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• First Boreal network of triple tree-ring sta-
ble isotopes from 6 conifer tree species.

• Winter-spring air temperatures is re-
corded by oxygen isotopes.

• Solar irradiation is recorded in tree-ring
hydrogen isotopes.

• Both δ18Otrc and δ2Htrc are recording
ecohydrological signal at the tree level.

• Wet conditions for Scandinavia concur-
rent with drier anomalies in Canada and
Siberia.
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Boreal regions are changing rapidly with anthropogenic global warming. In order to assess risks and impacts of this
process, it is crucial to put these observed changes into a long-term perspective. Summer air temperature variability
can bewell reconstructed from conifer tree rings. While the application of stable isotopes can potentially provide com-
plementary climatic information over different seasons.
In this study, we developed new triple stable isotope chronologies in tree-ring cellulose (δ13Ctrc, δ18Otrc, δ2Htrc) from a
study site in Canada. Additionally, we performed regional aggregated analysis of available stable isotope chronologies
from 6 conifers' tree species across high-latitudinal (HL) and - altitudinal (HA) as well as Siberian (SIB) transects of the
Northern Hemispheric boreal zone.
Our results show that summer air temperature still plays an important role in determining tree-ring isotope variability
at 11 out of 24 sites for δ13Ctrc, 6 out of 18 sites for δ18Otrc and 1 out of 6 sites for δ2Htrc. Precipitation, relative humidity
and vapor pressure deficit are significantly and consistently recorded in both δ13Ctrc and δ18Otrc along HL.
Summer sunshine duration is captured by all isotopes, mainly for HL and HA transects, indicating an indirect link with
an increase in air and leaf temperature. A mixed temperature-precipitation signal is preserved in δ13Ctrc and δ18Otrc
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along SIB transect. The δ2Htrc data obtained for HL-transect provide information not only about growing seasonal
moisture and temperature, but also capture autumn, winter and spring sunshine duration signals. We conclude that
a combination of triple stable isotopes in tree-ring studies can provide a comprehensive description of climate variabil-
ity across the boreal forest zone and improve ecohydrological reconstructions.
1. Introduction

TheNorthernHemispheric boreal zone represents a huge range of forest
distribution from 50 to 70° N (Apps et al., 2006). In northern Canada, cen-
tral and northeastern Siberia, large areas of the boreal forest also overlap
with the continuous permafrost zone, which due to increasing temperature,
may thaw rapidly and unlock additional organic carbon (Cable et al., 2014;
Garnello et al., 2021) into the atmosphere (Bowden, 2010; Biskaborn et al.,
2019; Smith et al., 2022). Permafrost thaw and thermokarst processesmake
these boreal forests extremely vulnerable to climate warming scenarios
(Soja et al., 2007; Farquharson et al., 2019; Zandt et al., 2020; Garnello
et al., 2021). Trees growing in these regions are highly sensitive to climate
change and record summer air temperature signals well (Vaganov et al.,
2006). However, starting from 1990s a reduced sensitivity of tree growth
to summer air temperature was reported at some boreal sites in the
American and Canadian subarctic (Briffa et al., 1998), potentially linked
to warming-induced drought stress (Wilmking et al., 2004; D'Arrigo et al.,
2008; Porter and Pisaric, 2011; Porter et al., 2013). The emergence of this
decoupling and the need for long-term hydroclimatic information has
stimulated the search for alternative tree-ring climate proxies in affected
regions. Stable carbon and oxygen isotopes (δ13Ctrc, δ18Otrc) in tree rings
were proven as useful proxies for temperature and precipitation changes
(Roden et al., 2000; McCarroll and Loader, 2004; Porter et al., 2009;
Churakova (Sidorova) et al., 2022; Siegwolf et al., 2022). The use of
hydrogen isotopes (δ2H) in precipitation samples have been studied at a
global scale and broadly correlate with mean global temperature
(Dansgaard, 1964; Konecky et al., 2020). However, only few studies have
examined the potential use δ2H in tree rings as a paleoenvironmental
proxy (Roden et al., 2000; Hilasvuori, 2011; Voelker et al., 2014; Kimak
and Leuenberger, 2015; Arosio et al., 2021; Lehmann et al., 2021; Schuler
et al., 2022; Churakova Sidorova et al., 2022a). Recent studies showed
that δ2H in tree-ring cellulose (δ2Htrc) is more than a temperature proxy
and can contain information about biochemical processes related to photo-
synthesis and ecohydrological changes (Lehmann et al., 2021; Schuler
et al., 2022).

In this study, we aim to (i) develop annually resolved stable isotope
chronologies of spruce tree-ring cellulose (δ13Ctrc, δ18Otrc, δ2Htrc) from
the western Canadian subarctic (CAN), an area where decoupling between
modern air temperature and tree growth has been observed and test these
triple isotope proxies as indicators for temperature, moisture and solar irra-
diation changes over the past century; (ii) perform comprehensive climate
analyses of newly obtained and previously published centennial stable iso-
tope chronologies from six tree species and from 24 research sites located at
high-latitudinal (HL) and - altitudinal (HA) as well as Siberian (SIB) tran-
sects in theNorthernHemispheric boreal zone to assess driving climatic fac-
tors; and (iii) assess the suitability of triple isotopes in conifers' tree-ring
cellulose for the application to paleoclimatic reconstructions.
2. Material and methods

2.1. Boreal climate characteristics

The boreal forest broadly overlaps with the circumpolar permafrost
zone (Helbig et al., 2017), including regions that are underlain by limited
to no permafrost (e.g., southern Canada and western Europe) and more
northern regions of the Canadian and Siberian Arctic where permafrost dis-
tribution is more continuous (Fig. 1a).
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Boreal forest soils vary from podzolic, sod, sod-podzolic, permafrost-
taiga, illuvial-humus‑iron podzols, podburs and peat (Abaimov et al.,
1997). Low temperatures lead to low nutrient availability, which is cur-
rently increasing due to warming and higher microbiological activity in
the soil. In regions that do contain permafrost, the active layer (AL) that
thaws once per year reaches amaximumdepth (typically in the late summer
or early fall months) of∼40 cm in the colder, more continental areas of the
boreal forest, and up to∼100 cm in northern Scandinavia, which lacks per-
mafrost availability. Intra-annual climate variability is high for the subarctic
region. Highly continental boreal sites experience an extreme range of air
temperature characterized by harsh winters, with daily minimum – 55 °C
and annual average temperature – 14 °C in Yakutia and rather short (up
to 70–90 days) and hot summers, with daily maximum temperature,
which can reach+45 °C andmean annual air temperature of 1.2 °C in Sibe-
rian transect at the southern boreal region in Khakassia (KHAK, Table 1),
e.g., Köppen zones Dfc and Dwc, Abaimov et al., 1997; Knorre et al.,
2006, Vaganov et al., 2006; Boike et al., 2013; Churakova (Sidorova)
et al., 2022a, 2022b. The sum of annual precipitation varies across high-
latitudinal sites from 205 mm in eastern part up to 2035 mm /year in the
western part of subarctic (Table 1). The low albedo of the boreal forest
plays an important role in regulating the surface energy balance and climate
of the high-latitudinal subarctic (Bonan, 2008). Sunshine duration and
cloud cover are rather variable across boreal regions. In summer, sunshine
duration lasts longer at high latitudes than at the southern taiga and forest
steppe zone (Young et al., 2012; Gagen et al., 2016; Churakova (Sidorova)
et al., 2019, 2022a, 2022b; Churakova-Sidorova et al., 2022).

2.2. Boreal tree species

There are six main conifer tree species, which were considered in this
study across the boreal zone: white spruce (Picea glauca (Moench) Voss),
and black spruce (Picea mariana Mill.) in western subarcic in Canada and
Alaska; Scots pine (Pinus sylvestris L.) in Fennoscandia, and a variety of
larch tree species (Larix sibirica Ledeb., Larix gmelinii (Rupr.) Rupr., Larix
cajanderi Mayr.) in central, eastern and northeastern Siberia (see Table 1).

Living larch trees growing at the high latitudes in Siberia can reach
878 years (Sidorova et al., 2008). Larch snags (dead stems resting on the
surface) have a good preservation in the colder permafrost regions, with
some of the oldest dated specimens having lived >1200 years ago
(Sidorova et al., 2008). While living larch trees from high-elevated sites,
e.g., in the Altai-Sayan Mountain Range (Table 1) can reach 1307 years,
which is an absolute record for the boreal zone (Taynik et al., 2023).

2.3. Tree-ring stable isotope chronologies

Annually resolved stable carbon, oxygen and hydrogen isotope chronol-
ogies in white spruce tree-ring cellulose (δ13Ctrc, δ18Otrc, and δ2Htrc) based
on five tree cores were developed for this study of the western part of the
Canadian subarctic (CAN, Table 1). This is the first triple isotope record
from the northern Canadian Arctic. Earlier carbon and oxygen isotope chro-
nologies were developed from Quebec taiga with 5-year block resolution
(Naulier et al., 2015; Gennaretti et al., 2017) and from the Mackenzie
Delta region (Porter et al., 2009, 2014, Porter and Pisaric, 2011, Table 1).
There are no δ2Htrc time series were obtained to our knowledge.

Additionally, published δ13Ctrc, δ18Otrc, and δ2Htrc data from 14 sites at
HL; 5 sites from SIB and 4 sites from HA transects (Fig. 1a, Table 1) were
included in the comparative analysis with CAN. Only 5 of these additional
sites, however, have triple isotope datasets. Monthly ERA5 gridded



Fig. 1. The location of the study sites with available stable isotopes are grouped from west to east for the subarctic regions along latitudinal transect (HL); for the Siberian
transect sites are grouped from taiga to forest-steppe zone and to the Lake Baikal region (SIB); and the Altai-Sayan Mountain Range sites are grouped according to the
high-altitudinal transect (HA) (a). Monthly precipitation (b) and temperature (c) distribution for the common period (1971–2000) for all study sites was calculated based
on the ERA5 gridded data (Obu et al., 2019; Hersbach et al., 2020). Continuous (> 90 %), discontinuous (50–90 %) and sporadic (10–50 %) modelled permafrost zones
are indicated from purple (> 90 %) to a light rose (10–50 %) colors.
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precipitation (Fig. 1b) vary significantly from region to region, contrary to
the rather homogeneous distribution of monthly ERA5 gridded (Obu et al.,
2019; Hersbach et al., 2020) air temperature data (Fig. 1c) during the
common period of climate observation 1961–2000.

2.4. Stable carbon, oxygen and hydrogen isotope analyses

For the CAN site (Table 1), annual tree rings from five tree cores of Picea
glauca were split manually using scalpel under the binocular (Leica, Carl
Zeiss, Germany). Stable hydrogen oxygen and carbon, isotope analyses
for the period 1900–2009 were conducted. Each wood subsample for
each year was enclosed individually in a filter bag (F57, Ankom Technol-
ogy, NY, USA) and washed twice for 2 h in 5 % NaOH to remove lipids,
resins and hemicellulose. A 7 % NaClO2 treatment was then performed
for 36 h to remove the lignin (see Loader et al., 1997). Samples were
washed and dried in the oven for 24 h at 50 °C, then homogenized using
ultrasound and freeze-dried under vacuum. Each extracted tree-ring cellu-
lose sample was weighed (ca. 1.0 mg) and packed into silver or tin capsules
for isotope analysis.

For hydrogen isotope analysis, it is necessary to exclude the effect of
exchangeable hydrogen. Two approaches are available: a) nitration of
cellulose or b) equilibration of the cellulose with water of known isotopic
composition, followed by correction procedure to obtain the δ2H of
carbon-bound hydrogen. In this paper, we followed the second approach,
based on a new protocol as described in detail in Schuler et al. (2022).
Briefly, the samples are equilibrated with hot water vapor (130 °C) in a
closed chamber for two hours and then driedwithN2 still in the same cham-
ber at the same temperature. The samples are then transferred to the
autosampler of the pyrolysis-device, which is flushed with argon continu-
ously, and then converted by high-temperature conversion at 1420 °C to
H2 with subsequent analysis in the Isotope Ration Mass Spectrometer
(IRMS) (MAT 253, Thermo, Germany) (Loader et al., 2015). Samples
from previous studies (ISONET) were prepared and analyzed as described
in Vitali et al. (2022).

Stable carbon isotope analysis was performed at the stable isotope
facility of the Paul Scherrer Institute, Villigen PSI and the Swiss Federal
3

Institute for Forest, Snow and Landscape Research WSL, Switzerland
using the same facilities and operational personal.

Cellulose samples (0.2–0.3 mg) for IND, PYAD, TAY, ENE, TUR, KHAK,
ALT (Table 1) were weighed into tin capsules for the analysis of the 13C/12C
using an isotope ratio mass spectrometer delta-S (Finnigan MAT, Bremen,
Germany) linked to two elemental analyzers (EA-1110 Carlo Erba, Italy)
via a variable open split interface (CONFLO-II, Finnigan MAT, Bremen,
Germany). The 13C/12C was determined by combustion under excess of
oxygen at a reactor temperature of 1020 °C, operating in continuous flow
mode at the PSI, Switzerland.

Cellulose samples for the sites at HO, CH and CAN were weighted
into the silver capsules (ca. 1 mg) and analyzed with a vario PYRO
cube (Elementar, Hanau, Germany) via thermal decomposition at
1450 °C and conversion to CO under O2 exclusion in helium (Woodley
et al., 2012). This system was linked to the IRMS (Delta plus XP,
Thermo Finnigan, Bremen, Germany) at the Swiss Federal Institute for
Forest, Snow and Landscape Research WSL, Switzerland. During pyrol-
ysis of cellulose a small (but constant) amount of carbon is added to the
resulting CO, which is used for isotope analysis of both carbon and ox-
ygen. Extensive tests were done to establish a correction function for
this effect by analysis of a sub-set of samples on both instruments
(δ13C corrected = 1.1142 • δ13C raw + 1.45) (Weigt et al., 2015) as well
as analysis of internal reference materials of known isotopic composi-
tion with each sequence to verify this correction. The same facilities
and method were used for data obtained within European ISONET pro-
ject by Vitali et al. (2022) for the Scandinavian sites GUT, INA, and ILO;
and within MILLENNIUM project for the sites: FOR, TOR, LAN, and KOL
(Table 1).

An interlaboratory comparison among 9 European research laboratories
reported by Boettger et al. (2007) showed a good agreement between re-
sults within the precision of the isotope ratio mass spectrometry (IRMS)
method used: (0.2‰ for carbon and 0.3 ‰ for oxygen).

Both systems the EA-IRMS and the PYRO cube yielded very similar pre-
cisions (±0.2 ‰) and the values from the two instruments were in high
agreements (better than the measurement precisions) (Weigt et al., 2015).
The precision (± 0.1 ‰ for δ13C, ± 0.3‰ for δ18O and ± 2 ‰ for δ2H)

Image of Fig. 1
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is based on a large number of measurements of the standard material inter-
national reference standards (n = 99).

The isotopic ratios are expressed in the conventional delta notation (δ)
expressed in (‰) relative to the international standards (Eq. (1)):

δsample ¼ Rsample=Rstandard–1
� � � 1000, (1)

where Rsample is the ratio of 13C/12C or 18O/16O or 2H/1H in the sample and
Rstandard is the ratio either for carbon (13C/12C) in the Vienna Pee Dee
Belemnite (VPDB) or for oxygen (18O/16O) and hydrogen (2H/1H) in the
Vienna Standard Mean Ocean Water (VSMOW).

The correction for changing δ13C of atmospheric CO2 (Francey et al.,
1999) was applied for all chronologies considered in this study as well as
for newly developed δ13Ctrc from CAN for the period from 1900 to 2009.
While no specific corrections for the δ18O and δ2H were applied.

2.5. Estimation of precipitation isotopes

Long-term monthly and annual averages of δ2H and δ18O in precipita-
tion (δ2Hprec and δ18Oprec) were calculated for all sites based on the coordi-
nates, elevation, country, and collection date using the online isotopes in
precipitation calculator (waterisotopes.org; Bowen and Revenaugh,
2003). For subarctic Siberian sites, however, data for precipitation are
scarcely represented and available data sets are relatively short and limited
to the last 20 years (Table 1).

2.6. Climate data

Climatic data recorded at the local weather stations are limited to the
length starting for all study sites from 1971 to 2000 compared to the
gridded large-scale climate data (CRU TS v.4, 0.5° latitude by 0.5° latitude
grid, http://climexp.knmi.nl) (Harris et al., 2020) from1901 to 2000. How-
ever, almost 40% of precipitation, vapor pressure deficit, relative humidity
and sunshine duration data are not well represented by gridded data for the
Siberian and Canadian regions from 1901 to 1950 (Zharkov et al., 2021).
Yet, these moisture and sunshine duration parameters are more accurately
recorded by local weather stations (Zharkov et al., 2021). Despite that
the air temperature gridded data significantly correlated with the local
weather stations for all studied sites (> 0.90–0.93, P < 0.01) for the
period from 1901 to 2000, to be consistent in comparing temperature,
precipitation and sunshine duration patterns, we choose the common
period 1971–2000 for climate data from local weather stations for all
sites (Table 1).

2.7. Statistical analysis

Statistical differences, standard deviations and standard errors were cal-
culated between newly obtained and used for the comparative analyses
time series.

Pearson correlation coefficients (r) and coefficient of determination
(R2) were calculated between newly developed and available stable tree-
ring isotope chronologies across the boreal zone (6 research sites for
δ2Htrc; 24 sites for δ13Ctrc and 18 sites for δ18Otrc) versus publicly available
climate data obtained from the local weather stations (Table 1) over the
common period (1971–2000) of instrumental observations. Statistical
nonparametric Mann–Whitney test for randomly selected medians was
applied. The code for climate data analysis with triple stable isotopes
δ13Ctrc, δ18Otrc, δ2Htrc is available via GitHub link https://github.com/
mikewellmeansme/trs-isotopes-analyser

Heat maps were generated using Seaborn (Python package for data
visualization) (Waskom, 2021).

We used all six δ2Htrc time series from 1901 to 2000 to perform a prin-
cipal components analysis (PCA). For that we normalised each time series
by calculating anomalies and standard deviation with respect to the full pe-
riod. We also linearly detrended the normalised time series to focus on
inter-annual climate variability and to avoid extracting a trend signal in
6

the PCA, but the detrended and non-detrended time series are effectively
identical. We refrained from performing more sophisticated detrending as
we did not find an argument for doing so. Thenwe extracted the time series
for the two leading principal components, where the first principal compo-
nent explains 21 % and the second principal component explains 19 % of
the variance in the data set.

For the correlation analysis with atmospheric circulation patterns, we
use the National Oceanic and Atmospheric Administration 20th Century
Reanalysis Version 3 (20CRv3) (Slivinski et al., 2019). The ensemble
mean of 80 members was used over the period from 1901 to 2000. The
20CRv3 was found to represent global climate variability very well, with
substantial improvements over previous versions (Slivinksi, 2021).

3. Results

3.1. Statistical characteristics of stable isotope chronologies

3.1.1. Assessment of mean, median, minimum and maximum values
Median δ2Htrc value from newly developed CAN chronology over the

period from 1900 to 2009 showed (˗ 146 ‰) compared to more depleted
value in northeastern subarctic IND (˗ 172 ‰) site. Mann–Whitney test
for randomly selected medians showed significant differences between
values at the P < 0.0000 (Fig. 2a). Higher values observed for the Scandina-
vian subarctic ranging within ˗ 94 to ˗ 105‰which are significantly differ
from the western and eastern HL sites (P < 0.0000).

A relatively high standard deviation (SD) calculated over the period
from 1900 to 2009 was revealed for δ2Htrc from IND (σ = 10.9 ‰) com-
pared to other sites (Fig. 2a). Annually resolved δ18Otrc (Fig. 2b) showed
clear isotopic differences along HL transect from the cold western sites in
the Canadian subarctic and northeastern subarctic (19 ‰ for CAN and
IND) to the warmest sites in the Scandinavian subarctic (up to 27.6 ‰ for
GUT). The δ18O data obtained from the forest-steppe zone in SIB transect
for KHAK and HA transect in the Altai-Sayan Mountain Range show simi-
larly high values (26.4 ‰) and (27.7 ‰) for both sites, respectively
(Fig. 2b).

Themean δ13Ctrc values alongHL transect fromwest to east vary only in
a moderate range between −22.6 to −24 ‰ (Fig. 2c, blue color). Higher
standard deviation was found for the site from Norway, FOR (SD = 0.8)
compared to δ13Ctrc from northeastern IND (SD = 0.6).

The δ13Ctrc across SIB transect vary significantly (P< 0.0000) from taiga
zone site in ENE (˗22.24 ‰) and the Lake Baikal region (˗22.01 ‰) to the
forest-steppe zone in KHAK (˗ 20.3‰) (Fig. 2c, green color). TheHOand CH
sites from HA transect in the Altai-Sayan Mountain Range shows median
value (˗21.3‰) calculated over the period from 1919 to 2009 showing sta-
tistically significant difference (P < 0.0000) with SIB and northeastern part
of HL transects, except of western part of subarctic HL.

3.1.2. Comparison of water isotopes and temperature with tree-ring isotopes
Water isotopes in precipitation (δ18Oprec and δ2Hprec) calculated from

the limited number of available stations (Bowen and Revenaugh, 2003)
shows a significant regression close to the Global Meteoric Water Line
(GMWL) (Table 1, Fig. 3a). Only few δ18Otrc and δ2Htrc chronologies from
IND, TAY, CAN, INO, ILA, GUT are available for the regression analysis
(Fig. 3b).

Significant regressions were found between the water isotopes in pre-
cipitation r = 0.99, P < 0.001; δ2Hprec = 8.95 + 8.30•δ18Oprec (Fig. 3a)
and in tree-ring cellulose r = 0.96, P < 0.002; δ2Htrc = −312.7 +
7.90•δ18Otrc (Fig. 3b). Positive significant regression coefficients were
found between annual temperature versus δ18Oprec r = 0.58, P < 0.05;
δ18O = −12.18 + 0.61 • Tannual (Fig. 3c) and annual temperature versus
δ2Hprec r= 0.59, P < 0.05; δ2H =−92.04 + 5.15 • Tannual (Fig. 3d). Posi-
tive significant regressions were revealed between local weather stations
data (Table 1) versus available and newly developed δ18Otrc (r = 0.62,
P < 0.001, δ18Otrc = 26.1 + 0.44 • Tannual, Fig. 3e) and δ2Htrc (r = 0.96,
P < 0.001, δ2Htrc = −100.7 + 4.39 • Tannual, Fig. 3f).

http://waterisotopes.org
http://climexp.knmi.nl
https://github.com/mikewellmeansme/trs-isotopes-analyser
https://github.com/mikewellmeansme/trs-isotopes-analyser


Fig. 2. Box plot of multiple variables: median, 25–75 %, Whisker non-outlier range (maximum and minimum) for stable isotopes in tree-ring cellulose (a) δ2Htrc, (b) δ18Otrc

and (c) δ13Ctrc across high-latitudinal transect from west to east (HL, blue color); Siberian transect, where sites are grouped from taiga to forest-steppe zone and to the Lake
Baikal region (SIB, green color); and for the Altai-Sayan Mountain Range, where sites are grouped according to the altitudinal transect (HA, red color). The names for the
abbreviations of the sites are listed in Table 1.
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Two temperature-depended groups along HL transect were revealed
based on the δ2Htrc (Fig. 3f). The first group is defined by an extremely
cold environment in the permafrost zone and low temperatures (CAN,
7

TAY and IND) and the second one (GUT, INA, ILO) from the Scandinavian
subarctic, which is not covered by permafrost and affected by warmer
temperatures and larger amount of precipitation (Table 1).

Image of Fig. 2


Fig. 3. Regression line of δ2Hprec versus δ18Oprec (a) in precipitation from available weather stations data (Table 1). HL-sites: ALA, CAN, LAN, FOR, GUT, ILO, INA; SIB-sites:
ENE, KHAK, IRK, DAV; and HA-sites: AL and HO, ALT (waterisotopes.org, Bowen and Revenaugh, 2003) and (b) newly developed δ2Htrc versus δ18Otrc in tree-ring cellulose.
The names for the abbreviations of the sites are listed in Table 1. Annual temperature obtained from the local weather stations (Table 1) versus available δ18Oprec (c) and
δ2Hprec (d) as well as versus newly developed and available δ18Otrc (e) and δ2Htrc (f) data, correspondingly. Confidential Interval is marked at 0.95.
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3.2. Centennial variability and trends

3.2.1. Trend analysis
Concerning hydrogen isotope chronologies, δ2Htrc-TAY shows a signifi-

cant (R2 = 0.38; P < 0.0000) decreasing trend in the last 20 years, in con-
trast to other sites (Fig. 4a). Normalised relative to the zero (z-score) δ2Htrc-
CAN chronology shows a relatively stable trend (R2 = 0.38; P < 0.0000)
towards the 2000s, while an abrupt decrease was found in the 1900s. The
tree-ring δ2Htrc-IND shows a significant trend (R2 = 0.43; P < 0.0000)
with a clearly higher variability compared to otherHL sites and an apparent
step-change (nearly∼20‰ decrease) that occurred in the 1950s. A slight
decline around the 1950s is observed for Finish ILO site (R2 = 0.27; P <
8

0.001) (Fig. 4a). While increasing trends over the last few decades, along
with the δ2Htrc-IND chronology were recorded for δ2Htrc-INA (R2 = 0.30;
P < 0.0001) and ILO sites.

Trends towards the 2000s are significantly increased for δ18Otrc

from CAN (R2 = 0.17; P < 0.0001), TAY (R2 = 0.32; P < 0.0000) and
IND (R2 = 0.15; P < 0.00003). While trends were significantly declined
for the Scandinavian site INA (R2 = 0.42; P < 0.000 (Fig. 4b).

For δ13Ctrc, increasing trendswere revealedmainly for the Scandinavian
sites (e.g., INA R2= 0.57; P < 0.0000; ILO R2= 0.58; P < 0.0000 and GUT
R2 = 0.62; P < 0.0000), while decreasing trends for CAN (R2 = 0.35; P <
0.000); TAY (R2 = 0.31; P < 0.0000) and IND (R2 = 0.20; P < 0.0001)
were found (Fig. 4c).

Image of Fig. 3
http://waterisotopes.org


Fig. 4. Normalised relative to the zero (z-scored) (a) δ2Htrc, (b) δ18Otrc and
(c) δ13Ctrc chronologies from the HL sites (see Table 1). Least squares polynomial
fit of degree 6 (bold blue line) is applied to all chronologies for the common period
for all chronologies 1901–2000. The names for the abbreviations of the sites are
listed in Table 1.
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3.2.2. Correlation analysis between centennial chronologies
A correlation analysis between δ2Htrc, δ18Otrc and δ13Ctrc chronologies

was performed (P < 0.05) for the common period from 1901 to 2000 for
all newly obtained and available chronologies. Negative correlations were
revealed between δ2Htrc from HL sites: CAN and IND (r = −0.31) as well
as between TAY and Scandinavian INA (r=−0.19). A positive and signif-
icant correlation between the δ2Htrc -IND with ILO chronologies was found
(r = 0.33) as well as between δ2Htrc GUT and ILO (r = 0.41). The δ18Otrc

from TAY showed a positive significant correlation with GUT (r = 0.53).
Positive significant correlations were found between δ18Otrc from GUT
and ILO (r=0.32) and INA versus ILO (r=0.40). There are no significant
correlations between δ18Otrc from SIB transect and CAN sites. While we
found significant correlation between HL and HA transects, specifically
between HO and subarctic sites in TAY and IND (r = − 0.61 and r =
0.60), respectively.

Significant correlations were found mainly between δ13Ctrc chronolo-
gies. Positive significant correlations were found between δ13Ctrc from
IND and GUT (r = 0.27); between all Scandinavian chronologies (GUT,
INO, ILO r = 0.54–0.71). While negative correlations were detected
between δ13Ctrc from CAN and TAY sites (r = −0.36) as well as ILO
(r = −0.57) and INA (r = − 0.56).

3.3. Climate correlations

3.3.1. Air temperature
A positive summer JJA air temperature signal is strongly (r = 0.5–0.6;

P < 0.001) captured by both δ13Ctrc and δ18Otrc chronologies, in particular
for HL subarctic sites (Fig. 5a). The δ2Htrc from CAN showed a positive cor-
relation with July air temperature only. Summer air temperature (JJA) sig-
nal (Fig. 5a) was significantly recorded in δ13Ctrc for 8 out of 24 sites. The
highest significant (P < 0.01) correlation in July was observed along the
HL transect for the Scandinavian LAN (r = 0.68), INA site (r = 0.57) and
for IND (r = 0.64) sites with July air temperature.

The summer air temperature signal is positively recoded in δ13Ctrc and
δ2Htrc from CAN. The δ13Ctrc isotope chronologies from the Scandinavian
sites (Fig. 5b) show high correlation with summer temperature as well.
While δ13Ctrc-YAK shows a positive, but moderate correlation with July
air temperature only.

December air temperatures are captured by both western and eastern
sites at HL transect, e.g., δ18Otrc and δ2Htrc from Scandinavian and TAY,
IND sites. Positive significant correlations were revealed for δ18Otrc from
TAY and δ2Htrc from GUT, and in opposite, negative correlation with
δ2Htrc from INA.

Impacts of March and April air temperature on δ2Htrc from Scandina-
vian (ILO, GUT), northern and northeastern subarctic IND, TAY sites were
revealed (Fig. 5a).

Autumn air temperature of the previous year plays a significant role for
δ13Ctrc from Scandinavian sites showing negative significant correlations.
Yet, the δ18Otrc from the HA (ALT) site recorded autumn signal positively
(Fig. 5a).

3.3.2. Sunshine duration
Positive significant correlations were revealed between July sunshine

duration and stable carbon isotopes obtained for 6 out of 13 sites. The
highest significant correlations were found during summer for the
northeastern part of the HL transect, e.g., for δ13Ctrc and δ18Otrc from IND
(r = 0.54 and r = 0.73; P < 0.001), respectively (Fig. 5b).

The δ13Ctrc from SIB transect (KHAK) showed a positive correlation
with sunshine duration of October of the previous year (r = 0.52, P <
0.01). Negative significant correlations were found between available sun-
shine duration during autumn of the previous year and winter of the cur-
rent year for the HL δ2Htrc- TAY and IND sites (Fig. 5b).

3.3.3. Moisture-related proxies
Available monthly averaged precipitation, relative humidity and vapor

pressure deficit data were correlated with available isotope chronologies

Image of Fig. 4
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Image of Fig. 5


O.V. Churakova (Sidorova) et al. Science of the Total Environment 870 (2023) 161644
and show a consistent signal for the whole boreal zone (Table 1, Fig. 5c-e).
Summer JJA precipitation (Fig. 5c) and relative humidity (Fig. 5d) showed
negative significant correlations with carbon and oxygen isotopes mainly
for the HL transect, while positive correlations with vapor pressure deficit
(VPD) were found for HA sites (Fig. 5e).

There is no significant impact of summer precipitation on hydrogen
isotope variability for study sites (6 out of 6) (Fig. 5c). However, negative
correlations were obtained between precipitation from autumn of the pre-
vious year and with VPD of winter months for the Scandinavian sites
only. A positive impact of spring precipitation was found with carbon and
oxygen isotopes from HA sites.

Summer VPD is positively and significantly recorded by δ18Otrc from
western Canada continuously through spring-summer months (Fig. 5d),
while negatively with relative humidity (Fig. 5e).

3.4. Spatial patterns

3.4.1. Spatial winter climate variability recorded in δ2Htrc

Here we correlate each individual time series in the 360 × 180 grids
with the PC1 time series. Winter relative humidity shows positive signifi-
cant correlations (r≥ 0.3; P< 0.01) with δ2Htrc from central and northeast-
ern part of the HL transect, opposite to negative correlations with δ2Htrc

from the western part (blue color r > − 0.4; P < 0.01) (Fig. 6a). High pos-
itive significant correlations (r > 0.4, P < 0.01) between mean sea level
pressure and δ2Htrc were revealed across boreal zone with more pro-
nounced patternswestern and central part of HL transect (Fig. 6b). Negative
correlations (blue color r>− 0.5; P< 0.01) withwinter temperature anom-
alies versus δ2Htrc are allocated across all boreal sites (Fig. 6c). Winter pre-
cipitation (Fig. 6d) spatial patterns show negative significant correlations
with the first δ2Htrc principal component for western CAN, central and
northeastern Siberia, opposite to positive correlations with δ2Htrc from
the Scandinavian sites.

4. Discussion

4.1. Assessment of triple tree-ring stable isotope chronologies

Newly developed δ18Otrc and δ2Htrc for western Canada and available
chronologies across the boreal zone show pronounced differences along
HL transect. For example, oxygen isotopes in tree rings vary from 19 ‰
for western (CAN), northern and northeastern (TAY, IND) subarctic to
27 ‰ in Scandinavian subarctic (GUT, INA, ILO); and from 23 to 26 ‰
along SIB transect. At the HA transect the δ18Otrc vary from 26.3 to 28.8‰.

Even a stronger latitudinal effect is recorded in hydrogen isotope
values in tree-ring cellulose showing remarkably depleted values in larch
from northeastern subarctic (−171.6‰) to more enriched values in Scan-
dinavian pine forests (−94.2 ‰), clearly indicating a continental effect.
A cold environment in the subarctic should also favour increased Rayleigh
fractionation during hydrological processes in the atmosphere (Dansgaard,
1964), as lower temperatures cause increased rainout events along the
water's distillation path from the subtropics to the poles, leading to stronger
latitudinal as well as elevational and continental gradients in δ18Oprec and
δ2Hprec.

An earlier study by Saurer et al. (2002) showed that average isotope
values of 130 trees within the Eurasian subarctic from Norway to Siberia
are highly correlated with the modelled isotope distribution of precipita-
tion showing a large east-to-west gradient. These input waters to the soil
are modified in the soil by enrichment in18O as a result of evaporation
and in the leaf during transpiration, which is imprinted as a combined iso-
tope signal on photosynthates and cellulose through biochemical
Fig. 5. Gridded correlation summary plot showing only significant (P < 0.05) Pearson c
light green to orange) for hydrogen (δ2Htrc, light green color), for carbon (δ13Ctrc, yellow co
from September of the previous year to August of the current one; (b) sunshine duration;
study site. Positive significant correlations are marked in a red, while negative correlation
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fractionation and exchange processes (Roden et al., 2000; Barbour,
2007). In Siberia, the inter-annual variability of winter precipitation δ18O
is closely related to temperature variability and the Arctic and North Atlan-
tic Oscillation (Sidorova et al., 2011; Churakova (Sidorova) et al., 2021,
2022a), while the variability of summer δ18O appears to be dominated by
regional processes involving evaporation and convection (Butzin et al.,
2014). Therefore, δ18O values of tree rings reflect, as a first approximation,
average cloud condensation temperatures (Dansgaard, 1964), water origin,
cloud cover and showing teleconnection with atmospheric circulation
patterns via precipitation, evaporation and condensation processes in the
global water cycle (Konecky et al., 2020, 2023).

4.2. Assessment of stable isotopes in tree rings and precipitation water

Our results on site averages (Fig. 3) are consistent and show that annual
air temperature is positively correlated with water isotopes and with both
δ18Otrc and δ2Htrc, recording ecohydrological signal at the tree level and
showing the impact of temperature on stable isotope variability across re-
gions. Similarly, latitude, temperature and related factors are the dominant
factors driving large-scale spatial variability in δ2Hprec from the North
American arctic and subarctic (Porter et al., 2016, 2022).

The water isotopes could show a link to sunshine through the usual cor-
relation between photosynthesis and transpiration, i.e. increased radiation
will promote photosynthesis and in a proportional way transpiration,
which in turn influences oxygen and hydrogen isotope fractionation.
Loader et al. (2013) reported on the impact of summer sunshine duration
on pine tree-ring δ13C from Sweden, characterizing it as an indirect driver
to isotopic fractionation in this study site. Namely, a high coherencewas re-
vealed between temperature and sunshine duration over the past centuries,
however this relationship was not stable over the past millennia.

Due to low temperatures and permafrost availability in the northeastern
part of the subarctic belt, water loss and drought is not yet as largely
expressed in stable isotope values compared to the European forest ecosys-
tems (Saurer et al., 2002, 2004, 2014, 2016). There are no clearly increas-
ing trends in recent decades neither in δ13C or δ18O chronologies, which
would be a sign of increasing drought stress.

4.3. Permafrost thaw and linkage to circulation patterns

Decreasing δ13C trends were observed mainly for the HL transect in
western Canada and northeastern Siberia, which can be explained by an
earlier start of the vegetation period in spring and the increased use of pre-
cipitation water stored in the soil from autumn of the previous year and
early snow melt water utilized by trees during early spring and summer.
Thus, an earlier start of the vegetation period could lead to tree-ring forma-
tion during a period with higher water availability, resulting in a stronger
isotopic fractionation and 13C depletion (Knorre et al., 2010).

The δ18Otrc declining trends for Scandinavian sites can be explained by
the impact of the North Atlantic Oscillations, which is in line with the study
by Gagen et al. (2016). Decreasing δ13Ctrc and δ2Htrc trends along with in-
creasing δ18Otrc trends from western CAN and northeastern TAY and IND
can be explained by increasing water availability for trees due to thawing
of permafrost during hot and dry summers.

The observed heterogeneous response of trees from the Canadian and
Siberian subarctic can be related to ecohydrological changes caused by
thawing of permafrost. Its melted water can be used as an additional
water source for trees in the Siberian subarctic under warm and dry climate
conditions (Sugimoto et al., 2002; Saurer et al., 2016; Churakova
(Sidorova) et al., 2016),which is, however,missing in Scandinavian forests.
orrelation coefficients between stable isotope chronologies (left vertical panel from
lor) and for oxygen (δ18Otrc, orange color) (a) versus averagemonthly air temperature
(c) precipitation; (d) relative humidity and (e) vapor pressure deficit (VPD) for each
s are in a blue color. The names for the abbreviations of the sites are listed in Table 1.
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4.4. Site- and species-specific differences

Trends divergency can also be related to species-specific (deciduous
versus evergreen tree species) differences and response to climatic and eco-
physiological changes. Arosio et al. (2020) showed that δ2Htrc in deciduous
tree-ring larch cellulose values from high-elevated sites in the Swiss Alps
aremore depleted compared to evergreen pine. This difference in hydrogen
isotope values was explained by a faster metabolism of the deciduous com-
pared to evergreen tree species. In the boreal zone, deciduous trees, however,
Fig. 6. The first principal component of δ2Htrc versus winter January–February (JF): (a
(T2M); and (d) precipitation over the period from 1901 to 2000. Negative values of Pe
level of significance (P < 0.01).
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grow under extremely cold climate conditions, on soil covered by continuous
permafrost. Thus, the highly depleted hydrogen values can be related to cold
air temperature and depleted 2H and 18O-source water used by trees, includ-
ing thawed permafrost water during hot and dry summers.

Therefore, site-specific (e.g., geological location, relief, hydrology)
and species-specific (e.g., deciduous vs. evergreen tree species, depth
of roots) differences in response to recent and past climatic changes
should be taken into consideration for a large-scale analysis and model-
ling approaches.
) relative humidity; (b) sea level pressure (SLP); (c) surface air temperature at 2 m
arson correlations are marked in a blue color, while positive (in a red color) at the

Image of Fig. 6


O.V. Churakova (Sidorova) et al. Science of the Total Environment 870 (2023) 161644
4.5. Impact of climate parameters on triple stable isotopes in tree-ring cellulose

Solar irradiation and its seasonal distribution play an important role for
trees in terms of photosynthesis, carbohydrate production and subse-
quently carbon isotope ratios in organic matter. Increasing photosyntheti-
cally active radiation in general results in less negative δ13C values,
particularly whenwater is not limiting (Farquhar et al., 1989). Our findings
show a strong link between tree-ring carbon, but also oxygen and hydrogen
stable isotopes and summer sunshine duration during the growth season.

Besides well-known δ13Ctrc and δ18Otrc, the less investigated δ2Htrc

shows negative correlations with sunshine duration during autumn of the
previous year and winter of the current year. Such a relationship could be
related to the lack of light during polar nights at HL sites (> 60° N) and
lack of needles in larch trees to produce photosynthates in a cold environ-
ment. Indirect effects might also arise as a high amount of winter sunshine
means persistent high-pressure systems with low precipitation, therefore
negatively affecting snow accumulation, which is an important water
source after snow melt.

A decrease of incoming solar irradiation is also observed during autumn
andwinter months in western part of the boreal zone, where evergreen spe-
cies are growing. These trees can potentially produce photoassimilates and
transform them into organic matter when the soil is not yet frozen and the
air temperature is around +5 °C (temperature threshold, Körner, 2021),
and show significant correlation with stable isotopes.

The hydrological regime of Northern Hemispheric boreal forests is
rather complex and represents a strong sinusoidal seasonal course of
water isotopes imprinted in precipitation (δ18Oprec and δ2Hprec), reflecting
the cloud condensation temperatures. Uptake of winter precipitation is pos-
sible in the warming spring and summer months after snowmelt and
thawing of active soil layer. This is confirmed by significant correlations be-
tween tree-ring δ18Otrc values and winter-spring air temperatures. Oxygen
isotopes in organic matter are modified by variation in the isotopic compo-
sition of source water, which is closely related to that of precipitation and
soil water (though modified by evaporation at the soil surface) (Voronin
et al., 2012; Saurer et al., 2016).

Winter air temperature changes are captured by Scandinavian trees,
while winter moisture changes by Siberian conifers, which could be linked
to Arctic Oscillation patterns via winter-spring relative humidity and
precipitation variability. Our earlier study for the Siberian site (Taimyr
Peninsula) showed an impact of Arctic Oscillation during spring on the
stable oxygen variability over the past millennia (Sidorova et al., 2011;
Churakova (Sidorova) et al., 2021), which may be responsible for drought
summers in recent decades. In contrast, the impact of the North Atlantic
summer stormsmay influence Scandinavian conifer trees by bringingmois-
ture conditions (Gagen et al., 2016).

Heterogeneous patterns in relative humidity highlight wet conditions
for Scandinavia opposite to drier conditions in western Canada, central
and northeastern Siberia. The SSP1–2.6 scenario projected by Balting
et al. (2021) showed that the most affected areas, in the context of
warming, among others are the Central North America, Siberia and Central
Asia. Temperature increase in general will lead to overall drier conditions
during summer in the future, which is in line with our findings for the
boreal zone.

5. Conclusion

The triple carbon, oxygen and hydrogen isotopes can provide compre-
hensive information about several climate factors not only during summer
but also during winter, spring and autumn. This is hardly possible to reveal
from classical tree-ring proxies from the boreal conifers, like tree-ringwidth
and latewood density. The interpretation of results for these regions with
their complex hydrology, however, is not straight-forward due to often
mixed signals recorded in trees. Mechanistic modelling of isotope ratios
may help in determining more clearly the importance of the different cli-
mate variables on the observed isotope changes (Barichivich et al., 2021;
Siegwolf et al., 2021, 2022).
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Our results show the importance of temperature, moisture and sunshine
duration changes across the boreal forest zone. Changes in drought are
closely associated with the combined changes in temperature, precipitation
and evapotranspiration, and are more important in the regions without
permafrost (e.g., Scandinavian subarctic), which is a buffer for water avail-
ability and additional water access for Siberian conifer trees (Sugimoto
et al., 2002; Sidorova et al., 2009).

The observed heterogeneity in climate response, however, can be ex-
plained by site- and species-specific differences between evergreen trees
(e.g., Pinus in Scandinavia and Picea in western Canada) versus deciduous
species (e.g., Larix in Siberia).

The usage of the triple isotope approaches can expand our knowledge
beyond that of traditional summer air temperature reconstructions and
will help to improve ecohydrological reconstructions over the past
millennia.
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