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HIGHLIGHTS GRAPHICAL ABSTRACT

e Drought episodes impact negatively
white spruce growth in North America.

e A multi-proxy approach was used to
assess the intraspecific genetic variation
in drought response.

e A reduction of stomatal conductance
explained the increase in water-use ef-
ficlency of trees wunder drought
conditions.

e Different water-use strategies were
observed among trees within
populations.

e Trees with higher drought-resilient
growth capacity restored water effi-
ciency more effectively.

Contrasting physiological strategies explain heterogeneous respe

Study of 29 families of white spruce from 11 local populations
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mature white spruce (Picea glauca [Moench] Voss) families grown in a common garden trial. During the drought
episode, the majority of families displayed decreased growth and exhibited either sustained or increased intrinsic
water-use efficiency (iWUE), which was largely influenced by reduced stomatal conductance as revealed by the
dual carbon-oxygen isotope approach. Different water-use strategies were detected within white spruce pop-

ulations in response to drought conditions. Our results revealed intraspecific variation in the prevailing physi-
ological mechanisms underlying drought response within and among populations of Picea glauca. The presence of
different genetic groups reflecting diverse water-use strategies within this largely-distributed conifer is likely to
lessen the negative effects of drought and decrease the overall forest ecosystems' sensitivity to it.

1. Introduction

Acute and chronic droughts induced by climate change are affecting
more frequently terrestrial ecosystems, with a strong impact on
temperate and boreal forests (IPCC, 2021; Reich et al., 2018; Vicente-
Serrano et al., 2020). In such conditions, tree resilience, which refers to
the capacity to withstand and recover from environmental disturbance,
becomes increasingly critical in determining their long-term viability
and productivity (Ingrisch and Bahn, 2018; Lloret et al., 2011). While
this topic has received increased attention recently (Gessler et al., 2018;
Nikinmaa et al., 2020), the exact physiological mechanisms enabling
trees to resist and recover from severe droughts still need to be better
comprehended (Brodribb et al., 2020). At issue is the rarity of studies
about multi-scale physiological effects from drought episodes as well as
the challenges caused by the multiple facets of water stresses (e.g.,
timing, duration, severity, frequency), which can affect tree resilience
(Aldea et al., 2022; Gessler et al., 2020; Ruehr et al., 2019). In this
context, the need for thorough investigations of tree resilience in the
context of forests and ecosystems facing ongoing climate change re-
mains critical (Ibanez et al., 2019).

Past research indicated that hydraulic failure and carbon starvation
are the two main physiological processes involved in trees' response to
drought (Hammond et al., 2019; McDowell et al., 2008). Hydraulic
failure, which is induced by limited soil water availability and a high
evaporative demand, generally translates into loss of hydraulic contact
between soil and roots (Carminati and Javaux, 2020), xylem cavitation,
loss of xylem hydraulic conductance and lethal tissue dehydration
(Sevanto et al., 2014). Carbon starvation during drought occurs when
water scarcity limits the plant's ability to photosynthesize, leading to
reduced carbon assimilation and subsequently affecting crucial physio-
logical processes such as growth and energy production (McDowell and
Sevanto, 2010). Both carbon deprivation and water loss exert significant
impacts on tree vitality, and recent studies converged to indicate hy-
draulic failure as the main cause of drought-induced tree mortality
(Adams et al., 2017; Arend et al., 2021). Previous studies reported that
post-drought recovery is no longer possible once the water status has
exceeded thresholds of hydraulic impairment due to embolism, con-
firming the pivotal role of water relations in governing drought response
(Brodribb and Cochard, 2009; Choat et al., 2018). Although the capacity
to recover physiological function following drought represents a key
dimension of tree resilience (Ingrisch and Bahn, 2018), post-drought
dynamics and the interaction of carbon and water relations are still
poorly understood in woody plants (Munson et al., 2021; Ruehr et al.,
2019).

The intrinsic water-use efficiency, that is, the amount of carbon
required per unit of water lost, is one major metric to assess drought
adaptation in trees (iWUE, Guy and Holowachuk, 2001). Long-term and
annual-based changes of iWUE can be inferred by tree-ring records,
given that the isotopic discrimination against 13C in leaves (which in
turn depends on both determinants of iWUE, stomatal conductance (gs)
and net photosynthetic CO4 assimilation rate (A) (Farquhar et al., 1982)
is reflected in the stable carbon isotope ratio in wood. Thus, iWUE
estimated from §'°C wood sample values represents an integrated
measure of plant physiological properties during carbon fixation (Far-
quhar and Richards, 1984; Farquhar et al., 1982). Although informative,

the use of 5'3C alone remains insufficient to determine the source of
iWUE variation, i.e., differences in g5 and-or A (Farquhar and Richards,
1984). The dual-isotope approach, where both §'80 and §'3C variations
in tree rings are analyzed, is a powerful tool to discriminate between
water and carbon limitations under drought conditions, given that §!%0
values share a dependence on stomatal conductance with plant §'C, but
remain unaffected by changes in photosynthesis (Scheidegger et al.,
2000). Various studies used this approach to better understand the
physiological processes involved in growth response to severe droughts
(Isaac-Renton et al., 2018) and drought-induced tree dieback (Puchi
et al., 2021; Voltas et al., 2013; Wang et al., 2021). A recent conceptual
model based on long-term synchronic assessments of growth pattern and
dual-isotope information suggests that tree mortality is induced mainly
by carbon starvation for trees exhibiting long-lasting gas exchange and
growth decline, whereas hydraulic failure would be the main cause of
tree death when rapid or no decline of both stomatal conductance and
growth prior to death is observed (Gessler et al., 2018). While some
empirical observations agree with the predictions of this model (Voelker
et al., 2019), other studies suggest that hydraulic failure is a universal
component of the physiological processes that precede tree death (Nolan
et al., 2021). Given that recovery emerges as a more dependable pre-
dictor of mortality than growth-based resistance in certain conifer spe-
cies (DeSoto et al., 2020), further research appears essential to enhance
our understanding of the various tree recovery strategies following se-
vere drought.

Intraspecific genetic variation in drought response is a key deter-
minant of the persistence of tree species in the face of climate change, as
it allows for natural selection in the wild but also, it enables the selection
of individuals, families or populations to increase drought resilience in
tree breeding programs (Laverdiere et al., 2022). In coniferous species,
numerous studies based on tree-ring data from common garden exper-
iments have revealed the presence of adaptive genetic variation in
growth response to severe drought (George et al., 2019; Schueler et al.,
2021; Zas et al., 2020), resource use efficiency and photosynthetic rates
(Benomar et al., 2016; Isaac-Renton et al., 2018; Zhang and Cregg,
1996), and wood anatomical features (Depardieu et al., 2020). Genome-
wide associations or candidate gene approaches revealed a genetic basis
for these different types of features, thus of potential usefulness in
breeding and selection applications (Housset et al., 2018; De La Torre
et al.,, 2022; Depardieu et al., 2021). Despite this knowledge, traits
related to drought sensitivity or tolerance at the individual or family
level are still poorly documented, and their potential role in differential
genetic adaptation within populations of single species remains to be
explored.

White spruce (Picea glauca (Moench) Voss) is one of the most wide-
spread conifer species of the temperate and boreal forests of North
America, and it generally exhibits high genetic variation within and
among populations in growth, wood quality and adaptive capacity
(Depardieu et al., 2020; Hassegawa et al., 2020; Li et al., 1993, 1997;
Royer-Tardif et al., 2021). Previous studies identified that white spruce's
growth was sensitive to warming and increased drought frequency ex-
pected under climate change projections (Lapenis et al., 2022; Mirabel
et al., 2023; Peng et al., 2011; Sang et al., 2019). A recent report high-
lighted a low stomatal response to drought among provenances collected
across Canada, alongside similar growth resilience across the studied
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provenances (Sinclair, 2019). Similar limited potential for other key
physiological parameters to cope with temperature warming was also
observed (Benomar et al.,, 2018). In the context of more frequent
droughts under a warming and more unstable climate, these findings
suggest an inevitable decline owing to the populations' limited adaptive
capacity, on average (Hogg et al., 2017). However, our earlier study in
eastern Canada revealed a distinct trend in local genetic adaptation:
populations originating from drier climates exhibited greater resilience
to severe drought compared to those from more humid regions
(Depardieu et al., 2020). The severe drought episode of 2001-2002, led
to a significant decrease in tree growth, ranging from 15 to 21 %
(Depardieu et al., 2020). Yet, following the drought, noticeable growth
recovery was observed in trees as early as 2003. The tested populations
displayed variations in recovery and growth resilience, both of which
were heritable traits showing substantial genetic diversity among
provenances and among families within these provenances. In this
study, to further gain insight into the physiological processes underlying
variation in drought resilience in white spruce, we carried out a multi-
proxy and retrospective analysis of growth, wood anatomical traits, and
tree-ring stable isotopes in response to the major drought episode of
2001-2002 in eastern Canada. By studying 29 spruce families in
conjunction with this integrative approach, we aimed to (1) identify the
physiological mechanisms (i.e., the control of stomata aperture and
photosynthesis) involved in response, recovery, and resilience to severe
drought (Fig. 1), (2) determine which of carbon starvation or water
stress is the dominant response to drought stress within and among
white spruce provenances, and (3) analyze the selection potential for
high iWUE while maintaining growth productivity in this species.

2. Material and methods
2.1. Experimental design
The common garden experiment used in this study was established

by the Canadian Forest Service in 1979 near the locality of Mastigouche,
Quebec, Canada (Lat. 46°38' N, Long. 73°13' W, elevation 230 m). The
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experiment utilized 4-year-old open-pollinated seedlings sourced from
43 white spruce provenances, representing the geographic locations
where tree seeds were collected back in the 1960s (Figure SM1 in
Methods 1; Table S1). These seedlings were planted at a spacing of 1.2
m, with 2.4 m between each row. The experimental design consisted of a
randomized complete block design. To assess the extent of genetic
variability in growth and physiological resistance in this study, we
selected eleven white spruce populations growing in the trial that
exhibited contrasting growth responses to the 2001-2002 severe
drought episode in eastern Canada (Methods S1). Within each popula-
tion, 2 to 4 distinct groups of trees, with each group corresponding to an
open-pollinated family thus with a mother tree in common (half-sib
family), were selected for phenotypic and genetic analyzes based on
their resilience indices (Figure SM1C-D in Methods S1). This selection
aimed to maximize differences between families, ensuring a represen-
tative sample that reflected the observed genetic variation in the com-
plete dataset. The seed sources and half-sib families studied here were
distributed along gradients of soil moisture and mean annual tempera-
ture in the province of Québec, Canada (Table S1). A total of 123 trees
from 29 half-sib families were sampled and analyzed for growth, iso-
topic values, and wood anatomy (Table S2). Families were each repre-
sented by 3 to 9 trees.

2.2. Tree growth and wood anatomy

Long-term growth traits such as tree height (H) and stem diameter at
breast height (DBH) were measured at 38 years of age during summer
2017. Xylem traits were measured from a 12-mm wood increment core
extracted around breast height from each tree in 2006 and further
processed as previously described (see Beaulieu et al., 2020). Wood
traits were obtained by combining image analysis, x-ray densitometry
and diffractometry at the FPInnovations facilities (Vancouver, BC,
Canada) using the SilviScan technology. The ring width and simple cell-
wall thickness (WT) were measured at consecutive radial intervals of 25
pm. Cross-dating quality was validated using the program COFECHA, by
moving correlations between individual series and a reference mean
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Fig. 1. Tree-ring isotope-based conceptual framework used in this study. (A) Conceptual application of the model proposed by Gessler et al. (2018) and adapted for
white spruce trees, showing growth and isotope composition ratios between non-drought and drought years. The growth ratios are plotted against the 5'3C ratio (5'°C
resistance) resulting in four quadrants indicating four hypothezised patterns, that is. a maintained growth and decreased water-use efficiency (WUE) (Strategy 1: blue
square), maintained growth and increased WUE (Strategy 2: turquoise square), a reduced growth and decreased WUE (Strategy 3: orange square), and a reduced
growth and increased intrinsic water-use efficiency (Strategy 4: red square). (B) Conceptual application of the Scheidegger/Grams models (adapted from Scheidegger
et al., 2000). Changes in 5'3C response to environmental fluctuations are plotted against the 5!%0 changes. Small inserts indicate the interpretation of each 'C-5'%0
combination, in terms of changes in net photosynthesis (A) and stomatal conductance (gs). The alternative interpretation for the orange and light blue scenarios are

indicated by dashed lines (Grams et al., 2007).
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series or site chronology (Holmes, 1983). Ring-width series were con-
verted to ring-area series (basal area increments, BAI) based on the
distance between the innermost measured ring and the pith of the tree
(dpIR R package; Bunn, 2008). The wood resistance (WR), that is, the
latewood proportion of ring width, was calculated for each ring and
expressed in percentage. In conifers, latewood was found more vulner-
able to embolism than earlywood, meaning that a higher proportion of
latewood would likely lead to an increase in vulnerability to embolism
(Martinez-Meier et al., 2008). The cell wall reinforcement (CWR), a
measure reflecting xylem resistance to drought-induced embolism
(Hacke et al., 2001), was calculated as the ratio of tracheid wall to lumen
diameter, squared, in both radial and tangential directions. Lumen
diameter (LD) was estimated using LD = TD - CWT, with TD indicating
tracheid diameter and CWT representing cell wall thickness (CWT =
2*WT), assessed radially and tangentially. The average lumen diameter
and cell wall reinforcement were subsequently calculated as the mean
values derived from radial and tangential parameters.

Principal component analysis (PCA) was conducted to select the
most representative growth and anatomical traits, given that the
measured traits can be highly correlated. The analysis was based on a
correlation matrix of all the measured and derived traits, and consid-
ering the 2000-2004 period. The overall significance of the PCA, of each
PC axis and of the contribution of each trait to the significant axes was
determined using the PCAtest R package (Camargo, 2022). PCA plot was
then generated to display the similarities among the tested traits.

2.3. Isotope analyzes

2.3.1. Pilot study: determining the most suitable methodology for isotopic
measurements

Given the efficacy of whole-wood samples as substitutes for cellulose
in assessing the influences of climate variation on tree-ring 5!3C and
880 values in short-term ecophysiological and dendrochronological
studies (Isaac-Renton et al., 2018; Weigt et al., 2015), we conducted a
pilot study to ascertain if whole wood was adequate for isotopic analysis
of white spruce samples, which would avoid the need for cumbersome
cellulose extractions on large number of samples (see Methods S2).
Strong correlations of isotope measurements between whole wood and
cellulose were observed (r = 0.96 for 580 and 0.97 for 613C; Fig. MS2 in
Methods S2), thus eliminating the need for cellulose extraction in our
study, and validating the direct assessment of isotopic values from whole
wood samples.

2.3.2. Isotope measurements

Two 5 mm cores were taken from each tree at breast height in the
south and north directions of the stems at the end of the 2017 and 2018
growing seasons. Annual-based rings were separated from both wood
cores for each tree and cut into thin slices using a razor blade and a
binocular (Methods S3). Thin wood slices were then ground using the
RETSCH Mixer Mill MM 400 (Fisher Scientific, Canada). Finally, wood
samples were weighed into tin (carbon) or silver (oxygen) capsules for
elemental analyses and mass spectrometry.

Individual 5'3C and 6'®0 measurements were performed on bulk-
wood with an annual resolution for the years 2000-2004. This period
included the major 2001-2002 drought event (Wheaton et al., 2008;
Fig. S1) where white spruce populations differed in their growth re-
sponses (see Depardieu et al., 2020). Isotopic values were measured on a
total of 1230 whole wood samples at the Delta-Lab of the Geological
Survey of Canada (Quebec City, QC, Canada). Homogenized wood
powder samples were analyzed using an elemental analyzer (Costech,
Valencia, CA, USA) for 5'3C values and a thermal conversion elemental
analyzer (Thermo Finnigan, Bremen, Germany) for 580 measurements,
coupled to an isotope ratio mass spectrometer (Delta Plus XL; Thermo
Finnigan, Bremen, Germany). Calibration for '>C and §'30 results was
done based on international (IAEA-CO-1, LSVEC, IAEA-CH-6 for 5'3C
and IAEA-602, IAEA-CH-6, USGS-56 for 6180), and in-house standards

Science of the Total Environment 923 (2024) 171174

and referenced to VPDB for §'2C and to VSMOW for 5'80. The analytic
precision is of 0.1 and 0.2 %o, respectively.

The ratios of the heavier to lighter isotopes (R) are reported using the
‘6’ notation in peer mil (%o) as follow:

Risolopc = [(Rsamp]c/chfcrcncc) -1 } 1000 (@)
where Rsample and Rreference are the isotopic ratios of the sample and the
international standard, respectively.

2.3.3. iWUE inferred from carbon isotope discrimination

We calculated several proxies reflecting changes in water use, such as
the carbon isotope ratio (8'3C) in tree rings, the carbon isotope
discrimination A'C and the intrinsic water-use efficiency iWUE. The
A'3C is generally used as a reliable proxy for iWUE of photosynthesis
(Kruse et al., 2012), and is here examined in tree-ring wood samples to
get insights into changes in gas exchange physiology. The A3C values
were calculated with the following equation:

APC = (8”Cyno=0"C) /(1 +8"C/1000) 2

where A'3C is the carbon isotope discrimination (%o), 5'3Catmo is the
isotopic value of atmospheric CO5 and 513C is the isotopic value of the
whole wood formed that year (Fig. S2). The A'>C was calculated using
annual estimates of §'3C,m, obtained from the literature (see Graven
et al., 2017).

To gain further insights into changes in gas exchange physiology
over time, we calculated the ratio of intercellular to atmospheric [CO2]
(ci/ca) from the A3C values (Farquhar et al., 1982):

¢i/ca=(APC—a)/(b—a) 3

where a is the fractionation associated with CO, diffusion through the
stomata (a = 4.4 %o), b is the fractionation during carboxylation (b = 27
%o). The ¢; value was calculated using the growing season c, (i.e. the
average of monthly-based values, from May to October included), which
was obtained from direct measurements of atmospheric CO; levels
recorded at Mauna Loa, Hawaii (see Keeling et al., 2009; https://cdiac.
ess-dive.lbl.gov/trends/co2/sio-mlo.html).

To further examine changes in the balance between photosynthesis
(A) and stomatal conductance (gs) over time, we also calculated the
intrinsic water-use efficiency (iWUE) with the following equation (Far-
quhar et al., 1982):

iWUE=A/g, = (c,—c)/1.6 ©)]

2.3.4. Oxygen isotope analyses
Oxygen isotope discrimination in tree rings (AwOrmg) was calculated
according to Cheesman and Cernusak (2017):

180 — 8180P;
AlSO:S 80 — 8180Prec )

8180Prec
1+ < 1000 )

where 8'%0 is the oxygen isotope composition measured in tree rings,
while 5'80pec is the 5180 of precipitation (assumed to equal source
water), which we estimated as described below. Given that the plots
were spatially collocated and trees were of the same age, we assumed
that the source water slsoprec was similar for all the sampled trees.

We estimated annual values of precipitation 5180 (5'%0prec) at the
common garden site as previously described by Barbour et al. (2001), by
using the following equation:

8" Opyee = 0.52 Ta— 0.006 Ta> 4 2.42 Pa — 1.43 Pa> —0.046\/E— 13 (6)

where Ta, Pa and E are the annual temperature, precipitation (this latter
expressed in m) and elevation (m asl), respectively. The elevation of the
Mastigouche common garden site is 230 m.
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2.4. Quantification of drought response of growth, wood anatomy and
isotopic values

Components of tree resilience such as resistance (Rs), recovery (Rc)
and resilience (Rl) were calculated based on tree growth rates, as pre-
viously described by Lloret et al. (2011). Resistance (Rs) describes a
tree's ability to absorb changes in radial growth due to drought and was
calculated as the ratio of BAI during the drought event to BAI before the
event. Recovery (Rc) represents the capacity of tree growth to rebound
after the drought and was calculated as the ratio of BAI after the event to
BAI during the event. Lastly, resilience (R1) indicates the tree's ability to
return to pre-drought growth rates and was calculated by dividing post-
drought BAI values by pre-drought BAI values. Those three resilience
indices (Rs, Rc and Rl) were also calculated for the water-use efficiency
(iWUE), growth and wood anatomical traits to further quantify their
response to the severe 2001-2002 drought episode. Rs, Rc and Rl were
calculated considering a 1-year period drought event (2002; see
Depardieu et al., 2020 for details), while two consecutive years defined
the pre-drought (2000—2001) and the post-drought (2003-2004) pe-
riods. Concomitant changes of BAI and iWUE were interpreted accord-
ing to the conceptual model proposed by Gessler et al. (2018) (Fig. 1A).

The mean 5'3C and §'%0 changes between drought and pre-drought
years, which are reflecting the isotopic responses to drought, were
calculated as Rs_8'3C = 8!%Cdrought - 5'%Cpre-drought and Rs_5'%0 =
5180drought 5180pre-drought, respectively. Similarly, isotopic
changes during the recovery phase were calculated as Rc 8'3C =
813Cpost-drought - 8'3Cdrought and Rc_6'%0 = §'%0post-drought -
5180drought. Isotopic variation between pre-drought and post-drought
years were also quantified and defined as RI_ '°C = §'®Cpost-drought
- 8'3Cpre-drought and R1_5'80 = 5'®0post-drought - §'%0pre-drought.

A
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Isotope reaction patterns between two time periods were then inter-
preted into changes of g5 and A, according to the conceptual models
developed by Scheidegger and Grams (Grams et al., 2007; Scheidegger
et al., 2000; Fig. 2B). The means and standard errors for comparisons of
resilience components among families, and the ANOVA outcomes for
family effects are presented in Table S6.

To test whether drought had a consistent effect on the isotope ratios
for each white spruce family, one-sample t-tests were used to determine
whether §'°C and §'%0 response, recovery, and resilience differed
significantly from zero. The same methodology was applied for the three
resilience components calculated from iWUE and BAI, and considering a
baseline mean of 1 for the t-tests. A significant t-test with a family mean
>1 would indicate an increase in water-use efficiency or radial growth,
while the opposite would apply if the mean was <1. To address the plot
effect and prevent pseudo-replication, we averaged values within each
plot before conducting t-tests. To reduce potential biases in our recovery
findings due to autocorrelation structures, we analyzed the relationship
between growth resilience indices and individual tree autocorrelation
coefficients (using the acf function in the stats R package). This pre-
caution was taken because stronger autocorrelation might create a
lasting impact, potentially obscuring our ability to detect legacy effects
after rare weather events (Klesse et al., 2023). However, upon thorough
review, we confirmed that our results remained unaffected by this spe-
cific autocorrelation-related bias, as we found no significant correlation
between the resilience indices and the autocorrelation coefficients.

2.5. Quantitative genetic analyses

The effects of genetics, time, and drought were tested by fitting an
individual-tree linear mixed model using the realized additive genomic
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Fig. 2. Tree-ring traits analyzed in this study. (A) Cross-section of a white spruce trunk (left), microscopic wood anatomy (center), and calculation of derived
variables (right). Photo credit: Martine Blais (Natural Resources Canada) and Claire Depardieu (Univ. Laval). (B) Selection of tree-ring traits as representative for
growth-related and hydraulic-related groups. Scatterplots of the first two principal components PC1 and PC2 calculated based on provenance (left) and family (right)
means of growth indices and wood anatomy. Abbreviations are as follows: RW: ring width; BAIL: basal area increment; LDr: radial and tangential lumen diameter,
respectively; CWT: cell wall thickness; CWRr and CWRt: radial and tangential cell wall reinforcement, respectively; H: height; DBH: diameter at breast height; WR:

latewood percentage of ring width, or wood resistance.
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relationship matrix (G-matrix) using ASReml-R v.4.1 (“GBLUP model”;
Butler et al., 2017; see Tables S3 and S4). The G-matrix was computed
from 6140 single nucleotide polymorphism markers (Depardieu et al.,
2021) using the ‘A.mat’ function of the rreLuP R package (Endelman and
Jannink, 2012) with the default options. The following individual-tree
linear mixed models were fitted:

y = Xp+Zp(year) + Za(year) +e 7)

where y is the phenotypic observed values; f is a vector of fixed effects
including the overall mean, the year, and the block within year effects.
The plot effect was nested within year and was defined as p(year) ~ N(0,
V, ® I,). The random additive genetic effect was nested within year and
defined using the G-matrix as a(year) ~ N(0, V,® G). The X and Z
matrices are incidence matrices of their corresponding effects, I, is an
identity matrix of dimension p (107 plots), and the symbol ® is the
Kronecker product. Given the repeated measures on the same increment
core, the error term was assumed to be e ~ N(0,; ® R) where I; is an
identity matrix of dimension I (123 trees), R represents a first-order
heterogeneous autoregressive correlation structure (AR1H) on time of
dimension 5 x 5 years. Similarly, the matrices V, and V, represented 5
x 5 variance-covariance matrices defined by the variances within years,
and the correlation of variances across years for the plot and additive
genetic effects, respectively. For these two matrices, we tested various
variance-covariance structures, namely the identity (ID), diagonal
(DIAG), compound symmetry (CS), uniform heterogeneous (CORH), and
the first-order heterogeneous autoregressive (AR1H). These variance-
covariance structure can be represented as follow:

2 - 0 or - 0
ID=|: -~ :|[;DIAG=]|: -~ |[;
e 2
0 o 0 - o’%
o’ P 0} P
CS = : |;CORH =
>
P e O P .ee (yg
g »
ARIH = :
P o5

The ID and CS structure fitted a uniform within-year variance 6. The
DIAG, CORH, and AR1H fitted heterogeneous within-year variances
from year 2000 (6?) to year 2004 (cZ). The CS and CORH fitted a uni-
form correlation across years p, while the AR1H fitted a first-order
autoregressive correlation. The best model was chosen based on the
Aikaike information criterion (AIC) (Tables S3 and S4). Since resilience
components (e.g., resistance, recovery, and resilience traits) were not
analyzed for distinct years, the plot, additive genetic, and error terms

were specified as p ~ N(O,agll,), a ~N(0,62G), and e ~N(0,62I,),
respectively.

The individual narrow-sense heritability 12 estimates, that is, the
proportion of phenotypic variance that is accounted for by the additive
genetic variance, were calculated as:

o2
h=s—— (€)]
o, + o0, + o0,
where 0_3, E, and o—_Z are the average plot, additive genetic, and residual

variances across years, respectively. Standard errors of heritability es-
timates were obtained using the delta method (vpredict function from the
AsReML-R package version 4.1). Given the relatively small heritability
estimates and nonsignificant additive genetic variances found for most
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of the resilience components, only traits with significant heritability
estimates are presented in the results.

Genetic and phenotypic correlations were estimated using a bivar-
iate model (for details see Methods S4), using mean phenotypic values
for the 2000-2004 period. Genetic correlations between traits are solely
contingent on the correlation of additive genetic effects, whereas
phenotypic relationships hinge on both additive genetic and environ-
mental effects. Correlations were visualized by generating matrices
using the R corrplot package (Wei and Simko, 2017).

All data analyses were performed using Rstudio (R Core Team,
2022). In all cases, the normality of the data was previously checked and
either square root, logarithmic, or logit transformations were applied
whenever necessary. The quality of fit was assessed using residual dis-
tribution plots obtained using qqnorm plots of standardized residuals
against quantiles of standard normal. Model parameters were estimated
with the restricted maximum likelihood method (REML).

3. Results

3.1. Selection of anatomical and growth-related traits for detailed
analysis

This study first evaluated growth-related traits such as basal area
increment (BAI), ring width (RW), height (H), and diameter at breast
height (DBH) (see Table 1 for detailed abbreviations; Fig. 2A). Addi-
tionally, we assessed wood anatomical traits such as wood resistance
(WR), wood density (WD), cell wall thickness (CWT), along with the
radial, tangential, and mean components of cell wall reinforcement
(CWR) and lumen diameter (LD) (Table 1; Fig. 2A). The PCA revealed
that the principal component PC1 was significant and accounted for
64.1 % of the total variation, while PC2 accounted for 15.9 % of the total
variation (Fig. 2B). Three groups were identified, with the first group
gathering growth-related (BAI, RW) and hydraulic-related (LD, LDr)
traits, a second group containing the more long-term cumulative growth
indicators such H and DBH, and a third group containing radial,
tangential, and mean components of cell wall reinforcement (CWRt,
CWRr, and CWR) and CWT (Fig. 2B). Upon these findings, we identified
basal area increment (BAI) and height (H) as well representative of
spruce growth, and we considered wood resistance (WR), radial cell wall
reinforcement, and lumen diameter (CWRr and LDr) as deemed relevant
hydraulic-related traits. CWRr and LDr were chosen considering their
marginally higher heritability than CWR and LD (Depardieu et al.,
2020). As the only trait linking hydraulics with carbon use, CWT was
also retained for further analyses.

3.2. Annual variation of representative wood traits and stable isotopes

Family-averaged annual changes in BAI, isotopic parameters (520,
5'3C, and iWUE), and representative wood characteristics (WR, CWRr,
LDr, and CWT) are presented in Fig. 3. The summer drought conditions
in 2002 (Fig. S1) resulted in a decrease in radial growth for all families in
2002 (Fig. 3A), which was accompanied by a reduction of radial lumen
diameter (LDr) and increases in radial cell wall reinforcement (CWRr)
and latewood percentage (WR; Fig. 3F-H). The iWUE, 6180, and 8'3C
values notably increased in 2002 across the majority of white spruce
families (Fig. 3B-D). During the post-drought recovery period in 2003
and 2004, growth resumed its upward trend (Fig. 3A and F), while radial
cell wall reinforcement, wood resistance, 6180, and 5'3C values either
decreased or stabilized (Fig. 3G-H and 3C-D, respectively).

3.3. Response, recovery and resilience of white spruce families to drought

The concomitant changes in the growth and water-use efficiency of
families on the one hand, and in their carbon and oxygen isotopes on the
other, are presented in Fig. 4. Except for four families (68, 121, 169 and
176), all families reduced their growth and maintained or even



C. Depardieu et al.

Table 1
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Overview of the traits analyzed in this study. Trait type, name, and description are reported for the representative measured traits and the calculated tree-ring traits.
Basic statistics such as the mean, standard deviation (SD) and the coefficient of variation (CV) are presented below. For traits measured annually, averages were
calculated from the average of the trait measured over the 2000-2004 period (that is, BAI, RW, CWT, WD, LDr, CWRr, WR, §'80, 5!°C, and iWUE).

Trait type Abbreviation Trait description Units Mean SD Ccv
Growth-related RW Ring width mm 2.76 0.72 26.12
BAI Basal area increment mm? 862.10 401.12 46.53
H Height (measured 38 y-0) cm 1381.14 216.08 15.64
BAl1999_2017 Long-term radial growth performance mm? 702.09 349.95 49.84
Wood anatomy CWT Cell wall thickness pm 4.23 0.38 9.02
WD Wood density kg-m 3 414.06 37.10 8.96
LDr Radial lumen diameter pm 25.90 2.07 8.00
LDt Tangential lumen diameter pm 23.79 1.64 6.90
LD Average lumen diameter pm 24.84 1.60 6.44
CWRr Radial cell wall reinforcement pm 2.79 0.77 27.45
CWRt Tangential cell wall reinforcement pm 3.24 0.75 23.06
CWR Average cell wall reinforcement pm 3.02 0.73 24.10
WR Latewood proportion of ring width, or wood resistance % 0.14 0.04 27.68
Physiology-related 5'%0 Oxygen isotopic ratio Yo 21.93 0.54 2.48
51%C Carbon isotopic ratio %o -25.91 0.54 -2.10
iWUE Intrinsic water-use efficiency pmol.mol * 90.06 5.90 6.56
Drought response Rs_BAI Growth resistance unitless 0.69 0.10 14.99
Rc_BAI Growth recovery unitless 1.19 0.31 26.18
RI_BAI Growth resilience unitless 0.82 0.23 28.46
Rs_CWT Response of cell wall thickness to drought unitless 1.02 0.05 5.09
Rc CWT Recovery of cell wall thickness after drought unitless 1.05 0.06 5.65
RILCWT Resilience of cell wall thickness unitless 1.07 0.05 5.08
Rs_LDr Response of radial lumen diameter to drought unitless 0.94 0.04 3.89
Re_LDr Recovery of radial lumen diameter after drought unitless 1.02 0.04 3.92
R1_LDr Resilience of radial lumen diameter unitless 0.97 0.04 4.00
Rs_CWRr Response of radial cell wall reinforcement to drought unitless 1.18 0.17 14.61
Rc_CWRr Recovery of radial cell wall reinforcement after drought unitless 1.07 0.16 14.98
RI_CWRr Resilience of radial cell wall reinforcement unitless 1.23 0.19 15.15
Rs_WR Response of wood resistance to drought unitless 1.70 0.73 43.07
Rc_WR Recovery of wood resistance after drought unitless 1.11 0.49 44.37
RLLWR Resilience of wood resistance unitless 1.63 0.38 23.17
Rs_iWUE Response of intrinsic water-use efficiency to drought unitless 1.06 0.07 7.11
Rc_iWUE Recovery of intrinsic water-use efficiency after drought unitless 0.98 0.07 6.98
RLIWUE Resilience of intrinsic water-use efficiency unitless 1.03 0.05 4.79
Isotopic drought sensitivity Rs_8'%C 5'3C changes in response to drought %o 0.36 0.60 167.15
Re_8'%C 5'3C changes during the recovery period %o —-0.36 0.54 —~150.66
RL8'C 5'3C changes between the pre-drought and post-drought periods Yoo 0.01 0.39 48,565.69
Rs_5'%0 580 changes in response to drought %o 0.45 0.95 209.77
Rc_8'%0 580 changes during the recovery period %o —0.55 0.91 ~165.02
RL5'%0 580 changes between the pre-drought and post-drought periods Yo —0.09 0.65 —749.99

increased their water-use efficiency in response to drought (Fig. 4A;
Table S6). Growth resistance was strictly <1 and differed significantly
between families (Rs_BAL Fig. 4A; Tables S4 and S5). All families except
121 had increased mean iWUE values in response to drought, with
families 51, 124, 167 and 180 exhibiting consistent increases in iWUE
(Table S6). Variation in 8'°C and §'%0 values suggested that for most
families, the stress response resulted in a reduction in stomatal
conductance gs, sometimes coupled (families 66, 67, and 121) with a
reduction in net assimilation A (Fig. 4B).

After the drought episode, the mean growth recovery was not
significantly different from 1 for all families, except for family 68 which
had a significantly greater recovery than the other families, and family
215 which exhibited a further growth reduction during the post-stress
period (Fig. 4C). Values of iWUE recovery (Rc_iWUE) were particu-
larly low for families 36, 67, 124, and 207 (Fig. 4C; Table S6). An in-
crease in gg potentially coupled with an increase in A was observed for
most families, except for families 170 and 121 (Fig. 4D). Low 5%
values were consistently observed for families 67, 70, 125, 210 and 214,
while families 36, 51, 124, 167, 207 and 214 exhibited a pronounced
reduction of 5'3C values (Fig. 4D; Table S6).

Variations in growth resilience were evident across the studied
families (Fig. 4E). t-tests indicated that seven families exhibited growth
resilience values consistently below 1 (specifically families 49, 70, 124,
138, 210, 214, and 215; Fig. 4E and Table S5). A consistent adjustment
in water-use efficiency to cope with stress conditions was observed for
five families (i.e., 51, 68, 125, 140 and 167) with mean RI_iWUE values

strictly >1 (Fig. 4E; Table S6). With regard to the concurrent variation in
5'3C and 520, the family means were dispersed across four scenarios or
distinct physiological strategies, as illustrated in Fig. 4F. Variations in
iWUE before and after the water stress period for families 51 and 68,
showcasing the greatest resilience in growth and water-use efficiency,
are attributed to a decrease in stomatal conductance, possibly linked
with a decline in net assimilation (Fig. 4E-F). On the contrary, families
124 and 215, which were the least resilient for growth and WUE, showed
a physiological balance corresponding to a higher stomatal conductance
and/or assimilation in the post-stress period compared to the pre-stress
period.

3.4. Genetic parameters and correlations between traits

Both phenotypic and genetic correlations revealed an absence of
correlation between water-use efficiency (iWUE) and growth indicators
(i.e. BAI, H, and BAI_1999 _2017; Fig. 5). However, positive correlations
were observed between iWUE and both resistance and resilience com-
ponents of CWRr and CWT (Fig. 5A and B). Growth resilience (R1_BAI)
was negatively correlated with the two embolism proxies (e.g. CWRr and
WR; Fig. 5A and B). R1_BAI was also negatively associated with CWT.
Both phenotypic and genetic correlations revealed that greater growth
resilience was associated with a greater ability to modulate their iWUE
in response to drought (i.e. higher R1_iWUE).

Narrow-sense heritability estimates (H?) were significant for all traits
repeated over time, with CWRr and LDr being the most heritable traits
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Fig. 3. Temporal trends of families' values for growth, wood anatomy, isotopic values and water-use efficiency for the period 2000-2004. Variation in basal area
increment (BAI) is presented in panel A. The water—use efficiency (iWUE), carbon and oxygen isotopic values are presented in panels B—D. The representative wood
anatomical traits are the double cell wall thickness (CWT; E), radial lumen diameter (LDr; F), radial cell wall reinforcement (CWRr; G), and wood resistance (WR; H).

In this figure, families belonging to the same population have similar color.

(0.77 < K < 0.79), followed by iWUE and the three growth resilience
components (0.62 < W< 0.78). CWT and 5180 were the least heritable
traits (h2 = 0.20 and h? = 0.25, respectively; Table 2).

4. Discussion

In this study, we used a multi-parameter approach to analyze the
patterns of intraspecific variation of xylem properties, growth-related
tree-ring traits and isotopic ratios of 29 open-pollinated white spruce
families experiencing a severe drought episode, in order to elucidate the
physiological processes underlying drought resilience in a widely
distributed conifer species. By relying on the dual isotopic approach, we
evaluated whether stomatal or photosynthetic regulation was the pri-
mary response to drought stress among families. We report notable
variability in the nature and relative contributions of physiological
processes involved in the response and recovery to a major drought
episode in the studied families. Our study highlights the relevance of
analyzing the genetic variation in tree-ring traits related to wood for-
mation and physiology to improve our understanding of resilience to
drought in conifers.

4.1. Growth, water-use efficiency and anatomical features in response to
severe drought: physiological implications

Through a retrospective analysis of wood traits and isotopic ratios,
we showed that drought conditions impacted growth, wood anatomy
and the physiological status of white spruce trees (Fig. 3; Fig. S3).
Drought conditions caused a drastic reduction in radial growth and
lumen diameters, which is usually accompanied by a reduction in

hydraulic conductivity and overall water transport in trees, as a response
to a decline in turgor (Pellizari et al., 2016; Pittermann et al., 2006). To
secure immediate survival during critical drought periods, trees might
decrease cambial division and cell wall thickness (Piovesan et al., 2008),
and prioritize carbon allocation to storage and mobilization of storage to
support respiration rather than growth (Huang et al., 2021). On the
other hand, this might not be a prioritization process but only the result
of the direct impairment of cambial cell division by soil and atmospheric
drought (Zweifel et al., 2021). In 2002, the increase in latewood per-
centage (WR; Fig. 3H) was more pronounced than for the other
anatomical parameters, consistent with the previously reported high
average climate sensitivity of this trait (Martin-Benito et al., 2013).
During drought years, spruce trees indeed produce a denser wood (see
CWRr in Fig. 3G; see also Soro et al., 2023a at the seedling stage) by
forming latewood tracheids with smaller lumen and thicker walls
(Huang et al., 2022; Soro et al., 2023b).

During the recovery phase, the production of tracheids with larger
lumen diameters was coordinated with the decrease in water-use effi-
ciency (Rc_LDr vs Rc_iWUE; Fig. 5). Re-growth of new xylem is the
primary process by which trees recover their hydraulic conductivity
after drought conditions (Brodribb et al., 2010; Arend et al., 2022), with
the production of larger lumen conduits resulting in better hydraulic
efficiency at a relatively low carbon cost (Tyree and Zimmermann,
2002). The significant and positive relationship between growth resil-
ience (RI_.BAI) and iWUE resilience (R1_iWUE) indicates that the most
growth resilient families were also those able to most effectively change
their water-use efficiency under drought conditions. In other words,
families that best restore their growth after a drought are also those that
maintain a higher iWUE during the post-stress period, and thus those
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Fig. 4. Concomitant changes in growth and water-use efficiency, and carbon and oxygen isotope ratios of white spruce families in response to drought. The drought-
response traits (i.e. resistance, recovery and resilience) derived from the basal area increment (BAI; abscissa axis) and the water-use efficiency (iWUE; ordinate axis)
are presented in panels A, C and E. Concurrent changes in the carbon isotope results (6'>C) and oxygen isotope results (5'%0) in response to drought (i.e., pre-drought
period versus drought, B), during the recovery phase (i.e., drought versus post-drought period, D) and for the difference between the pre-drought and the post-
drought period (F) are presented in panels B, D and F. Data shown are mean values for white spruce families + SE (N = 3-9). Families from the same natural
geographical origin (called provenance or population) are presented with different symbols but with the same color. The insets in panel B present how the model
proposed by Scheidegger et al. (2000) translates changes 8'3C and §'%0 changes to responses in stomatal conductance (gs) or photosynthetic capacity (A). The
alternative interpretation for the orange and light blue scenarios is indicated by the dashed lines (Grams et al., 2007).

that least restore their pre-stress physiological capabilities. A high inter- 4.2. Isotopic results reveal different physiological strategies to cope with
annual plasticity in water-use efficiency is indicative of a more water- drought within populations

saving strategy, which can lead to a higher growth recovery or resil-

ience, as shown in Picea and Pinus sp. (Forner et al., 2018; Wu et al., The simultaneous analysis of 5'8%0 and §'3C is crucial to understand
2020). the ecophysiological responses of trees, as it allows to discriminate

whether changes observed in iWUE were attributed to variations of
photosynthesis or stomatal conductance (Barbour, 2007). The rise in
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Table 2

Variance components and narrow-sense heritability estimates for significantly heritable growth characteristics, wood anatomy, carbon isotopic composition, and
drought-response traits. Variance components were obtained from for individual-tree linear mixed models (“GBLUP models”, see Eq. [7]). When applicable, the type of
data transformation is reported in the third column. The best model was chosen based on the Aikaike information criterion (AIC). % and 6? are the variance com-
ponents associated with the plot and additive genetic effects, respectively, and averaged across years when applicable. Narrow-sense heritability (h?) estimates and

their standard errors (SE) are presented for each trait. Only traits with significant h” estimates are presented in this table.

Trait type Trait name” Data transformation AIC g o2 h? (SE)
Growth-related BAI square root 2106.605 2.822 24.044 0.449 (0.189)
Wood anatomy CWT log 2613.142 3.601.10 4 1.785.107° 0.204 (0.039)
LDr log —2942,282 1.883.10°* 5.723.10% 0.789 (0.043)
CWRr log 1387.076 3.537.1077 0.771 0.771 (0.029)
WR logit 504.458 0.00750 7.131.102 0.391 (0.046)
Physiology-related 5'%0 - 369.027 2.155.1073 0.1605 0.244 (0.051)
53¢ - 77.131 0.185 0.298 0.618 (0.043)
iWUE - 2704.689 21.550 34.752 0.617 (0.043)
Drought response Rs_BAI - —405.118 1.315.1072 6.774.10% 0.650 (0.250)
Rc_BAI - —~135.803 2.509.1072 5.518.1072 0.627 (0.305)
RI_BAI - —212.8281 8.913.10° 3.826.102 0.780 (0.271)
RLCWT - —558.0699 8.117.1071° 2.433.1072 0.827 (0.250)

2 For definitions of trait abbreviations, see Table 1.

average intrinsic water-use efficiency (iWUE) seen across nearly all
families during drought conditions (Fig. 4A), coupled with the increases
in both 8'80 and 5'3C values (Fig. 3B), indicate that iWUE is primarily
governed by stomatal conductance (Scheidegger et al., 2000). Our ob-
servations are in line with previous findings in white spruce (Saurer and
Siegwolf, 2007). Under drought conditions, the significant stomatal
closure observed in this conifer species, identified as an isohydric species
(Sperry et al.,, 1994), restricts photosynthetic carbon assimilation,
potentially resulting in an increase in maintenance respiration demands
that may deplete carbohydrate reserves (McDowell et al., 2008). While
stomatal conductance has a major role in regulating WUE in response to
stress (Fig. 4B), the concurrent variations in 5'3C and 5'%0 values during
the post-drought period (Fig. 4D) indicate a physiological recovery
strategy involving the regulation of stomatal conductance and assimi-
lation rates.

Our dual-isotope analysis suggested that most white spruce families
reacted to drought by small and non-significant variation of stomatal
conductance and net carbon assimilation (Fig. 4B, D, F). In contrast with
a previous study reporting a lack of intraspecific differences for iWUE
response to drought in white spruce (Sinclair, 2019), here we report
different physiological strategies between families within and among
populations of the same tree species (Fig. 4). Of the eleven populations
studied, five populations (POP_8, POP_11, POP_25, POP_34 and POP_42;
Table S1) contained families with different physiological processes in
response to stress (Fig. 4B; Table S5) and during the recovery phase
(Fig. 4D; Table S5). Within a particularly low growth-resilient popula-
tion (families 121, 124 and 125; POP_25), differences in processes were
noted in response to drought, with trees in family 121 being unable to
regulate their water use under stress conditions, while those in the
family 124 substantially increased their iWUE (Fig. 4A-B; Table S5).

10
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Similarly, two distinct families in a population originating from a rela-
tively dry environment (families 51 and 55, POP_11) showed contrasting
physiological strategies (Fig. 4B, F). The different physiological strate-
gies inferred here among white spruce families suggest a diversity of
water-use strategies within populations, as also observed for Picea abies
(Hentschel et al., 2014). Indeed, conifer species appear to adopt multiple
water- or carbon-use strategies in the face of drought, allowing them to
be more highly resilient (Werner et al., 2021; Song et al., 2022). In
evolutionary terms, rapid changes in environmental conditions could
have exposed different cohorts within a population to different selection
pressures, generating temporal differentiation in genetic constitution
(Linhart and Grant, 1996). The diversity of physiological strategies
observed among families, as well as the high tree-to-tree variation pre-
sent within families (Fig. 4), are most likely linked to a high capacity for
local adaptation to large climatic variations in white spruce. High ge-
netic diversity for growth resilience to severe drought has already been
observed among white spruce populations (Depardieu et al., 2020).
Although these observations are consistent with Picea glauca being
considered as one of the most adaptive conifer species in North America
(Royer-Tardif et al., 2021), Lloret's index values for growth resilience
were generally below 1 in our study, still suggesting a high vulnerability
to future severe droughts, especially if drought episodes are becoming
more prolonged or more frequent, beyond the minimum interval
necessary for trees to recover from a single severe drought episode. In
relation to this, little adaptive genetic variation was reported when
white spruce trees from various seed sources faced a severe late spring
frost after early-spring warming (Benomar et al., 2022), indicating the
limits of genetic variation in such long-standing woody species in
providing natural resistance to a succession of extreme climatic events,
and the necessity to curb down global carbon emissions.

Though the Scheidegger/Grams approach provided insights into the
physiological mechanisms involved in drought resistance and recovery,
we acknowledge that specific assumptions had to be made (see Fig. 4). In
this study, concurrent changes in 5!%0 and §'3C signatures were inter-
preted according to models developed from experimental data from
three herbaceous species (Scheidegger et al., 2000), and leaf cellulose
data from beech and spruce trees (Grams et al., 2007). Given that in our
study, isotopic results were measured in tree rings, it is necessary to
recall that stem growth can be fueled by carbohydrate reserves and/or
fresh assimilates. Previous studies also demonstrated considerable time
intervals between carbohydrate synthesis and utilization for cellulose
production in the stem (Gessler et al., 2009, 2014; Offermann et al.,
2011), implying that the isotopic values in tree rings are not necessarily
synchronized with the timing of the water stress event, especially if the
drought episode is intense or prolonged (Sarris et al., 2013). Previous
observations suggested that using dual-isotope analysis and in-
terpretations for carbon and oxygen isotope variations in tree rings
might not entirely capture all potential shifts in the relationship between
net assimilation and stomatal conductance (Roden and Farquhar, 2012;
Roden et al., 2022). This indicates variability in the effectiveness of the
dual-isotope approach across different environmental conditions and
species (Roden and Farquhar, 2012). In this regard, the interpretation of
our results might be taken with caution. Also, iWUE was measured at the
whole-ring scale in our study, potentially masking significant iWUE
responses at smaller scales despite earlywood representing around 70 %
of the total ring in our dataset.

4.3. Conifer breeding for high water-use efficiency: prospects

To understand why some trees may be better adapted to future
droughts than others, reliable adaptive traits linked to drought resilience
need to be identified. In turn, trees or families could be selected for their
higher drought tolerance in the context of breeding or reforestation
purposes (Laverdiere et al., 2022), which could be critical to preserve
growth productivity as much as possible and also, enhance survival such
as at the more vulnerable juvenile stage (Soro et al., 2023a). Carbon
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isotope ratios have been shown as a key indicator of drought stress in
conifers due to the notable genetic variation among populations of the
same species (Guy and Holowachuk, 2001; Warren et al., 2001), and the
genetic control of functional traits related to iWUE drought response (de
Miguel et al., 2014). iWUE was quite highly heritable in our study (h% =
0.62, Table 2). Other studies reported lower heritabilities for Pinus
pinaster (0.23-0.41; Marguerit et al., 2023), Pinus radiata (0.07-0.20;
Ismael et al., 2022) and Picea mariana (0.54; Johnsen et al., 1999).
Although variability in heritability estimates depends on sites and
experimental designs, and genetic variation in the sampled population,
our heritability estimates are in line with those recently reported for
Picea glauca (0.74-0.98; Cappa et al., 2022). In white spruce, 513C values
were positively correlated to dry matter production or growth rates, thus
highlighting the possibility to select genotypes for high iWUE without
compromising yield (Sun et al., 1996; Cappa et al., 2022). Although
iWUE was found to be heritable (Table 2), the lack of correlation be-
tween iWUE and long-term growth rates (Fig. 5A and B) does not sup-
port the idea that selecting more water-efficient trees would affect their
performance in terms of wood production. Contrary to the idea that
improving iWUE can not only be beneficial in drought-prone environ-
ments, but also promotes productivity under favorable conditions
(Merchuck and Saranga, 2013), here we show that higher iWUE does not
necessarily provide a growth advantage for white spruce trees. However,
because of the genetic relationship between growth resilience and iWUE
resilience, we suggest that spruce trees selected for higher resilience will
bear the capacity to effectively adjust their water use under drought-
stress conditions.

The major limitation of our study is that the traits analyzed may not
be the key traits to explain the contrasting resilience indices observed
among the 29 white spruce families analyzed herein. Studies exploring
growth responses of conifer species using a broad range of functional
traits are still scarce (but see Walters and Gerlach, 2013; Anderegg et al.,
2018; Serra-Maluquer et al., 2022), and even fewer studies link the
resultant trait spectra to differences in drought resilience across conifers
(Gazol et al., 2017; Song et al., 2022), and even less at the intraspecific
level. In response, the development of tools geared toward large-scale
phenotypic screening related to drought response and recovery from
severe climate events would be beneficial for advancing our knowledge
on drought resilience. The use of state-of-the-art integrating approaches
could couple isotope analysis (e.g., Moran et al., 2011) with other
spatially and temporally intensive data collections obtained from whole
genome or exome sequencing, genome-wide association studies, remote
sensing, and high-throughput phenotyping platforms to decipher more
precisely the physiological and genetic processes that determine drought
resilience in trees.

5. Conclusions

In this study, we demonstrate that a precise assessment of the
amplitude of response of wood traits to severe droughts provides a better
understanding of the coordination of traits in response to stress and
during the recovery phase, leading to a better understanding of the
physiological mechanisms underlying drought resilience. For most
white spruce families, the average increases in iWUE were likely driven
by reductions in stomatal conductance. Our major finding is the pres-
ence of different groups reflecting various water-use strategies within
white spruce populations. Considering that the timing, duration, and
intensity of severe droughts have such a significant impact on a species'
resistance and resilience (Aldea et al., 2022; Song et al., 2022), inves-
tigating the physiological response strategies of white spruce families in
response to different severe droughts should be a focus of future studies.
The presence of different groups reflecting different water-use strategies
within tree species and within their local populations is likely to
modulate the resilience of entire boreal forest ecosystems under future
climate stress.

Supplementary data to this article can be found online at https://doi.
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