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Y emammi yzaeanvneno cywacni naykosi nioxoou 0o eusueHHs ma MOO0ea08aHHS CYKuecii
TPYHMOBUX MIKPOOP2AHI3MIE 6 AHMPONO2EHHUX eKOCUCMEMAax, 30KpeMa 8 YKPaiHCbKux azpo-
UeH03ax 6 YMo8ax 3MIiHU KaAimamy ma 80€HH020 énaugy. llokasano, wo rpynmoea mikpo-
bioma € KAU08UM Pe2YAAMOPOM YUKAI8 KAPOOHY, A30My ma iHUWUX eNeMeHmie JCUBNeHH A,
a cyKueciiimi 3MIiHU MIKpOOpeaHizmie suzHa4aroms poor4icmes rpynmy, ioeo cmabitbHicms
i 30amuicms do camosionognrenns. IIpoananizosano enecok nposioHux iHO3eMHUX i YKpain-
CbKUX YH4eHUX ) po3po0OaeHHS KOHYyeNnyill MikpoOHoi cyKuecii, 30kpema trait-based modeanelil,
MiKpoOHO-opicumoganux modeneii muny MIMICS, nioxodie, wo epaxosyrome mikpobHy 6io-
Macy y npoyecax eymycoymeoperHs, a maxkoic KoHyenyii pynkyionarvroi cykyecii. Ocobaugy
yeaezy npudineHo 6nau8y aHmpono2eHHUX YUHHUKI@ — IHIMeHCUBHO20 3eMAepoOcmaa, Ximizayii,
3MIH 3eMAEKOPUCMYBAHHS, 2100AAbH020 NOMENAIHHA Ma O0EHHUX Oill — HA MPAEKMOPII0
mikpoonoi cykuyecii. Iloxazano, wo 3a0pyO0HenHs rPyHMI6 8ajNCKUMU MeMANaMU, 8UOYXOBUMU
3AAUWKAMU, NAAUEHO-MACMUNbHUMU MAMEPIaNamu CNPUHUHAE pe2pecusHy CyKuecito, cnpo-
WeHHs cmpyKmypu miKkpoOioyeno3y ma NopyuienHs eKocucmemMHux yukuyii. Y3azanvneno
pe3yrbmamu 00CAi0NCeHb YKPATHCOKUX YHeHUX w000 mpanchopmayii MikpoOHUX chiarbHOmM
3a pi3HUX cucmem 3eMAepodcmea, pori Mikpoopeanizmie y Yyukai azomy, gimonamoeeHHux i
aHMaeoHiCMuUYHUX epudie, a MmaKoic MoJNCAUBOCHell KepoBaHoi CyKuyecii uepes 3acmocy8ants
bionoeiunux npenapamis. Poseasnymo ocnoeni memodu modentogantns Mikpo6HoI cykuyecii:
Kaacuuni mamemamuuni moodeni (Mono, Jlomku—Boavmeppu, peepeciiini nioxoou), mepe-
Jcesuil ananiz, cMoXacmuyHi ma Hynb08i mooeni acemOA08aHHs, A MAKONC CYHACHI Memodu
mawunHoeo HasuauHa (Random Forest, Gradient Boosting, neiipouni mepedci, MaxEnt). O6-
TDYHMOBAHO OOUINbHICMb IX BUKOPUCMAHHSA 0451 NPOSHO3Y8AHHS Deepadayii ma ei0Ho6AeHHs
TPYHmMi8, OYIHIOBAHHA eK0A02IMHO20 CIMAHY a2poeKocucmem i po3pobaeHHs NPaAKMUYHUX
pekomendayiti w000 peKyrbmueayii 3emens, ypalceHux aHmpono2eHHUM i BOEHHUM GNAUBOM.
Ompumani pe3ysbmamu ma y3aeanvHeHi nioxoou 00 MoOeA08aHHs CyKyecii rpyHmoaux Mikpo-
0p2aHi3mMie CRPUAMUMYMb AUOUWOMY DO3YMIHHIO MEXAHI3MIE (DYHKUIOHYBAHHS TPYHMOGUX
ekocucmem 3a yMO8 iHMeHCUBHO20 AHMPONO2EHH020 MA B0EHHO020 HaganmaxicenHs. Bukopuc-
MAHHs CYMACHUX MAMEMAMUYHUX i KOMR IomepHux moodeneli 0acmo 3mM02y RIOGUUUMU MOY -
HiCMb NPOZHO3YBAHHS 3MIH MIKPOOioyeH03i8, c0EHACHO Idenmugikysamu pusuku deepadauii
TpYHmis i HayKog8o 06rpyHmysamu 3axo0u w000 ix @i0H06AeHH:. Y npakmuuHomy eumipi ye
cnpusmume po3poOaeHHI0 eK0A02IYHO 0e3neuHUX mexHoaoeil 3emaepobcmea, onmumizauyii
3acmocysants 0ionoeiyHuX npenapamis, 30epediceHHIo pooHocmi rpyHmie i npodogoavyuol
be3nexu Yxpainu, a maxosic opmy8anHio HAyKOGUX OCHOG GiOHOBAEHHS A2POEKOCUCIEM Y
paiionax, nocmpaicoaiux io 60€HHUX Oiil.

Karuosi crosa: rpynmosa mikpobioma, anmponoeeHti eKkocucmemu, azpoyeHosu, GyHK-
YIOHANbHI XapaKmepucmuku MiKpoopeaHizmie, 0iopi3HOMAHIMMs, 3MiHA KAIMAmy, 0EHHe
3a0pyoHeHHs, 8i0H08AeHHS TPYHMI8, 0ioiHOUKaYis.

INTRODUCTION

In modern conditions, Ukraine faces large-
scale problems of soil degradation and pol-
lution caused by the accumulation of heavy
metals, petroleum products, explosive resi-
dues, toxic compounds, and mechanical de-
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struction of the soil cover as a result of mili-
tary operations. Such impacts lead to changes
in the structure of soil microorganisms, a
decrease in biodiversity, and disruption of
natural succession processes.

Modeling succession of soil microorga-
nisms in anthropogenically polluted ecosys-
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tems is an important scientific approach to
understanding the patterns of micro-bioceno-
sis restoration, predicting changes in their
quantitative and qualitative composition
under the influence of various factors, and
assessing the stability of ecosystems. The re-
sults obtained can be used to develop effec-
tive strategies for the recultivation and resto-
ration of agrocenoses, as well as to minimize
environmental risks in regions contaminated
as a result of military operations.

The purpose of this work is to conduct
a literature review of modern approaches to
modeling succession of soil microorganisms
in anthropogenically polluted ecosystems in
order to assess the impact of major anthropo-
genic factors on the functioning of soil micro-
bial communities.

ANALYSIS OF RECENT RESEARCH
AND PUBLICATIONS

A large number of foreign scientists [1-3]
are engaged in the study of microbial succes-
sion in soils and the analysis of the biologi-
cal, chemical, and physical characteristics of
soil. International research often focuses on
the development of complex microbially ex-
plicit models used to analyze the physiologi-
cal properties of microorganisms to predict
carbon and nutrient cycles.

William Withers [4] is one of the main de-
velopers of the MIMICS (MIcrobial-MIneral
Carbon Stabilization) model (Fig. 7).

This model uses functional groups of mic-
roorganisms (copiotrophs and oligotrophs)
to model the dynamics of soil organic carbon
and its stabilization. This, in turn, affects the
succession of microorganisms under condi-
tions of anthropogenic impact and climate
change. Wieder also analyzed how microbial
communities change each other over the years
and proved that soil carbon dynamics depend
not only on climate, but also on how effi-
ciently microbial communities convert plant
residues into their own biomass (Microbial
Growth Efficiency) [5].

Stuart Grandy and Cynthia Kellenbach
collaborated with W. Wieder [6; 7] in the
development and application of the MIMICS
model. Their work focused on the role of
microbial biomass and necromass in the for-
mation of soil organic matter. Prior to the
research of Kellenbach and Grunzi, it was
believed that humus was mainly undigested
plant residues. In their work, they proved
that stable organic matter (SOM) in soil con-
sists mainly of the«bodies» of dead micro-
organisms. During the decomposition of plant
residues, some groups of microbes (fast colo-
nizers) are replaced by others (more efficient
ones). Each generation leaves behind necro-
mass, which«sticks» to soil minerals, creating
carbon reserves.

Scientists who have made a significant
contribution to the study of microorganisms
and their succession are Peter Van Bodeen

Fig. 1. MIMICS (MIcrobial-MIneral Carbon Stabilization) model (William Withers, 2015) [26]
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and Ivan Janssens [8—10], who in their works
reveal the essence of the integration of mic-
robial functional traits into large-scale eco-
system models, as well as the response of the
soil microbiome to anthropogenic influences
and various types of changes in the environ-
ment. Van Bodegem was one of the first to
use a«trait-based approach» to microbial
communities [11]. His works explain why
traditional succession is less important for
the climate than functional succession, i.e.,
what microorganisms that replace each other
do. He argues that it is not necessary to know
the names of all bacteria to predict ecosystem
processes. The most important thing is to
know their strategies: growth rate, stress re-
sistance (drought, temperature), and resource
consumption to maintain life. In these studies,
succession is viewed as a continuous process
of filtering traits by the environment. For
example, when land use changes, there is a
succession shift towards microorganisms with
higher«survival» costs, which in turn reduces
the rate of organic decomposition.

Ivan Janssens [11] is one of the most cited
ecologists in the world. His contribution con-
cerns how anthropogenic factors (warming,
nitrogen pollution) affect natural microbial
succession. Janssens has shown that excess
nitrogen, which is produced by fertilizer ap-
plication or emissions into the environment,
changes the trajectory of microbial succession
in forest soils. Instead of active decompos-
ers, groups that slowly decompose resistant
organic matter (lignin) begin to dominate,
leading to an unexpected accumulation of car-
bon in the soil. He used natural soil warming
in Iceland to study how long-term warming
changes microbial communities. His work
proves that succession under warming con-
ditions leads to the depletion of available
carbon, after which microbiological activity
drops sharply (the community adaptation
effect).

Carlos Guerra and Manuel Delgado-Ba-
quero [12; 13] analyze and predict the im-
pact of climate change and anthropogenic
influences on soil microorganisms, which is an
important tool for understanding microbial
succession. One of their most famous joint

works is devoted to predicting how the soil
microbiome will change by 2100. In this work,
the process is viewed as a large-scale temporal
succession caused by global changes.

They found that the succession path of
many ecosystems leads to<uniformity.» Uni-
que local communities are being replaced
by a limited set of common microbial spe-
cies. These scientists were able to prove that
climate change is a more powerful driver of
global«succession» than changes in land use
(e.g., deforestation) [14].

Delgado-Bacuerizo [15] developed a con-
cept highlighting that the composition of
microbial communities (the result of suc-
cession) is more important for soil functions
than simply the number of species. He showed
that when external conditions change (e.g.,
increased aridity in deserts), microbial net-
works are restructured. This can be viewed
as«regressive succession,» where complex
networks of interactions break down, ulti-
mately leading to a loss of the soil’s ability to
retain carbon and nitrogen.

Zhang Xia [16] is developing models of
microbial decomposition of soil organic car-
bon that mimic the physiological transitions
of microorganisms (active or dormant state)
in response to changes in the environment
that are characteristic of anthropogenic sys-
tems. One of Zhang Xia’s most important re-
cent works (co-authored with a group led by
Zhang Kerong, published in Global Change
Biology) is a large-scale meta-analysis of
more than 5,000 soil samples from around
the world. The researchers have shown [17;
18] that regardless of the type of ecosystem
(forest, meadow, or primary succession af-
ter a glacier), microbial communities become
more similar in composition over time (con-
verge).

In the early stages, the dynamics are main-
ly determined by<«species addition» (coloni-
zation). In later stages,«species replacement»
(the displacement of some groups by others)
dominates.

Zhang confirmed that during succession,
the soil microbiome transitions from r-stra-
tegists (copiotrophs that grow rapidly on
simple carbohydrates) to K-strategists (oligo-
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trophs that slowly decompose stable organic
matter).

In Ukraine, research in similar areas is
traditionally conducted at the Institutes of
the National Academy of Sciences of Ukraine
(especially in the fields of soil science, micro-
biology, and agroecology), as well as at agri-
cultural universities.

Beznosko’s research [19] (in particular,
within the framework of her work at the In-
stitute of Agroecology and Nature Manage-
ment of the National Academy of Agrarian
Sciences) focuses on how anthropogenic pres-
sure and different farming systems change
the«microbial agrocenosis» of the soil. Accor-
ding to the author’s work, a change in cultiva-
tion technology (from intensive to organic)
significantly transforms the structure of the
soil microbiota. The key group that responds
to mineral fertilizers is nitrogen cycle micro-
organisms, namely ammonifiers and amylolyt-
ic microorganisms. Ammonifiers are bacteria
that break down organic nitrogen compounds
into ammonia. With intensive technologies,
their numbers can grow, but an imbalance is
often observed. Amylolytic microorganisms
use mineral forms of nitrogen. Studies show
that adding straw together with a compensa-
tory dose of nitrogen stimulates this group,
which promotes faster mineralization of plant
residues.

As for the impact on ecological-trophic
groups, the number of organotrophs, i.e., mi-
croorganisms that feed on organic matter, in
organic farming systems (using manure and
green manure) is significantly higher in terms
of quantity and biodiversity compared to
areas of intensive crop cultivation. Beznosko’s
studies often record changes in the pedotro-
phic coefficient, which indicates whether hu-
mus is accumulating or being<burned» by
microorganisms.

Intensive technologies (excessive use of
pesticides, monoculture) also lead to the ac-
cumulation of phytopathogenic fungi (e.g.,
Fusarium spp., Alternaria spp.). With envi-
ronmentally safe technologies, the proportion
of antagonistic fungi (e.g., fungi of the genus
Trichoderma spp.) increases, which suppress
plant diseases naturally.

Patika [20] is a leading expert in the field
of soil microbiology and biologization of ag-
riculture. Her work is devoted to the study of
the functional stability of soil microbial com-
plexes, the dynamics of microbial processes in
agrocenoses, and the influence of biological
products on microbial succession. The author
actively researches changes in microbial com-
munities in the root zone of plants (rhizo-
sphere). He studies how the continuous cul-
tivation of a single crop disrupts natural suc-
cession. The cultivation of only one crop leads
to the accumulation of phytotoxic forms of
microorganisms (for example, some species of
fungi of the genus Fusarium spp.). Beneficial
groups (nitrogen fixers, phosphate mobilizers)
are also suppressed, leading to soil degrada-
tion. His work analyzes how different farm-
ing systems change the vector of microbial
community development. Organic farming
promotes the formation of succession with a
predominance of microfungi and humus sta-
bilization. With intensive technologies, when
high doses of mineral fertilizers and pesticides
are used, a<simplification» of succession is
observed, in which biodiversity is reduced,
leading to system instability.

A significant part of the work is devoted
to the restoration of soils contaminated with
heavy metals or pesticides [20; 21]. Patika
investigates how the introduction of specific
destructive strains triggers the process of
secondary succession, in which the normal
structure of the microbiocenosis is gradually
restored after technogenic shock.

The study of the dynamics of soil micro-
bial communities, their role in the transfor-
mation of nitrogen and phosphorus, as well
as their response to various types of anthro-
pogenic stress is characteristic of Nagorna’s
research [21].

Kovalenko and Kozyrev [22] are actively
researching microbiological processes in the
soils of Eastern Ukraine, in particular, the
reaction of the microbial complex to the re-
cultivation of disturbed lands and the forma-
tion of microbial succession in technogenic
territories. One of the main aspects of their
work is the study of the decomposition pro-
cesses of stubble of such crops as wheat, corn,
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and sunflower. They are investigating how the
introduction of biodestructors changes the se-
quence of microorganisms: from pioneer fungi
to cellulolytic bacteria. The introduction of
biodestructors accelerates mineralization and
prevents the accumulation of pathogens. Op-
timizing this process allows nutrients to be
returned to the soil more quickly, which is a
form of controlled microbial succession.

These scientists also studied the effect of
fertilizer irrigation on microbial communi-
ties. In the Southern Steppe region, irrigation
radically changes environmental conditions.
The works of Kovalenko and Kozyrev show
how moisture changes the dominant ecologi-
cal and trophic groups of microorganisms,
and how mineral fertilizers can simplify the
structure of microbial communities by sup-
pressing beneficial microbiota (e.g., nitrogen
fixers) and triggering succession processes
that lead to humus degradation.

Important research has been done by Vo-
lokhon [23]. He is primarily known as a prac-
ticing microbiologist, and under his leader-
ship, conceptual models for managing micro-
bial processes have been developed at the In-
stitute of Agricultural Microbiology (Cherni-
hiv). In his work«Microbial Preparations in
Agriculture. Theory and Practice,» he sub-
stantiates models of the influence of biologi-
cal preparations on the direction of micro-
biological processes. He uses coefficients (for
example, the mineralization-immobilization
coefficient) that allow us to assess how the
state of the soil will change when microbial
succession changes under the influence of
fertilizers.

Tutynska [24] is engaged in the develop-
ment of various parameters for modeling the
functional structure of the microbiocenosis.
She proposed using the Shannon index and
other mathematical indicators of biodiver-
sity to model the stability (resistance) of soil
systems to anthropogenic stress. Her models
allow predicting whether the microbial com-
munity will return to its original state after
stress.

Polupan [25], although better known as a
soil scientist, laid the foundation for modeling
soil ecogenesis, where microbial succession

is the main driver. He developed models of
humus formation in which microbiological ac-
tivity acts as a key variable. Using this model
allows us to predict the rate of carbon accu-
mulation or loss in different climatic zones
of Ukraine.

The study of soil microorganism succession
is very relevant, given many aspects, espe-
cially the constant change in climate. Global
warming and extreme droughts in recent years
are significantly changing the trajectory of
microbial succession. Rising temperatures ac-
celerate the succession of r-strategists (bacte-
ria that rapidly decompose organic matter).
The acceleration of r-strategist succession
leads to carbon that should have been stored
in the soil for decades being rapidly released
into the atmosphere in the form of carbon
dioxide. Frequent fluctuations between drought
and heavy rainfall deplete microbial communi-
ties. Succession simply does not have time to
reach a stable stage (climax), leaving the soil
biologically impoverished and vulnerable to
erosion. Changes in climatic conditions have
led to the appearance of microorganisms in
Ukrainian agrocenoses that were previously
characteristic of more southern latitudes.
Thermophilic fungi and bacteria are beginning
to dominate succession processes, causing new
diseases in agricultural crops. New organisms
can displace native species of nitrogen fixers or
phosphate mobilizers. This destroys symbiotic
relationships that have developed over cen-
turies, causing cultivated plants to lose their
natural immunity and require more chemical
fertilizers and pesticides.

As for the impact of military operations,
in Ukraine they have put unprecedented
pressure on soil ecosystems. Contamination
with heavy metals (lead, cadmium, mercury),
explosive residues, and fuels and lubricants
creates conditions for«regressive succession.»
Explosives are toxic to most soil microbes.
Succession stops or shifts toward the domi-
nance of only those few species that can sur-
vive in conditions of chemical pollution. Shell
craters mix the genetic horizons of the soil.
Deep layers with dead microbiota end up on
the surface, completely destroying the verti-
cal succession structure of the microbiome.
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If destructive bacteria disappear in succes-
sion, toxic compounds do not decompose. As
a result, they enter plants and, subsequently,
the human body along with food. Research on
this topic is important now because without
understanding how succession occurs in con-
taminated soil, it is impossible to calculate
how many years it will take for black soil
to recover on its own (it could be decades
or even centuries). Knowledge of succession
mechanisms allows scientists to transfer to
contaminated soil precisely those microorga-
nisms that will be the first to restore it and
prepare the soil for the return of vegetation.
Atypical species of microorganisms in agro-
cenoses are a direct threat to crop yields.
Monitoring succession helps to identify the
threat of new disease outbreaks in a timely
manner. Microbial succession is the foun-
dation of ecosystem restoration. The study
of microbial succession is also important be-
cause of:

Ecosystem functionality — soil micro-
organisms (bacteria, fungi, archaea, algae)
play a central role in the cycle of nutrients
(nitrogen, phosphorus, sulfur), decomposition
of organic matter, soil formation, and detoxi-
fication. Any change in the species composi-
tion and activity of microorganisms (i.e., in
succession) directly affects soil fertility and
plant nutrition.

Resilience (resistance) — succession chan-
ges show how well an ecosystem can with-
stand stressors (resistance) and recover from
them (resilience). Anthropogenic ecosystems,
such as agricultural fields, are less stable than
natural ones, and studying succession helps to
understand their adaptive capabilities.

The use of microorganisms as bioindica-
tors is one of the most promising areas of
agroecology. Since microbiota has high meta-
bolic activity and rapid generational turnover,
it responds to pollution or changes in agricul-
tural technologies much faster than chemical
indicators of soil or plant condition. The use
of microorganisms as bioindicators is one of
the most accurate ways to assess the state
of an agroecosystem. Since microorganisms
have a tremendous reproduction rate and
direct contact with the environment, they

respond to pollution much faster than plants

or animals.

Soil microbiota acts as the<immune sys-
tem» of the agrocenosis. Their response to
stress (pesticides, heavy metals, salinization)
manifests itself on three levels:

e senmsitivity — even low concentrations of
toxins alter the growth rate of bacteria;

e functionality — the intensity of soil respira-
tion and enzymatic activity changes;

e structure — some species (sensitive) disap-
pear and others (resistant) dominate.
Analysis of microbial composition allows

you to:

+ diagnose«soil fatigue» before crop yields
begin to decline;

* assess the effectiveness of recultivation
(whether life in the soil is restored after
cleaning);

* adjust fertilizer application based on the
actual state of the biota, not just chemical
tests.

The work of contemporary Ukrainian scien-
tist Simochko [26] is a significant contribution
to understanding how fertilizers and anthropo-
genic pressure transform the microbial land-
scape. Microbial soil indication is based on the
analysis of succession structure: the redistri-
bution of populations indicates the extent to
which the ecosystem is capable of self-recovery
or the stage of degradation it is at. In his re-
search, Simochko emphasizes that the applica-
tion of different types of fertilizers (mineral
versus organic) creates a specific«microbial
response.» Intensive use of mineral fertilizers
leads to an outbreak of bacteria that rapidly
mineralize organic matter (copiotrophs), but
at the same time inhibits the development of
nitrogen-fixing bacteria and beneficial fungi.
The change in the ratio between bacteria, ac-
tinomycetes, and fungi serves as a marker of
soil«health.» For example, a sharp increase
in the proportion of phytotoxic fungi of the
genus Fusarium spp. or Penicillium spp. signals
the degradation of the agrocenosis. Microbi-
ologists use the following indicators to assess
contaminated agroecosystems:
 microbial biomass — a sharp decrease in

the total mass of microbes indicates toxic
effects (heavy metals, pesticides);
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 microbial metabolic rate — if microorga-
nisms expend too much energy on respira-
tion compared to biomass accumulation,
this is a sign of ecosystem stress.
* enzyme activity — catalase and dehydroge-
nase are markers of metabolic intensity.
Successional changes as a marker of an-
thropogenic load are highlighted in the works
of Simochko and other microbiologists [26],
which reveal the concept of<adaptive restruc-
turing» of the microbiocenosis. When a pol-
lutant enters the agroecosystem, succession
changes its natural course. At the elimina-
tion stage, sensitive species (symbiotes, spe-
cialized destructors) die out. At the stage of
dominance of resistant forms, microorganisms
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that are able to use the pollutant as a food
source or are resistant to it multiply. At the
simplification stage, a«<poors community with
low biodiversity is formed, which is unable to
perform all ecosystem functions (for example,
the nitrogen cycle is interrupted).

A large number of methods and models
can be used to study and model microbial
succession, depending on the research task,
available data, and desired results. Trait-based
models are the most relevant approach for
anthropogenic systems (Fig. 2) because they
model not specific species but their survival
strategies (e.g., the MIMICS model).

This model is based on the division of
microorganisms into groups: copiotrophs
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Fig. 2. Trait-based models [27]
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(r-strategists that grow rapidly on fertilizers)
and oligotrophs (K-strategists that survive in
poor soils). These models allow us to predict
how the application of high doses of nitrogen
fertilizers will shift succession towards humus
mineralization.

Mathematical modeling of population
dynamics (Lotka-Volterra & Monod) is also
common. These are classic methods used
to describe interactions between groups of
microorganisms in a contaminated environ-
ment. The Monod equation describes the
growth rate of microbes depending on the
concentration of the substrate (e.g., oil pollu-
tion or pesticides). Lotka-Volterra models are
used to model competition between«native»
species and invasive (atypical) species that
have appeared due to climate change. The
main application of these methods is to calcu-
late the time it takes for beneficial microbiota
to displace pathogenic microbiota after the
introduction of biological products.

Network analysis is also widely used to
model the succession of microorganisms. This

method allows us to model not only the num-
ber of microorganisms, but also the strength
of the connections between them. Interac-
tion networks are constructed based on DNA
sequencing data. In anthropogenic systems,
these networks often become«fragile.» This
method can be used to model the impact of
military pollution. If the network breaks
down into separate modules, this predicts
complete degradation of the ecosystem.

Stochastic and deterministic assembly
models help to understand whether the chan-
ge in the microbiome is random or regular.
One example of these models is zero models
(Fig. 3), which allow us to assess the extent
to which succession after military shock is de-
termined by the random introduction of new
species (dispersal) and the extent to which it
is determined by environmental selection.

These models can be used to assess the
self-recovery potential of soil. If«<randomness»
dominates succession, the soil needs artificial
introduction of microorganisms (inocula-
tion).
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Fig. 3. Null models for assessing new species [28]
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A modern method for modeling is machine
learning models. Machine learning methods
(Fig. 4) allow determining the stage of resto-
ration or degradation of the soil by analyzing
its«microbial fingerprint."

The most popular model in soil biology
is Random Forest (Fig. 4, a). 1t allows deter-
mining«indicator taxa» — microorganisms that
most strongly indicate the age of succession

models (XGBoost, CatBoost) (Fig. 4, b) are
used to predict how quickly a community
will change under the influence of climate.
These models are very accurate in conditions
where the data has complex nonlinear rela-
tionships.

In the context of climate change, it is im-
portant to know which new species (including
pathogens) will appear in agrocenoses. Max-

or the level of pollution. Gradient Boosting ~ Ent (Maximum Entropy Modeling) — this
Instance
mndome \
Tree-1 Tree- 2 Tree-
)] | 1! kv
Cla.ss- A cla'lss.B Class-B
Majority-Voting E |
Final-Class
Fig. 4, a. Random Forest model [29]
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Fig. 4, b. XGBoost model [30]
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model has traditionally been used for macro-
ecology, but has now been adapted for micro-
organisms. The model predicts the probability
of a species appearing at a specific geographi-
cal point based on climate data.

Artificial neural networks (ANN) can
model complex ecological niches, predicting
how a 1.5°C warming will change the ratio of
bacteria and fungi in succession.

The classic method for modeling micro-
bial succession is multiple linear regression
(MLR). Tt can be used to establish a rela-
tionship between time (succession stage)
and physicochemical soil parameters (acidity
level, nitrogen content, temperature). Using
a linear multiple regression model, it is pos-
sible to predict the total microbial biomass
depending on the content of heavy metals
and organic carbon. The research data are
presented in the works of scientists such as
Tutynska and Simochko for toxicity assess-
ment.

Nonlinear and polynomial regression are
also actively used. Succession is not always
linear. In the early stages after contamina-
tion (e.g., military), there is a sharp decline
in biodiversity, followed by a slow recovery.
Therefore, in such cases, it is advisable to use
these models to simulate succession.

Thus, in connection with the war, which
causes constant chemical and physical con-
tamination of soils, destruction of its layers,
deterioration of the physiological properties
of the soil, as well as due to the negative im-
pact of economic activity, there is an acute
issue of restoring and preserving the physio-
logical properties of soils and their fertility.
It is important to predict stable and safe
conditions for growing crops. Mathematical
models make it possible to develop a set of
methods for assessing the ecological state of
agroecosystems affected by economic activity,

especially military action. They also make it
possible to predict the future state of eco-
systems, identify factors that influence their
restoration, and develop recommendations for
restoring soil ecosystems. The ecological and
economic effect of implementing these models
includes restoring agrocenoses with the help
of microorganisms, reducing the harmful im-
pact of various types of pollution on the en-
vironment, and restoring the physiological
properties and fertility of soils.

CONCLUSION

The analysis of the literature shows that
the succession of soil microorganisms is a
fundamental mechanism for the functioning
and restoration of anthropogenic ecosystems,
since it is the microbiota that determines the
intensity of nutrient cycling, the stabilization
of organic carbon, the resistance of soils to
stress, and their fertility. Under conditions
of increased anthropogenic pressure, climate
change, and military action, microbial suc-
cession often becomes regressive, leading to
a simplification of the structure of microbio-
cenoses, disruption of ecosystem functions,
and soil degradation. That is why the study
and modeling of these processes are extremely
important, as they allow not only to objec-
tively assess the ecological state of soils and
predict their future changes, but also to scien-
tifically substantiate effective measures for
recultivation, biologization of agriculture, and
controlled restoration of agroecosystems. The
use of modern mathematical, network, and
machine models allows us to move from de-
scribing the consequences of degradation to
actively managing microbial processes, which
is critically important for preserving soil fer-
tility, the ecological stability of agricultural
landscapes, and food security in Ukraine, es-
pecially in areas affected by war.
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