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Abstract

1. The evolutionary dynamics of tree species are influenced by their specific climatic

environments, and their ability to persist is determined by adaptive strategies
such as broad climate tolerance, phenotypic plasticity or genetic differentiation.
Biogeographical predictions indicate that populations located at the edges of
their ranges are more likely to experience heightened vulnerability to climatic
fluctuations due to approaching tolerance limits. However, if local phenotypic ac-
climation or genetic adaptation has taken place, trees near the edge of their range
could demonstrate comparable sensitivity to freeze and drought as the rest of the
sampled population. Nevertheless, there remains uncertainty regarding the ex-
tent of developmental and evolutionary adjustments in climate sensitivity across

the entire ranges of many tree species.

. Here, we document the biogeography of tree growth sensitivity to freeze and soil

water and vapour pressure deficits during 1950-2018 using an extensive multi-
species tree-ring dataset of 35,784 trees at 4535 sites covering boreal, temperate
conifer and temperate deciduous forests of Canada. We quantify the relation-
ships between tree radial growth increment and seasonal climate variables and
explore factors driving the observed patterns of annual growth and climate sensi-
tivity such as species, regional climate and local site conditions, and tree age and

size.

. Freeze and drought had widespread impacts on tree growth that were contingent

on the presence of focal species in interaction with tree size. An indirect growth
thermal limitation towards cold/wet edges, occurring through the site moisture
conditions, was observed in seven widespread species (e.g. Picea glauca, Picea
mariana and Larix laricina). Moreover, six species had negative drought impacts
more strongly expressed towards their warm/dry edges (e.g. Abies balsamea,
Betula papyrifera and Pseudotsuga menziesii). However, widespread Picea, Pinus
and Populus species showed no indication of increased sensitivity to soil water

conditions at these edges.
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1 | INTRODUCTION

Climate is known to be an important selective factor driving the di-
vergent evolution of tree species under various growing conditions.
The ability of a given tree population to persist depends on its strat-
egy to cope with environmental development (Fei et al., 2017). At
present, Canada's terrestrial ecosystems support nearly 180 tree
species for which long-term selective processes limited their evolu-
tion and establishment after the last glaciation 11,500 to 8000years
ago (Dyke, 2005). The pronounced north-south temperature and
distinct west-east moisture gradients, with humid coastal areas
near the Atlantic and dry ones towards the interior, create uneven
climatic pressures on tree species (Price et al., 2013). Furthermore,
within these subcontinental climatic gradients are regional to local
variations that result from the effects of lakes and elevational gradi-
ents (Cullen & Marshall, 2011; Eichenlaub, 1987). Together with fire,
insects, diseases and their interactions, the climatic characteristics
of the last millennia have played an important role in the formation
of the country's landscape variability in terms of composition and
structuring of tree species populations, rejuvenation of terrestrial
ecosystems, biogeochemical cycling and maintenance of productiv-
ity (Brandt, 2009).

Climate projections for Canada indicate large increases in aver-
age annual temperatures by the end of this century due to increases
in greenhouse gas in the atmosphere (Hicke et al., 2022). Greater
warming is expected in winter, and in the north, although in the cen-
tral regions of the continent, summer temperatures may increase
as much in the south as in the north (Prairie Climate Centre, 2019;
Price et al., 2013). Consequently, a drastic increase in forest mortal-
ity and poleward climate niche shifts are expected, raising serious
questions about the ability of trees to evolve or acclimate and per-
sist in the face of these rapid changes (Boisvert-Marsh et al., 2022;
Hammond et al.,, 2022). From past selective climatic pressures,
tree species have developed evolutionary patterns to acclimate
and adapt to the heterogeneous environments that make up their
geographic distributions (Canham et al., 2018; Leites et al., 2019).
Among other things, plastic responses have been obtained by ac-
climation at leaf physiological and anatomical levels, for example, by
controlling water loss by stomatal closure or by down-regulating re-
spiratory rates (Reich et al., 2016; Smith & Dukes, 2013). Acclimation
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4. Synthesis. Our findings support the idea of evolutionary or acclimatization adjust-
ments in the development of populations in response to long-term climate condi-
tions experienced in their respective locations. This underscores the importance
of incorporating phenotypic and genomic data into future analyses of climate

change impacts, which would enhance our ability to predict potential ecological

conifers, dendrochronology, frost, hardwoods, soil moisture, tree-rings, vapour pressure

at the whole tree level has also been made possible by increasing
the ratio of root to shoot biomass, to improve water uptake during
dry periods (Bachofen et al., 2021). Such phenotypic plasticity allows
rapid response to changing environmental conditions. Instead, local
adaptation is a much slower process, involving several generations,
leading to optimal genotypic adaptation in the local environment
due to directional natural selection of tree populations (Kawecki &
Ebert, 2004). This phenomenon occurred in species distributed over
large and diverse areas, in the case of temporal or spatial barriers
to allele exchanges between populations, and when selection was
stronger than these genetic exchanges (Guo et al., 2022; Matias
et al., 2014). Among other things, the long exposure of Canadian for-
ests to xeric conditions has led to local adaptations to water stress in
white spruce (Picea glauca) and white pine (Pinus strobus) populations
(Depardieu et al., 2020; Housset et al., 2018). Furthermore, black
spruce (Picea mariana) populations exposed to frost have developed
strategies to delay bud burst, thereby reducing the risk of frost
damage (Guo et al., 2022). Therefore, plastic responses to variable
habitats as well as genetic differentiation to contrasting climates
are important strategies of tree species to cope with environmental
variability and climate changes (Barriopedro et al., 2011).

Although widely distributed tree species can grow in a variety
of environmental conditions, for most species it is unclear whether
their wide geographic distribution reflects a very wide tolerance to
climatic conditions, a high degree of phenotypic plasticity or genetic
differentiation (Canham et al., 2018). According to biogeographical
predictions, populations located at the limits of their ranges would be
more sensitive to climatic fluctuations because the conditions there
approach the tolerance limits of the species (Camarero et al., 2021;
Matias et al., 2017). Forests exposed to cold climatic conditions at
the north edge are expected to have increased sensitivity to thermal
fluctuations compared to forests in warmer environments (Babst
et al.,, 2019). The same could be said for forests located at the rear/
dry edge, where increased sensitivity to drought can be expected
(Herrero et al., 2013). However, at the species level, local ecological
factors, ontogeny and complex demography, or genetic adaptations
may blur or override these geographic patterns of temperature and
drought sensitivity (Camarero et al., 2021; Marchand et al., 2018;
Vila-Cabrera et al., 2019). The potential of trees to acclimate to cli-
mate over their lifetime via phenotypic plasticity in their functioning
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is likely to also influence their sensitivity to climate (Gantois, 2022;
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Reich et al., 2016). For instance, trees with high phenotypic plasticity
may be better able to adjust their physiological and morphological
traits in response to drought conditions (Depardieu et al., 2020;
Esperon-Rodriguez et al., 2020). So, to analyse the heterogeneous
climatic sensitivity of species as well as the interactions with the
underlying environmental gradients, it is increasingly necessary
to build large ecological databases at the tree level. In this regard,
large tree-ring data repositories are useful tools for investigating the
climate sensitivity of tree species across sites, at an annual resolu-
tion, over long periods of time and across large spatial scales (Evans
et al.,, 2022; Serra-Maluquer et al., 2022). Thus, tree rings provide
a feasible method for testing biogeographical predictions (Charney
et al., 2016; Girardin, Hogg, et al., 2016).

Here, we use a spatially extensive tree-ring dataset covering bo-
real, temperate conifer and temperate deciduous forests of Canada
to document the biogeography of tree growth sensitivity to climate.
Using mixed-effects models, we quantify the relationships between
tree radial growth increment and three major seasonal climate
variables driving growth of Canada's forests (Girardin, Bouriaud,
et al., 2016; Girardin et al., 2022; Mirabel et al., 2023), namely the
cold-season frequency of freeze days (FFD), mean summer soil mois-
ture deficit (SMD) and mean summer vapour pressure deficit (VPD).
Next, we explore factors favouring the observed patterns of annual
growth and climate sensitivity such as species, regional climate and
local site conditions, and tree age and size. Our null hypothesis is that
climate sensitivity in trees is a random trait across species ranges,
consequent of the ability of tree species to adjust their climate
sensitivity to local climatic conditions via evolutionary or acclima-
tization adjustments (Canham et al., 2018). Our alternative hypoth-
esis follows that of existing biogeographical predictions (Camarero
et al., 2021; Matias et al., 2017; McKenney et al., 2014), whereby
observed patterns of climate sensitivity are species-specific, charac-
terized by a high degree of spatial autocorrelation, and covary with
prevailing subcontinental climate gradients. Under this alternative
hypothesis, we expect differing tree growth responses to FFD, SMD
and VPD towards cold/wet and warm/dry edges of sampled species
distributions (i.e. at the extremes or limits of the range of the spe-
cies' data). This work provides context for assessments of the poten-
tial contributions of local climate conditions in shaping responses of
tree populations to climate change.

2 | MATERIALS AND METHODS

2.1 | Tree-ring data

Tree-ring width measurements were obtained from CFS-TRenD v1.1
(Girardin, Guo, et al., 2021), a Canadian data repository containing
increment core samples from 40,576 trees. Detailed information
about acquisition and quality control of the tree-ring data used in
this study were provided by Girardin, Guo, et al. (2021). Only those
samples from trees greater than 30years old were used to strike a

balance between ensuring an adequate sample size and capturing
the long-term growth patterns relevant to our research objectives.
In total, we made use of 35,784 trees collected at 4535 sites across
all of Canada's forested biomes (Figure 1a). The data represent 57
tree species, most samples belonging to boreal needleleaf species.
For analyses, annual ring-width measurement series were converted
into annual estimates of basal area increment (BAI, cmzyear'l)
(Girardin, Bouriaud, et al., 2016).

2.2 | Climate data

Daily minimum and maximum temperatures (°C) and precipitation
(mm) data were obtained for the period from 1950 to 2018 using
the BioSIM software (Regniere & Bolstad, 1994). This software tool
generates site-specific estimates of weather from Environment
Canada (2013) historical observations. Weather estimation is
achieved by interpolating daily data from the four closest weather
stations, adjusting them for elevation and location differentials with
regional gradients, and averaging values using a 1/d? weight, where d
is distance. In the current study, we performed interpolation of daily
weather data onto a 1°x1° grid (Figure S1) and linked each tree-
ring sampling site to its nearest grid point. From weather estimates,
we computed the cold-season FFD at each site as the percentage
of days with a minimum temperature <0°C from November of the
year prior to ring formation to April of the year contemporaneous
with tree growth (i.e. the cold season; Girardin et al., 2022). We also
computed daily VPD (in KPa), the difference between actual atmos-
pheric water vapour amount and the maximum amount at saturation
for a given temperature. A high VPD indicates that the air is dry,
while a low VPD indicates that the air is close to being saturated
with water vapour. Next, we calculated the soil moisture index (SMI,
expressed as relative % water content), using a quadratic-plus-linear
formulation procedure based on water lost by evapotranspiration
and gained from precipitation (Girardin, Guo, et al., 2021; Hogg
et al., 2013). We converted SMl into a SMD index:

SMDyr = — SMijy, o)

where h represents the site and T represents the year. This transfor-
mation was useful for comparing the direction and magnitude of the
soil moisture's effect on BAI with the other predictors. A SMD value of
-100% means soil moisture is at saturation while a value of 0% means
soil moisture is at the wilting point. Summer means (June to August) of
daily VPD and SMD were computed.

The mean climatologies were characterized by mean annual tem-
perature (MAT, °C) and mean annual total precipitation (MAP, mm),
calculated annually from 1951 to 2018 and averaged across all years
(Figure 1b,c). MAT varies widely, with the warmest climates (>5°C)
mainly along the southern border and the Pacific coastline, while the
coldest MAT values (<-5°C) occur in northern Canada, especially
the Arctic regions. MAP shows significant spatial variations, with
the west coast receiving ample precipitation (>1500mm), central
and northern regions receiving comparatively less (<400mm), and
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FIGURE 1 Geographical distribution of the studied tree species and the predictive variables used in the analysis of growth sensitivity to
climate. (a) Sample distribution of the most widespread sampled species (N> 100 sites) is represented by coloured circles, while other species
are shown using empty circles. Spatial distribution of the mean annual temperature (MAT, in °C; (b)) and the mean annual precipitation totals
(MAP, in mm; (c)) is illustrated for the 1951-2018 period. (d and e) Mean age of tree samples (years) and mean basal area of tree samples
(basal area (BA), in log mm?). Data for tree age and BA were interpolated by applying an Inverse Distance Weighted method to the vector

of georeferenced data (sampling for interpolation was set at n=100 trees with a search radius of 10 degrees and resolution of 0.1 degree;

ArcGIS v10.5.1).

eastern Canada, including the Maritimes, receiving an intermediate
amount (600-1500 mm).

2.3 | Statistical analyses

2.3.1 | Annual growth and climate sensitivity

We used generalized additive mixed models (GAMM; Wood, 2003)
to explore the effect of climate on tree growth. To do this, we

modelled BAI as a function of tree ontogeny (cambial age and tree
size), and the explanatory climate variable FFD, SMD and VPD, and
prior-year SMD and VPD (denoted here as SM D(H) and VPD(H)),
so to account for carbohydrate reserve mobilization and dynamics
(Richardson et al., 2013). Tree size is herein represented by inner
bark basal area (BA), that is, the sum of BAI from innermost to out-
ermost rings (cm?). A logarithmic-power transformation (log) was
applied to BAI and BA because of the skewed distributions of their
values. We then fitted GAMMs per species site on each climate vari-
able that took on the form:
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(2)
+ BenipCliMen 1+ Zpiy Bhi + Vi + Ehep.T

where h represents the site, k represents the tree, p represents the
species, ¢ represents the climate variable, T represents the year, and
the e residual error. Cambial age refers to an estimation of tree age
based on the ring counts (age). We explored the climate effects at the
level of individual trees by setting tree identity as categorical variable
in the model (f,). Examining the impacts at the individual tree level
enables us to capture the intra-site variability that can be associated
with the age or size of trees within heterogeneous stands. We consid-
ered tree identity (Zy,By,) as a random effect and included the first-
order autoregressive (AR1) correlation structure (thp) in the model.
The smoothing term, s, represents a cubic regression spline for which
the degree of smoothness was determined through an iterative fitting
process (Wood, 2003). Parameters for spline fitting and numbers and
placement of knots were left to default values. We used the t statis-
tics of the parameter estimates to report on the growth sensitivity to
climate variables (trp, tsmp(r-1 tvpp(r-1) tsmpiry tVPDm) and their as-
sociated p-values for the level of significance. The null hypothesis ‘no
climate effect on growth’ is rejected when the p-value is lower than
0.050. The GAMMs were fitted using the ‘mgcv’ package version 1.8-4
(Wood, 2017) in R (R Development Core Team, 2022).

2.3.2 | Factors modulating annual growth and
climate sensitivity

We examined the local spatial structure of t., tsmpr-1p tvppr-1y
tsmpm) and typp(m by using Moran's | spatial correlograms (‘spdep’
R package v1.1-5; Bivand & Wong, 2018). Moran's | correlograms
measure spatial autocorrelation of climate sensitivity values based
on site locations. The p-value is provided to evaluate the significance
of that index. One seeks to reject the hypothesis of a random spatial
distribution of climate sensitivity t when the corresponding p-value
is lower than 0.050.

We proceeded as described below to gain insight into the poten-
tial factors driving growth sensitivity to climate. We examined the
effects of species, mean climatologies and elevation at each site, and
tree ontogeny, on trp, toypr-1y typp1)y tsmpm @aNd typp(ry, USINg a
generalized additive model (GAM). Variables characterizing tree on-
togeny included tree age (years) and size (logBA) at the time of sam-
pling (Figure 1d,e). In the first stage, we fitted five models separately

that took the following form:

b = Zs( ) (climy, ) + Zs( ) (ontogeny; )
i=1 i=1

+53 (elevationy,) +s& (spatial) +s (Z,,B,)

+58(Z,B,) + €y

@)

where t.,, represents the t statistics from equation 2 (t ., tsmpr-1)
typpr-1y tsmpem and typpr), at site h, for tree k, and species p. climy,
represents the mean MAT and MAP (Nc=2) for site h, and ontogeny;,

represents age and size (No=2) for site h and tree k. This multi-species
model was built using all trees of which the species have 20+ sites and
100+ trees to ensure sufficient spatial variability. The three leftmost
parts are additive sums of smooth functions (s) of covariates. The term
spatial explicitly models the joint effects of latitude and longitude to
capture the spatial dependence. Site identity, Z,B,, and species, Zpo
are accounting for the site and species random effects accordingly.
The ‘bam’ function was used for estimation and the associated fast re-
stricted maximum likelihood REML (fREML) method to fit the model
(Reiss & Ogden, 2009; Wood, 2011). We used cubic regression splines
as smooth functions for the climate, ontogeny and elevation (knot value
k=5 to avoid over wiggly fitting). We also included isotropic smooths
on the sphere for modelling of the spatial effects (with longitude and
latitude as arguments, and basis dimension k=500). Residuals were
tested for the presence of spatial dependencies using Moran's | de-
scribed above. The strength and significance of smoothed terms were
assessed using the associated F-ratio and p-value. The null hypothesis
of the test states that the processes promoting the observed pattern
of annual growth and climate sensitivity are unrelated to covariates
MAT, MAP, Age, BA, elevation and spatial effects. This null hypoth-
esis is rejected when p<0.050. The GAM models were fitted using
the ‘mgev’ package v1.8-33 (Wood, 2017) in R v4.0.4 (R Development
Core Team, 2022) on the Narval cluster of the Digital Research Alliance
of Canada (https://alliancecan.ca/en).

To determine whether the splines vary with species, we run an

interaction model of covariates:

toe = Z Zp . g? (climy,) Zzp . ii.) ontogeny;, )

+z 5(3) (elevation, ) +s{ (spatial) (4)

+52(Z,By) + € chi-

In this interaction model, the fitting process optimizes the perfor-
mance where some species may behave differently from others, in
interactions with environmental covariates. To determine whether or
not growth sensitivity patterns are considered to be best represented
by this model that includes species x covariates interactions (i.e.
Equations 4 vs. 3), we compared Akaike's information criterion (AIC)
of the two models after re-running both using the maximum likelihood
(ML) method in ‘bam’ function (Faraway, 2016; Zuur et al., 2009). Due
to limited computing memory relocation resources, these runs were
conducted using a subset of the data that included a maximum of two
trees randomly selected for each species within a 1° grid. The size of
this subset is around 7300 samples, which accounts for nearly one-
fourth of the original dataset. It was determined by consideration
of available computing resources on the Narval cluster of Compute
Canada. A lower AIC score for equation 4 tells us that the interaction
term improves the performance of our model.

The two sets of models formulated using Equations (3) and (4)
allow the inferences of climatic sensitivity in interaction with en-
vironmental gradients over the whole country. However, since the
sampling and climatic gradients of the different species in these
models are unequal, the results will be influenced by those with
greater representativeness. In the second step, we explored the
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effects of environmental covariates on growth sensitivity by run-
ning species-specific GAMs for the 10 most widely distributed tree

species:
N, N,

topip = ng?(dimih) + ng;(ontogeny,-,,k) + sg’(spatial)+sg’(2,,3h) + Echip- (5)
P P

Here, we were interested in knowing how climate sensitivity t depends
smoothly on covariates, the hypothesis being that the effects of MAT
and MAP are felt towards the cold and warm edges (or wet and dry
edges) of the tree species' sample distributions. This hypothesis is tested
by examining the confidence intervals (Cls) of the covariate's predicted
fits, which here are zero-centred. The null hypothesis ‘no edge effect’
is rejected whenever the Cls at the extremes or limits of the range of
the species' data exclude zero (see Figure S2; Simpson, 2018). All tests
were two-sided, that is, we made no hypothesis about the directional-
ity of responses. The strength and significance of covariates were de-
termined using the associated F-ratio and p-value. We used the ‘bam’
function, k=5, and the fREML method to fit these species' models.

3 | RESULTS

3.1 | Quantification of growth sensitivity to climate
Of all tree samples analysed, 78% had a significant relationship with
minimally one of the five climate predictors (FFD, SM D(T—l)’ VPD(H),
SMDm, VPD(T): Figure 2). FFD had the highest percentage of signifi-
cant t statistics (39%), followed by SM D (37%). Variables SMD(T_l)
and VPD 1, followed with equivalent percentages (29%). Overall,
relationships to FFD, SMD and VPD were somewhat more negative
than positive, that is, high values in these indices were more often
detrimental to growth (Figures 2a and 3a).

The distribution of t statistics was not random across the country.
Moran's | spatial correlograms indicated significant spatial clustering
in the observed pattern of annual growth sensitivity to FFD, SMD and
VPD (p<0.050, Table 1). Particularly, high Moran [ values were noted
for SMD(n and VPD(n (Moran 1=0.39 and 0.36, respectively), while
VPD(T_1) showed the least autocorrelation (Moran 1=0.26). In terms
of spatial distribution, sensitivity to FFD was most negative in the
western mountainous regions and in the central-eastern part of the
country (Figure 3b). Besides, negative sensitivity to SMD(ﬂ was clus-
tered eastward of the mountainous regions (Figure 3d). One may note
that much of the area showing sensitivity to SMD; lacked sensitivity
to FFD (Figure 3b vs. 3d). Conversely, SMD(T_D showed a clustering
of negative t statistics in the southeastern sector of the mountain
ranges (Figure 3c), whereas negative growth sensitivity to VPDr_y,
was distributed relatively more homogeneously across the country
(Figure 3e). Finally, clusters of positive sensitivity to VPD,, were noted
in northeastern areas of the country and high elevation in the western
mountainous regions (Figure 3f).

At species' level, results depicted high inter-species variability in
growth sensitivity to FFD, whereas VPD and SMD responses were
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noted that negative sensitivity to FFD dominates over positive ones
in Picea engelmannii, Pinus banksiana, Pinus contorta and Pseudotsuga
menziesii, while the opposite occurs in Picea glauca, Larix laricina, Betula
papyrifera and Populus tremuloides. For SMD, there is an overall resem-
blance in distribution of significant t statistics in Abies balsamea, Picea
glauca, Picea mariana, Pinus banksiana, Pinus contorta, Pseudotsuga men-
Ziesii, and to some extent, Betula papyrifera and Populus tremuloides.
For all these species, above-average SMD was detrimental to growth.
The exception comes from Picea engelmannii, which exhibited a dis-
tinct pattern dominated by positive sensitivity to SMD(T_I) (Figure 2c).
About the same observations were made analysing VPD(H).

3.2 | Species-covariates interactions

The fitting statistics of Equations (3) and (4) suggested that growth
sensitivity to FFD, SMD and VPD across Canada was best explained
by model formulations that included species x covariates interactions
(Table 1). Such models had systematically lower AIC and higher ad-
justed R? (from +2% for SMD to +4% for FFD) than the models lim-
ited to additive sums of smooth functions of covariates. Species x
covariates models well explained the variation for tree sensitivity to
FFD (adjusted R?=0.90) and SMD,, (adjusted R*=0.76), and less so for
other variables (Table 1). In terms of importance of species x covari-
ate interactions, Populus tremuloides x size, Pinus strobus x size, Populus
balsamifera x size, Abies balsamea x size and Pinus resinosa x size had
the highest F-ratios for the distribution of t . across the country (F-
ratios >114; Figure S3). Size interactions with Pseudotsuga menziesii,
Pinus banksiana, Picea mariana, Populus tremuloides and Picea glauca
had the strongest importance in explaining distribution of tsmp(r-1)
(F-ratios>105) and tsmpm) (F-ratios > 61) (Figure S3). Age interactions
with Populus tremuloides, size interactions with Populus tremuloides and
Pinus resinosa, and elevation interactions with Picea engelmannii and
Pseudotsuga menziesii had the largest influences in explaining the spa-
tial pattern of typp(r-1) (F-ratios > 66). Size interactions with Picea mari-
ana, Populus tremuloides, Pinus banksiana, Picea engelmannii and Picea
glauca were held the strongest influences in explaining typp(r) F-ratios

of species x MAT and species x MAP were generally low (Figure S3).

3.3 | Factors driving variability in growth
sensitivity to climate

We determined whether tree growth sensitivity to FFD, SMD and
VPD differed towards cold/wet and warm/dry edges of sampled
species distributions by using species-specific GAMs applied to
the 10 most sampled species. The sensitivity of growth to FFD was
highly predictable by GAMs in most species studied (Equation 5),
with adjusted R? exceeding 0.80 in all but Larix laricina (Table 2). The
lowest predictive skills were found in Picea mariana when analysing
growth responses to VPD(H) (Table 2). Of studied covariates, tree
size was the most systematic and influential predictor (high F-ratio
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FIGURE 2 Countrywide and species-specific sensitivity of radial growth to freeze and drought. Using tree-ring data from 35,784 trees
across Canada, we constructed species-by-site Generalized Additive Mixed Models (GAMM) to assess the sensitivity of annual basal area
increment (BAI) to cold-season freeze frequency (FFD), summer soil moisture deficit (SMD) and summer vapour pressure deficit (VPD) during
1951-2018. We included separate terms for the effects of the prior year (T-1) and current year (T) SMD and VPD on tree growth, for a total
of five climate predictors (tFFD, tSMD(T_l), tVPD(T_l), tSMD(T), tVPDm: see Section 2). The t statistics obtained from GAMMs indicate the strength
of the statistical associations between growth and the climate predictors. lllustrated here is the proportion of significant t-values (p <0.050,
positives and negatives) considering all the species studied (a) as well as for each widespread species (n> 100 sites, b-f). Red colour indicates
samples in which high values of the specified climate variable is detrimental to tree growth (negative t-values), white denotes an absence of
relation, and blue colour indicates samples in which high values favour tree growth (positive t-values). Relationships include those occurring
during the year prior to (dark red and dark blue) and current to growth (orange and light blue), as well as those simultaneously occurring

during both years (cyan blue and bright red).

(a) Distribution t-values
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FIGURE 3 Spatial variation in tree species growth sensitivity to freeze and drought. (a) Violin plot depicting the median and the density
of t-values of growth sensitivity to cold-season frequency of freeze days (FFD), summer soil moisture deficit during the current year (SM D(T))
and prior-year growth sensitivity (SM D(T_l)), and summer vapour pressure deficit during the current year (VPD(T)) and the previous year
(VPD(H)). (b—f) Each map represents the strength of relationships between tree basal area increments (BAl, mm?) and the illustrated factor
for the period 1951-2018, expressed as t-values obtained from Generalized Additive Mixed Models (GAMMs). Negative t-values (red)
indicate areas where high values of the specified variable have a negative impact on tree growth, t-values close to zero denote an absence
of relation between BAI and the variable, and positive t-values (blue) indicate areas where high values favour tree growth. The maps were
obtained by applying an Inverse Distance Weighted interpolation to the vector of georeferenced t-values (sampling for interpolation was set
at n=100 trees with a search radius of 10 degrees and resolution of 0.1 degree; ArcGIS v10.5.1).
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tree-ring data covering Canada's forests and explored some of the
covariates behind the distribution of this sensitivity. The proportion
of trees responding to FFD, SMD and VPD was quite equal across
the country, with an overall negative impact of these variables on
tree growth (Figure 2). These climate sensitivities were not randomly
distributed across the country, but largely stringent to the presence
of focal species in interaction with tree size. At the species level, tree
growth sensitivity interacted with prevailing subcontinental climatic
gradients in a few species, leading to differentiations at the cold/

wet and warm/dry edges of their respective sampled distributions
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(Figures 6 and 7). However, evidence was found to support the no-

Journal of Ecology

tion of climate sensitivity being a random trait across space for nu-
merous species, including widespread species of genus Picea, Pinus
and Populus. Biogeographical predictions suggest that populations
located at the limits of their ranges would be more sensitive to cli-
matic fluctuations as conditions approach the tolerance limits of the
species (Camarero et al., 2021; Matias et al., 2017). In the boreal for-
est, individuals of a given tree species usually grow better at warmer
temperatures than at colder ones (Way & Oren, 2010). Species dis-
tribution models are based on this principle of climatically suitable

Drivers of climate sensitivity

01- Abies balsamea

02- Picea engelmannii

03- Picea glauca

04- Picea mariana

05- Larix laricina

06- Pinus banksiana

07- Pinus contorta

08- Pseudotsuga menziesii

09- Betula papyrifera -

10- Populus tremuloides

F-ratio
100

75

50

FFD

SMD(T-1)
SMD(T)

= VPD(T-1)
VPD(T)

o
=
=

(f) Spatial (g) Site

FIGURE 4 Species-species variations in growth sensitivity to climate relative to climatic, ontogenic and geographic factors. The heatmaps
present the magnitude of the growth sensitivity to cold-season frequency of freeze days (FFD), summer moisture deficit (SMD) and vapour
pressure deficit (VPD) relative to mean annual temperature (MAT; (a)), mean annual precipitation (MAP (b)), elevation (c), tree age (Age; (d)),
tree size (Size; (e)), joint effects of latitude and longitude (Spatial; (f)), and site (Site; (g)) random effects. SMD,1_y and VPD,;,, are for the prior
year to growth. A generalized additive model (GAM) of relationships between t-values and the explanatory variables generated the F-ratios
shown here. Non-significant variables (p>0.050, F=0) were attributed white colour. Tree age is the cambial age of the outermost ring,
whereas tree size is the estimated tree basal area (BA).
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FIGURE 5 Fitted smooth functions of tree size (expressed as basal area, log-scaled) for the sensitivity t of growth to (a) frequency

of freeze days (FFD), (b-c) summer soil moisture deficit (SMD) and (d-e) vapour pressure deficit (VPD), for 10 tree species. Effects were
determined using species-specific generalized additive models (GAM) and are shown here by the 95% confidence intervals of smoothed (s)
fits between t and tree size (zero-centred). Each bar represents a tree sample. The zero line defines whether tree size effects on sensitivity
t are below or above average for a given species. The null hypothesis ‘no effect of tree size on sensitivity t’ is rejected whenever the
confidence intervals exclude zero. It can be noted that the detrimental influence of VPD(H) on growth was stronger in small trees, while the
detrimental influences of SM Dy and SMD,;, were more strongly felt in large trees.
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habitat between rear and leading edges of species distributions: they
typically project considerable increases in climatically suitable habi-
tat for tree species at northern leading edges, and declines at rear
edges, with warming (Bernal-Escobar et al., 2022; Boisvert-Marsh
et al., 2022; McKenney et al., 2007). Spatial projections based on
static-tree growth and climate relationships corroborate these pre-
dictions, with strong temperature limitation of tree growth in cold
and humid regions, and strong precipitation limitation in dry regions
(Babst et al., 2019; Charney et al., 2016). Stand-level ecophysiologi-
cal models of forest growth also echo these predictions (Girardin,
Hogg, et al., 2016). Our results indicate that these predictions are
only partially valid, so caution is warranted.

4.2 | Growth sensitivity to climate towards species
range edges

Thermal sensitivity inferred from the growth relationship to FFD in
our study was not unanimous at the cold and warm edges. Rather,
the most compelling indication of thermal effects was at dry edges
of Betula papyrifera and Pseudotsuga menzienii. There, detrimental
effects of high FFD, like freeze damage to roots, needles or leaves,
were seemingly dampened in comparison to the reminder of their
respective populations (Girardin et al., 2022). Nonetheless, an
indirect thermal limitation on the growth occurring through the
moisture conditions of the site cannot be ignored. Indeed, we find
that seven of the 10 widespread species studied have an above-
average t statistics to drought indices (VPD and/or SMD) at cold
margin of sample distributions (Figure 5). In these environments,
tree growth is therefore interpreted as not being particularly
negatively affected by drought; on the contrary, drought below
stressful conditions can help alleviate unfavourable growth con-
ditions associated with cold environments (Mirabel et al., 2023).
In northern boreal forests, low temperatures are often associated
with shorter growth periods, nutrient-poor soil conditions, abun-
dant annual snowfall, poor drainage, and late snowmelt and soil
thawing, which are all factors limiting photosynthesis and delay-
ing initiation of growth (Jarvis & Linder, 2000; Pau et al., 2022;
Verbyla, 2015). This limited growing season can lead to a higher
growth sensitivity to mean summer energy-related indices, as the
trees have less time to accumulate resources and complete critical
growth processes before winter returns (Babst et al., 2019).

Of the 10 best-replicated species, six had negative drought im-
pacts (VPD and/or SMD) more strongly being expressed at their
warm/dry edges (Figures 6 and 7). This finding is consistent with
expectations of productivity being under the control of summer
moisture in the warmest/driest regions (Fei et al., 2017; Girardin,
Hogg, et al., 2016; Pau et al., 2022). Therein, the growing season
typically extends into late spring and summer, with an abundance
of sunlight and warmth during June and July (Zhang et al., 2020). In
general, increased temperatures accelerate the initiation of xylem
formation in boreal trees, leading to an extended growing season
that enables trees to optimize their photosynthetic activity and
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allocate resources more effectively (Zhang et al., 2020). In addition,
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trees with deeper root systems will demonstrate greater efficiency
in accessing subsoil water, thus lowering their susceptibility to water
stress throughout the growing season (Pirtel et al., 2021). For exam-
ple, Picea engelmanni and Pseudotsuga menziesii rely on these deep
water sources as important reservoirs to meet their water demands
(Berkelhammer et al., 2020; Martin et al., 2018). Conversely, because
of relatively shallow rooting systems, tree species in boreal forests
(e.g. Picea mariana) often have limited access to deep groundwater
sources and use almost exclusively shallow soil water storage. In
addition, these species close stomata more stringently compared to
drought-tolerant species (e.g. Pinus banksiana) when atmosphere and
soil conditions become increasingly dry to save water and maintain
their hydraulic integrity (Marchand et al., 2021). Besides the depth
of the root system, many other morphological characteristics such
as root diameter, branch configuration, needle morphology or xylem
architecture can also influence the timing and severity of drought
stress in trees (Baldi & La Porta, 2022). From a temporal perspec-
tive, in many of the studied species, the detrimental influences of
drought occurred the following year. Drought during late summer
and autumn may affect the dynamics of carbohydrate reserve ac-
cumulation, thereby negatively affecting spring growth (Chuste
et al., 2020). Decreased reserve formation of stressed trees can
also result from accelerated respiration, which leads to higher and
more rapid use of photosynthates that otherwise would be available
for storage (Anderegg et al., 2013; Granda & Camarero, 2017; Sala
et al., 2010).

4.3 | Drought sensitivity and tree size

A noteworthy finding was the alteration of sensitivity to VPD and
SMD with tree size (Figure 5). While young trees seem to be under
the control of VPD, the drought signal evolves with size towards an
increase in the importance of water availability, and this would be rel-
atively valid for most tree species under study. These findings echo
previous large-scale studies reporting a more detrimental impact of
water deficit on growth and mortality rates of larger trees (Bennett
et al., 2015; Ryan, 2015; Stovall et al., 2019). These are generally
more vulnerable to reduced soil water content because of greater
exposure of crowns to atmospheric evaporative demand or greater
inherent vulnerability to cavitation (Bennett et al., 2015; Lépez
et al., 2021; Trouillier et al., 2019). Ontogeny-related changes in a
tree's physiological needs and in the efficiency of its hydraulic net-
work can also modify its sensitivity to climate (Altman et al., 2017;
Marchand et al., 2021).

Since our results are based on contributed data whose ring-
width measurements were taken primarily on dominant and co-
dominant trees (Figure S10), it is possible that the size of trees as
well as their response to VPD and SMD be in part related to the
suitability and quality of sites for their growth (Fu et al., 2022;
Skovsgaard & Vanclay, 2013). Adverse environments imposed by
low temperatures and waterlogged soil conditions can result in the
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selection of traits maximizing survival at the expense of growth per-
formances in many of the studied regions (Denneler et al., 2000;
Girardin et al., 2001). A lack of phenotypic adaptations to dry/warm
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conditions, or low level of carbon reserves in small-sized individuals

because of nutrient-poor soils (with slow decomposition) can also

explain their higher vulnerability to high VPD (Lépez et al., 2021,
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FIGURE 6 Summary of species-specific generalized additive models (GAM) results for the effects of MAT and MAP at the (a) cold, (b) wet,
(c) warm and (d) dry edges of the tree species' sample distributions. Pie charts illustrate the proportion of species (N=10) showing significant
edge effects in fitted smooth functions of growth sensitivity to cold-season (November-April) frequency of freeze days (FFD), summer
(June-August) soil moisture deficit (SMD) and summer vapour pressure deficit (VPD). The colour schemes define whether effects are below
or above average at cold/wet and warm/dry edges of the species' sample distributions. For example, 4 of the 10 species (i.e. 40%) show
positive sensitivity to SMD at their cold edge: for three species, this relationship occurs in the current year of growth and for the other, in
the year before growth. See Figures S5-S9 for the original species-specific fitted smooth functions.
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FIGURE 7 Fitted smooth functions of covariates MAT and MAP on the sensitivity t of growth to summer soil moisture deficit (SMD)

and vapour pressure deficit (VPD) for widespread tree species. The fits were determined using generalized additive models (GAM) and are
shown here after projecting on coordinate spaces and delineating using species range maps (Little, 1971). A low predicted t (red colour)
indicates that the specified variable (SMD or VPD) is detrimental to growth, whereby a given covariate (MAT or MAP) places this response
along the climate gradient. (a) Smoothed fits of growth response to VPD, 1y, along the MAT gradient in Picea mariana, (b) smoothed fits of
growthresponse to VPD(T_l) along the MAT gradient in Picea glauca, (c) smoothed fits of growth response to VPDm alongthe MAT gradient
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Zhang et al., 2021). Notably, nitrogen fertilization has been shown to

Journal of Ecology

allow trees to buffer the negative effects of droughts through a bet-
ter use of non-structural carbohydrates (Wang et al., 2022), which
could explain our observations of a less negative response of big-
ger trees to VPD. These individuals also tend to be exposed to drier
conditions compared with northernmost small-sized populations.
The negative effects of SMD seen in larger trees may hence also
reflect a combination of inadequate nutrient levels and increased
water requirements. Finally, differences in climate sensitivities can
also result from contrasting resource allocation strategies. This may
include the ratio of allocation of root to shoot biomass, but also in
carbon allocation to defence mechanisms and to reproductive struc-

tures against pests and disturbances (Stephenson et al., 2011).

4.4 | Climate sensitivity and local
acclimation and adaptation

Several species examined exhibited varying levels of climate sensi-
tivity gradients across their sampling range, ranging from moderate
to none. However, when considering species with extensive ranges
such as Picea mariana, Picea glauca, Populus tremuloides and Pinus
banksiana, there is insufficient evidence to suggest an increased
sensitivity to SMD at the warm/dry limit of their range. Only half of
the studied species also showed evidence of gradients in sensitiv-
ity to FFD. In comparison, tree growth of the most common tree
species in eastern United States forests showed little variation in
their sensitivity to climate fluctuations across broad climatic gra-
dients (Canham et al., 2018). Thus, our findings provide additional
support to previous indications of phenotypic acclimation or local
genetic adaptation in terms of growth sensitivity to the long-term
mean climate. We recognize that analyses as undertaken here do
not allow us to discriminate between phenotypic acclimation ver-
sus genetic adaptation. On the one hand, the lack of species-level
variation in climate sensitivity may be attributed to the occupancy
of microhabitats towards the edges, which fit the physiological re-
quirements of the trees (Camarero et al., 2021). On the other hand,
there is also clear evidence of widespread local adaptation in trees
(Alberto et al., 2013; Leimu & Fischer, 2008). It is crucial to empha-
size that adaptation is not limited solely to temporal aspects, as it
includes not only the changes observed over extended generations
but also extends into spatial dimensions. This is particularly evident
in the presence of distinct genetic lineages spanning the entire dis-
tribution range of tree species (e.g. Girardin, Isabel, et al., 2021; Téth
et al., 2019).

According to the literature, the tree species distributed over a
wide area and analysed here have significant genetic variation. For
example, both local genetic adaptation and high genetic diversity
have been demonstrated for drought resilience within populations
of Picea glauca, one of the most adaptive conifer species in North
America (Depardieu et al., 2020; Royer-Tardif et al., 2021). The ab-
sence of susceptibility of trees to SMD towards the dry edge is con-
sistent with provenance trials conducted with this species, where

populations from drier origins had better growth resilience to ex-
treme drought events, compared with populations from relatively
wetter origins (Depardieu et al., 2020). Analyses of climate sensi-
tivity in provenance trial populations of Picea mariana also revealed
the presence of local adaptation (Girardin, Isabel, et al., 2021). The
strength of the positive association between increased annual bio-
mass and winter snowfall was strongly related to seed source MAP
(Girardin, Isabel, et al., 2021), which may echo the lack of a MAP
gradient effect on the sensitivity of this species noted here.

In the boreal hardwood tree Populus tremuloides, populations di-
verged in cold adaptation and fall leaf phenology marking a genetic
adaptation to frost (Ding & Brouard, 2022; Girardin et al., 2022). Since
the colder ecological optimum for this species will not match current
and future warmer climatic conditions (Ding & Brouard, 2022), the
greater sensitivity of growth to cold in the warm edge compared to
the cold edge may indicate a maladaptation and a potential decline of
local populations in the southernmost part of the range in this species.
Besides, Pinus contorta and Pseudotsuga menziesii are two widespread
tree species across a range of contrasting environments in western
Canada, with a genetic differentiation determined primarily by tem-
perature variables, except for high-elevation populations more associ-
ated with high precipitation (Liepe et al., 2016). The observed negative
growth response to SMD in coastal regions and positive ones in
mountains and mountain plateaus for Pinus contorta and Pseudotsuga
menziesii highlights the considerable heterogeneity in climate sensi-
tivity across their range, as previously described (Griesbauer & Scott
Green, 2010; McCullough et al., 2017). In the context of climate
change, our observations certainly indicate a more positive impact for
trees growing in cooler locations than in hot locations, where the neg-
ative effects of summer droughts may offset the positive effects of

higher annual temperatures (McLane et al., 2011).

5 | CONCLUSIONS

The present work underscores the need to use broadly distrib-
uted ecological datasets to enable accurate assessment of forest
response to climate change, in line with previous assessments (e.g.
Babst et al., 2019; Canham et al., 2018; Chagnon et al., 2022; Klesse
et al., 2020; Marchand et al., 2019). The majority of the data used
in this research consists of tree-ring measurements obtained from
national and provincial forest inventories, providing a more repre-
sentative source compared to the commonly employed international
database. We highlighted that climate sensitivity was not randomly
distributed in space but was largely related to the presence of focal
species. In a few species, differentiations in tree growth sensitiv-
ity were demonstrated at the cold/wet and hot/dry boundaries of
their distributions. Furthermore, the variation in climate sensitivity
with tree size we observed may indicate variability in acclimation
of trees throughout their lifetime. These variations will certainly
have a crucial role in the adaptive capacity of trees in a future cli-
mate. We recognize that our climate sensitivity analyses do not
allow us to discriminate between phenotypic acclimation versus
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genetic adaptation. Despite genetic local adaptation being a major
determinant of the adaptive capacity of populations to climate vari-
ation, to date it has only been incorporated in about 20 studies of
climate vulnerability in animals and plants (Capblancq et al., 2020),
and should be incorporated into climate change vulnerability assess-
ments (lkeda et al., 2017). Since productivity factors can vary with
stand demographics, changes in stand structure and forest composi-
tion with increasing stand disturbances will be critical to the future
sensitivity of forests to climate change. Integrating genomic data
across species' geographic range, along with stand demography, into
future climate sensitivity analyses will allow for a more accurate as-
sessment of climate sensitivity within ranges and will also provide a
better understanding of the underlying mechanisms of species' ac-

climation and adaptation to climate in a climate change perspective.
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Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1: Distribution of weather stations across Canada-USA
included in BioSIM software and covering in full or partly the period
of 1950 to 2018.

Figure S2: Interpreting the influence of the mean annual temperature
(MAT) gradient on the tree sensitivity to seasonal climate variability.
Figure S3: Heatmaps showing species-specific variations in the
magnitude of the growth sensitivity to cold-season frequency
of freeze days (FFD), summer moisture deficit (SMD) and vapour
pressure deficit (VPD) relative to the following interacting
explanatory variables: tree age, tree size, mean annual temperature
(MAT), mean annual precipitation (MAP), elevation, joint effects of
latitude and longitude (Spatial) and site random effects. SM D(T—l) and
VPD(H) are for the prior year to growth.

Figure S4: Summary of species-specific generalized additive models
(GAM) results for the effects of MAT and MAP at the cold and warm
edges (or wet and dry edges) of the tree species' sample distributions.
Figure S5: Isolated effects of covariate on the sensitivity t of growth
to FFD(T) for widespread tree species. Effects were determined
using generalized additive models (GAM) and are shown here by the
95% confidence intervals of smoothed (s) fits (zero-centred).

Figure Sé6: Isolated effects of covariate on the sensitivity t of growth
to SMD(T-1) for widespread tree species.

Figure S7: Isolated effects of covariate on the sensitivity t of growth
to SMD(T) for widespread tree species.

Figure S8: Isolated effects of covariate on the sensitivity t of growth
to VPD(T-1) for widespread tree species.
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Figure S9: Isolated effects of covariate on the sensitivity t of growth
to VPD(T) for widespread tree species.

Figure S10: Kernel density plots illustrating the distributions of tree
samples by diameter at breast height (DBH) for the entire studied
species (a), as well as individual species such as Picea mariana (b),
Picea glauca (c), Pinus banksiana (d), Populus tremuloides (e), Pinus
contorta (f), Pseudotsuga menziesii (g), Picea engelmannii (h), Abies

balsamea (i), Betula papyrifera (j) Larix laricina (k).
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