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Highlights 25 

- A drop in growth rates of black spruce and jack pine occurred in 1988-1992. 26 

- We tested if growth declines were coupled with changes in tree-ring isotopic signals. 27 

- Drought conditions in 1989 triggered lower Δ13C and higher Δ18O values. 28 

- Trees likely closed stomata under a drier climate, reducing their carbon inputs. 29 

- Impacts were higher for spruce, suggesting a low ability to adapt to future climate. 30 

 31 

Graphical abstract:  32 
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Abstract 33 

An increase in frequency, intensity and duration of drought events affects forested ecosystems. Trees react 34 

to these changes by adjusting stomatal conductance to maximize the trade-off between carbon gains and 35 

water losses. A better understanding of the consequences of these drought-induced physiological 36 

adjustments for tree growth could help inferring future productivity potentials of boreal forests. Here, we 37 

used samples from a forest inventory network in Canada where a decline in growth rates of black spruce 38 

(Picea mariana (Mill.) B.S.P.) and jack pine (Pinus banksiana Lamb.) occurred in 1988-1992, an 39 

exceptionally dry period, to verify if this growth decline resulted from physiological adjustments of trees 40 

to drought. We measured carbon and oxygen isotope ratios in growth rings of 95 spruces and 49 pines 41 

spanning 1985-1993. We used 13C discrimination (Δ13C) and 18O enrichment (Δ18O) as proxies for intrinsic 42 

water use efficiency and stomatal conductance, respectively. We studied how inter-annual variability in 43 

isotopic signals was linked to climate moisture index, vapour pressure deficit and annual snowfall amount. 44 

We found significantly lower Δ13C values over 1988-1990, and significantly higher Δ18O values in 1988-45 

1989 and 1991 compared to the 1985-1993 averages. We also observed that a low climatic water balance 46 

and a high vapor pressure deficit were linked with low Δ13C and high Δ18O in the two study species, in 47 

parallel with low growth rates. The latter effect persisted into the year following drought for black spruce, 48 

but not for jack pine. These findings highlight that small differences in physiological parameters between 49 

species could translate into large differences in post-drought recovery. The stronger and longer lasting 50 

impact on black spruce compared to jack pine suggests a less efficient carbon use and a lower acclimation 51 

potential to future warmer and drier climate conditions. 52 

 53 

Key words: boreal forest; dendrochronology; Picea mariana; Pinus banksiana; tree-ring isotopes; drought 54 

stress  55 
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Introduction 56 

Earth’s surface temperature has increased on average by 1°C since the industrial revolution (i.e. ~ 1850, 57 

IPCC (2013)). This is largely the result of a rise in atmospheric CO2 concentrations caused by the burning 58 

of fossil fuels as an anthropogenic energy source (Keeling et al., 2015; Willeit et al., 2019). Global climate 59 

models predict an additional warming up to 3°C by the end of the 21st century (IPCC, 2013) that will 60 

increase evaporative demand over large parts of the terrestrial surface without being compensated by higher 61 

precipitation inputs (Dai, 2013). An increase in the frequency, duration and intensity of climate extremes, 62 

such as droughts and heatwaves, is also highly likely (Christidis et al., 2015; Vicente-Serrano et al., 2014). 63 

These changes in climate averages, variability and seasonality are already affecting the integrity of natural 64 

ecosystems worldwide. Forest ecosystems, for example, can be impacted both directly through water and 65 

heat stresses affecting plant physiology (e.g. Grossiord et al., 2020), and indirectly, e.g. via an alteration of 66 

disturbance regimes which feed back on mortality rates and regeneration capacity of trees (Adams et al., 67 

2010; Allen et al., 2010; Boucher et al., 2020; Mantgem et al., 2009; Peng et al., 2011). Such hot and dry 68 

extremes could severely decrease the productivity of forest biomes over an extended time-period (Restaino 69 

et al., 2016; Williams et al., 2013; Yuan et al., 2019). Understanding mechanisms governing the 70 

physiological response of trees to extreme drought events is thus of crucial importance for estimating the 71 

future C storage capacity of forests. 72 

Inter-annual and long-term changes in tree growth rates are driven in large parts by carbon and 73 

water acquisitions which, in turn, are controlled by two major physiological processes: photosynthesis and 74 

transpiration. Water acquisition, mainly driven by soil moisture availability, directly influences plant 75 

growth by creating turgor pressure which is necessary for wood cells enlargement (Rossi et al., 2009). 76 

Water is the main component of xylem sap, which conveys nutrients from roots to leaves (Peel, 2013). 77 

Under limited water supply, trees will not use the carbon acquired because of reduced photosynthesis rates 78 

and decreased needs for organs elongation (Körner, 2015). Furthermore, photosynthetic enzyme kinetics 79 

are temperature-dependent and when temperature increases above a certain threshold, carbon assimilation 80 
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rates decrease as a function of soil moisture availability (Kumarathunge et al., 2020; Reich et al., 2018). 81 

Trees can buffer these heat stresses by increasing transpiration rates to cool leaf surface, but this is 82 

conditional to a sufficient soil moisture availability to cover evaporative demand (Urban et al., 2017). 83 

Therefore, the growth performance of a tree is partly governed by a trade-off between maintaining hydraulic 84 

integrity and thus slowing down the depletion of water resources via stomatal closure and keeping high 85 

carbon gains via stomatal opening (i.e. the “safety-efficiency trade-off”; see Manzoni et al. (2013)). The 86 

intensity by which a tree will need to regulate stomatal aperture is largely dependent on the capacity of 87 

xylem vessels to resist embolism (Eisenach and Meinzer, 2020; Hacke et al., 2001; Lens et al., 2011; Li et 88 

al., 2018). Stomatal regulation is thus the key short-term physiological mechanism by which trees are able 89 

to avoid xylem cavitation to survive low atmospheric and soil moisture conditions (Brodribb et al., 2014).  90 

Tree species can be located on a continuous gradient of stomatal regulation on the basis of the 91 

strategy used to control plant water potential during a drought, through the notion of isohydricity (Hochberg 92 

et al., 2018; Tardieu and Simonneau, 1998). Historically, isohydricity has been viewed as strictly 93 

dichotomic, separating plant species between “drought tolerant” and “drought avoider” depending on their 94 

propensity to maintain a high hydraulic conductance under dry conditions (Tardieu and Simonneau, 1998). 95 

However, results are now accumulating that demonstrate that different species could use different stomatal 96 

regulation strategies distributed along a isohydricity continuum (Hartmann et al., 2021; Hochberg et al., 97 

2018; Klein, 2014; Martínez‐Vilalta et al., 2014; McDowell et al., 2008). On one hand, some tree species 98 

differ from others by closing stomata early when dry conditions occur to maintain their hydraulic function. 99 

However, when dry conditions last over an extended period, this high stomatal sensitivity implies a 100 

prolonged period without carbon acquisition, which leads to a reduction of non-structural carbohydrate 101 

supply. Ultimately, trees from these more isohydric species are at a higher risk of being impacted and killed 102 

by biotic agents such as insects, fungus or diseases as a side effect of the lower amount of carbon available 103 

for defense mechanisms (McDowell and Sevanto, 2010; Sala et al., 2010). On the other hand, more 104 

anisohydric tree species can maintain a high stomatal conductance and very low water potentials under dry 105 
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conditions, operating closer to their hydraulic limits. These species keep high carbon assimilation rates at 106 

the expense of a high risk of hydraulic failure. This phenomenon occurs because, when soil moisture 107 

becomes increasingly scarce, the water column that flows through a xylem conduit tends to break 108 

(cavitation) when the tension is too high. As a result, an air bubble, or embolism, forms within the xylem 109 

vessel, rendering it unable to conduct water to the leaves (Choat et al., 2018). Hydraulic failure occurs when 110 

a too high percentage of conductive vessels are embolized, which could, ultimately, kill the tree (Anderegg 111 

et al., 2015a). The stomatal sensitivity of plants, and thus their position along the isohydricity continuum, 112 

is varying both in space and time. First, the selection pressure of environmental factors, especially moisture 113 

availability, on life-history traits such as the characteristics of conductive vessels and rooting system, drive 114 

differences in isohydricity between species (Bhaskar et al., 2007; Feng et al., 2019; Isaac-Renton et al., 115 

2018; McDowell et al., 2019; Wu et al., 2020). Second, the stomatal sensitivity of a species can change 116 

depending on inter-annual variations in moisture availability and in drought intensity (Wu et al., 2020). 117 

Thus, species more prevalent on mesic sites or xeric sites with cold climates usually exhibit a high stomatal 118 

sensitivity in response to low-magnitude changes in their environment. However, these species typically 119 

possess more cavitation-resistant xylem vessels (Brodribb et al., 2014) allowing them to maintain only a 120 

weak stomatal control under exceptionally dry conditions (Bréda et al., 2006; Li et al., 2018; Wu et al., 121 

2020). By contrast, species growing in more humid environments generally exhibit a more isohydric 122 

behaviour but possess xylem vessels more vulnerable to cavitation which force them to apply a very strict 123 

stomatal control during extreme droughts (Bréda et al., 2006; Tissier et al., 2004; Wu et al., 2020). These 124 

differences in isohydricity between species drive their resistance to and recovery from droughts (Li et al., 125 

2020). 126 

Tree rings record inter-annual changes in physiological processes through variations in the number 127 

of annual wood cells, their properties (e.g. cell wall thickness) and chemical composition (e.g. stable 128 

isotopes) (see e.g. Babst et al., 2018). In particular, leaf gas exchange drives the ratio of stable carbon and 129 

oxygen isotopes that are imprinted in tree-ring biomass (Farquhar et al., 1982a; Gessler et al., 2014). On 130 
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the one hand, tree-ring carbon isotope ratio, δ13C, depends on atmosphere-to-tree-ring carbon isotopic 131 

discrimination, which is modulated by the leaf to atmosphere CO2 concentration ratio. Thus, δ13C is driven 132 

by both stomatal conductance and  photosynthesis rates (Farquhar et al., 1982b). This relationship makes 133 

δ13C a good proxy for the quantity of carbon a tree assimilates per unit of water transpired, i.e. the intrinsic 134 

water use efficiency (iWUE, see Farquhar et al. (1989)). Indeed, tree-ring oxygen isotope ratio, δ18O, partly 135 

depends on external influences such as the oxygen isotopic composition of the source water and the 136 

enrichment in 18O occurring before water enters the tree hydraulic pathway (Barbour, 2007; Roden et al., 137 

2000). The main tree physiological process directly influencing δ18O is the control of stomatal aperture, 138 

which regulates oxygen isotopic discrimination occurring when water is transpired (Gessler et al., 2014). 139 

Other internal processes, such as the “Péclet effect” and the exchange of oxygen atoms between 140 

carbohydrates and stem water prior to cellulose formation also act to modify the final δ18O signal in tree 141 

rings (Gessler et al., 2014; Sternberg, 2009), but these processes are not influenced by changes in 142 

environmental conditions. δ18O is often measured in combination with δ13C to gain a better understanding 143 

of past changes in stomatal control that have occurred independently of changes in assimilation rates (i.e. 144 

the “dual isotope approach”; Scheidegger et al. (2000)).  145 

Thus, tree rings offer an annually-resolved proxy to study past modifications in trees’ physiological 146 

processes resulting from environmental changes. For example, during conditions causing stomatal closure 147 

but under which trees can maintain high photosynthesis rates, such as short-term droughts and heatwaves, 148 

transpiration is reduced while carbon assimilation is still fuelled by the remaining leaf internal CO2. This 149 

lowers the discrimination against the heavier isotopic molecules (i.e. 13C and 18O), leading to less negative 150 

δ13C and δ18O isotope ratios in growth rings (Cernusak et al., 2013). However, during a long-lasting drought, 151 

internal CO2 concentrations fall below the level required to efficiently fuel photosynthesis, leading to 152 

growth rings less depleted in 13C but more enriched in 18O compared with a growth ring formed under 153 

average climate conditions (Sternberg, 2009). By contrast, changes in environment can improve 154 

photosynthesis and keep non-limiting moisture availability, e.g. after release from overstory competition. 155 
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Under these conditions, δ13C will increase as a result of higher photosynthesis rates whereas δ18O will show 156 

no change compared with growth rings formed under a highly competitive environment. 157 

Here, we used carbon and oxygen isotope composition in tree rings to approximate iWUE and 158 

stomatal conductance of jack pine and black spruce growing in non-managed forests of northeastern North 159 

America. These two conifer species are broadly distributed and of high commercial value. They occupy 160 

contrasting ecological niches and possess highly different life-history traits. Black spruce is a mostly 161 

generalist species, growing on a large gradient of soil conditions. This species is particularly well adapted 162 

to waterlogged, poorly-drained and organic-rich soils, with a superficial rooting system mostly composed 163 

of adventitious structures (Burns and Honkala, 1990). Jack pine occurs mainly on well-drained and sand-164 

rich soils. Its rooting habits include a taproot, allowing access to deep soil water reserves (Burns and 165 

Honkala, 1990). These differences lead to contrasting climate sensitivities, black spruce being more 166 

negatively affected by exceptionally hot conditions during spring and previous summer compared to jack 167 

pine (Marchand et al., 2019). We previously observed a punctual but marked drop in growth rates for these 168 

two species within the period 1988-1992 (Girardin et al., 2014; Marchand et al., 2019), and wanted to 169 

understand whether carbon and water limitations may have been driving these declines. Here, our main 170 

objective was to determine if this growth decline was synchronous with a physiological response of trees 171 

to dry and hot extreme conditions that occurred in northeastern Canadian boreal forest. We were particularly 172 

interested in determining the extent to which the contrasting life-history traits of black spruce and jack pine 173 

influenced their physiological response to drought and the magnitude of the subsequent impacts on growth 174 

rates. More specifically, we made the following hypotheses:  175 

(1) In view of previous results for the same species and area, we expect a higher drop in growth 176 

rates in spruce compared to pine. 177 

(2) We expect that this drop in growth rates had occurred in parallel with a significant increase in 178 

iWUE (decrease in 13C discrimination) and a significant decrease in stomatal conductance (increase in 18O 179 

enrichment).  180 
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(3) Because jack pine is more abundant on well drained, sandy areas and can access deeper water 181 

reserves, this species should exhibit a more anisohydric behavior than black spruce, i.e. we expect a lower 182 

inter-annual variability in tree-ring isotope composition of jack pine compared to black spruce. 183 

(4) The variability in isotopic signals should be more strongly linked with moisture conditions in 184 

spruce compared to pine because of differences in rooting systems between the two species 185 

  186 
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Materials and methods 187 

Sampling area 188 

In this study, we took advantage of a provincial forest inventory network in northeastern Canada covering 189 

three degrees of latitude and nearly 20 degrees of longitude north of the Quebec limit of commercial forests, 190 

i.e. north of 49°N (Létourneau et al., 2008). The territory had recorded in 1989 its highest forest area burned 191 

(two million ha; Canadian Forest Service, 2010; Hanes et al., 2018; Soja et al., 2007) within the 1959–2018 192 

period, which is an indication of a severe seasonal drought occurrence during that particular period 193 

(Girardin et al., 2014). As part of the forest inventory, 400m2 circular, randomly distributed, temporary 194 

sample plots (TSP; n = 875 plots) were established from 2005 to 2009 within needleleaf-dominated, fire-195 

originating unmanaged forests. These plots encompass a broad gradient of climate conditions, from warm 196 

and dry climate at the westernmost locations (mean 1981-2010 temperature and precipitation normals of -197 

1.40°C and 849mm, respectively) to cold climate in the eastern portion of the area (mean 1981-2010 198 

temperature and precipitation normals of -2.17°C and 909mm, respectively). Due to these differences in 199 

regional climate, topography and surficial deposits, climatic water balance during the growing season (May-200 

September) is more than two times higher in the eastern than in the western part of the study area (Fig.1). 201 

Together with this climate gradient are changes in physiography and soil conditions, from flat terrains 202 

composed of organic-rich soils in the west to hillsides composed of tills in the central portion of the territory, 203 

to rocky hilltops further east (Robitaille et al., 2015).  204 

Basal Area Increment data  205 

Within each TSP, stem disks were collected for stem analyses from one to three upper canopy trees per 206 

species. Disks were prepared and processed for ring-width measurement following standard 207 

dendrochronological procedures across four radii per disk (Ministère des Ressources Naturelles du Québec, 208 

2008). Cross-dating and measurements were statistically validated using the program COFECHA (Holmes, 209 

1983). For each stem disk, ring widths of the four radii were averaged and converted to basal area 210 

increments (BAIt = πR2
t – πR2

t-1; function bai.out of the R package dplR, Bunn (2008)). To remove 211 
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biological trends (i.e. those trends arising from increase in tree age and size and from changes in competition 212 

pressure with stand development), BAIs were detrended applying generalized additive mixed models 213 

(GAMMs). Readers are referred to Marchand et al. (2019) for the detailed statistical procedure (also see 214 

Supplementary methods S.1). A growth index, hereafter GI, was then computed as the ratio between 215 

observed and predicted BAI values by the GAMMs, for the whole trees’ life-period. This is a unit-centered 216 

index, i.e. a value below unity means an observed BAI lower than the BAI expected for a tree of a specific 217 

age and size and growing under specific environmental conditions. A total of 1,755 spruces and 267 pines 218 

that grown during the 1985-1993 time-period were available. 219 

Isotope measurements 220 

A subsample of 144 trees (95 spruces and 49 pines) more than 30 years old and exempt of missing rings 221 

were randomly selected for carbon isotope analysis. The sampled trees were randomly chosen among a 222 

pool of candidate trees growing on relatively similar conditions, with elevation ranging between 250 m and 223 

550 m a.s.l., organic layer thickness lower than 30 cm, and located on well-drained, sandy or loamy soils. 224 

Note that the two species never co-occurred within a TSP among the randomly selected trees. Trees from 225 

stands with highly diverse age and diameter structures were avoided to exclude individuals that regenerated 226 

by layering and those that have experienced a prolonged period of suppressed growth. The stable oxygen 227 

isotope ratio (δ18Oring) was measured for a subset of 53 spruces and 28 pines randomly chosen among the 228 

144 individuals sampled for carbon isotope analysis.  229 

From each stem disk, a 0.8cm x 0.8cm wood strip, from bark to bark and including the pith was cut 230 

using a bandsaw. We focused on the year 1989 as an exceptionally dry year. We chose to analyse growth 231 

rings formed during the four years directly preceding and following this focal year. This procedure allowed 232 

to compare the isotopic signatures between years with average climate conditions and extremely dry and 233 

hot years, including the year 1989. This choice also allows to capture any lag (legacy effect) in the 234 

physiological response of trees to drought. To do so, annual tree rings covering the period 1985-1993 were 235 

individually separated using a scalpel under a binocular microscope. The thinnest rings (ring widths < ~0.1 236 
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mm) were separated using a sledge microtome coupled with a digital camera. Rings were ground to fine 237 

particles using a Retsch MM400 ball mill. To limit the risk of contamination by plastic particles (Isaac-238 

Renton et al., 2016), we used stainless steel balls and vials during the milling step; coupled with racks 239 

allowing to process up to 20 samples per batch. Knowing that isotopic signals of wholewood and α-cellulose 240 

of studied species are highly correlated (Bégin et al., 2015; Harlow et al., 2006; Walker et al., 2015), we 241 

did not proceed with resin, lignin and hemi-cellulose extractions. We are aware that wholewood leads to 242 

additional noise (Gessler et al., 2014), which we can account for when studying the link between isotopic 243 

signals and environmental gradients. About 0.3-1.0 mg of the milled wood material was loaded into tin foil 244 

capsules and combusted for δ13C analysis in an elemental analyser (EA 1100, CE Instruments, Milan, Italy) 245 

coupled to an IRMS (Delta+, Thermo Finnigan, Bremen, Germany). The analytical precision was ±0.07 ‰ 246 

(standard deviation). For δ18O analysis, about 0.5 mg of wood particles was weighted into silver capsules 247 

and pyrolyzed in an elemental analyser (Hekatech-HTO, Wegberg, Germany) coupled to an IRMS (Delta+ 248 

XL, Thermo Finnigan, Bremen, Germany). The analytical precision was ±0.14 ‰ (standard deviation). 249 

Values are reported in parts per thousand (per mill, ‰), relative to the Vienna Pee Dee Belemnite (VPDB) 250 

for carbon ratios and to the Vienna Standard Mean Ocean Water (VSMOW) for oxygen ratios. All isotope 251 

measurements were conducted at the Stable Isotope Laboratory (BGC-IsoLab, Max Planck Institute for 252 

Biogeochemistry, Jena, Germany). The total number of samples analysed was 1,292 for carbon isotope 253 

ratio, and 726 for oxygen isotope ratio.   254 

Corrections for non-climatic variability in tree-ring isotope composition 255 

The δ13Cring values were converted to ring-to-atmosphere carbon isotope discrimination (Δ13Cring) using 256 

Eq.1 in order to account for the decline in δ13C of atmospheric CO2 (Suess effect) resulting from the 257 

combustion of fossil fuels by human populations since the industrial revolution (Keeling, 1979): 258 

Eq.1     ∆13𝐶𝑟𝑖𝑛𝑔 =
(𝛿13𝐶𝑎−𝛿13𝐶𝑟𝑖𝑛𝑔)

1+(
𝛿13𝐶𝑟𝑖𝑛𝑔

1000
)

, 259 

where δ13Ca represents the atmospheric stable carbon isotope ratio, obtained from Graven et al. (2017). 260 
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Contrary to δ13Cring that is primarily driven by plant stomatal regulation and carbon assimilation, 261 

inter-annual variations in tree-ring δ18O (δ18Oring) could strongly depend on the oxygen isotope composition 262 

of source water (i.e. mainly precipitation) (McCarroll and Loader, 2004), which is in turn related to 263 

temperature and atmospheric circulation patterns (Dansgaard, 1964). As we were interested in inter-annual 264 

variability in δ18Oring as a proxy for changes in tree stomatal regulation, it was important to make it free of 265 

other time-varying influences. However, we did not have access to measurements of stable oxygen isotope 266 

ratio in precipitation (δ18Oprec) for our study sites. Instead, we used Eq.2 developed by Barbour et al. (2001):  267 

Eq.2  𝛿18𝑂𝑝𝑟𝑒𝑐 = 0.52 ∗ 𝑇𝑚𝑒𝑎𝑛 −  0.006 ∗ (𝑇𝑚𝑒𝑎𝑛)2 + 2.42 ∗ 𝑃 − 1.43 ∗ (𝑃)2 − 0.46 ∗ √𝐸𝑙𝑒𝑣.−268 

13.00, 269 

where Tmean is the monthly average temperature (°C), P is the monthly total precipitation (in m) obtained 270 

from BioSIM 11 (see below), and Elev. is the elevation (m a.s.l.), extracted for our sample plots from the 271 

SRTM 90m Digital Elevation Database v4.1 (Jarvis et al., 2008). 272 

Eq.2 was developed based on data from different species (including conifers) and biomes and 273 

considers conditions of the specific location (temperature, precipitation and elevation) (Barbour et al., 274 

2001). This equation was used by Guerrieri et al. (2019) to correct tree-ring δ18O from 12 North American 275 

tree species. However, we acknowledge that this formula is not specific to our study area and species. 276 

Furthermore, using a single equation for all our locations could thus lead to additional noise in the corrected 277 

tree-ring isotopic ratios. To assess the reliability of precipitation δ18O values estimated using Eq.2, we 278 

extracted monthly precipitation δ18O from three stations close to our study area that are part of the GNIP 279 

network (Global Network of Isotopes in Precipitation; Schotterer et al. (1996)): Chapais (49.82 N - 74.97 280 

W), Bonner Lake (49.38 N – 82.12 W) and Goose Bay (53.32 N – 60.42 W). Time series available for these 281 

locations spanned the period 1997-2010, and no data was available for our specific time-window. The GNIP 282 

data was highly correlated to Eq.2-based precipitation δ18O (Pearson’s R= 0.87, Figure S.2.1). In addition, 283 

we extracted monthly precipitation δ18O from published isoGSM outputs, available for 1985-1993 284 

(Yoshimura et al., 2008). Even if values within the bottom left side of the plot (lower δ18O) are 285 
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underestimated (more negative) when based on Eq.2 compared with isoGSM values, these two datasets are 286 

also highly correlated (Pearson’s R = 0.95, Supplementary Figure S.2.1).  287 

Then, we averaged δ18OPrec at an annual scale, and calculated the 18O enrichment in tree rings 288 

relative to the oxygen isotopic composition of precipitation using Eq.3. By doing so, we assumed that no 289 

fractionation occurred before water entered the hydraulic pathway: 290 

Eq.3     ∆18𝑂𝑟𝑖𝑛𝑔 =
(𝛿18𝑂𝑟𝑖𝑛𝑔−𝛿18𝑂𝑝𝑟𝑒𝑐)

1+(
𝛿18𝑂𝑝𝑟𝑒𝑐

1000
)

. 291 

Despite the high correlation between precipitation δ18O from isoGSM outputs and values estimated using 292 

Eq.2, analyses including isoGSM-corrected δ18O show different patterns compared with Eq.2-corrected 293 

values, especially regarding the relationships between Δ18O and climate. This could be the result of the 294 

relatively coarse resolution of isoGSM model outputs (Yoshimura et al., 2008). In regards of this 295 

uncertainty, we decided to show results based on precipitation δ18O approximated by Eq.2 in the main 296 

document, and we provided results based on isoGSM-corrected δ18O as supplementary information (Figure 297 

S.2.2, Table S.2.3). 298 

Climate and environmental variables 299 

BioSIM 11 was used to obtain climate data for our study plots over the period 1985-1993. The BioSIM 300 

software provides, for a specific location, elevation-adjusted daily weather estimates interpolated based on 301 

historical observations from the four nearest weather stations (Régnière and Bolstad, 1994). Monthly 302 

averages of vapour pressure deficit (VPD, in hPa) were derived from this daily data. Summer (June-August) 303 

VPD was used as a proxy for atmospheric water demand. Climate moisture index (CMI, in mm) was 304 

computed as the difference between monthly precipitation and monthly potential evapotranspiration. 305 

Growing season (May-September) CMI was used as a proxy for climatic water balance during the period 306 

of the year when trees are physiologically active in our study area. We also extracted the total annual 307 

(January-December) snowfall amount (converted to water equivalent, in mm). This variable incorporates 308 
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information about inter-annual variability in the length of the growing season as well as in the water input 309 

as snow (Gaboriau, 2021). 310 

An approximation of the time-since-fire (TSF) was computed for each plot from the ground-level 311 

cambial age of the oldest sampled tree within the plot (obtained from the stem analysis). This variable was 312 

used in models to control for changes in growth and physiology related to modifications occurring during 313 

stand development (e.g. competition pressure) and in soil parameters (e.g. nutrient availability) through 314 

time. 315 

Between-plot differences in environmental conditions were accounted for in the analyses by 316 

computing a site fertility index (SI). This index is defined as the average height reached by a dominant 317 

undamaged tree at age 50 (measured at breast height, 1.3m); used as a measure of how a tree would, 318 

theoretically, perform in regard of a specific set of environmental conditions. SI values were extrapolated 319 

to the entire study area based on similarities with the sampled stands in terms of environmental conditions, 320 

which include climate, soil surficial deposits, elevation, slope and exposition (Gauthier et al. 2015, also see 321 

workflow diagram S.3.1). SI values were available for black spruce only but were also a good indicator for 322 

jack pine productivity potential for comparable site conditions (see Supplementary Figure S.3.2).  323 

Statistical procedure 324 

To test for inter-annual differences in GI, Δ13Cring and Δ18Oring, linear mixed models (LMMs) were fitted, 325 

which included z-scores of these variables as response variables, the year of ring formation, the species 326 

identity and their interaction as explanatory variables, and the random effect of the tree. Z-score 327 

standardization (i.e. mean-centering and dividing each value by the standard deviation of the corresponding 328 

individual 9 years time-series) was especially relevant in our case because of the high geographical 329 

coverage and the high variability that could be the result of differences in site conditions and individual 330 

performances. Post-hoc comparisons between years were performed using the function lsmeans of the R-331 

package emmeans (Lenth, 2021), with a Tukey adjustment for multiple comparisons.  332 
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To verify if inter-annual variability in growth rates and tree-ring carbon isotopic discrimination and 333 

oxygen enrichment was linked with climate variability, we fitted LMMs by species using the function lme 334 

of the R-package nlme (Pinheiro et al., 2019). These models included raw (i.e. non z-scored) GI, Δ13Cring 335 

or Δ18Oring as response variables, summer VPD, May-September CMI, and annual snowfall as explanatory 336 

variables, the random effect of the tree and an error term with a first-order autocorrelation structure. Since 337 

climate can affect tree growth of the next growing season, we also included summer VPD and May-338 

September CMI of the year prior to ring formation as explanatory variables. To control for the differences 339 

in tree and stand developmental stages and in site conditions, we included the inner-bark basal area of the 340 

tree, the minimum time-since-fire, the site fertility index, the 1985-1993 average of growing season CMI 341 

and the total basal area of the plot as fixed-effect variables in our models. The inner-bark basal area (BA, 342 

in mm2) is defined here as the sum of BAIs of previous years. This variable was incorporated in models to 343 

account for changes in physiology (e.g. drought sensitivity, see Girardin et al., 2012) occurring as a result 344 

of the increase in tree size. Hogg (1994) observed that, in Canada, the spatial distribution of vegetation was 345 

more closely linked with the CMI than with variables linked with thermal gradients. We thus included the 346 

1985-1993 average of growing season CMI in our models to account for regional differences in climate. 347 

The total basal area of the plot was calculated as the sum of basal areas of all individual trees with DBH ≥ 348 

9cm. This value, scaled to m2/ha, was included in our models to account for differences in competition 349 

pressure between plots. Explanatory variables were standardized (centered using the average value of all 350 

plots and divided by the corresponding standard deviation) prior to analyses to obtain comparable estimated 351 

regression slopes. This standardization procedure also reduced the collinearity (VIFs below 3) among 352 

explanatory variables. The structure of the fitted LMMs was: 353 

Eq.4 𝑋𝑖𝑗𝑡  ~ 𝑉𝑃𝐷𝑗𝑡 + 𝑉𝑃𝐷𝑝𝑟𝑒𝑣𝑗𝑡 + 𝐶𝑀𝐼𝑗𝑡 + 𝐶𝑀𝐼𝑝𝑟𝑒𝑣𝑗𝑡 + 𝑆𝑛𝑜𝑤𝑗𝑡 + 𝐶𝑀𝐼𝑚𝑒𝑎𝑛𝑗 + 𝐵𝐴𝑠𝑡𝑎𝑛𝑑𝑗 +354 

 𝑆𝐼𝑗 + 𝐵𝐴𝑖𝑗𝑡 + 𝑇𝑆𝐹𝑗𝑡 +  (𝑇𝑟𝑒𝑒𝑖𝑗) + 𝑐𝑜𝑟𝐶𝐴𝑅1𝑖𝑗 +  𝜀𝑖𝑗𝑡, 355 

where Xijt is the response variable (either GI of the year of ring formation (t), Δ13Cring or Δ18Oring) of a tree i 356 

in a plot j at a year t; VPDjt is the summer vapor pressure deficit in a plot j at year t; VPDprevjt is the summer 357 
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VPD of the year prior to ring formation in a plot j at year t; CMIjt is the climate moisture index in a plot j at 358 

a year t; CMIprevjt is the CMI of the year prior to ring formation in a plot j at year t; Snowjt is the total 359 

annual snowfall at a plot j at a year t; CMImeanj is the 1985-1993 average of growing season CMI at a plot 360 

j; BAstandj is the total basal area of a plot j scaled to m2.Ha-1 at the time of sampling; SIj is the site fertility 361 

index of the plot j at the time of sampling (a time-invariant term); BAijt is the basal area of a tree i at a year 362 

t; TSFjt is the time elapsed from the last fire for a plot j at a year t; Treeij denotes the tree identities; corCAR1 363 

is the error term with a first-order autocorrelation structure; and ԑ denotes the residuals of the model. We 364 

preferred keeping all explanatory variables in our final models instead of performing a model selection 365 

based e.g. on AICc. This was done with the idea of easing the comparison of the significance of fixed terms 366 

between different response variables and species. We used AIC scores to test for the importance of a nested 367 

random effect (tree nested in plot). Fits of models including the nested random effect were slightly better 368 

in the case of black spruce but were worse in the case of jack pine. Additionally, the number of trees per 369 

plot was very low (1-3 trees only), so we decided to keep only random effect of tree identities in our models. 370 

We also tested for the inclusion of 2-way interactions between temporally invariant fixed-effect variables 371 

(SI, mean CMI, stand BA) and time-varying climate data (CMI, VPD, Snow). This did not improve our r-372 

squared values, nor led to significantly lower AIC values compared with models without interaction terms. 373 

For this reason, we did not include any interaction terms in our models. One should note that analyses of 374 

GI were run on the same subset of trees as those used for the analyses of Δ13Cring to allow comparison 375 

between analyses of growth and isotope ratios. 376 

Normality and homogeneity of variance of residuals were visually assessed, with no deviations 377 

from statistical assumptions for linear models. All statistical analyses were performed using the R statistical 378 

software version 3.6.0 (R Core Team, 2020).  379 
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 380 

Figure 1: Map of the study area. Color gradient represents the average May-September Climate Moisture 381 

Index (CMI, a proxy for the climatic water balance) for the normal period 1981-2010. Symbols represent 382 

locations where at least one tree was sampled for isotopic analyses. Coloured circles are for plots where 383 

trees were sampled for carbon isotope analysis only, while coloured crosses are for plots where oxygen 384 

isotope measurements were also conducted. Pink and blue symbols denote black spruce and jack pine trees, 385 

respectively. Grey circles show the locations of the 875 temporary sample plots (TSP) established as part 386 

of the Northern Ecoforest Inventory program.  387 
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 388 

 Figure 2: Distribution of observed (i.e. raw) values of the growth index (GI, as the ratio between observed 389 

BAI and BAI predicted by the generalized additive mixed models, panel A, see methods), Δ13Cring (panel 390 

B) and Δ18Oring (panel C), by year and species. The lower and upper hinges of boxplots show the 25th and 391 

75th percentiles and the horizontal line denotes median value. Horizontal lines over the whole panel denote 392 

1985-1993 averages.  393 
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Results 394 

Spatial variability in growth, isotopic signals and climate 395 

Average 1985-1993 BAI was 241 mm2 for black spruce and 306 mm2 for jack pine. However, these average 396 

growth rates were highly variable between trees and plots, as standard deviations (S.D.) reached ±201.02 397 

mm2 for black spruce and ±191.29 mm2 for jack pine. Once variability from biological processes such as 398 

tree ageing and demographic processes, and from differences in soil parameters such as thickness of the 399 

organic layer, was removed (i.e., after detrending), average growth indices became highly similar between 400 

species (Fig. 2). However, standard deviation was still high (0.34 and 0.29 for black spruce and jack pine, 401 

respectively). Approximately two third of the trees experienced an average 1985-1993 GI below 1, i.e. an 402 

average growth rate lower than the value expected for a tree of similar age and size.  403 

A high variability was also observed in tree-ring isotope data (Fig. 2). For Δ13Cring, the two species 404 

exhibited different 1985-1993 carbon discrimination levels, with an average Δ13Cring of 17.99 ‰ (± 1 ‰) 405 

and 20.09 ‰ (± 0.72 ‰) for black spruce and jack pine, respectively. 18O enrichment above source water 406 

was of similar magnitude between the two species, with 1985-1993 averages of 34.92 ‰ and 35.09 ‰ for 407 

black spruce and jack pine, respectively. However, these values were also highly variable between trees 408 

and stands, with S.D. of 2.17 ‰ and 1.69 ‰ for black spruce and jack pine, respectively.  409 

Climate conditions prevailing during 1985-1993 were highly variable depending on the geographic 410 

location. Average summer vapor pressure deficit (VPDjja) was higher in the western (6.10 hPa) than in the 411 

eastern (3.25 hPa) part of the study area (Fig. 3). In contrast to VPD, climatic water balance during the 412 

growing season months did not differ (average May-September CMI of 21.54 and 21.81 mm, in the west 413 

and east, respectively). Dates of occurrences of dry extremes also differed between east and west. In the 414 

west, trees experienced drier than average water balance (CMI) in 1989 and 1991, whereas in the east, CMI 415 

was lower than average in 1988 only. For atmospheric dryness (VPD), both east and west locations 416 

experienced dry atmospheric conditions in 1989 and 1991.  417 
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Figure 3: Climate data for the period 1985-1993. Upper panels show summer (June-August) vapor pressure 418 

deficit (VPD), middle panels show growing season (May-September) climate moisture index (CMI), lower 419 

panels show total annual snowfall. Both raw (left panels) and z-scored (right panels) values are displayed. 420 

Dashed lines (“West”) display average climate (computed as 50th percentiles of bootstrapped values; 5000 421 

replications) for plots located between 65˚ and 78˚W; solid lines (“East”) are for plots located between 58˚ 422 

and 65˚W. Error bars are 95% confidence intervals (2.5th and 97.5th percentiles of bootstrapped values). 423 

Gray lines indicate time series for each plot location.  424 
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Inter-annual differences in growth, carbon and oxygen isotopic signals 425 

When disparities resulting from individual and site-specific differences were removed (i.e. using z-scored 426 

values), inter-annual differences in terms of growth rates and isotopic discrimination were emphasized (Fig. 427 

4). In particular, jack pine trees exhibited significantly lower-than-average growth rates during the 1989-428 

1991 period, with least-square means of growth indices being 0.44-0.60 standard deviations (S.D.) below 429 

the 1985-1993 average. For black spruce, this slow growth period persisted during the 4-years period 1989-430 

1992, with least-square means of GI 0.32-0.65 S.D. below the 1985-1993 average.  431 

Significant inter-annual differences were also detected in the species-averaged z-scored isotope 432 

chronologies (Fig. 4). For black spruce, least-square means of carbon isotopic discrimination were 0.51-433 

0.67 S.D. lower in 1988-1990 compared to the 1985-1993 average, and significantly different from values 434 

of adjacent rings. For jack pine the decline in Δ13Cring was less severe, but the 1988-1990 least-square means 435 

were statistically different from 1986-1987 and 1992 values. This pattern was inverted when looking at 436 

1985-1993 least-square means of z-scored iWUE (i.e. higher-than-average iWUE during 1988-1990; Figure 437 

S.4.1). Least-square mean of 18O enrichment was the highest in 1991 for both species (0.98 and 1.16 S.D. 438 

above the 1985-1993 averages for black spruce and jack pine respectively). Mean of Δ18Oring was also 0.55-439 

0.60 S.D. higher-than-average in 1988-1989 for black spruce and 0.42 S.D. above the 1985-1993 average 440 

in 1989 for jack pine. Interestingly, when looking at the least-square means of δ18O (non-corrected for 441 

precipitation δ18O), 1991 values were still higher than the average value for both species, but 1989 values 442 

were not significantly different from or slightly lower than 1985-1993 averages (Figure S.5.1).  443 
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Figure 4: Z-scored (i.e. the difference between each value and the average value of the individual 1985-444 

1993 series was divided by the standard deviation of the series) growth index (panel A), Δ13C (panel B) 445 

and Δ18O values (panel C), by year and species. Squares are least square means. Error bars are 95% 446 

confidence intervals. For a given variable, different letters indicate significantly different values between 447 

years for a given species (α = 0.05). Years for which values are significantly different between species are 448 

highlighted by an asterisk (*) at the bottom of the panels.  449 
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Effect of climate on growth and isotopic signals 450 

High CMI occurring the year of ring formation was linked with significantly higher growth indices (GIs) 451 

in both black spruce and jack pine, and a high CMI during the previous growing season was associated with 452 

significantly higher GIs in black spruce only (Table 1). Lower black spruce and jack pine GIs were observed 453 

when summer VPD occurring the year of ring formation was high, but only black spruce GIs were 454 

significantly lower when summer VPD of the year prior to ring formation was high. High snowfall was 455 

associated with significantly lower jack pine GIs but with significantly higher black spruce GIs.  456 

The significance of the relationships between climate and isotope discrimination was also species-457 

specific. High summer VPD the year of ring formation was associated with significantly lower carbon 458 

isotope discrimination and significantly higher oxygen isotopic enrichment in both species compared to 459 

years of low summer VPD (Table 1). The relationship between isotopic values and VPD of the previous 460 

summer was similar, but non-significant in the case of jack pine Δ13Cring. A high growing season CMI was 461 

linked with significantly higher Δ13Cring in black spruce only, but significantly lower Δ18Oring in both species 462 

when it occurred the year of ring formation. The significant effect of growing season CMI disappeared 463 

when looking at the raw δ18Oring of pine (Table S.5.2), and at the iWUE of spruce (Table S.4.2). When it 464 

occurred the year prior to ring formation, it was linked with higher Δ18Oring in black spruce, but was not 465 

associated with any significant change in jack pine Δ18Oring. A high annual snowfall was linked with 466 

significantly lower Δ13Cring and significantly higher Δ18Oring in black spruce only, with no significant 467 

relationships in the case of jack pine. The effect of snowfall was no longer significant when using black 468 

spruce δ18Oring, while this effect switched to significantly positive in the case of jack pine (Table S.5.2). The 469 

model outputs also confirmed the high inter-tree variability both in terms of growth rates and isotope ratios, 470 

with a very low amount of variance explained by the fixed-effect variables alone (very low marginal r-471 

squared values but high conditional r-squared values, see Table 1).  472 

 473 
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Table 1 (next page): Results of the linear mixed models of climate effects on tree growth and isotope ratios. 474 

One model was fitted by species and response variable, for a total of 6 models. Significant effects are 475 

highlighted with gray shadings, with significance levels as follows: “ *** ” p-value ≤ 0.001; “ ** ” p-values 476 

≤ 0.01; “ * ” p-value ≤ 0.05 and “ NS ” indicates non-significant variables. For the random factor, σ2 is the 477 

residual variance, τ00 ID_TREE is the variance explained by the tree identity, and ICC (Interclass Correlation 478 

Coefficient) is the ratio between the two metrics and stands for the percent variance explained by the tree 479 

identity alone. Also shown the marginal and conditional r-squared, i.e. the percentage of variance explained 480 

by the fixed part and the fixed plus random part of the model, respectively; as well as the number of 481 

observations (number of rings analysed) and the number of trees. Explanatory variables were mean centered 482 

and divided by the corresponding standard-deviation prior to analyses, leading to regression coefficients 483 

that are directly comparable with one anothers. Readers are referred to Supporting Information S.6 for a 484 

biplot from a principal component analysis (PCA) summarizing results displayed in Table 1. 485 
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 Growth Index Δ13C Δ18O 

  Predictors Estimates 
std. 

Error Statistic p Estimates 
std. 

Error Statistic p Estimates 
std. 

Error Statistic p 

B
la

ck
 s

p
ru

ce
 Fi

xe
d

 
Intercept 0.91 0.04 22.46 *** 17.85 0.10 175.38 *** 35.38 0.33 106.45 *** 

CMI 0.02 0.00 3.84 *** 0.03 0.01 2.22 * -0.29 0.04 -7.85 *** 

Snow 0.01 0.00 1.96 * -0.03 0.01 -3.13 ** 0.16 0.04 4.21 *** 

VPD -0.02 0.01 -2.27 * -0.11 0.03 -4.25 *** 0.25 0.08 3.11 ** 

CMIprev 0.02 0.00 4.85 *** -0.01 0.01 -0.59 NS 0.09 0.04 2.10 * 

VPDprev -0.04 0.01 -3.19 ** -0.12 0.03 -3.98 *** 0.25 0.09 2.87 ** 

Stand BA 0.05 0.04 1.17 NS 0.38 0.11 3.53 ** -1.00 0.38 -2.61 * 

mean 1985-1993 CMI -0.02 0.05 -0.35 NS -0.06 0.13 -0.48 NS -0.69 0.40 -1.73 NS 

Size -0.16 0.05 -3.40 ** -0.01 0.12 -0.05 NS 0.53 0.33 1.60 NS 

Age 0.01 0.04 0.32 NS 0.05 0.10 0.48 NS -0.56 0.28 -1.97 * 

SI 0.09 0.05 1.86 NS -0.21 0.12 -1.79 NS 0.22 0.38 0.58 NS 

R
an

d
o

m
 σ2 0.03 0.20 0.64 

τ00 ID_TREE 0.11 0.69 4.12 

ICC 0.78 0.78 0.87 

N ID_TREE 95 95 53 

  Observations 851 851 475 

 R2 Marginal /Conditional 0.130 / 0.809 0.170 / 0.818 0.173 / 0.889 

Ja
ck

 p
in

e
 Fi

xe
d

 

Intercept 1.08 0.07 16.24 *** 20.06 0.14 143.15 *** 34.88 0.50 69.65 *** 

CMI 0.03 0.01 3.61 *** 0.02 0.02 1.13 NS -0.13 0.06 -2.26 * 

Snow -0.02 0.01 -2.43 * -0.02 0.02 -1.13 NS 0.04 0.07 0.58 NS 

VPD -0.05 0.02 -2.51 * -0.15 0.03 -4.59 *** 0.28 0.13 2.17 * 

CMIprev 0.02 0.01 1.62 NS -0.02 0.02 -0.86 NS 0.02 0.07 0.26 NS 

VPDprev -0.01 0.09 -0.13 NS -0.00 0.04 -0.12 NS 0.35 0.15 2.34 * 

Stand BA -0.02 0.04 -0.56 NS -0.34 0.19 -1.77 NS -0.64 0.75 -0.85 NS 

mean 1985-1993 CMI -0.01 0.02 -0.51 NS 0.14 0.08 1.68 NS -0.04 0.28 -0.14 NS 

Size -0.00 0.05 -0.08 NS 0.02 0.09 0.20 NS -0.31 0.35 -0.87 NS 

Age 0.18 0.08 2.10 * 0.01 0.18 0.06 NS 0.41 0.57 0.72 NS 

SI 0.01 0.06 0.25 NS -0.12 0.12 -0.96 NS -0.26 0.49 -0.53 NS 

R
an

d
o

m
 

σ2 0.11 0.09 0.84 

τ00 ID_TREE 0.02 0.40 3.08 

ICC 0.15 0.82 0.79 

N ID_TREE 49 49 28 

  Observations 441 441 251 
 R2 Marginal /Conditional 0.088 / 0.223 0.143 / 0.849 0.101 / 0.807 

486 
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Discussion 487 

As expected, we observed a longer-lasting impact of drier-than-average conditions on spruce growth 488 

compared to pine. Indeed, two years after the 1991 drought, spruce growth rates barely intersected the 1985-489 

1993 average (i.e. z-score = 0). In contrast, jack pine 1992-1993 growth was higher than the 1985-1993 490 

average and was also higher than spruce growth rates during the same period. This contrasts with the pre-491 

drought period, in which pine had significantly lower growth rates when compared with spruce. When 492 

looking at the raw, non-z-scored isotopic ratios, pine displayed significantly higher average Δ13Cring, i.e. 493 

lower iWUE, compared with spruce, while no difference was observed in Δ18Oring. This suggests that, 494 

instead of different hydraulic behaviours which would have led to higher differences in Δ18Oring, the 495 

difference between the two species in terms of Δ13Cring could originate from different capacities to process 496 

carbon uptakes as well as different carbon needs for primary metabolism. Lavigne & Ryan (1997) and Ryan 497 

et al. (1997) previously observed a lower carbon use efficiency for black spruce compared to jack pine in 498 

the boreal forest of Saskatchewan. These results could indicate that, overall, pine was able to 499 

photosynthesize at a higher rate than spruce. When put into the context of adverse climate conditions, this 500 

could have allowed pine to recover faster than spruce after the drought. In jack pine, better photosynthesis 501 

rates could be related to better N uptakes through access to a larger pool of inorganic N within the mineral 502 

soil (Houle et al., 2014).  503 

In line with our second hypothesis, we observed that, during the relatively dry years 1988-1989, 504 

Δ13Cring values were lower and Δ18Oring values were higher compared to the 1985-1993 averages for both 505 

species, and that these changes in isotopic signals paralleled the drop in growth rates, or slightly preceded 506 

it in the case of spruce (Fig. 4). As expected, these deviations from 1985-1993 averages isotopic ratios were 507 

also lower for pine compared with spruce. According to the conceptual model of Scheidegger et al. (2000), 508 

this suggests that trees have closed stomata more intensely during the dry period than before and after these 509 

adverse years. This more stringent stomatal regulation could have also induced changes in photosynthesis 510 

rates, but we were unable to detect them using isotopic signatures measured in the bulk wood material (i.e. 511 
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using a mixture of both earlywood and latewood). Defoliation by insects, such as spruce budworm 512 

(Choristoneura fumiferana (Clemens)), could induce changes in the water and carbon budgets of trees 513 

which could potentially influence the 13C and 18O signals in tree rings. More specifically, such defoliation 514 

event could be followed by a period of increased photosynthetic rates through a compensatory mechanism 515 

in trees, which would translate into a temporary increase in iWUE (Simard et al., 2008). However, to our 516 

knowledge, no insect epidemics occurred within our sampling area over the study period (Ols et al., 2018). 517 

A potential explanation for the synchrony in inter-annual variability of isotopic signals and growth rates 518 

could be a modification in carbon allocation strategy of trees to reduce secondary stem and root growth 519 

(Way and Sage, 2008) and preferentially save and invest in Non-Structural Carbohydrates (NSC) reserves 520 

(Hartmann et al., 2015). However, we did not measure NSC concentrations in our samples, so this 521 

interpretation remains speculative. Extended drought could also have led to a sustained decrease in 522 

photosynthetic rates and, consequently, may have entailed carbon limitation to sink activity. This 523 

phenomenon, the lack of available carbon to invest in stem growth and storage, could explain the legacy 524 

effect observed in spruce. In view of the markedly more abrupt increase in iWUE (drop in Δ13Cring) for 525 

spruce compared to pine, those changes could have been more drastic for this species. Indeed, Way & Sage 526 

(2008) found that black spruce seedlings grown at elevated temperature experienced up to 60% lower 527 

growth rates compared to seedlings at ambient temperature because of a heat- and drought-induced 528 

reduction in cell expansion and division (i.e. limitation of C investment, decrease in the activity of metabolic 529 

sinks). This decreases the need of carbon for xylogenesis and instead allows trees to store carbon in the 530 

form of starch and sugars (Balducci et al., 2013; Muller et al., 2011; Way and Sage, 2008). Since jack pine 531 

is more frequently encountered on sandy areas prone to drying, the species may exhibit a more anisohydric 532 

behaviour, which may explain the absence of a significant increase in Δ18Oring for this species in 1988-1989. 533 

This gas-exchange strategy could have also allowed pine trees to store a larger amount of NSC which were 534 

then remobilized for growth when water availability was no longer limiting, likely explaining the better 535 

recovery of jack pine compared with spruce. In 1991, tree-ring Δ18Oring significantly increased for both 536 

species and this was not mirrored by any change in Δ13Cring. This pattern can be explained by a decrease in 537 
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assimilation rates that paralleled the decrease in stomatal conductance (Scheidegger et al., 2000), maybe 538 

the result of a more stringent regulation of stomatal aperture which significantly lowered carbon uptake.  539 

As hypothesized, results from the linear mixed models show that an increase in summer vapour pressure 540 

deficit significantly decreased carbon isotope discrimination and increased oxygen enrichment of black 541 

spruce and jack pine. Furthermore, growing season CMI had only a marginally significant positive effect 542 

on black spruce carbon discrimination but a highly significant negative effect on oxygen isotopic ratios of 543 

both species. This latter effect was especially high in the case of black spruce. Because of a shallow, 544 

adventitious rooting system, black spruce trees have limited access to deep groundwater sources and use 545 

almost exclusively surficial soil water storage. Organic matter is more prone to drying during severe and 546 

prolonged droughts compared to mineral soil, which could also explain the higher sensitivity of spruces 547 

Δ18Oring to soil moisture availability compared to pines. These findings suggest that spruce trees close 548 

stomata more stringently compared to pine when atmosphere and soil conditions become increasingly dry 549 

to save water and maintain their hydraulic integrity. This is not surprising since tree species inhabiting 550 

wetter environments, such as black spruce, generally show a lower resistance to embolism and likely have 551 

narrower safety margins than species more specific to dry environments such as jack pine (Choat et al., 552 

2012; Wu et al., 2020). Additionally, black spruce reduces the root to shoot ratio as a response to an increase 553 

in temperature, which exacerbates the negative impacts of droughts by lowering the capacity of trees to 554 

access water (Way and Sage, 2008). Thus, carbon assimilation rates of spruce could have declined early 555 

during drought (Adams et al., 2017). A higher rate of cavitated vessels could make this species particularly 556 

prone to a so-called “legacy” or “lag” effect in which a dry event induces low growth rates not only the 557 

year it occurs but also several years later (Anderegg et al., 2015b; Huang et al., 2018). This was observed 558 

here through the significant negative effect of summer VPD and positive effect of growing season CMI of 559 

the year prior to ring formation on black spruce growth (Table 1 and Supplementary Figure S.6). 560 

Interestingly, we did not observe any statistically significant lag effect for jack pine. 561 
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We observed a significant effect of total annual snowfall on black spruce growth, carbon and oxygen 562 

isotope ratios. Black spruce growth indices were generally higher in regions and years characterized by 563 

high annual snowfall, which means that trees had growth rates higher than or closer to those expected under 564 

average climate conditions. The corresponding growth rings were more depleted in 13C and enriched in 18O 565 

than rings from years and regions with low annual snowfall. In jack pine, annual snowfall had a significant, 566 

negative effect on growth indices only. In years and regions characterized by a more abundant annual 567 

snowfall, snowmelt and soil thawing can occur late in the season; which can delay the start of growth 568 

(Vaganov et al., 1999; Verbyla, 2015). This, linked with an earlier spring budburst in pine compared with 569 

spruce (Man et al., 2015), is a likely explanation for the opposite effect of annual snowfall on growth of the 570 

two species. For black spruce, an additional snowpack can have helped to protect the shallow root system 571 

of trees (Frey, 1983) as well as the newly formed buds (Marquis et al., 2020), which would have outbalanced 572 

the negative effect of a delayed soil thaw and growth onset. For this species, the significant effect of annual 573 

snowfall observed on Δ13Cring and Δ18Oring was opposite in direction to the effect of soil moisture availability 574 

and vapor pressure deficit (i.e. Δ13Cring decreased and Δ18Oring increased with high snowfall, and with high 575 

VPD and low CMI during summer, Table 1, Supplementary Figure S.6). This is likely an indication of 576 

hydric stress, as already stated by Walker et al. (2015) in Alaska for the same species. This could also be 577 

the result of a higher proportion of wood cells formed during the summer season. More summer-formed 578 

cells would lead to a stronger summer drought signal compared to growth rings whose initiation started 579 

early in spring. It is interesting to note that, for spruce, the effect of snow was no longer present when 580 

looking at δ18Oring (raw, non-corrected) values (Supplementary Table S.5.2). This is because the δ18O 581 

signature in tree rings is likely a mixing between the signal from source water (snow water and water from 582 

deeper soil layers is usually more depleted in 18O compared with rainwater and water from soil layers closer 583 

to the surface) and the enrichment occurring after water entered the trees hydraulic pathway.   584 

Besides the effects of climate variables on Δ13Cring and Δ18Oring, we observed a high inter-tree variability 585 

on isotopic signatures. This becomes particularly apparent through the high variability associated with tree 586 
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identity in LMMs, coupled with far higher conditional r-squared than marginal r-squared values. We 587 

hypothesize that such variability results from the high spatial heterogeneity in growth conditions. First, 588 

climate averages differed within the study zone. Easternmost locations were, on average, more humid than 589 

westernmost plots (Fig.1 and 3); and this could have influenced the impact of a below-average summer 590 

aridity on trees physiology. Additionally, the intensity of 1988-1989 and 1991 droughts differed between 591 

the study plots. Some plots did not experience drier-than-average conditions during these years (Fig. 3). 592 

Second, some types of substrates, such as poorly weathered (i.e. relatively young, mainly rocky substrate 593 

with no or thin organic horizon) and dry soils (Raney et al., 2016; Sniderhan et al., 2020; Sniderhan and 594 

Baltzer, 2016), could exert a long-term impact on tree growth and  physiology. Permafrost thaw leading to 595 

moisture deficit in the superficial soil layer was invoked by Sniderhan & Baltzer (2016) and Sniderhan et 596 

al. (2020) to explain negative growth trends and increasing iWUE of southern black spruce populations 597 

within Northwestern Canada. In our case, there is a possibility that the effect of differences in moisture 598 

availability occurred at the scale of the micro-environment (i.e. variations in topography and soil conditions 599 

within the plot), even if we constrained the selection of trees to relatively similar soil conditions. 600 

Competition for water, light and nutrients also decreases the capacity of trees to physiologically react and 601 

adapt to fast and episodic changes in their environment (Sohn et al., 2016, 2014, 2012). Those tree 602 

populations subjected to such a prolonged stress, including a drier regional climate, can thus be more 603 

sensitive to short-term stressors such as droughts (Levanič et al., 2011; Raney et al., 2016). By contrast, 604 

some microenvironments, referred to as “hydrological [micro]refugia”, buffer the impacts of droughts on 605 

trees because of an enhanced capacity to maintain soil water availability under dry conditions (McLaughlin 606 

et al., 2017; Stralberg et al., 2020). Our climate dataset, and more generally gridded and interpolated climate 607 

datasets, often do not accurately estimate differences in microenvironmental conditions and in groundwater 608 

depth, another factor influencing tree-ring isotope signals (Sun et al., 2018). A high inter-tree variability in 609 

isotopic signals was previously observed in Picea mariana trees in the same geographic area by Bégin et 610 

al. (2015) and was attributed to variations in environmental conditions surrounding each individual tree. 611 

Differences in rooting depth of trees and genetically-driven differences in trees’ physiological status could 612 
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also contribute to this high inter-tree variability in isotopic ratios (Konter et al., 2014; McCarroll and 613 

Loader, 2004). Such differently performing genotypes are linked with diverging forcing factors on the 614 

selection of life-history traits. Indeed, environmental gradients, such as differences in regional climate and 615 

photoperiod, can influence the genetic structure of trees (McKown et al., 2014) and more specifically their 616 

hydraulic traits (Depardieu et al., 2020; Isaac-Renton et al., 2018; Li et al., 2018).  617 

Oxygen isotopic signals in tree rings are strongly dependent on the composition of source water. 618 

Even if we tried to estimate and remove oxygen isotopic composition of precipitation (Eq.2), the estimated 619 

values may not be fully representative of the interannual variability in precipitation 18O that have occurred 620 

in the study locations. This highlights the need for a densification of the network of in-situ measurements 621 

of isotope composition in precipitation, especially in Eastern Canada where locations with available time-622 

series of precipitation δ18O are extremely scarce. Such network could be especially useful to overcome the 623 

uncertainties when interpreting results from δ18O, such as those we observed here (see Supporting 624 

information S.2). Furthermore, additional non-physiological mechanisms could have been involved in the 625 

inter-annual differences in Δ18Oring. First, the taproot of jack pine (Burns and Honkala, 1990) makes this 626 

species more responsive than superficially-rooted black spruce to deep soil water sources, especially when 627 

comparing jack pine with lowland black spruce (Girardin et al., 2008). During years characterized by lower 628 

than average surficial soil water supply, jack pine trees could have relied more from deep soil water pools 629 

which are usually characterized by a lower 18O enrichment compared with water from soil layers closer to 630 

the surface (Tang and Feng, 2001). This could have occurred during the year 1989, for which raw δ18Oring 631 

of pine significantly dropped below the 1985-1993 average (Fig. S.5). Further, we analysed isotopic 632 

signature of the whole ring, which represents a measure integrated over the entire growing season. So, we 633 

were unable to distinguish changes in Δ18Oring occurring as a result of a modification in the seasonality of 634 

precipitation (Xu et al., 2020). Finally, black spruce and jack pine individuals sampled in this study never 635 

co-occurred within a sample plot. Even if we cannot fully exclude an effect of environmental and site 636 

conditions on the sensitivity of trees to drought, we are confident that the differences we observed here are, 637 
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at least partly, driven by a differential physiological response between the two species. First, we selected 638 

trees on sites with relatively similar drainage conditions, so our analyses did not include spruce trees from 639 

clayey or organic soils. Additionally, differences in inter-annual variability of growth index and isotopic 640 

signals were analysed by computing least square means on z-scored values (Fig.4). Doing this 641 

standardization removes part of the noise in data at the site and individual level, such as the variability 642 

induced by different soil conditions or different genotypes. Finally, when linear mixed models were re-run 643 

using these z-scored values, between-species differences in the effects of climate on responses variables 644 

were still present (Supplementary Table S.7), especially in the case of isotopic signals. 645 

To summarize, we identified species-specific recovery capacity from dry conditions using tree-ring 646 

isotopic signatures for two boreal conifers. The capacity to recover from a past drought differed between 647 

black spruce and jack pine, this divergence being driven by differences in the physiological responses of 648 

the studied species. More specifically, we observed a delayed but longer lasting and stronger negative 649 

impact of drought on growth rates in black spruce compared to jack pine. A decline in growth rates occurred 650 

in parallel with a significant increase in iWUE (decrease in 13C discrimination) and a significant decrease 651 

in stomatal conductance (increase in 18O enrichment). Such variations were more significantly linked with 652 

moisture conditions in spruce compared to pine, likely mirroring the species’ differences in life-history 653 

traits (e.g. rooting systems). Together with other morpho-physiological adaptations to a stressful, 654 

waterlogged and cold environment (Burns and Honkala, 1990), black spruce exhibits a low acclimation 655 

potential to warmer temperatures (Way and Sage, 2008). Taken together, these findings suggest that spruce 656 

will be more negatively impacted by droughts and heatwaves than jack pine; with a slower and less 657 

complete recovery and a more marked lag effect, as observed here. We recognised that inferring 658 

physiological variables from tree-ring isotopic composition, which are measures integrated over the full 659 

length of the growing season and the whole tree canopy, likely induced some uncertainties in the estimated 660 

effects of climate. Without more direct and finer-resolution proxies of physiological parameters and C-661 

storage status of trees, it is difficult to determine the origin of the observed inter-annual variability in tree-662 
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ring isotopic ratios. A high inter-individual variability in 13C and 18O isotopic signatures was observed, 663 

which could be related to contrasting microsite conditions instead of to differences in physiological 664 

response to climate. However, this high heterogeneity may also suggest that some of the studied tree 665 

populations are better adapted and can better acclimate to warmer and drier conditions than others (Girardin 666 

et al., 2021), whereas some areas could also protect trees against negative impacts of warming (Stralberg 667 

et al., 2020). Future studies should expand to datasets including plots with co-occurring species to address 668 

this uncertainty. Since the difference in post-drought growth rates was visible in growth indices, such 669 

variability in post-drought performance between species should be the result of both different ecological 670 

niches and life-history traits. Results in this direction would tend to confirm the vulnerability of black spruce 671 

populations to future climate warming, as more frequent and more severe drought episodes are anticipated 672 

for this region (Chaste et al., 2019; Girardin et al., 2016). 673 
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