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Abstract: Radial tree growth at high-elevation and high-latitude sites is predominantly controlled by
changes in summer temperature. This relationship is, however, expected to weaken under projected
global warming, which questions the reliability of tree-ring chronologies for climate reconstructions.
Here, we examined the growth–climate response patterns of five tree-ring width (TRW) and maximum
latewood density (MXD) chronologies of larch (Larix sibirica) from upper-treeline ecotones in the Altai
Mountains, which is a key region for developing millennial-long dendroclimatic records in inner
Eurasia. The TRW and MXD chronologies exhibited significant year-to-year coherency within and
between the two parameters (p < 0.001). While TRW is mostly influenced by temperature changes
during the first half of the growing season from June to July (r = 0.66), MXD is most strongly correlated
with May–August temperatures (r = 0.73). All seasonal temperature signals are statistically significant
at the 99% confidence level, temporally stable back to 1940 CE, the period with reliable instrumental
measurements, and spatially representative for a vast area of inner Eurasia between northeastern
Kazakhstan in the west, northern Mongolia in the east, southern Russia in the north and northwestern
China in the south. Our findings demonstrate the paleoclimatic potential of TRW and especially MXD
chronologies and reject any sign of the ´divergence problem´ at these high-elevation, mid-latitude
larch sites.

Keywords: climate reconstruction potential; dendroclimatology; divergence problem (DP); global
warming; spatiotemporal homogeneity

1. Introduction

Tree growth in most of the high-elevation and high-latitude regions in Eurasia is
currently temperature-sensitive and predominantly controlled by summer temperature
variability [1]. Tree-ring data from such regions are considered a valuable climate proxy
and are widely used in reconstructions of local to global temperatures [2]. However, the
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dependence of tree growth on temperature is expected to weaken under projected global
warming and even decouple from temperature during the 21st century [3].

The loss of sensitivity of tree growth in ecosystems presumably limited by temperature
to rising summer temperatures in high- or low-frequency domains or both, the so-called
‘divergence problem’ (DP) [4], was first reported for white spruce (Picea glauca) in Alaska [5].
The study demonstrated weakened signals of the tree-ring width and maximum latewood
density at high-latitude and high-elevation sites in response to increasing temperatures
since the late 1970s. Lately, the DP has been described for a variety of tree species in
different regions, mostly in high-latitude and high-elevation ecosystems (see [4] for a
review). Briffa et al. [6] and Wilson et al. [7] provided evidence of the DP as a widespread
phenomenon in circum-polar high-latitude forests. The DP was also found in several high-
elevation forests in lower latitudes [8–10]. However, some recent studies have shown that
the DP is not observed in all temperature-limited sites, implying that the DP is a spatially
heterogeneous phenomenon [2,11–13]. A better understanding of the scale and regionality
of the DP is required as this phenomenon may affect the ability of tree-ring data to serve as
a proxy for temperature during past warm periods [2]. Special attention has to be paid to
regions with high paleo-dendroclimatic potential, like the Altai Mountains [14,15].

The Altai Mountains are one of the largest mountain ranges in Asia, which extends
between 47–53◦ N and 84–92◦ E and lies in the cross-border region extending into Russia in
the north, China in the south, Kazakhstan in the south-west, and Mongolia in the south-east.
Altai serves as a crucial climatic boundary, where North Atlantic climatic systems from
the west interact with Pacific climatic systems from the east. This interaction has led to
recent temperature increases in both North and South Altai [16]. The area is an origin of
long-living trees [17] and a source of relict wood, which is used to develop multi-millennia-
long tree-ring width (TRW) chronologies [14,18–20] and shorter, but extremely valuable,
chronologies of other tree-ring parameters, including the maximum latewood density
(MXD), tree-ring stable isotope composition, cell structure, and blue intensity (BI) [21–23].
These data provide information not only on forest dynamics in the region [24–27] but also
allow an understanding of tree growth’s dependence on the climate and serve as proxies
for different climate variables, such as temperature [15,19,28,29], precipitation [30,31],
droughts [32,33], air relative humidity [34], and frost events [35].

Tree-ring-based reconstructions from the Altai Mountains and neighboring mountain
ridges serve as a basis for understanding climate variability over a vast region in Central
Asia [15,36]. These data can be matched with climate dynamics reconstructed from ice
cores [37], elemental contents [38], pollen data from lake sediments [39,40], pollen data
from soil profiles and geomorphological data [41], and lipids from peat cores [42]. In
this context, the further development and updating of the existing tree-ring network in
the Altai Mountains and understanding the recent changes in tree rings’ response to the
climate under current warming are urgent. Special attention has to be paid to TRW and
MXD measurements from the upper treeline because these parameters are usually closely
connected to summer temperature changes and may, consequently, be prone to the DP.

Here, we explored the radial growth and climate sensitivity of five upper treeline
larch sites across Central Altai. We analyzed the temporal stability and spatial extent of the
climatic response of recently developed tree-ring width and maximum latewood density
chronologies to test their exposure to the ‘divergence problem’ and assess their reconstruc-
tion potential. We hypothesized that tree growth in the study region is directly affected by
climate warming, and tree-ring parameters retain their sensitivity to temperature changes.

2. Materials and Methods

Wood samples were collected at upper treeline sites in the Altai Mountains (Figure 1).
According to the instrumental records from the high-elevation meteorological station
Kara-Tyurek (50◦02′ N, 86◦27′ E; WMO 36442; 1940–2022), the climate in the study area is
characterized as extremely continental, with low annual mean temperatures of −5.4 ◦C.
The warmest and coldest months are July and January, with monthly temperatures of 7.1 ◦C
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and −16.4 ◦C, respectively. The annual precipitation totals are around 620 mm, of which
46% fall during summer months (from June to August).
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Figure 1. Location of the tree-ring sampling sites (light-green circles) and the meteorological station
(light-blue square).

The annual and summer (June–August) temperature means were relatively stable till
the beginning of the 1980s (Figure 2a). Since 1983, temperatures have been increasing by
0.38 and 1.33 ◦C/decade annually and in summer, respectively (p < 0.001). The annual
and summer precipitation totals have not shown statistically significant changes (p > 0.05)
(Figure 2b).

Siberian larch (Larix sibirica Ledeb.), which was shown to be sensitive to summer
temperature variability [14,15,22,23], is one of the dominant tree species at the upper
treeline in the study region. During several field campaigns between 2007 and 2023, we
sampled five different stands in the upper treeline ecotone in three valleys in Central Altai
associated with the glaciers Ak-Tru (sites A1 and A2), Djelo (D1 and D2), and Taldura (T)
(Figures 1 and S1–S4; Tables 1 and S1). We collected wood from healthy dominant and co-
dominant living larch trees at elevations from 2100–2150 m a.s.l. at site A2 to 2400–2500 at
site T. At all the sites, except A2, larch was the only tree species. Although we aimed to core
the old-growth trees, the stand at the highest site T was formed of larch trees of <100 years
old because it has developed in an area recently covered by a glacier [43]. A minimum of
16 living trees were cored, with at least two cores per tree, of which one core was used for
further TRW and MXD measurements. At three sites, A2, D2, and T, the TRW was measured
at an accuracy of 0.01 mm using a LINTAB measurement device and the TSAPWin 4.68c
software (RINNTECH e.K., Heidelberg, Germany). For the cores from sites A1 and D1, we
measured the TRW and MXD using a DENDRO-2003 X-ray microdensitometer (WALESCH
Electronic GmbH, Effretikon, Switzerland) according to [44]. All the series were visually
cross-dated and statistically checked for missing rings and dating errors using the program
COFECHA 6.06 [45].

The individual TRW and MXD series were standardized to remove non-climatic, tree
geometry, and age-related trends [46]. Due to the different average ages of the trees at the
sites, the individual TRW and MXD series were standardized with an age-dependent cubic
spline (ARSTAN software version v49, https://www.geog.cam.ac.uk/research/projects/
dendrosoftware/, last accessed on 25 June 2024). In addition, prior to growth trend
removal, adaptive power transformation (PT; [47]) was applied to the MXD series. The

https://www.geog.cam.ac.uk/research/projects/dendrosoftware/
https://www.geog.cam.ac.uk/research/projects/dendrosoftware/
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bi-weight robust means of the individual measurement series were calculated to produce
dimensionless index chronologies. The standard versions of the chronologies were chosen
in further analyses to trace the trends in the climatic data.
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the high-elevation Kara-Tyurek meteorological station near the tree sites. Lines indicate statistically
significant (p < 0.05) trends over time since 1984.

Table 1. Statistics of tree-ring width (TRW) and maximum latewood density (MXD) local chronologies
(MSL = mean segment length (mean ± SD = mean TRW or MXD value ± standard deviation);
CS = coefficient of sensitivity; Rbar = inter-series correlation; EPS = expressed population signal).

Site Elevation,
m a.s.l.

Tree-Ring
Parameter

N of
Series Period CE MSL Mean ± SD Mean

CS
Mean
Rbar

Mean
EPS

A1 2200–2300 TRW 18 1653–2014 262 0.67 ± 0.32 mm 0.202 0.472 0.916
A2 2100–2150 TRW 20 1554–2021 269 0.79 ± 0.35 mm 0.225 0.508 0.915
D1 2200–2300 TRW 23 1478–2006 325 0.42 ± 0.22 mm 0.271 0.503 0.925
D2 2360–2400 TRW 16 1715–2021 198 0.62 ± 0.30 mm 0.310 0.520 0.899
T 2400–2500 TRW 20 1936–2022 63 1.17 ± 0.44 mm 0.234 0.456 0.925

A1 2200–2300 MXD 18 1653–2014 262 0.86 ± 0.10 g/cm3 0.07 0.526 0.934
D1 2200–2300 MXD 23 1478–2006 325 0.86 ± 0.10 g/cm3 0.08 0.531 0.934

In total, we developed five local (site) TRW and two MXD chronologies (Table 1). The
lengths of the TRW chronologies varied from 87 (site T) to 529 (D1) years, with the lowest
and highest mean segment length (MSL) for the same sites, respectively. The average
growth rate was generally lower in older trees. The TRW chronologies were sensitive to
an environmental signal (coefficient of sensitivity > 0.200), which synchronized the radial
growth of individual trees and explained the high inter-series correlation (Rbar > 0.456).
The multi-century MXD chronologies were also characterized by a high Rbar but a much
lower sensitivity compared with the TRW. The expressed population signal (EPS), which
measures how well chronologies built on a limited number of samples represent a theoreti-
cally infinite population, was higher than the commonly accepted threshold of 0.85 [48]
for all TRW and MXD chronologies. The replication of 16 to 23 series and the high Rbar
and EPS values confirmed the suitability of the TRW and MXD index chronologies for
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dendroclimatic analysis during the period with the available temperature and precipitation
instrumental records.

For further analyses, we also used regional chronologies, which were calculated as the
averages of the local index chronologies in ARSTAN. The regional TRW chronology was built
from the five local TRW index chronologies, and the two local MXD index chronologies were
used to build the regional MXD chronology. This procedure allowed us to equalize the weights
of the data from sites with different local conditions, sample replications, and tree ages.

To evaluate the climate sensitivity of the TRW and MXD records, Pearson’s correlation
coefficients were calculated against the monthly temperature means and precipitation totals
from the nearest meteorological station Kara-Tyurek from the previous year September–
September of the current year. The June–July (JJ), summer (JJA), and May–August (MJJA)
temperatures, as well as the total precipitation during summer, were used to assess the
seasonal climatic influences. To estimate the temporal stability of the relations between
the regional tree-ring chronologies and climate records, we used the running correlations
calculated for a 25-year window with a 1-year step with growing seasonal temperature
means. The spatial correlations between the regional TRW and MXD chronologies and
gridded seasonal temperature means (CRU TS4.07, [49]) were calculated with the KNMI
Climate Explorer (https://climexp.knmi.nl/start.cgi, last accessed on 25 June 2024) for the
period with the available instrumental temperature records at the nearest high-elevation
station Kara-Tyurek from 1940.

3. Results

The local TRW index chronologies demonstrated high synchronicity in the radial
growth indices in different sites (Table 2; Figure 3). High statistically significant correlations
(p < 0.000001) of up to r = 0.79 (N = 362) were observed between the four longer chronologies
A1, A2, D1, and D2. For the shortest chronology T, the correlations were lower but
statistically significant at p < 0.002. The correlation between the two available MXD index
chronologies was higher than that for TRW, at r = 0.62 and 0.49 (N = 354), respectively.
There were also notable correlations between the TRW and MXD records from the same
sites, which varied from r = 0.50 (N = 362) for A1 to r = 0.71 (N = 529) for site D1.

Table 2. Correlation coefficients and number of cases (N) between the local index chronologies.

Site A2 D1 D2 T

A1 0.79
N = 362

0.49
N = 354

0.48
N = 300

0.36
N = 79

A2 0.61
N = 453

0.52
N = 307

0.50
N = 86

D1 0.63
N = 292

0.50
N = 71

D2 0.33
N = 86

Note: Correlation coefficients are significant at p < 0.002, and values significant at p < 0.000001 are marked in bold.

The regional TRW and MXD index chronologies demonstrated a common pattern
of high- and medium-frequency variability (Figure 3). Remarkably low index values in
both records were observed around the year 1700 CE and during the first decades of the
19th century. Later, the indices were characterized by a generally increasing trend till the
last decade of the 20th century. Interestingly, both the TRW and MXD indices generally
stabilized or even decreased in the 21st century. The correlation coefficient between the
regional chronologies was 0.63 (N = 537; p < 0.000001), which increased to 0.73 for the
records smoothed with a 30-year cubic spline.

The monthly climate response analysis showed that the TRW of larch in the upper
treeline was mostly dependent on temperature from May to July (Figure 4a). The highest
correlations were found for the local A1 (r = 0.58), A2 (r = 0.55), and T (r = 0.54) and regional

https://climexp.knmi.nl/start.cgi
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(r = 0.60) index chronologies with the June temperature means. The correlations with May
temperatures were generally lower and statistically significant (p < 0.05) only for A2, D1,
and the regional chronologies. July temperatures were important for secondary tree growth
at all the sites, except D2. The correlations of the TRW standard chronologies with the
seasonal mean temperatures were generally higher than those with the monthly means,
especially for JJ (up to r = 0.66 with a regional chronology; p < 0.01).
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Figure 3. Regional tree-ring width (TRW) (a) and maximum latewood density (MXD) (b) chronologies
with local index chronologies shown in light color. The chronologies were smoothed with a 30-year
cubic spline.

The MXD was influenced by temperature variability over a longer interval of the
growing season than the TRW (Figure 4b). The correlations of the MXD index chronologies
with the monthly temperature means were statistically significant (p < 0.05) from May
to August and showed the lowest and the highest values in August (up to r = 0.30 for
D1) and July (up to r = 0.61 for D1), respectively. For the seasonal temperature means,
the correlations further increased and reached the highest values with the temperature
of the extended May–August period (r = 0.69, 0.74, and 0.73 for A1, D1, and the regional
chronologies, respectively; p < 0.01).

The correlations of the tree-ring parameters with the monthly precipitation totals were
lower than those with the temperature (Table S2). Statistically significant (p < 0.05) negative
values were observed for the TRW mainly in the June instrumental record for sites A2
(r = −0.23), D2 (−0.26), and T (−0.28) and the regional chronology (−0.24). The MXD
negatively correlated with the July precipitation totals at A1 (r = −0.35) and A2 (−0.45)
and regionally (−0.41).

The 25-year window running correlations between the TRW regional chronology and
seasonal temperature means showed that the dependence of radial growth on temperature
was positive and mostly statistically significant at p < 0.05 over the period from 1940
(Figure 5a). All three sequences of running correlation coefficients were characterized by
slightly decreasing trends toward the present. Generally higher correlations were observed
over time for JJ temperatures (mean r = 0.63), which reached r > 0.7 during the first part
of the analyzed period and, later, fell to around 0.55 (p < 0.01). The correlation of the
MXD with the seasonal temperature means was stronger than that for TRW, with the
correlation coefficients often being higher than 0.8 (Figure 5b). The dependence of the MXD
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on temperature was stable over time, and the mean correlations were slightly higher for
MJJA (r = 0.78) than for JJA (0.77) and JJ (0.76).
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Figure 5. Twenty-five-year window running correlations between the regional tree-ring width (a) and
maximum latewood density (b) index chronologies and seasonal temperature means of June–July (JJ),
summer (JJA), and May–August (MJJA). Grey horizontal lines indicate the significance level p < 0.05.

Both the TRW and MXD regional chronologies well captured the inter-annual and
multi-decadal changes in the JJ and MJJA instrumental temperature records, respectively
(Figure 6). Following the tendencies in the temperature changes, the regional tree-ring
chronologies were characterized by a slightly decreasing trend in the 21st century, which
followed the increase from the 1980s and relatively stable decadal temperatures before that.
The high correlations obtained between the annually resolved tree-ring and climate records
(see Figure 4) further increased to 0.97 (N = 83) between the TRW and JJ and 0.85 (N = 75)
between the MXD and MJJA temperatures for the records smoothed with a 30-year spline
(Figure 6).
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The spatial temperature signature of the MXD regional chronology (Figure 7b) was
larger than that of the TRW (Figure 7a). However, the high field correlations of the tree-ring
records with the gridded summer temperature means covered a substantial fraction of
southern Siberia and northern Inner Asia.
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Figure 7. Correlation fields of tree-ring width (TRW) (a) and maximum latewood density (MXD)
(b) regional chronologies against gridded June–July (JJ) and May–August (MJJA) averaged tempera-
ture means (TS4.07, [49]) for the period of 1940–2014. Black rectangles indicate the study region. Built
with KNMI Climate Explorer (https://climexp.knmi.nl/start.cgi, last accessed on 25 June 2024).

4. Discussion

Our results show that larch trees at the upper treeline in the central Altai Mountains
exhibit highly coherent growth in different environments. The altitudinal range of 350 m
of the study sites located from 2100 to 2450 m a.s.l. corresponds to an approximately 2 ◦C
difference in the mean annual temperature between the habitats [50]. Such a temperature
difference may lead to considerable site-specific changes in the intra- and inter-annual
variability of tree seasonal activity in larch [51,52]. Local conditions, including slope,

https://climexp.knmi.nl/start.cgi
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aspect, stand density, ground vegetation, exposure to wind, permafrost conditions, etc., can
further significantly modulate tree radial growth dynamics [53–57]. However, despite the
differences in local conditions, the TRW and MXD were highly synchronized within and
between our study sites, indicating that there is a common climate factor strongly limiting
tree growth within the region.

Previous studies in Altai and neighboring mountain regions have indicated summer tem-
perature as the main factor that defines tree radial growth at the upper treeline [15,29,57–59],
and our results confirm these earlier findings (Figure 3). Temperature signatures were
earlier found not only in the TRW and MXD but also in other tree-ring parameters, includ-
ing the latewood cell wall thickness, stable isotope composition of tree-ring cellulose, and
BI [21,22,60]. However, the MXD typically has greater accuracy in capturing meteorological
information [12,61–63], and it is usually considered the highest-quality tree-ring proxy
variable for temperature reconstructions [64,65]. Cell structure data can sometimes perform
better than the MXD in representing growing seasonal temperatures [22,66]; however, the
process of wood anatomy measurements is even more labor- and time-consuming than that
for MXD. In this context, the approaches that rely on a binary (black–white) representation
of anatomical structures on the surfaces of tree-ring samples and combine the advances of
the BI, wood anatomy, and MXD techniques are promising [61,67,68].

In this study, we showed that the MXD is highly correlated with temperature vari-
ables and accumulates climate information over a longer period of the growing season
(May–August) compared with the TRW (June–July). This phenomenon is well-known in
tree-ring science [44,69,70] and is explained by the physiology and phenology of tree-ring
and latewood formation [23,71,72]. These findings confirm the superiority of larch MXD
from the upper treeline in Altai as a proxy for growing seasonal temperatures. The wide
spatial coverage of the statistically significant correlations demonstrates the ability of our
tree-ring records to capture temperature signals over a vast area of inner Eurasia, which in-
cludes north-eastern Kazakhstan in the west, north-western Mongolia in the east, southern
Siberia (Russia) in the north, and north-eastern China in the south.

We found that both tree-ring parameters and especially MXD demonstrated a highly
temporally stable sensitivity to the growing seasonal temperature. Moreover, the chronolo-
gies followed the recent warming and temperature stabilization in the last few years
(Figure 6). These findings testify to the absence of the “divergence problem” in the study
area. Although the DP is a region- and site-specific phenomenon [11,13], we assume that
the upper treeline in the Altai Mountains is less prone to the weakening of the growth–
temperature coupling because the DP is usually less pronounced in mid-latitudes [6,73],
and Altai is remote from industrial pollution sources [74]. Moreover, the summer tempera-
ture in the upper treeline at the study sites in the Altai Mountains is still low, not reaching
the threshold above which the influence of temperature on tree-ring formation drastically
decreases [72]. In addition, the studied high-elevation sites are located close to glaciers and
are hardly accessible, receiving no direct impact from human activity.

Currently, Altai is one of the few regions in the world where (i) tree rings provide
reliable information on temperature changes, (ii) old trees are growing [17], and (iii) relict
wood is available. A number of millennia-long chronologies have already been produced
in the region [14,19]. The current efforts of our team are directed toward the construction of
continuous absolutely dated well-replicated regional TRW and MXD chronologies, which
cover the past two–three millennia. In this context, our findings of the wide spatial signature
and temporal stability of temperature signals in the TRW, and especially MXD, are of great
importance for future paleoclimatic reconstructions. When developed, an MXD-based
regional temperature reconstruction will not only provide data on the local and regional
late Holocene climate but may also serve to better understand the land use and human
history in the Altai Mountains [15,75,76].
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5. Conclusions

The results of our study demonstrate that temperature signals in the local and regional
tree-ring width and maximum latewood density chronologies of Siberian larch from the
upper treeline in Central Altai are strong and temporally stable. This testifies to the absence
of the ‘divergence problem’ in tree-ring data and indicates the high paleoclimatic potential
of upper treeline larch tree-ring chronologies. Current efforts directed at developing a
network of well-replicated, absolutely dated millennia-long tree-ring chronologies will
be the basis for collaborative multiparameter dendroclimatology that will provide the
opportunity for a better understanding of paleoclimate and human history in the Altai and
surrounding regions.
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Figure S4: Site T. Photos by D.A. Ganyushkin; Table S1: Site location; Table S2: Correlation coefficients
between standard tree-ring width (TRW) and maximum latewood density (MXD) local and regional
chronologies and monthly precipitation totals from the previous year September to September of
ring formation.
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