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Abstract

In moisture-limited regions in which droughts leave a significant “footprint”,
monitoring of quantitative climatic parameters and of forest adaptation and acclimation to
these parameters is of utmost importance due to the ambiguity of spatial patterns in
reaction of tree growth to drought and the variety of drought resistance strategies exhibited
by trees at the genetic, morphological and physiological levels. This is a case study of the
radial growth of Siberian larch (Larix sibirica Ledeb.) along the forest-steppe transect in
the foothills of the Bateni Ridge (Kuznetsk Alatau, Southern Siberia, Russia) and of its
climatic response and stability under the influence of droughts and contributing factors. In
this region, a permanent mild moisture deficit is gradually increasing due to warming of
the vegetative season by 0.14-0.19°C per decade; droughts occurred in 1951, 1963-65,
1974-76, and 1999. The forests in the region are represented by pure larch stands in the
west and mixed stands of larch with Scots pine and silver birch in the eastern portion of
the ridge. The forest-steppe ecotone comprises a significant part of the ridge area, mainly
on the southern and southeastern slopes. At 5 sampling sites, dependence of larch growth
on precipitation (P) and standardized precipitation-evapotranspiration index (SPEI) during
April-July of the current year and June—September of the previous year and on maximum
temperature (Tmax) during May—July of the current year and July—September of the
previous year was observed. We propose the use of a linear regression model based on the
SPEI of these seasons as an individualized indicator of climate aridity, which is
biologically significant for larch in the study area. An analysis of pointer years showed
that precipitation in November (formation of snow cover) also contributes to larch growth.

The larch in the study area tolerates moisture deficit, rebounding after the end of stress
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exposure. The spatiotemporal patterns of the stability indices revealed that despite the
decrease in growth resistance and resilience with drought severity, these characteristics are
higher at more arid sites due to trees’ acclimation to permanent climate aridity. The
findings contribute to a better understanding of the capability of larch to further
acclimatize and provide a basis for planning measures for conservation and/or restoration
of the region’s forests under climate warming; however, to clarify the contributions of
factors at the individual and local scales, further investigation of the stability of larch

growth at the level of individual trees may be required.

Keywords: radial growth; Larix sibirica; Kuznetsk Alatau; forest-steppe; climate—

growth relationships; pointer years; drought stress

1 Introduction

Climate forecasts predict an increase in the length and intensity of droughts in many
regions (Seager et al., 2007; Dai, 2013). Drought is aggravated by warming, which leads
to an increase in potential evapotranspiration and, as a result, water stress in vegetation
(Allen et al., 2010, 2015; Williams et al., 2013; Serra-Maluquer et al., 2018). Therefore,
spatiotemporal analysis and constant monitoring of quantitative climatic parameters and of
plants’ (including trees) reaction to them become extremely important for regions
experiencing moisture deficit, since the “footprints” of droughts in semiarid regions are
often more severe than the effects of other dangerous phenomena (Wilhite, 1993; Yatagal,
Yasunari, 1995; Dai et al., 1998; Velisevich and Khutornoy, 2009; Dulamsuren et al.,
2013). To facilitate this monitoring, a variety of drought indices that take into account
climatic, hydrological, and other characteristics of a territory or ecosystem are often used
(WMO and GWP, 2016).

Data on the patterns of woody plants’ reaction to droughts under various conditions
are quite contradictory. For example, growth reduction trends can be more pronounced in
populations growing in more xeric (Pasho et al., 2011; Camarero et al., 2013) or more
humid areas (Martinez-Vilalta et al., 2012), and the absence of growth stability
dependence on local conditions is also observed (Serra-Maluquer et al., 2018). Trees from
regions in which there is permanent moisture deficit may be less susceptible to extreme

droughts due to their genetic adaptation to low water availability (Chen et al., 2010;
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Anderegg et al. 2015). On the other hand, droughts can have significant long-term effects
on plants via ecophysiological memory and morphological changes (Penuelas et al., 2000;
Galiano et al., 2011); this is supported by the delayed tree mortality observed in the most
extreme cases (Bigler et al., 2006; McDowell et al., 2010; Anderegg et al., 2013; Cailleret
et al. 2017). This effect also determines some intra-specific spatial gradients in the drought
response (Martinez-Vilalta et al. 2008; Dorman et al. 2013, 2015; Levesque et al. 2014): in
drier habitats, structural and physiological acclimation to a permanent moisture deficit is
observed, e.g., a lower ratio of the area of leaves and/or fine roots to sapwood or higher
stomata control (Delucia et al. 2000; Martinez-Vilalta et al. 2009). Morphological and
physiological differences between species also provide different strategies for coping with
drought (Maherali et al., 2004; Engelbrecht et al., 2007; McDowell et al. 2008; Lyu et al.,
2017). In general, it is difficult to unambiguously answer the question of how forests will
resist and recover from drought stress since their reaction can be influenced by many
factors (McDowell et al., 2008; Anderegg and HilleRisLambers, 2016; Clark et al., 2016).
However, we can with a high degree of certainty assess the point at which effect of stress,
including drought, becomes irreversible and leads to forest dieback.

In mountain forests, the lower forest boundary is most severely affected by moisture
deficit. The vulnerability of these ecosystems due to their mosaic topography and
microclimate (Barber et al. 2000; Kulagin et al. 2006; Lange et al. 2016; Monnier et al.
2012) may lead to a reduction in forest area under conditions of climate warming and
increased drought frequency and intensity. In low mountain systems that have a relatively
small range of altitudes and natural zones, the forest-steppe ecotone may occupy a
substantial portion of the total forest area. A striking example of such a region is the
Bateni ridge, the eastern spur of the Kuznetsk Alatau (Russia, Southern Siberia), which we
selected as a study area. The Bateni ridge is surrounded on three sides by arid steppes of
the Khakass-Minusinsk depression. The purpose of this case study was to conduct a
spatiotemporal analysis of the growth response of Siberian larch (Larix sibirica Ledeb.),
one of the main tree species in the region, to moisture deficit, including droughts. We
assume that the drought tolerance of larch has allowed this species to successfully adapt to
the conditions on the ridge, participate in the formation of the lower forest boundary there
(cf. Bocharov, Savchuk 2015), and successfully acclimatize to the current rapid regional

warming.
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2 Materials and Methods

2.1 Study area and sampling sites

The study was conducted in the foothills of the Bateni Ridge, the eastern spur of the
Kuznetsk Alatau (Fig. 1a). This ridge is characterized by less variation in elevation (500-
1200 ma.s.l.) than occurs in the main part of the Kuznetsk Alatau (up to 2000 m a.s.l.).
Most of the ridge area is covered by mixed forest consisting of Siberian larch, Scots pine
(Pinus sylvestris L.) and silver birch (Betula pendula Roth.). On the drier southern and
southeastern slopes of the ridge, open-stand forests and free-standing trees are interspersed
with steppes. The study area belongs to the state forest fund and consists of territories
belonging to the Tuim, Bograd, Ust-Byur and Abakan forestries. The archives of the State
Forest Committee of the Republic of Khakassia were used in this work as a source of
additional data on forest disturbances over the last three decades.

The regional climate is sharply continental (Alisov 1956; Fig. 1b), showing large
seasonal and daily temperature variation (mean(Tmax — Tmin) = 9.5-14°C depending on
the month; the temperature difference between July and January is ~38°C), hot summer,
and frosty winter lasting from November to March with little snow. The average annual
temperature ranges from -1.5 to +0.5°C, and the annual precipitation is 470-560 mm, of
which approximately 80% falls during the season of positive temperatures, with a
maximum in July. The frost-free period (positive minimum daily temperatures) lasts on
average from May to September, the same interval during which the mean daily
temperatures exceed +5°C. During this season, significant negative correlations of
monthly temperature series with precipitation are observed, as is typical for the region
(Bazhenova and Tyumentseva, 2010); the correlation ranges from -0.25 to -0.43 for the
mean temperature and from -0.35 to -0.61 for the maximum temperature, whereas the
minimum temperature does not correlate with precipitation. As a result, the climate of the
vegetative season fluctuates between hot-dry and cool-wet modes, i.e., between extreme

conditions and conditions favorable for tree growth.
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Fig. 1. Study region. (a) Satellite map of the area 53.5-54.5°N 89.5-91.5°E prepared using the ArcGIS
online map tool (https://www.arcgis.com/home/webmap/viewer.html),showing the geographic grid

(yellow solid lines), the approximate boundary of the Bateni Ridge (dashed line), the location of the Shira
weather station (diamond) and the sampling sites (circles with a gradient of color along the transect in the

foothills). (b) Monthly climatic diagram averaged from CRU TS 4.02 for the area shown on the map

To analyze the radial growth of Siberian larch, five sampling sites in 30-50 km from
each other in the forest-steppe zone along the foothills of the Bateni Ridge were chosen
(Fig. 1a, Table 1, Fig. S1). The selected sites were on sunlit slopes oriented southwest to
southeast. Larch prevails on the western part of the ridge, presenting as standalone trees on
the background of steppe vegetation at the TUIM site and dominating in the mixed larch-
birch forest stands at the KAM and SON sites. At the eastern tip of the ridge at the BOGR

and BID sites, there are mixed forest stands consisting of all three species.
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Table 1. Characteristics of sampling sites and tree-ring width (TRW) chronologies

Characteristics TUIM SON BOGR BID KAM BAT
Sampling site
latitude (N) 54°2420” 54°21'55” 54°15'58” 54°00220” 53°55'52” -
longitude (E) 89°57°27” 90°22°04” 90°41°30” 90°58°52” 90°37°30” -
elevation, m a.s.l. 550-600 530-600 550-620 640-670  700-770 -
Sample
number of trees 84 55 44 68 61 312
length, years 301 168 175 316 310 316
cover period, years 1719-2019 1851-2018 1845-2019 1704-2019 1710-2019 1704-2019
average TRW 1.265 1.174 0.935 1.228 0.924 1.127
Residual TRW chronology
standard deviation 0.399 0.383 0.314 0.283 0.357 0.288
mean inter-series correlation 0.496 0.569 0.500 0.469 0.451 0.372
mean sensitivity 0.462 0.427 0.353 0.330 0.380 0.329
EPS>0.85 from calendar year 1744 1889 1882 1815 1759 1758

2.2 Climatic data

The spatially distributed field Climate Research Unit Time-Series (CRU TS 4.02,
Harris et al., 2014), which includes monthly series of minimum, mean, and maximum
temperature (Tmin, Tmean, Tmax) and precipitation (P), and the fields of monthly drought
indices SPEI (Begueria et al., 2014) and PDSI (Osborn et al., 2018) were used as the main
sources of climatic data in this study. In 1936, the methodology used in meteorological
observations in Russia was changed, and the number of reference weather stations
increased sharply (NCDC, 2005); we thus limited analysis of climatic series to the period
1936-2019, the period for which the observations are of maximum reliability. The spatial
climatic gradients in the study area were determined from the initial field at a resolution of
0.5%0.5° on the geographical grid, and we used series averaged for the entire Bateni Ridge
territory (53.5-54.5°N 89.5-91.5°E) to perform dendroclimatic analysis and identification
of the regional climatic trends. During the analysis, monthly climatic series were
generalized (averaged or, in case of precipitation, summed) to determine the impact of
seasonal climatic conditions on larch growth. In addition, daily temperature and
precipitation data from the Shira weather station (54°30°N 89°56’E, north of the study
area) were used to examine the climatic regimes of certain years in detail.

2.3 Dendrochronological data

Wood samples (cores) of adult living larch trees were collected at breast height

(~1.3 m), one core per tree, and processed using standard dendrochronology techniques
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(Cook and Kairiukstis, 1990). Individual series of tree-ring width (TRW) were measured
at the LINTAB station using the TSAP program (Rinn, 2003) and cross-dated; the cross-
dating was verified using the COFECHA program (Holmes, 1983). Then, in the ARSTAN
program (Cook and Krusic, 2005), the age trends were fitted by a cubic smoothing spline
with a frequency response of 0.50 at 67% of the individual series length, than the age
trends and autocorrelations were removed from the raw series, making it possible to isolate
high-frequency fluctuations (including the climatic signal) to obtain residual indexed
series. The individual series were averaged based on bi-weighted means to obtain
generalized chronologies for each site separately. The regional chronology for the entire
transect along the Bateni Ridge foothills (BAT) was obtained by averaging the individual
series from all sites.

2.4 Statistical analysis

The following statistics of TRW chronologies were used in the study: standard
deviation (SD), mean sensitivity (Fritts, 1976), mean inter-serial correlation coefficient
(Cook, 1985), and expressed population signal (EPS, Wigley et al., 1984). Despite recent
discussion of the applicability of mean sensitivity in dendrochronological research from a
statistical point of view (e.g., Bunn et al., 2013), this characteristic has ecological value,
for example, in regard to the risk of tree mortality under conditions of severe stress
(Gillner et al., 2013; Macalady and Bugmann, 2014).

To identify the relationships between TRW chronologies and climatic factors, paired
correlation coefficients and a multifactor linear regression model were used. The threshold
values of mean+SD and mean+1.5SD (Schweingruber et al., 1990; cf. Neuwirth et al.,
2007) were used to identify extremes in larch growth (pointer years) and climatic variables
(droughts and the most favorable conditions).

To analyze the stability of larch growth under drought stress, the indices proposed
by Lloret et al. (2011) were used: resistance (Rt = G4/Gpyey), recovery (Rc = Gpos/ Gg) and
resilience (Rs = Gpost/Gprev), Where Gyrey is the average growth during the 3 years prior to
the drought, Gy is the average growth during the drought, and G, is the average growth
during the 3 years following the drought (see comparison of 2-, 3-, and 4-year periods in
Gazol et al., 2017). The average values of TRW at the site calculated from the generalized

raw chronologies were used as an indicator of larch growth (cf. Merlin et al., 2015; Gazol
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et al., 2017), since many cores had rotted pith or pith offset, making it difficult to calculate
the basal increment area as in Lloret et al. (2011).

3 Results

3.1 Radial growth chronologies of larch and their statistics

The obtained site chronologies of larch TRW have lengths of 168-316 years. Trees
older than 200 years are mainly observed at the TUIM and KAM sites (Table 1, Fig. S2);
the forest stands in the northeastern part of the ridge (the SON, BOGR, BID sites) are
younger. The average radial growth varies moderately among the sites, amounting to 0.9-
1.3 mm per year. The statistical characteristics of the residual chronologies indicate a
rather high general (standard deviation 0.28-0.40) and year-to-year variability (mean
sensitivity 0.33-0.46) in combination with a substantial common signal (inter-serial
correlations 0.45-0.57, EPS > 0.85 for the entire period of climatic observations).

All site chronologies are closely correlated with each other (0.62-0.80, Table 2);
this made it possible to build a regional chronology BAT for the Bateni Ridge foothills.
The variability and the common signal characteristics of the regional chronology are lower
than those of the site chronologies; however, they remain sufficient for use in

dendroclimatic analysis.

Table 2. Correlations between residual TRW chronologies for 1936-2019

Site  TUIM SON BOGR BID KAM

SON 0.80

BOGR 0.71 0.77

BID 063 0.62 0.67

KAM 0.72 0.76 0.72 0.75
BAT 080 0.90 0.86 0.82 0.89

All correlation coefficients are significant at p<0.00001.

3.2 Climate-growth relationships

Correlation dendroclimatic analysis of site TRW chronologies with monthly
climatic series showed that among the temperature variables during the previous and
current vegetative seasons, the limitation of larch growth was most pronounced for the
Tmax series (Table S1). A significant response to the temperature from July to September
of the previous season and to the temperature in May and July of the current season was

observed (Fig. 2). At the same time, precipitation, SPEI and other moisture-related
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climatic variables from June to September of the previous season and, to a lesser extent,
from April to July of the current season stimulated larch growth. A positive reaction to

precipitation during the previous November was also observed.
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Fig 2. Correlations of site TRW chronologies with monthly maximum temperature, precipitation, and
SPEI. On the horizontal axis, asterisks mark the months of the previous year (i.e., the year preceding tree

ring formation)

After generalizing the climatic factors for the second half of the previous vegetative
season and the first half of the current vegetative season, maximum correlations of the
TRW chronologies with temperature were obtained for the previous July—September and
the current May—July; in both cases, the most pronounced response to precipitation and
SPEI started earlier: June—September and April-July (Table S2).
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Since seasonal series of SPEI have significant correlations with larch growth but not
with each other, they can be used as non-collinear predictors in a multifactor linear
regression model of larch growth (Table 3). The obtained models are of high statistical
significance; they account for 24-34% of the larch growth variability at a site scale and for
38% of the larch growth variability at the regional scale. The fitness of these models at all
sites is higher than that of models that employ separate seasonal series of precipitation and
maximum temperature (not presented). The regional model of climate-driven component
in larch TRW variability, BAT = f(SPEl,,, SPEl..), can be used as an indicator of

climate aridity during the vegetative season in the study area (see Williams et al., 2013).

Table 3. Multifactor regressions between TRW chronologies and seasonal series of SPEI for the second
part of the previous vegetative season (prev) and the first part of the current vegetative season (curr)

Site Equation f(SPEI) R® R%; F p

TUIM 0.939+0.294-SPEl e, +0.295-SPEl ¢y 0.333 0.315 18.4 <0.00001
SON  0.947+0.397-SPElrey+0.181-SPEl ¢y 0.324 0.306 17.7 <0.00001
BOGR 0.953+0.262-SPEl e, +0.236-SPEI,r 0.258 0.237 12.8 0.00002
BID  0.956+0.230-SPElye+0.214-SPEIl¢,r 0.357 0.340 20.5 <0.00001
KAM 0.950+0.308-SPElprey+0.166-SPEIl, 0.317 0.298 17.2 <0.00001
BAT 0.949+0.298-SPEl e, +0.218-SPEI ¢y 0.400 0.384 24.7 <0.00001

3.3 Spatiotemporal patterns of vegetative season climatic variability

For the seasonal climatic series that were found to most significantly affect larch
growth, a spatial distribution field was obtained from the corresponding monthly data for
the geographical grid at a resolution of 0.5° over the study area (Fig. 3a). The spatial
climatic patterns in the first and second halves of the vegetative season are similar. An
increase in temperature and a decrease in precipitation, i.e., an increase in climate aridity,
were observed from the TUIM to the BID sites, whereas opposite pattern was observed
from the BID to the KAM sites. Because SPEI does not allow comparison of sites, the
climate aridity at each site was estimated as the average value of P/Tmax for the prev and
curr seasons:

mean(P / Tmax) = mean(Pun+-sepx / TMaXyy+-sep*; P apr-out / TMaXmay-ur)-

In this equation, P/ Tmax were calculated from their average values for 1937-2018
interpolated by geographical coordinates. Obtained mean(P / Tmax) values are following:
13.39 mm/°C in TUIM, 12.88 mm/°C in SON, 12.53 mm/°C in BOGR, 11.44 mm/°C in
BID, and 12.36 mm/°C in KAM. However, the variability of the microclimate depending
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on the local landscape and the elevation at the sampling sites should also be taken into
account. Note that this spatial gradient is followed by a higher variability of larch radial
growth (Table 1), both in general (SD of residual chronologies) and in regard to its year-
to-year component (mean sensitivity). During the cover period of reliable climatic data,
precipitation during the vegetative season in the study area was stable; no significant long-
term trends were observed (Fig. 3b). At the same time, the increase in the maximum
temperature during the vegetative season was approximately 0.14-0.20°C per decade. As a

result, the overall climate aridity also increased.
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Fig. 3. Spatiotemporal patterns of the regional seasonal series of maximum temperature and precipitation,
generalized over intervals of their maximal impact on tree growth (Table S2). (a) Spatial gradients of
average values over the period 1936-2019 for the cells of a 0.5°x0.5° geographic grid. The connected dots
represent a transect of the sampling sites along the Bateni Ridge foothills. (b) Interannual dynamics
during the period 1936-2019
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Fig. 4. Dynamics of larch growth and droughts in the study area. (a) Pointer years and climatic extremes for the period 1936-2019, differentiated by weak

(small markers; deviation from the mean value is 1-1.5 standard deviations) and strong (large markers; deviation from the mean value is >1.5 standard

deviations), positive (empty markers) and negative (filled markers). Note that the sign is reversed for maximum temperatures to take into account their negative

impact on tree growth, i.e., hot weather is considered a negative extreme, and cool weather is considered a positive extreme. The time intervals of the seasonal

climatic series (prev and curr) are the same as those in Table S2. The shaded areas in the top part of the plot represent pointer years of the regional scale, i.e.,

observed at >50% of the sites. The shaded areas in the bottom part of the plot represent years of droughts considered in this study and the three-year periods

prior to and following the droughts. (b) Larch radial growth duringdroughts and during the 3 years prior to, and following the droughts. The shaded areas

represent drought years. The thin and thick solid lines represent the bi-weighted mean of TRW (i.e., raw chronologies) for the sampling sites and for the region,

respectively. The dashed lines represent the f(SPEI) regression model (Table 3, last line) used as a regional drought index individualized for larch
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3.4 Dynamics of extreme events: pointer years in larch growth and droughts

During the period under consideration, 11 positive and 12 negative pointer years
(defined as the years of the formation of extremely wide and extremely narrow rings,
respectively) were observed for larch growth on a regional scale, i.e., covering more than
half of the sampling sites along the transect (Fig. 4a). As can be seen, most of these pointer
years (with the exception of 1940, 1987, 1991, 1994, and 2005) coincide with extreme
deviations in the corresponding direction in seasonal series of precipitation, maximum
temperatures and/or SPEI. The climatic differences between positive and negative pointer
years are also more substantial for months during prev and curr seasons than for other
months (Fig. S3).

Data on other stress factors are available for pointer years 1990, 1994, and 2000-
2005 (Fig. 4). According to the daily temperature and precipitation data recorded at the
Shira weather station, extreme frosts (-20-25°C) were observed in November 1993 before
the formation of snow cover; in contrast, a warm autumn and a mild snowy winter were
recorded in 1990. A significant difference in the amount of precipitation during November
was also observed when positive and negative pointer years were compared (Fig. S3). In
addition, according to the State Forest Committee, in 2000-2005 large areas were affected
by an outbreak of gypsy moth (Lymantria dispar L.) on the Bateni Ridge (Fig. S4).
Unfortunately, no observations on the insect population dynamics in earlier years are
available.

3.5 Stability of larch growth

Among the climatic extremes that significantly suppressed larch growth on the
regional scale, several droughts (1951, 1963-65, 1974-76 and 1999, Fig. 4a) that occurred
at intervals of more than 6 years were selected. Six-year interval was chosen to avoid
overlapping of the three-year periods before and after drought. Despite the fact that during
each of the periods 1963-65 and 1974-76 only one pointer year was observed, in both
cases, both the radial growth of larch and SPEI remained substantially lower than the
mean values during all three years (Fig. 4b); therefore, these periods were considered as
three-year droughts. A comparison of larch growth dynamics and SPEI after droughts
shows that recovery of growth after a drought event occurs in accordance with climatic
dynamics in the cases of relatively weak drought. However, an increase in the duration of

adverse conditions (1963-65 and 1974-76) is accompanied by a slight divergence between
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the f(P/Tmax) series and larch growth after the first year of drought. During the three years
following the severe drought that occurred in 1999, growth did not recover despite
relatively favorable conditions.

For each drought, three indicators characterizing the growth stability under stress,
resistance Rt, recovery Rc, and resilience Rs, were calculated. Comparison between sites
shows that Rt increases significantly with local climatic aridity; also, there are tendencies
for Rs to increase and for Rc to decrease, both close to the significance threshold (Fig. 5a).
The dependence of growth stability on the severity of drought stress is more pronounced:
both Rt and Rs are closely correlated with f(SPEI) calculated on the local scale (Fig. 5b).
Comparison of growth stability with climatic conditions during the 3-year periods before
(for all three indices) and after drought (for Rc and Rs) did not reveal any significant
relationships (p=0.22-0.85). Determination of the relationship of the stability indices to
tree age, preliminarily estimated as mean cambial age for all individual series at the sites
during each drought (Table S3), revealed correlations close to zero for Rt and Rc, but there

was a decrease in Rs with age close to the significance threshold (r=0.34, p=0.14).
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Fig. 5. Patterns in growth stability indices: Rt: resistance (pluses, dotted lines); Rc: recovery (circles, solid
lines; Rs: resilience (triangles, dashed lines). Coefficients of determination written in bold indicate
statistical significance (p<0.05) of linear relationships. (a) Relationship between growth stability indices
and climate aridity at sampling sites estimated as mean P/Tmax ratio. The sites are labeled below the
horizontal axis. (b) Relationships between growth stability indices and drought severity estimated at the
local scale as values of regression functions TRW=f(SPEI) (Table 3) during the drought year or averaged

for 3 years of drought.
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4 Discussion

Despite the substantial territory of the study area (the maximum distance between
the sampling sites is more than 150 km), the presence of common signals in the dynamics
of larch growth allow us to consider the entire forest-steppe ecotone of the Bateni Ridge as
a single geographical object characterized by a unity of fluctuations in environmental
conditions and a common response of vegetation to these fluctuations. At the same time,
tree-ring width chronologies are a promising indicator of the long-term dynamics of this
ecosystem state, and this dynamics is relevant to regional forest management in the
context of the ongoing climate change.

Siberian larch, on one hand, is sufficiently drought-tolerant to permit it to grow on
the lower forest boundary in the study area; on the other hand, it is highly sensitive to
climatic conditions in terms of climate-driven growth variation (sf. Dulamsuren et al.,
2009). The plasticity of larch growth is ensured by the species’ ecophysiological features.
Its shorter duration of xylogenesis compared to that of evergreen conifers (Gower and
Richards, 1990; Rossi et al., 2006; Velisevich and Khutornoy, 2009; Kraus et al., 2016)
and its high intensity of metabolism, even under conditions of moisture deficit, due to its
anisohydric strategy (McDowell et al. 2008; Martinez-Vilalta et al., 2014), lead to the
maintenance of a high rate of photosynthesis during short-term droughts. During longer
period of water stress, partial abscission of needles and fine roots (Chenlemuge et al.,
2015; Khansaritoreh et al., 2018) protects the body of the tree from damage without lasting
effects on growth, unlike evergreen species. In addition, larch has a relatively narrow
sapwood (1-2 cm or 10-15 rings, Bergstedt and Lyck, 2007), a trait that accelerates the
acclimation of the stem hydraulic architecture to long-term climatic trends.

The negative reaction of radial growth to temperature and the positive reaction to
precipitation during the warm season, revealed by correlation dendroclimatic analysis and
comparison of climatic conditions during the pointer years, is typical for trees growing in
moisture-limited regions (Stahle et al., 2011; Touchan et al., 2011; Wu et al., 2013; Cook
et al., 2016; Kurz-Besson et al., 2016; Shestakova et al., 2016 and others), but climatic
response obviously has species- and region-specific seasonality and intensity. The more
pronounced and stable response of chronologies to the maximum temperature during the
vegetative season can be explained by the fact that the water stress that suppresses tree

growth reaches its maximal levels in the daytime, when higher air temperatures (including
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the daily maximum) are combined with solar radiation, and additional substantial heating
of the soil and foliage occurs (Jackson et al., 1981; Wieser, 2007; Ermida et al., 2014). A
similar dependence of tree growth on maximal temperature and precipitation in other
regions has been described quantitatively (e.g., Williams et al., 2013). The predominance
of the response to conditions of the previous vegetative season is probably due to the large
input of accumulated non-structural assimilates in the growth of larch, a deciduous species
with an intensive growth strategy (Kozlowski 1992; Hoch et al., 2003; Pallardy 2007;
Piper, Fajardo, 2014). Despite the low winter precipitation, the positive effect of
November precipitation on growth can be substantial, probably due to thermal insulation
by the snow cover formed during that months; this is supported by climatic observations
for the pointer years 1990 and 1993.

There are no obvious spatial gradients in the climatic response of larch. This can be
explained by the complex interaction between the gradients of climatic variables, local
landscape conditions (e.g., microclimate modifiers), forest stand density, differences
between pure and mixed stands, etc. (Martinez-Vilalta et al., 2012; Lebourgeois et al.,
2012 2013; Pretzsch et al., 2015; Thurm et al., 2016). Nevertheless, moisture availability
should be relatively similar at all sampling sites because all sites are located near the
forest-steppe boundary, the position of which (e.g., elevation at slopes of different
orientation) is mostly defined by moisture limitation of tree growth. Unfortunately, the
limited cover period of direct observations on forest disturbances and their drivers does
not allow us to determine the causes of growth depression during some pointer years.
However, the identified depression of larch growth during the massive gypsy moth
outbreak in 2000-2005 is a striking example of the fact that, in addition to direct exposure,
drought can have a long-term indirect effect through the demographic regulation of insects
and the increased vulnerability of trees (McDowell et al., 2008 and references therein).
However, our observation that larch growth was relatively rapid in wetter and cooler years
during this outbreak (Fig. S4) supports the high resilience of deciduous larch to defoliation
(Hoch et al., 2003; Piper, Fajardo, 2014; Foster, 2017). It should also be taken into account
that larch has a competitive advantage in mixed stands containing evergreen pine for
several years after defoliation, since the gypsy moth feeds on both species.

The correspondence between the spatial gradients in climate aridity and the

resistance/resilience of larch growth can be associated with genetic adaptation and with
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morphological acclimation of trees to permanent moisture deficit through formation of
appropriate hydraulic architecture and alterations in the proportion of foliage, fine roots
and sapwood areas, changes that reduce the trees’ sensitivity to increased water stress
(Martinez-Vilalta et al. 2008, 2012; Anderegg et al. 2013, 2015). This assumption is
supported by the corresponding gradients in the standard deviation and especially in mean
sensitivity of the TRW chronologies, since these characteristics are associated with greater
risk of mortality under drought stress (Gillner et al., 2013; Macalady and Bugmann, 2014).
Resilience decreases more rapidly and has a stronger relationship to severity of drought
than resistance; thus severe droughts have more long-term effects on larch growth.

Despite the fact that radial growth decreases with age (Table S3, also compare plots
from left to right in Fig. 4b), in this study it was found that the sensitivity of larch to
droughts depends primarily on drought intensity, although the possibility of increasing tree
vulnerability to drought with age and size should also be taken into account (cf. Lloret et
al., 2011; Serra-Maluquer et al., 2018). This was reflected on the local scale as a nearly
significant decrease in resilience. However, local chronologies are averaged from the
radial growth series of trees of various ages, that are growing under various micro-
conditions of habitat, occupy different social position in the forest stand, and have
different growth rates, genotypes and other individual characteristics; therefore, the
analysis of generalized chronologies does not allow us to judge the contribution of these
factors with any accuracy. Growth stability under the influence of drought can depend
significantly on all these factors (Velisevich and Khutornoy, 2009; Kuznetsova and
Kozlov, 2011; Bennett et al., 2015; Merlin et al., 2015; Serra - Maluquer et al., 2018); for
example, drought resistance may increase and recovery may decrease with soil moisture
and slope (Gazol et al., 2017). In this regard, it would be interesting to continue the study
of larch growth stability in more detail, taking into account the scale of individual trees. A
large sample size (number of trees, Table 1) at several sampling sites will make it possible
to use mixed linear models to identify the contributions of factors on the individual to
regional scales to larch growth stability in the study area. Investigation of the responses of
individual trees to periodic stresses caused by droughts and/or biotic agents is of particular
interest for understanding forest acclimation and adaptation to a changing environment.

The results of such a study can be used for forest management in the study area and in
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particular for planning measures for forest conservation and/or reforestation considering

further regional climate warming.
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806  Table S1. Correlations of site TRW chronologies with monthly climatic variables

Chronology 5 = * = 5 * * Month

Jun” | Jul” J Aug | Sep” | Oct” | Nov [ Dec” | Jan [ Feb | Mar | Apr | May | Jun | Jul | Aug

Tmin
TUIM -0.19 | 0.03 | -0.14 | -0.19 | 0.09 | 0.12 | -0.01 | -0.05 | 0.10 | 0.07 | -0.02 | -0.21 | 0.03 | -0.10 | -0.10
SON -0.14 | -0.08 | -0.15 | -0.21 | 0.14 | 0.05 | -0.13 | -0.14 | 0.09 | 0.04 | 0.02 | -0.17 | 0.01 | -0.12 | -0.16
BOGR -0.02 | 0.03 | -0.17 | -0.20 | 0.17 | 0.00 | -0.14 | -0.16 | -0.02 | 0.02 | 0.02 | -0.23 | 0.06 | -0.05 | -0.15
BID -0.07 | -0.10 | -0.08 | -0.12 | 0.19 | 0.10 | -0.22 | -0.03 | -0.01 | -0.08 | -0.13 | -0.09 | 0.04 | -0.10 | -0.17
KAM -0.06 | -0.14 | -0.10 | -0.16 | 0.25 | 0.11 | -0.10 | -0.07 | 0.01 | -0.03 | -0.17 | -0.24 | 0.00 | -0.14 | -0.10
BAT -0.12 | -0.07 | -0.15 | -0.20 | 0.18 | 0.10 | -0.22 | -0.09 | 0.05 | 0.02 | -0.07 | -0.21 | 0.02 | -0.13 | -0.16

Tmean
TUIM -0.18 | -0.03 | -0.26 | -0.27 | 0.07 | 0.12 | 0.00 | -0.04 | 0.07 | 0.07 | -0.05 | -0.25 | 0.00 | -0.18 | -0.08
SON -0.12 | -0.17 | -0.27 | -0.32 | 0.15 | 0.06 | -0.11 | -0.13 | 0.06 | 0.04 | 0.01 | -0.20 | -0.03 | -0.16 | -0.10
BOGR 0.02 | -0.03 | -0.26 | -0.26 | 0.17 | 0.01 | -0.13 | -0.14 | -0.05 | 0.02 | 0.00 | -0.26 | 0.04 | -0.09 | -0.09
BID -0.03 | -0.16 | -0.20 | -0.24 | 0.21 | 0.10 | -0.22 | 0.00 | -0.03 | -0.08 | -0.15 | -0.15 | -0.01 | -0.16 | -0.09
KAM -0.02 | -0.23 | -0.26 | -0.28 | 0.24 | 0.11 | -0.10 | -0.06 | -0.02 | -0.04 | -0.17 | -0.31 | -0.04 | -0.20 | 0.00
BAT -0.09 | -0.15 | -0.28 | -0.32 | 0.18 | 0.10 | -0.11 | -0.08 | 0.02 | 0.01 | -0.09 | -0.27 | -0.02 | -0.20 | -0.09

Tmax
TUIM -0.17 | -0.06 | -0.30 | -0.28 | 0.04 | 0.11 | 0.01 | -0.03 | 0.04 | 0.07 | -0.07 | -0.26 | -0.02 | -0.23 | -0.05
SON -0.10 | -0.22 | -0.32 | -0.34 | 0.14 | 0.08 | -0.09 | -0.13 | 0.03 | 0.04 | 0.00 | -0.22 | -0.05 | -0.19 | -0.05
BOGR 0.05 | -0.07 | -0.30 | -0.26 | 0.15 | 0.03 | -0.11 | -0.13 | -0.07 | 0.03 | -0.02 | -0.27 | 0.03 | -0.12 | -0.05
BID -0.01 | -0.19 | -0.25 | -0.28 | 0.21 | 0.11 | -0.22 | 0.03 | -0.05 | -0.08 | -0.16 | -0.18 | -0.04 | -0.19 | -0.03
KAM 0.01 | -0.28 | -0.34 | -0.30 | 0.21 | 0.11 | -0.09 | -0.05 | -0.05 | -0.05 | -0.17 | -0.34 | -0.07 | -0.23 | 0.06
BAT -0.07 | -0.19 | -0.34 | -0.34 | 0.16 | 0.11 | -0.10 | -0.07 | -0.01 | 0.01 | -0.10 | -0.29 | -0.05 | -0.23 | -0.03

Precipitation

TUIM 023 | 015 | 0.32 | 0.16 | 0.10 | 0.26 | -0.04 | -0.18 | 0.5 | -0.18 | 0.13 | 0.14 | 0.23 | 0.21 | -0.19
SON 024 | 0.33 | 0.31 | 0.20 | 0.02 | 0.19 | -0.03 | -0.16 | 0.21 | -0.10 | 0.07 | 0.09 | 0.16 | 0.08 | -0.22
BOGR 0.20 | 0.22 | 0.34 | 0.05 | 0.02 | 0.22 | 0.07 | -0.13 | 0.15 | -0.14 | 0.12 | 0.21 | 0.14 | 0.10 | -0.12
BID 0.14 | 0.20 | 0.38 | 0.18 | -0.03 | 0.27 | -0.06 | 0.05 | 0.07 | -0.11 | 0.11 | 0.16 | 0.23 | 0.20 | -0.11
KAM 011 | 0.30 | 049 | 012 | 0.05 | 0.25 | 0.03 | -0.12 | 0.12 | -0.12 | 0.06 | 0.13 | 0.18 | 0.18 | -0.23
BAT 021 | 027 | 041 | 0.17 | 0.05 | 0.27 | -0.01 | -0.13 | 0.16 | -0.14 | 0.11 | 0.17 | 0.22 | 0.19 | -0.21
SPEI
TUIM 023 | 019 | 029 | 0.16 | 0.09 | 0.22 | 0.00 | -0.15 | 0.16 | -0.22 | 0.16 | 0.20 | 0.33 | 0.20 | -0.22
SON 023 | 0.34 | 0.30 | 0.19 | 0.03 | 0.14 | 0.06 | -0.15| 0.14 | -0.19 | 0.12 | 0.11 | 0.24 | 0.10 | -0.32
BOGR 014 | 0.26 | 031 | 0.07 | 0.13 | 0.14 | 0.12 | -0.13 | 0.15 | -0.20 | 0.19 | 0.24 | 0.20 | 0.12 | -0.20
BID 0.10 | 0.23 | 042 | 0.20 | 0.06 | 0.22 | -0.01 | 0.00 | 0.09 | -0.17 | 0.21 | 0.19 | 0.26 | 0.19 | -0.20
KAM 007 | 0.35 | 051 | 0.09 | 0.07 | 0.11 | 0.08 | -0.14 | 0.10 | -0.14 | 0.10 | 0.12 | 0.25 | 0.17 | -0.32
BAT 0.18 | 0.30 | 041 | 0.16 | 0.09 | 0.20 | 0.05 | -0.13 | 0.15 | -0.21 | 0.18 | 0.19 | 0.31 | 0.18 | -0.29
PDSI
TUIM 0.10 | 015 | 0.30 | 0.34 | 0.36 | 0.40 | 0.39 | 0.35 | 0.37 | 0.33 | 0.39 | 043 | 0.47 | 048 | 0.36
SON 011 | 0.25 | 0.38 | 041 | 041 | 043 | 043 | 0.38 | 0.38 | 0.34 | 0.36 | 0.38 | 0.40 | 0.37 | 0.21
BOGR 0.00 | 011 | 025 | 0.27 | 0.27 | 0.30 | 0.31 | 0.29 | 0.30 | 0.26 | 0.30 | 0.38 | 0.39 | 0.39 | 0.28
BID 0.14 | 0.24 | 040 | 045 | 046 | 0.49 | 048 | 047 | 045 | 041 | 045 | 048 | 0.52 | 0.56 | 0.42
KAM 0.07 | 0.22 | 043 | 044 | 044 | 046 | 046 | 042 | 042 | 0.38 | 0.40 | 0.44 | 045 | 044 | 0.27
BAT 0.09 | 0.21 | 0.39 | 043 | 044 | 047 | 047 | 043 | 044 | 040 | 044 | 049 | 052 | 0.52 | 0.36
Hydrothermal coefficient of Selyaninov (HTC)

TUIM 0.30 | 0.20 | 0.23 | 0.24 0.18 | 0.13 | 0.17 | -0.16
SON 0.26 | 0.31 | 0.23 | 0.28 0.14 | 0.07 | 0.04 | -0.14
BOGR 0.15 | 022 | 0.32 | 0.11 0.29 | 0.01 | 0.07 | -0.04
BID 0.18 | 0.29 | 0.34 | 0.22 0.21 | 0.13 | 0.20 | -0.02
KAM 0.14 | 0.36 | 0.30 | 0.22 0.19 | 0.07 | 0.14 | -0.16
BAT 0.22 | 0.28 | 043 | 0.24 0.23 | 0.20 | 0.21 | -0.18
Wetnessindex (WI)
TUIM 0.27 | 0.20 | 0.29 | 0.27 0.19 | 0.10 | 0.18 | -0.06
SON 0.22 | 0.30 | 0.29 | 0.33 0.17 | 0.07 | 0.08 | -0.07
BOGR 0.04 | 019 | 0.36 | 0.21 0.28 | -0.03 | 0.09 | 0.02
BID 0.11 | 0.30 | 0.34 | 0.25 0.19 | 011 | 0.21 | 0.03
KAM 0.11 | 0.40 | 0.31 | 0.27 0.27 | 0.10 | 0.19 | -0.11
BAT 0.16 | 0.27 | 043 | 0.30 0.27 | 0.14 | 0.23 | -0.08

807  Correlation coefficients written in bold are significant at p<0.05.

808  Months of the previous year.

809 HTC and WI were calculated from Tmean and precipitation (HTC = 10-) P/> Tmean, Selyaninov, 1928;
810  WI=10-log(}>.P)/> Tmean, Lei et al., 2014).

811



812
813

814
815
816
817
818
819
820

821
822

823

824

825

826

827

828

829

Table S2. Maximum correlations of site TRW chronologies with seasonal climatic variables in the

previous (prev) and current (curr) vegetative seasons

Chronology Tmin | Tmean | Tmax | P | SPEI | PDSI | HTC | WI
prev Jul*-Sep* Jun*-Sep* | Sep* | Jul*-Sep*
TUIM -0.15| -0.29| -0.36 | 0.42| 0.43| 0.34| 0.40 | 0.40
SON -0.23| -0.40| -0.48|0.53| 0.53| 0.41| 0.52 | 0.49
BOGR -0.17| -0.29| -0.35|0.40| 0.38| 0.27 | 0.35|0.35
BID -0.15| -0.32|-040|0.44| 046 | 0.45| 0.45|0.40
KAM -0.21| -040|-049|051| 0.50| 0.44 | 0.52 | 0.46
BAT -0.21| -0.39| -0.47 052 | 0.52| 0.43| 0.51|0.48
curr May-Jul Apr-Jul May-Jul
TUIM -0.14 | -0.21]-0.24|0.37| 044 | 0.49| 0.32|0.28
SON -0.13 | -0.19| -0.22|0.20| 0.28| 0.41| 0.21|0.22
BOGR -0.11| -0.15| -0.18|0.28 | 0.37 | 0.41 | 0.28 | 0.26
BID -0.07| -0.15|-0.19/0.36| 0.42| 0.55| 0.310.23
KAM -0.18 | -0.27 | -0.32|0.29 | 0.31| 0.47| 0.31|0.32
BAT -0.15| -0.24| -0.26|0.34| 043 | 054 | 0.34|0.31
Correlation between
prev and curr seasonal | 0.31 | 0.39 | 0.40 | 0.11| 0.14 | 0.65 | 0.24 | 0.33
climatic series

Correlation coefficients written in bold are significant at p<0.05.

" Months of the previous year.

Note that SPEI is the only drought index for which here is no significant correlation between the previous
and the current season series; in contrast, the PDSI series display very high correlation between the
previous and the current season. Therefore, despite the fact that PDSI is better correlated with larch

chronologies, SPEI was used as an indicator of drought in this study.

Table S3. Preliminary estimation of mean cambial ages during droughts (calculated automatically in

ARSTAN without pith offset evaluation and addition, i.e., biased to the minimum values)

Mean cambial age at the site, years

Drought years | TUIM | SON | BOGR | BID | KAM
1951 93 33 50 61 |90
1963-65 98 43 59 66 |98
1974-76 102 51 70 66 | 104
1999 109 74 76 85 | 125

References

Lei, Y., Liu, Y., Song, H., Sun, B., 2014. A wetness index derived from tree-rings in
the Mt. Yishan area of China since 1755 AD and its agricultural implications. Chin. Sci.
Bull. 59 (27), 3449-3456. d0i:10.1007/s11434-014-0410-7.

Selyaninov G.T., About climate agricultural estimation Proc. Agric. Meteorol. 1928.
165-177.



