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Abstract: Climate models predicted changes in the woody plants’ growth, vitality, and species
distribution. Those changes are expected mainly within the boundaries of the species ranges. We
studied the influence of changing hydrothermal and burning rate regimes on relict pine stands at the
southern edge of the Pinus sylvestris range in Siberia. We found that the increase in air temperature,
combined with the decrease in soil and air drought, stimulated the growth of pine trees. Since the
“warming restart” in the c. 2000 y, the growth index (GI) of pines has exceeded its historical value by
1.4 times. The GI strongly correlated with the GPP and NPP of pine stands (r = 0.82). Despite the
increased fire rate, the GPP and NPP of both pine stands and surrounding bush-steppes are
increasing, i.e., the pine habitat is “greening” since warming restart. These results support the
prediction (by climatic scenarios SSP4.5, SSP7.0, and SSP8.5) of improvement in trees” habitat in the
Siberian South. The density of seedlings on burns (c. 10,000 per ha) is potentially sufficient for pine
recovery. However, warming also leads to a reduction in the fire return interval (up to 3-5 y).
Currently, repeated surface fires have eliminated the majority of the undergrowth and afforestation.
In a changing climate, the preservation of relict pine forests depends on a combination of moisture
supply, burning rate, and fire suppression.

Keywords: conifers’ range; Scot pine range; pines in warming climate; conifers burning; warming
and pine growth; relict pine forests; regeneration burning; tree species preservation; forest-steppe
ecotone

1. Introduction

Observed and predicted changes in the thermal and hydrology regimes lead to the redistribution
of tree species ranges and affect trees’ vigor and growth [1,2]. Thus, conifers in the boreal zone have
large-scale mortality caused by the combined impact of droughts, pathogen attacks, and fire
influence. Conifer mortality was observed in North American forests, where a synergy of droughts,
fires and bark-beetle attacks caused pine stands’ mortality over vast areas [3-5]. Low precipitation
and low humidity of the root zone, together with bark-beetles attacks, lead to the spruce (Picea abies
L.) decline and mortality in Western and Eastern Europe and Picea obovata L. in the European part of
Russia [6-9]. In the Mediterranean zone, the future of the endemic pines is strongly dependent on the
combined effect of droughts and fires [10]. Alongside conifers, softwood and hardwood species have
also experienced negative consequences climate warming in North America and Eurasia [11-13].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In Siberia, precipitation-sensitive (Siberian pine (Pinus sibirica Du Tour), fir (Abies sibirica Ledeb.),
and spruce (Picea obovata) experienced growth decline and mortality within the areas of low
precipitation (i.e., taiga forests in the lowlands) [14,15]. On the contrary, elevating air temperatures
drive uphill migration of those species to areas of sufficient moisture supply, e.g., into the mountain
tundra [16].

Scot pine (Pinus sylvestris L.), can survive in habitats with limited water supplies, including
semidesert areas. In addition, this pyrophytic species adapted to the periodic surface fires. However,
recent year data indicated a negative influence of the burning rate on the growth and area of pine
stands, especially within the southern part of pine range [17-20]. Similarly, the other Siberian
pyrophytic and drought-resistant species, larch (Larix spp.), experienced thinning and mortality of
stands within the southern edge of its habitat in the Trans Baikal area [21-24]. Most of the observed
warming-driven decline and mortality of trees referred to the so-called period of the “warming
restart”, i.e., a pronounced increase in the warming rate since ca. 1998-2000 [25].

Prognostic models suggest that most evident changes in trees vigor and species range should
occur within the transition zones (ecotones) between forest and non-forest communities [1]. This
study focuses on the response of Scots pine trees growth and pine stands burning during the
“warming restart” in the 21st century. For our study, we selected relict pine stands at the southern
edge of Pinus sylvestris range in Siberia, and analyzed dependence of the radial growth index (GI) of
trees on climate variables and the influence of wildfires on pine forests.

Checked hypothesis:

1.  Warming-driven air temperature increase stimulated the growth of Pinus sylvestris in condition
of sufficient moisture supply;

2. Warning-driven increase of burning rate is a threat for Pinus sylvestris habitat within its southern
range in Siberia.

We are seeking the answers to the following questions:

1. How do changing hydrothermal regimes influence growth index of trees?
2. How does the changing burning rate influence pine stands and pine regeneration?

2. Materials and Methods

The research based on remote sensing data, fieldwork, and GIS technologies.

2.1. Study Area

The study area is located in the Tuva basin, the Mid Siberia (elevations are about 850-950 m
above s. 1.). That is the southern edge of the Pinus sylvestris range. The climate within study is dry
with warm summer and cold winters. The average summer and annual temperatures and
precipitation are +16°C and —1.7°C and 180 mm and 350 mm, respectively. We studied “Ulug-Hady”
or Big Pines, “Biche-Hady” or Minor Pines, and “Balgazyn” pine forests (Figure 1). Forest areas were
600, 3000 and 5500 ha, respectively (according to Landsat-5 scene taken in 1986). These are the forest
conservation areas. All stands are growing on sandy soils with poor organic horizon. The surface
fires are typical in those areas.
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Figure 1. Studied pine stands location (1 — Biche-Hady, 2 — Ulug-Hady, 3 — Balgazyn).

2.2. Ground Survey Data

Fieldworks were conducted in 2024 y on the temporary test plots with a radius of 9.8 m (S ~0.03
ha; N=6). We obtained the forest inventory, soil type, and geobotanical data as well as slope steepness
and aspect values. The seedlings were counted on plots with 2 x 2, 3 x 3, or 5 x 5 m? size, depending
on the density of seedlings. Seedlings without signs of damage or replaced apical shoot or partial
yellowing of the crown or reduced growth were considered viable, whereas seedlings with a crown
density of < 70% and little or no growth were considered as declining. For dendrochronological
analysis, trees were randomly selected on an area of about 0.5 ha around the centerpoint of test plots.
Wood samples were collected at a height of 1.3 m using an increment borer (Figure A1).

2.3. Dendrochronological Analysis

Tree-ring chronologies of pine trees were developed for the studied areas. Since Biche-Hady,
Ulug-Hady, and Balgazyn are in similar conditions (in fact, they represent fragments of a former pine
forest), and given the high synchronicity of chronologies in these areas (inter-series correlations are
0.66), a combined chronology (based on 127 model trees) was used in further analysis.

Measurements of wood cores were taken using the LINTAB 6 platform with an accuracy of 0.01
mm. Time series of the tree ring width in mm were obtained for each sample. The quality of
measurements was assessed based on cross-dating methods using the COFECHA and TSAP software
[26,27]. The initial tree ring width values (in mm) were converted into a dimensionless growth index
(GI) using a negative exponential function or a linear regression with a negative slope in the ARSTAN
program [28]. We used "residual" chronologies due to the absence of an autocorrelation component
in the latter to significantly improve the climatic signal.

2.4. The Burning Rate Analysis

The dynamics of fires was determined using MODIS MCD64A1 data (https://modis-
fireumd.edu/ba.html), fire monitoring data (FIRMS) (https://firms.modaps.eosdis.nasa.gov) and
Landsat time series (https://landsat.gsfc.nasa.gov) (83 scenes covering the period from 1986 to 2024
with a spatial resolution of 30 m; https://earthexplorer.usgs.gov). For expert analysis of burnt areas,
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high-resolution images (2-3.7 m; QuickBird, WorldView-3, and Pléiades satellites) were used
(https://earth.google.com/web).

The MCD64A1 product is vector polygons of burnt areas with a spatial resolution of 500 m
(period: 2001-2024) (https://search.earthdata.nasa.gov/search?q=mcd64al). The FIRMS data are the
point vector data of temperature anomalies (hotspots) with a spatial resolution of 1 km x 1 km
(https://firms.modaps.eosdis.nasa.gov). Based on these data, burnt area maps were generated. Burnt
areas in Landsat images were identified using the ISODATA method [29] and expert knowledge. The
following parameters were used for clustering: the number of classes is 30...40; the number of
iterations is 500; minimum class sizes and intervals between samples are 100 and 25 pixels,
respectively.

2.5. Vegetation Productivity Data

The net (NPP) and gross (GPP) primary productivity of vegetation cover was estimated using
the MODIS MOD17A3HGEF product (2001-2024) [30]. These data represent raster composites of NPP
and GPP  values (kgC/m?) with a  spatial resolution of 500  meters
(https://Ipdaac.usgs.gov/products/mod17a2hv006). Time series of these data were obtained from the
EarthData geoportal (https://www.earthdata.nasa.gov). The original NPP and GPP data were
converted into multi-band images, and average annual values for specific areas were determined.

Maps of NPP and GPP changes (p < 0.05) were calculated between two periods (2001-2009 and
2010-2024) using the Mann-Whitney U-test. Maps of trends (p <0.05) in GPP and NPP dynamics were
created for 2001-2024 using the Theil-Sen algorithm. Theil-Sen estimator is a non-parametric method
that fits a regression line through the median of slopes determined by all pairs of sample points. It is
more robust than simple linear regression [31].

2.6. Climate Data

Air temperatures and precipitation amounts were obtained from the Sosnovka weather station
(WMO index 36099, distance to test sites is 20-30 km) using the AISORI online database [32]. Climate
aridity was estimated based on the Palmer’s scPDSI (Self-Calibrated Palmer Drought Severity Index)
and SPEI (Standardized Precipitation Evaporation Index) indexes [33]. The scPDSI is sensitive to soil
and air moisture. Negative values of scPDSI indicate drought conditions, and positive values indicate
wet conditions [34]. The scPDSI calculation was performed in the R-Studio v.2024.09.0 build 375
(https://posit.co/download/rstudio-desktop) using the R v.4.1.3 programming language.
(https://cran.rstudio.com) and based on the scPDSI v0.1.3 library (https://github.com/Sibada/scPDSI).
The input parameters were the data on total monthly precipitation and potential evapotranspiration
for 1950-2024 extracted from the ERA5-Land database [35,36]. The SPEI estimated an atmospheric
drought [37]. SPEI increase, similar to Palmer’s one, indicated air drought decrease, and vice versa.
The SPEI and potential evapotranspiration (PET) were calculated based on precipitation and
evaporation data extracted from the ERA5-Land database and using the SPEIR library (https://cran.r-
project.org/web/packages/SPEI) scripting in the R-Studio) [36,37].

d0i:10.20944/preprints202503.2144.v1
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Figure 2. Dynamics of the annual and summer temperatures (a) and precipitation (b), summer Palmer (scPDSI)
(c) and SPEI (d) drought indexes. The beginning of the climate warming (i.e., the increase in summer
temperatures (a)) coincided with a decrease in the Palmer index (c) (i.e., soil drought increase, 1985 y) indicated
by the arrows. Precipitation increase in c. 2010-2023 (b) coincided with soil drought decrease (c). The beginning
of air drought (SPEI) decrease (d) shifted to the early dates in comparison with soil drought. Note: an increase

in the SPEI and scPDSI indicates a decrease in drought, and vice versa.

An increase in summer air temperature occurred from 1985 until c. 1998 y following its high
fluctuations (Figure 2a). In the 21st century, mean summer temperature surpassed former values on
about +1.3°C. The annual air temperature has increased since the 1970s until c. 2010 (Figure 2a). No
significant precipitation trends were found, although local significant maximums occurred in the
2010-2013 and 2020-2023 years (Figure 2b). Warming-driven summer temperature increase (1985 y)
coincided with soil drought increase (indicated by the decrease in the Palmer index (Figures 2c,d)).
In the recent years (c. 2010-2023) was a period of increased precipitation and decreased soil and air
drought (Figures 2b,c,d).

2.8. Statistical Analysis

Spatial data was processed using the ESRI ArcGIS software package (https://www.esri.com/ru-
ru/arcgis/geospatial-platform/overview). Microsoft Excel and Statsoft Statistica (https://statsoftai.ru)
software were used for statistical calculations. Standard correlation (Pearson and Spearman) and
regression (simple linear and Theil-Sen) analyses were used to identify the relationships between
dendrochronological series, satellite data, and climate variables.

3. Results

3.1. Field Data

Stands inventory data are given in Table 1. Stands in Ulug-Hady and Biche-Hady mostly low
closed (crown closure about 0.3). The crown closure in the Balgazyn site was about 0.6. All study pine
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stands are growing on poor organic sandy soils. The ground cover formed by Poaceae species,
Artemisia spp. and Orostachys spinosa L., Centaurea sp., Caragana sp.). All stands were influenced by
periodic surface fires, which caused partial mortality of the mother canopy and severe mortality of
the young cohort of Scot pine (Figure 3).

Figure 3. Felled trees and post-fire regeneration at the Biche-Hady site (indicated by the arrows on (a) and (b)).
(a), (b) — satellite scenes taken in 1999 and 2024, (c) — taken in 2024. Severe surface fire occurred in 1999 y.

Table 1. Study pine stands inventory data.

. . Height, Diameter, Seedlings, Crown

Sites Coordinates Agey m cm thousands/ha closure
Balgazyn 51°027/95° 09’ 106+6 12-17 25-35 7 0.6
Ulug-Hady 51°107/94° 49’ 119+25 13 30-35 8 0.3
Biche-Hady 51°10°/94° 47’ 94+7 18 35-40 10 0.3

3.2. Chronology of Pine Trees Growth Index

The GI chronologies of all sites were synchronized (inter-serials correlation r = 0.66). Therefore,
we used a generalized chronology for all sites. The GI was increasing from the 1940s to the 1960s
followed by a decrease until the beginning of the1980s. Since the warming onset (c. 1985), the GI has
experienced periods of increase and decrease. The period of the “warming restart” (since c. 1998-
2000) is characterized by an increase in the GI. The maximal GI values (in 2018-2022) exceeded its
historical values by about 1.4 times (Figure 4). There no chronical decreasing trends in the GI, which
are predictors of the trees’ decline [38].
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Figure 4. The tree-ring chronology of pine trees at all sites. The maximum of GI values in 2014 and 2019 exceeded
its historical values by 1.4 times. The red and green lines indicate mean GI values for the years 1985-2009
(0.83+0.11) and 2010-2023 (1.35+0.20), respectively. “Green” and “red” periods were used in further

dendroclimatic analysis. The grey bars indicate a confidence level of p <0.05.
3.3. Pine Trees Growth Index: Relationship with Climate Variables

3.3.1. Correlations Between the Growth Index and Climate Variables

In this paragraph, we compared two period of trees growth: (1) since warming-driven summer
temperature increase (c. 1985, Figure 2a) until beginning of soil drought decrease (2009), and (2) since
soil and air drought decrease (2010) until 2024 y (Figure 2c). Those periods indicated by red and green
bars on the Figure 4, respectively.

May-June air temperatures negatively influenced the trees” GI during both analyzed periods.
However, during increasing tree growth period (2010-2023), the influence of temperature became
insignificant in July-August (Figure 5a). Maximal values of the GI dependence on precipitation
shifted from May (in 1985-2009) to June (2010-2024), which referred the precipitation shift to earlier
dates (Figure 6).

The precipitation pattern changed during the time interval 2010-2023 compared to 1985-2009.
The maximum of precipitation shifted to early dates, i.e., precipitation increased in April-July and
decreased in August-September. Precipitation during the cold period (October-February) did not
change (Figure 6).

The dependence of the GI on the soil moisture (indicated by Palmer’s scPDSI) significantly
differed between the analyzed periods. Earlier (1985-2009), the GI was correlated with soil moisture
during all growth period with maximal values in May, whereas now (2010-2024) correlations with
April-June soil moisture became insignificant due to both precipitation increase and precipitation
shift to the earlier dates (Figure 5c, 6).
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Figure 5. Spearman’s correlations of GI with temperature (a), precipitation (b), scPDSI (c) and SPEI (d). The red
and green lines indicate p-levels for for 1985-2009 and 2010-2023, respectively. Dashed and solid lines
corresponded to p <0.) and p <0.05.
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Figure 6. The difference (delta) between precipitations in 2010-2023 and 1985-2009. The precipitation pattern
changed during the time interval 2010-2023 compared to 1985-2009. The maximum of precipitation shifted to
early dates, i.e., precipitation increased in April-July and decreased in August-September. Precipitation during

the cold period (October-February) did not change.

The GI correlations with air drought (indicated by SPEI) were similar for both analyzed time
intervals (Figure 5d). It is worth noting that the pine GI is sensitive to the soil moisture in the last
year (August-September) (Figure 7). Thus, “conserved” moisture stimulates tree growth, which is
significant during “seasonal drought” in the spring. Notable that trees were more sensitive to stored
water during low precipitation period compared to increased ones (Figures 7a,b).
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Figure 7. The tree GI positively correlated with the last year (August-September) soil moisture content. That
dependence was higher during the period of low precipitation (a), compared to the period with increased

precipitation (b).

Thus, the increase in air temperature as such does not limit but rather promotes the growth of
pines in combination with a sufficient moisture supply. This phenomenon most pronounced during
recent years (2018-2022) when warming was synchronized with precipitation increase and soil and

air droughts decrease.

3.4. GPP and NPP Trends Within the Study Sites

In the 21st century, gross and net primary productivity have been strongly increasing at all study
sites. Similar to trees GI, maximal GPP/NPP values occurred in the last decade. Minimal GPP/NPP
values corresponding to wildfire events. Despite of repeated fires, strong increasing GPP/NPP trends
have been observed (Figure 8).
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Figure 8. Averaged GPP/NPP dynamics throughout all sites. Since warming restart, both GPP and NPP show a

strong increase. The arrows indicate the impact of severe fires on the GPP/NPP.

Increasing trends of GPP and NPP were also observed throughout the surrounded bush-steppe
area (Figure 9).

A delta — difference between GPP/NPP during the period of increased precipitation (2010-2024)
and the earlier period (2001-2009) given in Figure 10. It is notable that an increase in the GPP and
NPP has been observed throughout the entire territory. In particular, in pine stands both GPP and
NPP have increased by about 1.25 times.
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Figure 9. Vegetation GPP and NPP trends. Both the GPP and NPP in relict pine forests (1-3) and in bush-steppe
are increasing (p > 0.05). Positive GPP and NPP trends observed in 81% and 88% of the area, respectively.

Negative ones observed in less than 1% of the area. Period: 2001-2024. Elevations higher 1,000 m a.s.l. indicated

by gray.

Figure 10. The difference (delta) between vegetation GPP (a) and NPP (b) values during (2001-2009) and (2010-
2024). The positive delta of GPP and NPP occurred in 82% and 93% of the area, respectively. Negative ones were

observed in < 1% of the area (p > 0.05). Elevations above 1000 m indicated by gray.

The growth of trees is strongly correlated with vegetation GPP/NPP values (r = 0.82) (Figure 11).
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Figure 11. The growth index (GI) of pine trees regressions vs GPP and NPP (mean values for all sites).

3.5. Fire Dynamics

The fire return intervals (FRI) since 1985 reconstructed based on satellite data and based on burn
marks on tree (1835-1996 years) are shown in Figures 12 and 132. After the warming restart, the
frequency of fires reached its maximum in the first decade of the 21st century followed by fires
decrease. That “fires lag” can be attributed to the elimination of “fuel load” (i.e., on-ground woody
debris) by previous fires. Since fuels accumulated, fires occurred again in recent years (Figure 12).
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Figure 12. The dynamics of burned areas caused by “single” and “multiple” (i.e., repeated) fires. The frequency
of fires was maximal in the first decade of the 21s century, followed by saturation. Data were obtained for all
sites.

The burning rate increase led to a reduction in FRI. Thus, FRI at the Ulug-Hady site decreased
to 5+1 years, i.e., more than twofold compared to its historical value (1835-1996; 12+5 years; p <0.02).
The longest FRI (c. 28 y) coincided with period of effective fire-suppression (1983-1981, Figure 13b).
The FRI for the total area of all sites was 3+2 years. Note that due to the forest fragmentation, fire
might not spread over the entire area. A similar FRI (2-3 years) was reported for relict pine forests in
other parts of the southern pine range, including the East Trans-Baikal [18]. In pine forests located in
the West Trans-Baikal region, the FRI range is 445 years [20]. It is worth noting that an increase in
the burning rate led to a significant decrease in pine stands in the Balgazyn forestry. Specifically, from
about 20,000 ha in the 1980s, to 5,900 ha at the beginning of the 2000s [17]. Similar decrease of pine
forests reported in the Trans Baikal region, where fires eliminated pines on about 16,000 ha, or 2/3 of
their former area. Moreover, follow-on surface fires have eliminated post-fire pine regeneration. In
the northern part of the pine range (northern Siberia), a reduction in FRI was also reported [39].
Alongside with pine, larch (Larix sibirica) on its southern edge in the Trans Baikal region was partly
transformed into shrub and steppe communities due to repeated fires [23].
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Figure 13. (a) — Scot pine stump with multiple burns and (b) the GI chronology with fire dates. (c) The pine GI
before and after the fire (date of fire marked by “0”). (d) The fire return intervals dynamics (based on the
dendrochronology and Landsat data). Presented data referred to a fragment of the Ulug-Hady forest.

3.6. Post Fire Regeneration

Pine regeneration located preferably within depressions and northern-faced slopes as well as
under mother trees’ shadows (Figure A2). Regeneration and vegetation cover are absent on south-
facing dune slopes. In general, in areas affected by fire, undergrowth is viable. The mean regeneration
density within the Balgazyn, Biche-Hady, and Ulug-Hady sites is about 7-10 thous/ha, reaching up
to 85 thous/ ha within clusters of seedlings. Majority of seedlings have good vigor (i.e., <5% of
declining seedlings).

Thus, the health and number of seedlings are sufficient for successful pine stand recovery.
However, surface fires strongly damage regeneration as well as afforestation, thereby, thereat
conservation of relict pines forests.

4. Discussion

Climate warming at the southern edge of the Scots pine range did not lead to a chronic decrease
in the GI, which is the predictor of the trees” decline and mortality [38]. Moreover, since the warming
restart, pine growth surpassed its historical values. Maximal GI values occurred during the last
period of decreased soil and air droughts (Figure 3). The increase in the growth of pine trees was
strongly correlated with GPP/NPP increase in pine stands (r = 0.82-0.84, Figure 8). Alongside pine
forests, strong positive trends in GPP/NPP have occurred in the majority (80-90%) of surround bush-
steppe communities (Figure 10). Therefore, warming itself does not suppress tree growth and
vegetation productivity. On the contrary, an increase in air temperature stimulates growth when it is
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combined with improved moisture supply. Nowadays, we are observing the “greening” of the Scot
pine habitat.

According to climatic models, by the year 2100, precipitation at the study site is expected to
increase to c. 560 - 570 mm (scenarios SSP4.5, SSP7.0 and SSP8.5). In addition, air temperatures are
expected to rise by +2,7°C (SSP4.5), +3.6°C (SSP7.0), and +4.4°C (SSP8.5) [40,41]. Climate aridity, as it
known, is estimated by the difference between precipitation and potential evapotranspiration (PET).
Thus, elevated temperatures lead to an increase in PET of 505, 539, and 594 mm (according to SSP2-
4.5, SSP3-7.0, and SSP5-8.5 scenarios, correspondingly). Nowadays the mean annual precipitation
and PET were 369 and 533 mm, i.e., “precipitation deficit” was about 44%. According to all scenarios,
that deficit will be around c. (-5% and +5%), so, it is expected zero deficit of precipitation by the year
2100. Thus, the data obtained for the period of warming restart supports predicted strong
improvement in the Scot pine habitat in its southern range.

Meanwhile, warming lead to an increase in extreme weather events, including periodic severe
droughts and wildfires [41]. Scot pine, a pyrophytic species, can survive multiple surface fires and
live for hundred of years (Figures 14 and A1). The studied relict pine forests successfully survived
wildfires throughout the Holocene period. A sufficient number of mother-trees, a positive GI, and
viable and numerous seedlings in the burns indicate Scot pine’s resilience to observed warming.
However, the unprecedented warming is accompanied by an unprecedented increase in burning rate.
Thus, since warming restart, the FRI has been shortened to 3+2 years, which leads to the severe
damage of pine seedlings and afforestation which impairs the preservation of pines forests under
conditions of current fire regime. Meanwhile, it was reported that the burning rate in the Siberian
taiga decreased during last decade due to an increase in precipitation [23]. That also might occurred
in the southern Scots pines’ habitat.

Figure 14. A number (7-10 thous/ha) of viable is seedlings potentially sufficient for successful pine post-fire

recovery. The photo taken at the Biche-Hady site.
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In general, fire regime in combination with moisture supply are major determinants of the
southern pines forests preservation. Nowadays firefighting is a key factor in pines survive. Worthy
to note, that during the period of intense fire suppression (1950s — 1980s), the FRI in pine stands
reached its historical maximum (about 30 y). Finally, a high burning rate combined with poor fire
suppression management is a serious threat to the preservation of relict pine forests.

5. Conclusions

We studied the influence of changing hydrothermal and fire regimes on relict Pinus sylvestris L.
forests at the southern limit of their range in Central Siberia. We found that since the warming restart
in the 2000s, the growth index of pine trees has exceeded its historical values due to a decrease in soil
and air drought. In spite of periodic fires, tree growth and seedling density in burned areas (c. 10,000
per hectare) are potentially sufficient for the post-fire recovery of pine forests. Alongside that, since
the warming restart, the GPP/NPP, in both pine stands and the surrounding bush-steppe areas, were
increasing, i.e., that area is now greening. Thus, the increase in air temperature in synergy with the
decrease in soil and air drought stimulated tree and vegetation growth. Data obtained supported the
predicted improvement of the vegetation habitat in the Siberian South. However, warming has
stimulated an increase in the frequency of wildfires which caused damage of the majority of seedlings
and afforestation. Therefore, under the current fire regime the preservation of relict pine forests at
the southern edge of the Pinus sylvestris range depends on a combination of moisture supply, fire
frequency and fire suppression.
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The following abbreviations are used in this manuscript:

FRI Fire return interval

GI Growth index

GPP Gross primary production

NPP Net primary production

PET Potential evapotranspiration

SSP Shared Socioeconomic Pathway

scPDSI Self-Calibrated Palmer Drought Severity Index
SPEI Standardized Precipitation Evaporation Index
P Test plot

WMO World Meteorological Organization
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Appendix A

Figure A2. Pine seedlings often located within mother trees’ shadows.
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