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Abstract

The study evaluates the dynamics and condition of post-fire forest recovery in the Amankaragay massif of the Kostanay region,
Republic of Kazakhstan, which has been subjected to both natural and anthropogenic pyrogenic influences, resulting in structural
transformations within the forest ecosystems and pyrogenic succession processes. The objective of this research is to assess natural
forest regeneration after wildfires through an integrated approach, combining field studies and remote sensing data, and to analyze
structural changes in forest landscapes due to fire disturbances. Three sample plots were selected for analysis: all affected by
wildfires between 2004 and 2024, with assessments carried out using high- and medium-resolution satellite imagery. The
methodology included the use of differenced normalized burn ratio (INBR) analysis to assess fire severity, normalized difference
vegetation index (NDVI) analysis to evaluate the intensity and dynamics of post-fire vegetation recovery, and geospatial analysis
using ArcGIS 10.8. Additionally, supervised classification of satellite imagery and field surveys were conducted to validate remote
sensing data. The results indicate significant structural changes in forest-forming species following fire disturbances, confirmed by
both remote sensing and field data. As a result, the natural regeneration of forest ecosystems was evaluated, and significant findings
were obtained. Fire intensity and type influence the rate of forest recovery. The dNBR and NDVI analyses confirm the
effectiveness of remote sensing for monitoring post-fire forest recovery. Remote sensing data and field assessments enable not only
the evaluation of the current forest condition but also predictions for its future development. This study underscores the
effectiveness of remote sensing techniques in evaluating pyrogenic succession and contributes to a deeper understanding of natural
forest regeneration processes in the region. The findings can inform the development of evidence-based strategies for forest
ecosystem management and post-fire restoration efforts.
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1. INTRODUCTION include intensified land use, population growth,

increased recreational pressure on forested areas,

Wildfires are an inherent component of natural
ecosystem dynamics, exerting a profound influence
on forest structure and functioning. They drive
transformations in vegetation cover, alter soil
conditions, initiate successional processes, and may
lead to biodiversity loss. The
pyrogenic factors with climatic and anthropogenic

interaction of

influences positions wildfires as a major driver of
ecosystem changes, affecting their productivity and
resilience [1]-[3]. In recent decades, the frequency
and intensity of wildfires have significantly
increased due to a combination of natural and
anthropogenic factors. Key contributing factors
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and global climate change, which exacerbates
temperature rise and prolongs drought periods [4].
Climate change projections indicate an escalating
risk of extreme wildfire events soon, underscoring
the wurgent need for scientifically grounded
approaches to the restoration of disturbed forest
ecosystems [5][6].

Contemporary research on post-fire forest
regeneration focuses on elucidating the mechanisms
of natural vegetation recovery, identifying the
factors influencing its dynamics, and developing
effective forest restoration In this
context, remote sensing methods play a crucial role

in  spatiotemporal — monitoring

strategies.

of  post-fire
landscapes. Spectral indices such as the normalized
burn ratio (NBR) and the normalized difference
vegetation index (NDVI) are among the most
effective tools for quantitatively assessing fire-
induced forest damage, analyzing regeneration
dynamics, and forecasting subsequent successional
trajectories. The integration of satellite data with
field research findings enables the acquisition of
objective, high-resolution information on forest
ecosystem recovery, positioning this approach as
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Figure 1. Maps of Amankaragay forest massif, Kostanay region.

one of the most advanced methodologies for
assessing wildfire impacts.

A substantial body of scientific literature has
been dedicated to the study of post-fire forest
dynamics and vegetation recovery
employing both field-based and remote sensing
methodologies [7]-[14]. These studies emphasize
the critical role of spectral indices and
contemporary technologies in monitoring and
predicting forest recovery processes. The utilization
of NDVI, NBR, and other spectral indices
facilitates the assessment of forest degradation
severity, regeneration potential, and spatial

analysis,

recovery patterns. Nonetheless, conducting large-
scale field studies in forest ecosystems is associated
with  considerable logistical and financial
challenges. Consequently, an integrated approach
that combines remote sensing techniques with field
observations represents the most reliable and cost-
effective method for evaluating post-fire forest
recovery. The recent large-scale wildfires in the
Amankaragay massif of the Kostanay region,
Kazakhstan, have resulted in substantial alterations
to vegetation cover, disruptions in soil-hydrological

conditions, and modifications of microclimatic
parameters. The assessment of post-fire forest
regeneration in this massif is of paramount
importance for understanding recovery processes
and developing effective strategies for the
restoration of disturbed ecosystems.

This study is dedicated to evaluating the
dynamics and current state of natural forest
regeneration in the Amankaragay massif. The
novelty of this research lies in its comprehensive
approach to post-fire forest ecosystem assessment,
integrating field observations, remote sensing
methodologies, and GIS-based analysis. For the
first time, a detailed examination of the natural
regeneration dynamics of the Amankaragay massif
following a wildfire is conducted using cutting-edge
technologies, providing a high-resolution depiction
of recovery processes. The findings of this study
hold significant implications for the development of
scientifically substantiated forest management,
conservation, and restoration strategies under
changing climatic conditions, as well as for
advancing methodologies for assessing the
ecological consequences of wildfires.
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2. MATERIALS AND METHODS

2.1. Study Area and Research Object

The subject of this study is the forests of the
Amankaragay Massif, located in the Kostanay
Region in the northern part of the Republic of
Kazakhstan. This region is characterized by a
diverse landscape and a combination of different
natural zones, where steppe ecosystems coexist
with extensive coniferous and deciduous forests.
The Amankaragay Forest extends along the
southern part of the Kostanay (North Turgay) Plain,
with a length of 45 km and a width of 14.5 km. The
total area of the forest massif exceeds 60,000 ha.
The eastern and western sections of the
Amankaragay Massif are relatively well-preserved
and are characterized by hilly terrain interspersed
with a system of small saline lakes, ranging in depth
from 5 to 7 m. This landscape represents a unique
ecosystem where forest, steppe, and aquatic

biotopes interact, contributing to the biodiversity
and ecological balance of the region [15].

The pine forests of the Amankaragay Massif are
characterized by high fire susceptibility and a
frequent occurrence of wildfires, which is primarily
due to the arid conditions in which they grow. The
increasing number and frequency of pyrogenic
disturbances in natural systems over recent decades
can be attributed to both climatic and anthropogenic
factors. According to the forest fire zoning
classification, the study area belongs to the
Amankaragay Wildfire District, where the fire-
prone period lasts 208 d. Between 2001 and 2024, a
total of 88 wildfires were recorded within the forest
management area, affecting a total of 5,249.9 ha, of
which 5,010.7 ha were forest stands and plantations
[16]. This study aims to analyze the processes of
natural forest regeneration following a wildfire in
the Amankaragay Forest Massif (Figure 1). A
comparative analysis of three sample plots is

©

(D)

Figure 2. Natural forest regeneration, (a) natural regeneration of pine at the 4th sample plot, (b) natural re-
generation of pine at the 3rd sample plot, (c) key area: Birch regrowth after the 2022 fire, and (d) aerial
view of the 4th sample plot.
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Figure 3. Natural regeneration of pine at the 6th sample plot.

conducted using remote sensing data and field
observations.

Sample plot No. 4 (52°30'47.54™" N, 64°
5726.08"" E) is located within the Novonezhinsky
Forestry of the Semiozernoye Forest Management
Unit. This site was affected by a moderate-intensity
crown fire in 2004, and in 2014, a localized surface
fire was recorded along its periphery (Figure 2). To
evaluate the forest's natural regeneration potential, a
site previously impacted by a large-scale fire was
selected as the sample plot. At the time of the
survey, both naturally regenerated stands and
artificially established forest plantations were
observed within the area.

Sample plot No. 3 (52°30724.12"" N, 64°4°0.61""
E) is located within the Novonezhinsky Forestry of
the Semiozernoye Forest Management Unit (Figure
2). The site is predominantly composed of naturally
regenerated tree stands, with occasional occurrences
of silver birch (Betula pendula) within the forest
canopy. In 2004, the area was affected by a
moderate-intensity surface fire, while in 2014 and
2022, low-intensity surface fires impacted its
periphery.

Sample plot No. 6 (52°27°19.50"" N, 64°
26'17.24"" E) experienced a low-intensity surface
fire in 2004, followed by localized surface fires
along its periphery in 2014 and 2022. It is situated
in  Compartment 32, Quarter 7 of the
Novonezhinsky Forestry within the Semiozernoye
Forest Management Unit (Figure 3).

The Amankaragay forest massif represents a
unique natural landscape with high ecosystem
diversity. Its investigation in the context of post-fire

forest recovery is crucial for understanding
vegetation dynamics under changing climatic
conditions and increasing anthropogenic pressures.
The selection of sample plots was based on the
following criteria: areas affected by fires of varying
intensity and severity; long-unburned sites to assess
natural forest regeneration processes; and the
availability of a sufficient number of high-
resolution archival satellite images with minimal
cloud cover, spanning the longest possible period
(up to 20 years), enabling precise determination of
fire occurrence dates.

2.2. Methods

For the analysis of forest recovery dynamics in
the post-fire period, both field research methods
and remote sensing techniques were employed. The
study included the processing and analysis of field
observation data, as well as high-resolution satellite
imagery from Landsat 8, Landsat 7, and Sentinel-2.
Additionally, data from the Goddard Space Flight
Center of NASA (https://modis-land.gsfc.nasa.gov/
fire.html) and the orman.gharysh.kz portal
(National Company "Kazakhstan Gharysh Sapary")
were also utilized. To assess the dynamics of forest
recovery in the Kostanay region during the post-fire
period, the temporal range from 2005 to 2024 was
selected. The analysis employed spectral indices
(dNBR, NBR, NDVI) to evaluate the extent of
vegetation damage and the dynamics of its
recovery. The dNBR was selected for assessing the
extent of vegetation damage due to its proven
ability to effectively detect fire-induced changes
and provide a quantitative measure of the severity
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of disturbances. The NBR is employed for precise
differentiation between burned and unburned areas,
especially within forest ecosystems, enabling the
accurate delineation of fire-affected zones [17][18].

The NDVI was used to monitor the recovery of
vegetation, highlighting changes in vegetation
density and health over time. Remote sensing data
were supplemented with field study results. Field
studies involved identifying the composition of tree
species and their relative proportions, evaluating
seedling health, measuring seedling height and
diameter, and determining seedling density per ha
[19]-[21]. Furthermore, supervised classification of
satellite imagery was utilized in the study. This
method enabled the classification of various land
cover types, including regenerating forest areas,
based on training datasets and predefined classes.
The application of supervised classification allowed
for the differentiation of forest areas into specific
types, such as pine, birch, and deciduous forests,
and facilitated the identification of post-fire
recovery zones. This methodological approach
enhanced the precision of the analysis and allowed
for more granular detection of landscape changes,
which are not always discernible through spectral
indices alone [22].

The data obtained were processed using GIS
analysis techniques and image classification
methods, incorporating both automated and visual
interpretation approaches. The algorithm developed
for analyzing the dynamics of forest ecosystem

recovery facilitated the identification of key sample

plots and the assessment of regeneration trends
under natural recovery conditions. This algorithm
accounts for changes in vegetation structure and
enables the identification of areas that have
experienced significant transformation due to fire
disturbances, as well as those exhibiting successful
recovery. The algorithm for analyzing the dynamics
and status of post-fire forest recovery in the
Amankaragay massif of the Kostanay region,
following pyrogenic impacts, is presented in Figure
4. This approach provided a comprehensive
evaluation of the recovery processes, identifying
areas with varying levels of regeneration and
allowing for the prediction of future ecosystem
trajectories based on the intensity of disturbances
and environmental conditions.

To analyze the dynamics of burned areas and
quantify fire disturbance levels, the NBR and
dNBR were employed [17][18]. Among the various
spectral indices used to assess wildfire-affected
areas, the NBR remains one of the most widely
applied [23]. The primary criterion for burn scar
identification is the reduction in spectral reflectance
in the near-infrared (NIR) region. The NBR is
calculated using the following equation 1;

NBR = (Bnir- Bswir)/ (Bnig + Bswir) 1

where BNIR and BSWIR correspond to the
spectral bands of multispectral satellite imagery
within the wavelength ranges of 0.75-0.90 um and
2.09-2.35 um, respectively. This index is based on
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Figure 4. Algorithm for analyzing the dynamics and condition of post-fire forest recovery in the Amanka-
ragay Massif, Kostanay Region, Republic of Kazakhstan.
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Table 1. Classification of dANBR values.

dNBR Value
Above 0.66
0.66-0.27
0.27-0.10
Below 0.10

Burn Severity Classification
High post-fire disturbance
Moderate post-fire disturbance
Low post-fire disturbance

Minimal or no fire impact

the relationship between NIR and shortwave
infrared (SWIR) reflectance. To quantitatively
assess fire impact within the study area, the dINBR
was utilized. This index represents the difference
between pre-fire and post-fire NBR values derived
from Landsat 7, Landsat 8, and Sentinel-2 satellite
imagery. The dNBR, which refines the NBR, is
calculated as follows Eq. 2. where NBR prefire
denotes the NBR value obtained prior to the
wildfire, while NBR_postfire represents the NBR
value measured following the wildfire.

dNBR = NBRprefire — NBRpostfire 2)

According to this equation, areas with pixel
values close to or equal to O indicate unburned
regions, while values approaching 1 correspond to
severely burned areas. The dNBR spectral index
exhibits high sensitivity to fluctuations in leaf
moisture content and chlorophyll levels. The
classification of burn severity based on dNBR
values is presented in Table 1 [18].

The condition of forest vegetation in fire-
affected areas is effectively evaluated using the
NDVI [20], which serves as a relative indicator of
photosynthetically active biomass [8][19][21].
NDVI values range from -1 to 1 and are directly
related to the total vegetation biomass. This index,
along with other spectral indicators, is widely
utilized to assess changes in both the quantitative
and qualitative structure of forest ecosystems [10]
[24]-[29]. When combined with field-based
assessments, these indices provide accurate and
comprehensive analytical results. The NDVI is
computed using the following Equation 3, where
NIR and RED represent the spectral bands of
multispectral satellite imagery obtained from
Landsat 7, Landsat 8, and Sentinel-2.

NDVI=(NIR-RED)/(NIR+RED) 3)

NBR and NDVI values exhibit a strong
correlation with field evaluations of fire-affected
areas. These indices are extensively utilized by the
U.S. Forest Service to assess wildfire-induced forest
damage [30], identify recent burn scars, and
determine fire severity across various vegetation
zones. An NDVI value ranging from 0.00 to 0.20
indicates the absence of vegetation, suggesting
barren land or areas with minimal plant cover. A
range of 0.20 to 0.31 corresponds to sparse biomass
growth, representing regions with low-density
vegetation. NDVI values between 0.30 and 0.60
signify moderate biomass accumulation, indicating
well-established but not fully dense vegetation.
Finally, an NDVI range of 0.60 to 1.00 reflects
dense biomass development, characteristic of
healthy and well-developed plant communities [19]
[21].

3. RESULTS AND DISCUSSIONS

The constructed maps based on the dNBR burn
index reflect the dynamics and characteristics of
vegetation cover restoration in burned areas, similar
to the indicators of the NDVI vegetation index.
Many researchers note a high correlation between
the NBR and NDVI indices and ground data. Based
on the calculation of the NBR and dNBR indices
from 2003 to 2024, we analyzed the level of
disturbance in forest areas 3, 4, and 6 of the
Amankaragay forest massif during the period from
2003 to 2025 (Figure 5).

Based on the research results, in 2005, the clear-
cut areas in sample plot No. 4 covered 40,060 m?
(94.5% of the studied area), occupying a significant
portion of the plot, whereas in sample plots No. 3
and 6, the clear-cut areas were only 5.5% and
28.3%, respectively. This indicates significant
differences in the extent of anthropogenic impact
and forest cover across different periods. Following

[5D PANDAWA

718



J. Multidiscip. Appl. Nat. Sci.

the 2014 wildfire, the sample plots were partially
affected by fires with low to moderately low
damage levels: sample plots No. 3 and 6 showed
minor disturbances, while in sample plot No. 4, the
damage level was moderate (13.8% of the total
area), which likely slowed the natural forest
regeneration process. A major wildfire in 2022 in
the Amankaragay forest massif further impacted the
forest areas of sample plots No. 3 and 6, both of
which experienced low damage levels: sample plot
No. 3 was affected over 18.8% of its area (11,880
m?), while sample plot No. 6 was affected over
20.1% (19,130 m?). Despite the repeated fires, the
plots show the capacity for natural regeneration;
however, the rate of vegetation recovery varies
depending on the intensity and frequency of
disturbances, as well as landscape conditions.

The results of pyrogenic disturbances in these
forest areas were validated by field studies
conducted on key sample plots in 2022-2024.
Verification of remote sensing data (RS)
demonstrated a high correlation between field
measurements and the values of the dNBR and
NDVI indices. The comparative analysis enabled
the evaluation of vegetation recovery and confirmed
the accuracy of the classification based on satellite
monitoring data. Field studies on the sample plots
included a comprehensive assessment of forest
ecosystem recovery after fire. The composition and
structure of tree communities, indicators of natural
regeneration, and the spatial distribution of key tree
species were analyzed. Special attention was given
to the dynamics of recovery in light coniferous and
deciduous forests, their proportional distribution,

and the influence of landscape conditions. The data
obtained allow for the characterization of the
current stage of forest regeneration and
identification of the key factors that determine its
dynamics.

A temporary sample plot No. 4 was established
in the study area to assess the natural regeneration
of forests in the zone affected by the 2004 moderate
terms

stand

-intensity crown fire. In
development, and other inventory
characteristics, the naturally regenerated forest in
sample plot No. 4 corresponds to its age,
demonstrating good annual growth, with no
observed pest or disease damage. The includes
older birch stands, while aspen stands are of the
same age as the main tree species or younger. These
accompanying species are significantly suppressed
and are gradually being displaced due to growth
cessation. There is also intraspecific natural
mortality, with isolated dead and suppressed Scots
pine trees, which is typical for high-density stands.
The composition and characteristics of tree
species in the burned area of sample plot No. 4 vary
in terms of height and percentage distribution. Scots

of growth,

pine (Pinus sylvestris) remains the dominant
species, covering 50-70% of the area and reaching
heights of 5-8 m. Its predominance is attributed to
its high fire resistance and ability to regenerate
naturally through seed dispersal. Silver birch
(Betula pendula, 20-30%) and aspen (Populus
tremula, 5-10%) are pioneer species that facilitate
forest recovery, reaching heights of 8-15 m.
Willow (Salix spp.) is present in moist areas, with a
height range of 3—5 m and a total composition not

®  Sample plts

Bouncanes of Sample Piots | ¥

@ Samle plots
[ Boundaries of Sample Picts |
[ 2082
[ 052--001
B 201-02¢
B ozt 03
B 038104

“y
056 0216 0 0,55 11
xm

Figure 5. Values of the dNBR index in sample plots 3, 4, and 6 of the Amankaragay forest massif:
(A) 2005, (B) 2015, and (C) 2024.
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Table 2. Development stages, age, height, diameter, and density of tree stands on sample plot No 4.

Development stage Age (years) Height (m)
Seedlings 1-2 0.1-0.3
Saplings 3-5 0.3-0.8
Young stand 6-10 0.8-3
Understory 11-20 3-8

Diameter (cm) Density (thousand trees/ha)

<1 1-2

<1 3-5

1-5 2-3
5-15 1.5-2
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Changes in the mean NDVI vegetation index
values in sample plot Ned

Changes in the mean NDVI vegetation index
values in sample plot Nt 3

Changes in the mean NDVI vegetation index values in
sample plot N &

Figure 6. Changes in the NDVI vegetation index from 2005 to 2024.

exceeding 5%. The 2024 data indicate active forest
recovery, characterized by a substantial expansion
of both coniferous and deciduous forests and a
sharp decline in wastelands. This trend is
corroborated by observations from sample plots,
which record the natural regeneration of Scots pine
at various developmental stages (Table 2),
confirming the ongoing restoration of the forest
ecosystem.

The natural regeneration density of Scots pine on
the site ranges from 2,000 to 5,000 seedlings per ha,
whereas for silver birch, it ranges from 1,500 to
4,000 seedlings per ha. These values are influenced
by local conditions: regeneration is lower in dry
areas with high competition from herbaceous
vegetation and higher in regions where the ash layer
is less compacted and decomposes more rapidly.
The recovery of tree vegetation in burn areas is

driven by increased light availability, improved
nutrient influx, and reduced competition for
resources. Sample plot No. 4, which was affected
by a moderate-intensity crown fire in 2004, created
favorable conditions for natural forest regeneration.
Field studies confirm the presence of viable
regeneration of tree species, indicating continuous
recovery of the forest ecosystem after the fire. To
investigate the relationship between field data
collected from sample plot No. 4 and the NDVI
(Figure 6) and dNBR indices from 2005 to 2024,
Pearson correlation analysis was conducted. Sample
plot No. 4, which was affected by a moderate-
intensity fire in 2004, was selected for analysis as it
provided a valuable opportunity to monitor
vegetation recovery over the long term (Table 3).

In the early years following the fire (2005—

2010), higher dNBR values correlated with lower

[§) PANDAWA
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NDVI values, indicating slow vegetation recovery.
In 2005, the NDVI was 0.37, reflecting significant
vegetation damage. Meanwhile, dNBR values
remained high, confirming the extent of the fire's
impact. By 2015, NDVI had increased to 0.78,
showing a notable recovery in vegetation,
particularly for species such as silver birch and
aspen. During the same period, dNBR decreased,
indicating a reduction in vegetation damage. The
analysis also revealed a strong positive correlation
between NDVI and the density of natural
regeneration for Scots pine. In 2015 and 2024,
when NDVI values rose to 0.78 and 0.79,
respectively, the regeneration density of Scots pine
ranged from 3,000 to 10,000 seedlings per ha.
Additionally, species such as silver birch and aspen,
which are fast-growing pioneers, significantly
contributed to the increased NDVI values.

The Pearson correlation coefficient between
NDVI and tree density for scot pine and silver birch
was 0.86 in 2015, indicating a strong positive
correlation. Conversely, the correlation coefficient
between dNBR and regeneration density was
negative (-0.72 in 2005), suggesting that as fire
damage increased (indicated by higher dNBR
values), the density of natural regeneration
decreased, particularly in areas that suffered more
significant damage. These results confirm that the
NDVI and dNBR indices are reliable indicators of
vegetation recovery dynamics in post-fire zones.
The positive correlation between NDVI and

regeneration density, along with the negative
correlation between dNBR and recovery, shows that
moderate fire damage (low dNBR values) supports
successful regeneration, particularly of species such
as Scots pine, birch, and aspen, while more severe
damage (high dNBR values) hinders recovery.

Field verification of the data confirms the
recovery of Scots pine, which remains the dominant
species, covering 50-70% of the areca. The
formation of the wunderstory and moss layer
indicates the gradual restoration of the ecosystem.
The prevalence of Scots pine suggests the
establishment of a stable coniferous-deciduous
forest, while the notable presence of silver birch
and aspen reflects an early successional stage. The
sample plot No. 3 is located
predominantly covered by naturally regenerated
forest stands, with isolated individuals of pendulous
birch interspersed within the canopy. In 2004, the
area was subjected to a low-intensity surface fire,
with  subsequent surface  fires
impacting its peripheral zones in 2014 and 2022.
The dominant species in sample plot No. 3 is Scots
pine, comprising 70—85% of the tree canopy, with

In an area

low-intensity

individuals reaching heights of 8-12 m and
diameters of 15-25 cm. Pendulous birch accounts
for 10-15% of the stand, and aspen makes up 5—
10%, with both species reaching heights of 6-12 m
and diameters of 10-20 cm. Willow is present in
small quantities (< 5%), predominantly in moist
areas. Scots pine remains the dominant species (70—

Table 3. Post-fire NDVI and dNBR Index Trends on Sample Plot No. 4 (2005-2024).

Years NDVI Index dNBR Index
2005 0.37 1.25-0.31
2010 0.43 0.31-0.11
2015 0.78 0.11-0.29
2020 0.74 0.29-0.45
2024 0.79 0.45-1.15

Table 4. Development stages, age, height, diameter, and density of tree stands on sample plot No. 3.

Development stage Age (years) Height (m) Diameter (¢cm) Density (thousand trees/ha)
Seedlings 1-2 0.1-0.3 <1 2-5
Saplings 3-5 0.4-0.8 <1 3-6
Young stand 6-10 14 2-7 24
Understory 11-20 4-10 6—-18 1.5-3
721 5D PANDAWA
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Figure 7. Natural regeneration of pine.

85%) in the stand, contributing to the resilience of
the coniferous forest's regeneration. Pendulous
birch and aspen assume a secondary role in the
carly stages of ecological succession, gradually
being replaced by Scots pine. Willow is found
infrequently (<5%). Natural regeneration is
proceeding at a relatively high rate, facilitated by
seed regeneration processes and the retention of
mother trees, which significantly contribute to the
successional dynamics (Table 4).

Young forest stands in sample plot No. 3 are
subject to a range of biotic and abiotic factors,
including the presence of insect pests (Dendrolimus
pini, bark beetles), herbivorous mammals (e.g., roe
deer, wild boar, and rodents), and climatic stressors
such as drought, all of which influence their growth
and development. The density of natural
regeneration of Scots pine fluctuates between 3,000
and 7,000 seedlings per ha, while silver birch
exhibits a regeneration density between 2,000 and
5,000 per
dependent on the specific microenvironmental
conditions of the site. The presence of mature, seed-

seedlings hectare, with variation

bearing trees plays a crucial role in the process of
natural regeneration by ensuring a continuous
supply of viable seeds. At the periphery of sample
plot Ne3, the natural regeneration of Scots pine has
been facilitated by an abundance of rainfall
recorded between August 30 and September 20,
2023. The formation of seedlings, aged 20-30 days,
is closely associated with the proximity of intact
seed trees, which ensure a sustained influx of
diaspores. The average regeneration density is
approximately 1-2 seedlings per m”. However,

localized concentrations of seed material were
observed in depressional relief features with
heightened hydromorphy and with
disturbed soil suggesting favorable
conditions for succession and the

in areas
structure,
autogenic
recovery of the forest community (Figure 7).

At the periphery of sample plot No. 3, isolated
instances of suppressed growth in young tree stands
have been observed, which could be linked to the
presence This
commonly found in areas affected by fire and

of Rhizina undulata. fungus,
burned soils, infects the root systems of Scots pine
trees aged 20-50 years, leading to conditions that
hinder seedling growth. In contrast, deciduous
species such as silver birch and aspen exhibit
greater resistance to its effects, thereby promoting
their successful establishment and growth on the
site (Figure 8).

In 2024, a multilayered Scots pine forest with a
high density of natural regeneration was established
on sample plot No. 3, which had been impacted by
a surface fire. Tree heights ranged from 8 to 12 m,
with trunk diameters between 10 and 22 cm. The
density of Scots pine regeneration varied from
7,000 to 11,000 trees per ha, surpassing the
regeneration densities observed in areas affected by
crown fires. The recovery process on this plot is
proceeding at a faster rate compared to sample plot
No. 4, where a crown fire caused more severe
alterations to the ecosystem, thereby decelerating
the regeneration of the forest stands. To investigate
the relationship between field data collected from
sample plot No. 3 and the NDVI (Figure 6) and
dNBR indices from 2005 to 2024, Pearson
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correlation analysis was performed. Sample plot
No. 3, which was affected by a low-intensity
surface fire in 2004, followed by subsequent low-
intensity surface fires in 2014 and 2022, was
selected for analysis due to its valuable potential for
tracking vegetation recovery over an extended
period (Table 5). This plot provided an opportunity
to observe vegetation recovery after multiple fire
events of varying intensity, allowing for the
identification of key patterns in the recovery
process.

In the initial post-fire years (2005-2010), high
dNBR values correlated with low NDVI values,
indicating slow vegetation recovery. In 2005, the
NDVI value was 0.52, reflecting significant
vegetation damage, and high dNBR
confirmed the extent of the fire's impact. By 2010,
the NDVI had increased to 0.75, indicating
noticeable recovery of vegetation, particularly for
species such as silver birch and aspen. During the
same period, dNBR values decreased, reflecting a
reduction in fire-induced damage. Further analysis
revealed a strong positive correlation between
NDVI and the density of natural regeneration for
Scots pine. In 2015 and 2024, when NDVI values
were 0.79 and 0.75, respectively, the regeneration
density of Scots pine ranged from 3,000 to 10,000

values

seedlings per ha. Additionally, species such as
Betula pendula and Populus tremula, which are fast-
growing pioneer species, contributed significantly
to the increase in NDVI values. The Pearson
correlation coefficient between NDVI and tree
density for Scots pine and silver birch was 0.90 in
2015 and 0.75 in 2024, demonstrating a strong
positive correlation. In contrast, the correlation

between dNBR and regeneration density was

negative (-0.72 in 2005), indicating that as fire-
induced damage (reflected in higher ANBR values)
increased, the density of natural regeneration
decreased, particularly in areas more severely
affected by fire.

These findings indicate that sample plot No. 3
showed relatively rapid ecological recovery.
Despite the fire in 2022, the site continues to
demonstrate natural regeneration, supported by the
presence of seed trees of Scots pine, favorable
moisture conditions in depressional areas, and
active recovery of the herbaceous and shrub layers.
These results confirm that the NDVI and dNBR
indices of vegetation
recovery dynamics in post-fire ecosystems. The
positive  correlation between NDVI  and
regeneration density, coupled with the negative
correlation between dNBR and recovery, highlights
that moderate fire damage (low dNBR wvalues)
promotes successful regeneration, whereas more
severe fire damage (high dNBR values) impedes

are reliable indicators

recovery.

Sample plot No. 6 exhibits active forest
recovery, with a balanced distribution of coniferous
and broadleaf species, reflecting broader regional
trends in forest composition. As of 2024, the area of
light-coniferous forests is 29,082 hectares, and the
is 30,056 hectares,
indicating a nearly equal spread of Scots pine and

broadleaf species. Within this plot, Scots pine and

area of broadleaf forests

silver birch dominate the tree composition, resulting
in a mixed forest structure. The average height of
Scots pine is 6.5 m, with a stem diameter of 12.3
cm, while silver birch reaches 9.2 m in height.
Aspen grows up to 12.8 m, and willow remains
relatively rare, occupying predominantly wetter

Figure 8. Wavy rhizina mushroom (Rhizina undulata).
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Table 5. Post-fire NDVI and dNBR Index Trends on Sample Plot No. 3 (2005-2024).

Period NDVI Index dNBR Index
2005 0.52 1.10-0.32
2010 0.75 0.32-0.13
2015 0.79 0.17-0.12
2020 0.75 0.12-0.49
2024 0.55 0.49-1.76

Table 6. Development stages, age, height, diameter, and density of tree stands on sample plot No. 3.

Development stage Age (years) Height (m)
Development stage 1-2 0.12+0.03
Seedlings 3-5 0.35+0.10
Saplings 6-10 1.40 £0.50
Young stand 11-20 5.30+1.80

Diameter (cm) Density (thousand trees/ha)

<1 14+03
<1 3.8+£0.6
28+1.2 25+04
9.6 +3.1 1.7+ 0.3

areas and constituting approximately 3% of the total
tree cover. Sample plot 6 was subjected to a low-
intensity surface fire in 2004, followed by localized
low-intensity surface fires along its periphery in
2014 and 2022. These fires have contributed to the
vigorous natural regeneration of both coniferous
and broadleaf species, as indicated by the high
density of saplings (Table 6). At present, the plot
represents a resilient mixed forest, where Scots pine
regenerates alongside birch and aspen, mirroring
regional trends in vegetation dynamics.

Sample plot No. 6 is characterized by ongoing
natural regeneration processes, despite the presence
of pests (such as pine moths and bark beetles),
wildlife, and climate stressors, including drought.
As of 2024, the plot demonstrates a balanced
distribution of coniferous and deciduous species,
indicating dynamic changes in the forest structure.
Scots pine predominates, establishing a stable stand
with a density of 7,000-8,000 trees per ha. In
contrast, silver birch and aspen are sporadically
distributed, with a density ranging from 3,000 to
3,500 trees per ha, reflecting a notable increase in
the proportion of deciduous species within the area.
For the study of the relationship between field data
collected from sample plot No. 6 and the NDVI and
dNBR indices over the period 2005-2024, a
Pearson correlation analysis was conducted. Sample
plot No. 6, which experienced a low-intensity
surface fire in 2004, followed by subsequent low-
intensity surface fires in 2014 and 2022, was chosen

for analysis due to its value in monitoring long-term
vegetation recovery dynamics (Table 7).

In the initial post-fire years (2005-2010), high
values of dNBR corresponded with low NDVI
values, which indicated a prolonged and gradual
recovery of vegetation. In 2005, the NDVI index
was 0.53, reflecting significant vegetation damage.
this period, dNBR values
elevated, corroborating the extent of fire-induced
damage. By 2010, the NDVI index had increased to
0.73, signaling a substantial recovery of vegetation,

During remained

particularly the fast-growing species such as silver
birch and aspen. At this time, dNBR values
decreased, indicating a reduction in the fire's
impact. A further analysis revealed a robust positive
correlation between NDVI and regeneration density
for Scots pine. In 2015 and 2024, when NDVI
values were recorded at 0.79 and 0.76, respectively,
regeneration density of Scots pine ranged between
3,000 and 10,000 saplings per hectare. In addition,
species such as silver birch and aspen, which are
for their rapid growth, contributed
significantly to the observed increase in NDVI

known

values. The Pearson correlation coefficient between
NDVI and tree density for both Scots pine and
silver birch reached 0.90 in 2015, and remained at
0.75 in 2024, signifying a strong and consistent
positive relationship. Conversely, the correlation
between dNBR and regeneration density was
negative, with a coefficient of -0.72 in 2005. This
suggests that as fire-induced damage (indicated by

[5D PANDAWA
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higher dNBR values) increased, the regeneration
density declined, particularly in areas subjected to
more severe fire impacts. Overall, the results
suggest that the forest ecosystem on sample plot
No. 6 demonstrated a relatively rapid recovery
following fire disturbances. Despite the additional
fire event in 2022, the area continues to exhibit
robust natural regeneration, driven by the presence
of seed trees (primarily Scots pine), favorable
moisture conditions in lowland areas, and the active
recovery of herbaceous and shrub vegetation.

These findings confirm that both NDVI and
dNBR indices are reliable indicators for assessing
the dynamics of vegetation recovery in post-fire
landscapes. The positive correlation between NDVI
and regeneration density, coupled with the negative
correlation between dNBR and regeneration,
indicates that moderate fire damage (reflected in
low dNBR values) facilitates vegetation recovery,
particularly for species such as Scots pine, silver
birch, and aspen. In contrast, severe fire damage (as
indicated by high dNBR values) impedes recovery
Natural recovery
involves complex ecological and phytocenotic
related to the
biogeocoenoses and the interactions between tree

processes. forest vegetation

processes, formation of forest
species, soil, and the surrounding environment. The
recovery of light-coniferous forests after wildfires,
both under the forest canopy and on clearcuts, has
been a subject of extensive research. The dynamics
fire are
influenced by a combination of biotic and abiotic
factors, including the degree of disturbance and site
conditions. To assess the changes more accurately,
image classification was conducted, allowing the
identification of key recovery zones and the

of forest ecosystem recovery after

dynamics of vegetation changes across the sample
plots.
The classification maps for sample plots 3, 4,

and 6 highlight distinct forest-forming formations
and clearly delineate major fire-affected zones,
corresponding to areas of barren land and
fragmented forest cover (Figure 9). All analyzed
plots demonstrate positive indicators of post-fire
forest recovery. The most significant vegetation
regrowth and dynamic recovery processes are
evident in sample plot 4, which experienced the
highest level of pyrogenic disturbance, as verified
by the multispectral imagery.

The classification maps for sample plots 3, 4,
and 6 highlight distinct forest-forming formations
and clearly delineate major fire-affected zones,
corresponding to areas of barren land and

fragmented forest cover. All analyzed plots
demonstrate positive indicators of post-fire forest
recovery. The most significant vegetation regrowth
and dynamic recovery processes are evident in
sample plot 4, which experienced the highest level
of pyrogenic disturbance, as verified by the
multispectral imagery. As further illustrated, the
activity of identical forest vegetation species varies
across undisturbed forest areas, pyrogenically
influenced zones, and directly burned sites. In fire-
affected zones, seedling growth processes are
intensified due to increased light availability,
improved access to mineral nutrients, and reduced
interspecific competition in open spaces. These
conditions are generally more favorable in
pyrogenic zones compared to undisturbed areas [31]
-[37].

The dynamics of changes in sample plots No. 3,
4, and 6 from 2005 to 2024 reflect the ongoing
process of forest ecosystem recovery, driven by
natural factors such as wildfires and deforestation.
On all three sample plots, a consistent trend in
forest composition alterations 1is observed,
indicating the progression of succession and

ecological restoration. In sample plot No. 4, in

Table 6. Development stages, age, height, diameter, and density of tree stands on sample plot No. 3.

Period NDVI Index dNBR Index
2005 0.53 1.10-0.32
2010 0.73 0.32-0.13
2015 0.79 0.17-0.12
2020 0.76 0.12-0.49
2024 0.62 0.49-1.76
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Natural forest regeneration in the 4th
sample plot from 2005 to 2024 (%)

® Sample plots

1and dland

and

I Light coniferous forests (pine)

Deciduous forests (birch and aspen)

[ ] Boundaries of sample plots

Figure 9. Classification results of Landsat 7 and Sentinel 2 data in (A) July 2005, (B) July 2010, (C) July
2020, and (D) July 2024.

2005, the area of light coniferous forests was 1258
m?, the area of deciduous forests was 1068 m?, and
the area of barren land and sparse forests was
40,062 m?. By 2015, the area of light coniferous
forests had significantly increased, indicating active
recovery of coniferous forests on this plot (Table &,
Figure 10).

The area of deciduous forests also increased
significantly, confirming the regeneration of
broadleaf species such as birch and aspen.
Simultaneously, the reduction in the extent of
barren land and sparse forests indicates that these
areas are undergoing natural overgrowth. By 2020,
the area of light coniferous forests continued to
expand, while the extent of deciduous forests had
stabilized. Barren land and sparse forests were no
longer recorded in the official data, suggesting their
transformation into more densely vegetated areas.
By 2024, the area of light coniferous forests had
slightly decreased, whereas deciduous forests
continued to expand. The area of barren land and
sparse forests had declined to minimal values,
indicating the completion of the barren phase and a
transition toward more mature forest ecosystems
(Table 9, Figure 11). In 2005, sample plot No. 3 had
an area of 61,010 m? covered by light coniferous

forests, 1,100 m? by deciduous forests, and 11,100
m? by barren land and sparse forests. By 2015, the
area of light coniferous forests had decreased,
potentially due to the influence of natural
disturbances such as wildfires and anthropogenic
impacts like logging.

The increasing of area of deciduous forests
confirms the process of coniferous species being
gradually replaced by deciduous The
significant expansion of barren lands and sparse

ones.

forests also indicates active vegetation overgrowth.
In 2020, the area of light coniferous forests showed
an increase, possibly indicating the recovery of
coniferous ecosystems, while the area of deciduous
forests continued to expand. However, the area of
light coniferous forests had markedly decreased,
whereas the deciduous forest area had further
increased by 2024. The growth in the extent of
barren lands and sparse forests may suggest the
impact of additional natural factors such as
wildfires and climate change.

In sample plot No. 6, in 2005, the area of light
coniferous forests was 49,301 m?, the area of
deciduous forests was 2,500 m?, and the area of
barren land and sparse forests was 27,275 m?. By
2015, the area of light coniferous forests had
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diminished, a trend attributable to the impacts of
natural disturbances (Table 10, Figure 12).

The expansion of deciduous forests indicates a
process of substitution, where coniferous species
replaced by
Concurrently, the reduction in barren lands and rare
forest areas suggests ongoing recovery. In 2020, the
area occupied by light coniferous forests continued

are  being deciduous  ones.

to diminish, while the area of deciduous forests
experienced significant expansion. Barren lands and
rare forests saw a decline. By 2024, the area of light
coniferous forests persisted in its decrease, while
deciduous forests continued to increase. The area of
barren lands and rare forests expanded, which may
indicate the continued progression of forest
ecosystem restoration and species replacement.

The overall trend of changes observed across the
sample plots suggests a gradual but steady recovery
of the forest ecosystems, despite the influences of
natural perturbations. Over the study period, all
three sample plots exhibited an increase in
deciduous forest cover, thus supporting the active
regeneration of these ecosystems. Although an
initial decline in coniferous forest areas was noted,

a subsequent trend of recovery emerged. The area
of barren lands and rare forests was significantly
reduced over time, corroborating a successful
restoration phase and a transition to more mature
forest ecosystems. The role of natural factors, such
as wildfires and deforestation, as well as
successional dynamics, is crucial in explaining
these changes, supporting theoretical assumptions
regarding the post-disturbance dynamics of forest
ecosystems.

In this context, sample plot 4, which experienced
the most intense disturbance, demonstrated a
protracted recovery process. However, by 2024,
high NDVI values were recorded, indicating a
considerable degree of vegetation recovery. Sample
plot 3 exhibited a faster recovery trajectory, though
by 2024, a slight decrease in NDVI values was
observed, which could be attributed to structural
modifications within the forest. Sample plot 6,
which underwent a low-intensity fire, displayed the
most stable recovery trajectory, with minimal
fluctuations in NDVI values and a gradual
reduction in fire-induced damage, as reflected in
dNBR changes.

Table 8. Dynamics of forest and vegetation change on sample plot No 4 (m?) from 2005 to 2024,

Period Light-coniferous forests Deciduous forest (birch and aspen) Wastelands and sparse forests
2005 1258 1068 40062
2015 12531 16984 12780
2020 29834 12554 13.2
2024 22500 19823 535

2005

2015

2020

2024

m Light-coniferous forests Deciduous forest (birch and aspen)

Wastelands and sparse forests

Figure 10. Natural Forest Regeneration in sample plot No. 4 from 2005 to 2024 (%).
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Table 9. Dynamics of forest and vegetation changes in sample plot No. 3(m?) from 2005 to 2024.

Period Light-coniferous forests

2005 61010

2015 48911

2020 56660

2024 18500
80

> 60%

2005

m Light-coniferous forests

Wastelands and sparse forests

Deciduous forest (birch and aspen)
1100
3378
9616
2981

2015

Wastelands and sparse forests
11100
13887
89.5
18195

2024

2020

Deciduous forest (birch and aspen)

Figure 11. Natural Forest Regeneration in sample plot No. 3 from 2005 to 2024 (%).

Thus, the analysis of forest ecosystem recovery
dynamics in Amankaragay validates the principles
classical models

described in of ecological

However, a nuanced

understanding of these processes necessitates an

succession. more
exploration of pyrogenic succession mechanisms in
the context of established theoretical frameworks.
The research supports the view that post-fire
succession is not a linear process but may follow
divergent trajectories influenced by factors such as
fire intensity, climatic conditions, and landscape
characteristics. In this regard, classical models of
ecosystem dynamics, including the concept of
alternative stable states [38] and the forest
regeneration model following fires [39], are of
particular relevance.

Restoration of forest ecosystems post-fire is a
complex process governed by a multitude of
factors, including forest type, fire intensity and
scale, climatic conditions, and landscape features.
Investigating these factors allows for a more
comprehensive understanding of forest recovery
dynamics, particularly within the context of the
Amankaragay  forest stands.  Contemporary

monitoring techniques, incorporating indices such
as NDVI, NBR, and dNBR, enable objective
assessments of vegetation damage and the trajectory
of its regeneration. Pereira et al. demonstrated that
NDVI is particularly effective for -early-stage
monitoring of post-fire vegetation recovery,
whereas NBR more accurately quantifies the fire
impact [40]. Zhang et al. showed that NBR and
NDVI

severely burned areas and tracking long-term

serve complementary roles, detecting
recovery trends [41]. These findings corroborate the
work of Tokareva et al., who observed that the
disparity between NDVI and NBR values in burned
and unburned forests persists for up to 17 years post
-fire, with these indices exhibiting a strong
correlation with climatic variables [11].

Our study affirms the utility of NBR, dNBR, and
NDVI indices for long-term monitoring of forest
recovery following fire disturbances. Specifically,
dNBR proved to be particularly informative in the
analysis of post-fire changes occurring 20 years
after the event: in areas affected by surface fires, the
index values gradually reverted to background

levels, whereas in regions impacted by crown fires,
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the values remained elevated, signifying deep
structural alterations within the forest. NDVI data
demonstrated that in areas affected by moderate
surface fires, vegetation productivity approached
baseline levels, while in crown fire areas,
productivity remained significantly suppressed,
underscoring differences in biomass accumulation
rates and forest stand recovery.

The analysis of post-fire successional stages in
Amankaragay reveals that the recovery patterns
align with classical models of ecosystem dynamics.
According to Ramensky, the recovery process
progresses through predictable stages: herbaceous
(1-5 years), shrub and young tree stages (up to 25
years), secondary broadleaf forest formation (40—60
years), and ultimate recovery of mature coniferous
forests (120-150 years) [42]. These findings
resonate with the work of Matveeva et al., who
studied similar processes in coniferous-broadleaved
forests in the Anyuy National Park [43].

Different restoration strategies can significantly
affect the speed and success of forest regeneration.
For instance, research at the Krasnoyarsk Scientific
Center of the Siberian Branch of the Russian

Academy of Sciences demonstrated that the
application of fertilizers derived from conifer
sawdust accelerates microbial processes in the soil,
thereby enhancing pine forest recovery and
increasing seedling numbers by 4-6 times [44].
Conversely, studies by Zhumadina and co-authors
in the ribbon forests of the Irtysh region revealed
that natural pine regeneration occurs unevenly,
underscoring the need to consider terrain in the
design of reforestation programs [45].

Studies by Turner et al. in Yellowstone National
Park confirmed that crown fires can lead to a
complete replacement of tree species, with pine
forests being substituted by aspen communities,
with recovery taking between 50 to 100 years [46].
Keeley and Pausas demonstrated that in
Mediterranean and Californian ecosystems, crown
fires lead to the formation of resilient shrubland
landscapes, whereas surface fires foster the
regeneration of coniferous species [47]. Therefore,
the analysis of forest recovery dynamics in
Amankaragay underscores that the velocity and
direction of succession are influenced by multiple
factors, including fire intensity, topography,

Table 10. Dynamics of forest and vegetation changes in sample plot No. 6 (m?) from 2005 to 2024.

Period Light-coniferous forests

2005 49301
2015 47615
2020 42844
2024 29082

2005

m Light-coniferous forests

Wastelands and sparse forests

Deciduous forest (birch and aspen)
2500
10807
33632
30056

Wastelands and sparse forests
27275
21154
3100
20438

2015

2020 2024

Deciduous forest (birch and aspen)

Figure 12. Natural Forest Regeneration in sample plot No. 6 from 2005 to 2024 (%).
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climatic conditions, and restoration measures. The
data and field
observations facilitates not only the assessment of
recovery rates but also the formulation of effective
forest management strategies in the face of climate

integrated use of satellite

change.
4. CONCLUSIONS

The findings of this study highlight that the
forests of Amankaragay possess significant
potential for natural regeneration, which can
optimize successional processes. Both remote
sensing and field data provide crucial insights into
the current state and future trajectory of forest
ecosystems, essential for informed forest
management and conservation decisions. Key
conclusions include the impact of fire intensity and
type on recovery rates, with crown fires slowing
recovery due to severe canopy loss, while moderate
-intensity fires support higher regeneration rates.
The dNBR and NDVI indices have proven effective
in monitoring forest recovery, enabling long-term,
comprehensive assessments. Supervised image
classification enhances the accuracy of ecosystem
monitoring, aiding in forecasting future dynamics
and guiding restoration strategies. Field data further
validate remote sensing accuracy, improving the
precision of recovery predictions. Additionally,
biotic and abiotic factors such as soil moisture and
light availability significantly influence recovery
rates, with favorable conditions accelerating
recovery. Finally, the integration of remote sensing
and field studies is indispensable for forecasting
supporting
management  strategies and  evidence-based
conservation efforts, especially in the context of

ecosystem development, adaptive

climate change and increasing fire disturbances.
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