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Abstract: The application of quantitative wood anatomy (QWA) in dendroclimatic analysis offers
deep insight into the climatic effect on tree-ring formation, which is crucial in understanding the
forests’ response to climate change. However, interrelations between tree-ring traits should be
accounted to separate climatic signals recorded during subsequent stages of cell differentiation. The
study was conducted in the South Siberian alpine timberline on Pinus sibirica Du Tour, a species
considered unpromising in dendroclimatology. Relationships between tree-ring width, cell number
N, mean and maximum values of radial diameter D, and cell wall thickness (CWT) were quantified
to obtain indexed anatomical chronologies. Exponential functions with saturation D(N) and CWT(N)
were proposed, which explained 14-69% and 3-61% of their variability, respectively. Indexation
unabated significance of the climatic signals but separated them within a season. Analysis of
pointer years and climatic extremes revealed predominantly long-term climatogenic changes of
P. sibirica radial growth and QWA and allowed to obtain QWA-based 11-year filtered reconstructions
of vegetative season climatic characteristics (Rzadj = 0.32-0.66). The revealed prevalence of low-
frequency climatic reactions is probably explained by a strategy of slow accumulation and utilization
of resources implemented by P. sibirica. It makes this species’ QWA a promising proxy for decadal
climatic variations in various intra-seasonal timeframes.

Keywords: quantitative wood anatomy (QWA); Pinus sibirica Du Tour; alpine timberline; climatic
response; low-frequency climatic reconstruction

1. Introduction

In past decades, noticeable changes in the global climate marked by rising temperature
and altering precipitation patterns have been crucial in affecting the ecosystems’ structure
and functioning (i.e., the spatial distribution of species and their phenological patterns)
and their abilities to provide goods and services to mankind [1-7]. Such climatic changes
are important to dramatically affect the ecosystems in the areas where either of these
factors are limiting the growth of trees, e.g., the temperature in the timberline. However,
our abilities to detect such changes on a long-term basis are limited by the length of
instrumental climatic records. Tree rings have been reported as one of the promising
indicators for ecological and environmental changes due to their sensitivity to climate,
annual resolution, and large spatial coverage [8-10]. Mountain conifer forests found at
timberlines are expected to experience the impact of climate change at an early stage and
are considered harbingers of future ecosystem shifts [11]. Therefore, studying the response
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of such forests to climate change will be of great practical significance, as they are growing
under severe environmental stress conditions and often experiencing the border limit of
physiological endurance [12]. However, the scope of dendrochronological analysis even
under such conditions depends on the degree of sensitivity of tree-ring chronologies to
dynamic environmental factors and the content of a common external signal [13]. This has
led to consider many tree species as unpromising from a dendrochronological point of view
and kept them outside the scope of scientific interest [8,14-18].

Due to the species-specific characteristics of needles, sensitivity to moisture deficit,
etc., the response of Siberian stone pine (Pinus sibirica Du Tour) to warming phenomena
is inconsistent and complex [17]. Therefore, this species is relatively lesser studied in
comparison to other, more drought-resistant, and light-demanding fellow conifers like
Scots pine and Siberian larch. A similar issue of climatic response has been recorded in
other related species like P. cembra growing in Western Europe and P. koraiensis in the
far east of Russia, northern China, and Korea [19-21]. In dendroclimatological analysis,
chronologies with sensitivity (year-to-year variability) of 30% and more are considered
sensitive to climatic fluctuations, whereas the radial growth of these Strobus pines is highly
stable in the high-frequency domain with sensitivity rarely exceeding 10% [9]. However,
other species which often share habitat with Siberian stone pine (e.g., Siberian larch) can
exhibit a sensitivity of 50% and higher under extreme conditions [22,23]. In addition, tree
rings of these pines make a smaller proportion of latewood as compared to other conifers,
and their latewood only slightly differs from earlywood due to the very mild thickening of
the tracheid cell walls [24]. As a result, the earlywood and latewood width or densitometric
traits for these species are also difficult to analyze. Nevertheless, P. sibirica has been reported
to have great significance to forestry, economy, and ecology over vast territories from the
Urals to Eastern Siberia [25-28].

Mountain populations in southern Siberia are of particular interest in analyzing the
climatic reactions of forest ecosystems. In these areas, heterogeneity and pronounced
mosaics of terrain significantly influence the microclimate even at short distances, and
largely affect the growth and development of vegetation [12,29-31]. The Western Sayan is
a convenient testing polygon to address this issue due to rapid rates of regional temperature
increase significantly exceeding global trends, which are being further multiplied locally
near the massive Sayano-Shushenskoe Reservoir [32,33].

The weak and unstable response of radial growth of P. sibirica to climatic variables
under traditional dendrochronology even at the upper timberline [15,16,32] has led to
considering other possible approaches for recovering detailed climate information from
tree rings [34]. Long-term chronologies of wood anatomical parameters are particularly
one of the new methods in this area [35]. The environmental signals encoded in individual
cells reflect changes in external factors that occurred over a short interval and therefore
differ from the integral signal of tree-ring width at both intensity and seasonality [18,24,36].
Hence, long-term chronologies of wood anatomical parameters in comparison with radial
growth can provide a more detailed and equally reliable pattern of climatic factors which
are affecting tree growth [36-38]. Although the key to the success of this approach has
already been developed, the dendroclimatic reconstructions based on the conifer wood
anatomical parameters are still of limited length (for example, P longaeva [39], P. cembra [18],
and Pseudotsuga menziesii [40]). Due to the observed predominance of low-frequency
fluctuations in the growth of Siberian stone pine [15], it will be promising to identify
the effect of decadal climatic changes on its wood structure as well. Dendroclimatic
analysis of anatomical parameters can also help in studying the tree response to short-term
extreme events impacting many forest ecosystems [41,42]. This study will provide ample
opportunities for assessing the responses of these forest ecosystems with management
implications over a vast territory at present and in the future.

Dendroclimatic analysis based on long-term wood anatomical chronology should
be performed considering relationships between various anatomical parameters. Cell
production in the season can affect the morphometric tracheid parameters that characterize
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the subsequent stages of cell differentiation, i.e., growth by expansion and secondary wall
deposition (cell radial size and wall thickness, respectively [43,44]). This study hypothesizes
that the removal of this influence will allow obtaining indexed chronologies of anatomical
parameters containing a “separate” climatic signal perceived by the developing tracheids
during specific stages of their differentiation. We assumed that the anatomical chronologies
and cell production of P. sibirica indexed in this way will have independent responses to
annual and/or long-term climatic fluctuations (dendroclimatic correlations) and extreme
events (analysis of pointer years).

2. Materials and Methods

The study was carried out on the Khem-Taiga Ridge (up to 2715 m a.s.l.) of Western
Sayan Mountains in Southern Siberia, near the border of the Republic of Khakassia and
the Republic of Tyva (Figure 1). The regional landscape encompasses wide variations in
natural conditions, where steppes are found in foothills (~400 m a.s.1.), mixed and conifer
taiga forests in mountains (up to 1800-2100 m a.s.l.), and tundra vegetation or bare rocks
on mountaintops.

Figure 1. The location map of the study area: (a) satellite imagery of the area; (b) location of the
study area (dot), Khakassia (red area), and Tyva (orange area) within the Asian part of Russia;
(c) topographic map of the study area. Marked objects are the boundary between Khakassia and Tyva
along the ridge crest (dotted line), the Sayansky Pass (asterisk), and the sampling site along the road
(dashed line).

In the absence of a state meteorological station within 100 km periphery of the sam-
pling site, the dendroclimatic analysis has been performed using spatially distributed
daily series of precipitation (P) and temperature (T) obtained from the ERA-20C cli-
mate reanalysis database (1900-2010, [45]) from KNMI Climate Explorer service (http:
/ /climexp.knmi.nl/selectdailyfield2.cgi; accessed on 2 February 2022). The re-analysis
data obtained for the region 49.7-52.5° N 89.3-90.7° E exhibit characteristics of continental
climate with average annual temperatures of —2.2 °C and total annual precipitation of
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710 mm (Supplementary materials, Figure S1). The maximum and minimum monthly val-
ues of T and P have been observed in July (14.0 °C and 157 mm) and January (—19.5 °C and
13 mm), respectively. About 74% of the total annual precipitation has been received during
the warmer months from May to September. However, as per available literature records,
a drop in air temperature (0.4-0.65 °C) and rise in annual precipitation (100-200 mm) per
100 m increase in elevation are typical for the Western Sayan Mountains, depending upon
the season (stronger in summer than in winter) and local orographic conditions [46,47].
This can be observed from a comparison between average annual climatic characteristics
of two weather stations of different elevations located within the Western Sayan Moun-
tains (52.8-52.9° N latitude): Cheryomushki at 330 m a.s.l. (+3.3 °C; 530 mm) and Olenya
Rechka at 1400 m a.s.l. (—2.7 °C; 1250 mm). Therefore, a colder and wetter climate is
expected in high-mountain conditions at the upper timberline as compared to the averaged
regional characteristics.

In the present study, wood samples (5 mm diameter cores) from 54 dominant mature
trees (~10-12 m height) of P. sibirica have been collected in 2018 alongside the Abakan—-Ak-
Dovurak highway road, about 2.8 km (1.5 km in a straight line) away from the Sayansky
Pass located on the border of the two regions (Figure 1). The stand is represented by
P. sibirica with an admixture of Larix sibirica Ledeb. Continuous moss cover is comprised of
species of Hylocomium, Pleurozium, Plytrichum, and Cladonia. Undergrowth is formed by an
abundant growth of species like Vaccinium vitis-idaea L., Bergenia crassifolia (L.) Fritsch, Betula
rotundifolia Spach, and Salix sp. The age of trees gradually decreases with the elevation and
only sparse saplings (mainly larch) are found above 2050 m a.s.l. The sampling site with old
pine trees is located on a gentle slope (10-15°) facing southwestern direction (51°42.8' N
89°51.9’ E, 1970-2020 m a.s.l.).

Tree cores were sampled using increment borer at chest height (~1.3 m) in the di-
rection perpendicular to slope aspect, i.e., parallel to elevation isolines. The standard
protocols have been followed in the transportation of cores, their processing, measurement
of tree-ring width (TRW), cross-dating, and in obtaining chronologies for dendrochrono-
logical research [9] using a LINTAB 5 measuring device with an accuracy of 0.01 mm,
and computer software platforms TSAPwin, COFECHA and ARSTAN [48-50]. During
TRW standardization, the age-related trends of individual series have been removed using
cubic smoothing splines with a 50% frequency response at 67% of the series length, and
normalized local standard chronology (i.e., TRW_std) was obtained as bi-weighted average.
A total of seven old trees with tree-ring series lengths of 234-495 years (extending from
1524-1785) were selected for the measurement of parameters related to wood anatomical
structure (Table 1). The actual cambial age of these trees considerably exceeds the given
values, as most of the old pine trees have a rotten trunk with hollow inside due to prevailing
conditions in the study area, and thus, their cores did not reach the pith. Before sectioning,
cores were cut into pieces of 3-3.5 cm length (diagonally to ensure overlap of tree rings
between pieces and cross-dating without gaps), softened by soaking in the warm water for
a day, and then mounted in the specialized sample holder for the microtome. Cross-sections
of ~14 um thickness were obtained from the sampled cores using a rotary microtome (HM
340E, Microm GmbH). Each cross-section was stained with safranin, dehydrated with
alcohols of increasing concentration, embedded between the glass slide and cover glass
in Canada balsam and dried, then photographed at <400 magnification with a digital
camera (ProgRes Gryphax Subra, Jenoptik GmbH) mounted on a biological microscope
(BX43, Olympus).

These microphotographs were analyzed using the Lineyka program [51]. This program
helped in taking consecutive radial measurements of lumen diameter and thickness of
double cell walls in five radial rows of tracheids in each tree ring [52] and automatically
transforming the measurements into the cell radial diameter D and the cell wall thickness
CWT. The averaged tracheidograms were calculated from individual intra-seasonal series
of D and CWT measurements (tracheidograms) normalized by enlarging /shrinking the
cell numbers per radial row (N) to the N averaged over all five measured rows in each
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tree ring [53]. In two trees, areas of reactive wood were identified and excluded from the
analysis due to abnormal CWT values. A total of 2374 tree rings (234 to 491 per tree) were
measured covering the period 1524-2018, lasting 495 calendar years.

Table 1. Growth characteristics of sampled trees. Max, maximum value; mean, arithmetic mean; SD,
standard deviation.

T Diameter Core Cover Period (Years) Cell Number, N TRW (mm)
ree (cm) Length Calendar Years Max Mean + 1SD Max Mean + 1SD
Tree_1 46 493 1525-2018 31 120 £5.2 0.99 0.35+0.16
Tree_2 39 273 1746-2018 34 108+ 75 1.04 0.33 £0.25
Tree_3 61 327 1646-1972 49 26.8+8.2 1.60 0.84 +0.26
Tree_4 42 234 1785-2018 35 143 £5.0 1.12 0.44 +£0.18
Tree_5 47 387 1634-2018 43 185+75 1.45 0.58 £0.25
Tree_6 37 366 1653-2018 25 81+47 0.74 021 +0.14
Tree_7 38 336 1683-2018 39 172+71 1.20 0.52 £0.23

The maximum and arithmetic mean values Dmax, Dmean, CWTmax, and
CWTmean were calculated for each ring according to the averaged tracheidograms
(Supplementary materials, Figure S2), as well as the tree-ring width TRW = XD, which
was used to cross-date the anatomical measurements across LINTAB-measured TRW series.
Further analysis was carried out for N, TRW, and the aforesaid maximum and average
values of D and CWT.

The relationships between the tree-ring characteristics were modeled by linear or
exponential functions:

Y(X) =a1-X +ay, (1)

Y(X) = Ymin + (Yas - Ymin)'eiuxl (2)

where a9, a1, a are numerical coefficients; X is an independent variable; Y is the dependent
variable (i.e., modeled characteristic TRW, Dmax, Dmean, CWTmax, or CWTmean); Ymin is
the minimum initial value of the modeled characteristic in exponential models of anatom-
ical features; Y,s is the asymptotic value of the characteristic. Minimum initial values
were empirically chosen as average diameter or cell wall thickness of the cambial cell:
Dmin =7 pm, CWTpin = 1 pm. Asymptotic values of the characteristics were calculated
as an average value for rings with N > 20 for each tree, i.e., optimal for the favorable
season under the conditions of the study area. The 20 cells criterion for computing the
optimum was adopted empirically as a compromise between the presence of rings meeting
the criterion in each tree and the stable actual values of the modeled cell characteristic. In
this study, model calculations were performed for the individual trees, for the entire sample
of the site as a whole, and for local mean chronologies.

Indexing of anatomical characteristics was carried out by dividing their initial values
by the values of the developed models of their dependences on the cell number calculated
for each tree. Simultaneously, the similarity of the statistical distributions of measured
and indexed characteristics with the normal distribution was tested by considering the
histograms of distributions, their statistical characteristics (median and mean, skewness,
kurtosis), and quantile-quantile plots [54]. Local indexed chronologies of anatomical
characteristics were developed by averaging indexed series of individual trees.

Dendroclimatic analysis was performed by calculating pairwise correlations of local
chronologies of tree-ring characteristics with a 21-day moving series of temperature and
precipitation calculated from daily data. In addition, the climatic characteristics of the total
vegetative season were calculated considering its duration estimated from the dates of
the stable temperature transition through a certain threshold Ty, in spring and autumn
(via agroclimatic method used in Russia [55,56]). These characteristics are the calendar
dates (day of year, DOY) of the beginning (Dbeg) and ending (Dend) of the vegetative
season, its duration (Dur), the sums of active daily temperatures (GDD = X(T — Ty,,) for
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days of T > Ty,;) and of precipitation (Pveg) during the vegetative season. The critical
threshold value Ty, for growth and wood structure of Siberian stone pine was determined
by examining a range of values from +7 to +11.5 °C with a step of 0.5 °C and by select-
ing the value at which the characteristics of the current and previous vegetative season
have the strongest pairwise correlations with tree-ring chronologies. We also calculated
precipitation sum for the period T < 0 °C (winter before the current vegetative season), and
pair correlations of this series with tree-ring chronologies were used to indirectly assess the
effect of snow cover depth on the formation of pine tree rings. This study used a regional
estimate of temperature averaged over a large territory with a wide elevational range, and
therefore, the local temperature near mountaintops is lower than the average for the region.
This means that the Ty, estimation based on the ERA-20C series is higher than the actual
threshold temperatures at the sampling site.

The pointer years in tree-ring chronologies were determined by choosing the 5%
highest and 5% lowest values of each chronology [57] for the cover period of climatic series
1900-2010. The intra-seasonal dynamics of temperature in these years were compared with
the long-term average. Pointer years” history was also compared with that of extreme years
defined for climatic characteristics of the vegetative season as their departure from the
mean value by more than 1.5 standard deviations [57].

The low-frequency component (decadal and longer variation) of the climatic series
and tree-ring chronologies was estimated with simple smoothing using an 11-year moving
average. The tree-ring-based reconstruction models of the smoothed vegetative characteris-
tics were obtained using the best-fit (determined by comparison of explained variance, i.e.,
adjusted coefficient of determination Rzad]-) two-factor linear regressions [54].

3. Results
3.1. Relationships between Tree-Ring Traits

Tree-ring width was naturally related to their number as it is the sum of the radial
diameters of all cells along the radial row. This relationship is very close to linear for
both individual trees and the sampling site scale (Figure 2). The linear regression models
TRW(N) obtained at the individual tree scale exhibited the coefficient of independent
variable N in the range of 29.6-35.0 um. The constant term for obtained models varied
from —60 to +8 pm, but with a difference from zero insignificant at the level of p < 0.05.
The coefficient of determination was very high, 0.94-0.99 for all obtained models. The
habitat-scale model has also displayed the agreement with aforesaid ranges. No statistically
significant relationship has been found between differences in individual tree models and
tree characteristics associated with age, mean or maximum TRW (Table 1).

The morphometric characteristics of tracheids have a non-linear dependence on cell
production (Figure 3). For narrow rings, the cell size and cell wall thickness changed
synchronously with the cell number in the ring, whereas the anatomical structure of wide
rings (more than 20-25 cells) did not depend on N. This allowed considering curves with
saturation for a mathematical description of D(N) and CWT(IN) dependences, particularly
a negative exponential function. The asymptotic (optimal) values to which the maximum
and mean values of D and CWT inclined, and the numerical coefficient 2 regulating the
curvature of the transition from a positive connection to stable values were estimated
separately for each tree and for the total site sample (Table 2). The optimal values of
the morphometric parameters varied between 28-33 and 3543 pm for the average and
maximum radial cell size, and 2.0-3.0 and 2.2-3.6 um for the average and maximum cell
wall thickness, respectively. Models for the total dataset had numerical terms within the
same ranges. Numerical coefficients a were more variable for CWT (0.09-0.49) than D
(0.19-0.38). Models were closer-fitted and more uniform for Dmax (R? = 0.14-0.65 for
individual trees and 0.76 for total site sample) and Dmean (0.21-0.69 and 0.79), than for
CWTmax (0.04-0.61 and 0.37) and CWTmean (0.03-0.49 and 0.26).
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Tree-ring width, TRW (um)

2000 1 Tree_1 Tree_2 Tree_3 Tree_4
TRW =31.03N +8.34
1500 7 TRW = 31.03N - 19.76 TRW =32.88N -29.73 | 2-0.94 4 TRW=3497N -59.19
R2=0.96
R?=0.98 R?=0.99
1000 - 1 1 1
500 | 1 1 .
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2000 Tree_5 Tree_6 Tree_7 Site in total
- - TRW =32.56N —
1500 - TRW =33.03N 1 TRW=29.62N-2855 - TRW=3159N -25.27 1
25.61 K% 0.9 2097 34.04
R2=0.98 e e R2=0.98
1000 8 8 q
500 E E 1
0
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Cell number N
Figure 2. Dependences of tree-ring width on cell number, TRW(N), for individual trees and for the
total dataset of the sampling site. Dots represent actual data (tree rings), lines represent linear models
TRW(N). Model equations and determination coefficients R? are presented at each plot.
3
50 % %
GBHHIR R -
40 2 x B ? '2';9 t - i ¥ =
_ § ;}iﬁéﬁﬁ‘,,- ------ E 37 el X8
£ 30 X = N %
2 3 H1 i =
A 20 dq il 01
/
)/
10 / — — =Dmax(N) Dmax = = = CWTmax(N) x  CWTmax
Dmean(N) Dmean 0 CWTmean(N) CWTmean
0 T T T T T 1 T T T T T L
0 5 10 15 20 25 30 0 5 10 15 20 25 30

N

Figure 3. Actual values of anatomical characteristics (mean radial diameter Dyean, maximal radial
diameter Dpax, mean cell wall thickness CWTean, maximal cell wall thickness CWTp,x) and
exponential functions of their dependences on cell number N, presented on example of Tree_6.

The obtained analytical functions of dependences were used to index the anatomical
parameters by dividing the actual value with the value of the model curve for a given
number of cells in the ring. The statistical distributions of anatomical characteristics became
closer to a normal distribution both for individual trees and for the entire sample after
indexing. This has been indicated by statistical characteristics, like a decrease in the
distance between the median and the mean and a drop in the values of skewness and
kurtosis (Table 3). A closer fit to the normal distribution can also be observed from more
symmetrical shapes of the distribution density histograms and almost linear form of their Q-
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Q plots except for a small number of outliers (Supplementary materials, Figures S3 and S4).

Table 2. Numerical terms of exponential functions D(N) = Dpjn + (Das — Dmin)~e*"N,
CWT(N) = CWT i, + (CWTas — CWTpin)-e ™ fitted for relationships of mean and maximal tracheid
dimensions with cell number.

Dmax Dmean CWTmaX CWTmean
Tree Das a Das a CWTys a CWTgs a
(um) (um) (um) (um)
Tree_1 39.3 0.34 29.8 0.34 2.79 0.13 2.48 0.14
Tree_2 41.8 0.34 31.7 0.29 3.55 0.09 2.92 0.11
Tree_3 40.7 0.23 31.9 0.21 2.83 0.09 241 0.09
Tree_4 42.5 0.20 33.0 0.19 2.24 0.33 2.00 0.44
Tree_5 41.0 0.24 32.2 0.24 2.84 0.20 2.50 0.24
Tree_6 354 0.38 28.0 0.30 2.36 0.30 2.07 0.49
Tree_7 39.6 0.28 30.4 0.29 2.76 0.15 241 0.16
Total sample 40.0 0.30 31.0 0.26 2.77 0.14 2.40 0.18
Table 3. Statistics of anatomical characteristics data before and after indexation: ranges from minimal
to maximal values of each statistic for individual trees (indiv.), statistics of averaged site chronology
(chron.), and statistics for total site sample of 2374 tree rings (total). Min, minimal value; Max,
maximal value; SD, standard deviation.
.. Dmax Dmean CWTmax CWTmean
Statistics
Indiv. Chron. Total Indiv. Chron. Total Indiv. Chron. Total Indiv. Chron. Total
Measurements
Min (pum) 11.3-29.7 274 11.3 10.8-24.0 215 10.8 1.51-1.90 1.90 1.51 0.49-1.76 1.76 1.45
Max (pm) 43.4-52.0 44.6 52.0 31.8-37.9 33.6 379 2.64-4.45 3.28 4.45 1.24-3.65 292 3.65
Median (um) 33.5-40.5 383 385 25.6-31.8 29.5 29.8 2.11-2.73 2.48 237 1.00-2.25 224 2.15
Mean (pum) 32.4-40.5 382 38.0 24.5-31.7 29.3 29.2 2.11-2.73 2.50 244 1.00-2.27 2.25 2.20
SD (pm) 3.14.9 2.5 4.6 2.1-4.0 19 3.7 0.18-0.57 0.23 0.42 0.07-0.30 0.18 0.30
Skewness —1.12-0.24 —0.53 —-0.97 —1.30-—0.04 —0.63 —1.12 —0.08-1.70 0.51 1.00 —0.27-0.75 0.44 0.75
Kurtosis —0.44-5.53 122 2.23 —0.24-5.05 1.18 1.99 —0.48-2.55 0.46 1.69 0.23-2.89 0.42 0.94
Indices
Min (m) 0.49-0.82 0.80 0.49 0.59-0.79 0.79 0.59 0.72-0.81 0.89 0.72 0.71-0.82 0.88 0.71
Max (pim) 1.24-1.37 1.16 1.37 1.20-1.44 1.14 1.44 1.27-1.67 1.24 1.67 1.23-1.67 1.23 1.67
Median (m) 0.99-1.01 1.00 1.00 1.00-1.01 1.00 1.00 0.98-1.02 1.02 1.00 0.99-1.01 1.01 1.00
Mean (um) 1.00-1.01 1.00 1.00 1.00-1.01 1.00 1.00 0.99-1.03 1.02 1.01 0.99-1.02 1.01 1.01
SD (um) 0.07-0.10 0.05 0.08 0.06-0.10 0.05 0.08 0.08-0.16 0.06 0.11 0.06-0.14 0.05 0.10
Skewness —0.59-0.35 —0.06 —0.10 —0.36-0.02 —0.11 —0.25 0.19-0.78 0.44 0.68 —0.02-0.62 0.38 0.60
Kurtosis 0.21-2.89 0.46 1.76 0.10-2.25 0.50 1.78 —0.01-0.89 0.05 1.29 0.06-1.10 0.20 1.78

After indexing, the averaged local chronologies were obtained (Figure 4). Contrary
to TRW, the common external signal had noticeably decreased in the indexed anatomical
chronologies compared to the raw measurements. This is evident from the decreased
inter-series correlations of the individual tree series and their correlations with the local
chronology (Table 4).

Both before and after indexing, the maximum and mean values of the same anatom-
ical characteristics were closely related to each other and did not exhibit any significant
nonlinearity in their relationships. For individual trees, correlations between the raw mea-
surements of Dmax & Dmean and CWTmax & CWTmean were in the range of 0.60-0.90
and 0.84-0.98, respectively. After indexing, the correlation coefficients slightly decreased for
both Dmax and Dmean (0.54-0.78), and CWTmax and CWTmean (0.81-0.97). In averaged
local chronologies, these correlations had the same patterns before (D, 0.82; CWT, 0.93) and
after (D, 0.74; CWT, 0.96) indexing. The linear regressions for indexed local chronologies
were used to ensure the separation of the external signal recorded in the interconnected
characteristics (Figure 5). The corrections to the Dmean and CWTmean chronologies were
made by subtracting the regression model to obtain their residual chronologies having
zero correlation with Dmax and CWTmax, respectively. These residual chronologies con-
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tained independent information on the fluctuations of environmental conditions. A similar
approach has been used earlier to separate the external signal in the early- and latewood
width [58].
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Figure 4. Sample depth (number of measured trees for each year) and indexed chronologies of
P. sibirica tree-ring parameters. On the chronology plots, lines and shaded areas represent the mean
site chronology and standard deviation (SD) of individual tree series for each year, respectively.
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Table 4. Inter-series correlations of tree-ring characteristics before and after indexation: numerators
are a range of minimal and maximal values, and denominators are mean values. Correlations for
each pair of series were calculated over full overlap periods.

Correlations Dmax Dmean CWTmax CWTmean N TRW *
Measurements
between trees —0.08-0.62 —0.07-0.66 —0.26-0.53 —0.27-0.49 —0.41-0.70 —0.33-0.76
0.31 0.35 0.13 0.11 0.32 0.30
Ly 0.36-0.83 0.31-0.83 0.25-0.78 0.23-0.75 0.39-0.86 —0.05-0.76
with site chronology 0.64 0.67 0.52 0.52 0.68 0.41
Indices
between trees 0.00-0.29 0.05-0.39 —0.19-0.36 —0.20-0.38 B 0.20-0.58
0.19 0.23 0.07 0.06 0.42
. 0.48-0.72 0.49-0.73 0.23-0.68 0.23-0.69 0.55-0.75
with site chronology 057 0.60 047 047 B 0.65

* For TRW, individual series were represented only by seven trees selected for anatomical measurements, but
the mean series was represented by standard site TRW chronology developed from the total sample of 54 trees
(Figure 4).

12 4 Dmean_ind=0.72 Dmax_ind + 0.29 (@) 1.2 1 CWTmean=0.80 CWTmax_ind + 0.20, >(b)
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Figure 5. Linear dependencies between indexed site chronologies of tree-ring anatomical charac-
teristics: (a) function of mean cell radial diameter from maximal radial diameter, Dmean(Dmax);
(b) function of mean cell wall thickness from maximal cell wall thickness, CWTmean(CWTmax).
Equations and coefficients of determinations are also presented.

3.2. Climatic Response of Tree Ring Traits

The correlation coefficients of tree-ring chronologies with 21-day moving climatic
series from previous July to the current September (Supplementary materials, Figure S5)
have revealed weak responses of both radial growth and anatomical traits of Siberian
stone pine with precipitation (r = —0.38 - - - +0.27) and temperature (r = —0.38 - - - +0.42).
A negative reaction was noticed to precipitation of the current (May—August) and previous
(July-September) warm seasons for the radial growth and cell production. However, oppo-
site (positive) reactions have been recorded to the temperature of these months. Further,
a negative response to temperature was observed before the beginning of the vegetative
season, particularly in April (stronger for TRW) and November-February (stronger for N).

For anatomical parameters, indexing strengthened some and weakened other den-
droclimatic correlations. For instance, after indexing, Dmax revealed a positive reaction
to precipitation in late May—early July and increased positive response to temperature in
May-June, whereas the negative effect of winter temperatures and precipitation of the
previous season was weakened. For the Dmean chronology, indexing weakened the nega-
tive influence of summer precipitation but fully preserved the contrasting positive effect
of temperature in June and the negative effect of the first two decades of July. The subse-
quent removal of common signal with Dmax from this chronology emphasized negative
responses to precipitation in June and temperature in May, but completely suppressed
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the positive response to the temperature of the previous August-September. In the case
of CWTmax, indexing has led to the appearance of a positive response to precipitation
from mid-June to early August and a negative response to the temperature of the previous
September. The positive response to temperature persisted during the first two decades of
July but weakened from the end of July to August. The indexing caused similar changes
in climatic responses of the CWTmean, where the transformation of series by removing
the relationship with CWTmax resulted in significant positive responses to temperatures,
which persisted from the end of the previous year August to the first half of September,
current year January—February, and May, but were suppressed for other time intervals.

The climatic characteristics of the vegetative season were determined through the
dates of steady transition of regional temperature through a certain threshold value Ty, in
spring and autumn. They correlate well with some of the chronologies of tree-ring traits
(Supplementary materials, Table S1). This response differs depending on the considered
trait and the method of its mathematical processing. Their intensity and significance
vary for the considered range of Ty, =7 ... 11.5 °C, in most cases reaching a maximum
at a threshold value of ca. 9 °C (Table 5). Radial growth and cell number have shown
significant positive responses to the characteristics of the previous vegetative season like
Dur and Dend, while a response of lesser extent was recorded to GDD.

Table 5. Correlation coefficients between tree-ring chronologies and temperature-related climatic
variables of a vegetative season defined through dates of temperature stably increasing above and
decreasing below threshold value Ty,, =9 °C in regional temperature series (data for other values
T =7 ... 11.5 °C are presented in Supplementary materials, Table S1). Pveg, sum of precipitation
over vegetative season; Dur, duration of vegetative season (days); Dbeg, beginning date of vegetative
season (DOY); Dend, ending date of vegetative season (DOY); GDD, sum of T > Ty, during vegetative
season. Bold correlation coefficients are significant at p < 0.05.

Tree-Ring Chronology

o 3 2 g : = Z T E 2 g
: : = © | < g ol | =
Climatic 2 ) 5 A o g = - % g il =
Variable g/ z % g g 2 2 g g g g g
Z = g £ s = E g = e g 3
A z z A 5 E z
Time series per se
Pveg —0.23 -0.16 —0.12 —0.32 —0.06 —0.03 0.08 -0.18 0.25 0.27 —0.35 0.13
Dur 0.06 0.05 0.04 —0.12 0.25 0.30 0.04 —0.14 0.17 0.21 —0.25 0.18
Dbeg —0.05 0.00 —0.02 0.13 —0.09 -0.14 —0.04 0.14 —-0.08 —-0.13 0.24 —0.19
Dend 0.04 0.07 0.03 —0.06 0.27 0.30 0.03 —0.08 0.17 0.18 -0.15 0.08
GDD 0.12 0.19 0.04 —0.04 0.41 0.42 0.03 —0.07 0.29 0.29 —-0.13 0.09
Dur * 0.21 0.21 0.00 —-0.07 0.21 0.18 —0.05 -0.15 0.07 0.05 -0.17 -0.05
Dend * 0.21 0.23 0.03 —0.05 0.21 0.20 —0.03 —-0.14 0.07 0.06 -0.17 —-0.01
GDD * 0.17 0.21 0.02 —0.09 0.32 0.29 —0.01 —-0.15 0.22 0.20 —0.21 —-0.01
Time series smoothed by 11-year moving average
Pveg —0.44 —0.08 —0.37 —0.57 0.03 0.19 0.32 —0.22 0.67 0.71 —0.69 0.62
Dur 0.30 0.44 0.23 0.04 0.65 0.71 0.40 0.05 0.32 0.33 —0.33 0.16
Dbeg 0.01 —0.20 0.01 0.17 —0.37 —0.44 —0.34 0.02 —040 —041 0.36 —0.31
Dend 0.45 0.53 0.34 0.17 0.73 0.78 0.38 0.08 0.22 0.23 —0.25 0.03
GDD 0.30 0.43 0.23 0.08 0.69 0.74 0.39 0.09 0.41 0.41 —0.24 0.10
Dur * 0.50 0.60 0.41 0.25 0.75 0.79 0.41 0.14 0.17 0.18 —0.20 0.00
Dend * 0.35 0.52 0.30 0.11 0.68 0.73 0.44 0.10 0.28 0.30 —0.29 0.13
GDD * 0.35 0.48 0.30 0.16 0.71 0.75 0.43 0.17 0.37 0.37 —0.17 0.03

* Climatic variables of previous vegetative season.
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The initial raw chronologies of cell diameter did not show any response to indi-
cators of the vegetative season, but a positive response of Dmean was recorded with
Dbeg of the current vegetative season after indexing (ind), albeit it is weak and unstable
(Supplementary materials, Table S1). The residual chronology (res) of mean cell diameter
showed more consistent positive dependence on the current Dbeg and a negative reliance
on Dur of both current and previous seasons. The raw chronologies of cell wall thickness
were positively related to Dur, Dend, and particularly the GDD of both current and previous
seasons. After indexing, a significant positive response persisted only for GDD and Dur of
the current season. The Dbeg had a weak negative correlation to the measured and indexed
CWT chronologies, significant only for high values of regional threshold temperatures
Tihr- The residual chronology of CWTmean has revealed a weak opposite response to the
characteristics of the current season compared with the residual chronology of Dmean. The
precipitation of the vegetative season negatively influenced the cell production, raw and
residual chronologies of Dmean, and positively affected indexed chronologies of CWTmax
and CWTmean (Table 5). We also assessed the impact of the amount of precipitation over
winter preceding tree-ring formation (period of regional temperatures T < 0 °C), but the
correlations of this factor with all tree-ring chronologies were insignificant (from —0.15
to 0.19).

Interestingly, in the study area, some of the considered climatic characteristics of the
vegetative season were significantly correlated with each other. For instance, the series
of duration, Dend, and GDD had close positive correlations (r = 0.76-0.79 at Ty, =9 °C)
with each other. The beginning date of the vegetative season was negatively correlated
with Dur (r = —0.68), GDD (r = —0.33), and Dend (r = —0.24). The amount of precipitation
had moderate positive correlation with Dur (r = 0.41) and Dend (r = 0.24) and negative
association with Dbeg (¥ = —0.41), but it did not show a significant correlation with GDD
(r=0.09).

The dynamics of years with large deviations in the characteristics of the vegetative
season (Figure 6a) during 1900-2010 displayed a semi-cyclical interchange of long-term
periods with frequent negative climatic extremes, which has been observed as cold and
short vegetative seasons (early 1900s, 1955-1990), and periods with more frequent long
and warm vegetative seasons (1915-1955, 1990-2010). For each tree-ring chronology, the
five highest and five lowest values were identified within this duration of the instrumental
climatic series (Figure 6b). The general pattern showed that a lower amount of radial growth
and cell production, and the formation of small and thin-walled tracheids were typically
linked with periods of a large number of negative heat supply extremes. Chronological
coincidences of the maximum deviations in the tree-ring chronologies have also been
observed with climatic extremes of the current and previous vegetative season. For example,
short and cold growing seasons during 1912-1914 have led to the formation of rings with
extremely thin-walled cells (light rings), and an opposite reaction was observed for the years
1931, 1935, and 1939, where 1935 also showed a large radial growth. In 1987, the impact
of low heat supply over the vegetative season has been reflected from the cell sizes of the
current year ring and cell production in the following year. The temperature dynamics from
July of the previous year to September of the current year (smoothed by the 21-day moving
average) differs significantly for pointer years of different signs (Supplementary materials,
Figure S6). The suppression in cell production and TRW has been associated with the colder
August of the previous season and June-July of the current season and prolonged severe
winter frosts, but with a warm March—April. Maximum cell production and radial growth
were achieved with a warm September of the previous year, stable temperatures during
the winter, and a warm June-July. Similar patterns have been observed in the chronologies
of Dmean except for winter temperatures. However, Dmax expressed a positive effect
of the current season temperatures only during May to the first half of June. CWTmax
and CWTmean suffered during the years with low temperatures throughout the summer,
but the influence of severe winter frosts was observed before the formation of rings with
thick-walled cells, which effects were more pronounced after indexing. The contribution of
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temperatures after the summer solstice became noticeable in the extremes of the residual
Dmean chronology. Whereas the formation of thick walls after the warm end-of-winter
period and spring were demonstrated in CWTmean_res chronology.
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Figure 6. Extreme and pointer years: (a) departures up (O) and down (e) beyond the range of
(mean =+ 1.5 SD) for climatic characteristics of a vegetative season defined through the threshold
value Ty, = 9 °C in regional temperature series: sum of precipitation (Pveg), duration of season in
current (Dur) and previous year (Dur®), its beginning date (Dbeg), its ending date in current (Dend)
and previous year (Dend*), sum of temperatures T > Ty,, in current (GDD) and previous year (GDD*);
(b) 5% of the highest (O) and the lowest (o) values for each tree-ring chronology over 1900-2010
(period of climatic series).

Smoothing the time series by the 11-year moving average (filtering low-frequency
variations) has helped in obtaining higher dendroclimatic correlations reaching 0.5-0.8 for
some tree-ring chronologies and climatic variables of the vegetative season (Table 5). As
a result of linear regression analysis, two-factor reconstruction models have been selected
based on anatomical chronologies (both initial and processed) which explain 32% of the
variation in long-term fluctuations for Dbeg and above 61% of the variation in long-term
fluctuations for the other considered climatic variables (Table 6). Comparison of the plots
of reconstruction models and instrumental series (Figure 7) demonstrated that the obtained
models capture the frequency as well as the curve shapes of long-term climatic fluctuations
(e.g., more abrupt or more gradual changes). The patterns of reconstructed long-term
fluctuations have also been confirmed by the comparison between the GDD reconstruction
model and the reconstructed June-July temperature Ty obtained for western Mongolia
(49.95° N 91.28° E, ~220 km southeast of the study area) based on the blue intensity
chronology of Siberian larch, which was developed by Davi et al. [59]. A weak positive
correlation (r = 0.20, p < 0.05) has been found between these two reconstructed smoothed
series of the summer climate characteristics. However, these reconstructions were carried
out for different, albeit related variables (e.g., the actual GDD series has a correlation
r = 0.38 with the Tj; model per se and r = 0.40 when comparing smoothed series). It has
been worth noting that the general patterns of long-term fluctuation of the reconstructed
GDD and Mongolian Tjj were still observed during 1524-1648 when the sample depth for
wood anatomical chronologies of Siberian stone pine was less than three trees.
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Table 6. Wood-anatomy based linear regression reconstruction models for temperature-related
climatic variables of a vegetative season defined through dates of temperature crossing threshold
T =9 °C in regional temperature series. Pveg, sum of precipitation over vegetative season; Dur,
duration of vegetative season (days); Dbeg, beginning date of vegetative season (DOY); Dend, ending
date of vegetative season (DOY); GDD, sum of T > Ty,, during vegetative season.

Dependent

Explanatory

2 2 .
Climatic Variable Anatomical Variables R R Raq F2.98) P SE
Pveg Dmean_res, CWTmean_ind 0.806 0.650 0.643 91.1 <0.0001 18.9
Dbeg Dmean_res, CWTmean_raw 0.579 0.335 0.321 24.7 <0.0001 2.15
Dur Dmean_res, CWTmean_raw 0.794 0.631 0.623 83.8 <0.0001 3.69
Dend Dmean_res, CWTmax_raw 0.813 0.662 0.655 95.8 <0.0001 2.38
GDD Dmean_res, CWTmean_raw 0.790 0.625 0.617 81.5 <0.0001 28.6
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Figure 7. Actual series and reconstruction models of the long-term variation (11-year smoothed)
components of vegetative period climatic variables: precipitation sum (Pveg) and sum of temperatures
above threshold (GDD). Black lines represent reconstructed time series, shades represent range
=+ standard error of estimation (SE), and thick colored lines represent actual data. On the GDD
plot, dotted line represents a reconstruction of June-July temperature in Western Mongolia (49.95° N
91.28° E) based on larch blue intensity chronology [59], also smoothed by an 11-year moving average.
Mongolia Tjj reconstruction series were obtained from ITRDB (https://www.ncei.noaa.gov /access/
paleo-search/study/33614; accessed on 2 February 2022).

4. Discussion
4.1. Quantitative Description of Relationships within Tree-Ring Structure

The tree-ring width as a sum of cell radial diameters is the outcome of cell division
in the cambial zone and their subsequent growth by expansion during the season. This
indicated an extremely close linear relationship TRW(IN) because of a much more severe
limitation of D variability compared to cell production. The unabated significance and
fitness of linear regression function during upscaling from an individual tree to a habitat
scale indicated the main dependence of these D restrictions (range of variance) on the
habitat conditions, i.e., soil, landscape, range of climatic fluctuations, and on the common
population/provenance [60,61]. The presence of small variability of numerical coefficient
for the independent variable N can possibly be explained by differences between allometry
of trees [62,63], micro-conditions [64], as well as different proportions of narrow rings,
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where a significant dependence D(N) leads to a deviation of TRW(N) from the purely
linear function. Apparently, in wide rings, the average and maximum values of inves-
tigated cellular parameters D and CWT fluctuate around values reflecting the optimal
functionality of the xylem for each tree due to the above factors. Stress conditions lead
to the inhibition of all growth processes and result in the formation of a few small and
thin-walled cells [44], which was indirectly supported by positive correlations between
anatomical parameters [65]. An increase of interrelations in the narrow rings led to expo-
nential patterns of D(N) and CWT(N). The uniform shape of the curves for the mean and
maximum values of D and CWT presumably indicated this pattern to be a common rule
for considering individual zones (earlywood, transition wood, latewood) or even narrower
sectors of the tree ring as well as for other morphometric parameters of tracheids, which
are functionally related to cell size and wall thickness. This assumption is supported by
the exponential dependence of the maximum wood density on TRW as demonstrated
by Kirdyanov et al. [66] as wood density is determined mainly by the cell morphometric
parameters [67,68]. We assume that the principle of this relationship does not depend at
all on the tree species and the nature of stress factor, as entirely the same function curves
were obtained for Scots pine wood under the semiarid conditions of the forest-steppe with
drought as the main stressor [69]. Different from this previous study, the numerical terms
of the exponential models have been selected here with utmost care: D,s and CWT,s values
were calculated mathematically according to their interpretation as optimal values (average
for the widest rings).

Indexing of TRW chronologies removes or suppresses long-term trends associated
with the dynamics of tree age, size, and intensity of competition. These trends largely
vary between trees [9], therefore, the common external signal in the TRW series naturally
increases after indexing. Simultaneously, in the proposed indexing of cell anatomical
characteristics the suppressed component enclosed the information on the intensity of
xylem cell production, which is partially common to all trees, and records environmental
conditions before and during the period of cambial activity. Since the nonlinear model has
a high dependence on the narrowest rings, the removal of this component suppressed the
response to the extremes most crucial for cambial activity. As a result, the indexed anatom-
ical chronologies have mostly preserved the climatic signal recorded during the further
stages of xylem cell differentiation, which was just part of the common signal present in the
raw series. This has led to a decrease in inter-series correlations after indexing. Remarkably,
despite this decrease, the intensity of the climatic signal in anatomical chronologies has
been unabated after the indexation. Since the annual variation of climatic factors, as a rule,
has a distribution of values close to normal, near-normal distribution of indexed anatomical
traits also contributes to the preservation of the significance of the Pearson correlations and
the adequacy of their use as an estimate of the climatic response.

The P. sibrica wood has difficulty in separation of early- and latewood zones using
any unequivocal quantitative anatomical criterion (for example, Mork’s criterion [70,71])
because of the low ratio of latewood, a relatively small morphometric difference between
earlywood and latewood cells, and frequent occurrence of light rings (absence of CWT
increment in latewood) due to cold conditions. Therefore, the anatomical characteristics
of these zones were assessed in this study indirectly using Dmax and CWTmean_res for
earlywood and CWTmax and Dmean_res for latewood.

4.2. Climatic Response Patterns and Separation

There has been a widespread idea that spring-summer temperatures closely regulate
the tree growth in the upper boundaries of the growth range, which is a simplistic statement
as it does not consider the possibility of a significant influence of other climatic factors
and events [12,72-74]. However, a deficit in heat supply was the prevailing stressor
under the cold-humid conditions of the timberline [74,75], and most of the observed
climatic responses from this study during the vegetative season should be interpreted with
this viewpoint. Positive correlations of tree-ring parameters with temperatures during
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the corresponding stage of cell differentiation are provided by a direct effect, namely
thermal regulation of the rates of biochemical reactions and increasing the duration of
cambial activity by the early start of the vegetative season [44,76-78]. Therefore, the sum
of active temperatures also turns out to be a very significant factor for tree growth in
this ecotone [79,80]. At the end of the season, heat supply affects both the CWT of the
latewood cells of the current ring and the synthesis of nonstructural nutrients stored for the
next season [81,82]. Therefore N, TRW, and D reflect the climate at the end of the previous
vegetative season. Precipitation indirectly serves as a cooling factor, is associated with lesser
insolation through cloudiness, and also causes a reduction in soil oxygen concentration and
the root activity through waterlogging [83,84]. The positive correlation between the amount
of precipitation over the vegetative season and the cell wall thickness, in our opinion, can
be an artifact from the positive correlation of this variable with the duration and end date of
the season. Temperature fluctuations during the cold season are an additional stress factor
that damages tree tissues, which decreases the availability of the resources for secondary
growth later [85,86]. Before the beginning of the vegetative season, a combination of
positive air temperatures with frozen soil under snow cover leads to physiological drought,
which damages the tissues too ([87], see also study of Zhirnova et al. [32] and the effects
of winter thawing [88]). The predominantly coinciding directions of pointer years with
years of climatic extremes (except for the beginning date of the vegetative season, where
the picture is opposite) also indicate a positive effect of high heat supply and the longer
duration of the season over cell production, their size, and wall thickness.

The maximum values of cell measurements naturally refer to particular tracheids,
located in the first half of earlywood for Dmax and in the middle of latewood for CWTmax.
However, these maximum values should generally correspond to larger durations of the
respective cell differentiation stage compared to cells of different tree-ring zone, e.g., for
conifers in boreal and alpine forests, the literature suggests an estimated time of ~20 days
(more than half of the month) for earlywood cell expansion and >30 days for latewood
cell wall deposition [89-91]. Additionally, there are variations associated with (1) location
of the largest (most thick-walled) cell within earlywood (latewood), and (2) year-to-year
phenological shifts of the onset and cessation of xylogenesis (observed, e.g., in [77]). This
introduces temporal uncertainty about the calendar intervals in the development of Dmax
and CWTmax and expands the intra-seasonal window of actual climatic records in their
long-term chronologies. Thus, significant dendroclimatic correlations are expected on
a monthly scale if actual climate—growth relationships exist for these anatomical parameters.

After separating the climatic signal by indexing the anatomical chronologies, the
obtained signal was accentuated during the parts of the season corresponding with the
seasonality of the processes of cell expansion (D) and the deposition of the secondary cell
wall (CWT) and commonly weakened for a period of cambial activity (IN). It means that
in a dendroclimatic analysis (including reconstructions) of quantitative wood anatomical
traits, the intra-seasonal framework of the modeled climatic proxy can be adjusted not only
by choosing certain zones of the tree ring and particular anatomical parameters but also by
choice of raw and/or indexed anatomical chronologies.

4.3. Reconstruction of the Climatic Characteristics of the Vegetative Season

The reconstruction models obtained under this study used quite integral climatic
variables. It has led to the inclusion of non-indexed anatomical chronologies in the models,
which to a certain extent integrates the climatic response from the previous stages of
tracheid differentiation in addition to their own. Interestingly, both radial growth and
anatomical chronologies have a pronounced similarity in the dynamics and pointer years
not only with the high-frequency climatic fluctuations but to a much greater extent with
the low-frequency changes in the characteristics of the vegetative season. The observation
of Kharuk et al. [30] indirectly supported the reaction of P. sibirica with long-term climatic
fluctuations rather than year-to-year climatic variations. according to that study, the
correlations of its TRW were significant during the period of rapid warming (and were
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even more definite than for larch, a species known for its climate sensitivity), but were
absent for the period of stable temperatures before it. However, our observations show
that morphometric traits of P. sibirica tracheids have even more pronounced climatogenic
long-term fluctuations as compared to cell production and TRW.

As shown in the study of Nikolaeva et al. [17], the radial growth of Siberian stone pine
in high mountains is characterized by significant long-term changes caused by geomor-
phological processes and stand dynamics. As obvious, such impacts, especially related to
changes in stand density, can vary for individual trees depending on their spatial location
and competitive position in the stand. For example, the death of a large dominant tree
can sharply intensify the growth of the surrounding oppressed trees due to an increase in
available resources and living space [92,93], which can significantly distort the picture of
long-term climatogenic fluctuations in radial growth [94]. On the other hand, the hydraulic
architecture and thus the anatomical structure of the xylem have functional limitations
within one population and habitat tightly linked to the environmental temperature and
moisture availability [95,96], and therefore to climatic conditions. In addition, we can
assume that water supply through a high percentage of sapwood area (i.e., a lesser pro-
nounced lumen limitation in latewood) and a high proportion of sapwood within trunk
cross-section (e.g., ~55% in [97]) caused long-term autocorrelation in the water supply
capacity of stem xylem of Siberian stone pine. The colder areas like the upper timberline
typically witness slow growth of trees [98] and therefore observed lesser changes in tree
water demands except in cases of partial die-off. This effect was enhanced by the fact
that stone pines implement a common strategy of slow accumulation and utilization of
resources [99], which has been demonstrated by Ning et al. [100] in a comparative study
of P. coraensis and larch. Further, stone pines of the study area are reaching a massive
size (in diameter, height, and area of the photosynthetic apparatus) in their long lifespan,
which indicates their relatively large capacity of accumulating non-structural assimilates in
storage tissues. We believe that all of the aforementioned factors caused the synchronicity
of long-term climatic fluctuations with corresponding, albeit more subtle, slow changes in
the wood anatomical structure of P. sibirica. Thus, this same combination of the ecophysio-
logical features might have been the reason behind its well-known low sensitivity of radial
growth to high-frequency climatic fluctuations due to which this species and its closest
relatives are still being underestimated by dendrochronologists.

Comparison between the obtained model of the vegetative season GDD and one of
the nearest territorially reconstructions of summer temperatures [59] exhibited similar
fluctuation in heat supply even in the period of insufficient sample depth, which has
supported the revealed dendroclimatic relationships. However, in addition to the obvious
stochastic uncertainties, the differences observed in the models might be related to several
reasons. Firstly, the reconstruction models are of two different climatic variables, albeit
related to each other, but differing in seasonality and calculation method. Secondly, the
desynchronization could be provided by a distance of above 200 km between the respective
study areas and their location on different macro-slopes of the large mountain system.
Thirdly, the contribution of different intensity and seasonality of the temperature response
of the used proxies is possible (differences between stone pine and larch species and the
use of different tree-ring parameters). A discrepancy in the longest centennial fluctuations
is also possible, which has been recorded for long-term temperature reconstructions even
on the global scale [101]. These considerations require further analysis and continued
research into the possibilities of obtaining long-term climatic reconstructions based on
anatomical chronologies.

5. Conclusions

This study demonstrates quantitative wood anatomy as the best alternative measure
of traditional dendroclimatology of P. sibirica for climatic fluctuations which cannot be
detected in TRW. Additionally, the morphometric parameters free from the influence of cell
production offers better climatic signal recorded at corresponding stages of cell differen-
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tiation. Further, the dendroclimatic analysis revealed the prevailing growth dependence
of P. sibirica tree on heat supply due to cold-humid conditions of timberline in the study
area. Climatic signal in anatomical chronologies was separated from the signal in cell
production after their indexation. This indicates that the intra-seasonal framework of den-
droclimatic reconstructions based on quantitative wood anatomical traits can be adjusted
through selecting specific zones/traits of the tree rings and including raw and/or indexed
chronologies. The radial and especially anatomical chronologies of P. sibirica revealed
pronounced similarities in the dynamics and pointer years to a greater extent with low-
frequency climatic fluctuations. The synchronicity of long-term climatic fluctuations with
corresponding, albeit more subtle, changes in the wood anatomical structure, is thought
to be part of the physiological adaptation strategy of P. sibirica. Comparison between the
obtained model of the vegetative season GDD and one of the nearest territorially recon-
structions of summer temperatures from Mongolia exhibited similar fluctuation in heat
supply even in the period of insufficient sample depth, which has supported the revealed
dendroclimatic relationships.
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