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Abstract: Dendroclimatology has focused mainly on the tree growth response to atmospheric vari-
ables. However, the roots of trees directly sense the “underground climate,” which can be expected
to be no less important to tree growth. Data from two meteorological stations approximately 140 km
apart in southern Siberia were applied to characterize the spatiotemporal dynamics of soil tempera-
ture and the statistical relationships of soil temperature to the aboveground climate and tree-ring
width (TRW) chronologies of Larix sibirica Ledeb. from three forest-steppe stands. Correlation analy-
sis revealed a depth-dependent delay in the maximum correlation of TRW with soil temperature.
Temperatures of both the air and soil (depths 20-80 cm) were shown to have strong and temporally
stable correlations between stations. The maximum air temperature is inferred to have the most sub-
stantial impact during July—September (R = —0.46——0.64) and early winter (R = 0.39-0.52). Tree-ring
indices reached a maximum correlation with soil temperature at a depth of 40 cm (R = —0.49-—0.59 at
40 cm) during April-August. High correlations are favored by similar soil characteristics at meteoro-
logical stations and tree-ring sites. Cluster analysis of climate correlations for individual trees based
on the K-means revealed groupings of trees driven by microsite conditions, competition, and age.
The results support a possible advantage of soil temperature over air temperature for dendroclimatic
analysis of larch growth in semiarid conditions during specific seasons.

Keywords: climate-growth relationship; dendroclimatology; larch; soil temperature; tree rings

1. Introduction

The influence of climate on the growth and vitality of vegetation is extremely im-
portant and widely studied, but usually only in relation to aboveground climatic condi-
tions [1,2]. However, the root system, albeit shielded by the soil from the direct impact
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of weather, plays a vital role in plants” intake of water and mineral resources [3]. There-
fore, it is reasonable to expect that seasonal moisture and temperature fluctuations in the
root-inhabited layer of soil will have no less effect than atmospheric weather on the plant
organism. Low soil temperature suppresses the functioning of roots [4], and the water
content of the root-inhabited layer of the soil is a more direct measure than precipitation of
the moisture available to the plant [5]. Thus, investigating the interactions between vegeta-
tion and the “underground climate” should be of great importance and practical relevance.
However, the spatial heterogeneity of climatic fields presents limitations challenging to
overcome for both atmospheric and soil variables.

In dendrochronology, the main approach to estimating the impact of climate on
tree growth has been to identify the statistical relationships between long-term climatic
series and the dynamics of ring width (TRW) or other parameters of tree rings [1,2]. This
dendroclimatic approach takes advantage of the annual resolution and multicentennial
length of tree-ring chronologies, the availability of tree-ring sites across a wide range of
forest ecosystems, and the demonstrated reliability of the methodology to identify and
measure the strength of climate-growth relationships. Studies have also confirmed that
standardized TRW chronologies are good proxies for net primary production and carbon
allocation in forest stands [6,7].

On-site data from logger sensors are severely limited in duration and availability
and, therefore, are rarely used in dendroclimatic studies [8,9]. The traditional data sources
are meteorological stations at distances up to 100 km and more from the tree-ring site or
interpolated gridded climate networks with spatial resolutions ranging from less than one
kilometre to several degrees (e.g., [10-13]). Dendroclimatic relationships can be further
obscured by the heterogeneity of vegetation cover (modulation of microclimate by the
forest canopy [14-16]), terrain, and elevation. Nevertheless, a long history of research has
proven that aboveground climatic fields (especially temperature) are sufficiently spatially
coherent for identifying the important seasonal influences on tree growth.

The spatial complexity of the underground climate is even greater than that of the
aboveground climate. Evidently, soil temperature and moisture are driven by aboveground
weather [17,18]. The temperature regime of the soil is defined by heat exchange with the
surface atmosphere and, therefore, depends on the air temperature and insolation over a
previous time period [7,19-21]. However, many factors modify heat transfer and add spatial
variability to the soil temperature regime: the heat-insulating effect of snow cover [22-25],
additional heat transfer by water evaporation or seepage to deeper horizons [18,26], the
presence of permafrost [27-31], and, of course, the chemical and granulometric composition
of the soil (determining its heat capacity and thermal conductivity [32,33]).

The forest cover itself can further influence the soil thermal regime by reducing
insolation and surface temperature fluctuations under the canopy [9,34], and the soil can be
insulated from the air above by leaf litter and other detritus [35-38]. In effect, the complex
dependence on local conditions favours a more mosaic structure of temperature in the
soil than in the atmosphere and raises the question of whether soil climatic data distant
from the tree-ring site are suitable at all for dendroclimatology. The low availability of long
instrumental soil-climate time series also contributes to the limited interest of the scientific
community in studying the influence of the underground climate on plants. Some attempts
have been made, however, to include instrumental series of soil temperature alongside
those of other climatic variables in dendroclimatic correlation analysis [39—41]. The success
of even tree-ring reconstruction of soil temperature [42] supports the credibility of further
investigation of the soil temperature data value in dendroclimatology.

A promising region for studying the influence of soil temperature on tree growth is
southern Siberia. The region contains demonstrated climate-sensitive tree-ring chronolo-
gies [43—46] and is characterized by intermontane valleys with a wide diversity of land-
scapes and vegetation. Forest ecosystems here reach their semiarid forest-steppe border on
the valley floor, and trees are moisture-stressed such that growth is significantly correlated
with air temperature (negatively) and precipitation (positively) [43—46]. In one prominent
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valley, the Khakass-Minusinsk Depression, with several tree-ring sampling sites, daily soil
temperature measurements at several depths are available for two meteorological stations.
The purpose of this study is to verify the applicability of the soil temperature data for
dendroclimatic studies within the region, i.e., to quantify the strength of the relationship of
the soil temperature at meteorological stations with indices of tree-ring width from forest
stands at some distance from the stations. Three objectives are addressed in this paper.
The first is to quantify the relationships between air and soil temperatures at different
depths and compare the long-term climatic dynamics of temperature above and below
ground between the two meteorological stations. The second is to determine the dendro-
climatic suitability of the soil temperature series from these stations at the habitat scale
by comparing the strength of the relationships of local larch chronologies to air temper-
ature, precipitation, and soil temperature. The third is to investigate the contribution of
soil-landscape complex spatial heterogeneity to the variability of climate response on the
scale of individual trees.

2. Materials and Methods
2.1. Geographical Setting, Climatic Data Sources and Climate of Study Region

The study was carried out in south central Siberia, in the foothills of the Bateni
Ridge (Figure 1). This low (up to 1200 m a.s.l.) spur of the Kuznetsk Alatau mountain
system, covered with mixed stands of Siberian larch (Larix sibirica Ledeb.), Scots pine
(Pinus sylvestris L.), and silver birch (Betula pendula Roth.), intrudes into the drier and
hotter steppes of the Khakass-Minusinsk Depression (250-500 m a.s.1.), through which the
middle course of the large Yenisei River flows. In the low montane zone, especially in
the foothills, the elevation of the boundary between forest and steppe vegetation strongly
depends on the orientation of the slope. While shaded northern aspects are occupied by
closed forest stands, sunlit southern aspects are represented by open forest interspersed
with isolated trees (mainly conifers) and steppe grasses. The soils are loamy and stony;
mainly grey forest soils characterize the ridges, and southern chernozem soils are more
common in the steppe zone. Data on soil types were accessed from the Information System
Soil-Geographical Database of Russia by the Soil Data Center of the M. V. Lomonosov
Moscow State University (https:/ /soil-db.ru/map; accessed on 7 October 2021).

The climatic data consist of daily air temperature, soil temperature, and precipitation
series for stations Shira (SHIRA, 54.50° N 59.93° E, 475 m a.s.l.) and Minusinsk (MIN, 53.72°
N 91.10° E, 255 m a.s.l.) (Figure 2). SHIRA is located on loamy soils in the steppe zone near
the northern border of the ridge, west of the Yenisei River. MIN, the nearest meteorological
station to the southeastern tip of the ridge, is located on Aeolian sandy soils on the opposite
bank of the river. Landscape and soils are less similar at MIN than at SHIRA to conditions
at the forest stands studied. Monthly and seasonal averages of climate variables were
computed for the period of maximum instrumental data coverage, 1985-2000 (Figure S1).
At SHIRA, the average annual air temperature (1985-2000) is approximately +1.4 °C, and
the average annual precipitation is 290 mm; at MIN the corresponding values are +1.9 °C
and 360 mm. The average annual soil temperatures differ little with depth: 3.3-3.6 °C at
SHIRA and 5.2-5.6 °C at MIN, for depths of 20-320 cm. The regional climate is sharply
continental [47], with large daily and seasonal variations in air temperature. Cold winters
with little snow last from November to March; snow makes up only ~20% of the annual
precipitation and falls mainly in November. Snow cover usually melts quickly in spring.
For example, at MIN, snow cover was recorded in 71% of the years, 19162020, on 15 March,
but in only 18% of the years on 1 April. The mean snow depths on these dates were 8.3 and
1.9 cm, respectively. The frost-free period (positive minimum daily temperature) lasts on
average from May to September. During the same interval, the average daily temperature
exceeds +5 °C, such that the interval can be regarded approximately as the vegetative
season. Summers are hot, with seasonal maximum rainfall in July. The moisture deficit in
the forest—steppe ecotone of the continental climatic zone is distributed relatively evenly
over the vegetative season, both on average and in regard to drought events.
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Figure 1. Map of the study area displaying sampling sites in foothills of the Bateni Ridge (circles)
and the two closest meteorological stations (triangles). The insert shows the location of the study
area in Russia. The background map is based on satellite data© 2020 Google; the insert schematic
map was adopted from the cropped map of Khakassia within Russia under CC BY-SA 4.0 (https:
/ /commons.wikimedia.org/wiki/File:Map_of_Russia_-_Khakassia.svg; accessed on 7 October 2021).
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Figure 2. Intra-seasonal climate dynamics at two meteorological stations: daily series of precipitation, air temperature
(minimum, maximum, and mean), and soil temperature at depths of 20, 40, 80, 160, and 320 cm averaged over the period
with minimal missing data at both stations (1985-2000; see Figure S1 for cover periods of available climatic series).

The average (1985-2000) seasonal curves of the mean, maximum, and minimum air
temperatures at SHIRA and MIN are synchronous and practically parallel, i.e., these three
variables have similar average seasonal variations (Figure 2). The average daily range
(max—min) of air temperature is 13.1 °C at MIN and 10.0 °C at SHIRA. The range of the
seasonal curves of minimum, maximum, and mean temperature is 41.6-43.1 at MIN and
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37.2-39.7 °C at SHIRA. The seasonal curves of soil temperature lag those of air temperature,
and the lag increases with depth (Figure S2, Table 1). The seasonal range of soil temperature
decreases with depth.

Table 1. Soil temperature: seasonal dynamics and cross-correlations with mean air temperature.

Cross-Correlation of

Depth, cm Seasorolz:l Fange, Average Seasonal Curves Long-Term Daily Series, Mean Long-Term 21-Day Series, Mean
Delay, Days R ** Delay, Days R Delay, Days R
MIN
20 36.0 (—11.2—+24.8) 5 0.990 1 0.68 2 0.72
40 32.7 (-10.1-+22.7) 10 0.989 2 0.63 4 0.75
80 25.5 (—7.0-+18.5) 22 0.985 4 0.46 9 0.64
160 15.9 (—2.0-+13.9) 45 0.979 insignificant R 21 0.40
320 7.9 (+1.6-+9.6) 81 0.985 insignificant R insignificant R
SHIRA

20 30.3 (—10.6-+19.7) 9 0.990 1 0.67 3 0.69
40 26.0 (—8.8-+17.1) 16 0.989 2 0.57 5 0.66
80 20.7 (—6.5-+14.2) 28 0.986 5 042 10 0.58
160 13.7(—3.0-+10.7) 49 0.977 insignificant R 19 043
320 5.5 (+0.8-+6.3) 98 0.975 insignificant R insignificant R

* Seasonal temperature range was calculated as the difference of maximum and minimum values on average seasonal curve computed for
1985-2000. ** R is the maximum cross-correlation coefficient between seasonal curves or long-term series of mean daily air temperature
(Tmean) and soil temperature; presented values are significant at p < 0.05.

Soil freezes to a depth greater than 1.6 m at both stations. Year-to-year fluctuations in
soil temperature lag behind those of air temperature (correlation between long-term series
is highest when soil temperature series are compared with air temperature series some
days prior), although the lag is shorter than for the seasonal curves shown in Figure 2. In
general, the relation of soil temperature to air temperature weakens with depth faster at
SHIRA than at MIN. This applies to all aspects: the decrease in seasonal range, the decrease
in maximum cross-correlation, and the increase in delay.

The distance between meteorological stations SHIRA and MIN is ~142 km. Over
the common period 1985-2000, between-station correlations of the same daily series (e.g.,
Tmean o0 1 July at SHIRA and Tiean on 1 July at MIN) are significant at p < 0.05 for almost
the entire year for air temperatures and for soil temperatures at depths <1 m and average
correlations are 0.7-0.8 (Figure S3). At greater depths, between-station correlations for
soil temperatures are lower in winter and the beginning of spring than at other times of
the year. If daily series are smoothed by a 21-day moving average, the patterns of the
relationship between the temperature regimes of the two stations remain the same. In
contrast to temperature, daily precipitation series at the two stations are not significantly
correlated. This is expected because of the stochastic spatiotemporal nature of precipitation,
but some significant correlations emerge in the 21-day moving averages. Between-station
correlations of 21-day-average precipitation vary over the year from —0.2 to 0.9 and are
significantly positive at p < 0.05 for only ~56% of the year.

2.2. Tree-Ring Sites, Sampling, Measurement, and Data Processing

The study was carried out at three forest stands along the border of the Bateni Ridge
and the Khakass-Minusinsk Depression (Figure 1): TUIM (54.41° N 89.96° E, 550-600 m
a.s.l.) in the northwest, KAM (53.92° N 90.60° E, 700-770 m a.s.l.) in the southwest, and
BID (54.00° N 89.98° E, 640-670 m a.s.l.) at the southeastern tip of the ridge.

The landscape at TUIM is slightly hilly (slopes < 5°). Single larches or small clumps of
trees grow on rocky soil among dry steppe vegetation (scarce and low herbaceous plants,
mainly Gramineae species). BID is characterized by a chain of hills where larch-pine stands
with an admixture of birch have a maximum density on the northern slopes and a minimum
density on the southern slopes. Herbaceous vegetation is mainly represented by forbs.
Samples at BID were collected in the lower parts of southeastern and eastern gentle slopes
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(<15°) from closed stands and clearings at the edges of the stands. At KAM, a small valley
is enclosed by hills; larch grows in closed stands with birch and a herbaceous undercover
of forbs on shaded northern slopes. The flat valley floor is covered with various grasses
and a few freestanding larch and birch trees, while the steeper and stony sunlit slopes are
covered with vegetation very similar to that at TUIM. Core samples were collected from a
variety of microsites: the lower forest edge on the northern slope, freestanding trees on the
valley floor, and clumps of trees on the western and southern slopes.

Wood samples (cores) were collected from healthy mature living larch trees without
signs of mechanical damage and without close neighbours. The first collection at all three
sites was carried out in 2012-2013. Additional sampling was carried out in 2019 when the
location of each sampled tree was recorded. Patterns of microconditions for individual
trees sampled in 2019 were derived qualitatively from stand density and landscape con-
firmed by satellite and topographic maps, respectively, and from recorded observations
of the herbaceous vegetation. Samples were collected and processed using standard den-
drochronological techniques [48]. For each individual tree, cambial age (number of rings
from pith to bark) was calculated. For cores missing pith, pith offset was estimated from
curvature of the innermost rings with the concentric circles method [49], and cambial age
was adjusted accordingly.

Tree-ring chronologies sensitive to climatic fluctuations at these sampling sites have
been developed and analyzed by Zhirnova et al. [45]. The individual TRW series were
measured on a LINTAB stage using the program TSAP [50] and were cross-dated visually
with the help of the program COFECHA [51]. Site chronologies were developed statistically
using the program ARSTAN [52]. This process consisted of (1) removal of age-related trends
by a cubic smoothing spline with a 50% response at 67% of the sample length, (2) removal of
low-order autocorrelation (which is assumed to represent year-to-year biological carryover
processes), and (3) averaging of resulting individual indexed series within each sampling
site using the biweight mean.

2.3. Statistical Analysis

The quality of the TRW chronologies was summarized by the following statistics:
standard deviation, mean sensitivity [1], mean inter-series correlation coefficient [53], and
expressed population signal (EPS, [54]). To identify the relationships of climatic parameters
with each other and with the TRW of larch, we used pairwise Pearson correlation coeffi-
cients and lagged cross-correlations [55]. For dendroclimatic analysis, we used climatic
variables averaged (temperature) or aggregated (precipitation) from daily data. For each
intra-annual period of homogenous climatic response recognized from monthly dendro-
climatic correlations, we computed all possible climatic time series with a window width
varying from 10 days to the entire period duration and identified the series most strongly
correlated with the TRW chronology. The analysis was repeated for each of the three
local chronologies.

The periods of strongest influence of climatic factors on larch growth identified in this
way were then used in cluster analysis when classifying individual trees (only the 2019
subsample) by the climatic growth response. At each site, the classification was carried out
to three clusters by the K-means nonhierarchical method, in which the samples with the
most contrasting climatic response were selected as the initial centres of the clusters [55].
K-means cluster analysis is an automated grouping of objects into K groups in such a
way that characteristics of objects within the same group are more similar than between
groups. In this study, a set of 13 correlation coefficients between residual TRW series of
individual trees and crucial climatic variables found for each sampling site as described
above were used as quantitative characteristics of trees. Clusters were also tested for any
significant difference in the cambial age of comprising trees, and maps of the sampling
sites with marked locations of classified trees were analyzed to recognize patterns related
to landscape and stand density.
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The statistical significance of the correlation coefficients, the difference of correlation,
and the difference of samples (clusters) by cambial age were determined using a two-tailed
t-test [55]. The statistical characteristics of the chronologies were obtained in ARSTAN, the
cluster analysis was carried out in STATISTICA 10 (www.statsoft.ru; accessed on 7 October
2021), and the rest of the calculations were performed in Microsoft Excel.

3. Results
3.1. Climatic Response of Tree-Ring Chronologies

The high correlation of the TRW series collected in 2012-2013 with those collected in
2019 supported combining the earlier and later collections into a single local chronology
for each site. The combined local chronologies, plotted in Figure 3, have inter-series
correlations and mean sensitivity typical of climate-sensitive larch forest stands (Table 2).
All three chronologies have adequate sample sizes, as judged by EPS > 0.85 at the start year
(1936) of our climatic analysis, to represent the unknown population tree-ring variation at
the sites.

25 1 TUIM Number of cores res TRW 100
20 80
15 60
1.0 40
0.5 20
0.0 0
25 BID 70
60
2 20 8
K] 50 §
= v
= kS
= 30 g
k] 1.0 2
g 20
& 05
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0.0 0
25 KAM 70
60
20
50
15 0
1.0 30
20
0.5
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1700 1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020
Years

Figure 3. Residual local tree-ring width chronologies (lines) and sample size (shaded; the number of
cores for each calendar year) of Siberian larch at the TUIM, BID, and KAM tree-ring sites.

Table 2. Statistical characteristics of dendrochronological samples and local standardized (residual)
tree-ring width chronologies of Siberian larch for three sampling sites.

Statistics Sampling Sites
TUIM BID KAM
Sample

Number of trees * 84 (35) 68 (35) 61 (43)
Cover period, years 1719-2019 1704-2019 1710-2019

Average TRW, cm 1.265 1.228 0.924

Residual chronology

Mean inter-series correlation 0.496 0.469 0.451

Standard deviation 0.399 0.283 0.357

Mean sensitivity coefficient 0.462 0.330 0.380

* Numbers in brackets represent trees sampled in 2019.
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Preliminary dendroclimatic analysis at a monthly time resolution showed that all
three residual TRW chronologies respond similarly to climatic factors (Figure 4). A positive
impact of precipitation on growth is most pronounced in July-September of the previous
year and April-July of the current year. Air temperatures for essentially the same periods
negatively correlate with TRW, and the correlation is stronger with Trmax than with Tpyin. A
positive relationship of larch growth with air temperatures is also evident in the first half
of the winter preceding ring formation. Larch radial growth is negatively correlated with
soil temperatures during April-August. This negative relationship reaches a maximum in
May at depths of 20—40 cm but is present at all depths studied.
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Jun 0.40 040 -0.50 -0.35 -0.48 047
Jul 039 041 .46 042
Aug 0.33 0.27
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Figure 4. Correlations of Siberian larch local residual chronologies TUIM, BID, and KAM (left to right)
with monthly variables at stations SHIRA (top panels) and MIN (bottom panels). The vertical axis is
the monthly temporal scale, where asterisks (*) mark months of the previous year. The horizontal axis
represents various climatic variables: T320 ... T20 are average soil temperatures at corresponding
depths (cm); Tin, Tmean, and Tmax are monthly averages of daily minimum, mean, and maximum
air temperatures, respectively; and P is the sum of precipitation. The correlation coefficient is coded
as a gradient of green (positive) to red (negative), which shades are presented in the key legend on
the right. Correlations significant at p < 0.05 in accordance with the coverage periods of the climatic
series (Figure S1) are highlighted in bold black font.

Correlations of tree-ring series with soil temperature in August-September of the
previous season are negative, but these are mostly insignificant and observed at only
shallow depths. It should be noted that correlations with precipitation and air temperatures
are slightly stronger when using data from the nearer station: SHIRA for the northernmost
TUIM site and MIN for the more southerly BID and KAM sites (albeit differences between
individual correlation coefficients are not significant at p < 0.05). In contrast, all three
tree-ring chronologies are more highly correlated with soil temperature at SHIRA than at
MIN, and the difference in correlations is significant at p ~ 0.05 in some cases. Therefore,
in subsequent dendroclimatic analysis, we used the climatic data from SHIRA. This also
simplifies the comparison of the results of dendroclimatic analysis at the three sites.

The daily time intervals of maximum influence of climatic factors, except for soil
temperatures at depths of 160 and 320 cm in the previous season, were identified for three
seasonal groupings, or periods, for which the monthly correlations suggested consistently
unidirectional climatic influence: previous July—October, previous November-December,
and current April-August (Figure 4). We refer to these periods as the previous vegetative
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season, the cold season, and the current vegetative season. For each period, we identified
the daily time interval with maximum correlations for each factor, which was significantly
(p < 0.05) correlated with the larch tree-ring index at one or more sites (Table 3). The
inferred critical intervals of climatic influence have several interesting patterns. For both
the previous and the current vegetative seasons, the start and end of the interval of
maximum influence, as a rule, occur later at TUIM than at the other two sites. Several
dates appear to be consistent across sites: the end of the critical intervals for the influence
of air temperatures and precipitation of the previous growing season, the period of the
precipitation influence, and the end of the Ty, influence in the current season. With the
increase in depth, the beginning of the influence of soil temperatures at all sites shifts to a
later date.

Table 3. Maximum dendroclimatic correlations of Siberian larch local residual chronologies with climatic variables computed
from daily data at station SHIRA for time intervals in the previous vegetative season (prev), the cold season (cold), and the
current vegetative season (curr). P, precipitation; Tmean, mean daily air temperature; Ty, minimal daily air temperature;
Tmax, maximal daily air temperature; Tyg ... T16p, mean daily soil temperatures at respective depths in cm. The numerator
is the time interval; the denominator is a correlation.

Climatic Variable TUIM BID KAM

Previous vegetative season

Pprev
Tmean_prev

Tmaxfprev

21 Jul *~1 Oct */0.48 *

22 Jul *-21 Sep */—0.35
18 Jul *-21 Sep */—0.58 *

16 Jul *~1 Oct */0.47 *
9 Jul *-22 Sep */—0.33
6 Jul *-22 Sep */ —0.46 *

19 Jul *~1 Oct */0.49 *
1Jul *-21 Sep */—0.49 *
1Jul *-22 Sep */—0.64 *

Cold season

Tnin_cold 12 Nov *-5 Dec */0.34 12 Nov *-7 Dec */0.36 12 Nov *-7 Dec */0.47
Timax_cold 11 Nov *-8 Dec */0.42 * 12 Nov *~7 Dec */0.39 11 Nov *-8 Dec */0.52
Current vegetative season
Peurr 28 Mar-21Jul/0.47 * 28 Mar-21Jul/0.38 28 Mar-21 Jul/0.21
Tmin_curr 22 Apr-10 Jun/—0.41 * 18 Apr-10 Jun/—0.24 19 Apr-10 Jun/—0.29

Tmeanﬁcurr

22 Apr-21Jul/—0.42 *

11 Apr-22Jul/—0.33

19 Apr-23 Jul/—0.45 *

Tmax_curr 21 Apr-22 Jul/—045* 17 Apr-23Jul/—0.43 18 Apr-23Jul/—047 1
T20_curr 24 Apr-18Jul/—0.47 * 21 Apr-17 Jul/—0.47 * 25 Apr-18Jul/—0.58
Ta0_curr 26 Apr-12 Aug/—0.51F 23 Apr-13 Aug/—0.49 27 Apr-9 Aug/—0.59 *
Ts0_curr 6 May-31 May/—0.50 * 25 Apr-1Jun/—0.31 27 Apr-1Jun/—0.41"1
T160_curr 1Jun—4 Aug/—0.48* 1Jun-21Jul/—0.35* 1Jun-21Jul/—057*

* Months of the previous year. T Correlations significant at p < 0.05.

3.2. Cluster Analysis of Individual Trees” Climatic Reactions

For the 13 combinations of critical intervals and climate variables listed for each site in
Table 3, the same climate time series were used in a pairwise correlation analysis with the
tree ring index of each individual tree at the sites. The resulting correlations (13 correlations
characterizing the climatic response of each tree) were then analyzed with cluster analysis
based on the K-means to explore possible groupings at each site related to the microsite
and other tree-specific factors. Three clusters were identified for each site to maximize the
difference between clusters and the similarity within them (Figure 5). A preliminary trial
of the number of clusters (from two to four, data not presented) showed three clusters as
optimal for the trade-off between a detailed description of the local population’s internal
structure, limitation of sample depth, and reliability of differences between clusters. Note
that for most of the factors considered, the climatic response is statistically significantly
different (p < 0.05) between the three clusters.

The between-cluster differences in the climatic response are smallest for TUIM and
largest for KAM. For all three sites, significant differences have a common direction: trees of
cluster I have the maximum sensitivity to all factors except for precipitation of the current
season, to which the trees of cluster II react most strongly. Trees with minimal climatic
sensitivity to most factors are in cluster III (TUIM, KAM) or cluster II (BID). No significant
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differences in the age structure of clusters were found for TUIM, but the other two sites
were characterized by a significant difference in the average cambial age of trees between
clusters (Table 4), with its minimum value in cluster I. The pattern of the spatial distribution
of trees belonging to different clusters was less evident for TUIM than for the other sites
(Figure S4). For BID, trees of cluster I are more often found in a closed forest stand, forming
several compact groups. On the other hand, trees of cluster II tend to be at the forest edge,
and those of cluster III are located in a transitional position between the other two. The
elevation of the tree location and the position on the slope do not appear to be significant
factors in the spatial grouping of trees in this area into clusters. For KAM, cluster I contains
only two young freestanding trees growing on flat terrain. Further classification for KAM
separates trees growing on the lower edge of a closed stand at the foot of the northern
slope (mainly cluster III) from freestanding trees and small clumps of trees on the valley
floor and southeastern and southern slopes (mainly cluster II). There are a few exceptions
to this classification for KAM.

Climatic factors
T160_curr
T80_curr
T40_curr
T20_curr

ml
BT
CI

Tmax_curr
Tmean_curr

Tmin_curr

P_curr
Tmax_cold
Tmin_cold
Tmax_prev

Tmean_prev

P_prev

T T T T T T T T 1 I
< > T e N H e o <
I S o S oS oo — —

0.0

T
N
o

0.4 -

T 1 I
x < <
S - A

-0.6

T 1 T T T
® o H A ] «
ST S <

-0.8
-0.6 -

Correlation coefficients

Figure 5. Cluster analysis results based on the K-means to classify individual trees within sampling sites according to the
climatic response. Bars show means, and whiskers show standard deviations of dendroclimatic correlation coefficients for
each cluster. Clusters are designated by Roman numerals I, II, III. Climatic factors are abbreviated as defined in Table 3.
Shaded areas indicate significant (p < 0.05) differences in correlation between at least two clusters.

Table 4. Classification results: number of trees (N) and age structure * of clusters: full range of
variation (min-max), mean value and standard deviation (mean & SD) in years.

Cluster Characteristics TUIM BID KAM
N 16 14 2
1 min—-max 62-220 41-119 34-37
mean + SD 130 £ 472 83 +272 36 +242
N 11 11 25
II min-max 67-186 42-247 101-288
mean + SD 119 £ 362 124 + 63 2P 186 £ 69 P
N 8 10 16
111 min-max 79-174 51-319 68-286
mean =+ SD 120 £ 362 168 + 89 P 132 £51°¢

* In this table, cambial age is presented, i.e., the number of tree rings in the core from pith to bark. The actual age
of trees is greater than the cambial age due to sampling at approximately 1.3 m above ground level. Superscript
letters mark the significance of age differences between clusters within each site: mean age values marked with
the same letter are not significantly different at p < 0.05.



Forests 2021, 12, 1765

11 of 16

4. Discussion

Despite the difference in the composition of soils and the vertical patterns of the soil
temperature field, the correlations of long-term soil temperature series between stations
within the shallow layers (at depths of 20, 40 and, to a lesser extent, 80 cm) are consistently
high and comparable to those of air temperatures. This gives us reason to believe that
the computed correlations of larch TRW with instrumental soil temperature at the two
meteorological stations reflect the actual impact of temperature in the root-inhabited layer
of the soil at the sampling sites on the growth of trees.

4.1. Physical Basis for Climate-Growth Correlations

A positive effect of precipitation and a negative effect of air temperature during the
previous and current vegetative seasons on larch growth in the study area have been
reported previously [45]. In the forest-steppe zone, moisture is low, the snow cover is thin
and completely melts before the beginning of larch growth [56,57], and the hilly landscape
typically dictates a deep-water table. Therefore, as in other drought-prone regions in
continental climates [58,59], current precipitation during the warm season is the primary
source of soil moisture, and high temperature acts as an exacerbating drying factor. This
mechanism of the temperature effect is consistent with the fact that during the warm
season, the most pronounced temperature response is observed for maximum temperature,
which occurs during the daylight hours and, in concert with open stomata and the action
of other energy-balance variables (e.g., higher wind speeds), stimulates evapotranspiration
most strongly [60-62]. On the other hand, a lower response was observed for minimum
temperature, which occurs at night during the vegetative season.

The effect of soil temperature on growth is most pronounced for depths of 2040 cm,
i.e., the main root-inhabited layer for larch in the study area [63]. In the first half of the
vegetative season, this effect is recorded in the rate of cell division in the cambial zone of
the growing ring [64]. Later in the season, the storage of nutrients depends on moisture
availability [65-67]. The stock of nutrients generated is used by larch at the beginning
of the next season to re-grow the photosynthetic apparatus, and therefore is reflected in
the next ring [68,69]. At the beginning of the winter season, when the frost hardiness of
larch is still forming, severe frosts can damage tissues [70]. Repair of this damage in the
following spring also consumes plant resources. These frosts are also accompanied by soil
freezing, but the lack of a significant correlation of tree growth with soil temperature at
the start of the winter season suggests that negative soil temperatures are not critical for
the root system during dormancy. This is consistent with the findings of Gurskaya and
Shiyatov [70] that most frost injuries in larch occur above ground.

The patterns of variability in the timing of the impact of climate on the growth of larch
are associated with the phenological phases of seasonal growth [64] and the drivers of those
phases. The main trigger for the change in phenophases of tree growth is temperature [71].
This explains the important intervals of climatic influence at the colder TUIM site occurring
later than the respective intervals at the other two tree-ring sites. We suspect that the
lag in the influence of temperatures of deeper soil layers on the growth of larch at the
beginning of the vegetative season is associated with gradual thawing and warming of the
soil from top to bottom (cf. Figure 2). The synchronous end of the climatic influence in
autumn at all three sites suggests that the completion of growth processes and the fall of the
needles before the tree goes into dormancy is regulated to a greater extent by a shortening
photoperiod than by a decrease in temperature [72,73].

We found that larch growth is more strongly correlated with atmospheric variables for
the meteorological station closest geographically and not separated from the forest stand
by the mountain massif. However, growth at all three sites is most strongly correlated with
soil temperature at SHIRA. We hypothesize that the similarity of the soil type between
stations and sampling sites is an additional factor that increases the reliability of that
station’s soil temperature series for dendroclimatic analysis at relatively large distances.
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The effect appears to be so strong that tree-ring correlations with SHIRA soil temperature
at the beginning of the vegetative season are even higher than those with air temperature.

4.2. Dependence of Climatic Response on Individual Characteristics of Trees

Clusters of trees with different response intensities to the main climatic factors were
identified at all three sampling sites. At all three sampling sites, the observed within-site
climatic response variability is consistent for soil temperature and aboveground climatic
variables, which supports our hypothesis that soil temperature data from meteorological
stations distant from the forest stand can reliably be used to study relationships between
tree-ring indices and soil temperature.

However, the reason for tree-to-tree differences in climate response revealed by the
cluster analysis is complicated. Clusters are most different at KAM, where the sampled
trees grow in the most diverse conditions: slopes of different orientations, different stand
densities, and even different characteristics of the grass cover as an indicator of the soil
moisture availability (see Figure S4). The cluster analysis results are most easily explained
by microsite differences at this site. At the other two sites, with more homogeneous
microsite conditions, differences between the clusters are less pronounced than at KAM.
Overall, the cluster results are consistent with studies suggesting that the most significant
contribution to the differential sensitivity of trees to climate, at least in the forest-steppe
zone of southern Siberia, is from microhabitat conditions that enhance or hinder water
supply [74,75].

At BID, the cluster results suggest an influence of tree age and possibly stand density
on the differential climate response of trees. An “edge effect”, i.e., greater availability of
resources and greater sensitivity of tree growth to climate for trees growing at the border
between a forest stand and clearings, has been previously reported [76,77]. Although age
dependence in the sensitivity of trees to climate has been previously investigated, the
results are ambiguous: both an increase and a decrease in climatic sensitivity with age have
been reported [78,79]. Evidently, both age and availability of open space are positively
related to allometric properties of trees (e.g., size of the crown, trunk, and root system) that
determine the need for and ability to obtain water and nutrients [80-82].

Finally, at TUIM, where the site’s landscape is most uniform, and moisture is most
limited (total absence of closed stands and dominance of herbaceous cover by steppe
grasses), cluster results showed no intra-site climate sensitivity patterns either in tree
location or in age. We can only speculate that cluster differences observed at the TUIM site
are driven by factors not considered in this study. Such factors might include the genotype
of individual trees, as shown by a few studies in the new field of dendrogenomics [83,84].
A study of the contribution of genetic factors to tree-to-tree differences in climate response
at these three larch stands is currently in progress.

5. Conclusions

Soil temperature series from meteorological stations as far as 100 km from the tree-ring
sites have been found suitable for dendroclimatic studies of the dependence of larch tree
growth on soil temperature in south central Siberia. The maximum correlation of soil
temperature with TRW indices was found to occur at depths of 20-80 cm, coinciding with
the depth of the main root zone of larch. Moreover, soil temperature near a depth of 40 cm
was found for the tree-ring sites studied to be more highly correlated than near-surface
air temperature with TRW indices. The results support the hypothesis that the spatial
coherence of air temperature between meteorological stations drives similar coherence in
soil temperature. Differences in the thermal inertia related to soil properties substantially
dampen coherence only for deep soil layers. The results of cluster analysis indicate that
within-site (tree-to-tree) differences in the response of growth to soil temperature and
aboveground climate are comparable and partially explained by soil-landscape heterogene-
ity, competition between trees, and cambial age. Overall, we suggest an increased focus on
soil temperature in unravelling climatic factors influencing tree growth and underscore
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the importance of taking soil type into account when selecting available sources of soil
temperature data for this purpose.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/12121765/s1, Figure S1: Cover periods and missing data in daily climatic series available
at two stations MIN and SHIRA. The dashed rectangle frame depicts the period with the most
complete data for all climatic variables; the size of the coloured dots reflects the proportion of
missing data, Figure S2: Cross-correlations between the average (1985-2000) seasonal curves of
air temperature Tmean and soil temperature at different depths according to MIN and SHIRA data,
Figure S3: Correlations of daily and moving 21-day long-term series of the same climatic variables
between two stations SHIRA and MIN (1985-2000). For precipitation, correlations were calculated
only for the 21-day series due to the stochastic and discrete nature of this variable, Figure S4: Spatial
classification of individual trees within sites KAM, TUIM and BID according to their climatic signal.
Trees were classified into three clusters at each site depicted by three colours, respectively: red (I),
blue (II), and white (III). Background maps are satellite data Google© 2021.
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