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A B S T R A C T

The high northern latitudes offer an ideal environment to analyze tree growth responses to unprecedented recent 
warming. In this study, for the first time, we explore the dendroclimatological potential of latewood blue in
tensity (LWBI) and delta blue intensity (DBI) at two Siberian larch (Larix sibirica Ledeb.) sites in the upper 
treeline ecotone of the Ural Mountains, northern Russia. To assess the climate signals encoded in LWBI and DBI, 
as well as tree-ring width (TRW) and maximum latewood density (MXD), we correlated these parameter-specific 
chronologies against monthly temperature means, precipitation totals, and the SPEI index. LWBI and BDI exhibit 
robust and stable positive correlations with summer temperature, higher than TRW but slightly lower than MXD 
at both sites, with marginal negative effects from precipitation and strong negative correlations with SPEI. As 
direct surrogates for MXD, LWBI and DBI from larch trees offer reasonable alternatives as proxies for temper
atures in northern latitudes.

1. Introduction

Treelines are temperature-limited environments (Harsch et al., 2009; 
Körner, 2012; Körner and Paulsen, 2004; Paulsen and Körner, 2014; 
Shyatov, 1986), where short growing seasons limit carbon assimilation 
(MacDonald et al., 2008). Global warming is affecting the dynamics and 
distribution limits of treeline ecotones worldwide (Greenwood and 
Jump, 2014; Korner, 2021), altering tree growth, phenology, and pro
ductivity (Hansson et al., 2021). Northern Russia, in particular, has 
experienced unprecedented warming in recent decades (Ciavarella 
et al., 2021; Overland and Wang, 2021; Rantanen et al., 2022), signifi
cantly exceeding the global mean (IPCC, 2023; Vinogradova et al., 2021) 
and reaching temperatures higher than in the past two to seven 
millennia (Esper et al., 2024; Hantemirov et al., 2022). Russian treelines 
are therefore ideal test frameworks to explore the skill of established and 
new temperature proxies and to study potentially non-stationary tree 

growth responses to changing climate.
Tree-ring width (TRW) and maximum latewood density (MXD) are 

commonly used high-resolution climate proxies (Esper et al., 2012, 
2014; Kirdyanov et al., 2007; Rydval et al., 2015; Schneider et al., 2015; 
Schweingruber et al., 1978; Schweingruber, 1988; ). TRW is particularly 
useful in temperature and water-limited environments (St. George, 
2014) and has been extensively applied to reconstruct past climate 
variability, yielding detailed insights into historical climate patterns and 
trends (Büntgen et al., 2021; Esper et al., 2002; Fritts, 1976; Hantemirov 
et al., 2021, 2022; Hantemirov and Shiyatov, 2002). However, 
TRW-based temperature reconstructions may be affected by biological 
memory (Esper et al., 2015) and other external influences such as insect 
outbreaks (Barchenkov et al., 2023; 2007) diseases (Cherubini et al., 
2002), and pollution (Kirdyanov et al., 2020). In contrast, MXD is less 
biased by non-climatic factors and, therefore, generally more suitable 
for dendroclimatic studies (Anchukaitis et al., 2013, 2017; Esper et al., 
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2002, 2016). MXD has been used for warm season temperature re
constructions in the Northern Hemisphere (Davi et al., 2003; Esper et al., 
2010; Grudd, 2008), including Russia (Briffa et al., 2013; Schneider 
et al., 2015). Nevertheless, the methodology for producing MXD data
sets is time-consuming, technically challenging, and expensive 
compared to TRW measurements (Björklund et al., 2019; Büntgen et al., 
2007; Linderholm et al., 2010; Schweingruber, 1988; Zang and Biondi, 
2013).

Latewood blue intensity (LWBI) and delta blue intensity (DBI) are 
gaining popularity in dendroclimatic studies as cost-effective surrogates 
for MXD, providing similar information (Björklund et al., 2019). Blue 
intensity (BI) refers to the inverted state of reflected light in the blue 
spectrum from an RGB digitized wood sample (Björklund et al., 2024), 
and DBI is the high-frequency difference between latewood and early
wood blue intensity (Björklund et al., 2014, 2024). These parameters 
have been widely used in North America (Babst et al., 2016; Heeter 
et al., 2021; Wilson et al., 2014, 2017) and Europe (Akhmetzyanov et al., 
2020; Björklund et al., 2014, 2015; Frank and Nicolussi, 2020; Jiang 
et al., 2022; Reid and Wilson, 2020; Rydval et al., 2014; Seftigen et al., 
2020) as proxies for temperature, drought and precipitation. However, 
less attention has been paid to Russia, with limited research in the Altai 
Mountains (Davi et al., 2021), central Siberia (Myglan et al., 2018), the 
White Sea (Semenyak and Dolgova, 2023) and Northern Caucasus 
(Dolgova, 2016).

In this study, we explore the dendroclimatological potential of LWBI 
and DBI measured in Siberian larch (Larix sibirica Ledeb.) from two 
temperature-limited upper treeline sites in the Ural Mountains, and 
compare these new data against TRW and MXD. The northern Ural 
Mountains, ranging from the Arctic tundra to temperate forests, are 
particularly suitable for dendroclimatic studies due to the severe 
temperature-limited conditions for growth (Devi et al., 2008; Hagedorn 
et al., 2014). Previous dendroclimatological studies based on TRW in the 

region provided valuable insights into historical climate variations, 
highlighting significant correlations between summer temperatures and 
tree growth (Briffa et al., 2013; Kukarskih et al., 2018; Pellizzari et al., 
2017; Shyatov, 1986), particularly at the treeline (Gurskaya et al., 2012; 
Kukarskih et al., 2018; Vaganov et al., 1996), and linking upward 
vegetation shifts with increased winter precipitation (Devi et al., 2020; 
Hagedorn et al., 2014). Considering that density and blue intensity data 
from similar environments tend to exhibit strong temperature signals, 
we hypothesized that LWBI and DBI will strongly and positively respond 
to summer temperatures similar to MXD. We anticipate stronger signals 
in the Polar Urals due to its northernmost location and lower tempera
tures, highlighting the role of site-specific environmental conditions as 
driving factors of varying climate responses. We then discuss the rele
vance of LWBI and DBI as alternative temperature proxies in the region.

2. Methods

2.1. Study area and sampling design

Sixty uneven-aged Siberian larch trees were sampled at upper tree
line sites in the Polar Urals (hereafter PU; 66◦54’N, 65◦45’E; 125 m a.s. 
l.) and the Northern Urals (hereafter NU; 59◦37’N, 59◦15’E; 750 m a.s.l.; 
Fig. 1a) during the summer of 2021. Wood cores were extracted at breast 
height using a 5-mm increment borer.

Mean annual temperature and total annual precipitation ranged from 
− 5.8 ◦C to − 0.2◦C and from 450 mm to 850 mm at PU and NU, 
respectively, over the 1966–2020 period (Fig. 1b). Mean annual tem
perature has increased at rates of 0.55◦C and 0.24 ◦C per decade at PU 
and NU, respectively, during the same period (Fig. 1c). Summer tem
perature (June-August) showed higher warming rates of 0.61◦C and 
0.34 ◦C per decade at PU and NU. In contrast, precipitation has not 
shown any significant trend. Meteorological data were obtained from 

Fig. 1. Study sites and area. (A) The location of the sampling sites in the Polar Urals (PU) and Northern Ural (NU) is in red, and the nearby climate stations in 
Salekhard and Biser are in blue. (B) Biser and Salekhard climate diagrams over the 1966–2020 period. (C) Annual (upper panel) and June-August (lower panel) 
temperatures from 1966–2020 at Biser (red) and Salekhard (green).
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https://www.meteo.ru from the nearest weather stations to each sam
pling site: Salekhard station (66◦53’N, 66◦53’E; 15 m a.s.l.), located 
approximately 50 km west of the PU site, and Biser station (58◦51’N- 
58◦87’E, 464 m a.s.l.), 86 km north of the NU site.

2.2. Tree-ring parameters and chronology development

Resin and organic substances were removed from the sampled cores 
using ethanol (96 %) for 72 hours (Cerrato et al., 2023) in a Soxhlet 
apparatus. This approach reduces the contrast between heartwood and 
sapwood (Rydval et al., 2014). The core samples were then submerged 
in water at 80◦C for 48 hours to ensure extraction of remaining soluble 
substances. Afterward, the cores were air-dried and glued to wooden 
supports and polished with sandpaper up to 1200 grit. The polished 
cores were scanned at 3200 dpi using an Epson Perfection V800 flatbed 
scanner (Epson, Japan) calibrated with an IT8Calibration Target color 
card (Fuji) and interfaced with Silverfast SE software (LaserSoft Imag
ing, USA). The scanner was covered with a dark box to minimize 
external light interference (Rydval et al., 2014). TRW, earlywood width 
(EWW), latewood width (LWW) and BI measurements were performed 
using CooRecoder version 9.3 (Cybis Elektronik & Data AB, Sweden). 
DBI was calculated by subtracting earlywood blue intensity (EWBI) from 
latewood blue intensity (Björklund et al., 2014). The TRW series were 
visually cross-dated, and cross-dating was statistically verified with 
COFECHA (Grissino-Mayer, 2001). Due to wood discoloration issues, 
LWBI and DBI parameters were measured in only 23 and 22 trees at PU 
and NU, respectively.

All measurement series were standardized using a cubic-smoothing 
spline with a frequency response of 50 % at a wavelength of 2/3 of 
the series length in the “dplR” package (Bunn, 2008) in the R environ
ment (R Core Team, 2022). TRW, EWW and LWW series were filtered 
using autoregressive modeling to remove autocorrelation and produce 
residual chronologies (Cook and Kairiukstis, 1990). The standardized 
series were combined using a robust biweight mean to create a stan
dardized index chronology. The adjusted latewood index (LWadj) was 
derived by regressing EWW and LWW residual chronologies to remove 
the influence of earlywood (Meko and Baisan, 2001). The obtained mean 
chronologies were assessed using the expressed population signal (EPS), 
mean sensitivity (msx), mean inter-series correlation (rbt) and the 
signal-to-noise ratio (SNR) (Wigley et al., 1984).

For comparison, previously produced MXD measurements (34 and 
22 L. sibirica trees from the Polar and Northern Urals, respectively) were 
used to benchmark and compare climate signals in LWBI and DBI. MXD 
was measured according to the standard protocol (Schweingruber and 
Briffa, 1996), and the series detrended using 66 % splines in ARSTAN 
(Cook and Holmes, 1999) together with adaptive power transformation 
(Cook and Peters, 1997) applied prior to density trend removal.

2.3. Climate signal assessments

Pearson correlations were employed to assess the dependence of the 
measured parameters on climatic factors. Thus, TRW, EWW, LWadj, 
LWBI, DBI, and MXD standard chronologies were correlated against 
monthly temperature means, precipitation totals, and the Standardized 
Precipitation-Evaporation Index (SPEI, Vicente-Serrano et al., 2010) at 
different timescales (1–14 months). Additionally, to assess differences in 
the climate signals captured in the chronologies of the measured pa
rameters, TRW, EWW, LWadj, LWBI and DBI residual chronologies were 
also correlated against detrended temperature and precipitation data. 
Correlations were performed from September of the previous year to 
September of the current year. The aggregated effect of climate pa
rameters for consecutive months with the highest correlations in the 
current growing year (i.e., June-July and June-August) was also 
assessed. To estimate the stationarity of climate signals, 25-year running 
correlations were performed in the “Treeclim” package (Biondi and 
Waikul, 2004) in the R environment. Correlations for TRW, LWBI and 

DBI were calculated for the 1966–2020 period, whereas MXD was 
analyzed for the 1966–2001 period due to the length of the existing 
chronologies. Monthly climate data were obtained from the Federal 
Service for Hydrometeorology and Environmental Monitoring of the 
Russian Federation (https://www.meteo.ru) and SPEI data from The 
Spanish National Research Council (CSIC; https://spei.csic.es/index.ht 
ml). Spatial correlation fields were computed in the KNMI Climate Ex
plorer (https://climexp.knmi.nl/) using gridded 0.5×0.5◦ CRU TS 4.06 
land temperatures.

3. Results

3.1. Tree growth and density measurements

TRW, LWBI, and DBI chronologies span 210 years (1811–2020) at 
both sites. The MXD chronologies, based on different sample sets, cover 
the1641–2001 (PU) and 1816–2003 (NU) periods, with mean series 
lengths of 361±105 and 188±34, respectively. TRW values range from 
0.59±0.43 mm at PU to 0.99±0.69 mm at NU. Residual TRW chronol
ogies (Fig. S1, raw series in Fig. S2) show higher mean sensitivity at NU 
than at PU. However, inter-series correlation and signal-to-noise ratio 
are higher at PU (Table 1). The rbt values range from 0.65 to 0.68 for 
TRW, 0.36–0.56 for the blue intensity parameters, and 0.64–0.65 for 
MXD. TRW chronologies have a higher signal-to-noise ratio (SNR). The 
mean sensitivity (msx) for TRW is also significantly higher than for 
density parameters, indicating lower variability in density measure
ments compared to radial growth parameters. The Expressed Population 
Signal (EPS) is above 0.9 for all chronologies, confirming the reliability 
of the chronologies during the study period.

Pearson correlations between series show the strongest significant 
correlations between TRW and EWW (r = 0.99, 0.98; P < 0.001, at PU 
and NU, respectively), TRW and DBI (r = 0.72, 0.64; P < 0.001, at PU 
and NU, respectively), LWBI and DBI (r = 0.87, 0.91; P < 0.001, at PU 
and NU, respectively), and MXD with LWBI and DBI parameters (up to r 
= 0.78; P < 0.001, for MXD and DBI at PU) (Table S1).

3.2. Parameter-specific climate signals

Summer temperatures positively affect TRW- and BI-derived pa
rameters at PU and NU during the 1966–2020, period and MXD during 
the shorter 1966–2001 period (Fig. 2). There are no significant changes 
in the timing and intensity of the climate signal in chronologies devel
oped with different detrending methods (Tables S3 and S4). Therefore, 
only results for standard chronologies are presented. At PU, TRW and 
EWW are mainly influenced by June temperatures (r = 0.51 and 0.50, 
respectively; P < 0.001), and LWadj by July temperatures (r = 0.44; P <
0.001). The response strengthens with aggregated June-July 

Table 1 
Characteristics of the TRW, LWBI and DBI Larix sibirica chronologies for the 
1966–2020 period and for the MXD for the 1966–2001 period.

Parameter msx rbt EPS SNR

Polar Urals TRW 0.45 0.68 0.98 54.4
EWW 0.49 0.68 0.98 54.3
LWadj 0.43 0.57 0.97 34.5
LWBI 0.14 0.36 0.93 13.8
DBI 0.25 0.42 0.95 17.9
MXD 0.15 0.64 0.98 24.5

Northern Urals TRW 0.54 0.66 0.98 44.3
EWW 0.58 0.66 0.98 44.3
LWadj 0.56 0.62 0.97 37.4
LWBI 0.19 0.56 0.97 27.8
DBI 0.30 0.54 0.96 25.5
MXD 0.13 0.65 0.97 17.6

msx = mean sensitivity, rbt = mean inter-series correlation, EPS = expressed 
population signal, SNR = signal-to-noise ratio.
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Fig. 2. Pearson correlations between tree-ring width (TRW), earlywood with (EWW), adjusted latewood (LWadj), latewood blue intensity (LWBI), delta blue in
tensity (DBI) and maximum latewood density (MXD) with mean monthly temperatures at the Polar and Northern Urals sites. Correlations were calculated from the 
previous year September (uppercase letters) to current-year September (lowercase letters), and the aggregated effect of June-July and June-August temperatures, 
over the 1966–2020 and 1966–2001 periods. All colored cells are significant at P < 0.05, and asterisks indicate correlations with P < 0.01.

Fig. 3. Pearson correlations between tree-ring width (TRW), latewood blue intensity (LWBI), delta blue intensity (DBI) standard chronologies for the 1966–2020 
period, and maximum latewood density (MXD, over the 1966–2001 period) with the monthly standardized precipitation–evaporation index (SPEI). Correlations were 
calculated from the previous year September (uppercase letters) to current-year September (lowercase letters) at different time lags (1–14 months). Dashed white 
lines show the month and time lag of the highest signal occurrence, with the correlation value indicated in white color. Correlation values (black color) above 0.22 
and below − 0.22 are significant for the period 1966–2020 (P < 0.05) and values above 0.28 and below − 0.28 are significant for the period 1966–2001 (P < 0.05).
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temperatures (r = 0.63, 0.61 and 0.45 for TRW, EWW and LWadj, 
respectively; P < 0.001). For LWBI and DBI, the maximal signal occurs in 
July (r = 0.57 and 0.62, respectively; P < 0.001), with a further increase 
of signal strength for June-July temperatures (r = 0.64 and 0.68, 
respectively; P < 0.001). MXD shows stronger signals from June to 
August, peaking in June and August (r = 0.68 and 0.64, respectively; P <
0.001). Correlations with seasonal temperature means for June-July and 
June-August are even higher (r = 0.77 and 0.78, respectively; P <
0.001).

At NU, temperature affects parameters earlier in the growing season, 
with a marginal but positive response to May temperatures. June tem
perature significantly influences most tree-ring parameters (r = 0.70, 
0.69, 0.45 and 0.58 for TRW, EWW, LWBI, and DBI, respectively; P <
0.001). LWBI and DBI also correlate significantly with May temperatures 
(r = 0.37 and 0.33, respectively; P < 0.05), and LWadj responds to 
August temperatures (r = 0.40; P < 0.05). MXD shows more robust and 
prolonged temperature signals, particularly from May to August, peak
ing in June and July, r = 0.71 and 0.55, respectively (P < 0.001). The 
response of LWBI, DBI and MXD to aggregated June-July temperatures 
also increases (r = 0.47, 0.64 and 0.79, respectively; P < 0.001). Pre
cipitation has significant but marginal (P < 0.05) negative effects at both 
sites, mainly in late spring and mid-summer (Fig. S3).

MXD shows stronger positive responses to summer temperatures 
than LWBI and DBI over the common 1966–2001 period (Fig. 2). The 
signal strength amplifies when considering the aggregated effect of 
temperature from consecutive months (June-July and June-August) at 
both sites. At PU, maximal LWBI and DBI signals occur in July (r = 0.65 
and 0.70, respectively; P < 0.001), whereas the maximal MXD signal 
responds to the aggregated June-August temperatures (r = 0.78; P <
0.001). At NU, maximal LWBI and DBI signals also occur in July, but 
with lower signal intensity compared to PU (r = 0.48; P < 0.01 and 0.60, 
respectively), while MXD correlates the highest with the aggregated 
June-July temperatures (r = 0.78; P < 0.001). July precipitation nega
tively affects all the parameters at both sites, with stronger signals at NU 
(Fig. S3).

All parameters show significant negative correlations with SPEI at 
both sites (Fig. 3). At PU, the highest correlation values are found in 
July, with LWBI and MXD showing the strongest negative correlations 

(r= − 0.58; P < 0.001) with a 3-month lag for both parameters, followed 
by DBI (r= − 0.53; P < 0.001) with a 5-month lag, while TRW exhibits 
the weakest correlation (r= − 0.35; P < 0.01). At NU, MXD shows the 
strongest negative correlation (r= − 0.69; P < 0.001) in August with a 5- 
month lag, whereas LWBI shows the lowest correlation (r= − 0.46; P <
0.001) in July with a 3-month lag. TRW and DBI mimic the intensity of 
the response (r= − 0.56; P < 0.001), occurring in June (2- month lag) 
and July (3-month lag), respectively. When comparing between sites, 
TRW, DBI and MXD chronologies show lower signals at PU than NU, 
whereas LWBI signal is higher at PU than NU. EWW and LWadj re
sponses to SPEI (Fig. S4) are lower at PU (r= − 0.36 and − 0.38; P < 0.01, 
with 3- and 2-month lags, respectively) than at NU (r= − 0.51 and 
− 0.57; P < 0.001, with 3- and 2-month lags, respectively).

3.3. Temporal and spatial stability of temperature signals

Running correlations between TRW, LWBI. DBI, and MXD standard 
chronologies show strong positive correlations with aggregated June- 
July and June-August temperatures at both sites, remaining significant 
(P <0.001) over the entire period. MXD shows the highest correlation 
values compared to the other parameters at both sites (Fig. 4, please 
refer to Fig. S5 for individual monthly responses). At PU, LWBI, DBI, and 
MXD exhibit stronger temperature responses than TRW. Although cor
relations for all the parameters remain significant, TRW diverges from 
LWBI and DBI, with its temperature signal starting to decrease around 
1996 (June-July) and 1993 (June-August). At NU, TRW response shifted 
over time compared to LWBI and DBI, showing a higher response to 
June-July temperatures from 1993 to 2002, while LWBI and DBI re
sponses to June-August temperatures remain higher than TRW over the 
entire period. LWBI and DBI show a decline in the response to temper
ature around 1991, particularly pronounced for June-August 
temperatures.

Spatial correlation fields reaffirm the strong effect of aggregated 
June-July temperatures on TRW, LWBI, DBI, and MXD, with PU chro
nologies reaching stronger correlations than NU chronologies (Fig. 5). 
TRW and LWBI display the lower correlations at PU and NU, respec
tively, while MXD shows the strongest correlation compared to the other 
parameters at both sites over the shorter 1966–2001 period. The 

Fig. 4. 25-year running correlations of tree-ring width (TRW in orange), latewood blue intensity (LWBI in blue), delta blue intensity (DBI in light purple) standard 
chronologies against the aggregated June-July and June-August temperatures for the 1966–2020 period, and maximum latewood density (MXD in dark purple) for 
the 1966–2001 period. Dashed and dotted lines represent significant correlations at P < 0.001 and P < 0.01, respectively for the 1966–2020 period. The year refers to 
the middle of the 25-year window, shown every five years.
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geographical coverage of the highest correlations for DBI (r > 0.5; 60º 
N–72º N, 60 º E–82º E) and MXD (r > 0.6; 63º N–72º N, 56 º E–80º E) at 
PU differs from that for the NU DBI (r > 0.4; 4º N–69º N, 46 º E–70º E) 
and MXD (r > 0.6; 57º N–69º N, 54 º E–65º E).

4. Discussion

Our exploration based on blue intensity parameters at upper tree line 
sites in the Ural Mountains has revealed, for the first time, a strong 
positive response of Siberian larch LWBI and DBI chronologies to sum
mer temperatures, highlighting their potential as temperature proxies in 
the region. Differences in the timing and intensity of the temperature 
signals were observed between sites, with earlier and longer signals at 
NU, but generally weaker and less temporally robust compared to the 
northernmost site, PU. LWBI and DBI responses were slightly weaker 
than those of MXD, particularly at the southernmost site, NU.

Earlier (May) TRW responses to temperature at NU suggest milder 
growth conditions compared to PU, where lower temperatures 
(Table S2) delay tree growth onset to June. These temperature differ
ences likely influence tree growth patterns and climate sensitivity, 
highlighting the adaptability of L. sibirica to varying conditions, similar 
to other conifers in central Siberia (Arzac et al., 2021a, 2021b; 

Henttonen et al., 2014). The relevance of site-specific conditions as a 
driving factor of climate response variability (e.g., Khotcinskaia et al., 
2024; Kirdyanov et al., 2013) also affects the timing of BI and MXD 
maximal temperate signals between sites. Thus, PU shows generally 
more robust LWBI and DBI signals than NU, potentially due to stronger 
limitations by extremely low temperatures (Gurskaya et al., 2012; 
Kukarskih et al., 2018; Shyatov, 1986; Vaganov et al., 1996).

The temporal frame in which MXD, LWBI, and DBI encode temper
ature signals varies. MXD signals cover the entire growing season (Briffa 
et al., 1998; Büntgen et al., 2006; Kirdyanov et al., 2003), LWBI reflects 
temperature changes during a substantial part of the growing season 
(Rydval et al., 2014; Vyukhina and Gurskaya, 2022; Yue et al., 2023), 
and DBI spans a more extended period with higher intensity signal 
compared to LWBI (Björklund et al., 2021; Cerrato et al., 2023; Frank 
and Nicolussi, 2020; Fuentes et al., 2016; Seftigen et al., 2020; Wang 
et al., 2020; Wilson et al., 2014, 2017). Our results partially match the 
previous statement, showing a strong DBI temperature response 
compared to LWBI at both sites, but without differences in the timing 
they span. Moreover, our results align with previous studies in 
high-altitude regions of Western Mongolia, where DBI in Siberian larch 
showed a high correlation with June-July temperature compared to 
other parameters (Davi et al., 2021).

Fig. 5. Spatial field correlations between June-July mean temperatures (CRU TS 4.06, 0.5º) and tree-ring width (TRW), latewood blue intensity (LWBI), delta blue 
intensity (DBI) chronologies over the 1966–2020 period, and maximum latewood density (MXD) chronologies over the 1966–2001 period. Green points represent the 
location of sampling sites.
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Our findings reveal a robust temporal sensitivity of MXD and BI- 
derived parameters to June-July temperatures at both sites. Sensitivity 
to June-August temperatures remains stable at PU, while at NU, it de
creases, potentially due to increasing summer temperatures. TRW 
sensitivity to summer temperatures diverges from LWBI and DBI at PU, 
potentially signaling the “Divergence Problem” in the area (D’Arrigo 
et al., 2008). Significant correlations demonstrate a broad spatial 
coverage for LWBI, DBI, and MXD in the Ural Mountains, similar to 
patterns observed in Canada (Wang et al., 2020). Despite high correla
tion between MXD and BI-derived chronologies, aligned to previous 
studies (e.g., Kaczka et al., 2018), temperature responses are higher for 
MXD than LWBI and DBI. This difference may be due to biases from the 
lower resolution of BI measurements compared to MXD (Björklund et al., 
2020, Wang et al., 2020), exacerbated by the narrowness of the rings in 
the study region. Unfortunately, limited literature on BI measurements 
for larch species and the absence of direct comparisons between 
BI-derived parameters and MXD for this species remain conspicuous.

Marginal negative precipitation signals at both sites, linked to a 
strong response to SPEI (Fig. 3), suggest no water limitation within the 
studied region, contrasting with the southern Urals Mountains 
(Agafonov et al., 2021; Khotcinskaia et al., 2024; Tabakova et al., 2020) 
and other regions of southern Siberia (Arzac et al., 2021b; Babushkina 
et al., 2017; Tabakova et al., 2020). On the contrary, extra soil moisture 
may negatively affect tree growth, as indicated by TRW negative 
response to May precipitations at both sites (Fig. S3). Warm May tem
peratures can lead to early snowmelt (Kirdyanov et al., 2003, Vaganov 
et al., 1999) providing extra water for growth, as well as potential access 
to water from thawing permafrost (Kirdyanov et al., 2024; Saurer et al., 
2016; Sugimoto et al., 2002). At the same time, increased rainfall can 
also lead to waterlogging of permafrost areas (Gurskaya et al., 2012). 
Nevertheless, strong negative correlations with SPEI may be linked to 
collinearity with monthly temperatures, as is evidenced by significant 
negative correlations between SPEI and summer temperatures 
(Table S5).

Despite the potential of LWBI and DBI as temperature proxies in 
temperature-limited environments such as the Northern and Polar Urals, 
the current standard BI methodology has limitations. The response of 
MXD, and therefore BI-derived parameters, is determined by latewood 
cell size and cell wall dimensions (Björklund, et al., 2021; Silkin and 
Kirdyanov, 2003; Silkin et al., 2022), which are formed within a specific 
temperature range in Siberian larch (Vaganov et al., 1996). Under 
temperature-limited treeline conditions, where the growing season is 
extremely short (Bryukhanova et al., 2013; Rinne et al., 2015), cold 
spells can affect cell parameters (Vaganov et al., 1985; 1999), leading to 
the formation of narrow rings, latewood with a single cell row, or the 
occurrence of “blue” and “light” rings (Büntgen et al., 2022; Crivellaro 
and Büntgen, 2020; Filion et al., 1986; Piermattei et al., 2015). These 
conditions pose challenges for BI measurements due to the resolution 
limitations of commonly used flatbed scanner systems. Additionally, 
species with color discoloration issues, such as Siberian larch, may 
exhibit differences in contrast between heartwood and sapwood even 
after resin extraction, affecting the signal strength of BI parameters or 
necessitating the exclusion of collected material. Therefore, further 
development of BI methodologies, and new approaches based on 
high-resolution microscopy (Silkin et al., 2022; Rydval et al., 2024), are 
required to capture high-frequency variations and minimize the limi
tations of flatbed scanner systems.

5. Conclusion

The findings of this study support the use of latewood blue intensity 
and delta blue intensity as temperature proxies in temperature-limited 
northern and upper treeline environments along the Ural Mountains 
range. A detailed dendroclimatic analysis reveals novel blue intensity 
and classic MXD data from the Northen and Polar Ural to be closely 
coupled with temperature variations and contribute to our 

understanding of long-term climatic changes. Since the blue intensity 
methodology is much cheaper than X-ray-based MXD, it represents a 
valuable alternative to this established climate proxy. Future in
vestigations encompassing a broader array of climatic parameters and 
tree species, as well as combined living-and-dead tree LWBI datasets, are 
required to further explore the skill to reconstruct low-frequency tem
perature variability in the region.
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