traits, migrating southern provenances to northern 
regions could potentially disrupt the long-standing adaptations to cope with recurring disturbances, such as 
wildfires. According to our results, southern provenances must reach an older age or larger size to reach repro-
ductive maturity, which could impact the resilience of certain species in locations with more frequent and intense 
wildfires, like the northern latitudes of Quebec. So far, reproduction has received much less attention compared 
to growth-related traits, although it plays a critical role in ensuring the persistence of trees in specific locations 
and, consequently, the long-term success of the practices of forest management in a context of climate change.

Materials and methods
Provenances and common garden
The spruce provenances originated from five natural stands located along a latitudinal gradient that ranges 
from the 48th to 53rd parallels in the boreal coniferous forest of Quebec, Canada (Fig. 1). These provenances 
are Simoncouche (abbreviated as SIM), Bernatchez (BER), Mistassibi (MIS), Camp Daniel (DAN), and Mirage 
(MIR). The site origins represent natural black spruce stands lacking in anthropogenic disturbances or forest 
cuttings. The climate of the area is typically boreal, with long, cold winters and short, cool and wet summers. 
Temperatures decrease with increasing latitude and elevation, with the stands located at higher latitudes being 
the coldest in winter and least warm in summer. The annual temperature at the provenance origins ranges from 
− 3.4 to 1.2 °C.

In June 2012, we conducted sampling by randomly selecting 5–10 dominant trees in each stand and collecting 
2–10 cones per tree, based on availability and accessibility of the canopy. On average, we collected 75–145 cones 
from each stand. In July 2014, we established the common garden by planting a total of 371 seedlings in a forest 
gap of 0.5 ha in SIM (48° 21′ 29″ N; 71° 23′ 59″ W) subjected to a clear-cut. We randomly planted the seedlings 
at a distance of 2 m × 2 m. We planted two rows of non-experimental spruces on each side of the plantation 
to avoid edge effects. The soil in the common garden is classified as podzolic, with a superficial organic layer 
reaching a depth of 10 cm. Based on the meteorological data collected from the weather station located at 500 m 
from the plantation, the average mean temperature during the study period (2015–2022) ranged from 1.55 to 
3.29 °C. The year 2019 and 2021 were the coldest and the warmest years, respectively (Fig. S4). Throughout the 
study period, the number of months with a mean daily minimum temperature < 0 °C ranged from 6 to 8, with 
2021 presenting freezing temperatures also in June (Fig. S4). Precipitation, in the form of rain, occurs mostly 
between late May and early October (Fig. S4).

For further details regarding the selection of provenances and the experimental design in the common garden 
see Silvestro et al.37.

Data collection
We recorded bud break and bud set on a weekly basis from the beginning of May to the end of October during 
2017–2022. To distinguish between the different phenological phases of the apical bud, we followed the proce-
dure described by Dhont et al.64. We recorded (1) the onset of bud break, indicated by an open bud with a pale 
spot at the bud tip; (2) the end of bud break, indicated by an exposed shoot with needles fully emerged from the 
surrounding scales and spreading outwards; (3) the onset of bud set, indicated by the presence of a white bud; 
and (4) the end of bud set, indicated by a fully formed bud with the needles in the whorl spreading outwards. 
Shoot extension corresponds to the period of annual growth of the apical arrow, occurring between the end of 
bud burst and the onset of bud  set24.

At the end of the growing season 2022, we recorded the total height and stem diameter at the collar of each 
tree. To track annual growth of the primary meristem, we measured shoot extension during 2017–2022 on 
the internodes of the main stem using a measuring tape, with a precision of 2 mm. We also identified the trees 
reaching reproductive maturity, based on the presence of cones, from 2020 (the first year in which cones were 
observed on the trees) to 2022.

Late frost damage assessment
We conducted a visual assessment of damage after a late frost occurring in June 2021 using the protocol on 
browning for  conifers65. We estimated the proportion of damaged brown buds out of the total buds on each tree 
and defined three damage levels based on the classes: (0) no damaged bud; (1) low, < 15% of buds damaged; (2) 
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high, > 15% of buds damaged. Additional details regarding the late frost in 2021, the assessment of frost damage 
at the study site, and the amount of damaged trees are available in Mura et al.50.

Statistical analyses
We evaluated the effect of annual temperature at the provenance site on the timings of each phenological phase 
and their durations by performing an Analysis of Covariance (ANCOVA) using Ordinary Least Squares (OLS) 
regressions. We compared tree height and diameter among provenances using a one-way analysis of variance 
(ANOVA), and Tukey’s HSD tests for multiple comparisons. We assessed the relationships between reproductive 
stage and both total height and basal diameter using a two-way ANOVA, including the origin site and reproduc-
tive stage as categorical variables.

We investigated the effect of frost damage on bud phenology and shoot growth with a two-way ANOVA. 
Origin site and frost damage level were included as categorical variables.

We quantified the impact of high-intensity frost damage on growth performance and bud phenology on 
the two provenances showing the highest level of damage (i.e., > 15% of damaged buds), DAN and MIR. For 
each of these two provenances, we compared growth and phenology between damaged and undamaged trees 
during 2017–2022 by using a two-way ANOVA. To assess the effect of frost on the timings of bud phenology, 
we performed a two-way ANOVA for each phenological stage. Statistics were performed in R version 4.2.266.

Data availability
Data associated with this paper are available in Borealis: https:// doi. org/ 10. 5683/ SP3/ EYBESE.
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