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Thawing permafrost can mitigate warming-induced drought stress in boreal 
forest trees 

Alexander V. Kirdyanov a,b,c,*, Matthias Saurer d, Alberto Arzac c, Anastasia A. Knorre c,e, 
Anatoly S. Prokushkin b,c, Olga V. Churakova (Sidorova) c,d, Tito Arosio a, Tatiana Bebchuk a, 
Rolf Siegwolf d, Ulf Büntgen a,d,f,g 

a Department of Geography, University of Cambridge, CB2 3EN, UK 
b Sukachev Institute of Forest SB RAS, Federal Research Center ‘Krasnoyarsk Science Center SB RAS’, 660036 Krasnoyarsk, Akademgorodok, Russian Federation 
c Siberian Federal University, 660041 Krasnoyarsk, Svobodnii 79, Russian Federation 
d Swiss Federal Institute for Forest, Snow and Landscape Research WSL, CH-8903 Birmensdorf, Switzerland 
e National Park "Krasnoyarsk Stolby", Krasnoyarsk 660006, Russian Federation 
f Department of Geography, Masaryk University, 61137 Brno, Czech Republic 
g Global Change Research Centre, 61300 Brno, Czech Republic   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Significant warming in the north of 
central Siberia since 1960. 

• Atmospheric and soil conditions are 
both crucial for tree growth on 
permafrost. 

• Early summer temperature limits tree 
growth at most environments on 
permafrost. 

• Precipitation is important for tree 
growth on well-drained permafrost soils. 

• Melt snow and frozen soil are a water 
source for trees in dry summers.  
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A B S T R A C T   

Perennially frozen soil, also known as permafrost, is important for the functioning and productivity of most of the 
boreal forest, the world's largest terrestrial biome. A better understanding of complex vegetation-permafrost 
interrelationships is needed to predict changes in local- to large-scale carbon, nutrient, and water cycle dy-
namics under future global warming. Here, we analyze tree-ring width and tree-ring stable isotope (C and O) 
measurements of Gmelin larch (Larix gmelinii (Rupr.) Rupr.) from six permafrost sites in the northern taiga of 
central Siberia. Our multi-parameter approach shows that changes in tree growth were predominantly controlled 
by the air and topsoil temperature and moisture content of the active soil and upper permafrost layers. The 
observed patterns range from strong growth limitations by early summer temperatures at higher elevations to 
significant growth controls by precipitation at warmer and well-drained lower-elevation sites. Enhanced radial 
tree growth is mainly found at sites with fast thawing upper mineral soil layers, and the comparison of tree-ring 
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isotopes over five-year periods with different amounts of summer precipitation indicates that trees can prevent 
drought stress by accessing water from melted snow and seasonally frozen soil. Identifying the active soil and 
upper permafrost layers as central water resources for boreal tree growth during dry summers demonstrates the 
complexity of ecosystem responses to climatic changes.   

1. Introduction 

The boreal forest zone is experiencing unprecedented rates of recent 
warming (Gauthier et al., 2015), with record-breaking temperatures of 
38 ◦C recorded in the summer of 2020 in Verhojansk, north of the Arctic 
Circle in eastern Siberia (Ciavarella et al., 2021; World Meteorological 
Organization, 2021). These trends and extremes are particularly 
alarming since boreal ecosystems are extremely vulnerable to rising 
temperatures due to positive feedback loops, including vegetation 
expansion and greenhouse gas emission from permafrost thawing 
(Anisimov, 2007; Koven et al., 2011; Schaefer et al., 2011; Schuur et al., 
2015; Turetsky et al., 2019). The dimension of such threats becomes 
even more clear when considering that up to 80 % of the boreal forest 
zone is underlaid with permafrost (Helbig et al., 2016). Current warm-
ing and predicted degradation of permafrost will have significant im-
plications for a wide range of closely interrelated natural and societal 
systems across the circumpolar high-northern latitudes (Anisimov and 
Reneva, 2006; Biskaborn et al., 2019; Teufel and Sushama, 2019; Li 
et al., 2023a). 

The term permafrost refers to perennially frozen ground with an 
uppermost layer of seasonally thawing stratum, the so-called active 
layer (AL) (see Permafrost Subcommittee, 1988 for definition). While 
permafrost depth may reach hundreds of meters and mean annual 
ground temperature may be as low as − 13 ◦C, the AL thickness usually 
varies from several centimeters to a few meters depending on geography 
and topography, as well as micro-relief (e.g., mound or trough), vege-
tation cover, fire activity, soil texture, and many others (Anisimov and 
Reneva, 2006). In turn, tree growth may depend on thickness and 
thermo-hydrological regime of the AL, which determines root depths 
and provides water and nutrient resources (Sugimoto et al., 2002; Pro-
kushkin et al., 2018). 

Tree growth and forest productivity on permafrost are generally 
limited by temperature (Jacoby and D'Arrigo, 1995; Vaganov et al., 
1996, 1999; Briffa et al., 1998; Davi et al., 2003; Knorre et al., 2006; 
Esper et al., 2010; Büntgen et al., 2020, 2021a; Fonti et al., 2021; 
Hantemirov et al., 2021, 2022; Churakova et al., 2022). However, there 
can be other factors influencing tree growth, such as anthropogenic 
pollution and Arctic dimming (Kirdyanov et al., 2014, 2020a; Stine and 
Huybers, 2014; Büntgen et al., 2021b; Kharuk et al., 2023b), forest fires 
and subsequent changes in AL thickness (Goetz et al., 2007; Knorre et al., 
2019, 2022; Kirdyanov et al., 2020b), topography (Li et al., 2021), as 
well as floods (Tei et al., 2020). Permafrost thawing due to global 
warming (Jorgenson and Osterkamp, 2005; Baltzer et al., 2014) is 
among the major natural disturbances (Brandt et al., 2013). The 
complexity of interactions between boreal forest growth and permafrost 
changes can be addressed by utilizing a combination of tree-ring stable 
isotopes and other tree-rings parameters (Sidorova et al., 2012; Bryu-
khanova et al., 2015). To date, several studies have focused on den-
droclimatic and physiological aspects of tree growth on permafrost 
(Barber et al., 2000; Kirdyanov et al., 2008; Porter et al., 2009; Sidorova 
et al., 2010; Bryukhanova et al., 2015; Churakova et al., 2022, Chur-
akova (Sidorova) et al., 2023; Lévesque et al., 2023). In addition, 
modelling experiments and field observations of the isotopic signal in 
precipitation and soil water investigated the possible influence of 
permafrost as source water for trees (Sugimoto et al., 2002; Sugimoto, 
2019; Saurer et al., 2016; Churakova-Sidorova et al., 2020a; Fan et al., 
2021). However, few studies have considered contrasting habitat con-
ditions for better understanding the permafrost-soil-tree-atmosphere 
interaction, especially under rapid global warming (Shi et al., 2024). 

So far, it has been proposed that permafrost thawing could cause sub-
stantial drying of the AL (Lawrence et al., 2015; Andresen et al., 2020), 
with subsequent effects on the functioning and productivity of the boreal 
forest. However, it must be noted that the complex vegetation- 
permafrost interplay is still not well understood (Heijmans et al., 
2022; Li et al., 2023b; Ogden et al., 2023). Here, we hypothesize that 
further to atmospheric conditions, changes in seasonal thawing of the 
active layer affect boreal tree growth on permafrost. 

To test the above hypothesis, we analyze tree-ring widths and carbon 
and oxygen stable isotopes of Gmelin larch (Larix gmelinii (Rupr.) Rupr.) 
from six permafrost sites in the boreal forest of central Siberia that 
reflect contrasting habitat conditions. We describe tree growth rates and 
the climate responses of both tree-ring width and stable isotopic mea-
surements, and discuss the observed patterns with respect to vegetation- 
permafrost coupling and soil thermo-hydroclimate. 

2. Material and methods 

Wood samples were collected in the Tura province of north-central 
Siberia (Fig. 1A), where permanent permafrost depth varies between 
200 and 500 m (Brown et al., 1997; Krivonogova and Kondrat’eva, 
1989). The region is characterized by a generally shallow AL of several 
tens of centimeters, which might be thicker after wildfires (Kirdyanov 
et al., 2020b). Climate in Tura is extremely continental, with annual 
mean temperatures of − 8.5 ◦C (WMO 24507 ‘TURA’; 1960–2021). The 
warmest and coldest months are July and January (17 ◦C and − 35 ◦C), 
respectively. Annual precipitation totals are around 420 mm (meteo.ru), 
of which 42 % falls during the summer months between June and 
August. Monthly and seasonal temperature means exhibit statistically 
significant increases (p < 0.00001), with 0.45, 0.36 and 0.48 ◦C/decade 
warming in June–July, summer (June–August) and annually, respec-
tively (Fig. 2A). Annual and seasonal precipitation totals since 1960, 
however, do not show any significant changes (Fig. 2B). In this study, we 
pay special attention to two five-year periods from 2000 to 2004 and 
2005–2009, during which substantial differences were observed in 
summer precipitation totals (Fig. 2D). In 2000–2004, 38 % more pre-
cipitation was recorded in June–July and 25 % more in summer than on 
average in 1960–2015. In contrast, 21 % and 13 % less precipitation was 
recorded on average during 2005–2009 in June–July and summer, 
respectively. June–July and summer in 2000–2004 were 0.81 and 
0.71 ◦C warmer than in 1960–2021 and 0.23 and 0.39 ◦C warmer in 
comparison to 2005–2009 (Fig. 2C). Importantly, June temperature 
means during the first five-year period from 2000 to 2004 were 1.14 ◦C 
higher than in 2005–2009. Monthly values of the Standardized 
Precipitation-Evapotranspiration Index (SPEI) (Vicente-Serrano et al., 
2010) were downloaded from the KNMI Climate Explorer (https:// 
climexp.knmi.nl/start.cgi) to estimate drought conditions between 
1960 and 2018 CE. 

The dominant tree species in north-central Siberia is Larix gmelinii 
(Rupr.) Rupr. (Abaimov et al., 1997), and its short growing season is 
generally restricted to ~70–90 days from the end of May to the begin-
ning of September (Bryukhanova et al., 2013; Rinne et al., 2015a, 
2015b). In 2005–2013, we selected six sampling sites representing 
different growth conditions of Gmelin larch in terms of location, relief, 
soil organic layer and AL thickness in the Tura region (around 64.27◦N 
and 100.22◦E) (Table 1, Fig. 1). One site (RB) is located on a Kochechum 
river bank on a warm and well drained alluvium soil with the deepest AL 
at the end of growing season and a high rate of soil thaw in spring 
(Saurer et al., 2016). The other stands (HE, LE, TER, SFS and NSF) were 
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developed on deluvial clay loam soils and are generally characterized by 
shallower AL. Although AL depth at the LE site is comparable to RB, 
topsoil thaw at the beginning of growing season at this site was generally 
slower (Table 1). To update tree-ring data, additional tree cores were 
collected at the study sites between 2016 and 2021. All samples were 
air-dried and mounted on wooden supports. Their surface was cut and 
contrasted with chalk to increase the visibility of tree-ring boundaries. 
Tree-ring width (TRW) was measured on a LINTAB measuring system 
(RINNTECH e.K., Heidelberg, Germany) and the obtained individual 
series were cross-dated using the TSAP-win (Rinn, 2003). Cross-dating 
was statistically verified with COFECHA (Version 6.02P; http://www. 
ldeo.columbia.edu/tree-ring-laboratory/resources/software). Unlike 
Kirdyanov et al. (2018), we used data from one core per tree, because we 
had access to previously developed reference chronologies in the region 
(Panyushkina and Arbatskaya, 1999; Sidorova et al., 2009; Shishov 
et al., 2016), which were used for final verification. Individual TRW 
series were standardized with cubic smoothing splines with 50 % 
frequency-response cutoff at 2/3 of the individual series length, and bi- 
weight robust means of the residual versions of the standardized TRW 
measurement series were used to produce dimensionless index chro-
nologies. The residual version of the chronologies was chosen for further 
analyses to eliminate the influence of biological memory in tree-ring 
width data. Standard dendrochronological statistics, such as the 

coefficient of sensitivity, mean inter-series correlation (Rbar) and 
expressed population signal (EPS) were calculated using the latest 
version of the ARSTAN software (https://www.geog.cam.ac.uk/rese 
arch/projects/dendrosoftware/, accessed on 16.09.2023). 

Stable carbon and oxygen isotopic ratios were measured for two five- 
year blocks in five trees per site. After cross-dating, wood of the indi-
vidual trees was split for the 2000–2004 and 2005–2009 periods, and 
the wood material was milled for each tree and period separately. 
Further procedures of cellulose extraction, sample preparation and iso-
topic composition measurements followed the steps described in Saurer 
et al. (1997). The isotopic values in cellulose are expressed in the delta 
notation (δ) relative to the international V-PDB reference for carbon and 
V-SMOW for oxygen with a precision of 0.1 ‰ for δ13C and 0.2 ‰ for 
δ18O. The raw carbon isotope data were corrected for the decreasing 
δ13C value of the atmospheric CO2 due to fossil fuel combustion (Suess 
Effect, Keeling, 1979) (Belmecheri and Lavergne, 2020). We also 
employed annually resolved isotope data from larch trees (Kirdyanov 
et al., 2020b), which survived wildfire in 1896 at our LE site. To inter-
pret the results of the oxygen isotope values in tree-ring cellulose, we 
used our previously obtained data on monthly mean δ18O in rain and 
snow water at RB and HE sites (Saurer et al., 2016). We also employed 
data on oxygen isotopes for water in frozen soil, which can be a 
seasonally frozen layer within the AL or an upper permafrost layer 

0          5        10 km

N. Tunguska

Fig. 1. The permafrost distribution in the northern Eurasia (A) with the site location within the study region (Insert). Examples of study sites: RB on a river bank, HE 
at high elevation and LE at low elevation and SFS on a south-facing slope representing the variety of stands and tree growth conditions (Lower panel). 
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(Saurer et al., 2016). 
To define the most important climatic factors that control tree radial 

growth and isotopic composition, the TRW, δ13C and δ18O chronologies 
were correlated against detrended (Ols et al., 2023) monthly tempera-
ture means and precipitation totals from the nearest meteorological 
station in Tura from previous September to September of a current year. 
June–July (JJ) and summer (JJA) temperatures and precipitation as 
well as total precipitation from previous November to current year April 
(w) were used to assess the influence of seasonal climate means. To 
exclude possible effects of previous wildfires on TRW (Vaganov and 
Kirdyanov, 2010; Knorre et al., 2019), all analyses were performed for 
the period after 1960, which is >60 years after the last forest fire 
observed at all six study sites (Kirdyanov et al., 2020b). Further to the 
newly obtained measurements, we re-used previously published data on 
seasonal AL thickness, soil temperature and moisture dynamics (Kir-
dyanov et al., 2013; Bryukhanova et al., 2015; Saurer et al., 2016; 
Knorre et al., 2019). A one-way ANOVA for TRW and isotope data ob-
tained for the five-year blocks was used to evaluate temporal changes in 
tree-ring parameters and their dependence on climate variables. 

3. Results 

The sample depth of the local TRW chronologies varied from 15 to 30 
trees (Table 2). The shortest chronology is RB with 75 years, but all other 
chronologies are at least 113 years long and the TER chronology even 
reaches 408 years. The mean segment length (MSL) ranges from 54 (RB) 
to 275 (TER) years, and the mean TRW generally decreases with 
increasing chronology length and MSL, from 2.19 (±0.34) mm for RB to 
0.27 (±0.07) mm for TER. The highest rates of radial stem growth, 
which we consider a reliable surrogate for the productivity of individual 
trees is found at RB (Fig. 1, lower panel). The mean TRW during the first 
50 years at RB is three to five times larger than at other sites. Larger tree 
growth during the juvenile phase is observed at the south-facing site SFS 
compared to its neighboring sites TER and NFS. The RB index 

chronology is the only one, which is characterized by low sensitivity (the 
coefficient of sensitivity <0.2). However, high mean inter-series corre-
lation (Rbar) and expressed population signal (EPS > 0.9 for the period 
since 1960) indicate a strong common signal in individual TRW series 
from each site and confirm that sample depth is sufficient for den-
droclimatic analysis at all the study sites. 

The growth-climate response analysis of the local TRW chronologies 
reveals statistically significant positive correlation coefficients (P <
0.05) with mean June and summer seasonal (June–July and June–Au-
gust) temperatures at all the sites, except RB (Fig. 3A). The strongest 
relation was found for HE, which is located at high elevation, and June 
and June–July temperature (r = 0.54 and 0.50, P < 0.001, respectively). 
Radial growth at three closely located sites TER, SFS, and NFS negatively 
depends on the temperature in April (r varies between − 0.46 and − 0.36, 
P < 0.01), and RB chronology positively correlates with March tem-
perature (r = 0.26, P < 0.05). Correlations with precipitation are 

Fig. 2. Seasonal air temperature means: annual (Ta), summer (Ts) and June–July (Tjj) (A) and seasonal precipitation totals: annual (Pa), summer (Ps) and June–July 
(Pjj) (B) for the meteorological station Tura. The areas in blue and orange indicate adjoining five-year periods 2000–2004 and 2005–2009 characterized by different 
precipitation amounts in summer. Monthly mean temperature (C) and monthly precipitation totals (D) for the two studied periods in comparison to the means 
since 1960. 

Table 1 
Tree-ring sites (Mean ALT = active layer thickness was measured at the end of 
growing season, the last decade of August, SD = standard deviation).  

Site Elevation, m 
a.s.l. 

Organic 
layer, cm 

Mean 
ALT±SD, 
cm 

Mid. June 
ALT±SD, 
cm 

Comment 

RB 145 8 ± 2 70 ± 13 31 ± 13 River bank 
HE 570 15 ± 3 55 ± 9 11 ± 5 High elevation 
LE 210 16 ± 3 68 ± 10 5 ± 2 Gentle north- 

facing slope 
TER 230 18 ± 11 49 ± 7 17 ± 4 Third terrace 

over river 
Significant 
micro-relief 

SFS 165 15 ± 2 55 ± 13 23 ± 9 South-facing 
slope 

NFS 165 21 ± 7 29 ± 13 3 ± 2 North-facing 
slope  
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generally weaker (Fig. 3B). Tree radial growth at RB, the only site with 
no dependency on summer temperatures, is also the only one that 
significantly correlates with summer precipitations (r = 0.27, 0.30, 0.38, 
P < 0.05 for June, July and June–July, respectively). Three other 
chronologies HE, LE and SFS demonstrate a positive reaction to elevated 
precipitation in October of the previous year (r is between 0.27 and 0.30, 
P < 0.05). 

The correlation analysis between isotope chronologies available in 

the region for the site LE and climate data demonstrate a significantly 
positive relation of both δ13C and δ18O to July, June–July and summer 
temperature (r is up to 0.56 for δ13C and July temperature) (Fig. 4A). 
When compared to precipitation, both carbon and oxygen isotope ratios 
negatively depend on previous year December (r = − 0.50, − 0.41, P <
0.005 for δ13C and δ18O, respectively) and winter precipitation totals (r 
= − 0.44, − 0.30, P < 0.05) (Fig. 4B). In addition, δ18O correlates 
significantly negatively with July precipitation (r = − 0.31, P < 0.05). 

Table 2 
Chronology characteristics (MSL = mean segment length, TRW = tree-ring width, Rbar = inter-series correlation).  

Site N of series Period, years MSL Mean TRW, mm TRW, 50 years, mm Mean sensitivity Mean Rbar 

RB  17 1946–2020 54 2.19 ± 0.34 2.24 ± 0.39  0.184  0.479 
HE  15 1833–2020 114 0.49 ± 0.12 0.69 ± 0.23  0.327  0.522 
LE  22 1908–2020 99 0.43 ± 0.07 0.70 ± 0.17  0.228  0.421 
TER  19 1608–2015 275 0.27 ± 0.07 0.43 ± 0.25  0.241  0.403 
SFS  30 1817–2015 159 0.39 ± 0.09 0.65 ± 0.26  0.241  0.466 
NFS  23 1728–2015 210 0.32 ± 0.08 0.47 ± 0.21  0.284  0.423  

Fig. 3. Correlation coefficients of the indexed tree-ring width chronologies and monthly mean, June–July (JJ) and summer (JJA) temperatures (A) and total monthly 
and seasonal precipitation (B) from the previous year September to September of ring formation, calculated over the period since 1960. Grey lines indicate the 
significance level P < 0.05. 

Fig. 4. Correlation coefficients of δ13C and δ18O chronologies from site LE with monthly mean, June–July (JJ) and summer (JJA) temperatures (A) and total 
monthly, June–July (JJ) and the previous year November to the current year April (W) precipitation from previous year September to September of ring formation, 
calculated over the period since 1960. Grey lines indicate the significance level P < 0.05. 
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To further explore the influence of water availability on tree growth, 
we compared TRW indices and isotope ratios in tree-ring cellulose for 
the two five-year periods from 2000 to 2004 and from 2005 to 2009 
(Fig. 5). Trees generally produced wider rings during the 2000–2004 
period, which is characterized by warmer conditions in June and higher 
summer precipitation compared to 2005–2009 (Fig. 5A). ANOVA in-
dicates a statistically significant (P < 0.01) difference between the five- 
year means of TRW indices at all the sites. The δ13C values do not show 
any statistically significant changes between the two periods (Fig. 5B). 
However, at two sites, RB and HE, cellulose is slightly enriched with 
isotopically heavier carbon during the second five-year period (Fig. 5B). 
For the δ18O values, there is a generally stable tendency to the lighter 
isotope composition during the 2005–2009 period with lower summer 
precipitation compared to the earlier period (Fig. 5C), though the 
changes are statistically significant (P < 0.05) at the site NFS only. 

For the period with lower summer precipitation (2005–2009) we 
found lower δ18O values than for the wet period with high precipitation 
(2000–2004, Fig. 5C), which would suggest a positive correlation be-
tween δ18O values of the tree ring cellulose and the amount of precipi-
tation. Due to this somewhat unexpected finding, contrasting the 
negative dependence of δ18O on July precipitation (Fig. 4B), this rela-
tion needed a closer inspection (Fig. 6). The oxygen stable isotope ratios 
show a rather small, but distinct difference (ANOVA, P < 0.05) between 
δ18O-values for low (< 40 mm, δ18O = 23.7 ± 0.2 ‰) and high (> 100 
mm, δ18O = 23.2 ± 0.4) monthly precipitation amounts. This tendency 
confirms the negative correlation between the tree-ring chronology and 
this climate variable. However, the δ18O-values corresponding to July 
precipitation between 40 and 100 mm are characterized by a wide range 
of values from 21.2 to 24.7 ‰. We defined two groups of δ18O-values 

that are considerably above and below the average for the considered 
interval of precipitation (marked as I and II in Fig. 6). The δ13C values 
corresponding to these two groups of distinctly different δ18O means 
(δ18O = 24.4 ± 0.2 ‰ and 22.00 ± 0.5 ‰, accordingly) are also statis-
tically separated (P < 0.01) (Fig. 6, Insert), and this is in line with a 
positive correlation between the carbon and oxygen isotope chronolo-
gies (r = 0.49, P < 0.001). TRW indices are slightly, but not significantly, 
higher for oxygen isotope group I versus group II (1.02 versus 0.92, P =
0.86). 

4. Discussion 

Tree radial growth in northern Siberia is generally temperature 
limited (e.g., Vaganov et al., 1999; Kirdyanov et al., 2007; Hellmann 
et al., 2016). Our results demonstrate that TRW variability of Gmelin 
larch in the northern taiga of central Siberia, which is still within the 
continuous permafrost zone, is mostly defined by summer temperature. 
However, only June temperatures appear to control tree-ring radial 
growth at our study sites. During the beginning of the growing season, 
the AL is thin, and topsoil temperature is low (Saurer et al., 2016), 
largely determined by air temperature. Later in the season, air and soil 
temperatures increase, AL becomes continuously thicker (Bryukhanova 
et al., 2015; Saurer et al., 2016), and the direct influence of air tem-
perature on tree radial growth decreases, being still pronounced in 
summer seasonal averages only (June–July and summer temperatures). 
Generally, larch trees successfully grow and regenerate on permafrost 
due to their extended superficial root systems (Kajimoto et al., 2003; 
Kajimoto, 2010; Kirdyanov et al., 2012), which provide access to water 
and nutrients at the upper thawed soil layer. 

Nevertheless, the strength of tree growth response to temperature 
differs between the sites (Fig. 3). The strongest temperature signal was 
observed at the high elevation site HE located closest to the regional 
upper treeline, which is in the range of 900 m asl. This result is in 
agreement with other studies showing a general tendency of increasing 
sensitivity of tree growth to temperature at higher elevations (e.g., 
Fritts, 1976; King et al., 2013; Kharuk et al., 2023a). The negative 
response of tree growth to April temperature observed at three close 
sites TER, SFS and NFS may be indirectly related to early cambium 
activation under warm conditions in late April and subsequent freezing 

Fig. 5. Box plot of multiple variables: mean (horizontal line), standard error 
(box), standard deviation (whiskers) and outliers (dots) for tree-ring width 
indices (A), δ13C (B) and δ18O (C) over the two five-year periods: 2000–2004 
and 2005–2009 characterized by different precipitation amounts in summer. 

II            I

Fig. 6. Scatterplot between δ18O and July precipitation totals for 1960–2018 
indicating negative relation between the variables (red solid line). Vertical lines 
separate values for years with low (< 40 mm) medium (between 40 and 100 
mm) and high (> 100 mm) total precipitation in July. The groups I and II 
include δ18O values that are much higher and much lower respectively than the 
mean δ18O values for the precipitation range 40–100 mm. Insert presents box- 
plot for δ13C values corresponding to δ18O from the group I with high δ18O 
values (I) and II with low δ18O (II). 
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temperatures, which damage the cambium (Vaganov et al., 2006; 
Shestakova et al., 2016). Such an effect is not observed at the higher 
elevation site HE because April temperatures do not reach the threshold 
for cambium activation at this location (Saurer et al., 2016). 

The influence of summer precipitation was only significant for the RB 
ring width chronology. This is the most productive site (Table 2), which 
is located on well-heated and drained sandy silt loam soils. An analogous 
climatic response was earlier observed in tree-ring growth at a site with 
similar soil conditions (Kirdyanov et al., 2013). The thin organic layer 
(Table 1) does not block the heat transfer from the atmosphere, which 
defines the fast heating of a topsoil layer at the beginning of the growing 
season. In the region, larch roots occupy an organic soil layer and 
penetrate the thin upper mineral soil layers (up to 45 cm in depth for 
sites with thick AL) (Kajimoto, 2010; own observations). High porosity 
and good drainage of the soil at RB explain fast reduction of soil mois-
ture under high evapotranspiration and lack of precipitation in hot 
summer months (Kirdyanov et al., 2013), which lead to a stronger 
dependence of tree growth on precipitation and melt water in the AL in 
dry summers (Sugimoto et al., 2002; Saurer et al., 2016). All other stands 
developed on clay loam with a thick insulating soil organic layer, which 
significantly blocks heat transfer into the soil, elucidate tree growth 
sensitivity to temperature. These results are consistent with earlier 
findings on the diversity of tree growth response to climate and 
demonstrate the importance of soil conditions for tree radial growth on 
permafrost (Nikolaev et al., 2011; Bryukhanova et al., 2013; Kirdyanov 
et al., 2013, 2020b; Saurer et al., 2016; Knorre et al., 2019; Churakova 
et al., 2022). 

Trees at all the sites show significantly higher radial growth during 
the summer period of 2000–2004, which is characterized by high 
summer precipitation and relatively warm June temperatures. On 
average, the summer months during the 2000–2004 period are classified 
by SPEI as slightly wetter than during the following five years and over 
the 1960–2018 interval. However, the 2005–2009 years are a period 
with summers close to the average during 1960–2018 in terms of water 
availability. Since carbon isotope values serve as an indicator of water 
availability for trees in boreal forests (Walker et al., 2015; Churakova- 
Sidorova et al., 2020a, 2020b), the lack of significant difference in δ13C 
values between the two periods (Fig. 5A) also testifies the absence of 
pronounced drought periods. Under these conditions, a potential 
explanation for the change in δ18O values between the five-year periods, 
while δ13C remains relatively stable, lies in the isotopic composition of 
the source water for trees, which influences tree rings oxygen, but not 
carbon isotopes (Song et al., 2022). As the tree-ring oxygen isotope 
composition in the permafrost zone in Siberia is largely determined by 
source water (Fan et al., 2021), δ18O in tree-ring cellulose can be 
influenced by the supply of isotopically depleted water from thawed 
frozen soil. This can lead to an ‘inverse’ relationship between climate 
and tree-ring isotopes, with dry and warm summer conditions leading to 
decreased δ18O values (Saurer et al., 2002, 2016; Sugimoto et al., 2002). 
This is in contrast to the current understanding of the δ18O climate signal 
in tree rings that suggests higher δ18O values in tree-ring cellulose under 
dryer conditions (Barbour and Farquhar, 2000). In our study, lower δ18O 
values during the period with lower summer precipitation from 2005 to 
2009 (Fig. 5) indicate a higher proportion of isotopically lighter water. 
In the region, snow and AL meltwater are highly depleted compared to 
summer precipitation. Thus, δ18O mean for winter precipitation is − 33 
‰ and between − 24 ‰ and –18 ‰ for seasonally frozen soil depending 
on the site in comparison to − 13 ‰ for the summer precipitation mean 
(Saurer et al., 2016). Therefore, snow and AL meltwater sufficiently 
contributed as a water source for trees during 2005–2009 when summer 
precipitation was low, and 18O-depleted tree rings were formed. On the 
contrary, the increased contribution of heavier rainwater during the 
2000–2004 period with elevated summer precipitation is recorded in 
higher tree-ring δ18O values resulting in an inverse H2

18O/temperature 
relationship, which is found in the oxygen isotope ratio of the tree-ring 
cellulose. 

The conclusion about this complex interplay of melt and summer 
precipitation water is confirmed by the scatterplot of δ18O and July 
precipitation (Fig. 6), which demonstrates multiple scenarios for oxygen 
isotope content in tree-ring cellulose within the monthly precipitation 
range from 40 to 100 mm. The low tree-ring δ18O values (group II, 
Fig. 6) are explained by a larger portion of snow and AL melt water in the 
trees' water source (consistent with the dependence of tree-ring δ18O on 
winter precipitation, Fig. 4). At the same time, higher than the mean 
δ18O values (group I, Fig. 6) coincide with enriched 13C values (Fig. 6, 
insert) and indicate the higher photosynthetic rates, confirmed by non- 
statistically significant, but larger TRW (not shown) under non-drought 
conditions (the interplay between δ13C and δ18O is explained in Schei-
degger et al., 2000 and Siegwolf et al., 2023). Enhanced radial growth in 
2000–2004 (Fig. 5A) with generally warmer June (Fig. 2C) and higher 
precipitation in June and July (Fig. 2D) may be related to faster and 
deeper AL thawing due to higher air temperature and additional heat 
transfer into the soil with precipitation (Karjalainen et al., 2019) during 
the beginning of the growing season, the crucial interval for tree-ring 
development (Bryukhanova et al., 2013; Cuny et al., 2015). This anal-
ysis shows the usefulness of combining growth information with carbon 
and oxygen isotope changes for explaining water relations in these 
ecosystems. 

In contrast to our study, in a permafrost site in eastern Siberia, which 
receives less precipitation than our study region, a recently developed 
water tracer model indicates no contribution of deep permafrost- 
originated water into plant transpiration (Park et al., 2021). This 
model that is based on a process-based land surface model CHANGE 
simulating momentum, heat, water, carbon fluxes, and plant physiology 
in the atmosphere–vegetation–snow–soil system (Park et al., 2011) in-
dicates that the only contribution to transpiration is from the rain, snow 
and seasonally frozen soil which thaws in summer. Similarly, in our 
study region, the contribution of AL and previous snow melt water into 
tree water supply is also visible for well-heated soils with thick AL and 
mostly for dry summers (Saurer et al., 2016). Future climate change will 
lead to a long-term drying of the surface soil in the permafrost zone in 
the Arctic, as predicted by Land Surface Models (Andresen et al., 2020). 
This may enhance the role of the deep permafrost as a water source for 
vegetation as trees develop deeper rooting system when AL is thicker 
(Kajimoto, 2010). When AL thickness considerably increases, perma-
frost may not be able to maintain soil moisture at the upper soil layer 
(Park et al., 2021; Peng et al., 2022), but the role of pre-growing season 
precipitation, including previous autumn rain and snow, will increase. 

5. Conclusions 

This study demonstrates the importance of both, atmospheric and 
edaphic conditions for the functioning and productivity of the boreal 
forest, the world's largest terrestrial biome, in which precipitation and 
seasonally thawing permafrost jointly provide crucial water resources 
for tree growth. This general observation, however, can be modified by 
site ecology and climate variability. Nevertheless, we report evidence 
for an increased role of permafrost as a water source during warm and 
dry summers. Our findings emphasize the strength of tree-ring stable 
isotopes to unravel the complexity of forest ecosystem responses to 
global warming. 
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