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Abstract: Siberian stone pine (Pinus sibirica Du Tour) is one of the keystone conifers in Siberian
taiga, but its radial growth is complacent and thus rarely investigated. We studied its growth in
subalpine stands near the upper timberline along the Western Sayan Mountains, Southern Siberia,
because climatic responses of trees growing on the boundaries of species distribution help us better
understand their performance and prospects under climate change. We performed dendroclimatic
analysis for six tree-ring width chronologies with significant between-site correlations at distances up
to 270 km (r = 0.57-0.84, p < 0.05). We used ERA-20C (European Reanalysis of the Twentieth Century)
daily climatic series to reveal weak but spatially coherent responses of tree growth to temperature
and precipitation. Temperature stably stimulated growth during the period from the previous
July-August to current August, except for an adverse effect in April. Precipitation suppressed
growth during periods from the previous July-September to December (with reaction gradually
strengthening) and from the current April to August (weakening), while the snowfall impact in
January-March was neutral or positive. Weather extremes probably caused formation of wide tree
rings in 1968 and 2002, but narrow rings in 1938, 1947, 1967, 1988, and 1997. A subtle increase in
the climatic sensitivity of mature trees was observed for all significant seasonal climatic variables
except for the temperature in the previous October-January. The current winter warming trend
is supposedly advantageous for young pine trees based on their climatic response and observed
elevational advance.

Keywords: tree-ring width; Siberian stone pine (Pinus sibirica Du Tour); South Siberia; subalpine
forest; climate—growth relationship; pointer years; tree age

1. Introduction

The current global warming has contributed to a shift in the timeframe of the veg-
etation season and its heat supply [1-3]. Plant species-specific physiological traits and
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adaptability to new conditions sometimes lead to ambiguous or contradictory reactions
to climatic fluctuations and significant changes in growth patterns [4-6]. Therefore, it is
crucial to understand the climatic response of woody vegetation as an important part in the
planetary carbon cycle [7-11]. Forest ecosystems can react most acutely to altered condi-
tions at the outskirts of their distribution, where severe stress often pushes trees toward the
limit of their physiological endurance and survival [12-15]. Under such extremely difficult
conditions for plants, particularly at the upper limit of growth in mountains, responses
to ongoing climate change can include both expansion and reduction of the distribution
areas [4,16-20].

The Siberian stone pine (Pinus sibirica Du Tour) occupies immense area in the taiga
of continental Siberia, being also one of the keystone species of mountain forests [21-27].
Therefore, the reaction of this species to climate change can make a significant contribution
in the vegetation dynamics on the upper forest line of this large region. However, despite
this, P. sibirica is often insufficiently studied due to the rather complacent radial growth
(see [28], pp- 11, 74 for explaining complacent vs. sensitive growth patterns) and weak,
often ambiguous climatic signal in comparison to other conifers [29-31]. There may be
several reasons for such weak reactions to external influences. For example, the weak
growth response of P. sibirica to low temperatures in high altitude conditions may be
associated with a huge genome size of 28.96 x 10° base pairs [32-34], that is larger than
in most tree species (compare with 12.05 x 10° base pairs in genome of Larix sibirica
Ledeb., a co-habiting species that has much more climate-sensitive radial growth). The
low annual growth variability in P. sibirica may also reflect a high degree of adaptation to
cold environments and a strategy to accumulate and expend resources slowly under these
conditions [35,36]. There are also other closely related (Korean and European stone pines)
and more distant (e.g., sequoia) conifer species using this strategy [37—40]. In any case, the
uncertainty of the climatic signal in the growth of P. sibirica left the following questions
open: does this species have a problem with adaptation to climate warming; will it be
replaced with other species; does it have a “prosperous” future?

Studies of climatic influence on trees are also complicated by the fact that intensity of
climatic reaction is modulated by a whole spectrum of external and internal factors from
local conditions to ontogenetic or phenotypic characteristics [6,41-44]. Moreover, the impact
of these factors can also be ambiguous. For example, there is evidence of increasing as well
as decreasing climatic responses of trees with age [45-51]. In high mountain conditions,
nutrient availability [52,53], distribution and redistribution of humidity [54] and snow
cover [55-59] across complex terrains and other local factors also significantly affect tree
growth. Among many variables determining tree growth, the main limiting factor in
mountain forest ecosystems is temperature [13,38]. The spatial field of temperature, despite
topographical microclimatic heterogeneity, exhibits coherent fluctuations over quite long
distances [60-63]. Therefore, we assume that at the upper limit of growth, response to
temperature of trees of the same species should be rather synchronous over a wide spatial
range [64] (cf. large-scale tree-ring based temperature reconstructions [65,66]).

In this study, we (i) analyzed the dynamics of the P. sibirica radial growth in high
mountain forest stands along the Western Sayan Mountains in Southern Siberia, (ii) esti-
mated degrees of spatial synchrony and temporal stability in its climatic response, and
(iif) assessed the contribution of local conditions and tree age to its variations.

2. Materials and Methods
2.1. Study Area and Sampling Sites

The study of the radial growth of P. sibirica was carried out in the subalpine taiga forests
of the Western Sayan Mountains, near the upper timberline (Figure 1A). In the southwest of
the mountain system, one sampling site (SPass) was located on the southeastern slope in the
forest stand of P. sibirica with an admixture of Larix sibirica near the Sayan Pass (Table 1). In
the north-center of the Western Sayan Mts., samples were taken near the top of Gladenkaya
MLt. in sparse clamps of P. sibirica trees on the eastern slope (GladE), and a closed forest stand
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of P. sibirica and Abies sibirica Ledeb. on the southwestern slope (GladSW). In the north-east
of the mountain system, samples were collected in the Nature Park “Ergaki” along the
eponymous ridge, from sampling sites located in the mixed P. sibirica and Abies sibirica
stands on south-to-western slopes near Lake Oiskoe (ErgO), Lake Zolotarnoye (ErgZ), and
on Vidovka Mt. (ErgV).
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Figure 1. The study region: (A) satellite map (© ArcGIS) of the Western Sayan Mts. in Southern
Siberia with locations of sampling sites (white circles), meteorological stations (blue diamonds),
ERA-20C grid points closest to sampling sites (blue plus signs), and inserts depicting enlarged
topographic maps of the study areas; (B) climatic diagrams of daily temperature (Temp, red lines)
and precipitation (Prec, blue bars) averaged over the 1936-2010 period for the ERA-20C grid points
closest to the sampling sites (coordinates are included in labels).
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Table 1. Characteristics of sampling sites, samples and tree-ring width (TRW) chronologies (SD,
standard deviation; r-bar, mean inter-series correlation coefficient; sens, mean sensitivity coefficient).

Range of Sample Chronology
. Site o o .
Location Code N E Elevation, Slope No. of Cover Period, Length, Mean sD "
mas.l Trees/Cores Years Years TRW, mm r-bar sens
SPass 52/80 1524-2019 496 0.58 014 030 016
SPassY 19/38 1912-2019 108 1.08 012 035 015
1
Sayansky Pass SPassM 0171 8986 1970-2020 ssw 17/21 1778-2019 242 0.62 017 035 018
SPassO 16/21 1524-2019 496 050 015 041 016
Gladenkava Mt GladSW 5291 9136 1600-1640 sw 27/30 1633-2017 385 0.63 015 035  0.16
ya vt GladE 5292 9137 1530-1570 E 27/27 1786-2017 232 0.90 014 028 015
E:fekg;igj ErgO 52.86 9325 15201600 S 22/22 1688-2018 331 0.94 015 040  0.17
Ergali Ridge, ErgV 5280 9343 1600
Vigovka Mo rg . . -1680 SSwW 22/23 1642-2020 379 0.85 016 051 018
Ergald Ridge, ErgZ 5282  93.44 1700-1780 WSW 16/16 1790-2020 231 0.56 021 037 022

Lake Zolotarnoe

1 For the SPass site, sample was separated into three groups of trees with cambial ages of <100, 101-200, and
>200 years in 2010, and chronologies were developed for full sample (SPass), young (SPassY), middle-aged
(SPassM), and old (SPassO) trees.

The upper limit of tree growth (timberline area and trees between timberline and
treeline) across Western Sayan Mts. is represented by saplings and young trees less than
100 years old, so the sampling sites were selected below the timberline by 50-100 m, where
the forest stand includes a substantial proportion of mature and old trees. On the gentler
slopes of SPass, GladSW, ErgV and the lower part of ErgO site, the soil is completely
covered with moss or herbaceous-moss cover. On the steeper slopes of the GladE, ErgZ
and upper part of ErgO site, the ground includes a lot of rocks, with patches of soil covered
with herbs or mosses between them.

The climate across the Western Sayan Mts. is sharply continental, with large daily and
seasonal variations of temperature (Figure 1B, [67]). Both precipitation and temperatures
reach a maximum in July and a minimum in January. The main source of climate data
in this study was the spatially distributed ERA-20C daily series with grid cells of 1.4°
latitude and longitude [68]. Series available in the KNMI Climate Explorer open database
(https:/ /climexp.knmi.nl/selectdailyfield2.cgi; accessed on 1 November 2022) cover the
period 1900-2010, but due to a change in precipitation measurement approach and a sharp
increase in the number of state meteorological stations in 1936 in the territory of Russia [69],
climate instrumental series are less reliable before 1936, as well as interpolations based on
them. Therefore, in this study, only data for the period of 1936-2010 were used.

According to the ERA-20C series, the mean annual temperature for the study areas
during the period 1936-2010 varied from —2.2 °C to +0.8 °C; the annual sum of precipitation
was 708-721 mm. However, these values were averaged for large areas with a wide
range of elevations, so climatic gradients should be taken into account. For Western
Sayan Mts., a decrease in temperature by 0.4-0.6 °C depending on the season and an
increase in annual precipitation by 100-200 mm are observed per 100 m of increase in
elevation, as well as increasing portion of annual precipitation falling during the cold
season [70,71]. For example, at 1400 m a.s.l. in the National Park “Ergaki” (station Olenya
Rechka, 52.80 °N, 93.24 °E, 1927-2015) the mean annual temperature was —3.1 °C, and the
sum of precipitation was 1230 mm, with 25% of this amount occurring from November to
March. At the same time, near the Gladenkaya Mt. at 330 m a.s.l. (station Cheryomushdki,
52.87 °N, 91.42 °E, 1951-2017), the annual values of temperature and precipitation were
+3.4 °C and 534 mm, respectively, with only 14% of precipitation occurring in November—
March. Therefore, we assumed that temperatures were below and total precipitation was
above the average ERA-20C values for subalpine sampling sites. Thus, the timberline of
the Western Sayan Mts. has a cold and humid climate with long, frosty and snowy winters
and short, cool and rainy summers.
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2.2. Tree-Ring Width Chronologies and Statistical Analysis

Wood cores were collected in 2017-2020 using incremental borers at a height of ~1.3 m
in the direction across the slope (parallel to the elevation isolines) from living adult trees
of P. sibirica without mechanical damage and skipping close neighbors. Collection, trans-
portation, storage and preparation of the wood cores for measurement were carried out
by classical methods of dendrochronology [72]. Tree-ring width (TRW) measurements,
cross-dating of individual series, and the development of local indexed chronologies were
carried out using the LINTAB tool and the specialized programs TSAPwin, COFECHA, and
ARSTAN [73-75]. During indexation, the age-related trends were described by smoothing
cubic splines with a 50% frequency response at 67% of the series length. Standard (std)
TRW indexes were calculated as a ratio of actual measurements to trend values. Then,
the autocorrelation component was removed from the individual TRW, gaining residual
(res) series. Finally, the individual series at each sampling site were averaged with the
bi-weighted mean to obtain local chronologies. For each chronology, we calculated the
following statistics: standard deviation (SD), mean inter-series correlation coefficient (r-bar)
and mean sensitivity coefficient (sens, the absolute value of the difference between two
consecutive values of the TRW index divided by their mean and averaged along all chronol-
ogy length). For the cover period of climatic series, 1936-2010, all local chronologies had
sufficient values of the expressed population signal (EPS) above 0.85 [76] (Figure S1). Resid-
ual TRW chronologies were used in this study because they have higher dendroclimatic
correlations than standard chronologies (data not presented).

Dendroclimatic correlation analysis was carried out over the 1936-2010 period for
residual local chronologies with moving series of average temperature and total precipita-
tion, generalized with an intra-seasonal window of 21 days and a 1-day step from daily
series of the corresponding grid cells in the ERA-20C field (Figure 1). Particular seasons
were named in accordance with approximate average temperatures in the study areas
during these time intervals: cold season of negative temperatures, lasting about from
November to March; vegetation season of secondary tree growth at temperatures above
+5 °C, usually beginning in May and ending in September; early spring season with temper-
atures rising from 0 to +5 °C, occurring approximately in April. Since direct observations
of P. sibirica seasonal growth have not been performed in the study region, estimations of
a temperature threshold of about +5 °C on average [77,78] were used for the vegetation
season. After identifying tentatively seasonal intervals of a homogeneous climatic response,
their boundaries were adjusted with daily precision to maximize dendroclimatic correla-
tions. The temporal stability of climatic responses was estimated for these seasonal climatic
series using 30-year moving correlations. Time series (TRW chronologies and climatic
series) were used in the correlation analysis per se (i.e., without further processing). These
series were also separated into low-frequency (>5 years) and high-frequency domains, and
correlations for each domain were calculated separately. A simple smoothing filter by the
5 year moving average was applied for the low-frequency domain. Difference between the
initial series and smoothed one was used to estimate high-frequency fluctuations.

The spatial coherence of the climatic fields and the applicability of the ERA-20C series
for dendroclimatic correlation analysis were supported by significant positive correlations
of the 21 day series for the considered geographic grid cells among themselves (0.88-0.99
for temperatures and 0.35-0.99 for precipitation, p < 0.05) and with the series from nearest
meteostations (0.73-0.96 for temperatures, p < 0.05; 0.11-0.90 for precipitation, p < 0.05 for
97.5% of the intra-seasonal intervals). It can be concluded that the interannual dynamics
of the regional temperature field had an extremely high coherence with the dynamics of
actual temperatures at the sampling sites. For precipitation, spatial synchronization was
expectedly weaker, and the results of dendroclimatic analysis should be interpreted and
applied with caution.

The spatial synchronicity in the pine growth, besides correlations between local
chronologies per se and between their components after separation into high and low
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frequencies, was also assessed using hierarchical cluster analysis [79]. We used the follow-
ing distance measures:

(i) (1—r), where r is a correlation coefficient between two chronologies or their groups
(clusters) over the 1936-2010 period (coherence in growth dynamics);

(ii) Euclidean distance, where the coordinates are correlations of chronologies with sea-
sonal climatic variables (coherence in sign and intensity of climatic response);

(iii) Euclidean distance, where the coordinates are the start and end dates of the maximum
seasonal climatic responses (coherence in seasonality of climatic response).

To estimate the distance between clusters of chronologies, the method of full linkage
was used. The variance analysis was applied to assess the significance of differences
between particular clusters of chronologies in terms of intensity and seasonality of the
climatic response.

Pointer years of the regional scale over the 19362010 period were defined as years
when all six local TRW chronologies simultaneously have deviations below mean—SD
(negative) or above mean + SD (positive). To assess the climatic patterns of each pointer
year, we calculated the relative anomalies of temperature and precipitation for the period
from the previous July to the current August. For that purpose, each 21-day moving climatic
series for the 1936-2010 period was converted by linear transformation to Z-scores (mean = 0
and SD = 1). In the transformed series, for example, the value +2 for the temperature on
the date of 11 May means that, in the given year, the interval of 1-21 May was warmer than
the average temperature of this intra-seasonal interval by two standard deviations.

To identify possible age-related alterations of the climatic response, the most extensive
samples at the SPass site (52 trees) were divided into three groups with cambial ages of less
than 100 years (young), 100-200 years (middle-aged), and more than 200 years (old) in 2010
(19, 17, and 16 trees, respectively). Respective residual age-group chronologies for SPassY,
SPassM, and SPassO were constructed and their 21 day climatic response was calculated
the same way as for the local chronology SPass.

3. Results
3.1. TRW Chronologies and Their Spatial Coherence

Developed residual local TRW chronologies of P. sibirica (Figure S1) had a length of
231-496 years, while the maximum cambial age exceeded 370 years in all three study areas.
After excluding age-related and autocorrelation components, the residual growth variability
was low, being in the range of 0.14-0.16 at most sites (Table 1). Its inter-annual component
(sensitivity coefficient) was also low (0.15-0.22). Inter-series correlation coefficients were in
the range of 0.28-0.51, which is sufficient to develop chronologies containing a common
external signal. Correlations between the chronologies of different sites within the same
area were r = 0.66-0.84, and those between study areas at distances of 120270 km were
slightly lower: r = 0.57-0.75 (Table 2).

Table 2. Correlations between P. sibirica residual TRW chronologies over the 1936-2010 period of
dendroclimatic analysis.

High-Frequency (below Diagonal) and Low-Frequency

Chronologies per se (above Diagonal) Components Separated with a 5-Year

Smoothing Filter

Site SPass  GladSW GladE ErgO ErgV SPass  GladSW GladE ErgO ErgV ErgZ
SPass 0.66 0.55 0.72 0.68 0.48
GladSW  0.70 0.72 0.73% 0.68 0.67 0.59
GladE 0.66 0.84F 0.68 0.87 F 0.69 0.45 0.41
ErgO 0.67 0.75 0.73 0.69 0.78 0.74 0.66 * 0.60 *
ErgV 0.69 0.72 0.58 0.76 * 0.71 0.70 0.56 0.80 0611
ErgZ 0.70 0.65 0.57 0.66 0.74 F 0.74 0.67 0.58 0.73 F 0.80

All correlation coefficients were significant at p < 0.05. T Correlations within the same sampling area.
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Correlation Coefficients

The separation of high- and low-frequency components shows that spatial coherence
was preserved in both domains, but was slightly higher in high-frequency domain: cor-
relations between high-frequency components of chronologies are 0.73-0.87 within each
sampling area and 0.56-0.78 between areas; correlations between low-frequency ones are
0.60-0.73 and 0.41-0.72 within and between areas, respectively.

It should be noted that correlations between chronologies from different study areas
did not lessen with the distance, regardless of the frequency domain. A generalization
of relationships between chronologies using cluster analysis showed that the maximum
similarity was observed between chronologies from different slopes on Gladenkaya Mt.,
then between chronologies from the ErgO and ErgV sites of the Ergaki Ridge, while the
chronology at the Sayan Pass was most similar to that at the ErgZ site (Figure S2A).

3.2. Climatic Response of Siberian Stone Pine Radial Growth

As shown by the correlation coefficients of local TRW chronologies with 21-day moving
temperature and precipitation series (Figure 2), the climatic response of pine radial growth
near the upper timberline was relatively weak (17| < 0.4), but spatially stable in terms of
direction. At all six sampling sites, a positive reaction of pine growth to temperatures from
the previous July-August to the current August was observed, with the exception of April,
when the response was negative. The influence of precipitation was less pronounced, but
there were trends towards a negative response to precipitation in the previous year (from
August-September to November) and the current vegetation season (May—-August), and a
positive or neutral response to precipitation from December to April.

. Prec cold

Prec_prev Prec_curr

[J* IA*IS* [O*IN*ID*I] |F IMIAIMI] I] 1A IS | IJ* 1A*IS* IO*INYID*I] |F IMIA IMIJ 1] 1A IS |

GladSW Temp_cold

Temp_prev Temp_curr ErgV
r AR r N

— A\ J

Temp_prev+cold Temp_spring

IT* TA*IS*IO*INMD*I] IF IMIA IMIT 1] 1A IS | IT* TA*IS*IO*INMID*I] IF IMIAIMIT 1] [AIS |

GladE ErgZ

[7* TA*IS* IO*IN*ID*I] |F IMIA IMIT I] IA IS | IT* TA*IS*IO*INMD*I] IF IMIAIMIT 1] [AIS |

Central Date of 21-Day Interval, Month

Figure 2. Climatic response of P. sibirica radial growth: correlations of residual TRW chronologies
SPass, GladSW, GladE, ErgO, ErgV, and ErgZ with 21 day moving series of temperature (Temp, red
line) and precipitation (Prec, blue area) over the 1936-2010 period. Asterisks (*) mark months of the
previous year; dashed horizontal lines mark the significance level p = 0.05. Brackets mark seasons
of unidirectional responses (prev, previous vegetation season; cold, cold season; spring, early spring
season; curr, current vegetation season).
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The generalization of the climatic response of P. sibirica within the seasonal timeframes
is presented in Table 3. The maximum positive effect of temperature on the pine growth
was in the range of r = 0.11-0.44 for three intervals (Table 3): the second half of the previous
vegetation season (probably, after the end of cambial activity), the cold season, and the
current vegetation season. During the previous vegetation season, the temperature impact
began on 18 July to 15 August and ended on 11 September to 4 October. The temperatures
of the cold season most strongly affected pine growth in the interval from 10 November—
12 December to 18-26 March. In the current vegetation season, the maximum impact of
temperatures lasted from 12-24 May to 13 August-3 September. The negative impact of
early spring temperatures began on 28 March—12 April and ended on 3-11 May, being
in the range from —0.17 to —0.25. The most spatially stable and significant at all sites is
the effect of the cold season temperature on its own or in combination with the previous
vegetation season.

Table 3. Maximal seasonal responses of P. sibirica residual TRW chronologies to temperature and
precipitation over the 1936-2010 period: maximal correlations and respective seasonal intervals
with daily resolution (prev, second part of previous vegetation season with addition of period until
early winter for precipitation; cold, cold season; spring, early spring season; curr, first part of current
vegetation season).

Climatic Chronology
Variable SPass GladSW GladE ErgO ErgV ErgZ
Seasonality (beginning and ending dates)
Temperature
St
prev z%sséﬁfr‘:l;er * 25 July *~11 September * 18 July *-23 September * 15 August *-22 September * 25 July *-20 September * 14 August *—4 October *
cold 10 November *-26 March 12 December *-26 March 24 November *-26 March 10 December *-26 March 19 November *-27 March 16 November *-18 March
prev + cold 15 August *-26 March 25 July *-26 March 18 July *-26 March 15 August *-26 March 25 July *-27 March 22 July *-18 March
spring 3 April-10 May 5 April-3 May 3 April-3 May 5 April-3 May 8 April-11 May 28 March-11 May
curr 12 May-25 August 18 May-31 August 13 May-1 September 13 May-3 September 23 May-2 September 24 May-13 August
Precipitation
prev 8 September *-25 December * 13 July *-1 December * 14 July *-25 December * 29 August *-30 November * 24 July *~1 December * 5 September *-25 December *
cold 26 December *-30 March 2 December *—4 April 26 December *—4 April 1 December *-20 April 2 December *-20 April 26 December *—4 April
curr 5 April-8 August 12 April-10 August 5 April-7 August 28 April-21 July 21 April-10 August 20 April-6 August
Correlations between time series per se
Temperature
prev 0.26 0.29 0.22 0.26 0.20 0.11
cold 0.30 0.35 0.33 0.44 0.38 0.25
prev + cold 0.31 0.33 0.35 0.40 0.38 0.27
spring —0.17 —0.21 —0.19 —0.22 —0.19 —0.25
curr 0.37 0.20 0.20 0.31 0.38 0.22
Precipitation
prev —0.37 —0.37 —0.30 —0.29 —0.24 —0.36
cold 0.13 0.07 0.04 0.25 0.25 0.25
curr —0.28 —0.32 —0.27 -0.21 —0.25 -0.19
Correlations between time series separated into high-frequency /low-frequency domains with 5-year smoothing filter

Temperature
prev 0.22/0.50 0.23/0.36 0.20/0.31 0.07/0.64 —0.02/0.59 0.12/0.40
cold 0.33/0.42 0.37/0.28 0.32/0.45 0.42/0.51 0.43/0.33 0.35/0.29
prev + cold 0.35/0.48 0.39/0.26 0.38/0.42 0.34/0.58 0.39/0.44 0.38/0.43
spring —0.21/0.18 —0.27/-0.18 —0.24/-0.07 —0.30/-0.21 —0.29/0.04 —0.17/0.04
curr. 0.44/0.36 0.35/0.07 0.27/0.20 0.36/0.35 0.45/0.46 0.39/0.47
Precipitation
prev —0.49/-0.22 —0.45/—0.31 —0.39/-0.01 —0.29/-0.11 —0.28/-0.16 —0.43/0.21
cold 0.02/0.13 —0.04/0.25 0.00/-0.18 0.13/0.36 0.13/0.42 0.12/0.35
curr —0.47/0.00 —0.41/—0.27 —0.37/—0.24 —0.31/0.02 —0.37/-0.20 —0.32/-0.22

Correlation coefficients significant at p < 0.05. are highlighted with bold font. * Months of previous year.

The response to precipitation from the previous season was also significant for all
chronologies (from —0.24 to —0.37). The positive impact of winter precipitation was
significant only for sites from the Ergaki Ridge (0.25), and was absent at other sites
(0.04-0.13). The effect of precipitation of the current vegetation season was more pro-
nounced; it was significant at four sampling sites from all three areas (—0.25 to —0.32),
and negative but not significant at the sites ErgO (—0.21) and ErgZ (—0.19). In terms of
the response seasonality, the beginning of the negative impact of the previous season’s
precipitation between sites varied from 13 July to 8 September. The transition from the
negative impact of the previous season’s precipitation to the neutral-positive impact of
the winter precipitation varied from 30 November to 25 December, the ending of the in-
fluence of winter precipitation varied from 30 March to 20 April. The negative impact of
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precipitation during the current vegetation season started on 5-28 April and ended on
21 July-28 August. It should be noted that according to the data from the meteostation
Olenya Rechka (Ergaki Ridge, 1400 m a.s.l.) located slightly 120-300 m below the sampling
sites, precipitation during the vegetation season can reach more than 300 mm per month
(with average monthly precipitation 180 and 170 mm in July and August, respectively); the
maximum daily rainfall throughout the year also occurs in summer and ranges from 40 to
80 mm.

It should be noted that despite differing intra-seasonal timeframes, the series of
temperature and precipitation having the maximum effect on the pine growth usually
correlated with each other significantly at p < 0.05 for the previous (from —0.46 to —0.56)
and the current (from —0.17 to —0.33) vegetation seasons. In winter, the correlations
between temperature and precipitation were positive, but not significant (0.04-0.22).

In terms of the seasonality of climatic response, the similarity between chronologies
did not coincide with their spatial distribution, as shown by the results of cluster analysis
(Figure S2B). The sampling sites SPass, ErgO, and ErgZ showed a statistically significantly
(p < 0.05) earlier onset of the impact of temperature and precipitation during previous
vegetation season, than the ErgV, GladSW, and GladE sites. With regards to the intensity
of climatic response, the TRW chronologies of the P. sibirica on the Sayan Pass and the
Gladenkaya Mt. were more similar (Figure S2C). In contrast to the chronologies from the
Ergaki Ridge, they did not have a significant reaction to winter precipitation and had a
more pronounced negative reaction to precipitation of the current vegetation season.

The separation of the time series into high-frequency (less than 5 years) and low-
frequency (over 5 years) components (Table 3) demonstrated that radial growth of
P. sibirica reflects long-term fluctuations in precipitation and temperature of the cold sea-
son, as well as the temperature of the vegetation season. The impact of temperatures
during early spring and precipitation during vegetative season is expressed mostly in the
high-frequency domain.

The temporal dynamics in the climatic response of P. sibirica has common patterns
(Figure 3). The TRW responses to the temperatures during vegetation and cold seasons
were the most stable. Nevertheless, it is worth noting more pronounced fluctuations in the
response to the temperature during current vegetation season, especially at the Gladenkaya
Mt. and the ErgZ site. The negative response to the temperature during early spring has
intensified in the last two to three decades at four out of six sites across all three study areas.
Throughout the region, there was a gradual increase in the response of pine growth to the
precipitation of the previous season, but a weakening of the response to the precipitation
during current vegetative season. In recent decades, the positive response of pine growth
to winter precipitation in the Sayan Pass and the Ergaki Ridge has also begun to increase.

During the cover period 1936-2010 of the climatic series, seven pointer years were
identified with a deviation of the P. sibirica growth indices at all six sampling sites beyond
the range of mean £ SD: two years with the fast growth (1968 and 2002) and five years
with the slow growth (1938, 1947, 1967, 1988, and 1997) (Figure 4). An analysis of the
climatic dynamics throughout the Western Sayan Mts. for these years showed significant
differences in temperatures and precipitation from the long-term average curves (presented
in Figure 1B), with some short intervals even exceeding 3-5D. Years with fast pine growth
are characterized by relatively warm winters, warm and dry vegetation seasons, and early
spring conditions close to the long-term average. For 2002, warm and dry conditions
were also recorded in August and autumn of the previous year. The suppression of pine
growth on a regional scale was associated with a variety of climatic deviations. In 1938,
a very high amount of precipitation was observed at the end of the previous vegetation
season and first half of the current one, as well as high early spring temperatures. The
year 1947 was characterized by cold and a wet previous August-September, frosty winter,
and warm April, despite warm and dry conditions of the vegetation season. In 1967, the
favorable end of the previous vegetation season was followed by severe frosts in December;
high temperatures were also observed in the second half of April, and a large amount
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of precipitation occurred in May-June. Cold and wet conditions of the previous autumn
and the current May—July were recorded in 1988. In 1997, the second half of the previous
vegetation season was wet, aggravated by a cold August-September and warm April
against the background of low precipitation, although the winter was snowy and warm.
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Figure 3. Temporal stability of the P. sibirica climatic response: 30 year moving correlations between
residual TRW chronologies and series of temperature (left column) and precipitation (right column)
over respective intra-seasonal intervals (see Table 3; prev, second part of previous vegetation season;
cold, cold season; spring, early spring season; curr, first part of current vegetation season). Significance
level p = 0.05 for 30-year interval is depicted by the horizontal dashed lines.
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Figure 4. Weather during pointer years for P. sibirica: relative deviations of a 21-day window with
1-day step temperature (Temp, red lines) and precipitation (Prec, blue areas) series from average
values over the 1936-2010 period calculated from the Z-scores (mean = 0, SD = 1) over a period from
previous July to current August for years when TRW > mean + SD (positive pointer years, marked
with up arrow “1”) or TRW < mean—SD (negative pointer years, marked with down arrow “|’) in res
chronologies from all six sampling sites. Numbers in brackets after each year are ranges of the res
TRW indexes.

3.3. Age-Related Patterns of Siberian Stone Pine Growth Dynamics and Its Climatic Response

At the SPass site, the sample size was sulfficient to obtain representative TRW chronolo-
gies (16-19 trees, 21-38 cores) for three different age categories (Table 1): young trees up to
100 years old, middle-aged trees of 101-200 years old, and old trees of more than 200 years
old. All ages were calculated in 2010 (end of climate series coverage). The coherency
of tree growth within each age category (r-bar = 0.35-0.41) was higher than for the total
local sample (0.30). Growth variability and its inter-annual component were maximum
for middle-aged trees, and minimum for young trees. Correlations between these three
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chronologies were all significant, but the chronology of young trees more differed from
others, having correlations of 0.61 with chronology of middle-aged trees, 0.69 with chronol-
ogy of old trees, and 0.81 with the total sample chronology. Middle-aged and old trees had
more similar growth dynamics among themselves (0.84) and with the total sample (0.93
and 0.92, respectively).

The climatic responses of all three age categories coincided in terms of direction (pos-
itive or negative), but their intensities were different (Figure 5). With age, the positive
response of pine growth to the temperatures in October—January weakened, while the
response to the temperatures in the end of winter, spring and the vegetation seasons (both
previous and current) intensified. The negative response of the growth to the precipita-
tion in the previous autumn and the current vegetation season was more pronounced in
middle-aged and especially in old trees compared to young ones. The response to winter
precipitation was generally unstable at this sampling site. Finally, the curve of climatic
response for the middle-aged trees was closest to the response of the total sample.

Temperature

----- Temp resY
Temp resM
Temp resO
———-p=0.05
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Figure 5. Climatic response of P. sibirica trees at the SPass sampling site for various ages: correlations
between 21-day temperature (Temp, red) and precipitation (Prec, blue) series (1936-2010) and residual
chronologies of young (SPassY, dashed color line), middle-aged (SPassM, solid color line), and old
(SPassO, solid black line) tree groups, and total sample (SPass, shaded area). Asterisks mark months
of previous year. Dashed thin horizontal lines represent significance level p = 0.05.
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4. Discussion
4.1. Developed TRW Chronologies, Their Characteristics and Spatial Patterns

The low variability observed for the obtained TRW chronologies, including the inter-
annual component (sensitivity coefficient), is typical for P. sibirica and closely related Strobus
pines [31,37,39,80,81]. This limitation, on the one hand, may be related to the common
ecophysiological characteristics of dark-needle conifers. For example, low TRW sensi-
tivity in the subalpine zone was also recorded for spruce and fir [82,83]. On the other
hand, higher variability and sensitivity of radial growth were observed for P. sibirica and
Picea schrenkiana in semiarid conditions, being similar to ones of light-needle Pinus sylvestris
and Larix sibirica [31,84,85]. Therefore, it can be assumed that the low inter-annual vari-
ability in the growth of P. sibirica in the study region reflects the physiological strategy of
the slow accumulation and expenditure of resources under cold conditions [35,36]. This is
consistent with the noted competitive advantage of the P. sibirica in the mesic and humid
mountain forests of Siberia [4,22,86].

The high spatial coherence of the TRW chronologies across several hundred kilo-
meters indicates the presence of a common external signal in them, probably due to the
temperature, as the most spatially synchronous environmental factor. A high similarity
between chronologies of P. sibirica at distance of about 100 km was also observed in Central
Altai [87]. It is notable that the large-scale coherence of growth observed for P. sibirica in the
Altai-Sayan Mountain complex is substantially higher than for P. cembra and several other
conifers near timberline in European Alps [88,89]. Since the network of chronologies in the
Alps proved to be a successful climate proxy, this gives us a hope for the applicability of
the P. sibirica chronologies obtained in this study for similar purposes. Close correlations
between neighboring chronologies despite varying local conditions indicate a sufficient
commonality of pine climatic response within the framework of the forest stands on the
sunlit slopes near the upper timberline.

4.2. Influence of Climatic Factors on the Radial Growth of Siberian Stone Pine

For high-mountain forest stands of stone pines, correlations of TRW chronologies
with monthly temperatures and precipitation barely reach the threshold of significance.
This concerns not only P. sibirica in the Altai-Sayan Mountain complex [30,31], but also
P. koraiensis in northeastern China [5,38] and P. cembra in the Alps [55]. Other possible draw-
backs of using monthly climatic data are the discrepancy between the actual seasonality of
the response with boundaries of calendar months, as well as modification of the climatic
response by diverse local conditions in mountains [90-92]. Therefore, for a more detailed
analysis and comparison of climatic reactions in the growth of P. sibirica from six sites,
it was proposed here to use a moving 21-day series of temperature and precipitation. It
allowed us to estimate the start and ending dates for each consequent reaction of tree-ring
chronology to the particular climatic factor, resulting in the intervals of the maximum
influence of this factor with a daily accuracy.

Positive correlations with temperatures for most of the year are consistent with the
observed coherence between growth dynamics of P. sibirica and average annual temperature
from August to July observed on the timberline in Mongolia [29,93]. Similar to those works,
pine tree rings in the current study also register long-term temperature fluctuations better
than short-term ones. During the period of active wood development, warm conditions
promote allocation of photosynthesized carbohydrates, including growth processes [13,94,95].
Later, in August-September, heat has a positive effect on the amount of nutrients stored
for the next season, on the maturation of cuticles and formation of cold hardiness in
needles and buds [96-98]. Positive correlations with temperature during winter dormancy
(and severe frosts in some pointer years) may indicate tissue damage by freezing, which
leads to subsequent consumption of nutrient reserves for reparation of injuries and a
decrease in the efficiency of damaged tissues and organs [13,15]. The negative reaction
to the temperatures at the end of winter and early spring in this and other dark-needle
evergreen conifers is usually explained by damage to the needles and water-conducting
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tissues. This phenomenon occurs when photosynthetic activity is intensified by warmed
air and overheating of the needles, but water uptake by roots is low in the frozen soil before
the snowmelt (frost-drought effect [98,99]). In addition, the early start of the warm season
is fraught with the return of cold weather and damage to activated tissues that have lost
cold hardiness [100].

The negative impact of precipitation during the vegetation season (both of the current
and the previous year) may be due to negative relationship between precipitation and
temperature through a decreased insolation on rainy days and cooling of surfaces by subse-
quent evaporation, as well as due to a decrease in transpiration by waterlogging during
heavy rains [101,102]. Some researchers also explain the negative effect of precipitation
on the growth of dark-needle conifers in taiga by acid rain [27,103], but this hypothesis
has not been proven for the Western Sayan Mts. territory. In October-November, when air
temperatures fluctuate around 0 °C, the balance of temperature and precipitation, and their
impact on the health and subsequent growth of P. sibirica are especially delicate. On the one
hand, freeze-thaw cycles can damage immature tissues, especially if the vegetation season
was too short [97,98]. On the other hand, high moisture at the beginning of soil freezing
negatively affects the condition of fine roots [104]. This may explain the negative effect of
precipitation and the lack of a positive effect of temperature during this period. The positive
effect of winter precipitation after the establishment of a stable snow cover in cold climate
can be explained by the heat-insulating properties of snow [105]. However, this positive
effect may be more or less counterbalanced, since deep snow cover in spring delays soil
thawing and the start of active vegetation [106-108], exacerbating the frost-drought effect.
The importance of this last factor for pine growth is emphasized by the high temperatures
in April observed in the region for most of negative pointer years.

4.3. Spatiotemporal Stability of the Climate Response

A significant positive effect of snow cover on pine growth was observed everywhere
on the Ergaki Ridge, but was absent on the Gladenkaya Mt. and the Sayansky Pass. Such
a spatial distribution shows that this impact does not depend on the local conditions
(soil-landscape complex, understory vegetation, closeness to water bodies), but is rather
associated with meso-scale conditions. As seen on the topographic inset maps in Figure 1,
landscape of the Ergaki Ridge is more dissected compared to other two areas, which can
affect the local spatial patterns of snow fall and transport [109,110]. The reverse pattern
for precipitation during vegetation season (weaker response on the Ergaki Ridge) does not
contradict this hypothesis, since the circulation regime and wind field patterns can differ
significantly between warm and cold seasons [111]. Another factor that takes into account
the large-scale spatial differences in the response to precipitation for both seasons is the
influence of westerlies, prevailing in the region [112], whose gradual moisture loss along
the Western Sayan Mts. can provide longitudinal gradient of precipitation. As a result,
the amount of precipitation at the elevation of the upper timberline may be closer to the
optimum for P. sibirica on the Ergaki Ridge.

All sampling sites are located near the upper timberline, which is primarily determined
by the limitation of temperature during the vegetation season [15,113]. In fact, the sites were
selected according to the maximum elevation where Siberian stone pine trees over 200 years
old are found. Taking into account the modern advance of the forest up the slope, such a site
location approximately corresponds to the historical position of the timberline. A similar
location relative to the timberline, representing trees of the same P. sibirica provenance,
and common seasonal climatic dynamics along the Western Sayan Mts. means that the
actual heat supply (sum of active temperatures) is probably similar at all sites. Indeed,
the higher elevation of the sampling site at the Sayan Pass probably compensates for the
latitudinal temperature gradient, while the sites in two other areas at the same latitude are
located in a narrower range of elevations. This explains why differences in the seasonality
of climatic response do not represent any gradient between areas or elevations. Significant
differences between two clusters of chronologies in the beginning dates of exposure to
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the conditions of the previous season may be associated with the moisture regime, since
near-lake ErgO and ErgZ sites are grouped with the SPass, where abundant thick moss
cover indicates higher humidity. Since temperature and precipitation during the warm
season are negatively correlated for the study region, humidity may be associated with
lower local temperatures, and hence with a later ending of cambial activity and subsequent
shift of the climatic signal registration to the next ring.

Taking into account the stable threshold temperature for conifer xylogenesis in cold
climates revealed by Rossi et al. [77,78], the relationship of the xylogenesis phenology
primarily with temperature in the study region is undoubted. A severe lack of precipitation
could directly delay the onset or accelerate the completion of tree ring formation even in
the subalpine zone (for example, on the Tibetan Plateau [114,115]). However, in much
more humid conditions of the study region, on the contrary, impact of the excessive
precipitation on the seasonal kinetics of xylogenesis can be expected, especially during the
seasonal maximum of rain in July-August. We assume here indirect mechanisms of the
precipitation’s impact, which manifest through a decrease in temperatures.

Over the past decades, the most significant climate change in the study region has
been a temperature increase in the cold season ([116-118], Figure S3), so we can expect a
shift in the onset of xylogenesis to earlier dates. It means that the maximal radial growth
rate, occurring in the first half of the vegetation season, has gradually shifted to interval
with less precipitation. This phenological shift also increased the duration of the period
from the onset of xylogenesis to the summer solstice, when the processes of slowing and
cessation of primary and secondary growth are initiated [119-121]. Increased length of this
period means a higher sum of active temperatures, less stressful for tree growth. Alterations
of both heat supply and humidity of current vegetation season to more favorable values
comprise a possible reason for their decreasing influence on the tree growth. On the other
hand, the combination of xylogenesis shifted to earlier dates and a later temperature drop
in autumn increases the duration of the interval used by trees for nutrient storage, which
may be the reason for the increased exposition to precipitation from this period as a factor
limiting pine growth.

4.4. Age-Related Patterns of Climate Response

Published data about age impact on the climate sensitivity of trees are ambiguous.
Many researchers have provided evidence of climatic response and sensitivity to stress
events strengthening with age in trees of various species and in natural zones from semiarid
to boreal [47,48,51,122-124]. However, there are some observations of a more pronounced
climatic response in younger trees [49,50] and even statements about the same climatic
signal for trees of different ages [46]. Apparently, this is a sufficiently complex phenomenon
to be investigated at the scale of particular species and environments. The situation is also
complicated by the non-linear age dynamics of tree allometry. An increase in tree height
(and hydraulic resistance) and the development of crown and root systems occur rapidly
in young trees, but then gradually slow down in mature trees [45,125]. Later, various
damages can even decrease sizes of tree parts. Thus, non-linear dynamics is also possible
for variability of tree-ring chronologies and the intensity of their climatic response, which
can be overlooked when comparing only two age groups. The maximum of the variability
statistics observed in this study for the middle-age trees probably can be associated with
the allometric parameters of trees.

The directions of differences between age groups in the climatic response intensity
observed for P. sibirica in the study region vary depending on the season. However, they
all still can be related to the increase in tree size. Increasing the sensitivity of tree growth
to the precipitation and temperature of the vegetation season may be associated with
the tree reaching its maximum height but with a continuing increase in respiration costs
(maintaining the growing crown and root system). An increase in both temperature and
precipitation during the vegetation season probably leads to balanced impacts of these
trends on the pine growth in the long term.
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On the contrary, trees that have not reached the century age are more sensitive to
winter conditions. Observations of frost damage to shoots and xylem and of the win-
ter frost effect on radial growth indicate a greater vulnerability of young trees due to
thinner bark (protective layer) and the smaller storage of nutrients for recovery after
damage [100,126,127]. In this light, the increasing winter temperature of the study region is
advantageous to the survival of seedlings and young trees, as is supported by observed
advance of pines upward.

5. Conclusions

Analysis of correlations between the short-term (21-day) moving climatic series and
tree-ring chronologies allowed us to reveal complex climatic signals in the radial growth
of P. sibirica near the upper timberline. We found spatial coherency in the dynamics
of the pine growth and the direction of climatic response along the Western Sayan Mts.
However, seasonality and intensity of maximal dendroclimatic reactions are modified by
habitat diversity and the longitudinal gradient of precipitation along the mountain system.
Age-related shifts in climatic sensitivity led to the positive impact of winter warming
predominantly on the young trees, while the impact of climate change on the mature trees
is more balanced. Under continuing warming, we expect further upward shift of the species
distribution and stable growth of existing subalpine forests of P. sibirica in the Western
Sayan Mts.
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