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The boreal forests of northern Eurasia are experiencing accelerated warming. Understanding the climate sensi-
tivity of its dominant tree species is essential for predicting changes in the global carbon cycle. Here, we present
the first network of tree-ring width (TRW) and Blue Intensity (BI) chronologies spanning the Siberian boreal
forest. Our network includes six larch forests representing three major species (Larix sibirica Ledeb., Larix gmelinii

Lari: .
TZ;;’;SPP (Rupr.) Rupr., and Larix cajanderi Mayr.) ranging from the Ural Mountains in the west to the Sakha Republic in
Tundra the east. For each site, we developed chronologies of TRW, earlywood BI (EWBI), latewood BI (LWBI), and delta

BI (DBI). All parameters show positive correlations with summer temperatures from 1961 to 2020 CE. LWBI and
DBI exhibit stronger and temporally more stable signals than TRW, particularly for June-July temperatures at the
northernmost sites. The significant temperature signals suggest a species- and parameter-independent thermal
constraint of Siberian larch growth. Our findings advocate DBI as a viable, cost-efficient surrogate for traditional
wood density measurements that are typically used to reconstruct summer temperatures at high northern
latitudes.

1. Introduction

Forests of northern Eurasia play an indispensable role in regulating
ecosystem functions, including water cycle, soil stability, and climate
change mitigation (Schaphoff et al., 2016). Having evolved under cold
and highly variable conditions, these forests are particularly vulnerable
to global warming (Gauthier et al., 2015), especially as regional tem-
perature increases exceed the global average (IPCC, 2023; Rantanen
et al., 2022). The genus Larix is among the most widespread tree genera
in Russian boreal forests, covering ca. 35.6% of the country’s forested
area (Rosleshoz, 2024). Larches are well adapted to extreme cold and
nutrient-poor soils (Abaimov, 2010), and are becoming increasingly
dominant at northern and upper treelines, often forming monospecific
stands in permafrost regions (Abaimov, 2010). Due to their wide
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distribution, longevity (Taynik et al., 2023), and ecological significance,
Larix species are fundamental to boreal ecosystem functioning. Under-
standing the impact of climate change on Larix growth is therefore
essential, given their contributions to ecosystem resilience, carbon bal-
ance, and biodiversity.

Dendrochronological studies have extensively documented the
climate sensitivity of Larix species using diverse parameters, including
tree-ring width (TRW; e.g., Esper et al., 2010; Hellmann et al. 2016;
Vaganov et al., 1996), maximum latewood density (MXD; e.g., Briffa
et al., 1998, 2001, 2004, 2013; Kirdyanov et al., 2007, 2008, 2024a),
quantitative wood anatomy (QWA; e.g., Vaganov, 1996; Fonti et al.,
2015) and stable isotopes (Churakova (Sidorova) et al., 2019, 2022,
2023; Kirdyanov et al., 2008; Sidorova et al., 2009, 2011). For instance,
TRW and MXD in Larix sibirica Ledeb. show consistent positive
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correlations with summer temperatures across Siberia (Arzac et al.,
2025; Kirdyanov et al., 2007, 2024b; Kukarskih et al., 2018; Shiyatov,
1986). Similarly, the radial growth of Larix gmelinii (Rupr.) Rupr. in
north-central Siberia is primarily limited by early summer temperatures
(Vaganov et al., 1996; Kharuk et al., 2015), though responses remain
site-specific even under permafrost conditions (Kirdyanov et al., 2013).
Studies on Larix cajanderi Mayr. in eastern Siberia indicate a recent shift
toward earlier growing seasons and a potential reduction in temperature
limitation due to warming and earlier snowmelt (Arzac et al., 2019;
Khotcinskaia et al., 2024; Kirdyanov et al., 2024c).

While MXD remains one of the most reliable dendroclimatic proxies
for reconstructing summer temperature variability (Briffa et al., 2002;
Biintgen et al., 2024; Esper et al., 2025; Chen et al., 2021; Schweing-
ruber, 1988), a critical limitation is that most foundational MXD-based
studies in northern Russia were conducted several decades ago (e.g.,
Briffa et al., 1995; Vaganov et al., 1996). Consequently, their calibration
primarily reflects pre-1990s climatic conditions, preceding the period of
intense, accelerated warming in the Arctic (Overland and Wang, 2020;
Hantemirov et al., 2022; Rantanen et al., 2022). The rapid Arctic
warming has led to a shortened snow cover duration, higher permafrost
thaw, and increased frequency of summer heat waves (Biskaborn et al.,
2019; Bonan, 2008; Kirdyanov et al., 2024c), directly affecting tree
phenology (Kirdyanov et al., 2024b). Capturing these rapid and recent
temperature fluctuations requires proxies with high temporal resolution
and strong climatic sensitivity that are also cost-effective to measure
over large spatial scales.

In this context, Blue Intensity (BI) has emerged as a promising proxy
for temperature in high-latitude and high-elevation forests (Agapova
et al., 2024; Arzac et al., 2025; Bjorklund et al., 2021; Cerrato et al.,
2023; Reid and Wilson 2020; Semenyak and Dolgova, 2023; Vyukhina
and Gurskaya, 2022; Wilson et al., 2017), complementing traditional
proxies like TRW and MXD (Bjorklund et al., 2014; Frank and Nicolussi,
2020; Reid and Wilson, 2020; Rydval et al., 2014; Wang et al., 2020;
Wilson et al., 2014). BI measures the inverted reflectance of blue light
from wood surfaces using RGB digital image analysis (Bjorklund et al.,
2024), with the blue channel capturing climate-sensitive information
(McCarroll et al., 2002). Three key parameters are derived: earlywood
blue intensity (EWBI), which reflects conditions during the early
growing season; latewood blue intensity (LWBI), which responds to late
growing season conditions (Cao et al., 2020); and delta blue intensity
(DBI), calculated as the difference between EWBI and LWBI (Bjorklund
et al., 2024). DBI was initially developed to address low-frequency
biases in Bl-based data (Bjorklund et al., 2014), and it has also proven
to capture strong and valuable climate signals (Wilson et al., 2017;
Agapova et al., 2024; Arzac et al., 2025).

However, a systematic, large-scale evaluation of BI across the major
Siberian larch species is lacking. This study presents the first assessment
of the temperature sensitivity of EWBI, LWBI, and DBI across the wide
Siberian boreal forest. Our sampling design was developed to capture
substantial environmental heterogeneity by collecting wood cores from
diverse forest-tundra and taiga sites across a vast geographical region
from the Urals to the Sakha Republic (~4100 km), thereby allowing to
compare the potentially common climate signals from trees growing
under contrasting site conditions. We analyze these parameters along-
side TRW over the period 1961-2020, a window encompassing the
recent era of intense anthropogenic warming. Our network includes six
temperature-limited sites spanning the forest-tundra and taiga, and en-
compasses three ecologically distinct species: L. sibirica, L. gmelinii, and
L. cajanderi. We hypothesize that i) LWBI and DBI will exhibit stronger
and more stable correlations with summer temperatures than TRW
across all species and sites, and ii) despite their ecological differences
and the environmental heterogeneity represented by our sampling
design, the three species will show a conserved common response to
thermal constraints, while the specific timing and magnitude of the
response will be modulated by local site conditions.
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2. Methods
2.1. Description of study species

Siberian Larix show an eastward progression in cold adaptation.
Western L. sibirica (60-120°E) grows on discontinuous permafrost under
relatively mild conditions, with larger cones (10-50 mm) and needles
(10-58 mm) (Abaimov, 2010; Bobrov, 1978). Central L. gmelinii
(~110-127°E) tolerates continuous permafrost with intermediate
morphology (cones: 5-35 mm; needles: 4-42 mm) (Abaimov, 2010).
Northeastern L. cajanderi thrives in waterlogged permafrost with the
smallest cones (9-28 mm) and shortest needles (6-33 mm) (Abaimov,
2010; Koropachinsky and Milutin, 2011). Species overlap occurs at
110-120°E (L. sibirica/L. gmelinii) and 120-127°E
(L. gmelinii/L. cajanderi) (Bobrov, 1972), with genetic admixture chal-
lenging species boundaries (Semerikov and Lascoux, 1999; Zimmer-
mann et al., 2019; Sheller et al., 2026).

2.2. Study area

The study area spans ~4100 km across northern Siberia, extending
from the Ural Mountains in the west to the Sakha Republic in the east
(59-70 °N and 59-147 °E). Six temperature-limited sites in the forest-
tundra and mountain taiga vegetation zones were selected (Fig. 1A).
These include three sites in the forest-tundra ecotone (northern tree-
line): Polar Urals (PUR), Igarka (IGA) and Chokurdakh (CHO); and
three in the taiga: Northern Urals (NUR), and Suntar-Khayata (SKH) in
the upper treeline, and Tura (TUR) in the northern taiga. Species
composition reflects the ecological distribution of Larix across the re-
gion: L. sibirica dominates at PUR, IGA, and NUR; L. gmelinii at TUR, and
L. cajanderi at CHO and SKH.

All sites are located within the sub-Arctic and Arctic climatic zones,
characterized by extreme cold, continuous or discontinuous permafrost,
and short growing seasons (<60 days; McBride and Douhovnikoff,
2012). Mean annual temperatures (1961-2020) range from —12.9 °C
(SKH) to —0.2 °C (NUR), with June-August means varying from 8.0 °C
(CHO) to 14.9 °C (TUR; Table 1). Annual precipitation totals range from
211 mm (CHO) to 850 mm (NUR), with over 33% occurring during the
growing season (June-August; Fig. 1B). A significant warming trend was
observed across all sites from 1961 to 2020 (Fig. S1). Mean annual
temperatures increased at rates ranging from 0.25 °C per decade (SKH)
to 0.54 °C per decade (CHO), with the most pronounced warming
occurring in June (up to 0.90 °C per decade at TUR; Table S1). Monthly
climate data were obtained from the nearest weather stations to each
site at https://www.meteo.ru.

2.3. Sampling and chronology development

Increment cores (30-43 per site) were collected from dominant and
co-dominant trees using a 5-mm borer during field campaigns in 2021
and 2022. In the laboratory, cores were processed to remove resins using
96% ethanol in a Soxhlet extractor over 72 hrs., followed by removal
water-soluble substances at 80 °C for 48 hrs. (Cerrato et al., 2023). The
cores were then air-dried and progressively polished up to 1200 grit.
Polished core surfaces were scanned at 3200 dpi using an Epson
Perfection V800 flatbed scanner interfaced with Silverfast software
(LaserSoft Imaging, USA), with the scanner calibrated using an IT8
calibration target color card (Fuji, Japan), and shielded from external
light (Rydval et al., 2014).

TRW, EWBI, and LWBI were measured on 185 cores using CooRe-
corder v9.3 (Cybis Elektronik & Data AB, Sweden). DBI was calculated
by subtracting the ambient BI in the EWBI from the LWBI (DBI = LWBI —
EWBI; Bjorklund et al., 2014, 2024). All TRW series were visually
cross-dated, and statistically validated in COFECHA (Holmes, 1983).
Non-climatic trends were removed from TRW, EWBI, LWBI, and DBI
using a cubic smoothing spline, and chronologies were autoregressively


https://www.meteo.ru

V.V. Agapova et al.

Agricultural and Forest Meteorology 384 (2026) 111171

A
N
70°N |
o
e}
=
5
@
-
v
60°N .-Or‘ v
A X ‘ ) 2000 km
30°E 40°E  50°E 60°E 70°E 80°E 90°E 100°E 110°E 120°E 130°E 140°E 150°E 160°E 170°E
Longitude
B
PUR IGA CHO
°C mm °C+ ~mm °c mm
50 100 50 100 50 100
40 180 40 80 40 |80
30 60 30 60 30 e
20 | 40 204 |40 204 40
104 20 10 +20 0 14 | N
i 0 0 0 ‘ 0
/ \
0 \ 0 \ -10 / \
10 \ 10 \ | 20 \.
204 - -20 \ =30 \,
J L _—
0y FEMAMJJASOND 0 FMAMJJASOND “ FMAMJJASOND
NUR TUR SKH
c mm C . mm °C+ - mm
100
“ 100 50l 100 50|
80 40 180 40 | 80
40 60 204 60 30-| 60
30 40 20 |40 204 40
20 L20 10+ 120 104 20
10 Lo 0 0 0 \ 0
10 -104 / \ L
0 20 20 / T
-10 20 1// L s N
209 FMAMJ J ASOND- 404 FMAMJ JASOND 45 FMAMJJASOND

Fig. 1. (A) Distribution of sampling sites (circles) and their corresponding weather station (triangles). Shading indicates vegetation zones, tundra (light gray) and
taiga (green). (B) Climate diagrams display monthly mean temperature (red line) and total precipitation (blue line) for the common period 1961-2020. PUR refers to
Polar Urals, IGA to Igarka, CHO to Chokurdakh, NUR to Northern Urals, TUR to Tura, and SKH to Suntar-Khayata.

Table 1

Characterization of Siberian larch sites. PUR refers to Polar Urals, IGA to Igarka, CHO to Chokurdakh, NUR to Northern Urals, TUR to Tura, SKH to Suntar-Khayata, FT
to forest-tundra, T to taiga, LASI to L. sibirica, LACA to L. cajanderi, and LAGM to L. gmelinii.

Parameter/site PUR 1GA CHO NUR TUR SKH
Latitude 66°54'N 68°04'N 70°30'N 59°37'N 64°17'N 62°13N
Longitude 65°45'E 86°44'E 147°11E 59°15E 100°13E 139°31E
Elevation (m a.s.l.) 125 77 71 750 492 1402
Vegetation zone FT FT FT T T T
Species LASI LASI LACA LASI LAGM LACA
Weather station Salekhard Igarka Chokurdakh Biser Tura Vostochnaya
Mean annual T (°C) —5.68 -7.73 —13.38 -0.20 —8.51 —12.90
Mean June-July T (°C) 12.00 12.61 8.28 14.74 15.00 10.36
Mean June-August T (°C) 11.77 12.44 8.03 14.70 14.90 9.74
Annual P (mm) 450 527 211 850 367 274

modeled to remove autocorrelation and isolate annual climate signals.
All dendrochronological analyses were performed using the “dplR”
package (Bunn, 2008) in R (R Core Team, 2022). Chronology quality
was assessed via expressed population signal (EPS > 0.85) over 30-year
moving windows (Wigley et al., 1984; Briffa et al., 1995) and mean

inter-series correlation (Rbar). In addition, unusually narrow tree rings
were identified using extreme population mean values (Zchron; Jetschke
et al., 2019; Qin et al., 2011). Specifically, a ring was classified as nar-
row when the z-score of its mean TRW index fell below a defined
threshold of zZTRW < —1. Finally, growth synchronism between
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chronologies was evaluated using the Gleichlaufigkeit (GLK > 60%;
Eckstein and Bauch 1969; Lombardi et al., 2008) and correlation
analysis.

2.4. Climate response analysis

Pearson’s correlations were used to assess the relationship between
residual chronologies (i.e., TRW, EWBI, LWBI, and DBI) and monthly
climate variables (minimum, mean and maximum temperatures, and
total precipitation) from September of the previous year to September of
the current year over the 1961-2020 period. Climate data were linearly
detrended prior to analysis to remove long-term trends (Ols et al., 2023).
Cumulative effects of temperature and precipitation (i.e., June-July,
June-August and June-September of the current year) were also evalu-
ated. Daily moving correlations were used to identify the precise timing
(day of the year, DOY) of maximal climate sensitivity at each site. The
temporal stability of climate signals was assessed with 25-year running
correlations (1-year interval) using the TreeClim package (Zang and
Biondi, 2015) in R.

3. Results
3.1. Characteristics of chronologies

The residual TRW, LWBI, and DBI chronologies vary in length across
sites, ranging from 210 years (NUR) to 533 years (CHO; Table 2 and Fig
S2). TRW chronologies generally show the strongest statistical robust-
ness, with all chronologies exceeding the EPS threshold of 0.85, except
for EWBI at PUR and CHO (Table 2). Missing years are identified at all
sites, reaching up to 91% of trees for the year 1967 at NUR (Table S2).
Moreover, narrow rings occur simultaneously at three or more sites in
several years (i.e., 1966, 1968, 1995, 1997, 2007, and 2020; Table S3
and Fig. S2). Collectively, these factors lead to extreme low values in
several chronologies (particularly at NUR and TUR; Fig. S2). Therefore,
the year 1967 was removed from further analysis at NUR due to the
outlier value in the chronologies caused by its absence (and narrow ring
formation when present). Although the sites are separated by large
geographical distances (Table S4), statistically significant correlations

Table 2
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exist among chronologies (Fig. 2 and Table S5). For L. sibirica, TRW
shows significant inter-site correlations between PUR and NUR (r =
0.32; p < 0.01), and between PUR and IGA (r = 0.45; p < 0.01). LWBI
correlations are particularly high between TUR and IGA (0.72; p <
0.01). The GLK index further confirms synchronicity, with TRW showing
63-73% agreement between IGA, TUR, and PUR, while LWBI reaches
71-81% for the same pairs. DBI shows similar pattern, with GLK values
of 63-66% for IGA-PUR and TUR-PUR, respectively (Table S6).

3.2. Parameter-specific climate signals

All parameters correlate positively with summer temperatures, with
the strongest responses to mean and maximum temperatures, particu-
larly in LWBI and DBI (Fig. 3). June-July mean temperature emerges as
the dominant climate driver across all site and parameters, albeit with
variable strength.

TRW, LWBI and DBI in forest-tundra sites (PUR, IGA, and CHO)
respond positively to June and July mean temperatures (r > 0.38; p <
0.01), though CHO TRW shows the weakest response in July. At PUR
LWBI and DBI responses extend to August (r > 0.33; p < 0.01), while
EWBI significantly correlates with June temperature (r > 0.39; p < 0.01)
at CHO. At the taiga sites (NUR, TUR, and SKH) TRW, LWBI and DBI
respond to June temperatures (r > 0.40; p < 0.01). EWBI only shows
significant response at TUR (June, r > 0.37; p < 0.01). In general, the
highest correlations across all sites are observed for aggregated June-
July temperatures, although the strength of correlations varies across
sites and parameters. The highest temperature signals are found at CHO
and PUR, where DBI exhibits strong correlations (r = 0.70 and r = 0.67,
p < 0.001, respectively). In contrast, SKH shows the weakest signal, with
correlations ranging from r = 0.40 for LWBI to r = 0.46 for TRW (p <
0.001).

Precipitation signals remain weaker and site-specific. DBI correlates
negatively with July precipitations at NUR (r = —0.35, p < 0.01), while
TRW and LWBI at PUR respond to May and June-July precipitations (r =
—0.35 to —0.36, p < 0.001). EWBI shows marginally positive effect of
current September precipitation at IGA and previous September at PUR.

Daily moving correlations identify distinct windows of peak tem-
perature sensitivity, primarily between DOY 150-200 (May 30" to July

Characteristics of the tree-ring width (TRW), latewood blue intensity (LWBI), delta blue intensity (DBI), and earlywood blue intensity (EWBI) chronologies. PUR refers
to Polar Urals, IGA to Igarka, CHO to Chokurdakh, NUR to Northern Urals, SKH to Suntar-Khayata, TUR to Tura, ms to mean sensitivity, Rbar to mean inter-series
correlation, SNR to signal-to-noise ratio, and EPS expressed population signal. No trees EPS > 0.85 and year EPS > 0.85, represent the number of trees and the year in

which EPS > 0.85 is reached, respectively.

Site Parameter total No trees start year end year msy Rbar SNR EPS No. trees EPS>0.85
Forest-tundra PUR TRW 26 1811 2020 0.41 0.65 48.46 0.98 4
LWBI 25 1811 2020 0.08 0.42 17.72 0.95 4
DBI 25 1811 2020 0.20 0.42 18.25 0.95 8
EWBI 25 1811 2020 0.07 0.11 3.18 0.76 <0.85
IGA TRW 31 1687 2021 0.43 0.52 33.77 0.97 6
LWBI 31 1687 2021 0.01 0.26 10.88 0.92 17
DBI 31 1687 2021 0.22 0.30 13.41 0.93 14
EWBI 31 1687 2021 0.09 0.14 5.098 0.84 <0.85
CHO TRW 43 1489 2021 0.44 0.50 42.34 0.98 8
LWBI 42 1489 2021 0.14 0.34 21.21 0.96 12
DBI 43 1489 2021 0.36 0.34 21.98 0.96 12
EWBI 43 1489 2021 0.26 0.07 3.11 0.76 <0.85
Upper treeline NUR TRW 23 1816 2020 0.52 0.62 37.20 0.97 4
LWBI 22 1816 2020 0.10 0.47 19.10 0.95 7
DBI 22 1816 2020 0.22 0.45 18.26 0.95 7
EWBI 22 1816 2020 0.09 0.21 5.66 0.85 18
SKH TRW 29 1623 2021 0.40 0.49 28.22 0.97 6
LWBI 29 1623 2021 0.14 0.35 15.42 0.94 11
DBI 29 1623 2021 0.26 0.38 17.87 0.95 10
EWBI 29 1623 2021 0.14 0.17 5.86 0.85 28
Northern taiga TUR TRW 20 1779 2020 0.40 0.46 17.02 0.95 7
LWBI 20 1787 2020 0.10 0.31 8.90 0.90 13
DBI 20 1787 2020 0.24 0.23 7.91 0.89 15
EWBI 20 1787 2020 0.18 0.20 4.95 0.83 <0.85
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19™; Fig. S3 and Table S7). BI parameters at IGA and CHO show longer
response durations (49-day window) than TRW (43 and 31 days,

respectively). At NUR, the timing and duration of responses vary by the
parameter, with LWBI responding earlier in DOY 118 (April 28™ over
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an 89-day window), TRW responding in DOY 153 (Jun 2™ over 44
days), while LWBI and DBI show a longer windows peaking around DOY
150-156 (May 30'"-June 5™), spanning 72 and 79 days, respectively. At
SKH, all parameters show a 30-day window centered in late May, with
significant correlation (r = 0.46; p < 0.001). Temperature effects are
consistently stronger at forest-tundra (northern treeline) sites than in
taiga sites, particularly at CHO, where TRW and BI achieve the highest
correlations (r = 0.71 and 0.70, respectively; p < 0.001). Across all sites,
DBI outperformed LWBI in correlation strength.

3.3. Temporal stability of temperature responses

Yearly running correlations (1961-2020) reveal that LWBI and DBI
maintain stable, high correlations (p < 0.001) with June-July temper-
atures, particularly at forest-tundra sites (PUR, IGA, and CHO; Fig. 4),
while TRW sensitivity declines in most of the sites and EWBI shows
weaker and most unstable signals. Among the forest-tundra sites, PUR
shows the most stable signals overall, however, TRW declines from 1990
and EWBI shows an increasing trend since 1980, becoming marginally
significant from 1996. At IGA, TRW, LWBI and DBI slightly decline from
1986 but remain significant, while EWBI increases since 1984 reaching
correlation values similar to TRW by 2006. At CHO, TRW diverges from
LWBI and DBI after 1986, with TRW showing consistently lower corre-
lations. The sensitivity of LWBI and DBI also declines from 1992, while
EWBI remains significant during the whole period.

At the taiga sites (NUR, TUR, and SKH), LWBI and DBI generally
maintain strong correlations (p < 0.001) with June-July temperatures,
while TRW shows higher temporal variability and EWBI remains the
weakest and most unstable parameter. At NUR, TRW correlations in-
crease steadily from 1961, peaking in 1985, and remaining consistently
high thereafter. In contrast, LWBI and DBI rise after 1967, stabilize at
high levels until 1990, and then show a slight decline while remaining
significant. EWBI at NUR remains mostly low and non-significant
throughout. At TUR, TRW exhibits moderate correlations until 1990,
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after which a marked decline occurs. LWBI and DBI maintain relatively
high stability throughout most of the period. EWBI at TUR, initially near
zero, reaches significant positive correlations after 1975 and remains
stable thereafter. At SKH, TRW shows gradual upward trend from 1961
to 1990 before slightly declining. LWBI and DBI demonstrate persis-
tently high and stable correlations, particularly after 1984. Correlations
for EWBI at SKH remain unstable and generally low.

4. Discussion

Our study reveals a remarkable consistency in summer temperature
sensitivity across three ecologically and geographically distinct Siberian
larch species. Despite their geographical distribution and habitat het-
erogeneity, L. sibirica, L. gmelinii, and L. cajanderi exhibit parallel
climate-growth responses, and synchronous occurrence of narrow rings,
with DBI and LWBI consistently outperforming traditional TRW in
temperature sensitivity. This uniformity in the response points to a
conserved physiological adaptation to thermal constraints (e.g., Tei
et al., 2014; Qi et al., 2023), likely linked to heat-dependent cambial
activity and photosynthetic regulation (Zagirova, 2014; Vaganov et al.,
2006; Silvestro et al., 2024).

The strongest temperature signals emerge in forest-tundra (northern
treeline) sites, where LWBI and DBI show exceptional sensitivity to
June-July temperatures. This heightened responsiveness reflects the
marginal growth conditions of these high-latitude environments, where
even minor temperature fluctuations during the short growing season
significantly impact tree growth (Vaganov et al., 1996; Briffa et al.,
2001; Knorre et al., 2006; Esper et al., 2010). Such sensitivity represents
an adaptive strategy in which larches maximize resource accumulation
during brief Arctic summers (Vaganov et al., 2006). In the taiga, where
the growing season is relatively longer (Bryukhanova et al., 2013;
Shishov et al., 2016), June temperatures remain a critical trigger for
photosynthesis and earlywood formation. The observed general decline
in TRW temperature sensitivity in recent decades may result from

Correlation coefficient
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Fig. 4. Centered 25-year running correlations of tree-ring width (TRW in orange), early blue intensity (EWBI in green), latewood blue intensity (LWBI in blue) and
delta blue intensity (DBI in light purple) residual chronologies against June-July mean temperatures over the 1961-2020 period. Dashed and dotted lines represent
significant correlations at p < 0.01 and p < 0.05, respectively. PUR refers to Polar Urals, IGA to Igarka, CHO to Chokurdakh, NUR to Northern Urals, TUR to Tura,

and SKH to Suntar-Khayata.
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warming leading to more favorable growing conditions. Nevertheless,
although this decline indicates a weakening of the strong thermal lim-
itation, temperature control on growth remains evident across all sites.
Moreover, despite the observed reduction in temperature sensitivity in
TRW, the continued positive response of BI parameters to rising tem-
peratures reflects an effective uptake of atmospheric CO: in Siberian
boreal larch forests (Cuny et al., 2015; Silvestro et al., 2024; Li et al.,
2025).

Although site heterogeneity exists in total annual precipitation and
elevation, growing season length at all sites is primarily controlled by
temperature, which govern the timing of snowmelt, soil thawing, con-
straining cambial activity and wood formation. Thus, while differences
in elevation may introduce additional environmental complexity, tem-
perature is the unifying limiting factor across the sites, as is evidenced by
the synchronous occurrence of narrow rings. The biological mechanism
for these patterns is rooted in xylogenesis (Rossi et al., 2007). When
daytime temperatures exceed a critical threshold (~6 °C; Gurskaya,
2019), photosynthetic activity drives carbohydrate synthesis and
cambial cell division (Deslauriers et al., 2008). This process promotes
latewood cell wall thickening and lignification, which directly results in
the darker latewood coloration (Briffa et al., 2002; Fonti et al., 2013),
explaining the strong correlations between LWBI and DBI and summer
temperatures. In contrast, the weak EWBI signal presents an important
caveat. This likely results from a combination of biological factors such
as the extremely narrow earlywood zones of 1-3 tracheid rows in these
marginal environments (Vaganov et al., 2006), and technical limitations
in reliably measuring such constrained anatomical features. This finding
underscores the critical importance of parameter selection in
high-latitude dendrochronology.

While most sites show the expected temperature-limited growth
pattern (Fritts, 1976; Schweingruber, 1996; Vaganov et al., 1996), PUR
and NUR exhibit negative correlations with precipitation. This likely
reflects permafrost-mediated hydrological effects (Agapova et al.,
2024), where early-season warming accelerates snowmelt (Kirdyanov
et al., 2003; Vaganov et al., 1999), potentially leading to soil water-
logging (Kirdyanov et al., 2024c¢; Sugimoto et al., 2002) that suppresses
radial growth (Manov, 2015). Excessive soil moisture can particularly
impact latewood formation by reducing cambial activity (Gurskaya
et al., 2012; Kirdyanov et al., 2013), thereby modulating LWBI and DBI
values through altered latewood development.

The climate sensitivity of DBI closely mirrors that reported for MXD
in previous studies across all sites, replicating its seasonal timing and
temporal stability, robustly supporting its role as cost-effective alter-
native for high-resolution dendroclimatology (Agapova et al., 2024). At
CHO, both proxies capture the extended summer signal (June-Sep-
tember) characteristic of this region (Kirdyanov et al., 2003, 2007),
while at SKH they reflect the compressed growing season conditions
through June-August responses (Kirdyanov et al., 2008). Regional var-
iations are evident, with Central Siberian sites showing shorter optimal
windows (June-August, July-August; Briffa et al., 2004). The superior
performance of LWBI and DBI is visually and quantitatively confirmed
by the direct comparison of residual chronologies with mean June-July
temperatures (Figure S4). Across all sites, these parameters track
interannual temperature fluctuations with remarkable fidelity, a syn-
chrony most pronounced in forest-tundra environments. Moreover, the
temperature sensitivity of both parameters remains quite stable during
the recent warming period, except at CHO, where it tends to decline.
This high temporal sensitivity solidifies their reliability as a surrogate of
MXD for climate reconstruction across diverse Siberian environments.
However, the BI methodology is not exempt from challenges. For
instance, extremely narrow rings (Fig. S5) complicate measurements
due to image resolution limitations (Bjorklund et al., 2019; Rydval et al.,
2024), which, combined with a high frequency of missing rings, may
contribute to the occurrence of extreme outliers in BI chronologies, such
as those observed at NUR and TUR (Fig. S2).

The practical advantages of DBI, combined with the consistent

Agricultural and Forest Meteorology 384 (2026) 111171

patterns observed across three larch species, establishes its immense
value for developing large-scale, high-resolution temperature re-
constructions throughout northern Eurasia. This finding aligns with and
extends the growing body of evidence supporting BI applications across
the boreal forest, from North America to the Baltic region (Heeter et al.,
2019; Janecka et al., 2020). Ultimately, the resilience of the DBI signal
makes it an indispensable tool for monitoring the response of boreal
forests to accelerating Arctic climate change.

5. Conclusions

This study establishes DBI as a superior temperature proxy across the
vast Siberian larch forests, consistently outperforming traditional TRW
in both signal strength and temporal stability. We found a striking
uniformity in the temperature sensitivity of three ecologically distinct
Larix species, underscoring a consistent response to thermal constraints
governing cambial activity and photosynthesis. By analyzing the period
1961-2020, a window encompassing the recent intense Arctic warming,
we demonstrate that DBI robustly captures the high-frequency temper-
ature signal where traditional MXD chronologies are sparse. Conse-
quently, our results validate DBI as a practical and cost-effective
alternative to MXD, providing a much-needed proxy that reflects cli-
matic conditions post-dating most of the MXD studies in the region.
These findings provide an essential baseline for assessing boreal forest
resilience and monitoring ecological responses to accelerating Arctic
amplification. The reliable, stable temperature signal of DBI is particu-
larly crucial for tracking the impacts of increasing heatwaves and
pervasive permafrost degradation. Moving forward, expanding BI net-
works across underrepresented boreal regions and investigating
precipitation-mediated modifications to these temperature responses
will be essential to refine climate-growth models for our rapidly
warming world.
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