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Abstract. The russian invasion of Ukraine has resulted in extensive environmental damage, significantly
affecting the country s soil quality and raising concerns about long-term agricultural sustainability and
environmental health. The war has resulted in soil degradation through contamination by military operations,
destruction of farmland, and disruption of natural ecosystems. The objective of the research is to evaluate
the environmental consequences of the war in Ukraine, with a particular emphasis on soil degradation and
the development of strategies for post-war restoration. The manuscript will entail a comprehensive review
of existing literature on soil degradation and post-war environmental restoration, with a particular focus
on case studies from conflict zones such as Vietnam, the Balkans, and post-Second World War Europe.
Furthermore, an analysis of data from Ukrainian government agencies, environmental organisations, and
international bodies will be conducted to assess the extent and nature of soil damage caused by the war.
To achieve effective recovery of its soils and ecosystems, Ukraine can draw on global experiences and
implement long-term strategies combining modern decontamination technologies, sustainable agricultural
practices and policy reforms that promote ecological resilience. It is imperative that environmental, social,
and economic factors be integrated into the country’s post-war recovery strategy. It is imperative that
international cooperation and investment in environmental restoration, in conjunction with community
involvement, are pursued in order to guarantee the success of these endeavours and to provide Ukraine
with the support it requires in order to achieve a sustainable and resilient agricultural future. The research
provides a foundation for the development of integrated strategies that leverage global lessons, thereby

ensuring long-term recovery for Ukraine's soil and agricultural systems.
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Relevance of the research. Soil pollution
represents a significant environmental issue with
global repercussions, frequently resulting from
industrial, agricultural, and urban activities.
However, one lesser-known yet impactful
source of soil pollution arises from war and
military conflicts. The deployment of hazardous
substances, such as explosives, chemicals, heavy
metals, and oil spills, during warfare inevitably
results in soil contamination. The destruction
of ecosystems during armed conflicts often
leads to long-term degradation of arable land,
thereby impeding post-war recovery for affected
populations and the country in general [24].

As the global economy was beginning to
recuperate from the effects of the pandemic, a
new crisis emerged with the invasion of Ukraine
by russia, resulting in a war in Europe [41]. The
russian invasion of Ukraine which intensified in
February 2022 precipitated the most significant
armed conflict in Europe since the Second World
War. The consequences of this situation have not
been confined to the countries directly affected;
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they have also had an impact on Europe and the
broader global community indirectly, through the
issue of food security [11, 17].

In addition to the human toll, the conflict has
resulted in considerable environmental damage,
with a particular impact on Ukraine’s soil,
agricultural sector, and ecosystems [23]. The
war has served to exacerbate the pre-existing
environmental challenges, while simultaneously
introducing novel and acute risks associated with
military operations.

Analysis of the latest research and
publications. The profound impact of war on
human lives is well documented. However, the
natural environment, which encompasses soil,
water, air, and living organisms, is frequently
overlooked amidst the devastation. This is despite
the fact that human lives are inextricably linked
to the natural environment.

The latest research and publications on the
environmental impact of armed conflicts have
revealed the extensive damage inflicted by war
on ecosystems, with soil degradation evoking
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significant concern [19, 35]. The war has caused
extensive environmental destruction and soil
contamination in Ukraine. Of particular concern
is the damage to the country’s fertile agricultural
soils, which constitute a critical component
of its economy. Ukraine is renowned as the
“breadbasket of Europe”, with its expansive
tracts of fertile black soil (Chernozem) ranking
among the most productive in the world [23].

Ukrainian and international environmental
agencies and research organizations have
commenced the documentation of the effects
of the war on the country’s natural resources
[4, 17, 26]. These include soil contamination
from heavy metals and fuel residues, erosion
from disturbances on the battlefield, and the
disruption of agricultural systems.

It has been demonstrated that military
operations, including the utilisation of explosives,
the transportation of heavy machinery, and the
contamination of the environment with chemical
substances, have a considerable impact on the
structure of the soil, the composition of nutrients,
and biodiversity [16].

Global case studies on post-conflict soil
restoration, including those from post-Second
World War in Europe offer valuable insights into
the rehabilitation of conflict-affected soils [28].
Furthermore, recent publications have examined
the role of sustainable agricultural practices in
post-conflict recovery as the efficacy of terracing,
crop diversification, and organic farming in
restoring soil health and ensuring food security in
the aftermath of war. Research also underscores
the importance of involving local communities
and stakeholders in the recovery process, a lesson
that Ukraine could benefit from in its restoration
efforts [12].

The purpose of this research is to examine
the environmental impacts of the war in Ukraine,
with a particular emphasis on soil quality, and
to investigate potential strategies for post-war
soil restoration. By analysing global experiences
in post-conflict soil recovery, the research
aims to provide insights and recommendations
for restoring Ukraine’s damaged landscapes,
ensuring sustainable land use, and supporting
long-term ecological resilience.

Methods and objects of the research.
A review of the existing literature on the subject
based on cited publications will be conducted.
A comprehensive review of existing literature
on soil degradation and post-war environmental
restoration will be conducted, with a particular
focus on case studies from conflict zones such
as Vietnam, the Balkans, and post-Second World
War Europe.

The data will then be subjected to analysis.
An examination of data collected from
Ukrainian government agencies, environmental
organisations and international bodies will be
conducted to determine the extent and types of
soil damage resulting from the war.

Research results and discussion. As of
September 2024, the Ministry of Environmental
Protection and Natural Resources of Ukraine [26]
has estimated the financial and environmental
impact of military actions to be UAH 2.596
trillion. This figure was calculated by the State
Environmental Inspection in accordance with
the approved methodology and represents
the estimated damage resulting from the
aforementioned actions. A total of 5,909 cases
of environmental damage resulting from the
armed aggression of russian federation have been
recorded and documented.

In terms of land resources, the estimated
financial loss is UAH 1.15 trillion, based on
2,912 documented cases of damage. The total
area of land affected by littering is more than
19.8 million m?, while the contaminated soil
area is estimated at more than 945,140 m?,
with an estimated financial loss of more than
UAH 18.25 billion.

In the context of an ongoing armed conflict
in part of Ukraine, soil contamination with lead
and fluoride has been identified as a significant
environmental concern, warranting further
investigation. For instance, in Dnipro region, the
concentration of lead has been found to exceed the
maximum permissible concentration (MPC) by
three times, while in Mykolaiv, the concentration
of lead has been found to exceed the MPC by
five. The concentration of zinc, copper, fluoride,
and oil products has decreased by a quarter; in
Zaporizhzhia region, the concentration of lead
has increased by 11.17 times the MPC, the
concentration of zinc and fluoride has increased
by half, the concentration of petroleum products
has increased by 35 %, and the concentration of
phosphates has increased by 30 % [9].

At this stage, the analysis is limited to a broad
overview of the conflict and its consequences.
Subsequently, the focus will shift to the immediate
and long-term challenges Ukraine is confronted
with in its recovery process. This will include an
examination of the necessity for environmentally
conscious strategies to address the multitude of
environmental issues that have been exacerbated
by the war.

A substantial body of research has
demonstrated the significant and enduring impact
of armed conflict on soil quality and ecological
systems. The environmental consequences

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2024



AI'POPECYPCHU

of warfare are manifold and context-specific.
Nevertheless, a number of pivotal findings have
emerged from studies examining the impact
of warfare on soil, including the following:
heavy metal contamination, erosion and land
degradation, oil and fuel spills, unexploded
ordnance and landmines.

Heavy metal contamination. Research has
demonstrated that war can result in significant
heavy metal contamination of soils in conflict
zones, for instance, Iraq, Syria [25], and the
Balkans [34]. Elevated concentrations of metals
such as lead (Pb), mercury (Hg), cadmium (Cd),
arsenic (As), and depleted uranium (DU) have
been identified in soils affected by military action.
These metals originate from munitions, military
vehicles, and destroyed infrastructure.

Soil samples from conflict zones in Iraq [1]
exhibited elevated concentrations of lead and
cadmium, exceeding the threshold levels deemed
safe for agricultural and residential use.

The utilisation of depleted uranium (DU)
munitions in military conflicts, such as the Gulf
War, has resulted in the residual presence of
radioactive materials in soil, which presents long-
term risks to ecosystems and human health [15].

The impact of heavy metal contamination on
soil fertility can be considered to have twofold
consequences: firstly, it renders land unsuitable
for agricultural use, and secondly, it poses a risk
to the food chain and water supplies.

The phytoremediation method makes use of
plants to absorb, accumulate and detoxify heavy
metals fromsoil. Specific plant species, designated
as hyperaccumulators, have the capacity to
concentrate metals such as lead, cadmium, and
arsenic within their tissues. Subsequently, the
plants are harvested and safely disposed of.
Notable examples include sunflowers and Indian
mustard, which have demonstrated efficacy in
soil detoxification in contaminated war zones
such as Iraq [14].

Bioremediation employs the use of microbial
organisms to facilitate the degradation of
contaminants or the transformation of these
substances into less harmful compounds. Specific
bacteria and fungi are capable of metabolising
heavy metals or reducing their mobility in the soil.
For example, the use of Pseudomonas bacteria
has been demonstrated in post-conflict regions
as a means of addressing lead and cadmium
pollution [8].

The replanting of trees and the implementation
of erosion control measures serve to stabilise the
soil, thereby reducing the potential for the spread
of contaminants through wind or water runoff.
Furthermore, trees and vegetation can assist in the
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sequestration of heavy metals, thereby preventing
their entry into the broader ecosystem [7].

Soil washing is a process whereby the conta-
minated soil particles are physically separated
through the use of water or chemical solutions.
This method has the potential to reduce metal
concentrations to safer levels and has been
employed in regions that have been heavily polluted
by conflict, including Kosovo and Serbia [13].

An alternative approach involves the
addition of chemical agents, such as lime,
phosphate, or biochar, to the soil. These agents
bind heavy metals, preventing their absorption
by plants or leaching into groundwater. The
stabilisers immobilise the metals, reducing their
bioavailability. This technique is frequently
employed in regions affected by industrial and
military contamination [7].

Erosion and land degradation. 1t has been
demonstrated that military activities disrupt the
physical, chemical, and biological properties of
soil, leading to significant degradation [8, 18].
For example, the movement of heavily tracked
military vehicles has been observed to increase
soil compaction [32], while disturbances caused
by tanks have been shown to negatively affect
soil quality, resulting in harm to invertebrate
populations and vegetation [3].

The research of Almohamad [2] was to identify
the characteristics and variations of soil erosion
in the context of armed conflicts in the Northern
Al-Kabeer River basin in Syria. The mean soil
erosion rate is 4 t ha™' per year, with a standard
deviation of 6.4 t ha™ per year. Approximately
10.1 % of the basin is subject to a tolerable soil
erosion rate, while 79.9 % of the study area has
experienced erosion at varying degrees. In areas
affected by armed conflict, forest fires tend to
result in the dominance of land cover types such
as coniferous forest, transitional woodland, and
scrub on steeper slopes. In the upper part of the
basin, these land cover types exhibited average
post-fire soil loss rates that were 200 % to 800 %
higher than in the pre-fire situation.

It is frequently the case that military conflicts
result in the destruction of forests and other
forms of natural vegetation, which in turn gives
rise to severe soil erosion. The use of bombs,
artillery shelling, and chemical defoliants during
conflicts has been documented as a cause of
widespread deforestation in research conducted
in Afghanistan and Vietnam. In Afghanistan
[36], soil erosion has increased significantly in
areas that were subjected to intensive bombing
during decades of conflict. This has resulted in
the desertification of former agricultural land,
thereby rendering recovery more challenging.
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In Vietnam [37], researchers observed that
extensive deforested areas, particularly those
treated with herbicides, continue to experience
difficulties in regenerating, which has led to
soil degradation and a reduction in agricultural
productivity.

Furthermore, combat-related activities have
been demonstrated to result in a reduction of
essential soil components, including total carbon
(C), nitrogen (N), microbial biomass, and soil
respiration rates [10]. The flux of soil carbon
dioxide (CO) is particularly susceptible to the
level of disturbance [33], thereby underscoring
the impact of military actions on soil health. Even
foot traffic during military training exercises has
been demonstrated to compact the soil, decrease
water infiltration rates, reduce above-ground
biomass, and exacerbate soil erosion [40].

On-site observations at Ar. the Rimam
depression of the Sabah Al-Ahmad Nature
Reserve in Kuwait [30] demonstrated that
the damage to this site was caused by three
primary factors: munition disposal pits (11,3 %
of the area), compacted areas between Dpits
(36,4 %), and compacted road tracks (3,6 %).
The results of the field investigations of soil
profiles and laboratory characterisation of soil
samples indicated a significant disruption of
pedogenic processes, a loss of topsoil, severe
soil compaction, a reduction in the infiltration
rate, contamination with munition materials, and
alterations in chemical properties. Despite the
presence of higher vegetation cover in the pits
compared to the adjacent compacted areas, the
percentage of vegetation cover was found to be
significantly lower than that observed during the
pre-disturbance period. The soil and vegetation
assessment also indicated that the natural
recovery process did not fully restore the land
and vegetation to their pre-disturbance status.

Forexample, research from Vietnam highlights
the significance of extensive reforestation and
the utilisation of bioremediation techniques
to detoxify soils contaminated by chemical
agents [29]. Similarly, studies from the Balkans
emphasise the critical role of erosion control
measures and landscape restoration in preventing
further environmental degradation [7].

The impact of erosion is the stripping away
of the fertile topsoil that is necessary for plant
growth, which has the effect of severely reducing
agricultural potential and exacerbating food
insecurity in post-war areas.

Oil and fuel spills. In numerous contemporary
armed conflicts, military vehicles, tanks, and
aircraft have been identified as a significant
source of environmental degradation, largely due

to fuel and oil spills. The contamination of soil by
hydrocarbons, heavy metals, and toxic chemicals
resulting from such spills has been demonstrated
to cause long-term damage to Dbiodiversity,
agricultural productivity, and water resources.
For instance, during the Gulf War, extensive oil
spills and the destruction of oil wells resulted
in the release of considerable quantities of
petroleum into the soil [15]. The soil in Kuwait
was significantly contaminated by oil spills and
soot from burning oil wells, which resulted in
notable alterations to the soil’s physical and
chemical properties. The contamination of
soil with petroleum has resulted in a reduction
in soil fertility and the introduction of toxic
hydrocarbons, which persist in the environment
and are challenging to remediate [27].

The contamination of soil with petroleum
disrupts the chemical composition of the soil,
kills vegetation, and renders the land unsuitable
for agricultural or natural regeneration. For
instance, the rate of biodegradation of oil products
for different levels of pollution in Chernozem
was determined over a period of 24 months
[22]. The content of hydrocarbons decreased by
85-87 % and 60-64 %, respectively. One of the
key mechanisms for the loss of hydrocarbons
from the soil surface is microbiological
decomposition. Studies have demonstrated that
in the oil concentration range of 6,4-24,6 1/m?,
there was a notable increase in the intensity of
carbon dioxide release from the soil, which
is 60 % higher than in the control option. This
indicates an intensification of the processes of
its biodegradation. The impact of soil pollution
with oil on diagnostic indicators such as soil pH
and the content of water-soluble potassium and
sodium was found to be less significant than the
influence of the time factor. The phytotoxicity
of oil-contaminated soil was also demonstrated
to have a negative impact on seed germination
in field conditions. The research results indicate
a gradual self-purification of the soil from
petroleum hydrocarbons during the observation
period.

A variety of methods, including physical,
chemical, and biological, are available for
addressing oil spills. The initial two methods
are constrained by factors such as elevated
costs, inefficacy, and disruption to the natural
ecosystem [39]. As an alternative, bioremediation
offers an environmentally friendly process for
the removal or reduction of petroleum pollutants
in the environment through the use of selective
microbial flora [31].

Baniasadi & Mousavi [5] proposed that
bioremediationrepresents amore environmentally
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friendly approach than physicochemical methods,
which are more cost-effective and cause less
disruption to the environment.

In 1991, Kuwait oil fires resulted in the
combustion of numerous oil wells, leading to
the release of millions of barrels of oil into the
surrounding desert environment. This incident
caused significant contamination of the soil.
Large-scale bioremediation and soil washing
efforts were undertaken with the objective
of restoring the land. The Iraq conflict (post-
2003) resulted in substantial damage to oil
infrastructure, with spills contaminating both
land and water. Bioremediation was employed as
a means of cleansing soil that had been rendered
polluted by oil and fuel spills. In this method,
natural or genetically modified microorganisms
are applied to the polluted site, and/or the polluted
environment is enriched with nutrients. These
processes are known as bioaugmentation and
biostimulation, respectively. The primary focus
of attention is due to the fact that these methods
have been the subject of scientific investigation
by the research community with regard to their
potential for the treatment of oil spills, primarily
at the laboratory scale, with less extensive
investigation in real-world settings.

Unexploded ordnance (UXO) and landmines.
The presence of unexploded ordnance and
landmines in the aftermath of armed conflicts
continues to present a significant risk to soil
quality and land use. The presence of UXO
can result in soil contamination with explosive
residues and heavy metals.

The results of studies conducted in Cambodia
[21] and Bosnia [20] indicate that soils
contaminated with explosive residues have
undergone alterations in microbial communities
and have exhibited disrupted plant growth. The
presence of UXO precludes the safe utilisation of
land for agricultural and developmental purposes,
resulting in the underutilisation of vast tracts of
arable land due to concerns regarding potential
detonation.

The impact of UXO on the environment can be
significant. The presence of UXO and landmines
impedes the post-war recovery and development of
agricultural activities. Furthermore, the detonation
of ordnance results in the release of toxic chemicals
into the soil, thereby exacerbating the pollution.

The identification of unexploded ordnance
and landmines can only be addressed through

£

the utilisation of a stochastic-deterministic model
but the eventual creation of risk-hazard maps
requires preliminary work involving laboratory
experiments and field surveys. Baselt et al [6] put
forward a novel approach to the problem within
the context of an international research project.
The objective is to produce risk-hazard maps that
can be employed by elected decision-makers,
administrative  authorities, and emergency
personnel in affected municipalities.

Unpiloted aerial systems featuring advanced
remote  sensing  capabilities represent a
significant technological advancement with the
potential to significantly impact the resolution
of the explosive ordnance crisis. In particular,
recent developments in hardware engineering
have facilitated the effective deployment of
compact, lightweight, and less power-consuming
hyperspectral imaging (HSI) systems from small
unpiloted aerial vehicles (UAVs). The results
demonstrate that the analysis of hyperspectral
imaging (HSI) data sets can yield spectral profiles
and derivative data products, which are capable
of distinguishing between multiple ERW and
mine types in a range of host environments [38].

Conclusions. The research on war-affected
soils has revealed the significant environmental
degradation that follows military conflicts,
particularly in relation to heavy metal
contamination and soil erosion. These issues
can impede recovery for decades. The
implementation of remediation strategies
necessitates the formulation of long-term plans,
encompassing the utilisation of contemporary
decontamination technologies, the adoption of
sustainable land use practices, and the allocation
of substantial financial resources to facilitate
the restoration of ecosystems and to bolster
agricultural and economic recovery in post-
conflict societies.

The United Nations Environment Programme
(UNEP) has highlighted the necessity
for integrated strategies that address both
environmental and social concerns, advocating
for policy frameworks that ensure sustainable
land management and ecological recovery.
The research emphasises the importance of
considering environmental, social, and economic
factors in soil restoration, offering insights that
can inform the recovery process in Ukraine,
drawing on global examples of successful
post-war remediation strategies.
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HOIKOIXXEHHS TA BIIHOBJIEHHS IPYHTIB B YKPATHI:
YPOKHU CBITOBOI'O IOBOEHHOTO JOCBIAY

H.O. linenko, kaHa. c.I. HAyK
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Anomayia. Pociticoke emopenents ¢ Yxpainy npu3zeeno 00 3HaUHOI WKOOU HABKONUUHLOMY CepedosuLly),
CYmmeBo GNIUHYUIU HA AKICMb IDYHMIE KpAinu ma UKIUKAGULU 3AHENOKOCHHS U000 00820CMPOKOBOT
CMIUKOCMI CLIbCHKO2O 20CNO0ApCmea ma 300po8 s 006K, Bitina npussena 0o despadayii rpyHmis
uepes 3a0PYOHEHHS BHACAIOOK BILICLKOGUX Oill, SHUWEHHS CLTbCbKO2OCNO0APCLKUX YeiOb mMa NOPYUEHHS
npupoOHux exocucmem. Memorw 00CniONCeHHs € OYIHKA eKONO2IUHUX HACTIOKI 8illHU 8 YKpaiui, 3 0c06-
JIUBUM AKYEHIMOM Ha 0e2padayilo IpyHmie ma po3pooxy cmpameziii RicIA80€HHO20 8i0H06NenHs. Pykonuc
nepeobauac scediunuil 02150 ICHYIOUOL Iimepamypu 3 NUmans 0ecpadayii IPyHmie ma no8OEHH020 GIOHO6-
JIEHHST QOBKINIS, 3 OCOONUBUM AKYEHIMOM HA MEMAMUYHUX OOCTIONCEHHAX 13 30H KOHMIIKMIE, MaAKUX K
B’emnam, barkanu ma €spona nicas /lpyeoi ceimosoi gitinu. Kpim moeo, 6yde npogedeno ananiz oauux
VKPATHCOKUX YPAOOBUX YCMAHOS, €KONOSTUHUX OpPeaHi3ayiil ma MidDCHAPOOHUX OpeaHizayiti 0as OYIHKU
macwmabie i xapaxmepy IPYHMOBUX NOWKOONCEHb, CHPUYUHEHHUX GiliHow. [[Jo6 docsemu eghexmus-
HO20 BIOHOGNEHHS TPYHMIE MaA eKocucmem, YKpaina modice GUKOpUCMAmu c8imoguii 00csio i anposaoumu
00620CMPOKOBI cmpamezii, w0 NOEOHYIOMb CYUACHI MEXHON02IT 3He3apadiCceHHsl, CMIKI CLIbCbKO20CHO-
0apcvKi npakmuKy ma noAimu4ti pepopmu, sKi Cnpusiions eKono2iunit cmitikocmi. Bxpail easxcauso, wob
EKONOCTYHI, COYIanbHI Ma eKOHOMIUHI hakxmopu Oyau IHMe2poBari 8 cmpameiio NICIA80EHHO20 BIOHOG-
JeHHs: Kpainu. Migcnapooue cnigpobimuuymeo ma ingecmuyii' y 6i0H08IeHH O0BKLLIA y NOEOHAHHI 13
3ATYUEHHAM SPOMAOCHOKOCTI € 3aNOPYKOI0 YCNIXY YUX 3YCUNb d HA0aHHA YKPaini niompumku, HeoOXioHoi
07151 OOCSICHEHHSI CIAL020 MA ACUMMEZOAMHO20 CLlbCbKO2OCNOOAPCHKOZ0 MAUOYMHb020. J{OCTIONCEeHHS.
CMBOPIOE OCHOBY OJisl PO3POOKU KOMIJIEKCHUX Cmpameziil, sIKi 8paxo8yloms 2100aivhull 00c8io, 3abesne-
YYI0UU MUM CamMum 00820CMPOKOGe GIOHOGLEHHS IPYHMIB Md CLIbCLKO2OCHOOAPCHLKUX cucmem Yrpainu.
Knrwouogi cnosa: cinbcoke cocnooapcmeo, 3a0pyOHeHHs, NOWKOOICEHHSL TDYHIMIG, epo3is, 8ANCKI Memai,
PO31U8 Haghmu, Ha3eMHi MIiHU
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