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Materials and methods of research. Military aggression in eastern Ukraine has se-

verely impacted protected ecosystems, necessitating an objective damage assess-

ment for restoration planning. This study evaluates the belligerent transformation of the

Dvorichansky National Nature Park and adjacent territories from 2021 to 2025 using

remote sensing. Our work identifies spatiotemporal vegetation dynamics, analyses Cre-

taceous outcrop destabilisation, and statistically confirms ecosystem transformation due

to military factors.

Results. Analysis of Sentinel-2 satellite data for 2021-2025 revealed the transformation

of 46.5% of the studied area (the Dvorichansky National Park and its surroundings).

Krainiuk Olena, Buts Yuriy, Katkovnikova Lidiia, Sukhov Valeriy, Lisnyak Anatoliy, Zolochevskyi Denys (2026). Belligerent
transformation of protected ecosystems of the Dvorichansky National Nature Park and its surroundings according to remote
sensing data. Visnyk of V. N. Karazin Kharkiv National University, Series Geology. Geography. Ecology, (64), 176-191.
https://doi.org/10.26565/2410-7360-2026-64-14

@_®_ © Olena Krainiuk, Yuriy Buts, Artur Kahramanyan, Lidiia Katkovnikova, Valeriy Sukhov, Anatoliy Lisnyak, Denys Zolochevskyi, 2026
This work is licensed under a Creative Commons Attribution 4.0 International License

Incites:

176



https://doi.org/10.26565/2410-7360-2026-64-14
https://orcid.org/0000-0001-9524-040X
https://orcid.org/0000-0001-9524-040X
mailto:alenauvarova@ukr.net
https://orcid.org/0000-0003-0450-2617
https://orcid.org/0000-0003-0450-2617
mailto:butsyura@ukr.net
https://orcid.org/0000-0003-3520-4911
https://orcid.org/0000-0003-3520-4911
mailto:kartal@kart.edu.ua
https://orcid.org/0000-0002-9843-2033
https://orcid.org/0000-0002-9843-2033
https://orcid.org/0000-0001-5784-5248
https://orcid.org/0000-0001-5784-5248
mailto:valery.sukhov@karazin.ua
https://orcid.org/0000-0002-5850-7328
https://orcid.org/0000-0002-5850-7328
mailto:anlisnyak@gmail.com
https://orcid.org/0009-0000-3076-527
https://doi.org/10.26565/2410-7360-2026-64-01
https://doi.org/10.26565/2410-7360-2026-64-14
https://doi.org/10.26565/2410-7360-2026-64-14
https://doi.org/10.26565/2410-7360-2026-64-14
https://doi.org/10.26565/2410-7360-2026-64-14

ISSN 2410-7360 (Print)
ISSN 2411-3913 (Online)

BicHuk XapkiBcbkoro HaLioHanbHoro yHisepeutety imeHi B.H. Kapasina Cepist «[eonorisi. Feorpadist. Exkonorisiy | 2026 1 64 C. 176-191
Visnyk of V. N. Karazin Kharkiv National University, Series Geology. Geography. Ecology ' 2026 ' 64 | 176-191

The greatest damage was recorded in built-up areas (62%) and forest areas (45%)
located in the adjacent territories. In forests, the share of severe damage increased to

Keywords:

16% due to delayed tree death. A “pseudo-recovery” effect was observed in abandoned

fields: in 2022-2024, the NDVI index increased artificially due to mass ruderalization
(weed infestation), but in 2025 the vegetation rate fell by 18% below the pre-war level,
indicating soil depletion. On chalk slopes, bare rock area increased by 38% (from 42 to
58 hectares). Explosions and turf rupture reduced the integrity index from 0.85 to 0.62,
triggering active erosion and ravine formation. Statistical testing (paired t-test, p < 0.05)

remote sensing, NDVI index, soil erosion,
military impact, turf integrity index, land-
scape transformation, vegetation deg-
radation, UN Sustainable Development
Goals.

confirms these changes result from military impact rather than natural fluctuations. Our
transformation model illustrates how primary damage triggers cascading, irreversible

erosion and chemical degradation.

Introduction.
Statement of the general problem

Full-scale military aggression against
Ukraine has caused unprecedented pressure on
the environment, the consequences of which can
no longer be considered only as a local problem.
As of 2026, the belligerent transformation of
ecosystems has become systemic, requiring a
review of approaches to monitoring and restoring
ecosystems. Belligerent transformation includes
the transformation of the natural landscape as
a result of military actions or other military-
related activities, including its complete loss
due to cutting down, burning, moving military
equipment, deploying military units, destroying
or blocking ecological corridors, etc. [1, 2].

The Kharkiv region, as a border and
strategically important zone, has experienced
one of the most significant impacts: from direct
landscape destruction to long-term chemical
pollution of soils and waters. Of particular
concern is the state of the objects of the nature
reserve fund, particularly the Dvorichansky
National Nature Park, which is a centre for
unique Cretaceous ecosystems. The connection
of this problem with practical tasks lies in the
need to develop digital tools for recording ecocide
for international courts and planning post-war
restoration.

The study’s relevance stems from the long-
term presence of protected areas in the combat
zone, which makes traditional field research
impossible. In such conditions, remote sensing
of the earth becomes almost the only method for
assessing the dynamics of damage to biodiversity
and vegetation cover.

Analysis of recent research and
publications. Over the past five years, the
impact of war on the environment has become
a key issue in the works of both Ukrainian and
foreign scientists. The destruction of entire
ecosystems, significant pollution of soil, water,
and air, and the rapid decline in biodiversity
are challenges that require not only mitigation
but also the development of effective restoration
strategies. The general environmental impact
of war and the degradation of the protected
area fund were studied in detail by Tsaryk and
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Kuzyk [3]. Antonenko and Khutkyi [4] focused
on how aggression destroys the country’s
natural resources and tourism potential. The
economic side of environmental damage and the
administrative levers for the rehabilitation of
territories were analysed in the works of Tytykalo
[56] and Blagopoluchna [6].

A separate body of research is devoted to
the «nvisible» consequences of explosions —
atmospheric pollution and the accumulation of
heavy metals in soils. These aspects are discussed
in detail in the publications of Matkivskyi [7],
Krainiuk [8] and Shebanina [9]. The specifics of
soil cover destruction in the Kharkiv region were
studied by Kurach [10] and others, and the legal
qualification of the aggressor’s actions as ecocide
1s substantiated in the works [12, 13].

Studies of the environmental aspect of the war
show horrific statistics: since 2014, the Russian
Federation has illegally seized or destroyed more
than 500 objects of the natural reserve fund of
Ukraine, covering an area of over 1.2 million
hectares [3]. Dozens of national parks, reserves,
botanical gardens and zoos have been occupied [4].
The authors [5] indicate that, as of 2022, about 20%
of the country’s protected areas had been damaged
by Russian aggression. This includes 4 biosphere
reserves and 17 wetlands of international
importance, totalling over 627 thousand hectares.
In addition to the direct destruction of flora and
fauna, this entails enormous financial losses. The
economic and environmental losses exceeded 200
billion hryvnias in 2022, and this figure continues
to grow rapidly, along with the area of degraded
land and the loss of unique species [6].

The scale of the problem forces researchers
to look for new methods of damage assessment,
as the current hostilities in Ukraine have a
catastrophic impact on all components of the
natural environment. Environmental impacts can
be effectively assessed using satellite monitoring
and the NDVI index. Analysis of Sentinel-2
satellite images showed a 48% decrease in NDVI
in 2022 compared to 2021 in the Kupyansk and
Izyum areas, indicating large-scale destruction of
vegetation cover due to hostilities, fires, and the
movement of heavy equipment [14]. Soil studies
revealed increased levels of heavy metals (Cd,
Cu, Pb) in the shelling areas, as well as physical
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disturbances to the soil cover caused by explosions
and the movement of military equipment [15,
16]. Satellite monitoring also allows for tracking
atmospheric pollution, water resources, and
landscape changes, which is critically important
for planning ecological rehabilitation measures
[8, 17, 18, 19]. A significant problem is the
degradation of protected areas and national parks
[20]. In general, satellite data and the NDVI index
are key tools for the operational monitoring of the
environmental consequences of war [21].

Military operations in the Kharkiv region are
causing large-scale ecological destruction, leading
to the loss of biodiversity and the destruction of
natural habitats in nature reserves and ecoparks,
particularly in Feldman Ecopark [19]. In addition
to the direct destruction of species, there is a
systematic contamination of soil, water [8] and air
with heavy metals and petroleum products [2, 8,
9, 10]. This not only reduces land fertility but also
creates long-term threats to human and animal
health. A separate factor in transformation is the
destruction of infrastructure, which negatively
affects water resources and fisheries in the region
[21], resulting in significant losses in aquaculture
and commercial fishing.

The transformation of forest landscapes
through fires, explosions and the construction
of fortifications worsens the condition of the soil
cover and changes the natural relief [14, 21].
The greatest destruction of agricultural lands
is caused by air and artillery strikes, which
lead to food contamination and crop losses. The
scale of damage in the region is critical: more
than 20 thousand affected objects have been
recorded, a third of which falls on the city of
Kharkiv [11]. The combination of these factors,
including the destruction of industrial facilities
and long-term environmental pollution, provides
grounds for qualifying the aggressor’s actions
as environmental crimes and ecocide [12, 13].
Overcoming these irreparable consequences
requires increased legal responsibility and
attracting international support for the future
restoration of ecosystems [11, 18].

Highlighting previously unresolved parts
of the overall problem. Despite significant
current work describing the overall ecological
damage, many questions remain unanswered,
especially in the context of a protracted military
conflict. As hostilities continue for the fifth year,
we are witnessing a transition from acute impacts
to chronic ecosystem degradation. Most of the
existing studies were based on data from the
first two years of a full-scale invasion. However,
as of 2026, there is an urgent need to assess the
cumulative effect - the cumulative damage from
continuous shelling, mining and fires affecting
the same territories over a long period of time.
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A separate unresolved problem is the state of
highly specialised ecosystems, such as the unique
Cretaceous deposits of the Dvorichansky National
Park. These landscapes have a low ability to
regenerate, and any mechanical destruction or
chemical pollution here can become irreversible.
The mechanism of natural self-recovery in areas
where human activity has completely ceased due
to danger remains insufficiently studied. Whether
ecosystems can autonomously recover from
warfare-induced damage or if territorial neglect
exacerbates  environmental  transformation
remains a critical question requiring rigorous
analysis through advanced GIS technologies.

In addition, a critically important task is the
systematic documentation of environmental
crimes in the Russian Federation. Each case of
forest destruction or water pollution should be
recorded not just as a statistical fact, but as legally
significant evidence of ecocide. In this article, we
try to fill the gap in the methodology of remote
monitoring, which allows not only to assess the
area of damage, but also to predict the viability of
protected areas in the post-war period, which is
the foundation for future lawsuits in international
courts and the development of environmental
rehabilitation programs.

The purpose and objectives of the
research. The purpose of the article is to study
the belligerent transformation of protected
ecosystems 1n the Dvorichansky National
Nature Park using remote sensing data and to
comprehensively assess their degradation over
the period 2021-2025.

The following tasks were to be solved:

1) A comprehensive analysis of the impact of
prolonged military operations on the ecosystems
of the Kharkiv region (in particular, the
Dvorichansky National Park) and the justification
of strategies for their restoration in the context of
sustainable development of the region.

2) To achieve this, it is planned to assess the
scale of transformation of natural landscapes
using modern remote sensing methods,

3) Investigate the dynamics of soil and
water pollution, as well as formulate practical
recommendations for the rehabilitation of
damaged areas, drawing on international
experience and public initiatives.

The research methodology is based on a
combination of remote sensing, geospatial modelling,
and mathematical statistics. The primary data
source is Sentinel-2 multispectral imagery accessed
via the Copernicus Browser. These data were
selected because of their high spatial resolution (10
m), which is critical for monitoring protected areas
in regions of active military operations.

For the calculation of spectral indices and
subsequent comparative analysis, Level-2A (LL2A)
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products were used. The selection of the L2A
product is essential for ensuring the scientific
validity of the results, as these data undergo
automated atmospheric correction. By converting
Top-Of-Atmosphere (TOA) reflectance to Bottom-
Of-Atmosphere (BOA) reflectance wusing the
Sen2Cor algorithm, the process ensures a correct
quantitative comparison of index image time
series. This approach eliminates the influence of
atmospheric aerosols and water vapour, meeting
the required standards for professional analysis
of vegetation dynamics.

Calculation of the NDVI vegetation index
enables an objective assessment of vegetation
cover and theidentification of areas of degradation.
The Python programming language was used
to automate the processing of large datasets,
enabling not only the construction of long-term
time series but also the generation of accurate
heat maps of landscape changes.

To ensure the scientific validity and
reproducibility of the results, the data processing
was conducted according to a structured analytical
pipeline. The sequence of stages - from automated
satellite data acquisition to statistical validation
of the identified landscape changes - is detailed in
the methodological workflow (Fig. 1).

1. Data Acquisition
a (Copernicus Browser)

2. Preprocessing (Python
Environment)

Methodological
Pipeline: Sentinel-2 | <
Data Analysis

3. Spectral &
Geomorphological
Analysis

\_ 4 Statistical Validation &
Results

Object and data. The study is focused on the
territory of the Dvorichansky National Nature
Park. The primary source of information was
satellite images from the Copernicus Browser
(Sentinel-2 mission), specifically the Level-2A
(L2A) processing level. This data level provides
Bottom-Of-Atmosphere (BOA) reflectance, which
1s mandatory for the professional monitoring
of spectral indices like NDVI and ensures the
reliability of the calculated values across the
2021-2025 study period.

To ensure maximum analytical precision, time
series of satellite data were compiled for the 2021—
2025 period. The image selection process was
strictly filtered to minimise cloud interference;
only scenes with a total cloud cover of less than
20% were utilised for the study. This criterion
minimised spectral distortions and ensured
data consistency for the accurate comparison of
monthly mean NDVI values across the vegetation
seasons.

The analysis algorithm included the following
steps:

1. Calculation of the vegetation index.
The normalised difference vegetation index
(NDVI) was used, which allows for an objective
assessment of chlorophyll content in plants based

[Source: Sentinel-2 Multispectral Imagery

[Filtering: Cloud Cover < 20%

Period: 2021 (Reference) vs 2022-2025 (War

[Product Level: Level-2A (L2A) BOA Reflectance ]
Impact) ’

[Atmospheric Correction: Sen2Cor Algorithm

[Spatial Alignment: Subpixel Coregistration ]

[Tools: NumPy, GDAL, Scikit-image

NDVI Calculation: Normalised Difference
Vegetation Index

[Degradation Index: P10 Percentile Extraction ]

Landscape Metrics: Turf Integrity Index on Chalk
Slopes

Spatial Segmentation: Brightness & NDVI
Thresholding

Comparison Method: Pixel-by-pixel Matrix
Subtraction

[Hypothesis Testing: Paired t-test (p < 0.05) ]

[Visuaiization: Change Intensity Heat Maps J

Categorization: Damage Levels (Forests, Agri-
land, Settlements)

Fig. 1. Methodological framework for Sentinel-2 data processing and analysis
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10.09.2021

11.09.2025

Fig. 2. Satellite images of part of the territory of the Dvorichansky National Park for 10.09.2021 and 07.09.2025

on the difference in reflectance between the red
and near-infrared spectra.

2. Time series and comparisons. A comparative
analysis of the state of the ecosystem “before”
(2021) and “after” (2022—2025) the start of full-
scale military operations was conducted.

3. Software processing of the obtained
data and comparison of pixel value matrices
were carried out in Python using specialised
libraries: NumPy (matrix operations), Matplotlib
(visualisation), scikit-image (image processing),
and GDAL (geospatial data). Statistical analysis
included constructing histograms of NDVI values
and calculating the areas of damaged areas
by category: forests, agricultural lands, and
settlements.

This approach ensures high monitoring
reliability in conditions where direct access to
the territory is limited due to occupation or mine
danger.

The impact of military operations on the
ecosystem of the Dvorichansky National
Park: analysis of vegetation cover changes
and prospects for restoration. After previous
studies of the ecological state of the Zmiiv and
Kupyansky districts [13], we focused on the
Dvorichansky National Nature Park. This object
is key to understanding the transformation of
specific landscapes of the Kharkiv region. Created
in 2009, the park covers 3,131 hectares and is a
unique centre of steppe ecosystems and chalk
deposits that have formed over millions of years.
The specific geological conditions of the chalk
slopes and the water balance maintained by the
Oskil River have created an environment that
supports many narrowly endemic species of flora
and fauna listed in the Red Book of Ukraine.

However, with the beginning of the full-scale
invasion in 2022, Dvorichansky, along with the
Slobozhansky and Gomilshanski forest parks,
found itself in the zone of active hostilities. This
led to uncontrolled landscape transformation,
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mining of territories, and the destruction of rare
habitats. Assessing the damage to such protected
areas is a complex scientific challenge that
requires modern methods for remotely recording
environmental crimes.

Within the framework of this study, the
dynamics of the NDVI index for the period
2020-2025 were analysed, enabling us to
assess vegetation conditions before and during
the military conflict quantitatively. Based on
the satellite data obtained, the main factors
driving changes in vegetation cover and soils
were identified, and the scale of losses to the
natural environment was determined. Figure
2 and histograms (Figure 3) show the dynamics
of changes in NDVI for the National Nature
Park «Dvorichansky» in the Kharkiv region for
2021-2025.

The results presented in Figure 2 allow us to
identify changes in the biotic component of the
landscape under the influence of the military
factor.

A stable distribution with a dominance of
high-index values characterised the pre-war
state (10.09.2021). The main peak in the range of
0.85-0.91 indicated the presence of dense, healthy
vegetation cover and the absence of significant
degradation processes.

The initial phase of degradation (10.09.2022)
was marked by a noticeable «blurring» of
the right-sided peak and the appearance of
additional modalities in the low-value zone
(0.1-0.3). Although the maximum values remained
high (0.78), the oscillation amplitude became less
stable. This indicates the emergence of primary
foci of vegetation destruction due to mechanical
damage and fires, as confirmed by the expansion
of the value range toward the lower end.

The progressive transformation (2023 — 2024)
demonstrates a clear trend towards bimodality
in the distribution. A significant decrease in the
“summer plateau” of vegetation is recorded. In 2023,
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Fig. 3. Histograms of the frequency distribution of the vegetation index NDVI in the territory of the Dvorichansky National Park accord-

ing to Sentinel-2 data (2021-2025)

the average value in July-August was lower than in
the pre-war period. In September 2024 the average
NDVI was only 0.595, which is one of the lowest
values for this month for the entire observation
period (Fig. 4). In 2024, the formation of a stable
cluster within 0.2 — 0.4 is observed, which indicates
a deep fragmentation of the ecosystem and the
transition of a significant part of the protected
areas to a state of stable degradation.

The status as of September 11, 2025, records
the consolidation of the bimodal structure.
Although a certain tract with a high level of
vegetation has been preserved, a significant shift
of the histogram’s “centre of mass” to the left
compared to 2021 indicates a cumulative decrease
in the park’s overall bioproductivity.

The pixel distribution mathematically
confirms the systemic degradation of vegetation
in the Dvorichansk region, not just local losses.

The shift in frequencies towards low NDVI values
reflects the true scale of damage, underscoring
the need for differentiated restoration strategies
for each affected area.

The transformation of the park’s vegetation
cover is due to a combination of direct and
indirect factors of military influence, leading to
the systemic degradation of protected landscapes.

The direct impact is manifested in the physical
destruction of the vegetation layer from fires,
the detonation of ammunition, and mechanical
damage from the movement of heavy machinery.
Particularly critical for the chalk slopes of the
Dvorichansk region is the violation of the integrity
of the soil cover, which provokes erosion processes
and environmental pollution with heavy metals and
explosive residues.

The indirect impact is cumulative and
associated with violations of the territory’s

0.700
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0.650

0.625

0.600

NDVI Value

0.575

0.550

0.525

=@— Mean NDVI (September)
- == Start of combat operations impact
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2021 2022

Fig. 4. Dynamics of average NDVI for 2020-2024 (Sentinel-2)
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protection and management regimes. The
disturbance factor (noise pollution), limited access
for scientists to conduct monitoring, and the
inability to implement fire prevention measures
due to the mine danger create conditions for
uncontrolled transformation of ecosystems.

The statistically significant shift in the NDVI
index to lower values (0.1-0.5) mathematically
confirms the deep degradation of the park’s
ecosystem after 2022. This indicates that even
outwardly «green» areas are losing their biological
productivity and resilience, entering a state of
chronic ecological stress.

For a more detailed understanding of the
depth of the transformation of the ecosystem of
the Dvorichansky National Park, a comparative
analysis of the average monthly values of the NDVI
index for five years (2021-2025) was conducted,
which is shown in Fig. 5. This approach allows us
to eliminate random daily fluctuations in spectral
characteristics and identify stable trends in the
transformation or restoration of vegetation cover.

Analysis of the obtained curves indicates a
significant deformation of the “green profile” of
the territory after the start of full-scale military
operations. If in 2021 (the reference period) the
graph showed a classic dome-shaped shape with a
maximum plateau in June -August (NDVI mean
=~ 0.72 - 0.76), then in subsequent years there is a
systematic decrease in the amplitude of these peaks.

The dynamics of 2024 deserve special
attention, as the red line on the graph throughout
the active season (May-October) was consistently
lower than the indicators in all previous years.
This mathematically confirms the hypothesis of
the cumulative nature of environmental damage:

the ecosystem that suffered fires and mechanical
damage in 2022-2023 demonstrated the lowest
ability to increase phytomass in 2024.

The indicators for 2025 indicate some
stabilisation of the state, but the level of vegetation
still does not reach pre-war values. The shift in
the vegetation peak and the general «sag» of the
curve in the summer months indicate a likely
change in the species composition of vegetation
in damaged areas, where perennial protected
communities are replaced by less productive
ruderal flora. Thus, the data presented in Figure
5 provide direct evidence that the military impact
led to a long-term decline in the viability of the
unique ecosystems of the Dvorichansk region.

A comparison of the indicators of the reference
year 2021 and 2024, as the period with the
greatest cumulative effect of damage, revealed a
significant «sag» of the vegetation curve (Fig. 6).
In contrast to the pre-war stability, in 2024 a
statistically significant deficit of photosynthetic
activity was recorded with the largest gap in July
and September, which directly correlates with
intense fires and mechanical soil destruction.

The decrease in average NDVI resulted from a
combination of direct suppression of chlorophyll
activity in 39.3% of the park area, chemical
contamination of soils by detonation products,
and the replacement of perennial protected
communities with less productive ruderal flora.
Such changes in vegetation structure are observed
even in visually intact areas, confirming the
systemic nature of the ecosystem transformation.

Thus, the comparison of the “best” and “worst”
ecosystem states in Figure 6 confirms that the
consequences of military operations are long-
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Fig. 5. Comparative seasonal dynamics of average monthly NDVI values of the Dvorichansky National Park (2021-2025) based on

the results of processing Sentinel-2 images
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Fig. 6. Comparative analysis of the state of vegetation of the Dvorichansky National Park: reference state before the war (2021) and

peak of degradation (2024)

term. Even if the active phase of hostilities
ceases, the protected area will require a long
period of reclamation and monitoring to return to
the baseline vegetation indicators of 2021.

To obtain a clear visualisation
of spatial changes and an objective
assessment of landscape transformation,
an automated comparison of satellite
images was conducted for September

10, 2021 and September 11, 2025. The B

analysis methodology was based on the
developed algorithm for pixel-by-pixel
comparison of value matrices, followed by
the generation of a heat map (Fig. 7).

The processing process included
preliminary preparation of Sentinel-2
images in GeoTIFF format with value
normalisation and geometric correction
for subpixel contour matching. By
calculating the difference between image
matrices and applying threshold noise
filtering, a change mask was created.
The final visualisation was implemented
by constructing an intensity map, with a
gradient from green to red indicating the
degree of loss of vegetation capacity. The
final statistical stage allowed calculating
the areas of degraded areas based on the number
of changed pixels, classified by landscape types:
forests, chalk slopes, and floodplain meadows.

The automated comparison of satellite data
produced a heat map of changes in vegetation
cover, showing the dynamics of bioproductivity
from September 2021 to September 2025. The
map’s colour scale is constructed so that blue
and dark shades reflect relative stability, while
light and bright yellow areas mark significant

600 4

The difference between the images
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degradation. The spatial distribution of damage
allows us to identify critical areas in floodplain
ecosystems and forests, where the mosaic of light
spots corresponds to local fires and mechanical

250

200

150

100

0

Fig. 7. Results of digital comparison of satellite images of the Dvorichansky
National Park for September 10, 2021 and September 11, 2025.

destruction of the tree layer. Particular attention
1s drawn to chalk slopes, where light contours
along steep slopes indicate the expansion of areas
of bare substrate and the activation of erosion
processes in places of turf disturbance.

The applied algorithm of pixel-by-pixel matrix
comparison enabled differentiation between the
states of natural ecosystems, residential areas,
and agricultural lands. The analysis revealed
the heterogeneity of military impact, with both
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Table 1

Dynamics of damage to the territories of the Dvorichansky National Park

and its surroundings (2024-2025)

Site category Total area Degree of damage compared to 2021 (as of 2024) Degree of damage (as of 2025)
Damaged: 144 hectares (45%) Damaged: 141 hectares (44%)
Forests ?aZr(;shec- Strong: 48 hectares (15%) Strong: 51 hectares (16%)
No change: 176 hectares (55%) No change: 179 hectares (56%)
Damaged: 168 hectares (35%) Damaged: 178 hectares (37%)
Agricultural land :‘:rgshec' Strong: 48 hectares (10%) Strong: 53 hectares (11%)
No change: 312 hectares (65%) No change: 302 hectares (63%)
Damaged: 90 hectares (60%) Damaged: 93 hectares (62%)
Settlements t1a5r(éshec- Strong: 45 hectares (30%) Strong: 48 hectares (32%)
No change: 60 hectares (40%) No change: 57 hectares (38%)
TOTAL (in the picture) | 1080 Average % change: 45% Average % change: 46.5%

zones of complete transformation and regions of
relative stability. An interesting feature is the
presence of dark zones of local NDVI growth,
which is often due not to ecosystem restoration,
but to the cessation of anthropogenic pressure.
The absence of agricultural activity led to the
spontaneous development of fast-growing ruderal
species, which create an optical illusion of
improved vegetation. At the same time, light blue
areas clearly localise the most intense hostilities,
where the combination of mechanical damage,
chemical pollution and fires led to the systematic
destruction of biogeocenoses. The calculated area
of damaged territories is 39.3% of the total area
of the studied zone, which confirms the scale of
landscape transformation. The detailed statistical
results of this distribution are systematised
in Table 1 and graphically displayed in Figure
8. It should be noted that for a comprehensive
spatial analysis, the region of interest included

80

not only the core of the national park but also
adjacent landscapes. Specifically, the large
forest tracts, agricultural lands, and settlements
analysed for damage are located in the immediate
surroundings of the park.

Discussion of the dynamics
of transformation and restoration
processes

Analysis of the calculated areas of damage in
comparison with the reference pre-war period
allows us to state a deep systemic transformation
of the landscapes of the national park. Compared
with the baseline indicators of vegetation in
2021, as of September 2025, the total area of
anthropogenically modified territories in the
study area increased to 46.5%. This indicates that
almost half of the territory has transitioned to a
state of persistent ecological stress. Of particular
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Fig. 8. Distribution of damage by type of territory
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scientific interest is the comparative dynamics of
recent years, which demonstrates the absence of
the expected natural regeneration. Despite the
decrease in the number of new foci of destruction,
the NDVI index did not return to baseline
values, and a further increase in the share of
damaged areas was recorded in the categories of
agricultural lands and settlements. This confirms
that the initial military strike, compounded by the
park’s prolonged presence on the active frontline
and the continuous high-intensity military
pressure in 2024-2025, triggered a mechanism of
chronic degradation, where the cumulative effect
of ongoing hostilities, soil contamination and
destruction of microrelief prevails over the pace
of restoration.

In forest areas, the total area of damage
is formally stabilised at 45%, but qualitative
analysis indicates deterioration in the internal
structure of the ecosystem. The increase in the
share of severely damaged areas to 16% is a
consequence of the delayed death of trees that
received critical damage in previous years and
eventually perished by 2025. Processes of natural
forest regeneration at forest edges are often
blocked by habitat fragmentation and changes in
soil chemical composition. At the same time, the
area of damage on agricultural lands has reached
37 Since field cultivation has been halted due to
mining, the detected vegetation gain observed by
satellite in particular areas represents a pseudo-
recovery effect. In fact, this reflects the process
of aggressive ruderalization - the replacement
of cultivated and typical steppe groups with
invasive species, which, from the point of view of
conservation, is a sign of landscape degradation.

The highest level of degradation persists in
settlements and infrastructure facilities located
in the buffer zone and adjacent territories,

where damage covers 60-62 %. It is important
to emphasize that the degradation of these
neighbouring areas directly affects the ecosystem
of the park itself through soil contamination and
changes in the hydrological regime. The lack of
restoration of buildings, combined with weather-
related erosion of damaged structures, leads to
a gradual transition from moderate destruction
to severe destruction. The statistical ratio of
damaged and unchanged areas, presented in
Figure 10, confirms that an independent return
of the ecosystem to the pre-war state in the short
term 1s impossible. The ecosystem remains in
an unstable equilibrium, with a pronounced
trend towards further landscape fragmentation,
which requires the development of specialised
reclamation strategies and long-term monitoring
of the biota.

The next step in the analysis is to examine
the speed of spring awakening. This indicator is
calculated as the slope of the NDVI curve from
March to May. It demonstrates the “energy” of
ecosystem regeneration: the higher this indicator,
the faster the vegetation increases biomass after
winter dormancy (Fig. 9).

Analysis of spring vegetation dynamics
revealed nonlinear trends that require in-depth
scientific interpretation. The abnormally high
rate of NDVI growth in 2022 and 2024 (0.220-
0.226 units/month versus the baseline of 0.160)
does not indicate ecosystem regeneration but
is due to a «low start» resulting from critical
damage to the soil cover and mass ruderalization
of territories. The rapid expansion of weeds in
damaged areas creates the illusion of intensive
growth, mathematically distorting bioproductivity
indicators.

The most critical indicator is the year 2025,
where the rate of spring awakening fell to a
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Fig. 9. Dynamics of the speed of spring vegetation of the Dvorichansky National Park from March to May (2019-2025)
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Table 2

Approximate area calculation

Parameter 2021 (base)

2025 (current status) Change

Area of exposed chalk outcrops ~42 hectares

~58 hectares +28%

Turf Integrity Index on Slopes 0.85

0.62 -27%

historical minimum — 0.131 units/month, which
is 18% lower than the pre-war standard. Such a
decrease in vegetation’s “energy” indicates a deep
depletion of the ecosystem due to the toxic effects
of ammunition residues, pollution from fuels and
lubricants, and degradation of the hydrological
network. The obtained data refute the hypothesis
of the Dvorichanskyi National Park ecosystem’s
rapid self-recovery and indicate a progressive
failure of natural regeneration mechanisms.

Special attention was paid to the analysis
of the 10% of the park area with the worst
vegetation condition (local degradation index
based on the 10th percentile (P 10 NDVI) in order
to see the real destruction that is «hidden» behind
the overall average figures. As it turned out, in
the most damaged areas (sites of explosions, fires,
and fortification construction), vegetation levels
fell by 14% compared to pre-war levels. This
indicates the emergence of stable «dead zones»
where nature cannot recover at all due to critical
poisoning and physical destruction of the soil.
Such a significant drop in the index for already
vulnerable areas confirms that the war created
foci of complete ecological transformation that
will require decades for rehabilitation.

The destabilisation of the Cretaceous outcrops
poses a critical threat to the protected area.
While in 2021 these ecosystems were in a state of
equilibrium, monitoringin 2024—2025 documented
a transition from destruction to self-sustaining
degradation. On the chalk slopes, direct hits of

10

ammunition in soft rock created craters, which,
under the influence of precipitation, transformed
into an extensive network of erosion furrows
and ravines. Furthermore, severe fires that
occurred in the park in 2023 and 2024 destroyed
the protective vegetation cover, significantly
contributing to the exposure of these slopes.
This led to a 38% increase in the area of exposed
substrate (Table 2) and an irreversible change in
the relief.

To quantify these processes, the pixel
segmentation method based on brightness and
vegetation activity thresholds (NDVI < 0.12)
and spatial connectivity analysis (Connectivity
Analysis) was used. The resulting turf integrity
index reflects the continuity of the protective
biological layer of petrophyte steppes. Its steady
decrease from 0.85t00.62 (Fig. 10) mathematically
confirms the disruption of the connectivity of the
flora roots, which makes the slopes vulnerable to
further erosion regardless of the intensity of new
hostilities.

Fragmentation of vegetation cover poses a
direct threat to the survival of narrowly endemic
and relict species, such as chalk hyssop (Hyssopus
cretaceus), limestone thyme (Thymus calcareus)
and thin-leaved peony (Paeonia tenuifolia). Since
these species are adapted to stable substrates with
slow soil formation, the physical destruction of
their habitats results in a qualitative degradation
of their floristic composition. Bare chalk areas
serve as entry points for the expansion of
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Fig. 10. Dynamics of the turf integrity index of chalk slopes of the Dvorichansky National Park for the period 2021-2025.
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aggressive ruderal species, threatening the local
extinction of populations listed in the Red Book of
Ukraine and the European Red List.

The objectivity of the identified degradation
processes was confirmed by a statistical test of
the significance of differences in NDVI indicators
between the pre-war (2019-2021) and military
(2022—-2025) periods. The use of a paired t-test
yielded a p-value of < 0.05, providing grounds
to reject the null hypothesis of random changes.
This mathematically proves that the recorded
decrease in bioproductivity of the Dvorichanskyi
National Park is statistically significant and
directly caused by intense military pressure.

The calculated confidence interval confirms the
stability of the negative trend, which extends
the monitoring results beyond the limits of the
ecosystem’s natural variability and finally verifies
the deep transformation of landscapes under the
influence of military actions.

Discussion. Conceptual model of
ecosystem degradation of the Dvorichansky
National Park. Based on the data obtained, we
developed a model of the cascading transformation
of the reserve ecosystem under the influence of
military actions (Fig. 11).

The central element of the model is the
distinction between direct and indirect factors

Landscape Degradation Model, Dvorichansky NNP (2022-2025)

War-Related Impact Factors

Shelling and
ordnance detonation

Mechanical slope
damage by vehicles
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Decline in chlorophyll activity
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I
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|
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I
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Fig. 11. Conceptual model of the transformation of protected ecosystems under the influence of military factors
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that trigger mechanisms of long-term belligerent
transformation of the landscape. Direct impact,
including mechanical destruction of the soil cover
and explosive deformations, leads to an immediate
decrease in bioproductivity, as we clearly observed
in the NDVI index. However, secondary processes,
such as the activation of linear erosion on chalk
slopes and chemical poisoning of the substrate by
detonation products, are more dangerous.

The model demonstrates that vegetation
damage triggers a chain reaction: the destruction
of turf exposes soft rock, which, under the
influence of precipitation, leads to irreversible
changes in relief and habitat fragmentation.
Statistically significant t-test results confirm
that this process has gone beyond the limits
of natural variability. An important aspect
of the model is the effect of pseudo-recovery
through ruderalization - the replacement of
autochthonous species by aggressive weeds. This
explains why the visual stabilisation of NDVI in
individual areas actually hides a deep qualitative
degradation of biodiversity. Thus, the developed
conceptual scheme emphasises that without
active intervention and specialised reclamation
strategies, the park ecosystem will remain
trapped in a self-sustaining cycle of degradation,
in which each subsequent vegetation cycle only
deepens the existing structural changes.

Prospects for restoration and strategic
risks. The complex degradation of vegetation
in the Dvorichanskyi National Park has a long-
term cascading impact on the entire ecosystem.
In addition to the direct destruction of flora,
the recorded drop in NDVI reflects a profound
disruption of the hydrological balance and a
change in the microclimate: the loss of vegetation
cover reduces the area’s ability to retain moisture,
which 1s critical for arid steppe landscapes. A
particular difficulty for future rehabilitation is
the contamination of the area by mining. This not
only poses an immediate danger but also makes
1t impossible to implement active environmental
protection measures, such as controlling erosion
on slopes or promoting natural forest regeneration.

Given the results obtained, further research
should be directed towards the use of machine
learning algorithms to automate the detection
of belligerent transformations of ecosystems in
frontline areas and to assess the long-term impact
of chemical contamination of soils by detonation

BHecok aBTOpiB: BCi aBTOpy 3po6unu piBHUI BHECOK Y LIHO PO-
6oty

KoHdonikT iHTepeciB: aBTOpy MOBIAOMAAIOTL MPO BiACYTHICTb
KOHMIKTY iHTepecis

Deknapauifi Npo BUKOPUCTaAHHA FeHepaTUBHONO LUTYYHOro
iHTenekTy: ABTOpM BWKOPWUCTOBYBanu iHCTPYMEHTU reHepa-
TUBHOTO LUTY4YHOro iHTenekTy (GenAl) ans gonomixHoi poboTu:
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products. The development of strategies for
targeted rehabilitation of the park should be
based on an interdisciplinary approach that
combines satellite monitoring with point-by-point
field studies (after demining). This will allow
moving from assessing damage to implementing
scientifically sound plans for restoring the unique
Cretaceous landscapes of the Kharkiv region.

Conclusions

Based on the results of the study, the following
conclusions have been drawn:

1. Based on the analysis of Sentinel-2 satellite
data, it was found that over the period 2021-2025,
the ecosystems of the Dvorichansky National Park
underwent a profound belligerent transformation.
The total area of damaged areas increased to 46.5%,
indicating that almost half of the reserve fund is
now in a state of persistent ecological stress.

2. Anomalies in spring vegetation dynamics
were revealed: high rates of NDVI growth in 2022
and 2024 were identified as a «pseudo-recovery»
effect driven by massive ruderalization (weeding)
of abandoned agricultural landscapes and craters.
The 18% drop in vegetation rate in 2025, compared
with the pre-war level, confirms the depletion of
the ecosystem’s adaptive potential.

3. Critical destabilisation of chalk outcrops was
recorded: the area of bare substrate increased by
38%, and the turf integrity index fell from 0.85 to
0.62. This indicates a transition in erosion processes
to a self-sustaining phase, threatening the
destruction of the habitats of narrowly endemic flora
species (Hyssopus cretaceus, Thymus calcareus).

4. Statistical verification using a paired
t-test (p < 0.05) confirmed the significance of the
identified deviations from natural variability,
providing mathematical proof of a direct
connection between military aggression and the
systemic degradation of the park’s landscapes.

5. The further restoration strategy for the
Dvorichanskyi National Park should take into
account the impossibility of short-term natural
regeneration. It will require long-term satellite
monitoring to identify priority reclamation areas
after demining.

The research conducted lays the foundation
for further scientific work and the formation of a
strategy for the ecological restoration of Ukraine
in the post-conflict period.
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CyTb MOBHY BiAMnoBiAanbHiCTb 3a 3MICT Ta LinicHiCTb nybnikawii.
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YacoBOi AMHaMIKM POCMMHHOCTI, aHani3 pAecTabinisauii  yHikanbHUX KpenaoBux
BiCNOHEHb Ta MaTeMaTuy4He NigTBEPMKEHHS CTAaTUCTUYHOI 3HaYyLWOCTi TpaHcdopmauii
NPUPOAHUX KOMMMEKCIB nig BNAMBOM BiCbKOBUX (bakTopiB. [OCMigXeHHs crnpusie
peanizauii Llinen ctanoro po3sutky OOH 13 Ta 15, 3a6Ge3neyytoumn HaykoBe nigrpyHTs
Ans po3pobku cTpaTeriii BifHOBMNEHHs1 ekocucteM. BilicbkoBa arpecisi Ha cxopi YkpaiHu
CYTTEBO BMIMHYMa Ha 3anoBigHi eKOCUCTEMMU, LLO 3YMOBIOE HEOOXIAHICTE 06’ €EKTUBHOT
OUiHKM 36UTKIB ANs NraHyBaHHs 3axofiB 3 BigHOBMeEHHs. Lle pocnigkeHHs ouiHioe
GenirepatnBHy TpaHcdopmauiio [BopivaHCHKOro HauioHarbHOr0 MPUPOAHOrO Mapky
Ta npunernux Teputopin 3a nepiog 2021-2025 pokiB i3 BWKOPUCTaAHHAM METOAIB
AWCTaHUiiHoro 3oHayBaHHs. Hawa poGoTta BU3Ha4ae NpOCTOPOBO-4acoBY AWHAMIKY
pPOCNUHHOCTI, aHanisye pectabinisauito KperhagoBux BiACMOHEHb | CTaTUCTUYHO
nigTBepAXye TpaHCHOPMAaLil0 eKOCUCTeM BHACMIAOK BMMAMBY BIMCbKOBUX (DaKTOpIB.
AHania gaHux cynytHuka Sentinel-2 3a 2021-2025 poku BusiBMB TpaHcopmaLio
46,5% pocnigxysaHoi TepuTopii ([BopiYaHCbKUA HaLioHaNbHUA NPUPOAHWUIA Napk Ta
noro okonuui). Hanbinblwmx nOLWKomKeHb 3a3Hanu 3abynoBaHi Teputopii (62%) Ta
nicosi macueu (45%), posTalloBaHi Ha NpunernmMx 3eMnsax. Y nicax YacTka CUnbHUX
nolikogkeHb 3pocna no 16% udepes BigknageHy 3arnbenb gepeB. Ha NOKMHYTUX
nonsix cnoctepirascs eekT «nceBaoBiAHOBNEHHS»: y 2022—2024 pokax iHgekc NDVI
LWITYYHO NigBULLYBaBCS 4Yepe3 MacoBy pyaepanisauito (3abyp’siHeHHs), ane Bxe Yy
2025 poui piBeHb pocnuHHocTi BnaB Ha 18% HWX4ye OOBOEHHOrO PiBHSA, WO CBIAYUTb
NpO BUCHAXEHHS I'PYHTY. Ha KpengoBmx cxunax nrolla ororieHux nopia 36inbmnacs
Ha 38% (3 42 po 58 rektapiB). Bubyxu Ta nopyLueHHs LinicHOCTi AepHy npu3senu Ao
3HWXKEHHs iHaekcy uinicHocTi 3 0,85 go 0,62, Wo cnpoBOKyBano akTUBHY NiHiNHY epo3ito
Ta yTBOpeHHS ApiB. CTaTucTnyHa nepesipka (NapHum t-kputepin, p < 0,05) niagTBepaxye,
LLIO Ui 3MiHW € pe3ynbTaToM caMe BiliCbKOBOIO BMMBY, @ He NPMPOAHUX KoNMBaHb. Hawwa
Mogernb TpaHcdopMmallii iNtoCcTpye, K NEePBUHHI MOLUKOAXEHHS 3anyCckaloTb KackagHi,
HEe3BOPOTHI NpoLecu eposii Ta XiMiYHOT Aerpagadii.

IHOOPMALLIA NPO CTATTIO :

Pykonuc Haginwos
15 niotoro 2026

OTpumaHo nicns peueH3yBaHHSA
27 kBiTHA 2026

3aTBepaXeHo A0 APYKY
25 TpaBHsa 2026

Ony6nikoBaHO OHNawH
30 TpaBHA 2026

Knio4yoBicnoBa:

ONCTaHUinHe 30HAYBaHHS, iHaekc NDVI,
eposis  I'pyHTYy,  BIiCbKOBMA BB,
iHOeKC uinicHOCTi aepHy, naHAawadTHa
TpaHcdopMaLis, Aerpaaauis pOCIMHHOCTI,
uini cranoro possutky OOH.
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