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A B S T R A C T

High-resolution climate reconstructions are needed to understand past and future climate–vegetation dynamics. 
However, climate reconstructions using ring width are scarce in temperate regions where climate has limited 
impacts on tree growth. In Témiscamingue, white pine sunken logs represent valuable archives for long-term 
climate reconstructions, but white pine’s response to climate variations in this temperate region is unknown. 
Moreover, the most suitable proxies for climate reconstruction in white pine—ring widths or stable iso
topes—remain unclear. This study evaluates which proxy, or combination of proxies, best captures climate 
signals in white pine radial growth across contrasting soil drainage conditions. Ring widths were measured in 60 
trees from Opémican National Park (30 on each of fast and moderate drainage conditions). Carbon and oxygen 
isotope ratios were analyzed from five trees per site over the period 1950–2020. Climatic data from ERA5 were 
used to calibrate response functions. June-August drought index (SPEI) as well as June-July precipitation and 
temperature were the dominant climatic drivers on all proxies, regardless of drainage type. Bayesian linear 
models revealed that combining carbon isotopes with ring-width data provided the most robust reconstruction of 
June–July precipitation (r = 0.43), that combining oxygen isotopes with ring widths yielded the best recon
struction of June–July temperatures (r = 0.49), and that combining carbon and oxygen isotopes produced the 
best reconstruction of June-August SPEI (r = 0.45). This study is among the first to demonstrate the potential of a 
multi-proxy approach for climate reconstruction using white pine. Our results provide insights that may guide 
future climate reconstructions in temperate regions, where tree species with lower climate sensitivity could also 
be considered.

1. Introduction

High-resolution climate reconstructions are key to understanding 
past and future climate–vegetation dynamics (Büntgen and Esper, 
2025). Tree rings are widely used to reconstruct climatic conditions with 
annual resolution, and combining living and dead trees allows these 
reconstructions to be extended further back in time (Gennaretti et al., 
2014; Grudd, 2008; Liu et al., 2017). Ring width generally reflects 
climate variations because tree growth is influenced, and sometimes 
limited, by environmental conditions (Duffy et al., 2019). However, in 

temperate regions where climate is less limiting and growth is influ
enced by multiple factors, it is more complex to study climate using 
tree-ring width (Shestakova and Martínez-Sancho, 2021). Some studies 
found that tree-ring isotopic composition can be more sensitive to 
climate variations in temperate regions, because they represent early 
response at the physiological level (Rinne et al., 2013; Sarris et al., 
2013). This suggests that their use could be more appropriate for climate 
reconstruction in these regions. Moreover, many studies demonstrated 
that a multi-proxy approach combining ring width and isotopes (carbon 
[δ13C] and oxygen [δ18O]) could enhance common climatic signal and 
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reduce the error associated with individual proxies (Gennaretti et al., 
2017; Hilasvuori et al., 2009; Sidorova et al., 2012).

To date, only one study has used white pine tree rings for climate 
reconstruction, focusing on winter climate in the Great Lakes region 
(Voelker et al., 2019). Nonetheless, because white pines are isohydric, 
they tend to respond rapidly to changes in temperature and precipitation 
(Asbjornsen et al., 2021), which makes them great candidates for sum
mer climate reconstructions in temperate regions. Indeed, many studies 
have demonstrated their response to climate variations using tree-ring 
width (RW) and δ13C isotopes (Asbjornsen et al., 2021; Chhin et al., 
2018; Maier and Teskey, 1992). Before using white pine tree rings for 
climate reconstruction, it is necessary to assess the climate-tree ring 
relationship with living white pines over a period of time for which 
instrumental temperature and precipitations records are available 
(Gennaretti et al., 2017; Naulier et al., 2015). Moreover, the impact of 
different drainage levels on climatic signal of white pine should also be 
tested, because it is likely to modulate the response to climate and may 
introduce unwanted noise in climate reconstructions (Chhin et al., 
2013).

Témiscamingue is a temperate region of eastern Canada where 
intensive harvesting of white pine (Pinus strobus) took place in the 19th 
and 20th centuries (Danneyrolles et al., 2016; Robles et al., 2025). The 
extensive exploitation of white pine forests is thought to have contrib
uted to their declining abundance in Témiscamingue, leading to a recent 
need for restoration (Uprety et al., 2013). Early forest exploitation in 
Témiscamingue was accompanied by log driving – the floating of logs on 
waterways for their transportation (Aird, 2016; Sedell et al., 1991). 
White pine logs that sank during log driving are still well preserved and 
represent a valuable archive for reconstructing climate from the 

preindustrial period (before 1800) to the mid-20th century 
(Labrecque-Foy and Montoro Girona, 2023). Reconstructing drought 
episodes in this region and analyzing the response of white pine to these 
events may provide insights into the causes of their decline and support 
the development of future management strategies.

This study aims to (i) investigate the climatic signal in white pine 
tree-ring proxies (RW, δ13C, δ18O) under fast and moderate drainage 
conditions, and (ii) determine the combination of proxies offering the 
best potential for hydro-climate reconstructions. We expect the main 
climatic signal to be summer precipitation and temperatures because 
white pines are isohydric, but that this signal will be dependent on the 
drainage level. We also expect that combining multiple tree-ring proxies 
will lead to more reliable climate reconstructions than a single proxy.

2. Methods

2.1. Study area

Our study took place in the Opémican National Park, in the region of 
Témiscamingue, western Québec, Canada (46.84◦N, 79.20◦W; Fig. 1a). 
The Opémican National Park was created in 2018 and protects 25 300 ha 
of forests, including some of the oldest (⁓200 years) white pine stands 
in the Québec province (Sépaq, 2025). This area is located in the sugar 
maple (Acer saccharum) and yellow birch (Betula alleghaniensis) biocli
matic domain (MRNF, 2021). Surface deposits consist primarily of 
glacial and fluvio-glacial tills and moraines, but rocky outcrops are 
found at higher elevations (Gouvernement du Québec, 2024). The 
climate is subpolar continental, with cold winters and warm summers. 
Mean annual temperature is 5.1◦C, with July (19.8◦C) and January 

Fig. 1. (a) Location of the study region, (b) limits of the Pointe-Opémican sector of Opémican National Park, (c) the two sampling sites in Témiscamingue, western 
Québec, Canada.
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(-10.8◦C) being the warmest and coldest months, respectively. Yearly 
mean total precipitation is 892 mm, with monthly extremes in October 
(91 mm) and February (55.4 mm; Environnement Canada, 2024). The 
length of the growing season varies between 120 and 140 days (Natural 
resources Canada., 2016).

2.2. Field sampling

We conducted field sampling in the Pointe-Opémican sector of the 
Opémican National Park (Fig. 1b). We selected two sites based on their 
level of drainage and the presence of old-grown white pine stands: one 
site with fast drainage (average slope of 56◦) located on the upper slope 
of a hill, and a site with moderate drainage (average slope of 6◦) on the 
lower slope of the same hill (Fig. 1c, fig. S1). In the summer of 2023, we 
collected two 0.5-cm diameter cores at breast height on 30 dominant or 
co-dominant white pines in each site for ring width measurements 
(number of cores = 120; borer length = 60 cm). In the summer of 2024, 
we collected two 1.2-cm diameter cores on 10 trees per site for isotopic 
analysis (number of cores = 40; borer length = 40 cm). We chose 
dominant trees that looked the healthiest and without any apparent 
stem malformation or scars.

2.3. Dendrochronological approach

The 120 cores taken for ring width measurements were dried, glued 
on wooden supports and sanded with gradually smaller grain (80, 120, 
220, 320, 400 grit). All samples were measured with CooRecorder (v. 
9.8.0; Maxwell and Larsson, 2021) and were visually cross-dated before 
being cross-dated to calendar year with Past5 (v. 5.0.620; SCIEM 2021, 
Austria).

2.4. Isotopic measurements

2.4.1. Wood preparation
We flattened the 40 cores taken for isotopic measurements with a 

sliding manual microtome (core-microtome; Gärtner and Nievergelt, 
2010) to avoid wood contamination between years. We then proceeded 
to the measurement with CooRecorder and cross-dating with Past5. For 
each site, we selected five 1.2-cm diameter cores from different trees 
according to the dating accuracy and the size of the growth rings (larger 
rings were preferred). We cut each ring of the 1950–2020 period with a 
razor blade and stored them individually, for a total of five samples per 
year per site (fig. S2). For each site, we pooled wood samples for every 
year by combining 6 mg of each sample, for a total of 71 samples con
taining 30 mg of wood per site. We homogenized the wood using 7-mm 
stainless steel balls in a MM 400 Mill Mixer (Retsch Milling & Sieving, 
France) for 3 min at 30 Hz. We transferred the homogenized wood 
samples to fibreglass filter bags (#F57 Ankom Technology, USA) for 
alpha-cellulose extraction.

2.4.2. Alpha-cellulose extraction
We followed the multi-step protocol presented in Namvar et al. 

(2024) to isolate alpha-cellulose. To remove soluble organic compounds 
from the wood samples, we placed the filter bags in a solution of toluene 
and ethanol (1:1) in an ultrasonic bath for 90 min, then boiled them in 
water for 60 min. To remove lignin, we placed the samples in water at 
80◦C and bleached them by adding sodium chlorite and acetic acid. To 
remove hemi-cellulose, we placed the samples in NaOH (17%) for 
60 min, extensively rinsed them with distilled water, and immersed 
them with acetic acid (10%) for 10 min. We then rinsed the samples with 
distilled water until they reached a pH of 7 and let them dry for 24 h 
under the hood to obtain pure alpha-cellulose.

2.4.3. Mass spectrometry
The δ13C and δ18O measurements were conducted at the Geotop 

Light-Stable Isotope Geochemistry Laboratory (Université du Québec à 

Montréal, Montreal, Canada).
For δ13C analysis, 0.5 mg of cellulose was weighed in tin capsules. 

The samples were analyzed using a Micromass Isoprime 100 isotope 
ratio mass spectrometer, connected to an Elementar Vario MicroCube 
elemental analyzer in continuous flow mode. The overall analytical 
uncertainty of the measurements was less than ±0.1‰ (Hélie and 
Hillaire-Marcel, 2021). For δ18O analysis, 0.3 mg of cellulose was 
weighed in silver capsules. The samples were analyzed using an Iso
prime VisIon isotope ratio mass spectrometer coupled to an Elementar 
Vario PyroCube elemental analyzer in continuous flow mode. The 
overall analytical uncertainty of the measurements was within ±0.3‰ 
(Hélie and Hillaire-Marcel, 2021).

2.5. Climatic data

We extracted monthly precipitation (mm/month) and mean tem
perature (◦C) data for the 1950–2020 period from the ERA5 global 
reanalysis (Hersbach et al., 2023). We also extracted standardized pre
cipitation evapotranspiration index values (SPEI; Vicente-Serrano et al., 
2010) with accumulation windows of three months from the dataset of 
monthly drought indices derived from ERA5 reanalysis (European 
Centre for Medium-range Weather Forecast, 2025; Keune et al., 2025). 
SPEI is a normalized variable based on the balance between precipita
tion entering the system and potential evapotranspiration. Negative 
values indicate drier conditions compared to some reference period 
(here, 1991–2020), while positive values indicate wetter conditions. We 
used the same climatic data for both sampling sites because of the coarse 
spatial resolution of the data (0.25◦ x 0.25◦ in latitude and longitude).

2.6. Data processing

We averaged individual radial ring-width measurements for each 
tree, and detrended the resulting mean series per tree using a spline with 
a length corresponding to 67% of the series length with the dplR package 
in R (Bunn, 2008). We then created two mean chronologies, one per site, 
by averaging all individual detrended series in each site. We corrected 
the δ13C data for the Suess effect (decreasing δ13C of atmospheric CO2) 
according to the equation of McCarroll et al. (2009). To do so, we used 
the reconstructed δ13C atmospheric data from Belmecheri and Lavergne 
(2020) for the 1950–2014 period, and from Mathias and Hudiburg 
(2022) for the 2015–2020 period. We detected significant linear trends 
only in the mean temperature time series (fig. S3-S5), which could 
potentially bias interpretation at the interannual scale. To address this, 
we detrended the temperature data using a spline function, consistent 
with the method applied to ring-width measurements. We used the raw 
data for monthly precipitations, SPEI, and δ18O.

2.7. Statistical analyses

2.7.1. Proxy-climate relationship
To identify the climate variable most suitable for reconstructions, we 

tested the relationship between tree-ring proxies (ring width, δ13C, 
δ18O) and monthly climate data (mean temperature, total precipitation, 
and SPEI). We performed bootstrap correlation functions (1000 itera
tions) with the treeclim package in R (Zang and Biondi, 2015), testing 
temperature, precipitation and SPEI from the previous year (June to 
December) and the current year (January to September). Climate vari
ables with the highest correlation coefficients amongst all tree-ring 
proxies, i.e. June and July total precipitation (pjj), June and July 
mean temperature (tjj), and June-August SPEI of the current year, were 
chosen as reconstruction targets. The stationarity of the response to 
climate was verified for the relevant proxies using a moving window 
analysis with 30-year windows and 5-year offsets.

2.7.2. Climate modeling
We used a linear model to model target climatic variables as a 
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function of the three tree-ring proxies (ring width, δ13C, δ18O) and the 
drainage level. Drainage level was transformed into a binary vector of 
value 1 (fast drainage) or 0 (moderate drainage). The model used a 
Bayesian framework with Gibbs sampling implemented in JAGS 
(Plummer, 2003). We chose a Bayesian approach because it provides 
precise and reliable confidence intervals and enables us to assess the 
uncertainty of each parameter (Gennaretti et al., 2017). The model was 
written as follows: 

target = β_RWI ∗ RWI + β_δ13C ∗ δ13C + β_δ18O ∗ δ18O + β_drain

∗ drainage + intercept (1) 

with target being either June and July precipitation (total), June and 
July temperature (mean) or June-August SPEI, β_RWI being the 
parameter associated with the effect of ring widths of the mean chro
nologies (RWI), β_δ13C being the parameter associated with the effect of 
δ13C, β_δ18O being the parameter associated with the effect of δ18O, 
β_drain being the parameter associated with the effect of drainage, and 
intercept being the intercept. The model assumes a normal distribution 
of observations (ERA5 values, y) around predicted values (target), with 
a standard deviation (sd) estimated by the model as follows: 

y ∼ N(μ = target, σ = sd) (2) 

We used non-informative priors for β_RWI, β_δ13C, β_δ18O, β_drain, 
intercept (normal distribution with a mean of 0 and a standard deviation 
of 100) and sd (uniform between 0 and 100). All parameters had initial 
values randomly selected from a normal distribution with a mean of zero 
and a standard deviation of one. Ten chains of 10,000 iterations, with a 

thinning rate of 10 and a burn-in of 1000, were executed with the JAGS 
program (v.4.3.2; Plummer, 2003) in R using the jagsUI package 
(Kellner, 2024). Full model code and diagnostic graphs are available in 
supplementary materials (fig. S6-S13).

Model reconstruction skill was evaluated by calculating the corre
lation between the predicted and observed climatic values. As the 
variance of the predicted climatic time series was lower than the 
observed one (Fig. S14), we re-scaled the predicted values by applying a 
correction to the standard deviation as follows: 

predcorr =
pred − xpred

spred
∗ sobs + xpred (3) 

Where pred are the predicted values, xpred is the mean of the predicted 
values, spred is the standard deviation of the predicted values, and sobs is 
the standard deviation of the observed values. This rescaled time series 
was used for plotting the reconstruction.

All statistical analyses were performed in R (v. 4.3.3; R Core Team, 
2021). Analyses were conducted for the 1950–2020 period (71 years) 
only, because it is the period covered by all the data.

3. Results

3.1. Tree-ring time series

For each of the three proxies, short- and long-term trends were 
similar between the two drainage levels, with correlation coefficients 
ranging from 0.76 to 0.81 (Fig. 2). The only proxy with significant 

Fig. 2. (a) Chronologies of the detrended ring width (RWI), (b) carbon isotopic ratio (δ13C) and (c) oxygen isotopic ratio (δ18O) for the sites with fast (blue) and 
moderate (pink) drainage in the Opémican national park, Témiscamingue, western Québec. All chronologies cover the 1950–2020 period.
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differences between sites was carbon isotopes, where δ13C values were 
higher (+0.62, p < 0.0001) in the fast drainage site than in the moderate 
drainage site (fig. S15). Mean δ13C time series were negatively corre
lated with mean ring width (RWI) time series (r = -0.34, p = 0.004) (fig. 
S16). No significant correlation was found between RWI and δ18O 
(r = 0.09, p = 0.44) and δ13C and δ18O (r = 0.17, p = 0.16).

3.2. Proxy-climate relationship

At both sites, the strongest precipitation signal in tree-ring proxies 
was summer precipitation of the current year (Fig. 3). RWI was posi
tively correlated with June and July precipitation at the fast drainage 
site, and June precipitation at the moderate drainage site (Fig. 3a-b). 
δ13C was negatively correlated with June and July precipitation of the 
current year at both sites (Fig. 3c-d). δ18O was not significantly corre
lated to summer precipitation but showed significant correlations with 
fall precipitation of the previous year at both sites, and the precipitation 
of April for the site with moderate drainage (Fig. 3e-f).

The strongest common temperature signal amongst the tree-ring 
proxies was the mean temperature of June and July of the current 
year (Fig. 4). δ13C is positively correlated with June, July and August 
temperatures of the current year (Fig. 4c-d), while δ18O is positively 
correlated with May, June and July temperatures of the current year 
(Fig. 4e-f). Although not always significant, RWI shows negative cor
relations with June and July temperatures of the current year (Fig. 4a- 
b).

The strongest common SPEI signal amongst the tree-ring proxies was 

summer SPEI of the current year (Fig. 5). RWI is positively correlated 
with June, July and August SPEI of the current year at the fast drainage 
site, while no significant correlation was found at the moderate drainage 
site (Fig. 5a-b). δ13C is negatively correlated with June, July, August and 
September SPEI of the current year (Fig. 5c-d), while δ18O is negatively 
correlated with June SPEI of the current year, and winter SPEI of the 
previous year (Fig. 5e-f).

Drainage level had limited effects on the proxies’ response to climate 
variables. Indeed, only few differences were observed in correlation 
coefficients between the fast and moderate drainage sites (Figs. 3–5). 
The most significant difference was observed in the response of RWI to 
temperatures, where RWI of the moderate drainage site was positively 
correlated with the temperature of many more months than in the fast 
drainage site (Fig. 4a-b), and between RWI and SPEI, where no signifi
cant correlations were found at the moderate drainage site (Fig. 5b).

Moving window analysis revealed that RWI and δ13C response to 
June and July precipitation, RWI and δ18O response to June and July 
temperature, and RWI and δ13C response to June-August SPEI was sta
tionary over the 1950–2020 period (fig. S17-S19).

3.3. Climate modeling

Chain convergence was reached for all parameters (supplemental 
material; fig. S6-S8), and the posterior distributions of all parameters of 
the precipitation, temperature, and SPEI models were well defined and 
unimodal (Fig. 6). For the precipitation model, the 95% confidence in
tervals of all parameters excluded zero, except for the parameter 

Fig. 3. Correlation coefficients between the tree-ring proxies (RWI, δ13C, δ18O) and monthly total precipitation in the fast (a, c, e) and moderate (b, d, f) drainage 
sites. Months of the previous year are in lowercase letters and months of the current year are in uppercase letters. Blue lines indicate significant correlations.

J.-P. Labrecque-Foy et al.                                                                                                                                                                                                                     Dendrochronologia 96 (2026) 126507 

5 



associated with δ18O (Fig. 6, Table S1), indicating that RWI and δ13C are 
the more useful proxies to reconstruct precipitation. For the temperature 
model, the confidence intervals of all parameters excluded zero, except 
for the parameters associated with δ13C and drainage (Fig. 6, Table S1), 
indicating that RWI and δ18O are the more useful proxies to reconstruct 
temperatures. For the SPEI model, the 95% confidence intervals of all 
parameters excluded zero, except for the parameter associated with RWI 
(Fig. 6, Table S1), indicating that δ13C and δ18O are the more useful 
proxies to reconstruct SPEI. These results also suggest that the drainage 
level has significant impact in the reconstruction of precipitations and 
SPEI, although the distribution was shifted toward negative values in the 
temperature model. The climatic data predicted by our models corre
lated closely with the climatic data extracted from the ERA5 database 
(Fig. 7). Indeed, Pearson correlation coefficients were 0.43, 0.49 and 
0.45 for the predicted June and July precipitation, June and July tem
perature, and June-August SPEI, respectively.

4. Discussion

4.1. White pine’s response to climate variations

The correlation analysis between the three tree-ring proxies and 
climate variables enabled us to better understand the physiological 
response of white pine to environmental variations. The main signal 
emerging from our data is the sensitivity of white pine to dry conditions.

We found a negative correlation between RWI and summer tem
perature and a positive correlation between RWI and summer 

precipitation and SPEI. These results imply that water stress is the main 
factor limiting radial growth of white pines in our study region. Our 
results are supported by previous studies that have found similar results 
(Chhin et al., 2018, 2013; Vose and Swank, 1994). Indeed, in western 
North Carolina, Vose and Swank (1994) observed a significant dimi
nution of radial growth for white pines of all canopy classes during 
drought years. Moreover, while studying the radial growth response of 
white pines to climate in seven sites located at the northern edge of the 
distribution, Chhin et al. (2018) found that radial growth was negatively 
correlated with temperature and positively correlated with precipita
tion. However, sites with slower drainage are generally associated with 
higher water availability, thus making water availability less limiting 
(Chhin et al., 2013). This could explain why we did not find any sig
nificant correlations between SPEI and RWI at the moderate drainage 
site, and why RWI was positively correlated with temperature of some 
spring or summer months at the moderate drainage site. Nonetheless, 
the main climatic factors affecting radial growth were similar in both 
sites, as also observed by Chhin et al. (2013) when comparing the cli
matic signal of white pine radial growth in terrace versus floodway 
stands.

Increases in δ13C are generally caused by increased photosynthetic 
activity or reduced stomatal conductance (McCarroll and Loader, 2004). 
White pines are isohydric, meaning that they exert tight stomatal 
regulation in response to water availability (Asbjornsen et al., 2021). 
The negative correlation between δ13C and precipitation or SPEI found 
in this study suggests that the δ13C signal was mainly associated with 
stomatal conductance. Moreover, the negative correlation between δ13C 

Fig. 4. Correlation coefficients between the tree-ring proxies (RWI, δ13C, δ18O) and monthly mean temperature in the fast (a, c, e) and moderate (b, d, f) drainage 
sites. Months of the previous year are in lowercase letters and months of the current year are in uppercase letters. Blue lines indicate significant correlations.
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and RWI indicates that increases in δ13C were not caused by an increase 
in photosynthetic rate, which should lead to an increase in wood for
mation and radial growth. Our results corroborate those from Asbjorn
sen et al. (2021) who also found a negative linear association between 
precipitation and δ13C in white pine tree rings, and a major decrease in 
radial growth during induced drought episodes.

Our results revealed a positive correlation between δ18O and summer 
(June and July) temperature, and a negative correlation with summer 
(June to August) SPEI, which also supports the theory of white pine’s 
stomatal response to water stress. Indeed, warmer atmospheric tem
perature causes an increase in atmospheric vapor pressure deficit and 
higher evapotranspiration demand (Larcher, 2003). In this case, a sub
sequent enrichment in δ18O demonstrates a reduced stomatal conduc
tance, allowing for the preferential evapotranspiration of leaf water 
containing 16O (Song et al., 2022). These results are supported by Maier 
and Teskey (1992) who observed a strong negative link between abso
lute humidity deficit and stomatal conductance in an experimental 
white pine forest in North Carolina, and by MacKay et al. (2012) who 
observed 27% less evapotranspiration in white pine stands subjected to 
induced drought. However, to our knowledge, our study is one of the 
first to demonstrate white pine’s physiological response to water stress 
using δ18O. Another probable cause of increased δ18O is the enrichment 
of soil water, caused by the accelerated evaporation of water from the 
soil in dry conditions (Siegwolf et al., 2023). This water, now enriched in 
δ18O, will subsequently be absorbed by the roots and used for photo
synthesis (McCarroll and Loader, 2004). Unfortunately, we lack 

sufficient data to support this second explanation, and studies incorpo
rating analyses of soil water isotopic composition could significantly 
strengthen this interpretation.

4.2. Climate reconstruction and the choice of proxies

The modeling of summer precipitation, temperature and SPEI 
enabled us to identify the most suitable tree-ring proxies for climate 
reconstruction using white pines. Our results also suggest that a multi
proxy approach is the most appropriate, with different proxy combina
tions allowing the reconstruction of different climate variables.

The posterior distribution of model parameters identified ring width 
and carbon isotopes as the best proxies for reconstructing June and July 
precipitation. When studying the potential for climate reconstruction 
using two pine species (Scots pine [Pinus sylvestris] and Mountain Pine 
[Pinus uncinate]), Gagen et al. (2006) also identified ring width and δ13C 
as the best proxies for reconstructing summer precipitation. Our model 
also demonstrates that drainage level has an influence on the recon
struction of precipitation. The influence of drainage level can be 
explained by the constantly higher values of δ13C in the fast drainage 
sites. These higher values are likely caused by the lower water avail
ability due to the rapid drainage in this site, thus increasing white pine’s 
leaf-level reaction to water stress. Consequently, there is a risk of over- 
or under-estimating the amount of precipitation if the type of drainage is 
unknown for sampled trees.

According to the model parameters, the best tree-ring proxies for 

Fig. 5. Correlation coefficients between the tree-ring proxies (RWI, δ13C, δ18O) and SPEI (accumulation window of 3 months) in the fast (a, c, e) and moderate (b, d, 
f) drainage sites. Months of the previous year are in lowercase letters and months of the current year are in uppercase letters. Blue lines indicate significant 
correlations.
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June and July temperature reconstruction are ring width and δ18O. 
Gennaretti et al. (2017) also identified ring width and δ18O as the best 
two-proxy combination for reconstructing summer temperature with 
black spruce (Picea mariana) tree rings, although adding δ13C also 
improved their model likelihood. In our temperature model, the 
drainage level was not identified as influencing the predicted tempera
ture. The low effect of the drainage level in the temperature model could 
be attributed to the proximity of the two sites (at most 400 m apart) 
suggesting similar temperature at both locations. Therefore, the relative 
atmospheric humidity, evapotranspiration demand and the consecutive 
δ18O enrichment would be equivalent in each site.

The posterior distribution of model parameters identified carbon and 
oxygen isotopes as the best proxies for reconstructing June-August SPEI. 
Because SPEI is a drought index that integrates precipitation and tem
perature, we expected the model to also identify RWI as a good proxy for 
reconstructing summer drought. In the initial correlation analysis, we 
found RWI to be related to SPEI only at the fast drainage site, probably 
because tree-growth is less limited by drought in sites where water is 
more accessible. This might be why the effect of RWI was not conclusive 
in the SPEI model. The expected difference in water accessibility be
tween the fast and moderate drainage site might also explain why 
drainage level was identified as having an effect on SPEI reconstruction.

The three models suggested that the use of a multiproxy approach is 
favorable for climate reconstruction with white pine. Ring width, carbon 
isotopes and oxygen isotopes are influenced by different factors and 
therefore record different, and sometimes complementary, environ
mental signals (Hilasvuori et al., 2009). The combination of several 
proxies can produce more reliable climate reconstructions because it 
amplifies the common signal between proxies, while diminishing the 
uncertainties related to each single proxy (Sidorova et al., 2012). For 

example, when reconstructing summer temperatures in northern 
Québec using black spruce ring width, δ13C and δ18O, Gennaretti et al. 
(2017) demonstrated that the posterior probability of their models was 
always narrower when multiple proxies were used. When reconstructing 
summer temperatures with Scots pine tree rings in Finland, Hilasvuori 
et al. (2009) found that the combination of ring width and carbon iso
topes best accounted for proxies’ discrepancies and amplify their com
mon signal.

4.3. Potential of white pine for climate reconstruction

This study is among the first to evaluate the potential of white pine 
tree-ring parameters for reconstructing summer temperatures, precipi
tation and SPEI. To our knowledge, Voelker et al. (2019) is the only 
other study investigating the potential of using white pine tree rings for 
climate reconstruction in Canada, and they identified winter climate as a 
reconstruction target. They explained that the absence of summer cli
matic signal at their study site was caused by thermal inertia near Lake 
Superior, where the climate remains generally cold and humid 
throughout the summer (Voelker et al., 2019). In contrast to their study 
site, our study took place in a more xeric environment, where trees are 
subjected to a more variable summer climate.

The temperature, precipitation and SPEI reconstructed with our 
model correlated well with the observed data, indicating a good po
tential to reconstruct past climate variations. However, our re
constructions needed to be corrected for their variance, because the 
amplitude of the interannual variations was lower in the reconstructed 
than instrumental climate data (Fig. S14). This lower variance could be 
caused by the relatively low correlations between our climate proxies 
and the climate targets. Indeed, Robertson et al. (1999) demonstrated 

Fig. 6. Posterior distribution of the five parameters in the precipitation, temperature and SPEI Bayesian linear models. Shaded areas represent 95% confidence 
intervals, and vertical dotted lines highlight zero when present.
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that there is almost always a systematic error in the variance of the 
reconstructed values, and that this error is inversely proportional to the 
initial single proxy-climate correlation. The main drawback of this error 
is that reconstructions underestimate the magnitude of extreme climatic 
events (Gagen et al., 2006). The simple mathematical correction that we 
applied to the predicted data enabled us to rescale the variance to the 
level of the climatic data from ERA5 and to correctly reconstruct the 

variability of the climate targets.
Although our models show a good potential for summer climate 

reconstruction with white pine tree rings, their application with sinker 
logs could be somewhat challenging because the drainage level was 
identified as influencing precipitation and drought reconstructions. 
Since the exact provenance of sinker logs is generally unknown, the 
drainage level to which they were subjected cannot be considered in the 

Fig. 7. June and July total precipitation (a), June and July mean temperature anomalies (b) and June-August SPEI (c)for the 1950–2020 period as obtained from the 
ERA5 dataset (black) or predicted by the linear Bayesian model (fast drainage; blue, moderate drainage; pink) with corrected standard deviation. Shaded areas 
represent 95% confidence intervals, and r values are the Pearson correlation coefficients between the observed and predicted data.
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models. Therefore, we suggest that δ13C of sinker logs be compared to 
that of live trees from different drainage levels prior to reconstruction to 
identify the drainage level and correct the predictions accordingly.

5. Conclusion

In this study, we demonstrated the potential of white pine tree rings 
to reconstruct past climate in temperate regions with yearly precision. 
We identified summer precipitation, temperature and SPEI as the main 
climatic factors affecting white pine growth, highlighting its sensitivity 
to water availability. Using Bayesian modeling, we determined that the 
best proxies for reconstructing summer temperature are ring width and 
oxygen isotopes, while the best proxies for summer precipitation are 
ring width and carbon isotopes and the best proxies for SPEI are carbon 
and oxygen isotopes. Because we found that the drainage level in
fluences precipitation and drought reconstruction, the application of our 
models with sunken logs will require a priori determination of drainage 
level based on δ13C data. To our knowledge, this study is the first to 
investigate a multi-proxy approach for summer climate reconstruction 
using white pine. These findings establish a robust basis for high- 
resolution reconstructions of summer climate across the distribution 
range of white pine. Moreover, advancing knowledge of white pine 
ecophysiology and its sensitivity to drought will improve our under
standing of the probable causes of white pine decline and inform 
restoration efforts across its distribution range.
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