Agricultural and Forest Meteorology 360 (2025) 110296

2 . . . M Agricultural
Contents lists available at ScienceDirect -

an
Forest Meteorology

Agricultural and Forest Meteorology

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/agrformet

Assessment of non-stationary tree growth responses in the forest-tundra and
southern taiga of central Siberia

Alexander V. Kirdyanov *™“", Alberto Arzac, Anatoly S. Prokushkin ",
Dmitriy V. Ovchinnikov b Alexander 1. Bondarev ", Pavel P. Silkin“, Tatiana Bebchuk?,
Jan Esper ©', Ulf Biintgen *"#

@ Department of Geography, University of Cambridge, CB2 3EN, UK

Y Sukachev Institute of Forest SB RAS, Federal Research Center ‘Krasnoyarsk Science Center SB RAS’, Akademgorodok, Krasnoyarsk 660036, Russian Federation
¢ Siberian Federal University, 79 Svobodnii, Krasnoyarsk 660041, Russian Federation

4 Institute of Geography RAS, 29 Staromonetniy Lane, Moscow 119017, Russian Federation

€ Department of Geography, Johannes Gutenberg University, 55099 Mainz, Germany

f Global Change Research Centre, 61300 Brno, Czech Republic

8 Department of Geography, Masaryk University, 61137 Brno, Czech Republic

ARTICLE INFO ABSTRACT

Keywords:

Arctic dimming

Boreal forests
Dendroclimatology
Divergence problem (DP)
Global warming
Spatiotemporal heterogeneity

Anthropogenically induced climate change largely affects the functioning of vegetation communities worldwide.
In the world’s largest land biome, the boreal forest, a persistent decoupling of tree growth from rising summer
temperatures has been recorded in recent decades. This so-called ‘Divergence Problem’ (DP) has been studied
over the past 30 years, yet the causes and spatial patterns within the boreal forest zone are not well understood.
Here, we present tree-ring evidence on varying DP in Larix gmelinii from the globally northernmost forest island
on Taymyr Peninsula and Larix sibirica from the southern taiga in central Siberia. Tree-ring width and maximum
latewood density data reveal DP to be substantially stronger in the south indicating that growth-climate re-
lationships in Siberian larch passed beyond a tipping point under warmer climate and increased anthropogenic
pressure. In the north, the temperature signal remained strong and temporally stable underscoring the skill of
tree-ring chronologies for long-term climate reconstructions. These findings highlight the heterogeneity of tree
growth responses to global warming within the boreal forest zone, from which spatially varying consequences for
carbon and water cycle dynamics must be expected. Our study emphasizes the importance of updating tree-ring
chronologies in remote regions within boreal forest zone to foster understanding of spatiotemporal patterns in
biomass allocation, permafrost degradation, and DP across this large biome.

1. Introduction Lewkowicz, 2020, Kirpotin et al., 2021). The effect of all these factors

and processes may already be observed in the current status of different

Constantly increasing anthropogenic activity induces local to global
environmental and climatic changes that largely affect the functioning
of ecosystems worldwide with numerous consequences for terrestrial
vegetation (Newbold et al., 2015; Piao et al., 2020; Weiskopf et al.
2020). Exceptionally vulnerable boreal forests are currently experi-
encing unprecedented rates of recent warming and increased frequency
of weather extremes, intensity of wildfires, rates of permafrost degra-
dation, scale of logging and technogenic emissions, etc. (Anisimov and
Reneva, 2006; Box et al., 2019; Gauthier et al., 2015; Kharuk et al.,
2021; Ponomarev et al., 2016, 2023; Anisimov, 2007; Holloway and

components of boreal forest ecosystems, including trees (Tei et al.,
2017).

Tree radial growth at the circumpolar high latitude forest belt in the
northern hemisphere was shown to be presumably limited by tempera-
ture variability (Jacoby and D’Arrigo, 1989; Anchukaitis et al., 2017;
Bjorklund et al., 2023; Briffa et al., 2004; Biintgen and Esper, 2024; Davi
etal., 2003; Vaganov et al., 1996, 1999). In recent decades, however, the
decoupling of tree growth in these ecosystems to rising instrumental
summer temperatures, the so-called ‘Divergence Problem’ (DP)
(D’Arrigo et al., 2008), has been observed in high- or low-frequency
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domains or both. The DP questions the ability of northern forests to
increase biomass productivity rates following the current warming. If
the DP becomes a widespread phenomenon, it will also have great im-
plications to the ability of tree-ring data to serve as a proxy for tem-
perature during past warm periods (Biintgen et al., 2021a) and predict
future response of forest growth to rising temperature (Camarero et al.,
2021).

DP was first reported by Jacoby and D’ Arrigo (1995) for white spruce
in Alaska and lately described for a variety of sites and tree species,
mostly in high-latitude and high-elevation ecosystems (see D’Arrigo
et al.,, 2008 for a review). The evidence of the DP as a widespread
phenomenon in circum-polar high latitude forests was provided from
the analysis of tree growth regional composites in northern hemisphere
(Briffa et al., 1998; Wilson et al., 2007). The DP was also found in several
high-elevation forests in lower latitudes (Jiao et al., 2015; Li et al., 2020;
Zhang et al., 2009). However, some studies since then show that the DP
is not observed in all temperature limited sites, implying that the DP is a
spatially heterogeneous phenomenon (Anchukaitis et al., 2013, 2017;
Biintgen et al., 2021a; Yin et al., 2021).

Potential causes for the DP were detailed in D’Arrigo et al. (2008),
and they include a number of biological and environmental issues:
increased limiting effect of drought on tree growth that overcomes the
influence of temperature, non-linear tree radial growth response to ris-
ing temperature under changing environment, changes in stratospheric
ozone concentration. The choice of the correct target temperature var-
iable was also related to the DP emergence. The dependence of the DP
emergence on methodological pitfalls associated to tree-ring chronology
development and the quality and applicability of the instrumental
temperature measurements were reviewed by Esper and Frank (2009)
and Frank et al. (2007). Recently, the role of industrial pollution and
Arctic dimming as a major factor for the DP was examined in an
extended portion of the high-latitude boreal forest belt in Siberia
(Kirdyanov et al., 2020a; Biintgen et al., 2021b). However, the current
understanding of the scale and causes of the DP, as well as the conse-
quences of this phenomenon are far from being complete.

Here, we analyze tree-ring width (TRW) and maximum latewood
density (MXD) data from two latitudinally distant forest regions in
central Siberia to test tree growth for the loss of sensitivity to temper-
ature under progressively warming climate and increasing anthropo-
genic pressure. We define the timing and the scale of the DP at these
ecologically different environments and discuss the obtained results
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with respect to possible reasons and consequences of the DP.
2. Materials and methods

Wood samples were collected in two vegetation zones of boreal forest
in central Siberia with considerably different climate conditions: forest-
tundra ecotone and southern taiga (Fig. 1). Climate in the study area is
characterized as extremely continental, with low annual mean temper-
atures of —12.5 °C in the northern region (WMO 20891 ‘Khatanga’;
1929-2022) contrasting to much warmer, but still negative mean annual
temperatures of —1.7 °C in the southern region (WMO 29263 ‘Yeni-
seisk’; 1871-2022 and —1.3 °C during 1929-2022). The warmest and
coldest months in both regions are July and January with monthly
temperatures 12.6 °C and —32.1 °C in forest-tundra and 18.3 °C and
—21.9 °C in southern taiga (18.5 °C and —21.5 °C for 1929-2022),
respectively. Annual precipitation totals are around 280 mm in forest-
tundra and around 480 mm in southern taiga, of which 42 % and 38
% fall during summer months (from June to August), respectively.

Summer (June-August) and annual temperature means at the forest-
tundra region were first relatively stable or slightly decreasing from
1929 to 1989 at a rate of —0.04 (P > 0.01) and —0.20 °C/decade (P >
0.01), respectively (Fig. 1). From the 1990, temperatures are increasing
by 0.86, and 1.01 °C/decade in summer and annually, respectively (P <
0.005). In southern taiga, seasonal temperature means exhibited slight
increases from 1871 to 1969 with 0.05 °C/decade (P > 0.01) in summer
and annually, and the increase accelerated since 1970 to 0.31 and 0.51
°C/decade (P < 0.0001) for summer and annual temperature means,
respectively. The 1st order autocorrelation coefficients for summer
temperature are 0.26 and 0.23 for forest-tundra and southern taiga,
respectively, but it increases to 0.31 for May-August temperature in
southern taiga. Annual and seasonal precipitation totals in both forest-
tundra and southern taiga do not show statistically significant changes
(P > 0.01).

The dominant tree species in northern central Siberia is Larix gmelinii
(Rupr.) Rupr. (Abaimov et al., 1997; Tolmachev, 1931). In the south,
larch is represented by Larix sibirica Ledeb. In 2010-2011, we collected
wood cores at two sites in forest-tundra (FT1 and FT2, 72.5°N and
102.0°E) and one site in southern taiga (ST, 58.5°N and 92.0°E)
(Table 1) to represent different tree growth conditions for Larix spp. in
central Siberia. The distance between the regions is > 1600 km, and
while the FT sites were established at the world’s northernmost forest
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Fig. 1. Study sites and climate data. The map shows the location of tree-ring sites (black circles) and meteorological stations (white circles). The diagrams show
summer (red) and annual mean (blue) temperatures and precipitation recorded at the Khatanga and Yeniseisk meteorological stations near the FT and ST tree sites.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
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Chronology characteristics (TRW = tree-ring width, MXD = maximum latewood density, MSL = mean segment length, Rbar = inter-series correlation. 1st order
autocorrelation were calculated for the regional chronologies for the period of the available temperature data from the nearest meteorological stations Khatanga and

Yeniseisk).
Region Site Tree-ring parameter N of series Period, years MSL Mean + SD Mean sensitivity 1st order autocorrelation
Forest-tundra FT1 TRW 14 1708 - 2010 125 0.42 £+ 0.28 mm 0.48
FT2 TRW 14 1924 - 2011 74 0.44 £ 0.25 mm 0.32 0.46
FT3 TRW 41 1582-2019 217 0.26 + 0.19 mm 0.58
FT1 MXD 14 1708-2010 125 0.85 + 0.13 g/cm?® 0.16
FT2 MXD 14 1924-2011 74 0.79 £ 0.11 g/cm3 0.12 0.36
Southern taiga ST TRW 24 1711-2021 131 1.05 £+ 0.54 mm 0.22 0.64
ST MXD 15 1770-2009 126 1.01 + 0.10 g/cm® 0.05 0.37

island Ary-Mas characterized by harsh climate, the conditions at ST are
milder (Fig. 1). Wood cores from these sites were used to measure
tree-ring density profiles and obtain MXD data according to the standard
procedure (Schweingruber, 1988). To update the tree-ring chronologies,
the additional dendrochronological site was established in the
forest-taiga region in 2019 close to the existing sampling plots, and the
southern taiga site was revisited in 2022. The wood material from 2019
to 2022 was used for tree-ring width (TRW) measurements on a LINTAB
measuring system (RINNTECH e.K., Heidelberg, Germany). The ob-
tained individual series were visually cross-dated using the TSAP-win
(Rinn, 2003). Cross-dating was statistically verified with COFECHA
(Version 6.02P; https://www.geog.cam.ac.uk/research/projects/de
ndrosoftware/.

Individual TRW series were standardized with negative exponential
line using the ARSTAN software (https://www.geog.cam.ac.uk/rese
arch/projects/dendrosoftware/, last accessed on 14.02.2024). For
MXD series, cubic smoothing splines with 50 % frequency-response
cutoff at 2/3 of the individual series length were used. Bi-weight
robust means of the individual measurement series were used to pro-
duce dimensionless index chronologies. The standard version of the
chronologies was chosen for most of the further analyses. The residual
version was only used for correlating with monthly and seasonal pre-
cipitation totals, which do not show statistically significant changes. For
the forest-tundra region, we developed three local TRW and two MXD
chronologies, which have different sample depth (Table 1) and were
highly significantly correlated (at least P < 0.001). To avoid over-
weighting the influence of the site with the higher sample replication,
we first developed local chronologies individually and then averaged the
local index chronologies into regional chronologies for FT. In the
southern taiga region, tree-ring parameter chronologies were obtained
for the combined material from the two field campaigns. To estimate the
quality of the chronologies, their standard dendrochronological statis-
tics were calculated: the coefficient of sensitivity, 1st order correlation
coefficient and expressed population signal (EPS).

To assess the climate sensitivity of the TRW and MXD chronologies,
Pearson’s correlation coefficients were calculated against monthly
temperature means and precipitation totals from the nearest meteoro-
logical stations (Fig. 1) from previous year September to September of a
current year. June-July (JJ) and summer (JJA) temperatures in forest-
tundra and summer and May-August (MJJA) temperatures in southern
taiga, as well as total precipitation during summer (JJA) and the season
with mean monthly temperature below 0 °C (w) were used to assess
seasonal climate influences. For the cold season, precipitation totals
were calculated from previous September to current year May in forest-
tundra and from previous October to current year April in southern
taiga. To evaluate the temporal stability of the relations between tree-
ring chronologies and climate records, we used the running correla-
tions calculated for a 31-year window with one-year step. For this, we
mostly used temperature means for at least two warm months (including
May in southern taiga) as the variables most correlated with tree-ring
data. Finally, spatial correlation between the MXD chronologies and
gridded seasonal temperature means (CRU TS4.07, Harris et al., 2020)
were calculated for the first and last ~ 40-year long periods of the

available instrumental temperature measurements from the nearest
meteorological stations and covered by MXD data. For this, the tem-
perature variables correlating the highest with the regional MXD chro-
nologies were used. In the forest-tundra region, we slightly increased the
window for the spatial correlations to 41 and 42 years to cover the entire
period of meteorological observations in Khatanga. Presenting spatial
correlations for the same period starting in 1901 for the two studied sites
is not reliable because of lack of valid temperature records in the
forest-tundra region that correctly represent conditions before the
installation of the meteorological station in Khatanga.

3. Results

The regional TRW and MXD chronologies from forest-tundra (FT)
continuously cover the past 438 years (1582 — 2019) and 304 years
(1708 - 2011), respectively (Table 1, Fig. 2). The TRW and MXD chro-
nologies from southern taiga (ST) extend over the past 311 years (1711 —
2021) and 240 years (1770 — 2009), respectively. The mean TRW in
forest-tundra varies within a wide range from 0.26 £ 0.19 mm to 0.44 +
0.25 mm with lower values recorded for older trees and a chronology
with longer mean segment length (MSL). Trees in southern taiga grow
faster at a mean TRW > 1.00 mm and with denser latewood (MXD >
1.00 g/cm?®) compared to forest-tundra. The standard TRW chronologies
statistics (the coefficient of sensitivity, the expressed population signal
(Wigley et al., 1984) since 1867) and high correlation coefficients be-
tween local tree-ring chronologies (P < 0.005) in forest-tundra show
that the regional chronology FT and local chronology ST are suitable for
dendroclimatic analysis.

TRW indices from FT demonstrate a clear increasing trend from the
mid-1990s (P < 0.001, from 1995), which follows the TRW decline after
the peak in the 1940s (P < 0.00005 for the 1941-1994 period) (Fig. 2A).
In southern taiga, TRW demonstrated an increase from 1949 (P <
0.0001 for 1949-2021), but with a drop in 2013-2016 and the following
highest values in 2020 and 2021 (Fig. 2C). In general, MXD indices were
relatively stable in forest-tundra from 1930s (P > 0.05), but with a slight
decrease in the 1990s and consequent recovery (Fig. 2B). In southern
taiga, MXD indices decreased from the 1910s to the early 1980s (P <
0.0005 for 1915-1982), then increased into the 1990s (P < 0.05 for
1983-1994) and decreased after the mid-1990s (P < 0.05 for
1995-2009).

The growth-climate response analysis of the local TRW index chro-
nologies from forest-tundra since 1929 shows that the main factor
influencing tree radial growth is July temperature (up tor = 0.43, P <
0.01 for FT2) (Fig. 3A). Dependence of TRW on summer seasonal tem-
perature means (June-July and June-August) is site-specific, with sig-
nificant (P < 0.01) correlations only for FT3. The correlations of the
MXD index chronologies with summer monthly and seasonal tempera-
ture means are generally higher and more consistent between the sites
than that of TRW, and reach r = 0.64, P < 0.01 for JJA temperature
means (Fig. 3B).

The regional TRW indices in forest-tundra significantly positively
correlate with mean July temperatures (P < 0.01) (Fig. 4A). However,
MXD demonstrates higher correlations and for a longer summer period
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Fig. 2. Tree-ring data. Tree-ring width (A, C) and maximum latewood density (B, D) standard chronologies for the forest-tundra (FT) and southern taiga (ST) sites.

Il FT1
T2
I FT3

S
)
>

=2
IS

=
[

106 B

104
- 0‘2 i i |
00! A il g N A AmEN |

Correlation coefficient
o
o
-
h
=
L
;

[ FT1
12

jrarea

-0.2 -0.2
04 Sz 9 cosE>cs5 D00 < 04 Oag 39 co55>Ccs 000 <
[0) O ® © @ S >55 303 [ C ¥ © @ >S5 3 03
(gg_%‘%ﬂu_§<§—: ")) - (g-oo_%-%ﬂu_§<§—: ) -
Month Month

Fig. 3. Climate signals of northern local chronologies. Correlation coefficients of the local TRW (A) and MXD (B) standard chronologies in the forest-tundra with
monthly and seasonal temperature means from previous-year to current-year September of ring formation (since 1929). Seasonal means were calculated for June —

July (JJ), and summer (JJA). Horizontal lines indicate significance level P < 0.01.

— T T T

| "B TRW [ o B TRW

50.6 A = MXD 06 B ]

‘©

£ 04

(0]

g | I

§ 02} ﬂ

5

: skt Ij

£ 00}

8 ﬂﬂﬁan ]

O e E i gcassscss9s3= O S53ScsssEssgas<
$Q28S£L222335287°3 8Q28882253333833

Month Month

Fig. 4. Climate signals. Correlation coefficients of the standard TRW and MXD chronologies with monthly and seasonal temperature means from previous-year to
current-year September of ring formation in the forest-tundra (A) (since 1929) and southern taiga (B) (since 1871) sites. Seasonal means were calculated for June —
July (JJ), summer (JJA), and May — August (MJJA). Two horizontal lines indicate significance level P < 0.01 for TRW and MXD.

from June to August. Both the regional FT chronologies positively
correlate with summer seasonal temperature means (up tor = 0.66, P <
0.01 for MXD and summer temperature). Since 1871, TRW at ST
significantly correlates only with May and May-August temperature (r =
0.23, P < 0.01) (Fig. 4B). On the contrary, MXD shows a strong
dependence on monthly and seasonal temperature means with the
highest correlations with JJA and MJJA temperature means (up to r =
0.47, P < 0.01). The dependence of tree-ring parameters on precipita-
tion is generally weaker (Fig. S1). Correlations of the FT chronologies
with neither monthly nor seasonal precipitation totals are statistically
significant (P > 0.01) (Fig. S1A). In southern taiga, TRW also does not
show a statistically significant relation to precipitation, but MXD
negatively correlates with July and summer precipitation totals (r =
—0.32 and —0.36, P < 0.01, respectively) (Fig. S1B).

Running correlations of the local TRW standard chronologies from
forest-tundra confirm the importance of June temperature means for
tree radial growth at all the three sites (Fig. S2). However, there are
inconsistencies in TRW response between the sites (Fig. S2C), and in
time (for example, recent changes in correlations for FT3 (Fig. S2A and
B)). MXD response to seasonal temperature means is similar at the sites
FT1 and FT2, and stable in time (Fig. S3), especially to summer tem-
perature means (JJA) (Fig. S3C). Running correlations of the regional
MXD index chronology from FT with summer temperature means are
high, and reach r = 0.79 and 0.82 (P < 0.001) for summer and July —
August temperatures, respectively (Fig. 5A). Correlations with the mean
temperature of the first two summer months (JJ) are slightly lower
(meanr = 0.63, P < 0.001). Temporal stability of the temperature signal
in MXD is confirmed by a vast spatial coverage of strong field
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correlations with gridded summer temperature means over the two ~
40-year long periods (Fig. 5B and C). Over the first four decades of the
available climate data in forest-tundra from 1929 to 1969, the correla-
tions r > 0.4 (P < 0.01) reach 60°N in the south and spread between the
Ob’ Bay (the Gulf of Ob’) in the north-west and Lena Delta in the north-
east (Fig. 5B). Over the 1970-2011 period, the area covered with

statistically significant correlations of the FT chronology slightly
decreased in the west, but the area with highest correlations r > 0.6
increased in the north-to-south direction (Fig. 5C).

Running correlations of TRW from ST with May and MJJA temper-
ature means are mostly insignificant at P < 0.01, except for short periods
before 1910s and in the 1980s (Fig. S4). Correlations for MXD are
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2009 (C). Horizontal line indicates the significance level P < 0.01.
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generally high during the first decades of the 20th century and the in-
fluence of three-month and MJJA temperature means remains statisti-
cally significant (P < 0.01) till 1933 (r calculated for the 1918-1948
period) (Fig. 6A). The MXD dependence on MJ and JA is lower, but still
mostly significant at P < 0.01 till the 1920s. The correlations rapidly
decrease in the 1930s, but become significant for the majority of tem-
perature means in the early 1950s for about a decade. From 1965 (r
calculated for the 1950-1980 period) correlations are generally insig-
nificant (P < 0.01), except for July-August mean temperatures. Over the
1901-1940 period, correlations with MJJA temperature means r > 0.4
(P < 0.01) for the southern taiga MXD chronology spread between 45°N
and 75°N from south to north (Fig. 6B). The area with high correlations
extends from 65°E to 105°E in the northern latitudes and from 75°E to
100°E in the south of Siberia. For the period from 1970 to 2009, low, but
still statistically significant correlations were found for a remote region
to the east of the study site ST (Fig. 6C). Importantly, low correlations of
MXD with MJJA temperature at ST were observed already for the
1929-1969 period (Fig. S5).

Surprisingly, running correlations with monthly and seasonal pre-
cipitation totals did not identify any significant (P < 0.01) positive in-
fluence of precipitation on MXD during the recent decades in forest-
tundra and southern taiga of central Siberia (not shown).

4. Discussion

Our results show that larch trees in forest-tundra of central Siberia
are generally older and form narrower tree rings compared to southern
taiga. These findings, as well as the higher sensitivity of TRW and MXD
chronologies from the harsh climate at the northern treeline in com-
parison to tree-ring statistics from milder conditions are not surprising
(Fritts, 1976). Seasonal growth of trees in northern Siberia starts later
and demonstrates stronger dependence on summer temperature
(Kirdyanov et al., 2024a; Bryukhanova et al., 2013; Esper et al., 2010;
Kirdyanov et al., 2007; Knorre et al., 2006; Vaganov et al., 1996, 1999;
Rinne et al., 2015; Biintgen et al., 2021a; Hantemirov et al., 2022;
Kharuk et al., 2023c). Although the dependence of tree-ring parameters
on climate variables is site-specific and may change through time, our
results generally confirm these earlier findings, especially for regional
chronologies. On the contrary, the effect of climate on trees growing
under a more favorable temperature regime and hydroclimate in
southern taiga is less pronounced, which explains the low correlation of
TRW from ST with climate variables. However, MXD from the southern
taiga site ST contains a surprisingly strong temperature signal con-
firming the superiority of this tree-ring parameter for dendroclimatol-
ogy not only at high latitudes and elevations (Briffa et al., 1988, 2004;
Biintgen et al., 2024), but also for the conditions with lower climate
constrains of tree growth in southern Siberia.

Despite some differences in TRW responses to temperature vari-
ability at our three sites in forest-tundra, the regional TRW index
chronology generally follows summer temperature dynamics, including
the recent warming (see Figs. 1 and 2A). In addition, a strong response of
MXD to temperature is constant in time and shows similar spatial
coverage over the two consecutive ~ 40-year long periods. The absence
of a marked increase of MXD in recent decades following the regional
summer warming since the 1990s can be considered as the only evidence
of the DP in our FT study sites. However, we have no MXD data for the
most recent decade and cannot judge MXD changes during the period of
the most striking temperature increase. On the contrary, the MXD record
in the southern taiga site demonstrates a strong decline of latewood
formation dependence on late spring and summer temperatures starting
from the 1930s. Such de-coupling of previously tight relation of tree
growth on temperature is a typical manifestation of the DP (D Arrigo
et al., 2008). Moreover, the spatial coverage of significant correlations
also crucially decreased in space (see Figs. 6B, 6C and S5). These shifts in
tree-growth response to temperature between the study sites from
different vegetation zones of boreal forests demonstrate the
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heterogeneity in the strength and timing of the DP within central Sibe-
ria. Spatial heterogeneity of the DP was earlier described in literature
(Briffa et al., 1998; D’Arrigo et al., 2008). However, in this study we
provide evidence for the DP in the southern taiga region in Siberia,
which is located >1600 km south of forest-tundra. This finding partly
contradicts to earlier literature stating that the DP phenomenon is
mostly expressed at high latitudes and to a lesser extent at lower lati-
tudes (Briffa et al., 1998; Biintgen et al., 2008, 2016; Cook et al., 2004;
Biintgen et al., 2024). Spatial DP heterogeneity cannot be explained by
species-specific responses to summer temperature. Widespread Siberian
larch, which demonstrates strong DP in southern central Siberia, traces
recent temperature increase quite well at the northern treeline in Yamal
(Hantemirov et al., 2022) and the upper treeline in the Altai Mountains
(Kirdyanov et al., 2024b). On the other hand, climatic responses of
Gmelin larch are stationary in our northern study region, but demon-
strate notable shifts due to the impact of changing environmental con-
ditions in northern taiga of central Siberia (Kirdyanov et al., 2020b).

Possible causes for the DP emergence have already been previously
indicated and tested in literature (D’ Arrigo et al., 2008; Esper and Frank,
2009; Frank et al., 2007). These causes may considerably vary between
regions, but the inability of tree-ring data to follow temperature increase
was specified as one of the most remarkable reasons. In our northern
study region, summer temperature is still generally < 12 °C. This is
likely below the threshold above which temperature ceases direct
limiting of tree growth (Vaganov et al., 2006) and cannot cause the DP.
On the other hand, it has been earlier shown that there is clear evidence
for the DP at a regional scale in northern central Siberia (Briffa et al.,
1998; Kirdyanov et al., 2020a), which was likely to be initiated by
dimming due to SOz emissions from Norilsk industry and long-distance
atmospheric transport from lower latitudes (Kirdyanov et al., 2020a;
Biintgen et al., 2021b). The direct and indirect effect of airborne
pollution on vegetation in the region was also detected by Panyushkina
et al. (2016) and Kharuk et al. (2023a, 2023b). However, a relatively
small DP in our northern study sites is not surprising because it has been
shown earlier that the DP can be a site-specific phenomenon even within
the same region (Biintgen et al., 2021a, 2024; Yin et al., 2021). This
allows us to consider tree rings as a valuable proxy for summer tem-
peratures under an accurate choice of tree-ring sites and parameter.

In southern taiga, summer temperature was increasing throughout
the period of the instrumental records since the 1870s (Fig. 1). Taking
into account relatively high mean summer temperatures of up to 19.4 °C
in 2012 and generally > 15.5 °C for the 31-year long periods, we may
assume that even slight warming could lead temperature to reach the
threshold, above which it does not directly limit tree-ring growth during
most of the growing season (Vaganov et al., 2006). To find out the cause
of the DP in the southern region, we have to also consider the fact that
the only our ST site was established in a human-populated area.
Although we have chosen a location that is remote from settlements, and
with no marks of direct anthropogenic or natural disturbance, we may
not exclude the influence of some of these factors on tree growth in the
past. Thus, the broader studied area was heavily logged in the 20th
century (Danilin and Crow, 2008; Mironov, 2009), which induced
changes in the regional hydrological regime (Jones et al., 2022; Onuchin
et al., 2017; Wei et al., 2022; Zhao et al., 2021), further affecting forest
ecosystem biogeochemistry and dynamics, as well as tree growth over
vast territories (Kreutzweiser et al., 2008; Thaxton et al., 2023). Simi-
larly, insect outbreaks and low-intensity fires may also affect the
dependence of tree growth on temperature (Chebakova et al., 2022; de
Andrés et al., 2022; Gustafson et al., 2010; Itter et al., 2019; Trindade
et al., 2011; Wirth et al., 2002). Therefore, more data on the site and
regional forest history are needed to make a proper conclusion about the
causes that initiated DP at our study site in the first half of the 20th
century.

Although here we analyzed data from a limited number of sites in
only two regions in central Siberia, we found a large heterogeneity in the
DP strength and possible causes for the phenomenon emergence. At the
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same time, a recent study demonstrated the evidence for a regional-scale
DP in the high-latitude forest belt within the same area (Kirdyanov et al.,
2020a). These two somehow controversial findings point out the need
for a better understanding of the spatiotemporal changes in tree growth
sensitivity to temperature within various regions of boreal forests, and
especially Siberia (Biintgen and Rees, 2023), which is poorly repre-
sented in the international tree-ring data bases. It can only be achieved
with an accurate site-by-site study of newly collected and updated
tree-ring data from remote locations in boreal forests. These data are
also urgently needed to further unravel the effect of changing climate on
forest ecosystems, their carbon sequestration and the environment
(Lopez-Blanco et al., 2024).

5. Conclusions

Our results demonstrate the ‘Divergence Problem’ in tree-ring
maximum latewood chronologies at a site level from two distant and
environmentally different vegetation zones within boreal forests in
central Siberia: forest-tundra and southern taiga. The DP at our sites in
these two regions differs in intensity and may be caused by different
climatic and environmental factors. Nevertheless, we report the current
suitability of the carefully selected tree-ring records from the north of
central Siberia for temperature reconstructions. Although our data are
limited, we claim that further increase of decoupling between tree
growth and temperature may have significant consequences for carbon
and water cycle dynamics under a warmer climate and has to be
investigated with a denser network of updated tree-ring data.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Supported by the Russian Science Foundation (Project No 22-14-
00048). The project FSRZ-2020-0014 of the Ministry of Science and
Higher Education of the Russian Federation supported the data update
for southern taiga and FSRZ-2023-0007 provided equipment. U.B. and J.
E. received funding from the Czech Science Foundation grant HYDRO8
(23-08049S), and the ERC Advanced grant MONOSTAR (AdG 882727).
U.B. and A VK. were supported by the ERC Synergy Grant (#
101118880; Synergy-Plague).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.agrformet.2024.110296.

References

Abaimov, A.P., Bondarev, A.L, Zyryanova, O.A., Shitova, S.A., 1997. Polar forests of
Krasnoyarsk region. Nauka, Novosibirsk, p. 208 (in Russian).

Anchukaitis, K.J., D’Arrigo, R.D., Andreu-Hayles, L., Frank, F., Verstege, A., Curtis, A.,
Buckley, B.M., Jacoby, G.C., Cook, E.R., 2013. Tree-ring-reconstructed summer
temperatures from northwestern North America during the last nine centuries.

J. Clim. 26, 3001-3012. https://doi.org/10.1175/JCLI-D-11-00139.1.

Anchukaitis, K.J., Wilson, R., Briffa, K.R., Biintgen, U., Cook, E.R., D’Arrigo, R., Davi, N.,
Esper, J., Frank, D., Gunnarson, B.E., Hegerl, G., Helama, S., Klesse, S., Krusic, P.J.,
Linderholm, H.W., Myglan, V., Osborn, T.J., Zhang, P., Rydval, M., Schneider, L.,
Schurer, A., Wiles, G., Zorita, E., 2017. Last millennium Northern Hemisphere
summer temperatures from tree rings: part II, spatially resolved reconstructions.
Quat. Sci. Rev. 163, 1-22. https://doi.org/10.1016/j.quascirev.2017.02.020.

Anisimov, O.A., 2007. Potential feedback of thawing permafrost to the global climate
system through methane emission. Environ. Res. Lett. 2, 045016. https://iopscience.
iop.org/article/10.1088/1748-9326/2/4/045016.

Anisimov, O., Reneva, S., 2006. Permafrost and changing climate: the russian
perspective. Ambio 35, 169-175. https://www.jstor.org/stable/4315715.

Agricultural and Forest Meteorology 360 (2025) 110296

Bjorklund, J., Seftigen, K., Stoffel, M., Fonti, M.V., Kottlow, S., Frank, D.C., Esper, J.,
Fonti, P., Goosse, H., Grudd, H., Gunnarson, B.E., Nievergelt, D., Pellizzari, E.,
Carrer, M., von Arx, G., 2023. Fennoscandian tree-ring anatomy shows a warmer
modern than medieval climate. Nature 620, 97-103. https://doi.org/10.1038/
s41586-023-06176-4.

Box, J.E., Colgan, W.T., Christensen, T.R., Schmidt, N.M., Lund, M., Parmentier, F.-J.W.,
Brown, R., Bhatt, U.S., Euskirchen, E.S., Romanovsky, V.E., Walsh, J.E., Overland, J.
E., Wang, M., Corell, R.W., Meier, W.N., Wouters, B., Mernild, S., Mard, J.,
Pawlak, J., Olsen, M.S., 2019. Key indicators of Arctic climate change: 1971-2017.
Environ. Res. Lett. 14, 045010. https://iopscience.iop.org/article/10.1088/17
48-9326/aafc1b/meta.

Briffa, K.R., Jones, P.D., Schweingruber, F.H., 1988. Summer temperature patterns over
Europe: a Reconstruction from 1750 A.D. Based on maximum latewood density
indices of conifers. Quat. Res. 30, 36-52. https://doi.org/10.1016/0033-5894(88)
90086-5.

Briffa, K.R., Osborn, T.J., Schweingruber, F., 2004. Large-scale temperature inferences
from tree rings: a review. Glob. Planet Change 40, 11-26. https://doi.org/10.1016/
$0921-8181(03)00095-X.

Briffa, K.R., Schweingruber, F.H., Jones, P.D., Osborn, T.J., Shiyatov, S.G., Vaganov, E.
A., 1998. Reduced sensitivity of recent tree-growth to temperature at high northern
latitudes. Nature 391, 678-682. https://doi.org/10.1038/35596.

Bryukhanova, M.V., Kirdyanov, A.V., Prokushkin, A.S., Silkin, P.P., 2013. Specific
features of xylogenesis in Dahurian larch, Larix gmelinii (Rupr.) Rupr., growing on
permafrost soils in Middle Siberia. Russ. J. Ecol. 44, 361-366. https://doi.org/
10.1134/51067413613050044.

Biintgen, U., Esper, J., 2024. Physiological meaning of bimodal tree growth-climate
response patterns. Int. J. Biometeorol. 68, 1897-1902. https://doi.org/10.1007/
s00484-024-02706-5.

Biintgen, U., Frank, D.C., Wilson, R., Carrer, M., Urbinati, C., Esper, J., 2008. Testing for
tree-ring divergence in the European Alps. Glob. Change Biol. 14, 2443-2453.
https://doi.org/10.1111/j.1365-2486.2008.01640.x.

Biintgen, U., Myglan, V.S., Ljungqvist, F.C., McCormick, M., Di Cosmo, N., Sigl, M.,
Jungclaus, J., Wagner, S., Krusic, P.J., Esper, J., Kaplan, J.O., de Vaan, M.A.C.,
Luterbacher, J., Wacker, L., Tegel, W., Kirdyanov, A.V., 2016. Cooling and societal
change during the Late Antique Little Ice Age from 536 to around 660 AD. Nat.
Geosci. 9, 231-236. https://www.nature.com/articles/ngeo2652.

Biintgen, U., Allen, K., Anchukaitis, K., Arseneault, D., Boucher, E., Brauning, A.,
Chatterjee, S., Cherubini, P., Churakova (Sidorova), O.V., Corona, C., Gennaretti, F.,
GrieBinger, J., Guillet, S., Guiot, J., Gunnarson, B., Helama, S., Hochreuther, P.,
Hughes, M.K., Huybers, P., Kirdyanov, A.V., Krusic, P.J., Ludescher, J., Meier, W.J.-
H., Myglan, V.S., Nicolussi, K., Oppenheimer, C., Reinig, F., Salzer, M.W.,

Seftigen, K., Stine, A.R., Stoffel, M., St.George, S., Tejedor, E., Trevino, A., Trouet, V.,
Wang, J., Wilson, R., Yang, B., Xu, G., Esper, J., 2021a. The influence of decision-

making in tree ring-based climate reconstructions. Nat. Commun. 12, 3411. https://
doi.org/10.1038/541467-021-23627-6.

Biintgen, U., Kirdyanov, A.V., Krusic, P.J., Shishov, V.V., Esper, J., 2021b. Arctic aerosols
and the ’Divergence Problem’ in dendroclimatology. Dendrochronologia 67,
125837. https://doi.org/10.1016/j.dendro.2021.125837.

Biintgen, U., Rees, G., 2023. Global change research needs international collaboration.
Sci. Total Environ. 902, 166054. https://doi.org/10.1016/j.scitotenv.2023.166054.

Biintgen, U., Reinig, F., Verstege, A., Piermattei, A., Kunz, M., Krusic, P., Slavin, P.,
Stépanek, P., Torbenson, M., del Castillo, E.M., Arosio, T., Kirdyanov, A.,
Oppenheimer, C., Trnka, M., Palosse, A., Bebchuk, T., Camarero, J.J., Esper, J.,
2024. Recent summer warming over the western Mediterranean region is
unprecedented since medieval times. Glob. Planet Change 232, 104336. https://doi.
org/10.1016/j.gloplacha.2023.104336.

Camarero, J.J., Gazol, A., Sanchez-Salguero, R., Fajardo, A., McIntire, E.J.B.,

Gutiérrez, E., Batllori, E., Boudreau, S., Carrer, M., Diez, J., Dufour-Tremblay, G.,
Gaire, N.P., Hofgaard, A., Jomelli, V., Kirdyanov, A.V., Lévesque, E., Liang, E.,
Linares, J.C., Mathisen, L.E., Moiseev, P.A., Sangiiesa-Barreda, G., Shrestha, K.B.,
Toivonen, J.M., Tutubalina, O.V., Wilmking, M., 2021. Global fading of the
temperature-growth coupling at alpine and polar treelines. Glob. Change Biol. 27
(9), 1879-1889. https://doi.org/10.1111/gcb.15530.

Chebakova, N.M., Bazhina, E.V., Parfenova, E.L., Senashova, V.A., 2022. In search of an x
factor: a review of publications on the issue of dark-needled forest decline/dieback
in Northern Eurasia. Russ. Meteorol. Hydrol. 47 (5), 405-417. https://doi.org/
10.3103/51068373922050090.

Cook, E.R., Esper, J., D’Arrigo, R., 2004. Extra-tropical Northern Hemisphere land
temperature variability over the past 1000 years. Quat. Sci. Rev. 23, 2063-2074.
https://doi.org/10.1016/j.quascirev.2004.08.013.

D’Arrigo, R., Wilson, R., Liepert, B., Cherubini, P., 2008. On the ‘Divergence Problem’ in
Northern Forests: a review of the tree-ring evidence and possible causes. Glob. Planet
Change 60 (3-4), 289-305. https://doi.org/10.1016/j.gloplacha.2007.03.004.

Danilin, I.M., Crow, T.R., 2008. The Great Siberian forest: challenges and opportunities
of scale. In: Lafortezza, R., Sanesi, G., Chen, J., Crow, T.R. (Eds.), Patterns and
Processes in Forest Landscapes. Springer, Dordrecht, pp. 47-66. https://doi.org/
10.1007/978-1-4020-8504-8_4.

Davi, N.K., Jacoby, G.C., Wiles, G.C., 2003. Boreal temperature variability inferred from
maximum latewood density and tree-ring width data, Wrangell Mountain region.
Alaska. Quat. Res. 60 (3), 252-262. https://doi.org/10.1016/j.yqres.2003.07.002.

de Andrés, E.G., Shestakova, T.A., Scholten, R.C., Delcourt, C.J.F., Gorina, N.V.,
Camarero, J.J., 2022. Changes in tree growth synchrony and resilience in Siberian
Pinus sylvestris forests are modulated by fire dynamics and ecohydrological
conditions. Agr. For. Meteorol. 312, 108712. https://doi.org/10.1016/j.
agrformet.2021.108712.


https://doi.org/10.13039/501100006769
https://doi.org/10.1016/j.agrformet.2024.110296
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0001
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0001
https://doi.org/10.1175/JCLI-D-11-00139.1
https://doi.org/10.1016/j.quascirev.2017.02.020
https://iopscience.iop.org/article/10.1088/1748-9326/2/4/045016
https://iopscience.iop.org/article/10.1088/1748-9326/2/4/045016
https://www.jstor.org/stable/4315715
https://doi.org/10.1038/s41586-023-06176-4
https://doi.org/10.1038/s41586-023-06176-4
https://iopscience.iop.org/article/10.1088/1748-9326/aafc1b/meta
https://iopscience.iop.org/article/10.1088/1748-9326/aafc1b/meta
https://doi.org/10.1016/0033-5894(88)90086-5
https://doi.org/10.1016/0033-5894(88)90086-5
https://doi.org/10.1016/S0921-8181(03)00095-X
https://doi.org/10.1016/S0921-8181(03)00095-X
https://doi.org/10.1038/35596
https://doi.org/10.1134/S1067413613050044
https://doi.org/10.1134/S1067413613050044
https://doi.org/10.1007/s00484-024-02706-5
https://doi.org/10.1007/s00484-024-02706-5
https://doi.org/10.1111/j.1365-2486.2008.01640.x
https://www.nature.com/articles/ngeo2652
https://doi.org/10.1038/s41467-021-23627-6
https://doi.org/10.1038/s41467-021-23627-6
https://doi.org/10.1016/j.dendro.2021.125837
https://doi.org/10.1016/j.scitotenv.2023.166054
https://doi.org/10.1016/j.gloplacha.2023.104336
https://doi.org/10.1016/j.gloplacha.2023.104336
https://doi.org/10.1111/gcb.15530
https://doi.org/10.3103/S1068373922050090
https://doi.org/10.3103/S1068373922050090
https://doi.org/10.1016/j.quascirev.2004.08.013
https://doi.org/10.1016/j.gloplacha.2007.03.004
https://doi.org/10.1007/978-1-4020-8504-8_4
https://doi.org/10.1007/978-1-4020-8504-8_4
https://doi.org/10.1016/j.yqres.2003.07.002
https://doi.org/10.1016/j.agrformet.2021.108712
https://doi.org/10.1016/j.agrformet.2021.108712

A.V. Kirdyanov et al.

Esper, J., Frank, D., 2009. Divergence pitfalls in tree-ring research. Clim. Change 94,
261-266. https://doi.org/10.1007/510584-009-9594-2.

Esper, J., Frank, D., Biintgen, U., Verstege, A., Hantemirov, R.M., Kirdyanov, A.V., 2010.
Trends and uncertainties in Siberian indicators of 20th century warming. Glob.
Change Biol. 16, 386-398. https://doi.org/10.1111/j.1365-2486.2009.01913.x.

Frank, D., Biintgen, U., Bohm, R., Maugeri, M., Esper, J., 2007. Warmer early
instrumental measurements versus colder reconstructed temperatures: shooting at a
moving target. Quat. Sci. Rev. 26, 3298-3310. https://doi.org/10.1016/].
quascirev.2007.08.002.

Fritts, H.C., 1976. Tree-Rings and Climate. Acad. Press, London, New York, San
Francisco, p. 576.

Gauthier, S., Bernier, P., Kuuluvainen, T., Shvidenko, A.Z., Schepaschenko, D.G., 2015.
Boreal forest health and global change. Science 349 (6250), 819-822. https://www.
science.org/doi/10.1126/science.aaa9092.

Gustafson, E.J., Shvidenko, A.Z., Sturtevant, B.R., Scheller, R.M., 2010. Predicting global
change effects on forest biomass and composition in south-central Siberia. Ecol.
Appl. 20 (3), 700-715. https://doi.org/10.1890/08-1693.1.

Hantemirov, R.M., Corona, C., Guillet, S., Shiyatov, S.G., Stoffel, M., Osborn, T.J.,
Melvin, T.M., Gorlanova, L.A., Kukarskih, V.V., Surkov, A.Y., von Arx, G., Fonti, P.,
2022. Current Siberian heating is unprecedented during the past seven millennia.
Nat. Commun. 13, 4968. https://doi.org/10.1038/541467-022-32629-x.

Harris, 1., Osborn, T.J., Jones, P., Lister, D., 2020. Version 4 of the CRU TS monthly high-
resolution gridded multivariate climate dataset. Sci. Data 7, 109. https://doi.org/
10.1038/541597-020-0453-3.

Holloway, J.E., Lewkowicz, A.G., 2020. Half a century of discontinuous permafrost
persistence and degradation in western Canada. Permafr. Periglac. Process. 31 (1),
85-96. https://doi.org/10.1002/ppp.2017.

Itter, M.S., D’Orangeville, L., Dawson, A., Kneeshaw, D., Duchesne, L., Finley, A.O.,
2019. Boreal tree growth exhibits decadal-scale ecological memory to drought and
insect defoliation, but no negative response to their interaction. J. Ecol. 107 (3),
1288-1301. https://doi.org/10.1111/1365-2745.13087.

Jacoby, G.C., D’Arrigo, R., 1989. Reconstructed Northern Hemisphere annual
temperature since 1671 based on high-latitude tree-ring data from North America.
Climat. Change 14, 39-59. https://doi.org/10.1007/BF00140174.

Jacoby, G.C., D’Arrigo, R., 1995. Tree-ring width and density evidence of climatic and
potential forest change in Alaska. Glob. Biogeochem. Cycles 9, 227-234. https://doi.
org/10.1029/95GB00321.

Jiao, L., Jiang, Y., Zhang, W.T., Wang, M.-C., Zhang, L.-N., Zhao, S.-D., 2015. Divergent
responses to climate factors in the radial growth of Larix sibirica in the eastern
Tianshan Mountains, northwest China. Trees 29, 1673-1686. https://doi.org/
10.1007/500468-015-1248-6.

Jones, J., Ellison, D., Ferraz, S., Lara, A., Wei, X., Zhang, Z., 2022. Forest restoration and
hydrology. For. Ecol. Manag. 520, 120342. https://doi.org/10.1016/j.
foreco.2022.120342.

Kharuk, V.I., Ponomarev, E.I., Ivanova, G.A., Dvinskaya, M.L., Coogan, S.C.P.,
Flannigan, M.D., 2021. Wildfires in the Siberian taiga. Ambio 50 (11), 1953-1974.
https://doi.org/10.1007/s13280-020-01490-x.

Kharuk, V.1, Petrov, L.A., Im, S.T., Golyukov, A.S., Dvinskaya, M.L., Shushpanov, A.S.,
2023a. Pollution and climatic influence on trees in the Siberian Arctic Wetlands.
Water (Basel) 15, 215. https://doi.org/10.3390/w15020215.

Kharuk, V.I., Petrov, L.A., Im, S.T., Golyukov, A.S., Dvinskaya, M.L., Shushpanov, A.S.,
Savchenko, A.P., Temerova, V.L., 2023b. Subarctic vegetation under the mixed
warming and air pollution influence. Forests 14, 615. https://doi.org/10.3390/
f14030615.

Kharuk, V.1, Petrov, L.A., Krivobokov, L.V., Golyukov, A.S., Dvinskaya, M.L., Im, S.T.,
Shushpanov, A.S., Smith, K.T., 2023c. Larch response to warming in northern
Siberia. Reg. Environ. Change 23, 17. https://doi.org/10.1007/s10113-022-02016-
9.

Kirdyanov, A.V., Vaganov, E.A., Hughes, M.K., 2007. Separating the climatic signal from
tree-ring width and maximum latewood density records. Trees 21 (1), 37-44.
https://doi.org/10.1007/500468-006-0094-y.

Kirdyanov, A.V., Krusic, P.J., Shishov, V.V., Vaganov, E.A., Fertikov, A.L., Myglan, V.S.,
Barinov, V.V., Browse, J., Esper, J., Ilyin, V.A., Knorre, A.A., Korets, M.A.,
Kukarskikh, V.V., Mashukov, D.A., Onuchin, A.A., Piermattei, A., Pimenov, A.V.,
Prokushkin, A.S., Ryzhkova, V.A., Shishikin, A.S., Smith, K.T., Taynik, A.V.,

Wild, M., Zorita, E., Biintgen, U., 2020a. Ecological and conceptual consequences of
Arctic pollution. Ecol. Lett. 23 (12), 1827-1837. https://doi.org/10.1111/
ele.13611.

Kirdyanov, A.V., Saurer, M., Siegwolf, R., Knorre, A.A., Prokushkin, A.S., Churakova, O.
V., Fonti, M.V., Biintgen, U., 2020b. Long-term ecological consequences of forest
fires in the continuous permafrost zone of Siberia. Environ. Res. Lett. 15, 034061.
https://doi.org/10.1088/1748-9326/ab7469.

Kirdyanov, A.V., Saurer, M., Arzac, A., Knorre, A.A., Prokushkin, A.S., Churakova
(Sidorova), O.V., Arosio, T., Bebchuk, T., Siegwolf, R., Biintgen, U., 2024a. Thawing
permafrost can mitigate warming-induced drought stress in boreal forest trees. Sci.
Total Environ. 912, 168858. https://doi.org/10.1016/j.scitotenv.2023.168858.

Kirdyanov, A.V., Arzac, A., Kirdyanova, A.A., Arosio, T., Ovchinnikov, D.V.,
Ganyushkin, D.A., Katjutin, P.N., Myglan, V.S., Nazarov, A.N., Slyusarenko, LY.,
Bebchuk, T., Biintgen, U., 2024b. Tree-ring chronologies from the upper treeline in
the Russian Altai Mountains reveal strong and stable summer temperature signals.
Forests 15, 1402. https://doi.org/10.3390/f15081402.

Kirpotin, S.N., Callaghan, T.V., Peregon, A.M., Babenko, A.S., Berman, D.I.,

Bulakhova, N.A., Byzaakay, A.A., Chernykh, T.M., Chursin, V., Interesova, E.A.,
Gureev, S.P., Kerchev, L.A., Kharuk, V.I, Khovalyg, A.O., Kolpashchikov, L.A.,
Krivets, S.A., Kvasnikova, Z.N., Kuzhevskaia, I.V., Merzlyakov, O.E.,

Nekhoroshev, O.G., Popkov, V.K., Pyak, A.L, Valevich, T.O., Volkov, 1.V., Volkova, I.

Agricultural and Forest Meteorology 360 (2025) 110296

1., 2021. Impacts of environmental change on biodiversity and vegetation dynamics
in Siberia. Ambio 50 (11), 1926-1952. https://doi.org/10.1007/513280-021-01570-
6.

Knorre, A.A., Kirdyanov, A.V., Vaganov, E.A., 2006. Climatically induced interannual
variability in aboveground production in forest-tundra and northern taiga of central
Siberia. Oecologia 147, 86-95. https://doi.org/10.1007/500442-005-0248-4.

Kreutzweiser, D.P., Hazlett, P.W., Gunn, J.M., 2008. Logging impacts on the
biogeochemistry of boreal forest soils and nutrient export to aquatic systems: a
review. Environ. Rev. 16, 157-179. https://doi.org/10.1139/A08-006.

Li, J.X., Li, J.B., Li, T., Au, T.F., 2020. Tree growth divergence from winter temperature
in the Gongga Mountains, southeastern Tibetan Plateau. Asian Geogr. 37 (1), 1-15.
https://doi.org/10.1080/10225706.2019.1666015.

Lépez-Blanco, E., Topp-Jgrgensen, E., Christense, T.R., Rasch, M., Skov, H., Arndal, M.F.,
Bret-Harte, M.S., Callaghan, T.V., Schmidt, N.M., 2024. Towards an increasingly
biased view on Arctic change. Nat. Clim. Change 14, 152-155. https://doi.org/
10.1038/541558-023-01903-1.

Mironov, G.S., 2009. Lesnaya Niva Krasnoyar’ya. Litera-Print, Krasnoyarsk, p. 191 (in
Russian).

Newbold, T., Hudson, L.N., Hill, S.L.L., Contu, S., Lysenko, 1., Senior, R.A., Borger, L.,
Bennett, D.J., Choimes, A., Collen, B., Day, J., De Palma, A., Diaz, S., Echeverria-
Londono, S., Edgar, M.J., Feldman, A., Garon, M., Harrison, M.L.K., Alhusseini, T.,
Ingram, D.J., Itescu, Y., Kattge, J., Kemp, V., Kirkpatrick, L., Kleyer, M., Correia, D.L.
P., Martin, C.D., Meiri, S., Novosolov, M., Pan, Y., Phillips, H.R.P., Purves, D.W.,
Robinson, A., Simpson, J., Tuck, S.L., Weiher, E., White, H.J., Ewers, R.M., Mace, G.
M., Scharlemann, J.P.W., Purvis, A., 2015. Global effects of land use on local
terrestrial biodiversity. Nature 520, 45-50. https://doi.org/10.1038/nature14324.

Onuchin, A., Burenina, T., Pavlov, L., 2017. Hydrological Consequences of Timber
Harvesting in Landscape Zones of Siberia. Environments 4, 51. https://doi.org/
10.3390/environments4030051.

Panyushkina, I.P., Shishov, V.V., Grachev, A.M., Knorre, A.A., Kirdyanov, A.V.,
Leavitt, S.W., Vaganov, E.A., Chebykin, E.P., Zhuchenko, N.A., Hughes, M.K., 2016.
Trends in elemental concentrations of tree rings from the Siberian Arctic. Tree-Ring
Res. 72 (2), 67-77. https://doi.org/10.3959/1536-1098-72.02.67.

Piao, S., Wang, X., Park, T., Chen, C., Lian, X., He, Y., Bjerke, J.W., Chen, A., Ciais, P.,
Tgmmervik, H., Nemani, R.R., Myneni, R.B., 2020. Characteristics, drivers and
feedbacks of global greening. Nat. Rev. Earth Environ. 1, 14-27. https://doi.org/
10.1038/543017-019-0001-x.

Ponomarev, E.I., Kharuk, V.I., Ranson, K.J., 2016. Wildfires dynamics in Siberian larch
forests. Forests 7, 125. https://doi.org/10.3390/f7060125.

Ponomarev, E.L, Zabrodin, A.N., Shvetsov, E.G., Ponomareva, T.V., 2023. Wildfire
intensity and fire emissions in Siberia. Fire 6, 246. https://doi.org/10.3390/
fire6070246.

Rinn, F., 2003. TSAP-Win - Time Series Analysis and Presentation Dendrochronology
and Related Applications. Frank Rinn, Heidelberg.

Rinne, K.T., Saurer, M., Kirdyanov, A.V., Bryukhanova, M.V., Prokushkin, A.S.,
Churakova (Sidorova), 0.V., Siegwolf, R.T.W., 2015. Examining the response of
needle carbohydrates from Siberian larch trees to climate using compound-specific
5'3C and concentration analyses. Plant Cell Environ. 38 (11), 2340-2352. https://
doi.org/10.1111/pce.12554.

Schweingruber, F.H., 1988. Tree rings: Basics and Applications of Dendrochronology.
Kluwer Academic Publishers, Dordrecht, Netherlands, Boston, Massachusetts, USA,
p. 276.

Tei, S., Sugimoto, A., Yonenobu, H., Matsuura, Y., Osawa, A., Sato, H., Fujinuma, J.,
Maximov, T., 2017. Tree-ring analysis and modeling approaches yield contrary
response of circumboreal forest productivity to climate change. Glob. Change Biol.
23 (12), 5179-5188. https://doi.org/10.1111/gcb.13780.

Thaxton, R.D., Panyushkina, I.P., Meko, D.M., von Arx, G., Agafonov, L.I., 2023.
Quantifying terminal white bands in Salix from the Yenisei river, Siberia and their
relationship to late-season flooding. Trees 37, 821-836. https://doi.org/10.1007/
500468-023-02386-5.

Tolmachev, A.I,, 1931. On the distribution of tree species and the northern limit of
forests in the area between the Yenisei and Khatanga. In: Proceedings of the Polar
Commission of the USSR Academy of Sciences, 5, pp. 1-29 (in Russian).

Trindade, M., Bell, T., Laroque, C., 2011. Changing climatic sensitivities of two spruce
species across a moisture gradient in Northeastern Canada. Dendrochronologia 29
(1), 25-30. https://doi.org/10.1016/j.dendro.2010.10.002.

Vaganov, E.A., Shiatov, S.G., Mazepa, V.S., 1996. Dendroclimatic research in the Ural-
Siberian Subarctic Zone. Nauka, Novosibirsk 246 (in Russian).

Vaganov, E.A., Hughes, M.K., Kirdyanov, A.V., Schweingruber, F.H., Silkin, P.P., 1999.
Influence of snowfall and melt timing on tree growth in subarctic Eurasia. Nature
400 (6740), 149-151. https://doi.org/10.1038/22087.

Vaganov, E.A., Hughes, M.K., Shashkin, A.V., 2006. Growth Dynamics of Conifer Tree
Rings: Images of Past and Future Environments. Ecological studies, 183. Springer
Science & Business Media, Berlin.

Wei, X., Giles-Hansen, K., Spencer, S.A., Ge, X., Onuchin, A., Li, Q., Burenina, T.,
Ilintsev, A., Hou, Y., 2022. Forest harvesting and hydrology in boreal Forests: under
an increased and cumulative disturbance context. For. Ecol. Manag. 522, 120468.
https://doi.org/10.1016/j.foreco.2022.120468.

Weiskopf, S.R., Rubenstein, M.A., Crozier, L.G., Gaichas, S., Griffis, R., Halofsky, J.E.,
Hyde, K.J.W., Morelli, T.L., Morisette, J.T., Munoz, R.C., Pershing, A.J., Peterson, D.
L., Poudel, R., Staudinger, M.D., Sutton-Grier, A.E., Thompson, L., Vose, J.,
Weltzin, J.F., Whyte, K.P., 2020. Climate change effects on biodiversity, ecosystems,
ecosystem services, and natural resource management in the United States. Sci. Total
Environ. 733, 137782. https://doi.org/10.1016/j.scitotenv.2020.137782.


https://doi.org/10.1007/s10584-009-9594-2
https://doi.org/10.1111/j.1365-2486.2009.01913.x
https://doi.org/10.1016/j.quascirev.2007.08.002
https://doi.org/10.1016/j.quascirev.2007.08.002
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0029
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0029
https://www.science.org/doi/10.1126/science.aaa9092
https://www.science.org/doi/10.1126/science.aaa9092
https://doi.org/10.1890/08-1693.1
https://doi.org/10.1038/s41467-022-32629-x
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1002/ppp.2017
https://doi.org/10.1111/1365-2745.13087
https://doi.org/10.1007/BF00140174
https://doi.org/10.1029/95GB00321
https://doi.org/10.1029/95GB00321
https://doi.org/10.1007/s00468-015-1248-6
https://doi.org/10.1007/s00468-015-1248-6
https://doi.org/10.1016/j.foreco.2022.120342
https://doi.org/10.1016/j.foreco.2022.120342
https://doi.org/10.1007/s13280-020-01490-x
https://doi.org/10.3390/w15020215
https://doi.org/10.3390/f14030615
https://doi.org/10.3390/f14030615
https://doi.org/10.1007/s10113-022-02016-9
https://doi.org/10.1007/s10113-022-02016-9
https://doi.org/10.1007/s00468-006-0094-y
https://doi.org/10.1111/ele.13611
https://doi.org/10.1111/ele.13611
https://doi.org/10.1088/1748-9326/ab7469
https://doi.org/10.1016/j.scitotenv.2023.168858
https://doi.org/10.3390/f15081402
https://doi.org/10.1007/s13280-021-01570-6
https://doi.org/10.1007/s13280-021-01570-6
https://doi.org/10.1007/s00442-005-0248-4
https://doi.org/10.1139/A08-006
https://doi.org/10.1080/10225706.2019.1666015
https://doi.org/10.1038/s41558-023-01903-1
https://doi.org/10.1038/s41558-023-01903-1
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0054
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0054
https://doi.org/10.1038/nature14324
https://doi.org/10.3390/environments4030051
https://doi.org/10.3390/environments4030051
https://doi.org/10.3959/1536-1098-72.02.67
https://doi.org/10.1038/s43017-019-0001-x
https://doi.org/10.1038/s43017-019-0001-x
https://doi.org/10.3390/f7060125
https://doi.org/10.3390/fire6070246
https://doi.org/10.3390/fire6070246
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0061
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0061
https://doi.org/10.1111/pce.12554
https://doi.org/10.1111/pce.12554
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0063
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0063
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0063
https://doi.org/10.1111/gcb.13780
https://doi.org/10.1007/s00468-023-02386-5
https://doi.org/10.1007/s00468-023-02386-5
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0066
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0066
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0066
https://doi.org/10.1016/j.dendro.2010.10.002
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0068
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0068
https://doi.org/10.1038/22087
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0070
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0070
http://refhub.elsevier.com/S0168-1923(24)00409-X/sbref0070
https://doi.org/10.1016/j.foreco.2022.120468
https://doi.org/10.1016/j.scitotenv.2020.137782

A.V. Kirdyanov et al.

Wigley, T.M.L., Briffa, K.R., Jones, P.D., 1984. On the average value of correlated time
series, with applications in Dendroclimatology and hydrometeorology. J. Clim. Appl.
Meteorol. 23 (2), 201-213. https://www.jstor.org/stable/26181323.

Wilson, R., D’Arrigo, R.D., Buckley, B.M., Biintgen, U., Esper, J., Frank, D., Luckman, B.,
Payette, S., Vose, R., Youngblut, D., 2007. A matter of divergence: tracking recent
warming at hemispheric scales using tree ring data. J. Geophys. Res. 112, D17103.
https://doi.org/10.1029/2006JD008318.

Wirth, C., Schulze, E.-D., Kusznetova, V., Milyukova, I., Hardes, G., Siry, M., Schulze, B.,
Vygodskaya, N.N., 2002. Comparing the influence of site quality, stand age, fire and
climate on aboveground tree production in Siberian Scots pine forests. Tree Physiol.
22 (8), 537-552. https://doi.org/10.1093/treephys/22.8.537.

Agricultural and Forest Meteorology 360 (2025) 110296

Yin, H., Li, M.-Y., Huang, L., 2021. Summer mean temperature reconstruction based on
tree-ring density over the past 440 years on the eastern Tibetan Plateau. Quat. Int.
571, 81-88. https://doi.org/10.1016/j.quaint.2020.09.018.

Zhang, Y., Wilmking, M., Gou, X., 2009. Changing relationships between tree growth and
climate in Northwest China. Plant. Ecol. 201, 39-50. https://doi.org/10.1007/
511258-008-9478-y.

Zhao, M., Boll, J., Brooks, E.S., 2021. Evaluating the effects of timber harvest on
hydrologically sensitive areas and hydrologic response. J. Hydrol. 593, 125805.
https://doi.org/10.1016/j.jhydrol.2020.125805.


https://www.jstor.org/stable/26181323
https://doi.org/10.1029/2006JD008318
https://doi.org/10.1093/treephys/22.8.537
https://doi.org/10.1016/j.quaint.2020.09.018
https://doi.org/10.1007/s11258-008-9478-y
https://doi.org/10.1007/s11258-008-9478-y
https://doi.org/10.1016/j.jhydrol.2020.125805

	Assessment of non-stationary tree growth responses in the forest-tundra and southern taiga of central Siberia
	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	5 Conclusions
	Declaration of competing interest
	Acknowledgments
	Supplementary materials
	References


