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INTEGRATED ASSESSMENT OF DISTURBED ECOSYSTEMS
USING REMOTE SENSING TECHNIQUE

Introduction. Today, there is a need for a shared vision of restoration of disturbed ecosystems, which is defined as “the
process of stopping and reversing degradation, leading to improved ecosystem services and restoration of biodiversity.”

Problem Statement. The assessment and restoration of disturbed ecosystems has become especially relevant
Jorthe Ukrainian society now, as warfare has caused large-scale changes in environment and both short-term and
long-term consequences for ecosystems in Ukraine.

Purpose. Assessment of ecosystems disturbed as a result of warfare impact by remote sensing.

Materials and Methods. Multispectral satellite imagery, ground truth data and ecosystems characteristics
of study area have been used. Remotely sensed data processing, geospatial modelling, and mathematical statistics
have been applied.

Results. A warfare impact on the ecosystems of Ukraine has been overviewed. Possibility of using remote sen-
sing methods have been considered; their advantages and disadvantages have been generalized.

A demo example of the described technique for assessing the ecosystem conditions along the E40 highway on
the west of Kyiv has been shown with the use of multi-time satellite imagery of very high resolution (0.5 m on the
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ground) between May 2020 and March 2022. The analysis of the obtained maps allows us to assess short-term changes in land
cover: a decrease in the area of water bodies, coniferous and leafy plants, an increase in the open soil area. The ecosystem condi-
tions map of the studied area enables identifying plots of high risk.

Conclusions. Integrated remote assessment of the condition of disturbed ecosystems and geospatial analysis of corresponding
risks are useful tools for the territory management. Remote sensing techniques are particularly important in the context of large-
scale warfare. In many cases, only remote sensing techniques can provide information on the condition of ecosystems that are
inaccessible or dangerous for ground-based research. Currently, the proposed approach has been elaborated and tested over
other territories, different ecosystems and other data sources. Completed and tested integral geo-information technology will be
relevant for the post-war recovery of the territory of Ukraine. Further research should be focused on building a pool of quantita-
tive models for probabilistic assessment of the risk of disruption of various ecosystems under different conditions, as well as on

obtaining an array of statistical data to increase the reliability of the resulting maps.

Keywords: remote sensing, disturbed ecosystems, warfare, and geoinformation technology.

The critical need to halt, prevent, and reverse
ecosystem degradation and to effectively restore
degraded terrestrial, freshwater, and marine eco-
systems across Europe and globally necessitates
a shared vision of ecosystem restoration. This
vision is defined as “the process of halting and
reversing degradation, resulting in improved
ecosystem services and recovered biodiversity.”
Ecosystem restoration encompasses a wide con-
tinuum of practices that vary depending on local
conditions and societal choices [1].

The principles and methodology behind the
project are mainly based on the Ecosystem App-
roach and the Short-Term Action Plan for Ecosys-
tem Restoration, both adopted by the Parties to
the Convention on Biological Diversity, as well
as the International Union for Conservation of
Nature’s Principles for Nature-Based Solutions,
Principles for Ecosystem Based Approaches, Prin-
ciples for a Landscape Approach, Principles for
Forest and Landscape Restoration, the Society
for Ecological Restoration (SER)’s International
Principles and Standards for the Practice of Eco-
logical Restoration.

Each of ten principles that underpin Ecosystem
Restoration and presented in the UN Decade
have to be considered and implemented in envi-
ronmental programs for ecosystem restoration.
Successful ecosystem restoration aims to contri-
bute to the achievement of the 2030 Agenda for
Sustainable Development and its 17 Sustainable
Development Goals. The above determines the
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extreme relevance of the mentioned topic, espe-
cially in the near future.

In the view of ongoing degradation of diffe-
rent ecosystems, restoration is an inevitable com-
ponent of nature protection and conservation
management. The UN Decade on Ecosystem Res-
toration runs from 2021 through 2030. Restoring
ecosystems and enhancing biodiversity is a cor-
nerstone of the European Green Deal.

Currently, the European Commission adopted
proposals to restore damaged ecosystems and
bring nature back across Europe, from agricul-
tural lands to forests and urban environments.
The proposal for a Nature Restoration Law is a
key step in avoiding ecosystem collapse and pre-
venting the worst impacts of climate change and
biodiversity loss. As far as the mentioned pro-
posal concerns almost every country, the topic of
ecosystems restoration includes active outreach
and educational work spreading knowledge about
EU subjects to wider society and bringing the EU
closer to the public.

For the last decades the topic of restoring da-
maged ecosystems has also been of high priority
for the Ukrainian society. But since the start of
the war, it became much more important as the
war has caused widespread and severe damage
to the environment and inflicted both immedi-
ate and longer-term consequences on the ecosys-
tems and the Ukrainian economy and beyond.
Nowadays Ukraine has been tracking the envi-
ronmental damage done by the warfare activities
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and in the nearest future restoration of damaged
ecosystems will require common efforts and dia-
logue between the academic world and society, ci-
vil servants, civil society actors, representatives of
the different levels of education and of the media.

Essential elements of the restoration approach
are:

(1) introduction to environmental problems that
restoration can address;

(2) rationale for restoration;

(3) training in a stepwise process for restoration;
and

(4) group problem-solving and design of ecologi-
cal restoration projects to address various problems.

In this paper we are supposed to stop on the
first two aspects. We are considering the impact
on ecosystem within the territories of active war
fare and within the territories under occupation.
Then we are going to emphasize on remote sen-
sing methods available to use in case of hard to
reach objects and integrated assessment of dama-
ged ecosystems. Training in stepwise process for
restoration and group problem-solving are defi-
nitely followed after the first two are considered.

WARFARE IMPACT ON ECOSYSTEMS
OF UKRAINE (overview)

An ecosystem is a system consisting of biotic and
abiotic components that function together as a
unit. The biotic components include all the li-
ving things whereas the abiotic components are
the nonliving things. Thus, an ecosystem science
definition entails an ecological community con-
sisting of different populations of organisms that
live together in a particular habitat [2].

In other words, the concept of an ecosystem
refers to a structural and functional unit of the
biosphere. This unit encompasses both organisms
and the abiotic environment, which interact and
influence each other’s properties. These interac-
tions are essential for sustaining life [3]. A system
that arises in nature and develops due to the con-
stant interaction between biotic and abiotic fac-
tors of the environment is defined as natural eco-
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system (forests, mountains, oceans, deserts, etc.).
A system created by man and consisted of plants,
animals, people and technology for its own be-
nefit is defined as artificial ecosystem (cities, vil-
lages, power plants, pipelines, etc.). Mr. Arthur
G. Tansley coined the term ecosystem in 1935.

For the entire time of the full-scale invasion
(since 24.02.2022), the military actions have al-
ready caused losses to Ukraine’s ecosystems worth
USD 40 billion. This is pollution of atmospheric
air, soil, damage to forest resources, pollution of
the Black sea and the Sea of Azov. Because of the
war, almost 700 fauna species and over 800 plants
species are endangered. Some of them are listed
to the Red Book [4].

Among all the natural ecosystems of Ukraine,
forest ecosystems suffer severely from intensive
hostilities. The full recovery of these ecosystems
requires a long time of 20—30 years, on average.
The massive use of artillery, missiles and strike air-
craft against military and infrastructure facilities
in and near forests causes forest fires that in dry
conditions may destroy thousands ha forest. So, for
example, this happened during the spring of 2022
in the Chornobyl exclusion zone and its surroun-
dings, where more than 10,000 ha forest burned.

In total, 3 million ha forest that is almost a third
of the forest stock have already been affected in
Ukraine. Some of them are lost forever. Loud exp-
losions cause severe stress to forest animals, and
tens of thousands of vertebrates die in the fires
caused by shelling, not to mention countless in-
vertebrates and plants.

At the same time, soils and underground waters
are polluted with large quantities of toxic metals
and other chemical compounds — products of the
ammunition detonation, the impact of which on
forest ecosystems, although not as strong as from
the shock waves of explosions, but will continue
tens of years.

The construction of trenches and fortifications
destroys vegetation cover and increases soil ero-
sion. Garbage and military waste pollute the soil
and groundwater. A lot of unexploded ammuni-
tion remains in the forests of Chernihiv, Sumy,
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Luhansk, Donetsk and Kherson regions. The pre-
sence of significant areas of mined forest territo-
ries, the complete demining of which will be ext-
remely expensive and time-consuming, means
that certain areas of the forest will be removed
from any economic use for decades [5-7].

Damaged industrial facilities and settlements
become sources of chemical pollution of coastal
and marine environment. Fuel spills from stricken
vessels endanger protected wetlands, and the
widespread use of sea mines increases the risk
to vessels and the subsequent risks of releases to
the environment in the event of mine detonation.
The activity of surface ships and submarines in
the Black Sea during the war has already led to
the death of hundreds of marine mammals, most
of which are bottlenose dolphins [8].

Ecosystems of freshwater bodies, from which
the population uses drinking water, are being pol-
luted. The destruction of water pipes and other
water infrastructure during shelling, water treat-
ment facilities and the impossibility of quickly
repairing them affects the quality and quantity
of water available to the Ukrainian population. It
also leads to the pollution of freshwater reservoirs
as aresult of untreated sewage entering them. As a
result of such actions, return water already enters
the Dnipro and the Siverskyi Donets rivers wi-
thout any treatment [9, 10]. A large number of fish
die due to the ingress of chemicals into reservoirs.

Let us consider agricultural ecosystems. They
are also highly subjected to chemical pollution.
The detonation of rockets, artillery shells and mi-
nes form a number of chemical compounds — car-
bon monoxide and carbon dioxide, water vapor,
nitrogen oxide, nitrogen and other toxic organic
matter. Also, many toxic elements evaporate.
Among them, there are sulfur and nitrogen oxides
that during oxidation may cause acid rains. This
can cause burns to plants, mucous tissues of hu-
man respiratory organs, birds, etc. Chemicals can
enter the soil with precipitation. Fragments of am-
munition pose a danger — poisonous substances
enter the soil, then into groundwater, and later —
into the food chains of animals and people [ 10, 11].
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Ukrainian chernozem, the formation of which
takes at least 10,000 years, is being destroyed. The
military activities take place precisely on the ter-
ritory where this unique and very fertile soil layer is
spread. Sulfur that settles in the soil after the exp-
losion, reacts with dew or fog and turns into sul-
furic acid that causes burns to vegetation, bacteria,
and worms — everything that forms the soil [10].

The movement of heavy weapons and military
equipment on agricultural lands leads to critical
negative impacts and changes of landscape. As a
result of their movement, the soil is polluted with
fuel and lubricants and other petroleum products.
This leads to a decrease in water permeability of
the soil, displacement of oxygen, disruption of
plant root nutrition, and, as a result, inhibition of
their growth and development.

The numerous fires that broke out in agricul-
tural fields in 2022 due to hostilities led not only
to the destruction of crops and the infliction of
significant damage to the food supply of Ukraine,
but also to the infliction of great damage to the
organic part of the soil [11].

Artificial ecosystems are also subjected to ac-
tive missile attacks by Russian troops during the
war. Populated areas (cities, villages, etc.), where
facilities of the defense industr, state and military
administration are located: warehouses with am-
munition; weapons and military equipment; con-
centration of troops; logistical military facilities;
storages of oil products, oil refining enterprises;
chemical enterprises; thermal power plants; trans-
port infrastructure, etc. In the zone of direct hosti-
lities, such ecosystems practically cease to function
as a result of their partial or complete destruction.

Attacks on oil products storage, oil refineries,
chemical enterprises, industrial warehouses lead
to the fact that spilled oil and chemicals penetrate
into the soil, then to underground water, and kill
all living things in the earth. Fires that are the re-
sult of attacks lead to air pollution and worsening
conditions for the population’s breathing. Large
amounts of military waste, including destroyed mi-
litary equipment, will in the future create difficul-
ties during disposal and cleaning of the area [12].
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Numerous attacks during hostilities on the resi-
dential and administrative infrastructure of cities
lead to the destruction of buildings, numerous
fires in buildings caused by explosions of various
munitions, which may cause long-term health
threats, such as the risk of cancer and respiratory
diseases. Damage to the infrastructure of water
supply, sewerage, treatment facilities, and indust-
rial facilities in cities causes the leakage of toxic
substances into the environment, and can also be
the cause of the emergence of various diseases due
to the contamination of sources of drinking water
supply. Due to damage to the water supply infra-
structure, approximately 1.4 million Ukrainians
currently do not have access to safe water, and
another 4.6 million have limited access. The de-
struction of large livestock farms, where the agg-
ressor has destroyed the entire livestock popula-
tion, poses an additional risk to public health due
to unused animal carcasses [12, 13].

We are currently able to preliminarily assess
the damage caused to ecosystems from the di-
rect action of military aggression within the
territories that have been liberated. As for the
temporarily occupied territories and territories
where military actions continue to this day, this
can be done only with the help of satellite ima-
ges [14].

ECOSYSTEM CONDITIONS ASSESSMENT
BY REMOTE SENSING

The ecosystem conditions assessment itself is a
crosscutting complicated contradictory problem
that is usually solved by decomposing scores for
separate indicators and then combining ones into
a final score [15, 16]. This problem’s complica-
tedness is further strengthened if remote sensing
mainly is engaged for it. It is clear that the re-
mote sensing techniques will be differ for various
ecosystems and distinct types of assessments, but
it is possible to draw out a certain sequence of
operations common to all cases, which forms the
core of any assessment technique. In this study,
the authors propose just such a core.
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The main entities that form the core of tech-
nique for remote assessment of the ecosystem
conditions are:
¢ (bio)physical foundation of the involved indi-

cators and data products;

« use of several (many) separate channels for
obtaining information simultaneously;

o formation of a time series of observations, the
length of which (seasonal, perennial) is deter-
mined by the nature of the phenomenon under
study;

o multilevel (spatial, temporal, heterogeneous)
statistical processing of observation results;

+ multifold data fusion for obtaining a final map
of the studied ecosystem conditions assess-
ment.

The geoinformation core of the general tech-
nique for the ecosystem conditions assessment by
remote sensing is shown in Fig. 1.

The assessment begins with the identifica-
tion of n drivers that determine the ecosystem
conditions. In many circumstances, the drivers
themselves cannot be measured remotely, so this
process shall be mediated by the acquisition of
certain signals that can be registered remotely
and associated with drivers — i.e. indicators [17].
Often the relationship between drivers and in-
dicators is indirect, “one-to-many” or “many-to-
one”, and therefore the number of indicators m,
as a rule, does not equal the number of drivers.
Henceforth, only remotely acquired indicator
maps are being handled. Within the framework of
the proposed paradigm, indicators are not opti-
cal signals of remote sensors or their direct de-
rivatives, such as, for example, spectral indices.
Indicators should have a (bio)physical essence
inherent in the land surface, for example, vege-
tation cover fraction (VCF) or leaf area index
(LATI), land surface temperature (LST), surface
soil moisture (SSM), terrain slope, composition
of rocks and minerals, etc. The transformation of
the sensor’s “raw” optical signals into the (bio)
physical parameters of the land surface requires
intricate thematic processing and sophisticated
geospatial modelling [18].
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Fig. 1. Flowchart for ecosystem conditions assessment by remote sensing

Fig. 2. Demonstration of assessing the state of ecosystems by remote methods

The other problem is related to the impossibili-
ty of a direct combination of measurements of dif-
ferent physical nature. Indeed, how to interpret
the different indicators influence on the resulting
assessment, if their relationship is not exactly
known, and besides, contradicts each other? We
propose additional thematic or statistical model-
ling that converts the value of each indicator into
a corresponding partial conditional probability
of a particular final state of the ecosystem under
this value. Then, it becomes possible to combine
(fuse) partial probabilities into a single joint pro-
bability of the studied ecosystem conditions by
one of the well-known methods of probability
theory, evidence theory, and so on [19].

At the end, the analysis of the obtained time se-
ries of fused probabilities will provide the assess-
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ment not only the current conditions of ecosys-
tem, but also to predict its subsequent change [20].

Below, there is a demo example of the described
technique applying for ecosystem conditions as-
sessment along the E40 highway at west of Kyiv
with the use of multi-time satellite imagery of ve-
ry high resolution (0.5 m on the ground) between
May 2020 and March 2022. Changes in the land
cover and vegetation cover classes, which are
characterized by the visible atmospherically re-
sistant index (VARI), have been chosen as indica-
tors of the ecosystem conditions.

The specific implementation of general tech-
nique shown in Fig. 1 is illustrated in Fig. 2.

Two data products are created for each observa-
tion period over the study area, namely — the land
cover classification and the VARI distribution.

ISSN 2409-9066. Sci. innov. 2024. 20 (5)
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Then these products are converted into partial
probability maps of ecosystem conditions, which
are further fused into a single combined probabi-
lity map at each time frame. Based on the results
of the obtained time series analysis, a final map of
the ecosystem conditions assessment is formed.
More detailed satellite images used, intermediate
data products and the final map of the ecosystem
conditions over the study area are in the Annex.

CONCLUSIONS

Integrated remote assessment of the condition of
disturbed ecosystems and geospatial analysis of
corresponding risks is an important, flexible, con-
venient and useful tool for managing and plan-
ning the development of territories. Remote sen-
sing techniques gain in essential importance in the
context of large-scale warfare that are currently
taking place in Ukraine. In many cases, only re-
mote sensing techniques can provide information
on the ecosystems condition that are inaccessible
or dangerous for ground-based research.
However, remote sensing techniques have a
number of shortcomings, such as limited detaili-
ty, dependence on seasonal and weather condi-
tions, difficulty for direct interpretation, etc. To
overcome these shortcomings, this study propo-
ses an approach for the ecosystem disturbance
risk mapping, which is based on extracting a set
of remote indicators of the ecosystems condition,
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KOMILVIEKCHA OIIHKA ITOPYHIEHNX EKOCUCTEM
3A JIOTIOMOTOIO METOY TUCTAHIIIMHOTO 30HYBAHHS

Beryn. Ha choropsi icuye morpeba y crijibHoMy OaueHHi Bi/IHOBJIEHHS TIOPYILEHIX €KOCUCTEMI, SIKE BUSHAYAETHCS SIK <IIPO-
11ec TIPUITMHEHHST Ta 3BEPHEHHST HA3aJ1 /10 JIeTpajiallii, 1o MpusBe/ie /10 MOKPAIeHHs eKOCUCTEMHUX MOCYT 1 BiJIHOBJIEHHS
610piBHOMAHITTSI».

IIpo6GaemaTura. OUiHIOBAHHS Ta BiZIHOBJIEHHS TIOPYIIEHMX EKOCUCTEM OCTAHHIM YACOM € aKTYaJbHUM, OCKIJIbKU BOEHHI
Aii CHPUYMHUIN MUPOKOMACIITaOHi 3MiHM JIOBKILIS Ta 00YMOBUJIM KOPOTKO- I JIOBFOCTPOKOBI HACIIIAKK sl €KOCUCTEM
Ykpainu.

Mera. /locuijpkeHnHs MPUYMH Ta HACJI/IKIB BITMBY BOEHHUX [iii HA €KOCUCTEMHU 3a I0TIOMOT0I0 INCTAHIIIHOTO 30H [y BAaHH.

Marepiamm it Mmeroau. Bukopucrano 6aratociieKTpaibHi KOCMiuHi 3HIMKH, HazeMHi 3aBipKOBI faHi Ta eKocucTeMHi Xa-
PaKTEePUCTUKN TEPUTOPIi AOCTI/KEHHS. 3aCTOCOBAHO aHATI3 ANCTAHIIINHNX JJAHUX, TEOITPOCTOPOBE MO/IETIOBAHHS, MaTeMa-
TUYHY CTaTUCTUKY.

PesyabraTu. [lozano orysj BIVIMBY BOEHHUX [iil Ha exocucTeMy YKpainu. Po3rigiyTo MOXKINBOCTI 1OC/I/KEHHS [IC-
TaHIINHUMA MeTOIaM1, BU3HAYEHO iXHi TepeBaru i HemoJiku. HaBemeHno pesysbratu [OCTiKEHHST €KOCUCTEM TEPUTOPIil
asroMmaricrpani E40 saxinnine Kuepa sa marepiasamu 6araropasoBoro CymyTHUKOBOIO 3HIMAHHSI HA[BCOKOI PO3Pi3HEHOCTI
y miepion 3 Tpastst 2020 10 Gepesnst 2022 poky. AHaziz OTPUMAHUX KapT J03BOJISIE OIIHUTH 3MiHU 3¢MHUX TIOKPUBIB 32 KO-
POTKMIT Yac: 3MEHIIeHHS IOl BOAHUX 00 €KTiB, XBOMHUX 1 TUCTAHUX HACAKEHb, 301IbIIIEHHS IO BIAKPUTOTO IPYHTY.
KapTa nopy1iieHHs €KoCuCTeM TePUTOPIi 103BOJISIE€ BUSHAUNTH JIIJITHKU BUCOKOTO PU3UKY.

Bucnosku. KoMmiuiekcte gucranitiiine oIfiHIOBaHHsI CTaHy HOPYIIEHUX €KOCUCTEM Ta re0lPOCTOPOBUIT aHasIi3 Bi/IIOBIjI-
HUX PU3UKIB € KOPUCHUM IHCTPYMEHTOM YIIPABJIiHHS TepuTopisiMu. JlucTaniiiini MeToiu HabyBalTh 0COOJIUBOIO 3HAUCHHS
iz yac BoeHHUX Ail. Hapasi 3ampomonoBanuii miaxin mepeBipsSEThCs HA iHIIUX TEPUTOPISAX, PISHUX TUTIAX €KOCUCTEM Ta
JUKepesiax JaHuxX. 3aBepiieHa Ta anpoboBaHa IijicHa reoindopMaiiiia TeXHOI0ris 6yie aKTyaabHOIO s MCASBOEHHOTO
BijiHOBJIeHHs TepuTopil Yipainu. [lomasbiii 1ocaiKeHHsT BapTO 30CepeanTn Ha moOyI0BI MyJ1y KiJIbKICHUX MOgeael 11
iMOBIPHICHOI OITIHKY PU3UKY TOPYIIIEHb PI3HOMAHITHIUX €KOCHCTEM 32 Pi3HUX YMOB, a TAKOK HA OTPUMAHHI MAaCUBY CTATHUC-
TUYHUX JIAHNX JIJIS TT/[BUIIEHHS JOCTOBIPHOCTI 0/1ePsKYBaHNX KapT.

Kmouosi crosa: mucranitiitie 30HyBaHHs, TIOPYIIIeHi eKOCHCTEMU, BOEHHI /i1, TeoiHpopMaIliiiia TeXHOIOTis.
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ANNEX. Geospatial data used for the ecosystem conditions assessment within the study area
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Fig. A1. Multispectral image of study area, acquired on May 15, 2020 by
SuperView-1 satellite, 0.5 m spatial resolution (pansharpening)

Fig. A2. Multispectral image of study area, acquired on October 26, 2021
by WorldWiev-2 satellite, 0.5 m spatial resolution (pansharpening)

Fig. A3. Multispectral image of study area, acquired on March 10, 2022 by
WorldView-2 satellite, 0.5 m spatial resolution (pansharpening)
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Legend: Ml — Artificial pavement; Bl — Grassland; [ll — Coniferous forest;
B — Deciduous forest; ll — Open soil; | — Barren ground; [l — Shrubland;
B — Water surface; ll — Unclassified

Fig. A4. Land cover classification of study area on May 15, 2020

Fig. A5. Land cover classification of study area on October 26, 2021 (legend
is the same)

Fig. A6. Land cover classification of study area on March 10, 2022 (legend
is the same)
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Legend: o [ 10

Fig. A7. VARI spatial distribution within the study area on May 15, 2020

Fig. A8. VARI spatial distribution within the study area on October 26, 2021
(legend is the same)

Fig. A9. VARI spatial distribution within the study area on March 10, 2022
(legend is the same)
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Legend: 0.0 [HESRRRNTT 1 0

Fig. A10. Combined probability map of study area on October 26, 2021

Fig. A11. Combined probability map of study area on March 10, 2022
(legend is the same)
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Legend: = — No risk; [ — Low risk; Il — Moderate risk; ll — High risk;
B — Unclassified

Fig. A12. Ecosystem conditions map of study area on March 10, 2022
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