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Abstract

Background The purpose of our study was to arrange the monthly temperature and precipitation in order of impor-
tance for the growth of Scots pine young trees. Model 25-year-old 405 individuals were selected in 27 forested former
agricultural lands. Annual tree height increment in 2009-2013, a period with contrasting amounts of summer precipi-
tation, was measured.

Results In all the trial plots, we found statistically significant synchronous dynamics between annual growth

and monthly precipitation of the previous October and current March. Precipitation in August (significant cor-
relation was in 96.3% of habitats), May (92.6%), July (81.5%), previous November (77.7%), and current June (74.1%)
was also important for the increments. The temperature of April and September had a critical importance for plants
in all habitats. Previous November and December (the correlation was significant at 81.5% of samples), March (77.8%)
were also very important. Temperatures of all other months had a more site-specific effect on the growth of trees

or did not affect it.

Conclusions The results obtained made it possible to quantify monthly climate signals in the Pinus sylvestris growth

and may be useful in predicting the impact of climate change on the species.
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Introduction

Climate change has a growing but territorially uneven
impact on the most important environmental factors,
such as local temperature and precipitation (Leskinen
et al. 2020). As a result, changes occur in the selective
pressure that has shaped the adaptive variation of tree
species populations to the local environment over multi-
ple generations (Capblancq et al. 2020). Tree species with
their low dispersal capacities and long generation cycles
are not able to migrate to more favorable conditions in
time (Koralewski et al. 2015), because large-scale forest
die-off events have already happened (Lombardo 2017).
Forests play a crucial role in mitigating climate change,
yet they themselves are subject to considerable pressure
resulting from these changes(Golub et al. 2022). Given
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that tree species differ in their life-history traits and
adaptive strategies, the assessment of forest ecosystems
requires consideration of species-specific responses to
climate change (Pecchi et al. 2019; Hamrick 2004).

Boreal coniferous forests comprise 73% of the world’s
biome (Machacova et al. 2016) and are of great impor-
tance for mitigating the effects of climate change (Pan
et al. 2011). This is particularly relevant for Russia,
where conifer-dominated stands occupy 538.56 out of
794.51 million hectares (i.e., 67.8%) of recorded for-
ested land (Leskinen et al. 2020). In the country, boreal
forests absorb 485.8-535.1 Mt C/year in biomass (Filip-
chuk et al. 2020). Unfortunately, this group of tree spe-
cies may prove to be particularly vulnerable to global
climate change, especially along the southern boundary
of the boreal zone (Venilidinen et al. 2020). For example,
the shift of the latitudinal and altitudinal margins of the
coniferous species distribution ranges was observed (Shi-
yatov and Mazepa 2007). Such events may be expected
in Russia on a larger scale because the country has the
main areas of primary boreal forests of the world (Leski-
nen et al. 2020) and climate change is more pronounced
in the country than its speed in other parts of the world.
The average annual temperature anomalies are much
higher here than the global values of this parameter (by
2.5 times), especially in summer and autumn. Annual
precipitation has been increasing since 1980, with a lin-
ear trend since the 70s of the last century (Leskinen et al.
2020).

Scots pine (Pinus sylvestris L.) is the most widely dis-
tributed species within its genus and plays a key role in
boreal forest ecosystems (Leskinen et al. 2020). Although
it constitutes only 15.5% of the coniferous forest area in
the Russian part of this biome, it is considered a prom-
ising species for studying climate signals. This is due to
its high ecological plasticity, presence across a broad
geographic range (Pyhéjérvi et al. 2020; Dauylbayev et al.
2024, pronounced sensitivity to changes in temperature
and precipitation (Liu et al. 2022), and its occurrence in
the southern boreal zone—an area particularly affected
by shifts in the distribution of coniferous species under
current global warming conditions (Venildinen et al.
2020).

Results of contemporary research confirm this state-
ment. Region-specific differences, which were associated
with summer precipitation at the origin of the species
locations, were observed (Seidel et al. 2016). Growth
depression was shown in forest-steppe Scots pine stands
of the Eastern European Plain (Matveev 2014; OsPanov
et al. 2018). Displacement of the pine by more drought-
resistant species due to higher drought-induced mortal-
ity of the Scots pine was revealed (Aguadé et al. 2015). It
is predicted that a part of today’s Scots pine climatypes
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will disappear in Siberia as a result of climate change.
Some of them will require moving 700-1200 km to the
places of future climatic optima (Tchebakova et al. 2006;
Abisheva et al. 2022; Safonov 2022).

Assessing tree height is a prevalent method for under-
standing tree growth patterns in response to climatic
changes, particularly in boreal regions where seasonal
shifts are more pronounced (Zuidema and van der Sleen
2022). In this context, “growth” is characterized as the
annual increase in height, typically measured by evalu-
ating yearly increments. While the analysis of tree-ring
widths is a traditional technique, it can present challenges
when applied to younger trees (Hillam 1998). Conversely,
measuring the annual height growth of young conifers is
a more straightforward process, as it involves calculating
the distance between the whorls of lateral branches that
emerge each year (Pyorild et al. 2018; Kamaljanova and
Burakanova 2020; OsPanov et al. 2020). Despite this sim-
plicity, the climate-driven growth patterns of coniferous
species have not been extensively investigated.

The growth of trees is shaped by a complex interplay
of biotic and abiotic elements, such as ecological site
characteristics, variations in climate, and competition
among species, both within and across different species
(Biging and Dobbertin 1995; Fritts 1976; Lévesque et al.
2016; Oberhuber and Kofler 2000; Bourakba et al. 2024).
The extent of these influences can differ greatly based on
the specific environmental conditions, often complicat-
ing the ability to pinpoint the direct impacts of climate.
Therefore, to more accurately isolate and evaluate the
influence of climatic variables, it is beneficial to conduct
studies in settings where the effects of other confound-
ing factors are minimized. Ideal conditions would include
uniformity in terrain, climate, soil properties, and light
availability. While such homogeneous environments are
rarely found within established forest stands, a unique
opportunity has arisen in Russia due to the emergence
of “new forests” on abandoned former agricultural lands.
This phenomenon is a consequence of widespread crop-
land abandonment following the dissolution of the Soviet
Union. Almost a third (31 of 87 Mha hectares) of such
lands are in Ukraine, Belarus, and, mainly, in the Euro-
pean part of Russia (Schierhorn et al. 2013; Safonov et al.
2021).

Research objectives and hypotheses

The aim is to investigate the climate-driven growth pat-
terns of young Scots pine trees established on abandoned
agricultural lands in Russia, where the effects of topog-
raphy, soil variability, light availability, and other con-
founding factors are largely reduced. By assessing the
relationship between climatic variables and annual height
increments, this research aims to identify the months
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during which temperature and precipitation most
strongly influence Scots pine growth. The findings will
enhance our understanding of how this species responds
to climate variability and contribute to the development
of informed strategies for sustainable forest management
in the context of ongoing climate change.

The objectives of this study are as follows:

1. To analyze the relationship between climatic fac-
tors—specifically temperature and precipitation—
and the annual height growth of young Scots pine
(P sylvestris) on various types of non-forested lands,
including abandoned agricultural fields, former pas-
tures, and grasslands.

2. To identify the most significant months for tempera-
ture and precipitation in determining tree growth.

3. To provide insights into the response of Scots pine to
climate change and to inform strategies for sustain-
able forest management.

By achieving these goals, this research will contribute
to a better understanding of the impact of climate change
on boreal forests and will inform efforts to mitigate its
effects.

The hypotheses of the study regarding the impact of cli-
mate on the growth of P, sylvestris include:

1. There is a positive correlation between precipitation
and the annual growth of Scots pine (P sylvestris).
Higher precipitation levels contribute to increased
tree growth. This effect is particularly evident on
abandoned agricultural lands, where conditions are
more favorable for pine growth compared to grass-
lands and pastures.

2. Temperature has a negative correlation with the
annual growth of Scots pine. Elevated temperatures,
especially during the summer, reduce tree growth.
This effect is particularly pronounced in grasslands
and pastures, where the impact of high temperatures
may be more significant than on abandoned agricul-
tural lands.

3. The influence of temperature and precipitation on
the growth of Scots pine varies depending on the
season. Thus, in the summer months, precipitation
plays a decisive role in stimulating growth, while the
temperature in the winter and early spring periods
has a minor effect. The most favorable for growth are
spring and autumn, especially on lands that were pre-
viously arable.

4. The growth of pine depends on how temperature and
precipitation interact with each other. The influence
of each of these factors varies depending on the level
of the other. For example, in the summer, too high
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temperatures can reduce the benefits that the plant
receives from rain. This interaction manifests itself
differently in different ecosystems—abandoned fields,
meadows or pastures. In particular, pine on former
agricultural areas usually reacts less to temperature
fluctuations compared to other places of growth.

In summary, this research has the potential to yield
important insights into how Scots pine responds to cli-
mate change and to guide sustainable forest management
practices in Russia. Encouraging the growth of Scots pine
on previously abandoned agricultural lands could also
aid in biodiversity conservation and provide economic
advantages in the Uchali region.

Material and methods

The research site is positioned on the eastern slopes of
the Southern Ural Mountains, adjacent to the Ural River,
which serves as the natural divide between Europe and
Asia (see Fig. 1). This region is oriented towards Siberia
and the relatively arid areas of Kazakhstan, resulting in a
markedly continental climate dominated by anticyclonic
conditions. Over the last 134 years, the average annual air
temperature in this area has risen from +3.2 to +5.7 °C
by 2020, while annual precipitation has declined to
353 mm (Nesterenko et al. 2021). The area studied is situ-
ated along an 80 km “south-north” transect on the South-
ern Ural’s eastern macroslope. Scots pine and silver birch
(Betula pendula Roth.) dominate in the local Uchaly dis-
trict on 170,716 hectares of forested lands (89.3% of all
the stands). Due to this and the properties of pioneer
species (Oikonomakis and Ganatsas 2020), these forest
tree species have occupied a relatively small part of the
local abandoned agricultural territories (Fig. 2) during
the last three decades. Ecologically homogeneous plots
were selected in these three different types of habitats: 19
former arable lands, 5 grasslands, and 3 pastures. A habi-
tat is a natural environment or type of ecosystem where
organisms, such as trees, reside or grow. In the context of
this research, the habitats include abandoned lands, pas-
tures, and grasslands, where young Scots pines are found
to grow. A plot refers to a specific area of land selected for
conducting field research. In this study, 27 experimental
plots were chosen, where the annual growth of trees was
measured. Each plot is a part of a particular habitat.

We investigated different habitat types within a sin-
gle region to assess their impact on the growth of young
Scots pines, as significant differences in habitat charac-
teristics can exist even within uniform climatic condi-
tions. The consistent factor in this study is the Uchali
region, within which the research was conducted, while
the habitats differ: abandoned lands, pastures, and
grasslands.
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Fig. 1 The study area on the Urals map (Source: http://surlli/acqgmc)
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Fig. 2 An example of the Scots pine regeneration on abandoned arable lands in the Urals (on the left) and conditions of the tree growth in these
habitats (on the right) (Source: Photos taken by the authors and with the assistance of http://surl.li/pixzjn)

In each of the 27 trial plots established on flat areas,
15- to 25-year-old model individuals were selected. In
each of the 27 experimental plots, corresponding to
different types of former land use, 12 to 15 trees were
measured to assess the height growth of young Scots
pines. The annual height increment of young Scots
pine trees (P sylvestris L.) was determined by counting

the annual whorls—rings of lateral branches that form
around the trunk each year. The distance between
adjacent whorls corresponds to the growth for the
respective year. Measurements were conducted using
a measuring tape with an accuracy of up to 1 cm. To
eliminate the influence of light competition, meas-
urements were taken only from isolated individuals
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located at a minimum distance of 5 m from other trees
(Table 1).

The age of the trees was determined by counting the
number of annual increments between the whorls, which
are formed every year as radial sets of lateral branches
around the stem (Pyorild et al. 2018). To avoid the effect
of competition for light access, height measurements
were taken only on trees that were located at least 5 m
away from neighboring individuals. Annual increments
were recorded to the nearest centimeter using a tape
measure. Monthly averages of precipitation and air tem-
perature from 2009 to 2013 for the local Uchaly station
were obtained from the regional Bashkir Department of
Hydrometeorology and Environmental Monitoring. This
specific study period was selected for two main reasons.
Firstly, it encompasses the most significant variations in
summer precipitation over the last two decades, charac-
terized by alternating dry summers and years with excep-
tionally high rainfall.

Unfortunately, data from other decades were either
unavailable or incomplete, which limited the ability to
utilize a full dataset. The selection of this specific period
was based on its representativeness for identifying par-
ticular trends in tree growth under varying climatic
conditions. Secondly, at that age, plants were unable to
compete with one another for sunlight due to the small
size of their crowns not yet closing. Therefore, we aimed
to create conditions that would allow us to assess the
maximum climate-driven growth response of young trees
by minimizing the influence of non-climatic factors that
also affect annual plant growth. The meteorological data,
which included monthly temperature and precipitation
values from 2009 to 2013, were utilized to examine the
relationships between variations in climatic factors and
the annual growth increments of young trees. To ana-
lyze the correlation between annual growth increments
and the studied climatic factors, we considered individ-
ual months from the previous August leading up to the
current September, calculating both seasonal and annual
values.

Program STATISTICA 13.3 was used for the descrip-
tive and correlation analyses. After preliminary testing
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of the data, Spearman’s correlation coefficient R was
selected to compare the values of climatic parameters
and trees’ annual growth.

To assess the influence of climatic conditions on the
annual height increment of trees under conditions of
limited climate data, we employed a simplified drought
index (DI), which provides an approximate estimate of
the balance between moisture availability and thermal
load during the critical period of tree vegetation.

The DI index was calculated using the following
formula:

DI = P/T

where P is the total atmospheric precipitation (mm)
during the summer months (June, July, August); T is the
average air temperature (°C) over the same period.

Given the limited sample size for each individual
month (n=5) and, consequently, the low statistical power
of the analysis, the Spearman correlation coefficient was
applied, as it is less sensitive to sample size and data dis-
tribution. This approach is exploratory in nature, aimed
at identifying potential trends rather than drawing defini-
tive conclusions.

Results
During the 60-month study period, temperature changes
followed a consistent pattern (Fig. 3) without any
extreme values. The bulk of precipitation was concen-
trated in the summer months, with the notable excep-
tion of 2010, which saw only 73.2 mm of rainfall during
that period. Two summers, specifically 2011 and 2013,
recorded particularly high levels of precipitation. A sta-
tistically significant correlation was observed between
these climatic factors, with a Spearman correlation coef-
ficient of R=0.44 (p <0.001). From 2009 to 2013, snowfall
accounted for only 17.6%, 43.0%, 26.4%, 19.5%, and 21.1%
of the total annual precipitation, which contributed to
the overall trend of reduced precipitation levels during
the winter months.

Across 27 trial plots, the average yearly growth
measurements were as follows: 16.1+0.7 mm in 2009

Table 1 Schematic explanation of the method for measuring annual height increment in Scots pine

Element Description

1. Age group of trees
2. Selection of trees for measurement

Models of 15-25-year-old Scots pine trees were selected
Twelve to fifteen trees were sampled at each of the 27 plots. Trees were selected at a distance of at least

5 m from one another to eliminate competition effects

3. Determination of tree age

4. Determination of annual increment
5. Measurement instrument

6. Unit of measurement

Tree age was determined by counting the number of whorls—annual rings of lateral branches on the trunk
The distance between adjacent whorls was measured along the trunk from the base upward

A measuring tape with an accuracy of 1 cm was used

Growth was recorded in centimeters as the distance between whorls for each year
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(ranging from 11.2 to 24.2 mm), 15.4+ 0.5 mm in 2010
(10.8 to 21.2 mm), 19.6 0.8 mm in 2011 (11.7 to 26.5
mm), 28.5+0.8 mm in 2012 (20.7 to 38.4 mm), and
344+1.3 mm in 2013 (22.6 to 51.9 mm). Although
the ecological conditions across the various habitats
remained largely unchanged, we observed differences
in the annual growth of trees among different groups
(as shown in Fig. 4). These differences were consistently

80

apparent when we analyzed tree growth over individ-
ual years. Our study found that young trees located on
abandoned agricultural land demonstrated a higher
growth rate, averaging 24.3+0.7 cm over 5 years (with
measurements ranging from 16.1 to 21.8 cm). In con-
trast, the average growth of trees on unused haymak-
ing and pasture lands was lower, at 19.4+0.7 cm, with
measurements ranging from 21.1 to 32.3 cm. The
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Fig. 4 Variation of Scots pine growth in height (2009-2013) within habitats. The ranking is based on the statistical significance of correlation
coefficients, with sites demonstrating the strongest correlations ranked highest. Sites occupying the top positions are those where the correlation
between precipitation and tree growth is most significant, while those at the lower positions exhibit weaker correlations
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Table 2 The results of testing the statistical significance
of Spearman correlation coefficient R between monthly
precipitation and annual trees growth in 27 habitats of Scots pine

Months Cases
ns P<0.05 P<0.01 P<0.001
Previous year
October (R=0.62+0.02) - 0 - 27
November (R=0.37+0.03) 6 0 4 17
December (R=0.16+0.03) 14 8 4 1
Current year
January R=-0.21+£0.01) 16 8 3 -
February (R=—0.27+0.02) 11 5 5 6
March (R=0.54+0.01) 0 0 0 27
April (R=0.16£0.03) 14 5 5 3
May (R=0.54+0.03) 2 2 1 22
June (R=0.32+0.02) 7 5 1 14
July (R=0.36+0.03) 5 2 4 16
August (R=0.43+0.02) 1 1 5 20
September R=—-0.02+£003) 22 2 2 1
12 months 98 38 34 154

n.s. not significant cases, average R for habitats is shown in parentheses

Table 3 The results of testing the statistical significance
of Spearman correlation coefficient R between monthly
temperature and annual trees growth in 27 habitats of Scots pine

Months Cases
ns P<0.05 P<0.01 P<0.001
Previous year
October (R=0.17+0.01) 21 5 1 -
November (R=—0.31+0.02) 5 6 9 7
December R=-027+003) 5 7 10 5
Current year
January (R=0.20£0.02) 16 7 2 2
February (R=0.04+0.02) 270 0 0
March (R=—0.36+0.03) 6 2 1 18
April (R=0.55+0.02) 0 0 1 26
May (R=-0.11+0.02) 24 2 1 0
June (R=-0.18+0.02) 15 9 3 0
July (R=0.13£0.02) 25 1 1 0
August (R=0.06+0.02) 26 1 0 0
September (R=-0.59+0.02) 0 0 2 25
12 months 170 40 31 83

n.s. not significant cases; average R for habitats is shown in parentheses

second group of samples showed a lesser response to
changes in precipitation and temperature.

The correlation analysis results are summarized in
Tables 2 and 3. Tree growth was significantly reduced
during the hot and relatively dry summer of 2010. In
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contrast, the summer of 2013, which received substantial
rainfall of 408 mm, resulted in the highest average growth
increment. Although 2011 had a similar amount of sum-
mer rainfall at 322.4 mm, we did not observe any signifi-
cant growth that year. The precipitation levels during the
winters and springs preceding 2011 and 2012 were simi-
lar, with totals of 282.7 mm and 240.5 mm, respectively,
from October to May, and these figures do not clarify the
differences in tree growth. In both 2009 and 2012, despite
having comparable precipitation amounts of 312.1 mm
and 339.1 mm, we observed notable differences in growth
rates. One potential reason for these variations could be
the summer temperatures. In years where June, July, and
August were cooler, the annual height increment tended
to decline (R=-0.30, though this correlation was not
statistically significant), regardless of the rainfall. On
the other hand, there was a positive correlation between
precipitation and height increase (R=0.9, p<0.05). The
analysis of the correlation between the amount of pre-
cipitation in individual months and the annual growth of
young trees allowed us to identify much clearer climatic
signals. Trees of different habitats show a synchronous
response to the dynamics of local precipitation within a
year (Table 2). The most notable synchronization in tree
growth was observed in relation to precipitation from
the previous October and the current March, where the
connection to annual growth increments was statistically
significant across all trial plots. Additionally, significant
correlations were identified with rainfall in August (96.3%
of habitats), May (92.6%), July (81.5%), the previous
November (77.7%), and the current June (74.1%). Precipi-
tation in February, December, April, and January showed
a statistically significant effect on tree growth in roughly
half of the samples, with correlation values ranging from
40.1 to 51.9%. In contrast, rainfall in September had
an influence on plant growth in only 18.5% of habitats.
Overall, precipitation during 10 of the 12 months exam-
ined positively affected the growth of young pine trees,
with February and March being the exceptions, as they
displayed negative Spearman correlation coefficients.

The connection between the annual growth increment
of young trees and monthly temperatures was clearly
demonstrated, as indicated in Table 3. Unlike precipita-
tion, we identified six months that negatively influenced
tree growth: the previous November and December,
along with the current March, May, June, and September.
April and September stood out as the most vital months
for growth, showing highly significant Spearman cor-
relation coefficients across all 27 trial plotsin 81.5% of
the samples, significant correlations were noted for the
previous November and December. March in 77.8%,
January in 59.3%, and June in 44.4%. Additionally, signifi-
cant correlations between annual growth dynamics and
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Table 4 Average annual growth of young scots pines in three
types of habitats

Habitat type Average Minimum Maximum p-value
growth growth (cm) growth (cm)
(cm)
Abandoned 243+0.7 16.1 323 <0.001
agricultural
lands
Meadows 194+0.7 11.2 21.8 <0.001
Pastures 194+0.7 20.7 384 0.567

The p-value is a statistical measure that helps determine whether the obtained
results are statistically significant

Table 5 Calculations Based on the Simplified Drought Index (DI)

Year Precipitation Temperature Droughtindex Pine
(mm) (°Q) (P—30XT) Growth

(ecm)
2009 4135 26 413.5-78.0=3355 237
2010 3603 38 360.3-114.0=246.3 258
2011 5099 2.7 509.9-81.0=4289 283
2012 2751 44 2751 -132.0=143.1 174
2013 446.7 2.7 446.7-81.0=365.7 26.5

temperature were observed for May, July, and August in
several trial plots.

According to the obtained data, abandoned agricul-
tural lands exhibit a higher average annual growth rate of
young Scots pines compared to other types of environ-
ments. This may be attributed to more favorable growth
conditions, such as increased precipitation or improved
soil quality. Meadows and pastures show similar aver-
age growth rates; however, both environments exhibit
lower growth values compared to abandoned agricultural
lands. This suggests that these environments may offer
less favorable conditions for pine growth (Table 4).

Table 5 presents the results of calculations for the sim-
plified drought index (DI). The analysis reveals a clear
relationship between tree growth and DI values. In 2011,
which recorded the highest precipitation (509.9 mm)
and relatively low temperature (2.7 °C), the DI reached
its maximum value of 428.9, and the annual height incre-
ment was the highest, 28.3 cm. This indicates that favora-
ble hydrothermal conditions promote more intensive
biomass accumulation. Conversely, in 2012, under high
temperatures (4.4 °C) and minimal precipitation (275.1
mm), the DI dropped to 143.1, and tree growth declined
to 17.4 cm. This supports the conclusion that drought-
related stress significantly reduces growth, even under
consistent age and spatial characteristics of the trees.

In 2010, with a relatively moderate DI (246.3), the
growth remained relatively high (25.8 c¢m), suggesting
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that elevated temperatures may stimulate growth when
moisture availability is adequate. In 2009 and 2013, DI
values were 335.5 and 365.7, respectively, which also cor-
responded to stable growth rates of 23.7 cm and 26.5 cm.

These findings confirm that the simplified drought
index effectively reflects the environmental conditions
under which annual tree growth occurs and enables the
identification of climate tolerance thresholds in young
pines. When DI falls below 200, a significant decline in
growth can be expected, which is important to consider
in the context of climate change and the assessment of
the adaptive potential of forest stands.

These results underscore the significance of specific
environmental conditions for pine growth and may be
used to optimize management strategies to enhance for-
est productivity across different habitats.

Discussion

In this study, we examined the annual growth dynamics
of 405 young Scots pine trees across 27 trial plots situ-
ated in three distinct environmental groups: abandoned
arable land, pastures, and grasslands. Despite the rela-
tively homogeneous ecological conditions within these
habitats, the trees primarily did not compete with one
another for sunlight access. Earlier in Latvia, more than
threefold differences in the 5-year growth of young scots
pine trees were found in stands with two-fold differences
in the initial density (Miezite et al. 2015). Therefore, we
expected that the young trees of our study would fully
show the climate signals of only two leading climatic
factors, precipitation and temperature, in the growth
dynamics. To maximize the detection of this depend-
ence, a 5-year period with alternating contrasting pre-
cipitation was chosen. The data obtained confirmed our
initial hypothesis. Numerous significant cases of cli-
mate response in annual growth were found in almost
all months (except February for temperature) in all or
many habitats. We found that the amount of precipita-
tion is a more critical ecological factor for the growth of
trees in the study region, since a statistically significant
correlation between these variables was demonstrated
for a larger number of months and samples, and this
dependence was significant at higher levels. This may
be a region-specific feature of the relatively arid Bashkir
Trans-Urals with a strong continental climate. In the
northwestern taiga, the role of temperature in Scots
pine radial growth was more expressed, and this fact
can be explained by the excess of moisture in this region
(Lopatin et al. 2008). Similar to our findings, a study by
Oberhuber and Gruber (2010) demonstrated a statistical
correlation between trees’ radial increments during the
growing period from April to August and precipitation
values across ecologically diverse habitats. In our analysis
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of 27 trial plots over a total of 60 months, we observed
periods with statistically significant correlations between
precipitation and annual tree growth (Table 2), arranged
in descending order as follows: previous October, March,
August, May, July, previous November, June, February,
April, previous December, January, and September. In the
first two months listed, the synchronicity of the precipi-
tation response was in all the habitats studied.

The following five months exhibited climate-driven
annual tree increments in the majority of trial plots, with
percentages ranging from 74.1 to 96.3%. September was
identified as the month with the weakest climate signal.
Statistically significant correlations between annual tree
growth and precipitation levels were observed in only 5
out of the 27 sites studied (18.5%), and four of these sites
showed a negative relationship. In the remaining months,
a statistically significant correlation was found in about
half of the habitats (40.7-59.3%). Except for February,
January, and September, we observed only positive sig-
nificant correlations for all other months. Thus, pre-
cipitation might be a climatic factor which have mostly
a positive influence on tree increment, starting from
autumn preceding the growth of plants until the end of
the growing season.

Compared to the effect of precipitation, temperature
has less impact on the annual growth of Scots pine in
terms of the number of cases of statistically significant
correlations and their levels of significance. The second
pattern observed was the predominance of a negative
correlation between temperature and the trees’ incre-
ment. It is possible that a warm spring positively influ-
ences the initial growth increment of trees. However, as
temperatures rise in the subsequent months, this may
hinder growth due to increased evaporation during hot
weather, which depletes the essential moisture required
by plants (Agafonov and Kukarskikh 2008).

The months of the year were ranked according to their
impact on plant growth due to temperature, in descend-
ing order as follows: April (positive correlation) and cur-
rent September (for all 27 trial plots), previous November
and December (both the months by 81.5% of trial plots),
March (77.8%), June (44.4%), January (40.7%), previous
October (22.2%, positive influence), May (11.1%), July
(7.4%) and August (3.7%). The absence of any statisti-
cally significant effect of temperature on the annual plant
increment was observed for February. For every month,
significant correlations had either only negative or only
positive values in all the trial plots.

The study’s results also indicated that young trees on
abandoned agricultural lands in the Uchali region exhibit
a higher growth rate compared to other habitats. Since
the p-value is less than 0.001, this indicates statistically
significant differences between the mean growth rates
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of young Scots pines across different types of plots. This
may be attributed to the more favorable growth condi-
tions on abandoned agricultural lands, such as increased
precipitation and improved soil quality.

Overall, the findings emphasize the importance of con-
sidering climatic factors in the planning and manage-
ment of forest resources in the Uchali region. They may
also be useful in developing climate adaptation strategies
for forestry.

There are not many studies on the relationship between
climate and the annual growth of trees in height, and
most studies are mainly concerned with the influ-
ence of weather features on the formation of tree rings
(Kazmierczak and Zawieja 2014). For critically impor-
tant months, our results are consistent with the results of
other studies on the climate-driven growth of Scots pine.

Shah et al. (2015) explored seasonal climatic signals in
Central Siberia by analyzing a long-term tree-ring chro-
nology of P sylvestris and reconstructing patterns of
annual precipitation. Their findings indicated that the
most significant annual precipitation signal occurred
over a 12-month period from August to July. The research
identified the previous August and November, as well as
the current May and June, as the months with the strong-
est correlations. It was concluded that increased temper-
atures lead to more pronounced tree growth anomalies,
primarily due to insufficient rainfall during July and
August. Additionally, the study found a strong link
between precipitation from April to June and the growth
of P. sylvestris in a dry valley located in the Eastern Cen-
tral Alps (Oberhuber and Gruber 2010). For the variety P
sylvestris var. mongolica, winter precipitation was shown
to have a beneficial effect on the growth of young trees.
Furthermore, a significant relationship was established
between the Palmer drought severity index and tree ring
width, spanning from September of the previous year to
October of the current year (Liu et al. 2022).

Large-scale forest overgrowing of abandoned agri-
cultural lands in Russia opens up new opportunities for
mitigating the effects of climate warming. Agricultural
and forestry sectors are attributed as a source of 30% of
global emissions leading to climate changes, including
17.4% due to deforestation and forest degradation and
13,5% from agriculture (Jangu and Meena 2011). The
“uninvited” appearance of young forests on tens of mil-
lions of hectares of Russian unused agricultural land
(Schierhorn et al. 2013) has led to the loss of agricultural
products. On the other hand, the new forests will miti-
gate climate change by depositing atmospheric carbon
into the biomass (Moomaw et al. 2019) as well as perform
such well-known functions as improving soil restoration,
circulation of water and organic substances, increas-
ing biodiversity, etc. (Rey Benayas et al. 2007). Forestry
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management of existing forests is an additional powerful
tool for climate change mitigation (Kauppi et al. 2022).
Such an opportunity has arisen for new Russian forests
that have appeared over the past three decades on aban-
doned agricultural land due to the adoption of a spe-
cial decree by the Government in 2021. This regulatory
document allowed the multipurpose use of forests on
agricultural lands, including plantation cultivation and
timber harvesting. Climate warming, which leads to an
elongation of the tree growth season, may lead to greater
sequestration of atmospheric carbon by boreal forests
(Aalto et al. 2022). Our results on clear climate signals in
the growth of young Scots pine trees highlight the large
adaptability of the species and the increasing potential of
stands on abandoned agricultural lands in mitigating cli-
mate change.

Thus, the conducted study highlights the significant
role of climatic factors, particularly precipitation, in the
growth dynamics of young Scots pine in the Bashkir
Trans-Urals. The adaptability of Scots pine and the
growth potential of plantations on abandoned agricul-
tural lands offer promising avenues for climate change
mitigation. The results underscore the necessity of inte-
grating climatic considerations into forest management
and planning strategies.

The innovative aspect of the work lies in identifying a
clear climatic signal in the growth of young pine trees,
specifically the correlation between monthly precipita-
tion and annual growth. The novelty of the research is
its examination of the relationship between precipita-
tion and tree growth at a monthly level, providing a more
detailed understanding of climatic factors affecting tree
growth. Additionally, the study reveals a synchronous
response of tree growth to local precipitation dynamics
throughout the year, emphasizing the importance of con-
sidering local climatic conditions in tree growth research.
The study also provides a ranking of months based on
their impact on tree growth, which may inform forestry
practices and climate adaptation strategies.

The conducted study may attract an international audi-
ence due to its global relevance, as climate change and its
impact on forest ecosystems are worldwide issues. This
makes the research pertinent to scholars, policymakers,
and forest managers globally. The detailed analysis and
ranking of months may inspire similar studies in other
regions, contributing to the development of more accu-
rate climate-forest models. Additionally, the findings
could inform sustainable forest management practices,
such as optimizing planting and harvesting schedules and
creating climate-resilient forest ecosystems. The fusion
of ecology, climatology, and forestry has the potential
to attract researchers from diverse fields, fostering col-
laboration and the sharing of insights. Additionally, this
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research could be replicated in different regions, facili-
tating worldwide comparisons of climate-forest dynam-
ics and contributing to the formulation of more effective
approaches to address climate change.

Conclusions

The examination of how climatic factors influence the
annual growth of young Scots pines across 27 distinct
habitats revealed a notable correlation with monthly pre-
cipitation and temperature. The results showed that pre-
cipitation is crucial for tree growth, especially during the
previous October and November, as well as in the current
months of March, May, June, and July. The strongest sta-
tistically significant relationships between monthly pre-
cipitation and annual tree growth were found in October
of the previous year (R=0.62) and March of the current
year (R=0.54), emphasizing the vital role of precipitation
during these times.

Temperature also affects the growth of young Scots
pines, but its influence tends to be more variable and
frequently negative. Specifically, temperature has a par-
ticularly adverse effect in the previous November and
December, as well as in the current March, May, June,
and September. The most significant negative effects were
noted in September (R=-0.59) and March (R=-0.36),
while a positive effect of temperature was observed in
April (R=0.55).

Abandoned arable lands exhibited higher growth rates
of young Scots pines compared to unused meadows and
pastures. This may be attributed to more favorable soil
conditions and greater precipitation on abandoned arable
lands.

Overall, the results underscore the importance of con-
sidering climatic factors, especially precipitation, in the
planning and management of forest resources. The sen-
sitivity of young Scots pine forests to climatic dynamics
suggests their potential for atmospheric carbon seques-
tration, which could have significant ecological implica-
tions in the context of climate change.

Understanding the relationship between climatic fac-
tors and the growth of young Scots pine trees is critically
important for sustainable forest management in Russia.
Climate change is expected to have a significant impact
on forest ecosystems, and identifying the most crucial
months for temperature and precipitation in determin-
ing tree growth can aid in informing adaptation strategies
to these changes. This research is particularly relevant in
the context of the Uchali region, where abandoned agri-
cultural lands are being reforested with Scots pine.

The results obtained can be useful in predicting the
impact of climate change on the species. The obtained
results may be valuable for developing forest manage-
ment and land restoration strategies, as they provide
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insights into the impact of different habitats on tree
growth and can be applied to similar regions. In addition,
young P. sylvestris forests on extremely vast abandoned
agricultural lands in Russia may play a great role in cap-
turing atmospheric carbon due to their revealed sensitiv-
ity to climate dynamics and comparatively fast growth in
height. In this regard, the environmental benefits of cli-
mate change mitigation may exceed the profits of these
lands from agricultural production after their restoration.
Therefore, further research is needed to verify this prom-
ising opportunity.
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