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Abstract

Amid global climate change and intense human pressure, the planet’s land cover is undergoing unprecedented
transformation. According to the FAO, over 1.66 billion hectares, more than 10% of the world’s land area, have
already been degraded through unsustainable use, with over 60% of this occurring on agricultural land. The
problem is especially acute in regions affected by military actions and man-made pollution, where physical,
chemical, and biological destruction of soils paralyses natural self-purification and the restoration of ecosystem
services. This article establishes a comprehensive theoretical and methodological framework for studying
anthropogenic soil transformation, systematising global scientific literature and developing an original matrix
classification of transformation types that accounts for military and technogenic factors. Through critical analysis
of concepts from classical soil science to the modern WRB system, the transition from Anthrosols to Technosols
1s justified, reflecting anthropogenesis as a dominant factor in soil formation under Anthropocene conditions. Soil
microbiota is treated as the most sensitive early bioindicator of anthropogenic stress, capable of determining
ecosystems’ restorative potential before visible changes appear. The proposed classification is structured around
four axes: nature of impact (mechanical, geochemical, biotic, mixed), degree of reversibility, spatial hierarchy, and
functional landscape typology. Results confirm that the microbial consortium’s functional structure is key to
assessing reversibility and reclamation effectiveness. The framework holds significant value for monitoring,
mapping and restoring degraded soils, particularly in post-conflict Ukraine, advancing the UN Sustainable
Development Goals.

Keywords: anthropogenic soil transformation, soil microbiota, microorganisms’ recovery, military soil degradation, bioindicators,
remediation, Technosols, Anthrosols.

Introduction

In the cutrent context of global climate change, de-
mographic pressure, and intense human-induced
stress, the planet’s soil cover is undergoing an
unprecedented transformation that threatens the
achievement of key UN Sustainable Development
Goals (in particular, SDG 2 “Zero Hunger’, SDG 15
‘Protecting terrestrial ecosystems’, and SDG 13
‘Climate Action’). More than 1.66 billion hectares of
land (over 10% of the world’s land area) have already
been degraded as a result of unsustainable land use,
and more than 60% of this degradation occurs on a-

gricultural land (FAO, 2025). Every year, the world
loses about 12 million hectares of fertile soil, an area
equivalent to that of Bulgaria. These losses lead to a
decline in the productivity of agroecosystems, reduced
carbon sequestration, and an increased risk of food
insecurity for more than 3 billion people. The foun-
dation of any soil’s ecological sustainability is its
biological activity. However, it is the microbial com-
ponent of the soil that is most vulnerable to external
anthropogenic interventions. Microorganisms provide
more than 90% of key ecosystem functions, including
the mineralization of organic matter, nitrogen fixation,
the degradation of xenobiotics, and the maintenance
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of soil structure. At the same time, they are the first to
respond to stress, often even before visible morpho-
logical or physicochemical changes occur (Fierer,
2017; Romero et al., 2024; Igbal et al., 2025; Levishko
et al., 2026). This issue takes on particular significance
in the context of modern military conflicts and large-
scale anthropogenic pressure. Hostilities cause com-
prehensive destruction of the soil profile: physical
(mechanical compaction, displacement of soil masses,
crater formation), chemical (introduction of heavy
metals, pyrogenic compounds, and explosive resi-
dues), and biological (a sharp decline in microbial
biomass and diversity). According to estimates in the
monograph “Soil Cover of Ukraine in the Conditions
of Hostilities”, a 2.1-3.5-fold decrease in microbial
biomass has been observed in areas of active combat
operations in Ukraine, and soil toxicity reaches 99% in
areas of intense shelling. Similar processes have been
documented in studies by Bonchkovskyi et al. (2025),
Solokha et al. (2024), and Baliuk et al. (2024) for the
northeastern regions of Ukraine, where wartime
destruction leads to the formation of specific ‘military
technosols’ (Shebanina et al, 2024). An additional
destabilizing factor is anthropogenic pressure caused
by the operation of critical infrastructure facilities, the
mining industry, urbanization, and intensive agticul-
ture. Under such conditions, classical approaches to
soil quality assessment, based primarily on morpho-
logical and physicochemical indicators, prove insuf-
ficient. It is necessary to rethink the theoretical
foundations, with the mandatory inclusion of micro-
biological indicators as the most sensitive and eatly
markers of anthropogenic stress (Smirnova et al. 2024;
Kucher et al. 2025). The issue of anthropogenic soil
transformation remains the subject of long-standing
scientific debate. Although the impact of traditional
agriculture and agrogenesis has been studied in consi-
derable detail, contemporary challenges — including
the consequences of hostilities, localized technogenic
pollution, and the formation of fundamentally new
soil-like bodies (Technosols) — require a deeper theo-
retical systematization and unification of classification
approaches (Shebanina et al., 2024). A significant body
of empirical data on land degradation has been
in both
scientific communities; however, theoretical concepts
remain fragmented. Many classification schemes do
not account for the specifics of extreme types of im-
pact (pyrogenic, chemical-technogenic, and mechani-
cal-military), and the role of the soil microbiome as a
dynamic indicator of transformation and restoration

accumulated international and domestic

potential is often ovetlooked (Dror et al, 2021;
Pozniak and Telehuz, 2021; Jaroszuk-Sierocifska,
2021). The aim of this study was to develop a com-
prehensive theoretical and methodological framework
for researching anthropogenic soil transformation
through a systematic analysis of the global scientific
literature and the development of a scientifically
grounded classification of the types of such trans-
formation, taking into account the specifics of military
and technogenic impact factors and the assessment of
the state of the soil microbiota as a key factor in the
ecological stability and recovery potential of ecosy-
stems. To achieve this goal, the following tasks must
be completed:

- conduct a critical analysis of existing approaches to
defining classifying  anthropogenic
transformation in global scientific literature;

- justify the role of microbiological indicators as the
most sensitive and eatly markers of anthropogenic
stress and degradation of the soil environment;

- identify the key factors, mechanisms, and conse-
quences of anthropogenic impact, with a particular
emphasis on hostilities and technogenic factors;

- to develop an expanded matrix classification of types
of anthropogenic soil transformation that takes into
account not only traditional agricultural factors but
also extreme technogenic and militaty factors;

- propose an integrative methodological approach to
assessing the degree of soil transformation under
vatious ecological conditions for the purpose of their
subsequent reclamation, based on the principles of
restoring biodiversity and the functional activity of the
microbiome.

and soil

The object of the study is the processes of anthro-
pogenic transformation of the soil cover under con-
ditions of intensive land use, industrial development,
and hostilities. The subject of the study is the theo-
retical and methodological foundations for the syste-
matization and classification of types of anthropo-
genic soil changes, including the transformation of
their microbiological component. The methodological
framework of this study consists of a set of comple-
mentary methods: bibliometric analysis to identify
current trends; content analysis and systematization of
scientific literature; a comparative-analytical method
for comparing different classification approaches; and
modelling techniques for integrating anthropological-
ecological, landscape-geochemical, and ecosystem pa-
radigms. Thus, the article not only systematizes exi-
sting theoretical knowledge but also proposes an
original matrix classification model that fills existing
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gaps in the assessment of extreme forms of anthropo-
genesis and highlights the leading role of the soil
microbiome in predicting the recovery potential of
degraded areas, particularly in the context of Ukraine’s
post-conflict recovery.

Anthropogenic soil transformation

The theoretical foundation for research into anthro-
pogenic soil transformation is based on the long-term
evolution of scientific perspectives, from classical
genetic soil science of the late 19th and eatly 20th
centuries to the contemporaty interdisciplinary para-
digms of the Anthropocene. This idea was developed
into the concept of ‘cultural’ soil formation and
subsequently in the works of soil scientists, who
identified agrogenesis as a distinct field of study. In
global science, the transition to recognising the
anthropogenic factor as an equal factor took place in
the second half of the 20th century. A key milestone
was the introduction of the terms ‘Anthrosols’ and
‘Technosols’ into the international classification
system. The modern classification system, the World
Reference Base for Soil Resources,
distinguishing materials that have been altered or
created by humans. It separates out the Technosols
reference group as soils that contain more than 20%
artifacts in the top meter-thick layer or that have
artificial horizons (Ekranic, Utrbic, Spolic, Garbic,
etc.). In the last edition of WRB, most of the PQs of
the previous edition were maintained (except Hyper-
skeletic), and Thyric, Gleyic, Stagnic, Coarsic, and
Andic were added as PQs. The criteria for horizons
containing artefacts and limiting layers at depths of up
to 10 cm have also been revised. This reflects the

focuses on

recognition that anthropogenic activity has become an
independent and dominant factor in soil formation,
capable of completely offsetting the influence of
natural factors (parent material, climate). The last
edition of WRB, 2022 made small changes to the
above provisions the chernic horizon was removed
from the list of horizons that, with enough artefacts,
would not qualify for Technosols. It was also specified
that soils with a limiting layer starting <10 cm from
the soil surface could be Technosols if the layer
consisted of artefacts. There is a problem with under-
sampling of Technosols, in stark contrast with the
high number of qualifiers foreseen in this RSG (Dror
et al 2021; Pozniak and Telehuz, 2021; Jaroszuk-
Sierocinska, 2021; Hao et al., 2023). Anthropogenic
soil transformation refers to a profound qualitative

change in the composition, structure and physical,
chemical and biological properties of soils under the
influence of human activity, leading to the formation
of fundamentally new soil-like bodies (urbanised soils,
mine spoil heaps, constructed Technosols). It is
important to clearly distinguish this process from the
narrower term ‘degradation’, which refers only to
negative trends (erosion, salinisation, loss of humus,
pollution). Anthropogenic factors (land-use change,
tillage, fertilisation and crop rotation) constitute
distinct categories of soil transformation, each of
which reshapes the structure and functioning of soil
microbial communities in its own way. Distinguishing
these factors into separate classes is fundamental, as
their varying impacts on microbial diversity and
biological functions determine the direction and
potential for soil recovery (Yang et al., 2021). In the
context of intensive industrial activity and hostilities,
the study of technosols, where natural soil layers are
wholly or partially replaced by artefacts, industrial
waste or remnants of munitions, becomes particularly
relevant  (Volungevic¢ius and Skorupskas, 2011;
Howard, 2021; Bonchkovskyi et al., 2025). However,
even the most sophisticated classification system
based solely on morphological characteristics and the
physico-chemical properties of the substrate provides
only a static picture of the soil cover’s condition. To
fully understand the dynamics of changes occurring in
anthropogenic ecosystems, it is necessatry to consider
the functional level of soil organisation, rather than
relying on visual assessment alone. In this regard,
modern understanding of transformation is impossible
without considering the soil microbiota (Epelde et al.,
2019; Coban et al., 2022). The microbiome is the most
dynamic and sensitive component of soil. It is the first
to respond to human-induced stress, even before
visible morphological or chemical changes occur
(Fierer, 2017; Epelde et al., 2019; Igbal et al., 2025).
Microorganisms provide over 90% of ecosystem
functions, including the mineralisation of organic
matter, nutrient cycling, degradation of xenobiotics,
formation of soil structure, and suppression of
pathogens (Romero et al., 2024; Romero et al., 2020).
In technogenic and war-damaged soils, ‘microbial
divergence’ occurs, whereby extreme factors such as
heavy metals, explosives and compaction radically
alter the architecture of microbial networks. This
process suppresses symbiotic groups
mycorrhizal fungi and nitrogen-fixing bacteria, while
stimulating the development of resistant taxa such as

such as
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metal-tolerant and sulphate-reducing bacteria. Recent
metagenomic show that the
diversity of the microbiome in constructed technosols
can differ significantly from that in natural soils, and
that the addition of compost or microbial inoculants
significantly impacts the microbial content (Chialva et
al., 2025; Levishko et al., 2026). The microbiological
and structural shifts identified require systematic inter-
pretation. Modern science uses several interrelated
theoretical models to analyse anthropogenic transfor-
mation. The anthroecological model, for example,
assesses soil condition in terms of its impact on
human health and ecosystem services. This is parti-
cularly important in cases of chemical contamination
by xenobiotics and war-related pollution. The land-
scape-geochemical approach focuses on the role of
soil as a reservoir and regulator of substance flows. It
views transformation as the conversion of natural
geochemical barriers into man-made anomalies. The
ecosystem model regards soil as a central hub for
global ecosystem services, from regulating the carbon
cycle supporting food security. Jenny’s
formation equation is still considered the most
comprehensive, as it laid the quantitative foundations
of theoretical soil science. In its classical formulation,

studies functional

to soil

soil condition is described as a function of five natural
factors: S = f (cl, o, 1, p, t), where cl is climate, o is
organisms, t is relief, p is parent material and t is time
(Jenny, 1941). In light of the scale of human influence,
this model was modified to include an additional
independent anthropogenic factor, a, to account for
the intensity, duration, and type of pressure exerted.
This approach has made it possible to conceptualise
soil formation driven by humans as a distinct process,

known as ‘anthropogenesis’, in which soil is no longer
considered purely natural, but rather a human-natural
entity (Richter and Yaalon, 2012). Thus, the theo-
retical foundations of anthropogenic soil transfor-
mation have evolved from a static morphogenetic
approach to a dynamic, functional ecosystem appro-
ach centred on soil microbiota. The authors’ matrix
classification, which integrates these models, over-
comes the fragmented nature of previous schemes,

creating a comprehensive toolkit for assessing and
forecasting the condition of technogenic and militarily
damaged soils, particularly in the context of post-
conflict recovery in Ukraine. In order to systematise
the global scientific literature on anthropogenic soil
transformation, a comprehensive analysis of databases
covering the period from 1990 to 2026 was
conducted. An analysis of scientific publications in the
Web of Science Core Collection (TITLE-ABS-KEY)
database, using the terms ‘Antrosols’, “Technosols’,
‘Anthropogenic Soil Transformation’, ‘Bioindicators’,
‘War’ (or ‘Military Soil Degradation’), ‘Recovery
Potential’ and ‘Soil Microbiome’ (or ‘Soil Micro-
organisms’), revealed that, as of 1 June 2026, 13,874
publications had been indexed (Fig. 1). In addition, a
content analysis was carried out on over 450 relevant
publications. Around 120 of the most frequently cited
and up-to-date works were then selected for detailed
study. The bibliometric analysis revealed exponential
growth in publication activity, particularly after 2006
when the Technosols reference group was officially
incorporated into the World Reference Base for Soil
Resources (WRB, 2022). Until 2005, the number of
publications remained relatively stable at an average of
15-25 per year, mainly concerning general soil science
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and agropedogenesis. Since the 2010s, however, there
has been a sharp increase: the peak between 2016 and
2020 (with over 150 research papers published each
year) is linked to the recognition of anthropogenesis
as an independent dominant factor in soil formation
under Anthropocene conditions. A second significant
peak is expected between 2022 and 2026 (with over
220-280 publications per year), driven by the WRB

2022 update, the growing concept of ‘constructed
technosols’, and increasing interest in the conse-
quences of military conflicts, particularly in Ukraine.
According to WoS data, by the end of 2025, the total
number of publications on the topics of ‘technosols’
and ‘anthropogenic soils’ had exceeded 2,800, over
45% of which were published after 2018 and are
shown in Table 1.

Table 1. Bibliometric trends in research on anthropogenic soil transformation

Number of . . The proportion of
Period publications Key dr.lvlng Leadlr'lg work on the
. topics countries . .
(approximate) microbiome
. . The USA, Germany 0
1990-2005 450-600 Agrogenesis, urban soils and China <10%
The introduction of The USA, China and o
2006-2015 1200-1500 technosols into the WRB  Spain 15-20%
2016-2021 22002600 Constructed te?hnosols, China, Brazil and the 28359
€cosystem services EU
Military technosols .
’ Ukraine, the USA
. > : : > > 40
2022-2026 2800 microbiomes and the China and the BU 42-48%

Anthropocene

The leaders in the number of publications are
traditionally the USA, China, Germany, Brazil, Spain
and Italy. The most frequently cited research areas were
the reclamation of mine waste heaps, urbanised soils,
the assessment of ecosystem services provided by
Technosols, and the role of the microbiome in the
recovery of degraded areas. Ukrainian research is
represented by a smaller number of studies (around
180-220), but demonstrates high regional relevance,

19632

Environmental Sciences Ecology

11894

Science Technology Other Topics

, particularly with regard to the industrial landscapes of
the Donbas, Chernobyl and war-damaged areas in the
Kharkiv, Chernihiv and Sumy regions (Baliuk et al.,
2024; Solokha et al., 2024; Bonchkovskyi et al., 2025).
The relevance of this topic is confirmed by the
visualisation of the search results, which showed that
the majority of publications telate to the fields of
‘Environmental Science and Ecology’ — 43.2%; ‘Agri-
culture’ — 13.6%; and ‘Microbiology’ — 6.5% (Fig. 2).

15244
Marine Freshwater Biology

Figure 2

TreeMap  visnalization
of publication dividing
in the Web of Science
Core Collection (1990—
2026)
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Contemporary tesearch covers three key trends in
anthropogenic soil transformation: physical aspects
(compaction, erosion, structural changes and bomb
disturbance in war zones); chemical aspects (accumu-
lation of xenobiotics, heavy metals and explosive
residues); and biological aspects (changes in the
microbiome and loss or restoration of functional
diversity). There is a growing interest in integrative
ecosystem models based on the aforementioned
modified soil formation formula (Jaroszuk-Sierocifiska,
2021; Dror et al., 2021). Conversely, soil is traditionally
considered to be a function of climate, organisms,
relief, parent material and time, and consequently its
internal properties are largely pedogenically determined
(Jenny, 1941). Roper et al. (2017) found that soil health
indicators did not distinguish between management
systems to any great extent, largely because region-
specific intrinsic outweighed the
influence of management. However, there are clear
gaps in the literature: insufficient integrated studies
combining physical, chemical, and biological trans-
formations in a single, comprehensive analysis; a lack
of long-term (over 10 years) Technosol monitoring;
weak coverage of the consequences of military de-
struction (only 8-12% of studies focus on military
soils); and insufficient attention to regional chatrac-
teristics of domestic Chernozems compared to urbani-
sed Western soils. A analysis of the
methodological approaches employed in prior studies
reveals that the majority of research is founded on
traditional field and laboratory techniques (e.g. mot-
phological description, chemical analysis and spectro-
scopy), supplemented by geographic
systems, remote sensing and metagenomics. Modern
‘omics’ approaches are increasingly being used to
characterise soil microbial communities and identify
new soil health indicators, providing a promising basis
for assessing recovery potential (Delgado-Baquerizo et
al., 2018; Clagnan et al., 2024). The strengths include
the standardisation of classification in WRB 2022 and
the use of the modified Jenny model. However, critical
shortcomings remain, including the predominance of
chemical indicators over physical and biological ones;
the short-term nature of experiments; the lack of a
unified, quantitative model of anthropogenic soil for-
mation; the subjectivity of comparing national and
international classification systems; and the insufficient
integration of anthropo-ecological, landscape-geoche-
mical, and ecosystem models within a single study.

soil constraints

critical

information

Academic schools and research areas of signi-
ficance

Western European and North American schools.
They play a leading role in developing international
classifications and methodologies. A notable accom-
plishment was the incorporation of the Anthrosols and
Technosols reference groups into the WRB 2022
(Ivanyuk et al., 2026). The school is actively developing
research areas focusing on urban soils, industrial land
reclamation, and ecosystem services within the Soils of
Utrban, Industrial, Traffic, Mining and Military Areas
(SUITMA) initiative framework. Recent studies,
notably those by Chialva et al. (2025), have demon-
strated that the functional diversity of the microbiome
in constructed technosols differs signi-ficantly from
that in natural soils. This diversity can be used to
improve ecosystem setvices by inoculating and
managing microbial communities.

Asian and Latin American schools. Their focus is
on the practical rehabilitation of man-made landscapes
following intensive mineral extraction and the accu-
mulation of heavy metals, as well as the restoration of
degraded tropical areas. They actively apply interna-
tional WRB standards, combining them with local
biotechnological approaches (Gunathunga et al., 2023).

The Ukrainian School of Soil Science. The works of
the Lviv scientific school remain leading in domestic
soil science, in particular Pozniak and Telehuz (2021)
on the genesis, classification, and properties of soils
altered by human economic activity. A fundamental
synthesis of the state of the soil cover under wartime
conditions is the collective monograph by Baliuk et al.
(2024), which systematizes war-related degradation and
measures for soil recovery. The empirical direction is
represented by studies of the ditect consequences of
combat operations. Bonchkovskyi et al. (2025), using
the example of the Kharkiv region and combining
high-resolution remote sensing, soil mapping, and
laboratory methods, showed that for chernozems the
war-related damage manifests through physical distu-
rbance of the profile and loss of fertility rather than
through large-scale heavy-metal contamination, which
is noticeable only in localized areas. Solokha et al.
(2024), on plots where military vehicles burned, re-
corded an increase in the sand fraction by a factor of
1.2—1.8 accompanied by a decrease in the silt fraction.
Kucher et al. (2025) carried out an ecological-economic
assessment of the impact of war on natural resources,
in particular on land and soils. A common feature of
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these works is
characteristics of

their emphasis
chernozems

on the regional
and  technogenic
landscapes and their substantiation of the complex
mechanical, chemical, and biological character of an-
thropogenic transformation. The proposed methodo-
logy, which integrates bibliometric data, matrix-based
systematization of transformation types, and modelling
that accounts for the intensity of anthropogenic pres-
sure, overcomes the fragmentation of existing appro-
aches and forms a coherent theoretical and metho-
dological basis for further empirical study of the
patterns of anthropogenic transformation,
particulatly in the war-affected and post-conflict terri-
tories of Ukraine.

soil

The classification of types of anthropogenic soil
transformation

The methodological framework for classifying anthro-
pogenically altered soils is based on a comprehensive
analysis of the genesis, intensity and depth of pene-
tration of the impact, the duration of its action, and the
ecological reversibility of its consequences. This appro-
ach recognises human activity as a dominant factor in
soil formation under Anthropocene conditions not me-

Increasing complexity, duration
and cost of restoration

50-100+

~

rely an external one (Jaroszuk-Sierociniska, 2021; Dror
et al., 2021; Coban et al., 2022; Chialva et al., 2025;
Capra, 2025). Soil degradation is caused by natural and
anthropogenic factors; the latter lead to

more profound and long-lasting transformations of the
soil profile (Lal, 2025). This distinction serves as the
primary basis for classifying types of anthropogenic soil
transformation. We propose a matrix-based classifica-
tion scheme for anthropogenic soil transformation with
a clear four-axis structure (Fig. 3). This model enables
the systematic description, diagnosis, and prediction of
technogenic and militarily destroyed soils, filling gaps in
existing classifications (WRB, 2022). The matrix struc-
ture is based on four strategic axes of analysis:

1. Nature (type) of impact: mechanical, geochemical,
biotic or mixed.

2. The degree of reversibility of changes is assessed
using a five-point scale ranging from fully reversible (I)
to irreversible (V).

3. Spatial hierarchy (scale) of impact: local, regional or
global.

4. Functional classification of objects: agricultural
landscapes; urbanised areas; industrial and technogenic
areas; and militarily destroyed areas.

. 4

Mixed (military technosols)
reversibility IV-\
Constructed technosols + bioremediation

20-100+ years or irreversible

Geochemical

Pb, Cd, Zn, explosives - lll-V
Bioremediation, chelators, immobilization
metals | 60-85% - 15-50+ years

craters, bombturbation - 111
Loosening and organic fertilisers
restoration within 3-15 years

~

Mechanical

Approximate restoration time, years

Biotic

microbiome loss - reversibility 1111
Inaculation: PGPR / AMF [ consortia
restoration within 2-12 years

<15

Figure 3

Matrix-based classification
scheme for anthropogenic
sotl transformation types

\ 4

(anthor’s scheme)

Degree of transformation reversibility

A detailed analysis of the main types of transformation
using the proposed matrix provides a deeper
understanding of the mechanisms of anthropogenic
evolution, enabling the development of targeted reme-
diation strategies. Mechanical disturbance leads to the
physical destruction of the soil structure and the loss of
topsoil, as well as changes in particle size distribution.

Under wartime conditions involving bomb disturbance,
the sand fraction increases by 1.2-1.8 times, the soil
becomes more compacted and craters appear (Solokha
et al., 2024; Baliuk et al., 2024; Bonchkovskyi et al.,
2025). Geochemical transformation is accompanied by
the accumulation of xenobiotics, heavy metals (such as
Pb, Cd and Zn), explosive residues and pyrogenic com-
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pounds. This radically alters geochemical barriers and
increases toxicity (Baliuk et al,, 2024; Kucher et al.,
2025). Biological transformation is characterised by the
degradation of the soil microbiome, including a 2-3.5-
fold reduction in biomass, a shift in the bacteria/fungi
ratio, a loss of metabolic potential, and the emergence
of resistant taxa (Igbal et al., 2025; Chialva et al., 2025).
Mixed transformation is often irreversible, leading to
the formation of technosols where the natural substrate
is completely replaced by artefacts or specific sub-
strates. This is particulatly relevant in areas of armed
conflict, where war-related destruction leads to com-
prehensive soil degradation and the formation of
‘military technosols’. A comparative analysis of the
proposed classification against international standards
highlights its adaptability and originality (Table 3). The
proposed matrix model addresses the lack of asses-
sment of reversibility, scale of impact, and microbiome

role, while integrating extreme wartime factors that
have only been partially represented in international
classifications until now (Dror et al, 2021). While
regional studies often consider types of transformation
in isolation, the authors’ approach unites all types of
pressure, from traditional agrogenesis to extreme, war-
related destruction, within a single matrix system. This
creates a unified theoretical framework for monitoring,
mapping and the quantitative assessment of transfor-
med landscapes, as well as the development of recla-
mation strategies in the current conditions of the
Anthropocene. Consequently, the proposed classifica-
tion not only systematises existing knowledge, but also
provides a practical tool for rapidly assessing soil
conditions in post-conflict regions of Ukraine. This
offers a scientifically sound basis for further developing
methodological frameworks and recovery strategies.

Table 3. A comparative analysis of the assessment of anthropogenically transformed soils

Comparison criterion WRB 2022 Ukrainian tradition Authot’s matrix scheme
Main focus Morphology and artefacts Lanc'lscape—geochemlcal Aaxis matrix
(>20%) barriers
A ing f -rel 1y :
ccounting for war-related Partially (SUTTMA) Good ‘Fu. ) (separate type,
damage military technosols’)
| bioindi
Microbiome role Not taken into account Partial Cent.ra (bioindicator and
mediator)
Assessment of reversibility None Partial Full 5-point scale
of changes
torine. £ :
Practical focus Mapping Regional restoration Momtgr{n & forecasting and
remediation
Adaptability to the . . . ' .
Anthropocene High High Highest (integrative)

Development of the theoretical and methodo-
logical framework for the study

A theoretical and methodological framework for
studying anthropogenic soil transformation has been
developed by integrating the results of a systematic
analysis of the global scientific literature and the
authors’ matrix classification scheme into a single,
coherent conceptual model. This synthesis allows us
to move away from fragmented descriptions of
individual aspects of transformation and towards a
unified theoretical platform that considers both the
morphogenetic and functional-dynamic characteristics
of soils in the Anthropocene. According to recent
research, in technogenic and militarily destroyed
landscapes, the anthropogenic factor often outweighs
the influence of natural components, radically altering
the trajectory of soil formation and resulting in the

formation of new soil-like bodies known as
Technosols (Chialva et al., 2025). The central element
of the proposed model is a comprehensive analysis of
physical, chemical and, in patticular, biological
transformations. In this analysis, the soil microbiota is
regarded as the most sensitive and earliest indicator of
anthropogenic changes (Epelde et al., 2019). Current
scientific that
microorganisms act as the ‘invisible architects’ of the
pedosphere, driving biogeochemical cycles, the
degradation of xenobiotics, the formation of soil

research  unanimously  confirms

structure, and the maintenance of ecosystem setvices,
even in deeply transformed technosols (Fierer, 2017;
Romero et al., 2024; Romero et al., 2026). To evaluate
the condition of the soil microbiome in technosols
and war-damaged soils, the
presented in Table 4 are recommended.

modern methods
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Table 4. Soil microbiome assessment in technogenic and war-damaged soils using modern methods

. . Application in Ukraine
Method Level of analysis Advantages Disadvantages .
(recommendations)
Cultural (traditional . . o .
. . . . . Isolation of live Low cultivation Isolation of local PGPR
microbiological Species / functional ) ] ) )
microbial strains (1-5%) strains
approach)
Provides no
16S rfRNA/ . . . . o o
. Taxonomic High resolution functional Diversity monitoring
ITS metagenomics . .
information
. Complete genomic
Shotgun Functional and . . Assessment of self-
. ) profile and metabolic ~ High cost ) ] .
metagenomics taxonomic purification potential
pathways
Metatranscriptomics/ ) Reveals actual Technically Predicting the potential
) Functional ] ) o . )
metaproteomics microbial activity difficult for regeneration
. o ) Fast, inexpensive, ) o Mandatory screening in
Enzymatic activity Functional Indirect indicator

field-based

monitoring

The proposed theoretical principles are based on
recognising anthropogenesis as an independent process
and integrating three key approaches: the anthropo-
ecological, landscape-geochemical and ecosystemic ap-
proaches. The study takes a multidisciplinary metho-
dological approach, paying particular attention to
microbiota due to their high reactivity to mechanical
compaction, chemical pollution, and war-related de-
struction (Fierer, 2017; Wolifiska et al., 2020; Wang et
al., 2024; Shebanina et al., 2024; Levishko et al., 2020).
This study’s working hypothesis is that the subsequent
evolution trajectory and rate of reversibility of changes
in Technosols (particularly those subjected to military
destruction) are primarily determined by the metabolic
state of the microbiocenosis. A resilient system that can
self-purify is ensured by the preservation of key
functional groups of microorganisms, whilst their
suppression leads to an irreversible loss of functio-
nality. A combination of classical and modern methods
is used to empirically verify the hypothesis. Field
studies involve morphological descriptions of soil
profiles according to WRB standards, followed by
laboratory physicochemical analysis. The molecular
biology component of the study is supported by
approaches such as shotgun metagenomics, 16S rRINA
gene sequencing, metatranscriptomics, and enzymatic
activity analysis. Culture-based methods are employed
to isolate promising extremophilic strains. This integra-
tive approach addresses the limitations of previous
studies and provides a scientific basis for developing
strategies to monitor and sustainably manage soil
resources in the face of challenges in the Anthropocene
era (Delgado-Baquerizo et al., 2018). In Ukraine, where

soil cover has been subjected to a unique combination
of industrial and military impacts, the proposed
methodology the timely of
chernozem and sod-podzolic soil conditions, the

enables assessment
prediction of reclamation success, and the selection of
optimal microbial communities for bioremediation
(Ivanyuk et al, 2026). Therefore, the developed
theoretical and methodological framework is not only a
synthesis of existing knowledge, but also an original set
of tools combining matrix classification, a modified
version of Jenny’s (1941) model and microbiological
bioindicators. This framework opens up new prospects
for empirical tresearch, practical reclamation, and the
development of policies for areas affected by armed
conflict (Rodriguez-Rastrero et al., 2023).

Practical relevance and recommendations for soil
recovery in Ukraine

The and methodological framework
developed in this study is of fundamental and signi-

theoretical

ficant practical importance, particulatly for Ukraine.
The country’s soil cover has been subjected to an
unprecedented combination of pre-war anthropogenic
pressures and extensive military destruction since 2022.
According to several studies (Solokha et al., 2024;
Baliuk et al., 2024; Bonchkovskyi et al., 2025), over 2.5—
3 million hectares of land have been affected by
complex soil degradation as a result of hostilities. This
degradation includes physical destruction such as crater
formation, compaction and bomb disturbance, chemi-
cal contamination by heavy metals (Pb, Cd, Zn and Cu)
and explosive residues, and biological suppression of
the microbiome. This results in a 2—3.5-fold reduction.
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in biomass. Under these conditions, traditional recla-
mation methods such as mechanical soil replacement
and chemical immobilisation become economically
unviable and pose environmental risks. The proposed
matrix classification and focus on microbiological
indicators enable a shift from merely identifying the
problem to developing precise, scientifically sound
restoration strategies. The proposed model has several
practical applications. Firstly, it allows for the prompt
identification of the type and scale of soil trans-
formation in areas impacted by hostilities. Fur-
thermore, the model can predict the soil’s recovery
potential using microbial bioindicators, eliminating
the need for costly chemical and analytical studies

and significantly reducing costs and assessment time.
Ba-sed on the obtained data, the most suitable
combined reclamation methods can be selected, inclu-
ding bioaugmentation, biostimulation, the creation of
con-structed technosols and phytomycoremediation.
Fi-nally, the developed approach allows for the
integra-tion of microbial consortia into national land
recovery programmes. The practical recommenda-
tions developed based on the authors’ matrix and
adapted to the regional characteristics of Ukraine (the
Chernozem soils of the Forest-Steppe and Steppe
zones, the sod-podzolic soils of Polissya, and the
technogenic landscapes of the Donbas)
summarised in Table 5.

are

Table 5. Practical recommendations for soil recovery according to types of anthropogenic transformation (for conditions in Ukraine)

Type of transformation Recommended measures Microbiome Examples of
(based on the matrix) (priority) role implementation in Ukraine
Mechanical Mechanical loosening and . . Mechanical
. . : - Biostimulation of the .
(bombturbation, application of organic fertilisers .~ . . . (bombturbation,
. . indigenous microbiota .
compaction) (compost, biochar) compaction)

Immobilisation and

Geochemical (heavy bioremediation (Bac1.llus and
’ Pseudomonas bacteria;

Aspergillus and Trichoderma

micromycetes)

metals, explosives)

Metal-tolerant strains
and EPS producers

Donetsk and Sumy regions
(Solokha et al., 2024)

Biotic (loss of the

microbiome) AMF, consottia)

Microbial inoculation (PGPR,

Active restoration of Post-war territories in the

functional diversity Chernihiv region

Creation of constructed
Mixed (military technosols)

and nano- and biotechnologies

technosols, phytoremediation,

Engineered microbial
consortia and Projects in the Kharkiv
genetically modified region

strains

The recommendations are based on successful
international experience, such as the construction of
technosols in Europe (Chialva et al.,, 2025) and the
reclamation of mine tailings in China and Brazil, and
have been adapted to Ukrainian conditions. For
chernozems in particular, the use of indigenous
strains of microorganisms (Bacillus subtilis, Pseudomonas
Sfluorescens and Trichoderma harzianum), which have been
isolated from local degraded soils, is recommended, as
this ensures higher survival rates and synergism with
the local microflora. Microbial technologies are 3—7
times more cost-effective than traditional methods. It
is estimated that implementing bioaugmentation
across 1,000 ha of land damaged by military hostilities
replacement. Furthermore, using microbial consortia
helps restore ecosystem services such as carbon
sequestration and increased fertility and biodiversity.

Thus, the practical significance of the developed theo-

retical and methodological framework extends far
beyond academic interest. It is an effective tool for
the rapid restoration of Ukraine’s soil cover in the
post-conflict period. It facilitates the transition to
sustainable land use and ensutes food security, there-
by contributing to the achievement of the UN
Sustainable Development Goals. Implementing these
recommendations will minimise the impact of the war
on soils and transform degraded areas into model
sites for BEuropean-standard environmental recovery.

Conclusions

A systematic analysis of the global scientific literature
covering the period from 1990 to 2026 revealed a
profound evolution in the theoretical concepts
surrounding anthropogenic soil transformation. This
analysis also made it possible to synthesise existing
approaches within a single theoretical and methodolo-
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gical framework. This framework integrates classical
genetic concepts of soil formation, the modern
international WRB classification and interdisciplinary
Anthropocene paradigms, in which soil microbiota
are simultaneously regarded as dynamic indicators and
mediators of transformational processes. The analysis
confirmed that the anthropogenic factor in modern
soil formation models has lost its secondary status
and has become equally important; indeed, in
technogenic and militarily destroyed landscapes, it
often becomes the dominant factor. A synthesis of
the accumulated data provided the
developing a matrix classification scheme built on
four axes: the nature of the impact; the degree of
reversibility of changes; spatial hierarchy; and the
functional typology of landscapes. The matrix classi-
fication scheme’s fundamental novelty lies in its inclu-
sion of extreme military destruction (bombturbation,
chemical and pyrogenic contamination) as a distinct
type of anthropogenesis. This leads to the formation
of specific ‘military technosols’, and introduces quan-
titative criteria for assessing the reversibility of
transformational processes. The analysed sources pay
particular attention to the soil microbiome as the
most sensitive and earliest bioindicator of anthro-

basis for

pogenic stress. Microbial communities respond to
mechanical compaction, chemical pollution and war
damage even before visible morphological and physi-
cochemical changes occur, while also ensuring the
vast majority of soil ecosystem functions. Synthesised
metagenomic and functional studies suggest that
preserving key functional groups of microorganisms
determines whether Technosols evolve towards self-
purification or irreversible degradation. A review of
existing scientific findings therefore confirms the
emergence of a new research paradigm in which
anthropogenic soil transformation is viewed as a
multi-level process and soil microbiota become the
central focus for diagnosing its mechanisms. Syste-
matising this knowledge provides a conceptual
foundation for transitioning from merely noting
degradation to understanding the patterns of soil
transformation in the face of the challenges of the
Anthropocene.
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