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Abstract. The article conceptualizes the notion of a boundary in modern land
management as an institutional-regime category that transcends the geometric
interpretation of a dividing line. Based on comparative-historical and institutional
analysis, norm-oriented modeling, and formal ontologization (LADM), it substantiates
the transition from a material-geometric to a regime-based ontology of space, where
the boundary functions as an event-relation that constitutes rights, restrictions,
responsibilities, and rent flows. Four structural levels of the boundary-material,
legal, informational, and ecological-are identified, and their supervenient relations
and the causal influence of procedural data validity on the legitimacy of regimes are
demonstrated. The principles of ontological boundary design are formulated (procedural
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constitutiveness, multimodality, adaptability, quality metricity, compatibility and
priorities, value transparency), which enable the integration of legal norms, spatial
data, and mechanisms of land value management. The practical significance lies in
the transition from a “register of lines” to a dynamic regime-based model of space for
cadastral and planning systems, improving decision quality, minimizing conflicts, and
ensuring transparent benefit distribution. The work is positioned as a contribution to the
development of modern land management theory as a fundamental discipline; further
publications are announced concerning regime formalization, GeoBIM integration, and

legitimacy assessment procedures.

Keywords: boundary; spatial ontology; land management; LADM; institutional
regimes; rights and restrictions; 3D/4D cadastre; interoperability; value capture; spatial

governance.

Problem Statement

The modern system of land manage-
ment is undergoing a profound theoret-
ical and methodological shift. Histori-
cally, its foundation was the geometric
paradigm, within which the boundary
was regarded as a linear representation
of territorial division. Such reduction
ensured technical precision but failed to
reflect the complex nature of space as
a bearer of rights, restrictions, land-use
regimes, ecosystem services, and so-
cio-economic values. As a result, a key
ontological gap has emerged in the sci-
entific theory of land management—the
absence of a holistic understanding of
the boundary’s nature as a phenomenon
irreducible to a physical line or coordi-
nate geometry.

In the contemporary context, a
boundary is not merely a material mark-
er but the result of a complex interac-
tion among legal, economic, environ-
mental, and informational processes.
It represents the spatial form of legal
titles and restrictions, a concentration
of social relations of ownership, access,
control, and responsibility. In the con-
ditions of cadastral digitalization, the
formation of multidimensional (3D and
4D) models of land use, the develop-

ment of spatial planning systems, and
automated management, the classical
notion of a boundary as a static geomet-
ric line loses its heuristic value. Instead,
there emerges a need for a new ontology
of boundaries — one that explains them
as procedural, multilevel, and relational
structures combining materiality, legal
status, informational representation,
and social legitimacy.

Theoretical indeterminacy in un-
derstanding boundaries generates sys-
temic problems: inconsistency of legal
regimes, land-use conflicts, difficulty
of integrating cadastral, environmental,
and urban-planning data, and imper-
fections in assessing spatial value and
constraints. The lack of a comprehen-
sive ontology of the boundary leads to
fragmentation in state land policy, legal
instability, and discrepancies between
physical space and legal reality.

Thus, the scientific problem lies in
the need to reconceptualize the essence
of boundaries in the modern land man-
agement system — to move from a geo-
metric toward an ontological-legal and
regime-based understanding of space.
This involves the development of a the-
oretical model in which the boundary
appears not only as the result of mea-
surement but as a process of constituting
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rights, generating value, reconciling in-
terests, and maintaining spatial justice.
The development of such an ontology of
boundaries is a necessary condition for
building a modern scientific theory of
land management capable of integrating
spatial, legal, economic, and ecological
dimensions of land governance.

The purpose of this article is to
develop the theoretical and method-
ological foundations of the ontology
of boundaries in the system of modern
land management as a fundamental ba-
sis for the transition from a geometric
to a legal-value-based understanding of
space. The research aims to conceptual-
ize the boundary as a multidimensional
phenomenon — a procedural, legal, in-
formational, and socio-ecological struc-
ture that constitutes regimes of owner-
ship, use, restriction, and management
of land resources.

To achieve this purpose, the follow-
ing objectives are set:

— to substantiate the philosophical
and ontological nature of boundaries as
a category of modern land management
theory;

— to determine the regularities in the
evolution of boundary concepts from
material-geometric to institutional-re-
gime models;

—to identify the key structural levels
of a boundary (material, legal, informa-
tional, ecological) and the interrelations
among them;

—to formulate the principles for con-
structing an updated ontology of bound-
aries capable of integrating spatial data,
legal norms, and land value manage-
ment mechanisms;

— to define the theoretical conditions
for further formalization and practi-
cal implementation of this ontology in
modern land management systems.

The realization of this goal allows

the boundary to be reinterpreted not as
a technical abstraction but as a key in-
stitutional and legal element of spatial
organization, determining the efficien-
¢y, justice, and sustainability of land re-
lations in contemporary society.

Materials and Methods

The empirical base comprised three
classes of materials:

(1) historical and legal corpora and
sources concerning the establishment
of boundaries and titles from the earli-
est periods (Ancient Eastern boundary
markers such as kudurru; the Roman
Corpus Agrimensorum Romanorum;
medieval fiscal surveys like the Domes-
day Book; parliamentary enclosure acts;
the Napoleonic cadastre; the Torrens
system, etc.);

(2) contemporary normative and
standard documents that formalize the
ontology of boundaries in data and law
(UNECE Land Administration Guide-
lines, FAO Voluntary Guidelines on
the Responsible Governance of Tenure
(VGGT), ISO 19152 Land Adminis-
tration Domain Model (LADM), FIG
documents, and national legislation on
cadastre and planning, including the
provisions of the Law of Ukraine “On
the State Land Cadastre”);

(3) spatial and registry data relevant
to the regime-based interpretation of
boundaries (cadastral maps, urban zon-
ing data, property rights registries, and
remote sensing datasets based on pro-
grams such as Landsat and Copernicus).

The methodology combines mul-
tilevel conceptual-institutional analy-
sis with formal data-based procedures.
The comparative-historical method was
applied to identify invariants of bound-
aries across legal systems; institution-
al analysis and property rights theory
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were used to interpret the boundary as
a bearer of regimes of access, exclu-
sion, and responsibility; deontic logic
and norm-oriented modeling were em-
ployed to describe permitted, prohib-
ited, and obligatory spatial relations;
formal ontologization was carried out
within the LADM framework by map-
ping the concepts “object — right/restric-
tion/responsibility — event” onto entities
of cadastral and planning databases;
systems analysis was used to establish
relationships among the material, legal,
informational, and ecological levels,
among others.

Analysis of Recent Studies and
Publications

The ontology of boundaries in land
management has developed at the inter-
section of legal history, the economics
of property rights, and cadastral infor-
mation standards. Ancient Eastern arti-
facts such as the kudurru demonstrate an
early understanding of the boundary as a
legal fact: these were monumental royal
grants inscribed with sanctions for en-
croachment, meaning that the boundary
functioned as a performative act rather
than a purely physical marker [1]. Mod-
ern Assyriological studies clarify that the
kudurru should be interpreted primarily
as legal monuments recording titles and
boundary agreements, not as “boundary
stones” in the literal sense [1].

The Roman tradition codified the
boundary as a synthesis of law, proce-
dure, and technique: the Corpus Agri-
mensorum Romanorum systematized
methods of delimitation, emphasizing
that the legal validity of boundary estab-
lishment is ensured by a public act and
its textual documentation [2].

Medieval fiscal surveys, notably the
Domesday Book (1086), illustrate the

boundary as a basic unit of taxation,
jurisdiction, and proof of title. Histo-
riography consistently interprets the
Domesday as an instrument of land val-
ue accounting and of legal immunities,
granting the boundary the status of an
administrative-legal constant [3—4].

Early modern transformations—the
parliamentary enclosures in England—
shifted the boundary from a mode of
“common use” to a regime of private
exclusivity. Parliamentary records and
academic reviews document thousands
of acts and millions of acres restruc-
tured under enclosure laws, reflected in
detailed plans and a new rent-based log-
ic of the boundary [5-6].

In the nineteenth century, institu-
tions emerged that still define the on-
tology of the boundary. The Napoleonic
Cadastre (1807) established the duality
of “plan-register” and the unified parcel
as the vehicle of fiscal equity; recent
empirical studies confirm the scale and
objectives of this reform [7-8]. In paral-
lel, the Torrens system (South Australia,
1858) introduced the principle of inde-
feasibility of title, whereby the authen-
ticity of boundary and title is guaranteed
by the state register [9].

During the twentieth century, cadas-
tral systems transitioned from a “nar-
row fiscal” to a multifunctional model.
Classical works on cadastral evolution
showed that these systems transcended
fiscal functions to become information
infrastructures serving markets, plan-
ning, taxation, and environmental pro-
tection [10-11]. Simultaneously, GIS
and remote sensing emerged: Roger
Tomlinson’s CGIS project for the Can-
ada Land Inventory inaugurated oper-
ational GIS and revealed the potential
of thematic layering as a new mode of
“seeing” boundaries, as documented in
his original publications and subsequent
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reviews [12-14]. The Landsat program,
launched in 1972, provided a continu-
ous record of terrestrial imagery, insti-
tutionalizing data as evidence of spa-
tial change and forming a foundational
layer for cadastral and planning deci-
sion-making [15-16].

In the twenty-first century, the on-
tology of the boundary was formalized
through international guidelines and
standards. The UNECE Land Admin-
istration Guidelines defined the target
functions of land administration sys-
tems and emphasized the role of basic
spatial units, including those “above
and below surface” [17-18]. The FAO
Voluntary Guidelines on the Respon-
sible Governance of Tenure (VGGT,
2012) anchored human rights and le-
gitimacy of tenure regimes as criteria
of proper land governance, thereby
expanding the boundary’s scope from
geometry to ethics and inclusion [19-
20]. The key framework is ISO 19152
(Land Administration Domain Mod-
el, LADM): the 2012 edition and the
forthcoming 2024-2025 revision unify
the “people—land-rights/restrictions/re-
sponsibilities” model, transforming the
boundary into a formal data entity with
explicit semantics and interoperabili-
ty [21-23]. Parallel to this, the 3D/4D
cadastre program conceptualized the
boundary as a volume in space—time:
FIG publications, thematic reports, and
national roadmaps (notably those of the
Netherlands) describe models of legal
objects, BIM/CityGML integration, and
progressive implementation [24-26].

The theoretical foundation of the
“regime-based” understanding of boun-
daries was provided by the economics
of property rights and the institutional
theory of collective action. The classi-
cal works of R. Coase on externalities
and transaction costs, H. Demsetz on

the evolution of property rights, and E.
Ostrom on rules and boundaries in com-
mon-pool resources explain why bound-
aries constitute rents, conflicts, and
mechanisms of their resolution; these
ideas have been repeatedly incorporat-
ed into land policy and cadastral design
[27-29].

Synthesis of these research direc-
tions yields three robust conclusions
from prior studies: 1) the boundary has
historically evolved from a sacred-legal
act to a digital institution with a ver-
ifiable data chain [1-3, 7-9, 21-23]; 2)
the market-economic and public-legal
functions of the boundary have expand-
ed from fiscal accounting to multifunc-
tional regimes of value and restriction
[10-11, 17-20]; 3) 3D/4D cadastral
models and interoperability standards
have established a foundation for the
formal description of boundaries as vol-
umetric-temporal carriers of rights and
restrictions [21-26].

This defines the current theoretical
gap: the absence of an integrated ontol-
ogy that unites legal, economic, and da-
ta-based interpretations of the boundary
into a single regime model.

Presentation of the
Main Research Material

In global practice, several types of
boundaries are distinguished according
to their ontological status and legal effect:

1) Jurisdictional: state borders, ad-
ministrative divisions, municipal and
special districts (water management,
forestry, port zones);

2) Cadastral: parcel boundaries,
sub-parcels, servitude strips, infrastruc-
ture corridors, rights-of-way and access,
including 3D rights (surface, subsur-
face, building volume) and temporal
limits of rights;
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Table 1. Principles of Ontological Design of Boundaries in Land Management

Principle Name Essence of the Principle Example of Application

Procedural
Constitutiveness

A boundary exists only insofar as | A fence placed “by sight” between two plots does
it is created and confirmed by a|not constitute a valid boundary until coordinates
valid procedure (act, registry, public | are recorded in the cadastre and ownership rights
notice). are registered.

A boundary integrates five layers: | For a coastal protection zone: physical signs
material, legal, informational, | (material), council resolution (legal), GIS layer
social, and ecological. Failure in | (informational), public hearings (social), and
any layer reduces legitimacy. shoreline ecosystem regime (ecological). Only
together do they function.

Multimodality

Adaptivity The boundary regime changes in | For a flood-prone area: if the water level exceeds
accordance with predefined risk and | X cm once every 10 years, new construction is
data triggers. automatically prohibited and/or mandatory land

filling is required.

Metric Quality Boundary quality is measured by | For example, land management documentation
open metrics: coordinate accuracy, | states: boundary point accuracy +0.10 m;
data  provenance, procedural | source-survey of 2024; protocol of neighbor
legitimacy. agreement. This allows the owner to understand

the boundary’s reliability.

Predetermined rules define overlaps | A power line crosses an area zoned as residential.
of jurisdictions and special regimes | The rule applies: the power line protection zone
and their hierarchy of precedence. | takes precedence, so housing cannot be built
directly under the wires even if the master plan
allows it.

Compatibility and
Priorities

Value
Transparency

Gains and losses from boundary | After construction of a new metro line, nearby
or regime changes are disclosed |land values increase. Part of the gain, through
and fairly distributed under value | property taxes or infrastructure contributions,

capture/sharing rules.

returns to the city for public facilities, while the
remainder stays with owners.

Note: Authors elaboration.

3) Planning: functional zoning
boundaries, protective belts, coastal
buffer zones, sanitary and noise buffers,
risk zones (flood, landslide), and urban
growth boundaries;

4) Environmental and heritage: pro-
tected areas, biocorridors, buffer zones
of World Heritage sites, archaeological
areas;

5) Resource and agrarian: agricul-
tural land masses, reclamation networks
and their components, irrigation/drain-
age zones, shelterbelts;

6) Sectoral and special-purpose:
right-of-way and protection zones for
power lines, pipelines, transport routes,
aerodrome restriction surfaces, mili-
tary zones, coastal and maritime limits
(shoreline, baselines, water areas).

All these boundaries function as
regime generators: they define permis-
sible, prohibited, and conditionally per-
mitted uses of space, shaping rents and
externalities. Thus, in land management
theory, the boundary is neither an object
nor merely a “line on the ground” but a
category that fixes the mode of existence
of space as an ordered field of rights,
restrictions, and values. Its ontological
type is that of a relation and event, not a
substance. The boundary constitutes the
difference between spatial regimes and
introduces this difference into the insti-
tutional order through rules, procedures,
and representational artifacts. Ontologi-
cally, it is an operational entity—it exists
only insofar as it is maintained through
procedures of establishment, confirma-
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tion, public visibility, and enforcement
(see Table 1).

The boundary has a tripartite struc-
ture. As an event, it arises through con-
stitutive acts-establishment, agreement,
and registration. As a relation, it links at
least two regime domains, setting cor-
relatives of permissions and prohibi-
tions. As a rule, it operates as a norm
of spatial behavior, organizing expec-
tations, sanctions, and rent flows. Thus,
the boundary is not reducible to geome-
try; its geometry is derivative of its nor-
mative form.

In the modal sense, the boundary
defines what is possible, permitted,
forbidden, and obligatory in space. It
is a deontic object: one that structures
rights (ownership, use, exclusion), du-
ties (maintenance, access, tolerance of
impacts), and responsibilities (compen-
sation, restitution, insurance). A deon-
tic ontology explains why one and the
same material plot acquires different
values depending on the regime estab-
lished by its boundary.

The boundary exists simultaneously
in several modes:

* material (marker, fence, natural
barrier),

* legal (title, restriction, servitude),

« informational (cartographic record,
database topology, change log),

* social (agreement, legitimacy, par-
ticipatory procedure),

* ecological (environmental gradi-
ents, impact buffers).

Its ontological stability is a function
of supervenience: failure of any mode
diminishes the evidential validity and
legitimacy of the entire construct.

The boundary may have “thick-
ness” (as a buffer) and volumetric form.
It not only separates but also creates
transitional spaces with their own re-
gimes of compatibility. Mereologically,

it represents a special case of partially
overlapping regions, where components
may be continuous in law yet discrete in
materiality. Topologically, the boundary
is a morphism between regime spaces,
defining rules of intersection, prece-
dence, and hierarchy.

The legal consequences of a bound-
ary are not confined to the surface. A
boundary projects vertically (to subsur-
face, underground structures, aquifers,
air corridors) and temporally (terms of
validity, phases, conditional transitions).
Its identity lies in persistence through
change: it endures not through geometric
invariance but through procedural conti-
nuity and the version chain of data.

Every boundary representation is,
necessarily, an interpretation with un-
certainty. Therefore, the ontology of
boundaries includes epistemic attributes:
accuracy, evidentiality, traceability, sta-
bility, and interoperability. A boundary
acquires causal power through institu-
tions that guarantee record verifiability,
contestability, and enforceability.

The boundary is an operator of spa-
tial value. It endogenizes rents through
access scarcity, regulatory rarity, com-
patibility or incompatibility of uses, net-
work effects, and ecosystem services.
Value is not an intrinsic property of “the
land itself” but an emergent property of
the regime generated by boundary rules.

The normal state of a boundary is
tension of interests. Ontologically, con-
flict is not an anomaly but a mechanism
of regime renewal. The legitimacy of a
boundary derives from procedural jus-
tice, proportionality of restrictions, and
fairness in benefit-burden distribution.
Without these, the boundary degener-
ates into a fact of domination, losing its
status as a publicly justified norm.

In the digital age, the boundary pos-
sesses informational-legal autonomy: a

10
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registry entry conforming to semantic
and quality standards acquires ontic va-
lidity. Algorithmic zoning, control, and
monitoring procedures become part of
its ontology; hence, transparency, re-
producibility, and auditability are not
matters of programming ethics but con-
ditions of existence for the boundary as
a public fact.

Philosophically and ontologically,
therefore, the boundary is an institution-
ally sustained event-relation that struc-
tures space into regime domains, en-
dowing them with deontic, value-based,
and spatio-temporal dimensions. Its
truth is ensured not by geometry itself
but by the linkage rule — representation
— procedure — enforceability. Within
this framework, the boundary functions
as a basic operator transforming territo-
ry into an ordered space of rights and
values, which constitutes the subject
matter of the modern scientific theory
of land management.

The evolution of boundary con-
cepts within land management reflects
a deep transformation of spatial ratio-
nality-from material-geometric to in-
stitutional-regime. In the initial model,
the boundary was a static spatial marker
recording ownership or territorial divi-
sion, its ontological status determined
by physical attributes such as embank-
ment, river, fence, or boundary stone.
Geometry, measurement, and physical
localization dominated this paradigm.
Later, the boundary acquired legal
meaning—as a form of securing rights
and titles, an element of proof of posses-
sion. Gradually, the transition occurred
toward an institutional model in which
the boundary not only divides space
but structures social relations, creates
regimes of permission and prohibition,
and defines rules of access, responsibil-
ity, and value distribution.

In the digital era, this evolution en-
ters the phase of a regime ontology,
where the boundary functions as an in-
frastructure of data, norms, and proce-
dures-a spatial-legal infrastructure rath-
er than a measurement object.

The modern boundary has a multi-
level structure integrating four inter-
related levels: material, legal, infor-
mational, and ecological. The material
level defines the physical parameters of
space (relief, features, boundary mark-
ers). The legal level determines titles,
servitudes, restriction zones, and usage
norms. The informational level pro-
vides representation within cadastral
and planning systems, including meta-
data, accuracy, traceability, and digital
signatures. The ecological level reflects
the boundary’s interaction with natural
processes-landscape stability, buffering,
and ecosystem functionality.

These levels interact systemically:
legal regimes shape the informational
structure; informational precision af-
fects ecological adequacy; and physical
stability of space constrains the scope of
legal norms. This multilevel integration
is summarized in Table 2.

From the standpoint of systems analy-
sis, the formation of an updated ontology
of boundaries requires three interrelated
blocks of principles. The first is integra-
tive: the combination of geospatial data,
legal norms, and mechanisms of land val-
ue management into a unified ontologi-
cal model. This involves the unification
of the concepts “object,” “regime,” and
“event” in terms of ISO 19152 (LADM)
and harmonization with INSPIRE spatial
standards. The second is procedural: the
creation of procedural logic for the au-
tomated determination, verification, and
updating of boundaries based on sensor
data, governmental decisions, and trans-
actions in registries. The third is val-
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Table 2. Levels of Boundaries in Land Management

Boundary Level Core Content Function in the Land Management
System

Material Physical representation of space, natural or | Ensures localization and topographic
artificial boundary elements determinacy

Legal System of titles, restrictions, servitudes, | Establishes the legal regime of space
and land-use regimes

Informational Data, models, coordinates, LADMY/ | Represents boundaries in digital cadastral
INSPIRE standards systems

Ecological Natural linkages, buffering, influence on | Maintains ecosystem stability and zonal
landscapes balance

Note: Author s elaboration.

ue-regulatory: the introduction of mech-
anisms for transparent assessment of the
effects of boundary changes, the consid-
eration of ecological and social value,
and the distribution of benefits according
to the principle of public justice.

The theoretical conditions for the
formalization of this ontology are: 1)
recognition of the boundary as a com-
plex event-based entity that possesses
modes of material, legal, information-
al, and ecological existence; 2) use of
a data metamodelling framework ca-
pable of representing multilayered ob-
jects (LADM 2.0, GeoBIM); 3) estab-
lishment of unified criteria for accuracy,
reliability, and procedural legitimacy;
4) integration of cadastral and planning
systems in a mode of semantic interop-
erability; 5) normative consolidation of
the principles of adaptability, compati-
bility, and value transparency.

The implementation of these condi-
tions will ensure the transition from a
“register of lines” to a dynamic regime
model of space, where the boundary
functions as a systemic interface be-
tween law, data, and the environment.

Conclusions from the conducted
research

The problem of the ontology of boun-
daries is a key link in the development

of the modern theory of land manage-
ment as an independent fundamental
scientific discipline. It has been deter-
mined that under current conditions, the
boundary ceases to be merely a geomet-
ric attribute of territory and acquires the
status of a complex institutional-regime
category that integrates the material, le-
gal, informational, and ecological levels
of spatial organization. Its existence is
defined not by physical localization but
by procedural validity, legal legitimacy,
informational coherence, and ecological
rationality. Thus, the boundary emerges
as an active instrument of space con-
struction, not merely its description.

The evolution of boundary con-
cepts-from a material-geometric to an in-
stitutional-regime model-demonstrates a
regular transition from a descriptive to a
normative-procedural type of spatial rea-
soning. This determines the need to create
a new ontology of boundaries based on
the principles of procedural constitutive-
ness, multimodality, adaptability, metric
quality, regime compatibility, and value
transparency. Such a vision enables the
integration of legal norms, spatial data,
and land value management mechanisms
into a single coherent theoretical system.
This integration forms the foundation for
the transition from a cadastral-technical
to an intellectual-ontological level of
land management.

12
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The results of the study represent an
attempt to form a theoretical framework
for the further development of modern
land management theory as a funda-
mental discipline combining legal phi-
losophy, spatial ontology, information
sciences, and ecological economics.
The proposed approach outlines pros-
pects for the formalization of the regime
model of boundaries in digital cadas-
tres, the improvement of spatial gover-
nance systems, and the advancement of
the normative and value basis of public
geospatial policy.

Furthermore, the research results can
be applied in the development of sustain-
able land-use policies, public rent man-
agement, and ecosystem service monitor-
ing. The proposed ontological structure
of boundaries provides a foundation for
building digital “territorial models” that
reflect not only physical but also legal,
socio-economic, and ecological inter-
relations. This enables more accurate
assessment of land value, equitable dis-
tribution of benefits and risks among
stakeholders, and the development of
value capture/value sharing instruments
in public policy. Therefore, the study has
practical significance both for the scientif-
ic substantiation of spatial development
strategies and for applied fields such as
land management, cadastre, territorial
governance, and ecological planning.

The authors regard the obtained re-
sults as the first step toward creating an
integrated scientific theory of modern
land management. Subsequent publica-
tions will focus on the development of
a methodology for ontological spatial
modeling, the formation of a categori-
cal framework for contemporary land
management science, and theoretical
aspects of managing regimes of value,
risk, and justice within the land man-
agement system.
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OHTO/I07IA MEX Y CUCTEMI CYYACHOIO 3EMJIEYCTPOIO: BIf TEOMETPII
/10 PEXXWUMY TPAB | LIIHHOCTEN

3EMJIEYCTPIA, KAACTP | MOHITOPUHI 3EME/Ib 3'25: 4-15

http://dx.doi.org/10.31548/zemleustriy2025.03.01

AHomayia. Cmamms KoHUenmyaniaye MoHAMMSA «MeXa» 8 Cy4yacHOMy 3emseycmpoi AK
iHcmumyuiliHo-pexcumHy Kameaopito, W0 nepesuulye 2eomempuyHe MpPaKmyeaHHaA AiHii nooiny.
Ha ocHosi nopieHAAbHO-icMopu4yHO20 ma iHcmumyyiliHo2o aHani3y, HOPMOOPIEHMOBAHO20
MOOento8aHHA i hopmanbHoi oHmonoeizayii (LADM) obrpyHmosaHo nepexio 8i0 mamepiansHo-
2e0MempuyHoi 0o pexrcumHoi oHMosnoeii npocmopy, de mexca (yHKUIOHYE AK N00is-8i0HOWEHHS,
Wo KoHcmumyroe npasa, obmexeHHs, 8idnogidasnbHocmi ma peHmHi nomoku. IdeHmudgikosaHo
yomupu cmpykmypHi pieHi mexi — mamepiansHul, npasosull, iHpopmayiliHul, exkonoaiyHuli
— i nokasaHo ix cynepeeHiliHi 36’A3KU Mma npu4yuHHUU 8naue npouedypHoi 8anioHocmi OaHUX
Ha snez2imumHicme pexcumie. CopmynboBaHO MAPUHYUNU OHMOsO2IYHO20 OU3alHY Mex
(KoHCmumymuseHicme npouyedypu, 6azamomodycHicms, adanmueHicms, Mempu4yHicme AKOCMI,
CymicHicms i npiopumemu, YiHHICHG Mpo30picmb), WO YMOXAUBMOIOMb iHMe2payito npasosux
HOPM, MPOCMOpPOBUX OAHUX MA MeXAHI3MI8 yrpaeniHHA YiHHicmto 3emai. [TpaKMuYHa KoOpucHicme
nonszae y nepexodi 6i0 «peecmpy AiHili» 00 OUHAMIYHOI pexcumHoi modeni npocmopy 01
Kadacmposux i naaHysanbHUx cucmem, nidsUWeHHi AKocmi piweHs, MiHIMI3ayii KoHgaikmie
i npozopomy po3nodini euzod. Poboma no3uyioHyeMosCa AK BHECOK Yy CMAHOB/AEHHA Meopii
CY4aCHO20 3eMsaeycmporo AK hyHOaMeHManbHOI QUCYUMNAIHU; GHOHCOBAHO rnodanbwi nybaikayii
wo0do popmanizauii pexcumis, GeoBIM-iHmezpayii ma npoyedyp ouyiHKu nezimumHocmi.

Kntouosi cnoea: mexca; oHmosozis npocmopy; 3emaeycmpit; LADM; iHcmumyyilHi pexcumu;
npaea (i obmexeHHs; 3D/4D-kadacmp; iHmeponepabensHicmes; value capture; npocmopose
8pPA0YBAHHS.
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Abstract. Scientific and methodological approaches to the development of land
protection measures in modern land management documentation are proposed.

The article examines the current requirements for the development of working land
management projects for the removal and transfer of fertile soil in accordance with the
regulatory framework of Ukraine. The main tasks of such projects are outlined, including
ensuring the rational use and preservation of soil fertility, minimising the negative
effects of economic activity, and restoring disturbed lands. The article analyses the key
indicators that determine the feasibility of removing and storing soil layers: humus
content, acidity, proportion of exchangeable sodium, and particle size distribution. It is
shown that compliance with these parameters is an important factor in environmental
safety and sustainable development of agricultural production.

The content of working land management projects includes design tasks, an
explanatory note, description of natural conditions, results of soil and geodetic surveys,
design solutions to determine a set of land protection measures, plans of agricultural
soil groups, and calculations of the estimated cost of work. This structure ensures the
scientific validity of decisions and the practical efficiency of their implementation.

The article summarises current knowledge and practices in the field of land
management, offering a comprehensive approach to the development of working land
management projects. The proposed rules and recommendations can serve as a basis
for professionals involved in land management, agronomy and ecology.
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Actuality

Soil health is a key constraint on
agricultural productivity and climate re-
silience. According to the IPCC, arable
soils have lost 20-60% of their organic
carbon stocks since the beginning of de-
velopment, and degradation processes
(including erosion) directly reduce fer-
tility and increase greenhouse gas emis-
sions [1]. The UNCCD estimates that
up to 40% of the world's land is already
degraded, which requires systematic
measures to restore and manage soils
based on the principles of land degrada-
tion neutrality (LDN) [2].

Ukraine is one of the countries with
the most fertile black soil, but suffers
from significant erosion losses. Accord-
ing to FAO estimates, more than 20%
of arable land (=6.5 million hectares) in
Ukraine is degraded or unproductive,
with 300-600 million tonnes of soil lost
annually and crop losses of up to 50%
depending on the level of degradation
[4]. National assessments under the
LDN initiative document the spread of
water and wind erosion over approxi-
mately 57% of the country's territory
[5]. Separately, significant annual losses
of humus due to mineralisation and ero-
sion are recorded [9].

The European Soil Strategy 2030
defines the goal of "healthy soil ecosys-
tems" and requires linking land use, soil
protection, and climate policy to reliable
indicators of soil ecological status [3].
In Ukraine, since 2022, the Rules for the
Development of Working Land Man-
agement Projects have been in force,
which directly regulate the removal and

transfer of fertile soil, storage and use
of excavated soil, and reclamation of
disturbed land [6]. However, interna-
tional generalisations show that the ef-
fect of topsoil removal depth on yield
and degradation risks is quantitatively
sensitive and ambiguous, and therefore
requires substantiation by specific data.
A meta-analysis of topsoil removal ex-
periments shows that yield reduction
becomes statistically significant with
decreasing thickness of the A-horizon
and increases with increasing depth of
removal [7]; modern field studies also
document an increase in erosion flows,
changes in infiltration and moisture af-
ter topsoil removal [8].

Thus, the scientifically sound design
of topsoil removal and transfer works in
Ukraine is critically important for three
reasons: 1) the scale of degradation and
loss of fertility at the national level [4],
[5], [9]; 2) the requirements of European
policy on soil restoration and monitor-
ing [3]; 3) the quantitative sensitivity of
yields and erosion processes to topsoil
removal parameters, which requires lo-
cal experimental data and standardised
methods for assessing effects [1], [7],
[8]. It is this framework that creates the
basis for the transition from normative
description to obtaining reproducible
scientific results necessary for adjusting
land management practices [2], [6].

Analysis of the latest scientific
research and publications

International reviews have docu-
mented the causal link between soil
degradation, loss of organic carbon and
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declining agricultural productivity. The
IPCC report (SRCCL) summarises the
data on SOC losses due to arable land
development and shows that degrada-
tion reduces yields and increases GHG
emissions, which directly addresses the
need to minimise topsoil disturbance [1].
The UNCCD in GLO2 assesses the ex-
tent of land degradation and formulates
the LDN framework for restoration plan-
ning, where topsoil removal, relocation
and return operations are considered
high-risk without proper reclamation and
monitoring [2]. The European Soil Strat-
egy 2030 requires quantitative indicators
of soil health and alignment of land man-
agement practices with ecosystem resto-
ration goals [3].

The Ukrainian regulatory context is
structured by the Resolution of the Cabi-
net of Ministers of Ukraine "On Approv-
al of the Rules for the Development of
Working Land Management Projects"
No. 86 of 02.02.2022, which regulates
the content of working land management
projects for the removal and transfer of
the fertile layer, including quality param-
eters, technologies, storage and reclama-
tion [6]. DSTU 4362:2004 "Soil quality.
Indicators of soil fertility" defines fertil-
ity indicators (humus content, density,
granulometry, pH, etc.) that should be
the basis for design decisions and mon-
itoring the effects of work [7]. The Law
of Ukraine "On Land Protection" sets
out the legal framework for preserving
soil fertility and reproduction, includ-
ing through technological requirements
for land use [8]. FAO's generalisations
about Ukraine confirm the widespread
degradation of arable land and the need
for restorative practices and monitoring
[4], [9].

The quantitative assessment of the
effects of topsoil removal is summarised
in the 2021 meta-analysis: the effect of

erosion "cutting" or experimental re-
moval of the surface layer statistically
reduces yields; critical thresholds are
associated with the residual thickness of
the A horizon (> 25 cm) and the depth
of removal (< 5 cm), beyond which the
yield drop increases sharply [7]. Field
surveys in 2023 recorded an increase
in erosion flows, changes in infiltration
and moisture, and a restructuring of plant
communities after the surface layer was
removed, which confirms the need for
spatial risk modelling and phased imple-
mentation of the work [8].

A separate segment of the literature
relates to temporary stockpiling and sur-
face layer transfer. It has been proven
that with the increase in storage time and
height of the dumps, the viability of the
seed bank decreases and the biological
integrity of the soil deteriorates; direct
prompt return of the removed layer to the
reclamation sites provides better results
for vegetation restoration than long-term
storage [10-13]. Altered geochemical
profiles and a decrease in nutrients in
the thickness of the dumps, sometimes
with accumulation of metals, have also
been recorded, requiring control of the
composition and stratification of dumps
[14]. In different biomes, the results are
consistent: the need to minimise the time
between removal and placement, limit
the height/angle of slopes, and apply pro-
tection against drying out and weed ger-
mination have been pointed out [10-15].

Ukrainian research emphasises the
need for integrated monitoring of agri-
cultural land and the link between deg-
radation and economic losses, which is
consistent with international findings on
the criticality of topsoil conservation [9].
Taken together, the body of work forms
a methodological basis for science-based
design: quantitative justification of the
depth of removal, storage, storage, mon-
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itoring of fertility and erosion risks, as
well as alignment with EU requirements
for soil health [1-4], [6-15].

The aim of the study is to provide
scientific justification for methodological
approaches to the development of work-
ing land management projects for the re-
moval and transfer of fertile soil layers,
taking into account regulatory and legal
requirements, soil and environmental
parameters, and the practical results of a
specific case study — a 11.8-hectare land
plot located in the Kyiv region.

Materials and methods
of scientific research

The study uses a set of generally
accepted scientific methods aimed at
analysing the regulatory, agrochemical,
and spatial-soil aspects of developing
working land management projects for
the removal and transfer of fertile soil
layers. The basic materials were the
provisions of the current regulatory
acts of Ukraine (Land Code, Law "On
Land Management", Resolution of the
Cabinet of Ministers of Ukraine "On
Approval of the Rules for the Devel-
opment of Working Land Management
Projects" No. 86 of 02.02.2022), the
results of soil and geodetic surveys of
a land plot with an area of 11.7981 hect-
ares, as well as agrochemical indicators
determined in accordance with DSTU
4362:2004. The following methods
were used analysis and synthesis — to
systematise legislative requirements;
comparative method — to compare na-
tional and international approaches to
soil protection; systematic method — to
assess the interrelationships between
standards, soil removal technology and
environmental consequences; geoinfor-
mation analysis was used to spatially vi-
sualise agricultural soil groups and land

development plans; generalisation was
used to formulate practical recommen-
dations and conclusions on improving
the structure of working land manage-
ment projects.

Research results and their
discussion

In accordance with paragraph 28
of Resolution No. 86 of the Cabinet of
Ministers of Ukraine dated 2 February
2022 "On Approval of the Rules for the
Development of Working Land Man-
agement Projects," such working proj-
ects are developed to implement mea-
sures for the reclamation of disturbed
lands, the removal and transfer of fertile
soil layers, conservation of land, im-
provement of the quality of agricultur-
al and forest lands, as well as for their
protection against erosion, flooding,
waterlogging, salinisation, drying out,
landslides, compaction, acidification
and contamination with waste, radioac-
tive and chemical substances.

Working projects are developed by
business entities that have the right to
perform land management work in ac-
cordance with the Law of Ukraine "On
Land Management", on the basis of a
contract with the customer.

The working land management proj-
ect includes: tasks for its preparation,
an explanatory note, a description of
the natural and agroclimatic conditions
of the territory, materials from soil and
geodetic surveys, technical and eco-
nomic indicators, design solutions for
land protection, cost estimates, plans of
agricultural production groups of soils
and slopes (if necessary), plans of mea-
sures and materials for transferring the
project to the ground.

The main purpose of developing
working projects for the removal and
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transfer of fertile soil layers is to de-
termine the scope of work involved in
removing, transporting and storing soil,
and in the case of soil covering, also the
scope of its rational use. Such working
projects involve developing the tech-
nology for performing the work, deter-
mining the sequence of operations and
calculating costs.

Practical experience in developing
working land management projects in-
dicates the advisability of a two-stage
approach to their creation.

The first stage involves conducting a
soil survey of the land plot to determine
the mass fraction of humus at the lower
boundary of the fertile layer, which is
the basis for establishing the depth of its
removal and transfer. The survey should
include not only agrochemical analysis,
but also a detailed study of the genetic
profile of the soil.

The second stage is the direct devel-
opment of a working land management
project in accordance with Article 54 of

the Law of Ukraine "On Land Manage-
ment".

According to the Resolution, a
working land management project for
the removal and transfer of fertile soil
must contain justified decisions on the
layer-by-layer removal and separate
storage of the most fertile layer.

The object of the study of methods
for developing land management docu-
mentation was a land plot with an area
of 11.7981 hectares. The land plot is lo-
cated in an agricultural land mass and
borders on privately owned land plots.

According to soil survey data, the
soil cover of the land plot is repre-
sented by an agricultural production
group of soils with code 42d (dark grey
podzolised, slightly leached, medium
loamy soils).

According to the agrochemical char-
acteristics of the soil, the humus con-
tent in this agricultural soil group in
the 0-100 cm layer varies from 1.80 to
2.10%, which is assessed as slightly hu-

General plan
removal, transfer, storage and use of soil cover
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Fig. 1. General plan for removal, transfer, storage and use of topsoil
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mus soil (according to DSTU 4362:2004
Soil quality. Soil fertility indicators).

The project solution provides for
the layer-by-layer removal of the upper
most fertile soil layer to a depth of 0.70
m and other soil layers to a depth of
0.30 m from an area of 11.7981 ha and
their separate storage. The soil density
is 1.30 t/m? (Fig. 1).

General standards for removing soil
cover from land plots and standards for
removing soil cover in terms of stages

(years) of development are given in Ta-
bles 1 and 2.

The removal and transfer of topsoil
will be carried out in the fourth stage of
development. The technological scheme
for removing topsoil includes:

- removal of the upper most fertile
soil layer to a depth of 0.70 m;

- removal of other soil layers to a
depth of 0.30 m.

The topsoil from the first stage of
development is to be transferred and
stored in temporary dumps No. 1 and
No. 2. Subsequently, during the devel-
opment of the quarry, as the areas of
the development stages are freed up,

Table 1. General standards for removing soil cover from land plots

No. Code agro- Area from Depth of | Volume of the | Density of the | Removal of
choi soil which the removal of | upper most | upper most | the topmost
group topmost the topmost fertile soil fertile soil fertile soil
fertile soil fertile soil layer/other | layer/other | layer/other
layer/other layer/other soil layers, soil layers, soil layers,
soil layers are | soil layers, m m3 t/m? tonnes
removed, m2
1 117981 0,70 82587 107363
2 42d 117981 0,30 35394 1,30 46013
Total: - - 117981 153375

Table 2. Standards for soil cover removal in terms of stages (years) of

development
Queue Area from which Depth of Volume of the | Density of the | Removal of the
number the topmost removal of the | upper most upper most | topmost fertile
(year) of fertile soil layer/ | topmost fertile fertile soil fertile soil soil layer/other
development | other soil layers | soil layer/other | layer/other | layer/other soil | soil layers,
are removed, m*> | soil layers, m | soil layers, m* | layers, t/m’ tonnes
I 48812 0,70 34168 1,30 44419
0,30 14644 19037
Bcesoro: 48812 63456
II 31863 0,70 22304 1,30 28995
0,30 9559 12427
Bceroro: 31863 41422
il 32507 0,70 22755 1,30 29581
0,30 9752 12678
Bcboro: 32507 42259
v 4799 0,70 3359 1,30 4367
0,30 1440 1872
Bcesoro: 4799 6239
Pazom: 117981 117981 153375
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the soil cover of the next stage will be
transferred (stored) to temporary dumps
Nos. 3-8 in the space developed during
the previous stage.

In accordance with paragraph 26 of
the Resolution of the Cabinet of Min-
isters of Ukraine "On Approval of the
Rules for the Development of Working
Land Management Projects" dated 2
February 2022 No. 86, land plots of any
intended use may be used for temporary
storage of fertile soil with the consent of
the owner or user of the land plot.

When the soil cover is removed, it is
loosened, resulting in a 5-7% increase
in volume, and the volume of tempo-
rary dumps for storage also increases by
5-7%. Before laying temporary soil cov-
er dumps, the area is cleared of debris
and its surface is levelled with a bulldoz-
er (loader). A complex of works on the
arrangement of a temporary dump in-
cludes levelling the soil cover, forming
the "body" of the dump, approaches and
exits from the dump, levelling the slopes
and crest of the dumps. Work to protect
temporary dumps from denudation pro-
cesses (washing away, blowing away,
weathering, etc.) is carried out by sow-
ing perennial grass seeds on its surface.

The proposed stages (years) of de-
velopment are generally advisory in
nature and determine the general di-
rections for removing and transferring
soil cover and the general sequence of
actions. They may change (be adjusted)
depending on the economic situation
and the increase in the number of units
of equipment.

In accordance with Article 168 of
the Land Code of Ukraine and Article
52 of the Law of Ukraine "On Land Pro-
tection"”, the fertile soil layer/other soil
layers will be used for land reclamation.
The reclamation scheme is shown in
Figure 1.

Conclusions and perspectives

The results of the study confirmed
that the effectiveness of developing
working land management projects for
removing and transferring fertile soil
layers directly depends on the scientific
validity of the parameters of the work,
taking into account agrochemical in-
dicators and spatial characteristics of
land plots. The analysis of the regula-
tory framework, combined with a case
study based on a land plot with an area
of 11.7981 hectares, proved that the cur-
rent standards need to be adapted to re-
gional fertility conditions and different
soil types, since the actual values of hu-
mus, acidity and granulometric compo-
sition may differ significantly from the
established limits.

It has been determined that a two-
stage structure for preparing working
projects (preliminary soil survey and
development of technical and economic
solutions) provides an optimal combi-
nation of regulatory requirements and
practical implementation of work, but
its effectiveness is enhanced by the use
of digital mapping methods, automated
models for predicting erosion losses,
and multifactorial analysis of soil quali-
ty indicators. The proposed approach to
assessing the suitability of land for top-
soil removal based on agrochemical in-
dicators (humus content, pH, exchange-
able sodium, granulometry) creates the
basis for the formation of national stan-
dardised criteria for the environmental
safety of these works.

The results confirm that the inte-
gration of geoinformation technolo-
gies, digital monitoring and regionally
adapted standards can significantly re-
duce the risks of soil degradation and
increase the effectiveness of recultiva-
tion of disturbed lands. This approach
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forms a practical basis for the transition
from formal implementation of project
procedures to systematic soil fertility
management, which is consistent with
European standards of "soil health" and
the goals of land degradation neutrality.
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KOMMJIEKCHWUA nIAXIA A0 MJIAHYBAHHSA, OLIHKU TA PEAJTI3ALIT POBIT

I3 3HATTA POA4IOYOrO LLUAPY I'PYHTY: Bij HOPMATUBIB 40 JOKA30BUX

MPAKTUK 3EMJIEYCTPOKO

3EMJIEYCTPIU, KAAACTP | MOHITOPUHI 3EMEJIb 3'25: 16-24.

http://dx.doi.org/10.31548/zemleustriy2025.03.02

AHomauyia. 3anponoHo8aHO HAyKOB8O-MemoOu4Hi nioxoou w000 po3pobraeHHsa 3ax00i8 3
OXOPOHU 3eMerb 8 Cy4acHili OoKymeHmayii i3 3emaeycmporo.

Y cmammi po3anaHymo cy4yacHi aumoau 00 po3pobrieHHA poboYUX MPOEKMI8 3emseycmporo
w000 3HAMMA Ma nepeHeceHHs PoO4020 Wapy rpyHmMy 8ionogioHo 00 HOPMAMUBHO-MPABOBOI
6a3u YkpaiHu. OKpecsneHO OCHOBHI 3080GHHA MAKUX MPOEKMIB, ceped AKUX — 3abe3rnevyeHHA
PaYioOHANbHO20 BUKOPUCMAHHA Ma 36epexceHHsA pooo4ocmi rpyHmie, MiHiMi3ayis HeaamugeHUX
Hacniokie 20crno0apceKoi difgnbHOCMIi ma 8i0HOB8/AEeHHA NopyweHUx 3emesns. [IposedeHo aHasni3
K/t0408UX MOKA3HUKIB, WO BU3HA4atomb O00UinbHICMb 3HAMMA U CKAAOYBAHHA 'PyHMOBUX
wapis: eMicm aymycy, KUC10mHicmes, Yacmka 06MiHHO20 Hampito ma 2paHysaomempu4Huli ckaao.
lMoKasaHo, ujo OOMPUMAHHA YUX Napamempie € 8aXAUBUM YUHHUKOM eKoso2idHoi 6e3neku ma
€Maso2o po38UMKY a2papHO20 8UPOOHULMEA.

3micm poboyux MpoeEkmMis 3emsaeycmporo BKAOYAE 3AB80GHHA HA MPOEKMYBAHHSA,
MOACHIBAbHY 3AMUCKY, XAPAKMepUCMuKy n[pupoOHUX yMO8, pe3yabmamu rpyHmosux i
2e00e3uYHUX obcmedxeHb, MPOEKMHI PilUEHHA i3 8U3HAYEHHA KOMMAEKCY 3ax00i8 3 OXOPOHU
3emesns, MAGHU 02POBUPOBHUYUX 2pyn rPYHMIi8 ma po3paxyHKU KowmopucHoi eapmocmi
BUKOHAHHA pobim. Taka cmpykmypa 3a6e3neyye HayKosy 06rpyHmMo8aHicme pilieHs i npakmuyHy
eghekmusHicmeo ix peanizayii.

Cmamms y3a2a1bHI0E AKMYabHi 3HAOHHA Ma NPAKMUKU y cghepi 3emaeycmporo, MpornoHyr4u
KomaeKcHUl nioxio 0o po3pobneHHsa pobovux npoexkmie 3emaeycmporo. [ponoHo8aHi npasuna
ma peKomeHOauii MoXymb CAy#UmMU OCHOBOK 071A ¢haxisyis, 3aliHAMuUX y cgepi ynpaessniHHA
3emesibHUMU pecypcamu, azpoHoMii ma exkosoaii.

Knrovosi cnoea: oxopoHa 3emens, 3emsaeycmpiti, noninweHHA cmaHy 3emens, ynpasniHHA
3emMenbHUMU pecypcamu, OOKYMeHmMauia i3 3emsaeycmporo, 3HAMMA poodroYo2o wapy rpyHmy,
poboyuli Npoekm 3emseycmpotro.
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Abstract. Sustainable land use cannot be achieved without deliberate efforts to
preserve and restore soil fertility, with the humus status serving as its key indicator.
The challenge of maintaining a stable humus balance has become particularly pressing
under the dominance of short-rotation crop sequences in the agricultural practice of
the Southern Steppe of Ukraine. The absence of systematic monitoring of soil organic
matter complicates the prediction of agroecosystem productivity and threatens the
degradation of chernozems, the country’s most valuable agricultural resource.

N2 3'2025 25



Land management, cadastre and land monitoring

This study aimed to assess the performance of different short-rotation crop
rotations under conditions of complete fertilizer exclusion, to quantify their effects on
the humus balance, and to identify the most suitable model for long-term land use. The
methodological framework was based on humus balance calculations in a five-field
rotation with winter rapeseed and sunflower, conducted during 2020-2024.

The results indicated that technical crops generated a negative humus balance
(-0.28 t/ha and —0.77 t/ha, respectively), with the most severe deficit observed after
bare fallow (-1.46 t/ha). In contrast, cereals contributed to partial restoration of
humus reserves (up to +0.21 t/ha and +0.08 t/ha), while the highest positive effect was
obtained from bare fallow (+1.14 t/ha). The overall balance per rotation amounted to
—2.22 t/ha in the first sequence and +0.38 t/ha in the second.

These findings highlight the importance of incorporating bare fallow into crop
rotations as a natural source of organic matter, essential for sustaining chernozem
fertility and ensuring the resilience of agricultural production in the Southern Steppe

of Ukraine.

Keywords: southern chernozems, humus, biomass, balance, short-rotation crop

rotation, cover crops.

Problem Statement

Rational use of agricultural land re-
quires a comprehensive approach to the
preservation and reproduction of soil
fertility, one of the key indicators of
which is the humus status. Under con-
ditions of intensified farming, reduced
application of organic fertilizers, dis-
ruption of crop rotations, and increased
agrochemical load, the risk of soil deg-
radation, particularly humus loss, is sig-
nificantly increasing [1,2].

The issue of maintaining a sustain-
able humus balance in short-rotation
crop rotations, which currently prevail
in farming practice, is especially urgent.
The absence of systematic monitoring
of organic matter dynamics in agroeco-
systems limits the possibilities of sound
land-use planning and increases the threat
of depletion of chernozems — the main re-
source of productive agriculture [3].

Therefore, there is a need for a scien-
tifically grounded assessment of humus
balance within different types of crop
rotations in order to develop effective

land-use models aimed at the long-term
preservation of soil fertility.

Analysis of Recent Research and
Publications

Rational use of agricultural land is
one of the priority areas of modern land
management and agroecological gover-
nance. Under conditions of increasing
anthropogenic pressure, climate change,
and intensive farming, the preservation
of soil fertility, particularly its humus
status, acquires strategic importance [4].

According to numerous studies, hu-
mus serves as the main indicator of soil
fertility, influencing the water-physical,
chemical, and biological properties of
the arable layer. Maintaining a positive
humus balance in soils is a necessary
condition for sustainable agricultural
production, ensuring ecological stabil-
ity in agro-landscapes, and supporting
effective land use [5,6,7].

One of the most effective mecha-
nisms for regulating the humus balance
is a rationally organized crop rotation,
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which influences humus formation pro-
cesses through the alternation of crops
with different biological productivity,
root system types, and capacities for
symbiotic nitrogen fixation. Long-term
field experiments indicate that the inclu-
sion of legumes, green manure crops,
catch crops, as well as the application
of organic fertilizers, significantly im-
proves the humus status of soils.

The issue of maintaining humus bal-
ance in agroecosystems holds a central
place in modern scientific research. Re-
sults of long-term experiments demon-
strate that the main source of humus
replenishment in soils is plant residues
and the non-commercial part of the har-
vest. In the absence of fertilization, row
crops (such as sunflower and maize)
generally form a negative balance,
while cereals and crops with continuous
sowing methods have greater potential
to maintain a positive humus balance.
The use of organic and mineral fertil-
izers, along with green manure crops,
contributes to the enrichment of soils
with organic matter and ensures their
non-deficit condition [8,9].

Regional monitoring studies (Polta-
va, Kharkiv, and Kirovohrad regions)
reveal significant differences in the for-
mation of humus balance, determined
both by crop rotation structure and fer-
tilization levels. It has been established
that, in most cases, the absence of fertil-
izers results in a humus deficit, with the
greatest losses associated with the cul-
tivation of industrial crops. Conversely,
the inclusion of cereals and occupied
fallows in crop rotation structures al-
lows for partial or complete compensa-
tion of these losses [10,11,12].

Some scientific publications em-
phasize that the assessment of humus
balance should be considered not only
in the production aspect but also as an

important component of the ecological
and economic justification of sustain-
able land use. This approach makes it
possible to form a system of indicators
necessary for long-term land resource
management and for preventing soil
degradation [13].

As a result of long-term studies con-
ducted by scientific institutions in vari-
ous soil-climatic conditions of Ukraine,
scientific approaches to optimizing crop
rotation structure have been developed.
In particular, the features of crop place-
ment in rotations have been studied, tak-
ing into account their growing duration,
biological compatibility, return period
to the same field, as well as the require-
ments of modern intensive technologies.

Under current agricultural produc-
tion conditions, traditional ten-field
rotations, characteristic of collective
farms in the past, are gradually being
replaced by short-rotation crop rota-
tions of various agro-industrial orienta-
tions. In this regard, both scientific and
practical interest in studying the trans-
formation of soil organic matter in land-
use systems dominated by cereals and
industrial crops is growing.

Research Aim. The aim of the study is
to provide a comparative assessment of the
efficiency of different short-rotation crop
rotations on chernozems of the Southern
Steppe of Ukraine in terms of humus bal-
ance formation under conditions of com-
plete abandonment of fertilization, with
subsequent identification of the optimal
model for sustainable land use.

Materials and Methods

To evaluate the impact of short-rota-
tion crop rotations on the humus status
of chernozems in the Southern Steppe
of Ukraine, we used the method of hu-
mus balance calculation in crop rota-
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tions [14], which is based on the ratio
between the input and mineralization of
organic matter in the soil. The calcula-
tions took into account the mass of the
main and by-product yields of agricul-
tural crops, humification coefficients of
plant residues, as well as the amount of
humus losses caused by mineralization
processes.

The object of the study was short-ro-
tation crop rotations developed and
recommended for the conditions of the
southern region of Ukraine [15]. The
subject of the study was a five-field
crop rotation including winter rapeseed
and sunflower, which was investigat-
ed during 2020-2024 under production
conditions of the Southern Steppe.

The calculations were carried out
according to the following indicators:
organic matter input into the soil from
root and post-harvest residues; the
amount of humus formed as a result of
the humification of plant residues; hu-
mus losses due to mineralization and
erosion processes; and the integral hu-
mus balance per crop rotation cycle.

Results and Discussion

In recent years, the issue of soil hu-
mus balance has attracted increasing at-
tention from researchers, given its key
importance for sustainable land use and
fertility preservation [8—12].

Our research, conducted under the
conditions of the Southern Steppe of
Ukraine (Odesa region), was aimed at
assessing the efficiency of short-rota-
tion crop rotations in humus balance
formation. The analysis was carried out
for two variants of crop rotations that
differed in the type of preceding crop
for winter wheat (bare fallow vs. occu-
pied fallow). The crop rotation included
cereal crops (winter wheat and spring

barley) and industrial oilseed crops
(winter rapeseed and sunflower).

We evaluated the two short-rotation
crop rotations in terms of their ability
to accumulate or lose humus. Consider-
ing the indicators of humus losses per
equivalent area (Fig. 1a, 1b), it should
be noted that the highest values were re-
corded under bare fallow (1.46 t/ha) and
the row crop sunflower (1.01 t/ha). This
allows us to conclude that the greatest
humus losses occurred in the first crop
rotation (4.43 t/ha), where the preceding
crop for winter wheat was bare fallow.
The lowest humus losses were observed
in the second crop rotation (3.59 t/ha),
where bare fallow was replaced by oc-
cupied fallow with white mustard as a
green manure crop.

Indicators of biomass input into the
soil for humus formation are also of
great importance. Analyzing the data
on biomass input into the soil (Fig. 2a,
2b), we observe that the total amount of
by-products was higher in the second
crop rotation (3.97 t/ha), which indicates
its better potential capacity to replenish
organic matter. The highest amount of
by-products was observed after the oc-
cupied fallow (1.76 t/ha), confirming
its significant role as a stabilizer of the
humus balance. Cereal crops provide a
considerably larger volume of organic
residues (0.88...0.70 t/ha) compared to
industrial (oilseed) crops (0.39...0.24 t/
ha), which demonstrates their advantage
in forming the soil’s humus potential.

Calculations of the humus balance
in short-rotation crop rotations (Table
1) showed that in both rotations, a hu-
mus deficit was observed after industri-
al (oilseed) crops (—0.28 t/ha and —0.77
t/ha, respectively), which is due to the
low level of by-product input into the
soil. The largest deficit was recorded in
the first rotation after bare fallow (—1.46
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Ly, t/ha a)
Crop rotation 1

Ly, t/ha b)
Crop rotation 2

Fig. 1. Dynamics of humus losses in crop rotations. Southern Steppe.

Note: soil type — southern chernozem, heavy loam.
Source: compiled by the authors using the methodology for calculating humus balance in crop

rotation [14].

, F t/ha Crop rotation 1 a)

, Fwtha  Crop rotation 2 b)

Fig. 1. Dynamics of humus formation in crop rotations. Southern Steppe.

Note: Calculations were made taking into account the yield of agricultural crops in 2020-2024 in

the Odessa region.

Source: compiled by the authors using the methodology for calculating humus balance in crop

rotation [14].

t/ha), confirming its negative impact on
the humus status of the soil.

At the same time, after cereal crops
a certain surplus of humus was observed
(+0.21 t/ha after winter wheat and +0.08
t/ha after spring barley), which indicates
their more favorable role in the humus
formation process. Particularly signif-
icant is the indicator for the occupied
fallow, where the surplus reached its
maximum values (+1.14 t/ha), high-
lighting its effectiveness as a source of

replenishing organic matter in the soil.
Summarizing the calculation results
for the full rotation, it was established
that the first crop rotation is character-
ized by a considerable humus deficit
(-2.22 t/ha), which necessitates the ap-
plication of organic fertilizers to elim-
inate soil degradation processes. In
contrast, the second rotation showed a
slight surplus (+0.38 t/ha), contributing
to the stabilization of humus reserves.
This indicates the expediency of includ-
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Table 1. Balance of humus in short-rotational crop rotations in the Southern

Steppe (2020-2024)

Nei/o Culture Crop rotation | Loss of humus Formation of Deficiency of
(L), t humus (F), t humus (D)), t

1 Bare fallow The option 1 1,46 - -1,46

2 Winter wheat 0,67 0,88 0,21

3 Winter rapeseed 0,67 0,39 -0,28

4 Spring barley 0,62 0,70 0,08

5 Sunflower 1,01 0,24 -0,77

For the rotation 443 2,21 2,22

1 Occupied fallow The option 2 0,62 1,76 1,14

2 Winter wheat 0,67 0,88 0,21

3 Winter rapeseed 0,67 0,39 -0,28

4 Spring barley 0,62 0,70 0,08

5 Sunflower 1,01 0,24 -0,77

For the rotation 3,59 397 0,38

Note: Humus balance per 1 hectare of crop rotation area in the absence of fertilizer; green manure

— white spring mustard.

Source: compiled by the authors using the methodology for calculating humus balance in crop

rotation [14].

ing occupied fallow in the crop rotation
structure, as it is capable of compensat-
ing for organic matter losses and main-
taining the ecological balance of the
agroecosystem.

Conclusions

The performed calculations of hu-
mus balance demonstrated that the cul-
tivation of industrial (oilseed) crops in
short-rotation crop rotations is accompa-
nied by a persistent humus deficit (—0.28
to —0.77 t/ha), with the greatest losses
recorded after bare fallow (—1.46 t/ha).

Cereal crops, by contrast, contribute
to the formation of a certain surplus of
humus (+0.08 to +0.21 t/ha), while the
greatest positive effect was obtained
after occupied fallow (+1.14 t/ha), con-
firming its expediency in the crop rota-
tion structure.

Over the full rotation, the first crop
rotation was characterized by a consid-
erable humus deficit (-2.22 t/ha), indi-
cating a potential threat to the fertility
of southern chernozems. In contrast, the
second rotation showed a slight surplus
(+0.38 t/ha), pointing to its higher eco-
logical and agronomic efficiency.

The obtained results confirm that op-
timizing the structure of short-rotation
crop rotations, particularly by replacing
bare fallow with occupied fallow using
green manure crops, iS an important
prerequisite for preserving the humus
status and enhancing the sustainabili-
ty of agroecosystems in the Southern
Steppe of Ukraine.
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PALIIOHAJ/IbHE BUKOPUCTAHHA 3EMEJ/1b CI/IbCbKOIOCroAAPCbKOIo

NMPU3HAYEHHA: MOHITOPUHI TYMYCOBOIO BAJIAHCY B MEM{AX CIBO3MIH

3EMJIEYCTPIUA, KAAACTP | MOHITOPUHI 3EMEJIb 3'25: 25-32.

http://dx.doi.org/10.31548/zemleustriy2025.03.03

AHomayia. PayioHasnbHe 3eMAeKopucmyeaHHA Hemoxcauge 6e3  yinecrnpAMO8aHO20
36epexeHHA ma 8i0HOB/MEHHA poOYOoCMIi IPyHMIB, KA4Y08UM [HOUKOMOPOM AKOI sucmynae
piseHb 2ymycosozo cmaHy. Ocobausoi akmyasnbHocmi Habysae MUMAHHA RIOMPUMAHHA
cmabinbHo20 2ymycoso2o 6anaHCY 8 yMOBAX MOWUPEHO20 30CMOCYB8AHHA KOPOMKOopomayiliHux
CiB03MiH, W0 nepesaxaroms y cinbcbko2ocnodapcokili npakmuyi isdeHHo2o Cmeny YKpaiHu.
BiocymHicmb HaA02004€H020 MOHIMOPUH2Y 8Micmy 0p2aHiYHOI Pe4Yo8UHU Y IPYHMI YCKAAOHIOE
MPO2HO3YB8AHHA MPOOYKMUBHOCMI a2pOeKocUCMeM ma 302POXYE BUCHAXEHHAM YOpHO3emie —
HaliyiHHiwoz20 pecypcy 8imyu3HAaHo20 3emaepobcmea.

Memoto OocnidreHHs 6yno 30ilicHUmu nopieHAnbHUl aHAni3 eekmueHOCMi Pi3HUX KO-
pomkopomay,iliHux ciso3miH 30 yMoe nosHoi 8idMosu 8id 8HeceHHs 00bpus, 8UHAYUMU iX 8raU8
Ha banaHc 2ymycy ma suokpemumu Halibinew payioHanbHy modess 0718 00820CMPOKOBO20 3eMrle-
KopucmyeaHHsA. Memodu4YHOK OCHOBOK CMAAU PO3PAXYHKU 2yMyco8020 6anaHCy y n'amunineHil
no1608ili CiB03MIHI 3 PiINAKOM 03UMUM | COHAWHUKOM, w0 sus4anaca y 2020-2024 pp.

Pe3ynbmamu nokasanu, wo nicaa mexHidHux (onitiHux) Kynemyp gopmyemeocs 6id’emHuli
6anaHc eymycy (—0,28 m/2a i —0,77 m/2a 8idnogidHo), a Halicymmesiwuli Oegiyum 3adikco8aHo
nicna yucmoeo napy (—1,46 m/za). BoOHo4ac 3epHO8i Kynbmypu Crpusiome 4Yacmyosomy
8idHosneHH!0 3anacie eymycy (0o +0,21 m/2a i +0,08 m/2a), a Halibinbwuli no3umusHuli egpekm
3a6e3nevye 3aliHamuli nap (+1,14 m/2a). CymapHuli 6anaHc 3a pomayito cmaHosums —2,22 m/
2a y nepwiti cieoamiHi ma +0,38 m/2a y dpyeaid.

Takum YUHOM, Hawi 00cniOHeHHA nidmeepoxcytomes HeOOXiOHICMb BKAOYEHHA 3aliHAMO20
napy 0o cmpyKmypu Ci803MiH AK MPUPOOHO20 OMepesna OpP2aHIYHOI pe4osuHU, wo 003801A€
36epezmu podtoyicme YopHo3emie ma 3abe3neyumu cmanicms aeposupobHuymea y liedeHHomy
Cmeny YKpaiHu.

Knrouosi cnoea: 4opHozemu niedeHHi, eymyc, biomaca, 6anaHc, KopomkopomayiliHa
cieo3miHa, cudepamu.
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Abstract. Rapid metropolitan growth is reshaping agrarian viability in peri-urban
regions. Using the Kyiv agglomeration as a data-rich testbed, this study couples a
modular UAV-AI decision-support workflow with empirical constraints emerging from
land use, labour markets, logistics, and land rents. Regional evidence shows agricultural
land has been squeezed to 0.21% of the area (=0.18 k ha), against >54% green zones;
wage differentials (16,500 UAH food processing vs 14,000 UAH agriculture) and
transport costs of 20-250 UAH/km undermine farm margins and labour retention, while
prime-zone rents up to 25 million UAH/ha/year intensify conversion pressure (Kyiv &
oblast baseline tables and figures). These structural frictions motivate digital agronomy
that is explicitly policy- and cost-aware. We therefore prototype a decision-support
workflow that fuses UAV/satellite imagery, in-field loT, and historical climate/crop
data with administrative-economic layers (rents, wage gradients, haulage costs). The
system translates multisource inputs into actionable stress detection, irrigation timing,
and input allocation recommendations. At the same time, a logistics module evaluates
route/vehicle choices under peri-urban cost profiles—a stakeholder-co-design process
(farmers, processors, and planners) anchors usability and transferability. We report (1)
the peri-urban baseline for Kyiv (land, wages, logistics, enterprise distribution), (2) the
architecture of the UAV-AI workflow and integration points with farm CRMs and public
agri-data, and (3) an evaluation framework linking agronomic KPIs to spatial-economic
constraints for resilient adoption. The approach is designed for cross-border replication
(Ukraine - Germany) and to inform respectable policy outputs on digital land management
and peri-urban agrifood resilience.

Keywords: precision agriculture, digital agronomy, UAV, Al decision support, peri-
urban farming, land use change, logistics costs, Kyiv agglomeration, resilience, policy
integration.

N2 3'2025 33



Land management, cadastre and land monitoring

Introduction

Rapid urbanisation and the digital-
isation of economic processes are two
defining trends of the 21st century. To-
gether, they drive structural change in
both advanced and transitional econ-
omies, altering the distribution of land
use, enterprise activity, and labour
flows. In Eastern Europe, particularly
Ukraine, these processes are accelerat-
ed by geopolitical and economic shocks
that expose vulnerabilities in agrarian
and urban sectors.

The Kyiv metropolitan region pro-
vides a compelling case study. On the
one hand, the area has experienced sig-
nificant contraction in agricultural land,
coupled with rapid growth in non-ag-
ricultural enterprises, logistics, and
services. On the other hand, the devel-
opment of innovative city initiatives—
from urban transport optimisation to
digital governance platforms—illus-
trates how the digital economy recon-
figures how cities manage infrastructure
and services.

This article seeks to merge two
strands of inquiry: (I) spatial-economic

analysis of agrarian-urban dynamics and
(IT) the development of middleware-driv-
en innovative city architectures (Figure
1). The objective is to examine how dig-
ital solutions leveraging loT, UAVs, and
Al-based decision support can address
empirical urban pressures.

Analysis of recent research and
publications

Aligned with the current Agriculture
4.0 technological innovations, three
technology domains - UAV imaging,
IoT telemetry, and AI/ML analytics
- form a sensor stack for operational
agronomy. Review papers on unmanned
platforms in precision agriculture re-
cord a steady expansion of the range of
tasks: from early detection of stresses
and water regime monitoring to dis-
ease mapping and yield forecasting [1,
2]. The combination of "smart sensors"
and machine learning algorithms, sum-
marized in a systematic review with [oT
and Al, underpins the shift from point
cases to end-to-end decision support
solutions, consistent with the platform
architecture presented in this article [3].

Fig. 1. Main components of an intelligent decision-support system (based on
Nazarenko V. research data).
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The second cluster of literature em-
phasizes the interoperability and role
function of the middleware layer in
cross-linking domain services and data.
Work on aligning digital agricultural
platform architectures and "pragmat-
ic interoperability” in supply chains
shows that standardized APIs, model
schemes, and event-driven connectors
provide scalability and manageabili-
ty to complex ecosystems [4, 5]. The
OGC SensorThings API standards and
their industry enhancements demon-
strate practical mechanisms for the in-
teroperability of sensor data streams.
The next-generation frameworks for
"data spaces" and OPC UA automa-
tions outline the infrastructure for the
secure exchange and reuse of agricul-
tural data [6-8].

Finally, the latest directions—dig-
ital twins of farms, life cycle metrics,
and technology adoption issues—shift
the emphasis from purely technical ef-
ficiency to systemic effectiveness and
sustainability. Reviews from digital
twins and "smart" farming outline the
potential of virtual replicas for simulat-
ing scenarios and optimizing resources.
At the same time, LCA estimates point
to the environmental and cost implica-
tions of implementing precision farm-
ing [9, 10]. In parallel, research on DSS
and barriers to adoption highlights the
importance of clear interfaces, trans-
parent quality indicators, and economic
feasibility for different manufacturers
[11, 12]. This confirms the feasibility
of the middleware architecture chosen
in the article, with weighting criteria
(time-cost-risk-quality) and contextual
economic adjustment for the periurban
conditions of the Kyiv agglomeration,
where logistics costs and competition
for land significantly affect operational
decision-making.

Purpose. This study aims to devel-
op and demonstrate a modular deci-
sion-support workflow that integrates
geospatial and economic data to en-
hance the resilience and competitive-
ness of peri-urban agriculture under the
pressures of rapid metropolitan growth.
Using the Kyiv agglomeration as an ap-
plied case, the research aims to establish
a robust empirical baseline of land use,
labour, logistics, and rent dynamics that
shape the viability of farming systems;
design and prototype a UAV-AI-IoT
platform capable of fusing multi-source
spatial, climatic, and operational data
with administrative-economic indica-
tors; and evaluate how weighted routing
and cost-sensitive analytics can inform
stress detection, irrigation scheduling,
and logistics optimization.

Methods and research data

The study draws on statistical data
for the Kyiv region between 2000 and
2022, including land cadastre records,
wage statistics, enterprise distribution,
and transportation costs (Figure 2).
Baseline findings include agricultural
land reduction, green zone distribution,
prime-zone land rent prices, average
monthly wages, transport costs for lo-
gistics, and other data (Table 1).

A three-layer middleware architec-
ture for bright city service orchestra-
tion was modelled: Application Layer
(services for mobility, governance, en-
ergy, and environmental monitoring);
Middleware Layer (event-driven rout-
ing, weighted decision parameters, API
gateways); Core Services (data storage,
IoT device management, security, and
redundancy mechanisms). The para-
metric routing model applies weights
to service requests to optimize real-time
response time and resource allocation.
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1. Key research data findings for Kyiv
and Klyiv region (Kyiv agglomeration

zone)*
Category Data (2022)
Agricultural land reduced to 0.21% of the
total area
0.18 k ha 0,21
Green zones Green zones account for
54% of the land.
Prime-zone land rents | 25 million UAH/ha/year
Average monthly wages 16,500 UAH
in food processing
Average monthly wages 14,000 UAH in
in agriculture agriculture
Transport costs for 20-250 UAH/km.
logistics

* prepared by Nazarenko V. based on the re-
search data [13-14]

A comparative method was used to
connect empirical urban pressures with
middleware capabilities. Interviews
with local stakeholders (farmers, IT pro-
viders, municipal planners) informed
usability considerations. The research
interview was conducted via person-
al communication and an interview, as
well as an online form. The full survey
results have not yet been disclosed to
the general public.

It is important to note the current
limitations on using uncrewed aerial
vehicles (UAVs) in Ukraine under war-
time conditions. Due to security restric-
tions, regulatory controls, and risks of
interception, large-scale UAV deploy-
ment for agricultural monitoring and
data collection is not always feasible.
Therefore, while UAVs remain a cru-
cial component of digital agronomy and
long-term sustainability measurement,
their application in the near term should
be considered cautiously. In such cas-
es, alternative sources such as satellite
imagery, ground-based IoT sensors, and
administrative-economic datasets can

Fig. 2. Boundaries of the Kyiv ag-
glomeration (based on Nazarenko V.
research data) [16]

partially compensate for the limited ae-
rial data. This reservation emphasizes
the need for flexible, multi-source ar-
chitectures to maintain decision-support
functions despite temporary technologi-
cal constraints.

Results

The contraction of agricultural land
and the steep increase in land rents have
undermined the viability of peri-urban
farming. Wage disparities further re-
duce the attractiveness of agricultural
employment, while logistics costs un-
dermine competitiveness. The result is
a structural shift toward service and lo-
gistics enterprises in peri-urban zones.

The growth of innovative city ini-
tiatives has been driven by demand for
more efficient governance and citizen
services. Pilot projects in Kyiv include
traffic monitoring systems, digital mu-
nicipal services, and environmental [oT
deployments. The middleware frame-
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Fig. 3. Smart decision support system architecture, the main functions of the
software system — top image, the three-level architecture of the software —
bottom image (based on Nazarenko V. research data)

work addresses challenges such as scal-
ability, interoperability, and resilience.

The middleware framework address-
es three central challenges in innovative
city service management: scalability,
interoperability, and resilience. Scal-
ability is achieved by supporting the
growing volume of IoT devices and data
streams that must be processed in real
time [15]. Interoperability ensures that
diverse services and platforms can com-
municate effectively by adopting com-
mon data standards. At the same time,
resilience guarantees that operations
can continue despite technical failures
or external shocks. These features cre-
ate a robust foundation for integrating
complex urban systems within a single,
adaptive digital environment.

The simulation of routing scenarios
further demonstrates how middleware

optimisation improves logistics and ser-
vice delivery (Figure 3). The system en-
hances performance across multiple do-
mains by applying weighted parameters
to balance cost, time, and resource con-
straints. In logistics, this translates into
reduced costs per kilometre and more
efficient routing under congestion con-
ditions. In governance, the model en-
ables faster and more effective respons-
es to citizen requests, improving service
delivery and public trust. In agriculture,
integrating UAV and sensor data into
urban planning processes supports more
precise land-use decisions and strength-
ens the resilience of peri-urban farming
systems.

The findings illustrate how innova-
tive city solutions can partly mitigate ur-
banisation challenges. For example, in-
tegrating UAV data into the middleware
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2. Middleware routing algorithm for smart city and smart agriculture platform
design *

Category

Details

System events

UAV tile ready

sensor threshold breach
farmer CRM ticket
batch model retrain
route-planning request
policy/KPI query

System services

image pre-proc
crop-stress model
irrigation scheduler
yield forecaster

route optimizer

data mart writer
policy dashboard API

Main data parameters (input)

peri-urban cost profiles (e.g., 20-250 UAH/km)
wage differentials (e.g., 16,500 versus 14,000 UAH)
land-use pressure (agricultural land = 0.21%) used to
weight economic risk/time sensitivity for Kyiv
agglomeration pilots

Weights and algorithm data

time (latency)

cost (CPU or UAH) per request
accuracy range (%)

economic data

task/step priority

* prepared by Nazarenko V. based on the author's research data and materials

system provides real-time visibility of
land use changes, allowing planners to
anticipate and manage peri-urban ex-
pansion. Similarly, optimised logistics
can reduce food system vulnerabilities
by lowering transportation costs.

The smart agriculture and city mid-
dleware platform must orchestrate het-
erogeneous agricultural data flows (UAV
imagery, in-field IoT, cadastral/admin-
istrative datasets, climate and market
feeds) and route requests to the optimal
analytic or storage microservice under
explicit cost-time-risk—quality con-
straints. We adapt the three-layer archi-
tecture (Applications <-> Middleware
<-> Core Services) with an event-driv-
en dispatcher and weighted messages,
proven in the Smart-City context, to ag-
ricultural use cases and peri-urban Kyiv
conditions (logistics costs, wage/rent
gradients, land-use pressure). The base

presentation of the middleware systems'
parameters and functions is outlined in
Table 2 (we omitted technical details,
as it is outside the topic of the present
research, but they will be presented in
future research publications). Algorithm
usage scenario- peri-urban Kyiv farm
requests optimal harvest-day routing
(event - route-planning request) during
congestion, 80 km round-trip, current
band = 120-250 UAH/km. The system
picks an optimal route planning path
based on weights, and the route choice
is based directly on economic criteria
(set up in advance), resulting in faster/
cheaper computation when transport is
expensive.

From a practical standpoint, the resil-
ience of the proposed data-centric archi-
tecture lies in its distributed and adaptive
design. Each layer of the middleware
platform—data ingestion, processing,
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Fig. 4. Class diagram of Data-Centric Resilience Model
(based on Nazarenko V. research data)

and service orchestration—operates
under modular redundancy, allowing
system components to remain function-
al even if parts of the infrastructure are
temporarily degraded. Edge computing
nodes can execute essential analytics lo-
cally when connectivity to central serv-
ers is interrupted, while asynchronous
message queues ensure incoming data
is cached and synchronized once the
network stabilizes. Adopting open stan-
dards (OGC SensorThings, ISO, OPC
UA) enables quick substitution of data
sources and services without rewriting

the core logic. Furthermore, using multi-
source inputs - satellite imagery, IoT
telemetry, administrative datasets, and
economic indicators - ensures continu-
ity of decision-support functions when
specific data channels (such as UAV im-
agery) are unavailable (Figure 4). Col-
lectively, these mechanisms maintain
operational stability, safeguard data in-
tegrity, and preserve analytical continui-
ty under transient conditions, confirming
the platform’s applicability for resilience
planning and crisis-adaptive agriculture.

However, deploying such systems
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requires careful attention to several crit-
ical factors. Data governance must be
ensured through adherence to FAIR data
principles and compliance with GDPR,
guaranteeing transparency, accessibili-
ty, and protection of sensitive informa-
tion. Equally important is user adoption,
which depends on designing interfaces
that are intuitive and accessible to a wide
range of stakeholders, from municipal
administrators to farmers and citizens.
Interoperability also plays a decisive
role, requiring local platforms to align
with international standards such as ISO
and OGC to facilitate integration across
systems and borders. These consider-
ations position the study within broader
debates on innovative city development
and the digital economy, underscoring
the importance of cross-sector integra-
tion and international collaboration.

Discussion

Urbanisation in Kyiv illustrates the
pressures of metropolitan growth on
agriculture and regional sustainabili-
ty. Digital economy tools, particularly
middleware-driven innovative city plat-
forms, offer viable pathways to manage
these challenges. By combining empir-
ical urban-economic data with algorith-
mic service orchestration, this research
demonstrates how data-centric architec-
tures can support resilience and sustain-
ability in transitional contexts.

Future research should extend
platform testing across borders (e.g.,
Ukraine—Germany), incorporate UAV-
based precision agriculture, and evalu-
ate policy implications for urban-rural
governance. The study advances SDGs
9, 11, 12, and 17 by promoting innova-
tion, sustainable cities, responsible pro-
duction, and global partnerships (SDG
9 - Industry, Innovation, and Infrastruc-

ture; SDG 11 - Sustainable Cities and
Communities; SDG 12 - Responsible
Consumption and Production; SDG 17
- Partnerships for the Goals) [17].
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LUN®POBE 3EMJIEPOECTBO: MPOLEC NIATPUMKU NPUNHATTA
PO3YMHMX PILLEHb A1 CTIAKOIo 10 3MIHU K/IIMATY CI/1IbCbKOIro
rocrofJAPCTBA B KUIBCbKIA AT/IOMEPALIT

3EMJIEYCTPIN, KAACTP | MOHITOPUHI 3EME/Ib 3'25: 33-42.
http://dx.doi.org/10.31548/zemleustriy2025.03.04

AHomayis. Lllleudke 3pocmaHHA Me2anosnicie Ccymmeso 3MIHIE XHUmMme3OamHicmes

a2papHO20 CeKMopa eKOHOMIKU Y PUMICbKUX pe2ioHax. Bukopucmosytoyu KuiscbKy aenomepayito
AK 6aeamull Ha 0aHi 8unpobysaneHuUli MosnieoH, ye 00CniOHEeHHA NOEOHYE MOOYabHUl poboyuli
npoyec nidmpumKku npuliHAmms piweHs 3a dornomozoro BI1/IA ma wmy4yHo20 iHMesnekmy 3

eMnipU4HUMU OBMEeXCeHHAMU, WO BUHUKAMb y chepi 3emMaeKopucmyeaHHs, puHKie npayi,
s02icmuKu ma 3emesnbHoi peHmu. PezioHanbHi 0aHi ceid4ams, WO CinbCbKo20Cno0apcoKi y2idos
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ckopomunuca 0o 0,21% naowi (=0,18 muc. 2a), npomu >54% 3eneHux 30H; pi3HUUA e onaami
npayi (16 500 epH xap4osa npomucnosicme npomu 14 000 2pH y cinecbKomy eocrnodapcmsi)
ma mpaHcnopmHi eumpamu Ha pieHi 20-250 2pH/KM Nidpusarome Mapxcy hepmepcbKux 20c-
nodapcme ma ympumaHHA pobo4oi cunu, modi Ak opeHOHa naama e npalim-30Hi 00 25 maH
2pH/2a/pik Mocunoe MucK Ha KoHeepcito (6azoei mabauuyi ma yugppu Kuesa ma obaacmi). Li
CMpPYKMypHi po3bixHoOcmi momusyoms po36UMoK yugposozo 3emaepobcmea, AKA ABHO 8pa-
X08Ye rnonimuKky ma sumpamu. TomMy 3arponoHO8aHO cmeopumu npomomun pobo4yozo rnpoyecy
niompumku npuliHAmms piweHs, Akul noedHye aHaniz 3HiMKie BI/IA/cynymHukis, noavosuli
IHmepHem peyeli ma icmopuyHi daHi Mpo Kaimam/spoxcal 3 aOMiHICMPaMuUeHO-eKOHOMIYHUMU
pisHAMU (opeHOHa naama, 2padieHmu 3apobimHoi naamu, sumpamu Ha nepese3eHHs). IHgop-
mayiliHa cucmema nepemeoptoe 8xiOHI OaHI 3 KinbKox Oxcepen y weudke ma pesysnbmamusHe
8UABAEHHA NPObAeMHUX MOMEHMIB, Yac nosausy ma pekomeHOayil uwjo0o po3noodiny exioHuUx oa-
Hux. Y mol e yac, cucmemHuli (mpoepamHuli) modyns 6izHec-n102iKu oyiHoe subip mapwpymy/
mpaHcnopmHoz0 3acoby 8i0nosidHo 00 npoginie suMpam y nNPUMiCbKOMy pez2ioHi — npoyec
CriflbHO20 NPOEKMY8aHHA 3ayiKasaeHUMU CMopoHamu (chepmepu, nepepobHUKU ma rnaaHysas1b-
HUKU) 8U3HAYAE 3py4YHICMb BUKOPUCMAHHA ma nepeda4y. B docnidnceHHi npedcmasneHo (1) 6a-
308uli piseHb npumicbKozo po3sumky Kueea (3emsns, 3apobimHa naama, nozicmuka, po3nooin
nidnpuemcmes), (2) apximekmypy poboyozo npouecy BI1/IA-wmy4yHo20 iHMenekmy ma moYyok
iHmeepayii 3 CRM-cucmemamu 015 pepm ma nybaiYHUMU OaHUMU a2papHo20 supobHUUmMaa,
a makoxc (3) cucmemy ouiH8aHHSA, AKa noe'azye KPl azpapHo2o0 cekmopy ma npomucsiosocmi
3 IPOCMOPOBO-EKOHOMIYHUMU 0BMedceHHAMU 0717 cmiliko2o enposadxceHHs. Lleli nioxio pospo-
6neHuli 019 MpaHCKOpOOHHo20 penaikayii (YkpaiHa — HimeuyuHa) ma 01s iHhopmys8aHHA npo
ehekmugHi pe3ynbmamu noaimuku ujo00 Yugposozo ynpasniHHA 3eMenbHUMU pecypcamu ma
cmilikocmi npumiceKux azponpodososbyux ghoHdie.

Knrouosi cnosa: mouHe 3emnepobcmeo, yugppose 3emaepobemeo, bI1/1A, nidmpumka npu-
liHAMMA piweHb WmMy4HUM iHMeneKmom, npumicbke 3emaepobcmeo, 3MiHa 3eMaeKopucmyeaH-
HS, noeicmuyHi sumpamu, Kuisceka aznomepayis, cmilikicme, iHmezpauis noaimux.
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Abstract. The article presents the author's approach to the systematization and
accumulation of geospatial and attributive data on dangerous burials of animals that
died from anthrax. Anthrax is a zoonotic disease, the spores of which can remain viable
in the soil for decades, posing a potential threat. Burials of animals not carried out
in biothermal pits (mainly before 1954) do not provide an adequate level of safety.
In the event of a shift in the soil cover, spores can reach the surface and cause new
cases of the disease among wild and domestic animals, as well as infection of people.
A significant part of such burials does not have clearly established boundaries of land
plots and established regimes of limited use of adjacent territories, which complicates
control over their condition.

As part of the study, the available geospatial and attributive data on dangerous
burials were structured, and a conceptual model of a geospatial database was
developed, which ensures the accumulation, structuring, and systematization of data.
The model is built using UML notation and is presented in the form of a class diagram
that reflects the main structural elements of the database and their attributes.

The results obtained can be used to create a physical model of a geospatial database
for the registration (register) of lands with dangerous burials of animals that died from
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anthrax, as well as for the further development of the monitoring system, planning of
sanitary and protective measures, establishing regimes of limited land use, etc.
Keywords: geospatial database, conceptual model, anthrax

Relevance

Human economic activity is one of
the key factors influencing the state of
the environment and determining its
safety for the population. As a result
of anthropogenic impact, various ob-
jects are formed, some of which can
exert a negative influence on surround-
ing areas, wildlife, and human health
for decades. Among such hazardous
regime-forming objects are livestock
burial sites containing animals that died
from anthrax, particularly those burials
conducted without the use of biother-
mal pits. According to research findings
[1], the main cause of new anthrax out-
breaks lies in the inadequate protection
of old burial sites, which are often sim-
ple earthen pits and do not meet biolog-
ical safety standards. Several scientific
studies [1-2] emphasize the exceptional
resilience of anthrax spores: they with-
stand boiling, dry heat, conventional
disinfectants, and can persist in soil for
decades. Meanwhile, data [3] show that
between 1999 and 2022, 35 human cas-
es of anthrax were recorded in Ukraine.
Similar cases are reported across Eu-
ropean countries, as reflected in week-
ly and annual reports of the European
Commission — for instance, five cases
were registered during a single week
(18-24 September 2025) [4].

Existing burial sites of animals that
died from anthrax remain a potential
source of biological hazard. Disturbance
of the soil cover in such locations may
lead to the release of spores to the sur-
face, posing a risk of infection for both
wild and domestic animals, and repre-

senting a threat to humans, as anthrax
is a typical zoonotic disease. Beyond
the direct biological hazard, several ad-
ditional factors contribute to elevated
risk levels. These include the absence of
clearly defined boundaries and appro-
priate informational signage, discrepan-
cies between spatial data and the actual
location of burial sites, loss of records
regarding such sites, various types of
surveying or excavation activities, and
military actions that cause mechanical
disruption of the soil cover.

Previous scientific developments,
including [5], have focused on creating
geospatial database models for the reg-
istration and monitoring of anthrax cas-
es. However, these efforts have primari-
ly concentrated on recording confirmed
cases of the disease, without accounting
for local territorial characteristics and
associated risks. At the same time, Eu-
ropean Union legislation [6] outlines
the general principles for the preven-
tion, detection, surveillance, and control
of infectious animal diseases, including
anthrax. Given Ukraine’s status as an
EU candidate country, it is necessary to
harmonize national legislation with Eu-
ropean standards, particularly regarding
systems for registering and document-
ing the course of infectious animal dis-
eases.

In this context, the creation of a
geospatial database acquires particular
significance and relevance, as it en-
ables not only the registration of new
disease cases but also the accumula-
tion, structuring, and systematization
of spatial and attribute data related to
territories containing hazardous animal
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burial sites. Such a database will serve
as a foundation for further spatial anal-
ysis, risk assessment of disease spread,
planning of sanitary protection mea-
sures, and the development of land-use
management decisions. The first step
in this process is the development of a
conceptual model of the geospatial da-
tabase, which defines its structure, key
elements, and interrelationships.

Review of Recent Studies and
Publications

The challenges of geospatial data-
base modeling across various sectors, as
well as the study of risks associated with
zoonotic infections, have been the sub-
ject of numerous scientific investigations
and publications. For instance, study [2]
provides a detailed analysis of anthrax
pathogen strains and their virulence char-
acteristics. Research [7] offers an over-
view of the epizootic situation regarding
anthrax in Ukraine and the condition of
burial sites for animals that died from the
disease.

Makovska 1. and her co-authors [8]
explored the potential of geographic in-
formation systems (GIS) for analyzing
rabies spread in Vinnytsia Oblast. Study
[9] presents findings on the identification
of anthrax-prone areas in Kenya. Simi-
larly, research [10] examines the current
status and spatial patterns of anthrax
outbreaks across geographic regions of
Zimbabwe, taking into account climatic
factors.

Issues of conceptual modeling of geo-
spatial data are addressed in [11], which
presents a catalog of object classes for
the cadastral geodata database. Article
[12] outlines the specific features of con-
ceptual modeling tailored to the needs of
ecotourism. Study [13] examines a con-
ceptual model for geoinformation-based

assessment of the impact of hazardous
animal burial sites — specifically those re-
lated to anthrax — on adjacent territories.
Particular attention should be given
to practical developments, such as the in-
teractive map [14] designed for reporting
suspected and confirmed anthrax cases
in Ukraine. The European Commission
[15] regularly publishes consolidated sta-
tistics on recorded cases of this disease.
However, these initiatives are primarily
focused on quantitative indicators and
do not account for local territorial char-
acteristics, levels of transmission risk, or
potential sources of contamination.
Consequently, recent studies and
publications have insufficiently ad-
dressed the issue of developing a geospa-
tial database structure for recording and
registering territories containing hazard-
ous animal burial sites related to anthrax.
This gap highlights the need for further
research and practical solutions.

Research aim

This study aims to provide a scien-
tific rationale for the key components
and structure of a geospatial database
designed to record and register territo-
ries containing hazardous animal burial
sites related to anthrax. The relevance
of this issue stems from the high level
of biological hazard that persists for de-
cades in such locations, as well as the
lack of up-to-date, reliable, and system-
atized information regarding their loca-
tion, condition, and the legal status of
the land plots involved.

At this stage, conceptual modeling
plays a crucial role, as it enables the for-
mation of a logical structure for the fu-
ture database, including the definition of
object classes, their attributes, and inter-
relationships. Thus, the objective of the
study is not only to document existing
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hazardous burial sites but also to devel-
op an effective tool for ongoing moni-
toring, risk forecasting, and support for
management decision-making.

Materials and Methods

The methodology is based on a com-
bination of scientific literature review
and analysis of regulatory documents,
along with the application of modern
conceptual modeling techniques for
geospatial data. To describe the struc-
ture and logic of object interactions,
the Unified Modeling Language (UML)
was used. The class diagram developed
within the study reflects not only the
key informational elements but also the
types of relationships between them, al-
lowing for the consideration of potential
data incompleteness or absence. This
approach ensures the systematization,
flexibility, and scalability of the geospa-
tial database.

The application of the conceptual
model is the first and essential step in
developing a physical database model,
which can subsequently be implement-
ed within a GIS environment. This will
enable spatial analysis, risk assessment
of anthrax spread, mapping of hazard-
ous areas, and improve the effectiveness
of planning sanitary and environmental
protection measures.

Results and Discussion

During the course of the study, a
conceptual model of the geospatial da-
tabase of hazardous animal burial sites
related to anthrax was developed. It ac-
counts not only for the spatial location
of burial sites but also for their safety
status, characteristics of the surround-
ing area, and the presence of warning
signs and fencing (Fig. 1).

At the conceptual level, the mod-
el represents the structure of the entire
geospatial database, including feature
classes, their attributes, and the relation-
ships between them.

In the developed model, the classes
Region, District, and Community ensure
the linkage of burial sites to the corre-
sponding administrative-territorial units.
The model accounts for temporal chang-
es in administrative boundaries, includ-
ing dissolutions, mergers, enlargements,
and name changes. The Settlements
class describes existing populated plac-
es within each community. Within an
administrative-territorial unit, a buri-
al site can be represented in two ways:
via the LandParcel class — if the land
parcel has been formally registered and
its boundaries are defined in legal docu-
ments; or via the TerritorialPart class —
in cases where no cadastral information
is available in the State Land Cadastre.

The AnimalBurial class is central to
the developed model and serves as the
primary spatial object for assessing the
risk of anthrax spore dissemination. The
attribute functionality defines the burial
site's status (closed or active). The Buri-
alType and BurialClass classes perform
a classification function, reflecting the
type of animals, disease name, buri-
al type, and the level/class of potential
hazard.

The Restrictions class represents
sanitary protection zones surrounding
hazardous animal burial sites affected by
anthrax. Safety measures — such as in-
formational signs, fences, barriers, and
other visibility elements — are modeled
through the MarkingMeasures class.
Additionally, the Soil class reflects the
properties of the soil cover, which may
either facilitate or inhibit the spread of
dangerous spores. The Catchment class
accounts for the location and area of the
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Figure 1. Conceptual model of the geospatial database for hazardous animal

burial sites that

watershed, as well as hydrological links
between the burial surface and aquifers.

Overall, the developed model pro-
vides a foundation for the subsequent
creation of a physical database and en-
ables the systematic organization of in-
formation required for monitoring and
assessing the risks of anthrax dissemi-
nation.

died from anthrax

Conclusions and prospects

The development of a conceptual
model of a geospatial database of dan-
gerous burials of animals that died from
anthrax is an important step towards
creating an effective system for mon-
itoring and managing land use risks.
The proposed model provides structur-
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ing and integration of both spatial and
attributive information, which allows
forming a holistic register of such ob-
jects and increasing the efficiency of
their accounting and analysis.

A key scientific value of the model
lies in its consideration of a complex set
of factors that determine the likelihood
of anthrax emergence and spread: soil
types, hydrological conditions, burial
characteristics and types, land catego-
ries, the presence of sanitary restric-
tions, visibility and marking measures,
among others. This comprehensive ap-
proach provides a foundation for con-
structing a physical database model that
will enable rapid spatial risk analysis
and forecasting of hazardous situations.

The practical significance of the
study lies in enhancing the effectiveness
of land-use planning and supporting ev-
idence-based decision-making in the
fields of public health, environmental
protection, and agricultural production.
Future research prospects include the
development of a methodology for spa-
tial zoning of anthrax risk areas and the
automation of thematic map generation
to support management decisions.
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MockaneHKo A.A., Escrokoe T.O.

PO3POBJ/IEHHA KOHLEMNTYA/IbHOI MOZE/I BA3U FTEONPOCTOPOBUX
AAHUX HEBE3TNEYHUX [TOXOBAHb TBAPUH, AKI 3ATUHYJIN Bl CUBIPKU
3EMJIEYCTPIN, KAACTP | MOHITOPUHI 3EME/Tb 3'25: 43-50.
http://dx.doi.org/10.31548/zemleustriy2025.03.05

AHomayia. Y cmammi npedcmasneHo asmopcekuli nioxid 0o cucmemamusayii i

HOKOMU4YeHHA 2eornpocmoposux ma ampu6ymueHux 0aHux LL{O@O Hebe3ne4yHuUx Moxo8aHb

meapuH, AKi 3a2uHynu 8i0 cubipku. CubipKa € 300HO3HUM 3aX80PIOBAHHAM, CIIOPU AKO20 30aMHi

36epieamu ¥umme3zoamHicmo y rpyHmi npomsaz2om 0ecsimkKie poKig i 3aauwamuce 0xepenom

nomenuiliHoi 3aepo3u. MoxosaHHA meapuH, 30ilicHeHi He y BiomepmiyHUX AMax (20108HUM

yuHoMm 0o 1954 poky), He 3abe3nevyromb HAAEHHO20 pieHA 6e3neku: y pasi 3miweHHs

rpyHMoeB020o MoKpusy crnopu MOXyme riompanumu HA Mo8epxHto i cmamu npu4uHoOO HoBuUX

8UNMAOKI8 3aX80PIOBAHHA ceped OUKUX i CBIlicbKUX MeapuH, a MAaKoM< iH(iKysaHHA adel.

3Ha4YHa 4YaCMUHA MAKUX MOX08AHb HE MOE YimKO 8CMAHOB/AEHUX MeH( 3eMesnbHUX OiNfHOK i

B8CMAHOB/EHUX PEHUMIB 0BMEHEHO20 BUKOPUCMAHHA npuae2aux mepumopit, wo ycKaadHe
KOHMPOsb 3a iXHIM CMaHoMm.
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Y mexcax 0ocnioneHHa 6ysn0 cmpykmyposaHo HAABHI 2eorpocmoposi ma ampubymusHi
OaHi npo Hebe3neyHi MOX08AHHA | po3pobseHO KoOHYenmyaseHy Modesnb 6a3u 2eonpocmoposux
daHux, wo 3abe3ne4yye HAKOMUYEeHHs, CMpPyKmMypysaHHa U cucmemamu3sayito 0aHux. Modesnb
nobydosaHa 3 sukopucmaHHAM Homauii UML ma npedcmasneHa y suensdi diazpamu Kaacis, o
8i006paxcae 20108HI cMpyKMypHi enemeHmu 6a3u 0aHux ma ixHi ampubymu.

Ompumani pe3ysemamu mMoxcyme 6ymu 8UKOPUCMAHI 0715 cmeopeHHsA ¢izu4Hoi modeni 6azu
2eonpocmoposux 0aHux 3 06Ky (peecmpy) 3emesns 3 Hebe3rneyHUMU MOX08AHHAMU MBAPUH, W0
3a2uHynu 8i0 cubipKU, @ MaKox¢ 0515 M0OAAbWO20 PO3BUMKY CUCMEMU MOHIMOPUHRY, NAAHY8AHHSA
CaHIMapHO-3axXUCHUX 3aX00i8, BCMAHOB/EHHS PEXHUMI8 0OMEeXeHO20 3eMAEeKoPUCMY8AHHSA MA iH.

Kntoyoei cnoea: 6a3a eeonpocmoposux 0aHUX, KOHUenmyanbHa modess, cubipka.
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APPLICATION OF GIS TECHNOLOGIES TO ASSESS THE
IMPACT ON THE SURROUNDING ENVIRONMENT OF
THE LOCATION OF WIND POWER PLANTS USING THE
EXAMPLE OF "POLONYNA RUNA" OF THE
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Abstract. In the current conditions of the development of renewable energy, which
includes wind energy, the most important task is to minimize the environmental impact
of wind power plants (WPPs) on the environment in the context of decarbonization of
economic sectors. The use of geographic information systems (GIS) allows for effective
analysis and modeling of the impact of wind farm placement, taking into account: envi-
ronmental, landscape, economic, climatic and social factors that affect the sustainable
development of territories. The article considers the use of geographic information sys-
tems (GIS) to assess the environmental impact of the location of a wind farm (WPP),
which is planned to be built on the territory of the "Polonyna Runa" tract of the Tur-
ye-Remetivska rural territorial community of the Uzhhorod district of the Transcarpath-
ian region.

The study involves the collection and processing of spatial data, including relief, wind
speed and direction, the presence of protected areas, and habitats of sensitive species
of flora and fauna. GIS will be used to analyze visual and noise impacts, assess risks to
biodiversity and public health, and model alternative locations for the station's wind
turbines.

The assessment results contribute to making informed design decisions regarding
the location of wind farms, reducing negative environmental impacts and ensuring a
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balance between the sustainable development of wind energy in the region and the

preservation of the natural environment.

Keywords: wind energy, environmental impact assessment, geographic information
systems, spatial planning, sustainable development of territories, renewable energy

sources, decarbonization, CO,emissions.

Introduction

In today's climate of global warm-
ing and the growing need for renewable
energy sources, wind energy occupies
an important place among environmen-
tally friendly technologies. Wind farms
(WPPs) contribute to the reduction of
greenhouse gas emissions and the reduc-
tion of dependence on traditional energy
resources. However, their placement can
have a significant impact on the environ-
ment, including biodiversity, landscape,
noise pollution and the quality of life of
local populations.

To assess the impact of wind farms
on the environment, it is important to
use the latest analysis methods, among
which geographic information sys-
tems (GIS) occupy a special place. GIS
technologies allow for spatial analysis,
modeling the potential impact of wind
turbines, evaluating alternative options
for their location, and minimizing envi-
ronmental risks.

Ukraine has favorable conditions for
the development of wind energy:

- land free from industrial, residen-
tial and intensively used agricultural
land for the construction of wind power
plants (WPP);

- high capacity of factories capable
of producing modern wind turbines, es-
pecially in regions with potential for the
use of WPP;

- many years of observation data and
the availability of highly qualified per-
sonnel for the construction of high-tech
structures, such as wind farms.

According to various estimates,
the industrial potential of wind power
in Ukraine is about 500 billion kWh
per year [1]. Based on the experience
of most European countries in imple-
menting wind power plants in Ukraine,
electricity production can be increased
by using more powerful wind turbines
and commissioning new onshore wind
power plants up to 17,455 GWh in 2030
(with a total capacity of 6.214 GW)
[16]. According to the Regulation on
Approval of the National Renewable
Energy Action Plan for the Period Un-
til 2030 and the Action Plan for its Im-
plementation [17], it provides for the
construction of wind power plants with
a total capacity of 16,000 MW, there-
fore the importance of site selection and
development of wind power plant con-
struction has not changed. In December
2024, Elementum Energy successfully
closed a deal to acquire a 200MW wind
power project in western Ukraine. The
new wind farm is expected to generate
approximately 700GWh of electricity
annually, equivalent to the annual elec-
tricity consumption of approximately
600,000 people.

Wind energy plays a leading role in
the decarbonization of the Ukrainian
economy. In addition, wind power
plants replace traditional energy sourc-
es that burn fossil fuels to produce elec-
tricity. Thanks to wind energy technolo-
gies, CO, emissions into the atmosphere
have been reduced by 835 million tons.

The popularization of small wind
turbines has a rapid and tangible im-
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pact on the national economy. The in-
stallation of small wind turbines can be
widely used not only for electricity gen-
eration, but also to facilitate mechani-
cal processes (mills, deep well pumps,
pumping water from wells, pumps, etc.).

Analysis of recent research and
publications

In the field of assessing the impact
of wind farm (WFP) siting on the en-
vironment using geographic informa-
tion systems (GIS), a number of studies
have been conducted that emphasize the
importance of an integrated approach to
planning and implementing renewable
energy projects.

Certain ecological, economic and
technical aspects of wind energy use
were considered in their works by such
scientists as Y. Bashynska, V. Didyk, S.
Kudrya, O. Sukhodolya and others. In
legal science, the issues of legal regu-
lation of relations in wind energy were
studied in their works by O. Sushik, H.
Grigoriev, K. Karakhanyan, M. Kuz-
mina, E. Rybnikova, Y. Rud, T. Khari-
tonova, I. Chumachenko, V. Peresoliak,
M. Lopushanska and others proposed
a methodology for assessing the envi-
ronmental impact of renewable energy
facilities, tested on the example of the
Polonyna Runa wind farm in the Tur-
ye-Remetivska rural territorial commu-
nity of the Uzhhorod district of the Tran-
scarpathian region. This methodology
covers all stages of the project life cycle
and takes into account environmental,
economic and social aspects of the im-
pact. The use of GIS allows for detailed
analysis of spatial data and modeling of
potential environmental risks.

The purpose of the study is to use
GIS technologies to assess the impact
of wind farm (WPP) location on the

environment, taking into account the
following factors: environmental, land-
scape, economic, climatic, social and
special studies of regulatory and legal
requirements for the construction and
operation of wind power plants with an
emphasis on their impact on the envi-
ronment in the natural resource man-
agement system.

Materials and research methods

The research methods used to study
the topic were: cartographic analysis,
spatial analysis, modeling, visualization,
logical generalization, and information
presentation. Namely: for the creation
and analysis of planning and cartograph-
ic materials that represent spatial data in
a graphical form - the method of carto-
graphic analysis; for the relationships
between project objects and existing
ones, such as distance, direction, adja-
cency, interpenetration - a spatial analy-
sis method; for predicting the impact on
the environment and ecological features
of the territory - a modeling method; for
creating and presenting the results of
the analysis for a wide range of users - a
method of presenting information.

Results and their discussion

For the environmentally efficient
use of wind energy, comprehensive in-
formation about its characteristics is
necessary. When analyzing the wind en-
ergy potential of a region, a wind energy
cadastre is compiled.

A wind energy inventory is an ob-
jective, reliable and necessary set of
quantitative data characterizing wind as
an energy source. Based on long-term
observations, a wind energy inventory
presents all wind characteristics in tabu-
lar or graphical form.

N2 3'2025

53



Land management, cadastre and land monitoring

The main source of initial data for
wind energy cadastres is the organiza-
tion of wind speed observations using a
reference network of hydrometeorolog-
ical stations [13]. Such observations are
made a certain number of times per day,
cover a period of several decades, and
provide the raw data for analysis. The
advantage of such observations is that
they are collected in a unified manner.

The average annual wind speed is
the first characteristic of the overall
level of wind energy. This value can
be used to determine the efficiency of
a wind turbine in a specific sector or in
a region as a whole. It should be noted
that wind speed depends on the terrain,
especially the roughness of the surface,
the presence or absence of shading ele-
ments and the height above ground lev-
el at the selected site. These conditions
vary greatly from station to station.
Therefore, for comparison, they need
to be converted to average wind speed.
These conditions are usually referred
to as open, flat terrain and a height of 0
meters above the ground.

Energy resources are usually as-
sessed on the basis of potential, techni-
cal and economic resources. Technical
resources of wind energy are considered
as part of the potential resources that
can be exploited using existing techni-
cal means. Technical resources of wind
energy are part of the potential resources
that can be used using existing technical
means and are determined taking into
account inevitable losses when using
wind energy. According to the theory of
an ideal wind turbine, only a portion of
the energy that is used and converted,
i.e. passes through the cross-section of
the wind turbine, is useful work. The
maximum amount of useful energy is
estimated as the wind energy utilization
factor (WEF) limited by a constant of

0.593. The best wind turbine models to-
day maintain this parameter in the range
of WEF- 0.45-0.48.

It should be noted that modern wind
turbine designs do not fully utilize the
entire range of wind speeds. At mini-
mum wind speeds, the amount of elec-
tricity produced is below the minimum
operating power of the wind generator,
which is insufficient to overcome the
friction forces of the wind generator
components. Only in the range from
the minimum operating speed to the
design speed can the wind turbine use
its installed capacity and wind energy
can be used with the greatest benefit. If
the wind speed continues to increase to
the maximum operating speed, the wind
turbine output power is maintained at
the level set by the controller. If the
wind speed exceeds the maximum op-
erating speed, the wind turbine is shut
down and stopped to prevent technical
breakdowns.

Modern wind turbines are large
technological  structures (megawatt
wind turbines have a diameter of 60-
120 m and a tower height of 60-100 m
or more), built using the latest develop-
ments in aerodynamics, electrical engi-
neering, electronics, and computer tech-
nology. Currently, the installed capacity
of a wind turbine is 1 kW, and its cost is
800-1000 USD. In the future, this figure
is expected to decrease to 600 USD.

Estimates of wind energy potential
for a narrow area are based on gener-
al climate maps covering a country or
region and measurements from mete-
orological stations located tens, and
in some cases hundreds, of kilometers
from the study area, therefore, very
approximate results can be obtained,
which, of course, describe only the cur-
rent circulation process and the back-
ground wind field. To obtain more accu-
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rate estimates, it is necessary to consider
the surrounding landscape conditions
and topography at a distance of sever-
al kilometers from the study area. Only
such desk-based methods can assess the
potential for local air current activity at
low altitudes.

When selecting sites for energy fa-
cilities, it is necessary to take into ac-
count a number of different parameters,
such as meteorological observations,
topographic data, and local economic
development plans [7,11].

Areas with the following character-
istics may be suitable for the construc-
tion of wind farms:

e optimal average annual wind
speed;

*  absence of high-altitude obsta-
cles on the leeward side;

. there are no uneven terrain,
buildings and structures, vegetation in a
certain proximity to the wind turbine;

e the site on the top of the hill
should be flat with gentle slopes or the
site should be located on a plain, shal-
low water or island;

»  the presence of local landforms
that affect the phenomena of "push"
and acceleration of the wind flow is not
found (among them are high valleys and
flat peaks of heights;

* a mountain tunnel-like gorge,
which has an orientation in space par-
allel to the prevailing wind directions
(Fig. 1).

GIS can be used to more accurately
determine the environmental impacts
of wind farms and make informed de-
cisions about siting, ensuring a balance
between the needs of the energy sector
and the protection of natural ecosys-
tems.

In summary, we can say that model-
ing the construction of future wind farms
requires the analysis of large amounts of

Fig. 1. Location of a wind turbine in
a tunnel-like valley

information, the collection of which can
be effectively organized using geoin-
formatics methods. There are numerous
examples of using geographic informa-
tion systems (GIS) to solve the problem
of selecting sites for the construction of
wind farms. In particular, it is assumed
that digital topographic maps can be
used to identify areas that are flat or
have a slight slope in the direction of
the wind flow, taking into account the
absence of surrounding obstacles (hills,
trees, buildings, etc.) [12].

A comprehensive approach to site
selection for wind turbines requires a
qualitative assessment of local charac-
teristics that can contribute to high wind
speed and stability, and therefore poten-
tial energy production (Fig. 2). When
lower-height towers are used for wind
turbines, especially those below 20 m,
it is more accurate to calculate wind
protection zones relative to objects in
specific areas and buffer zones that lim-
it potential turbulence zones. This data
can also be used to identify areas where
wind speeds may slow down.

One of the most important condi-
tions for successful investment in wind
energy is a good understanding of the
typical wind conditions for a given mi-
croregion. As noted above, the power
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Wind Direction Frequency, 01.04.2024 00:00 to 30.04.2024 24:00 (UTC)
3

Fig. 2. Wind frequency and direction "Polonyna Runa"
from 01.04.2024 to 30.04.2024

of the air flow passing through the ro-
tor of a wind farm is proportional to the
cube of the wind speed. Even in regions
with good wind conditions, the loca-
tion of future power plant sites must be
carefully selected taking into account
the geometry of the site, including the
potential presence of obstacles. These
factors are often underestimated, but
their impact on the performance of each
individual power plant is crucial. As a
result, choosing a project location be-
tween favorable and unfavorable zones
can easily compensate for the two- to
three-fold difference in energy efficien-
cy and, consequently, in electricity costs
between similar power plants [8].

The potential wind energy depends
on the roughness of the ground surface
at a given location, including sports
facilities, buildings, trees, damage to
wind turbine cages, and other tall ob-
stacles. Wind tunnel experiments have
been conducted in Sweden to determine
the minimum distance between wind
turbines to avoid interference. The ex-

periments have shown that the distance
should be at least six wind turbines in
diameter. There is also evidence that
this distance should be 8-12 c¢m in di-
ameter.

The results of wind shadow simula-
tion calculations for different types of
obstacles are shown in Fig. 7 [4]. The
main methods of geoinformation mod-
eling and analysis necessary for the im-
plementation of the above schemes are:

- proximity analysis, construction of
buffer zones;

- terrain surface analysis, determina-
tion of visibility between objects, calcu-
lation of slope gradients and exposures;

- 3D modeling and web mapping of
terrain and wind farm objects.

Wind farms produce energy with
little or no chemical impact on the en-
vironment, but they have many conse-
quences, such as changing the landscape
due to land allocation for construction,
noise impact, and radio interference. In
this document, the main environmental
impacts of wind turbines are analyzed
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from a land management perspective:
determining the degree of noise impact
from the operation of wind turbines
- noise zone Wind turbines generate
noise, which is usually divided into in-
frasound and noise that affects humans
and other living organisms.

Infrasound is acoustic vibrations in
the air with a frequency below 20 Hz,
i.e. below the threshold of human hear-
ing. Sources of infrasound in nature
include wind noise, ocean waves, wa-
terfalls, storms and earthquakes. At the
same time, infrasound is widespread in
everyday life, for example through the
use of heaters, compressors, and auto-
mobiles. Urban infrastructure, such as
tunnels, bridges, and high-rise build-
ings, is also a source of infrasound prop-
agation. The infrasound range is consid-
ered safe for human health if its level is
within 130 dB.

In other words, researchers from the
USA and France stated that low-fre-
quency noise from wind turbines neg-
atively affects the human body, causing
persistent depression, severe irrational
anxiety, and disruption of vital func-
tions, that is, the area around wind farms
is not suitable for a comfortable life for
people, animals, and birds. At the same
time, according to a study commis-
sioned by the German Federal Office of
Health, low-frequency vibrations from
wind turbines do not have a negative
impact on the environment or human
health, as the noise level is below the
detection threshold of 30 dB.

The problem of reducing the noise
impact of wind turbines is solved by
locating wind turbines at a certain dis-
tance from residential buildings, where
the noise level does not exceed 40-50
dB. For different wind turbine capaci-
ties, there are general recommendations
for impact ranges ranging from 150 to

350. However, the Danish Wind Energy
Manufacturers Association [3] recom-
mends a minimum of seven rotor diam-
eters or a distance of 300 meters.

The Association's website (wWww.
Windpower.org) has a freely available
calculator that calculates noise levels
from a wind turbine at various distanc-
es, which is visualized as a raster map.

As is known, protective and sanitary
protection zones are established around
all industrial enterprises. In order to as-
sess the impact of wind turbines on the
environment, it is necessary to calculate
protective zones.

In the study of wind energy systems,
protection zones are used to assess the
impact of wind turbine noise on the en-
vironment, for example, to determine
the impact of restrictions on the sani-
tary protection zone around hazardous
facilities. The impact of tall objects on
the landscape on wind flows is also as-
sessed. Examples of protection zones
around objects are shown in Figures 3-6.
For example, Fig. 3 shows a polygonal
object whose boundaries are equidistant
from the object boundary by a certain
value, in this case the radius R.

The buffer radius can be a numeric
constant or the value of an attribute of a
specific spatial object. In the first case,
all protected areas have the same radi-
us; in the second case, a buffer area with
a unique radius is defined around each
object. Additionally, you can use mul-
tiple buffers, i.e. an array of radii that
can form an array of buffer zones. If the
radius is negative (the radius is smaller
than the selected area), the buffer zone
is created inside the polygonal object.

When solving many applied geoin-
formatics problems, it is necessary
to determine the so-called proximity
zones. These zones are also called Vo-
ronoi diagrams or proximity zones. Al-
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Fig. 5. Ring security zones

gorithms that calculate the slope and ex-
posure of the terrain allow the creation
of new regularized grids based on raster
DEMSs, where each node corresponds to
the angle of slope and exposure.

In accordance with the above re-
quirements, the noise impact of the op-
eration of a large-capacity wind turbine

was assessed by creating a buffer zone
in the GIS. A minimum distance of 450
m from the installation site is consid-
ered sufficient to ensure that the noise
impact is negligible. The recommended
distance from a powerful wind turbine
to a permanent human presence area
(noise zone) is 350 m.

The next step uses a line-of-sight al-
gorithm to calculate the points that can
be observed along a given line on the
terrain surface. This calculation also re-
quires the height of the observer above
the ground (HA) and the height of the
object above the ground (HB) [5]. The
algorithm for calculating line of sight
consists of several stages. In the first
stage, a profile is created along a giv-
en line. In the next stage, a segment
AB is created for each point of the pro-
file, where point A corresponds to the
observer's position and point B corre-
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Fig. 6. Scheme of security zones for objects of different localization

line of sight

Fig. 7. Scheme for determining lines of sight

sponds to the observation point (the
next point of the profile). Note that point
A is at a height HA above the ground
surface and point B is at a height HB.
The third step is to check whether this
segment intersects with the previous-
ly created elevation profile. If there is
no intersection, point B is visible from
point A. In Fig. 7, point B is not visible
because segment AB intersects the pro-
file line at the point marked in the fig-

ure. The thick line shows the part of the
profile where the point is visible from
point A at HB = 0.

The results of the algorithm can be
visualized as line-of-sight segments on
electronic GIS maps or as polygons rep-
resenting visible areas projected onto
a 3D terrain model. If the calculations
involve significant distances, it is nec-
essary to take into account the curvature
of the earth's surface.
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A continuation of the previous cal-
culations is the calculation of visible or
invisible zones. In this task, the area in
which all points are visible from a giv-
en observation point is determined. In
geoinformatics, there are two approach-
es to solving this problem: the authors
chose the most effective one, which
consists in creating radial, linear lines
of visibility centered at the observation
point. Sight lines are plotted on the map
at an angle through a certain angular
value, for example, 5 degrees (Fig. 8).
The advantage of this method is the
high speed of calculations, but the dis-
advantage is the difficulty of detailing
visible and invisible areas.

This study of the spatial character-
istics of wind farms assesses the spatial
location of wind turbines in relation to
landscape elements such as topography,
settlement contours, and forests. The
topographic conditions of the study area
were obtained from the OpenStreet-
Map service in the form of FerGIS
shape files. This data was corrected and
supplemented with a master plan and
high-resolution satellite imagery. Ad-

ditions were made regarding the city's
administrative boundaries, the current
state of the road network, power lines,
and development.

The topographic data for this area
was the global SRTM model (NASA,
USA). These versions were obtained
from the SRTM 90m Digital Elevation
Databases ev4.1 website (Fig. 8).

We take into account the mutual lo-
cation of the wind turbine towers using
the GenerateNearTable tool in ArcTool-
Box. Create a position table (Fig. 9)
(calculated distances and orientations
between all objects in all combinations).

Assuming that the diameter of the
wind turbine is 50 m, the shortest dis-
tance is 201 m, i.e. the diameter of the
wind turbine is 4 m. The directions to
the nearest wind turbine show that the
towers do not block each other with re-
spect to the wind flow.

This is explained by the fact that
the direction to the nearest tower is
53°, which is close to the winter wind
direction of 45°. However, the distance
between these towers is 424 m, which
eliminates the “parking effect”. Accord-

S Google Earh Pro
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Google Earth

Fig. 8. Lines of sight
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Fig. 9. Topographic data from the SRTM 90m Digital Elevation Databases
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Fig. 10. Result of three-dimensional modeling of the wind farm in Polonyna
Runa in the Google Earth service

ing to the modeling results, the site is
generally suitable for the construction
of a wind farm with 6 towers with a
height of 80-100 m.

In this work, the popular and, per-
haps, well-known web mapping service
Google Earth was used as a means of
three-dimensional modeling of the de-

signed wind farm.

To achieve a natural image of the
terrain model, 3D models of wind tur-
bines and high-voltage power line tow-
ers were used.

The cartographic layers that form
the digital map of the area in ArcMap
were exported to a KMZ format file,
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which is readable in the Google Earth
service (Fig. 10).

The result of the modeling is a
high-quality, textured three-dimension-
al terrain model. The model is fully
controllable, you can change the scale,
viewing angle, measure areas, direc-
tions, distances. The controls are easy to
learn for a wide range of Internet users.

Polonyna Runa

The feasibility of developing a de-
tailed plan of the territory is due to in-
vestment proposals for the construction
and operation of a wind power plant
within the Polonyna Runa area outside
settlements. A detailed plan of the terri-
tory is being developed for land plots of
communal property of the Turye-Reme-
tiv village council of the Uzhhorod
district of the Transcarpathian region,
which are located outside the boundar-
ies of settlements, for the placement of
a separate construction object on Polo-
nyna Runa street - wind energy facilities
- in accordance with current legislation
using materials from the urban planning
and land cadastre. The development of

Turyteia

Fig. 11. Location of the design area on Google Maps

a detailed plan of the territory included
the entire mountain range, except for
the top part, where the ruins of the Bars
military complex are located.

The figure below shows a copy of
the Planning Scheme of the Transcar-
pathian region, which indicates the
boundaries of the territory of the mining
and recreational complex centered in
the village of Lumshory.

According to this cartographic ma-
terial and data from the land cadastre of
Ukraine, the development of a detailed
plan of the territory within the project
boundaries does not contradict the Plan-
ning Scheme of the Transcarpathian re-
gion.

The project proposes to place 30
wind turbines, type WTU 5.2, with a
nominal capacity of up to 5.2 MW, with
a mast height of 100 meters and a blade
span of 151 meters on Polonyna Runa.
That is, the maximum height of the
structure can reach 175 meters.

According to the calculation of the
wind rose of the territory, a decision was
made to place 30 wind farms at the high-
est points of the Polonyna territory - on its

5
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Fig. 12. Copy from the Territorial Planning Scheme of the Transcarpathian
region

Fig. 13. The best places for placing wind turbines in the Polonyna Runa area

conditional watersheds (Polonyna ridg-
es), since according to the calculations,
the wind in these places is quite good.

Wind turbines (WTGs) are variable
speed power plants powered by invert-
ers with a three-blade rotor in a head-
wind configuration. Variable speed is
achieved by frequency control of the
phase winding of the stator of a syn-
chronous generator.

A significant feature of modern wind
turbine models is the low rotor rotation
speed. Due to innovations in the design
of power transmissions, the rotor rota-
tion speed has been reduced. This sig-
nificantly reduces the noise level from
the wind turbine and, in addition, sig-
nificantly reduces the risk of birds col-
liding with the moving blades of the
wind turbine.
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Fig. 14. Typical wind turbine site

In general, each wind turbine has a
typical site after construction is com-
pleted, and in this case, the area will
be completely landscaped, even the
maintenance area is proposed to be kept
landscaped, to ensure the preservation
of the area and prevent fragmentation
and reduce negative environmental im-
pacts.

The main structure is the wind tur-
bine mast, the transformer located in-
side the mast (to provide open access
to the territory), and the maintenance
platform. A typical platform for a wind
turbine is shown in Fig. 14.

Structurally, a wind turbine is a
cone-shaped tower, on top of which is a
nacelle with a rotor and blades.

The wind turbine is equipped with
an automated safety system that ensures
safe operation of the wind turbine in the
event of a control system failure, com-
ponent or system failure. To identify er-
rors in the operation of the drives of the
main components of the wind turbine,
a condition monitoring system is pro-

vided. The installation is equipped with
a highly efficient lightning protection
system.

Conclusions

Assessing the impact of a wind
farm's location on the environment us-
ing geographic information systems is
an important tool in the planning and
implementation of renewable ener-
gy projects. The use of GIS allows for
comprehensive analysis of spatial data,
modeling of environmental risks, and
taking into account factors such as ter-
rain, biodiversity, noise exposure, and
possible socio-economic impacts.

The results of the study show that
integrating GIS into the process of se-
lecting a wind farm location helps min-
imize negative environmental impacts
and ensures a balance between wind
energy development and environmen-
tal conservation. Spatial analysis can
identify optimal areas for installing
wind farms that will ensure maximum
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efficiency of energy production and at
the same time not harm ecosystems and
local populations. The possibility of ef-
fective analysis of identifying problems
and advantages in the spatial location of
wind power plants is shown.

So, the construction of wind farms
is an alternative and environmentally
sound form of using inexhaustible and
renewable energy resources, practically
requiring no active and deep exploita-
tion of the territory.

In addition, the construction of wind
power plants will increase the stability
of electricity supply to industrial and
municipal enterprises in the context of
energy shortages in Ukraine.
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3ACTOCYBAHHA IIC TEXHO/IOT 1M OLUIHKU BI1JINBY HA HABKOJIULLIHE

CEPEJOBULLE MICLUA PO3TALLYBAHHA BEC HA NMPUKJIALI «[TO/IOHUHA

PYHA» TYP'€-PEMETIBCbKOI OTI

3EMJIEYCTPIA, KAAACTP | MOHITOPUHI 3EME/Tb 3'25: 51-67.

http://dx.doi.org/10.31548/zemleustriy2025.03.06

AHomayis. Y cyyacHux ymosax po3sumky 8i0H08/108aHOT eHepaemuKu, 00 AKoi 8idHOcuMebcsa
i eimpoeHepzemuka  Halisaxnusiwum 30800HHAM € MIHIMI3ayia eKoa02iYyHo20 erausy
simpoenekmpocmaHnyili (BEC) Ha HaskonuwHe cepedosuuje 8 KOHMexkcmi  O0ekapboHizayii
2any3eli eKOHOMIKU. BukopucmaHHsA eeoiHgopmayiliHux cucmem (F1C) 0o3gonsae edpekmusHo
aHanisysamu ma modentoeamu 8nau8 w000 posmiwjeHHA BEC spaxosyroyu: eKonozidyHi,
AAHOWAMHI, eKOHOMIYHI, KAIMamuyHi ma coyianeHi ¢hakmop, AKi enausarome Ha cmanul
po3s8uUmMoK mepumopili. Y cmammi po321A00eEmbCA  30CMOCYB8AHHA  2eoiHopmayiliHux
cucmem (FIC) 0na OYiHKU 8MAUBy HA HABKOAUWHE cepedosuuje MiCYs po3mawly8aHHA
simpoenekmpocmaHyii (BEC), aka naaHyemeca 6ydysamu Ha mepumopii ypodyuua «osoHUHa
PyHa» Typ'e-PememiscoKoi cinbCbKoi mepumopianeHoi 2pomadu  Y#eopodcbKozo palioHy
3akapnamceKoi 0baacmi.

LocnidmweHHa nepedbavae 36ip ma 0bpobKy npPocmoposux OGHUX, BK/AKYAKYU penvedp,
weuoKicms ma HanpsamMoK eimpy, HAABHICMb6 nPUPOBOOXOPOHHUX mepumopili ma micyb
MPOXUBAHHA Yymsausux eudie ¢aiopu ma ¢ayHu. 3a donomoeoro [IC nposodumumemscs
QHAnI3 8i3yanbHO20 MaA WYMOB020 8M1uU8Yy, OUiHKA pu3ukie 074 6iopi3HoMaHIimma ma
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300po8'A HaceneHHA, 0 MOKOX MOOeto8aHHA aAbMePHAMUBHUX 8apiaHMI8 pPO3MiujeHHA
simpozeHepyto4dux myp6iH cmaHuyii.

Pesysiemamu OUiHKU cripuAlome MpuliHAMMIO 06rpyHMOBAHUX MPOEKMHUX pileHb
wodo subopy micya posmawysaHHA BEC, 3HUMcyro4yu He2amugHull eKonoziyHuli enaus ma
3a6e3neyqyroyu 6aa1aHC MiX CMasaumM po38UMKOM 8imposoi eHepaemuKU 8 pe2ioHi 3i 36epexeHHAM
HABKOAUWHbBO020 MPpUPOOHO20 cepedosuuia.

Kntovoei cnosa: eimpoeHepaemuKa, ouiHKa 8nausy Ha 008Kinas, 2eociHgopmayiliHi cucmemu,
npocmopose nAaHy8aHHA, cmanuli pozsumok mepumopili, 8idHosen08aHI Oxcepena eHepeii,
Oexap6oHizauis, eukudu CO,.
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Abstract. The article considers the impact of artificial intelligence neural network
algorithms on the process of photogrammetric processing of digital images and the
formation of dense point clouds.

It is noted that the integration of machine learning algorithms, in particular deep
learning, allows you to automate key processing stages, increase the accuracy of object
classification, optimize geometric correction of images and improve the quality of final
geospatial products in the form of an orthophotomap of the terrain.

The main stages of the photogrammetric process are described: from collecting
primary data to forming orthophotomaps and three-dimensional terrain models.
Particular attention is paid to the role of the neural network in improving the density
of the point cloud due to the correct interpretation of points on digital images, object
classification and reducing the influence of the human factor.

The challenges associated with the need for large volumes of high-quality training
data are identified. The prospects for the application of artificial intelligence neural
networks in photogrammetry and the need for further research in this direction are
substantiated.

Keywords: neural network, artificial intelligence, photogrammetry, machine
learning, point cloud, orthophotomap, 3D model, digital image.
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Problem statement

In the modern digital environment,
artificial intelligence plays a key role in
transforming many areas of human ac-
tivity.

One of the current problems is to in-
crease the efficiency of photogrammet-
ric processing of digital images and 3D
scanning data of the territory. Tradition-
al algorithms have limitations in terms
of productivity, accuracy, speed and au-
tomation of processes. At the same time,
the integration of artificial intelligence
elements, such as neural networks and
deep machine learning methods, allows
to significantly improve the classifica-
tion, interpretation, determination of
shapes, sizes and spatial position of ter-
rain objects [10].

This opens up new opportunities
for creating high-precision orthopho-
to maps of the terrain and 3D models,
reducing errors and optimizing the
processing of large volumes of remote
sensing data [7,9].

Analysis of recent research and
publications

Modern scientific research demon-
strates the active use of unmanned aeri-
al vehicles in photogrammetric work in
the process of obtaining digital images
and their further processing.

Domestic authors, in particular
Butenko E.V. and Krasnosilska A.A.
[12], focus on the integration of neural
networks for automating the classifica-
tion and interpretation of terrain objects.
The works of Shevchenko A.L. [13] and
Guralyuk A. [14] consider the role of ar-
tificial intelligence in the digital transfor-
mation of geoinformation technologies.

The team of authors Butenko and
Kulakovskyi devoted their research to

studying the issue of the effectiveness
of using unmanned aerial vehicles to
solve various problems of geodesy and
land management [1].

Analysis of scientific works of for-
eign scientists demonstrates active in-
troduction of artificial intelligence in
photogrammetric processes of digital
data processing, in particular in auto-
mated 3D modeling, object classifica-
tion and processing of point clouds.

The work of Rongjun Qin and
Armin Gruend considers the application
of machine learning for semantic inter-
pretation of spatial data, which allows
to increase the accuracy of digital ter-
rain models, namely the application of
machine learning at different stages of
the photogrammetric process: from data
collection and camera calibration to the
generation of digital surface models and
semantic interpretation. The authors an-
alyze how artificial intelligence can au-
tomate traditionally manual processes,
increasing the accuracy and efficiency
of 3D modeling [16].

Shahad Abbood [15] and colleagues
analyze deep learning algorithms that
optimize image reconstruction and cali-
bration processes in the process of dig-
ital sensor calibration. Their research
opens up new opportunities for multi-
sensor integration and intelligent image
analysis.

The article by Mi Wang [18] sub-
stantiates the theoretical basis for the
transition to intelligent geographic in-
formation systems, where large models
play a key role in 3D reconstruction, se-
mantic analysis and automation of pho-
togrammetric processes.

The article by Fabio Remondino
[17] confirms that artificial intelligence
is able to automate complex photo-
grammetric tasks, reducing the need
for manual intervention. Overall, these
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studies indicate the transformation of
photogrammetry towards intelligent
geographic information systems.

Hlotov and Hunina analyze the pos-
sibilities of using unmanned aerial ve-
hicles in various types of aerial survey
work and their effectiveness [2].

The works of Irschara et al. [3], Re-
mondino et al. [5] and Sauerbier et al.
[6] justify the need for full automation
of photogrammetric processing of dig-
ital images obtained from unmanned
aerial vehicles.

Particular attention should be paid to
the studies of the authors Butenko and
Poshtar [7] and Pokatayev [9], who in-
vestigate the integration of neural net-
works into photogrammetric software
algorithms and focus on the role of ar-
tificial intelligence in the management
of territorial complexes in Ukraine,
especially emphasizing their potential
for the digital transformation of urban
infrastructure.

Practical aspects of the use of artifi-
cial intelligence in the process of ana-
lyzing digital data are given in the pub-
lications Probesto [10] and Gigacloud
[11], which describe the principles of
machine learning and its application in
geographic information systems.

Thus, a review of scientific sources
confirms the relevance of the chosen di-
rection of scientific research on the use
of artificial intelligence for automation,
increasing the accuracy and efficiency
of photogrammetric processing of dig-
ital data.

Research objective. The purpose of
the article is to study the prospects for
using artificial intelligence to automate,
increase the accuracy, and optimize the
processes of photogrammetric process-
ing of digital images.

Materials and methods
of scientific research

In the course of scientific research
on the application of artificial intelli-
gence in photogrammetric processing
of digital data, the following methods
of scientific research were used: ana-
lytical, abstract-logical, structural-func-
tional and comparative.

The analytical method investigated
modern technologies for photogram-
metric processing of digital images used
to create orthophotomaps, digital terrain
models and three-dimensional terrain
models.

The abstract-logical method allowed
us to assess the prospects for integrat-
ing artificial intelligence into photo-
grammetric software, in particular deep
learning algorithms that help automate
the processes of classification, geomet-
ric correction and interpretation of ob-
jects.

The structural-functional method
analyzed the stages of photogrammetric
processing: image improvement, point
cloud formation and classification, and
creation of the final product in the form
of an orthophotomap of the terrain.

The comparative method was used
to assess the effectiveness of using ar-
tificial intelligence in photogrammetry
compared to traditional approaches,
taking into account accuracy, process-
ing speed, and quality of the final data.

Research results and their
discussion

In information technology, artificial
intelligence is a neural network of hard-
ware or software systems, built on the
principle of neurons in the human brain.
In fact, it is a computational system of
gradual actions, based on a set of con-
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nected nodes that are interconnected.

In turn, modern technology of photo-
grammetric processing of digital imag-
es, the formation of dense point clouds
is a key stage for creating high-preci-
sion geospatial and cartographic prod-
ucts, such as orthophotomaps, digital
terrain models and three-dimensional
terrain models, which are widely used
in various industries, including cartog-
raphy, land management, environmental
monitoring, agriculture and urban plan-
ning [2,3].

The essence of photogrammetric
processing is the use of digital imag-
es to create planning and cartographic
materials. Its main stages are: image
collection and enhancement, dense
point cloud formation, its classification,
creation of orthophotomap and digital
models.

One of the most promising areas
in this context is the integration of ar-
tificial intelligence technologies into
software for photogrammetric data
processing. Rapid progress in the field
of machine learning, in particular deep
learning methods, opens up fundamen-
tally new opportunities for automating
complex processes, increasing the accu-
racy of object recognition and classifi-
cation, optimizing geometric correction
of images and generally increasing the
efficiency of photogrammetric produc-
tion [1,10].

The main stages of integrating arti-
ficial intelligence into photogrammet-
ric data processing programs include:
improving the original digital images;
forming a point cloud and its improve-
ment; classifying a dense point cloud;
forming the final processing product, an
orthophotomap [6,7].

Photocorrection of digital images
is an important stage in the process of
processing visual materials, aimed at

improving their quality and eliminating
various defects. This process consists of
several sequential steps, each of which
plays a role in achieving the desired re-
sult.

1. Image analysis: At the initial
stage, it is necessary to carefully exam-
ine the image to identify existing short-
comings. These may include:

2. Exposure errors: insufficient or
excessive illumination of the image.

3. White balance errors: incorrect
display of colors, which leads to their
unnaturalness.

4. Low contrast: insufficient dif-
ference between light and dark areas,
which makes the image dull.

5. Digital noise: the presence of
grain or other artifacts.

6. Geometric distortions: distortion
of the image caused by the peculiarities
of the optics or the shooting angle.

7. Exposure correction: In case of
insufficient illumination of the image,
its brightness should be increased. If the
image is too bright, this indicator should
be reduced [19].

One example of the application of
artificial intelligence in the field of pho-
togrammetry is the Luminar Neo soft-
ware from Skylum. This program uses
the capabilities of artificial intelligence
to improve the quality of images and
edit photos [12]. At the initial stage, the
necessary raw data is collected, such as
digital images obtained from unmanned
aerial vehicles. The key requirements
for the images are their high quality,
the absence of smears, shadows and the
presence of sufficient mutual overlap to
ensure the possibility of further process-
ing (Fig. 1).

The next stage is to search for corre-
sponding points in the images based on
the identification of common character-
istic points that are displayed on differ-
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Fig. 1. Fragment of a non-uniform
digital image that requires correction

ent images, to establish mutual relation-
ships between them, to perform a set of
geometric calculations to determine the
three-dimensional coordinates of each
point based on its projections on dif-
ferent images, which can be improved
by an artificial intelligence algorithm
[7,11].

At this stage, the spatial orientation of
the images relative to each other and their
binding to a defined coordinate system
is performed. Parameters characterizing
the position and angle of inclination of
each image in three-dimensional space
are determined. To perform this task,
reference points whose coordinates are
known with high accuracy can be used.

Formation of a dense point cloud,
based on previously oriented images,

occurs through pixel analysis of dig-
ital images. The number of points in
the cloud determines the level of detail
(cloud density) and the accuracy of the
3D terrain model created from it [2,7].

The resulting dense cloud of
three-dimensional points is subject to
further analysis and processing. At this
stage, procedures for removing unwant-
ed noise (Fig. 2.), refining the spatial
coordinates of points, as well as other
operations aimed at improving the qual-
ity of the final model can be performed
[1,4,9].

Based on the processed dense point
cloud, a three-dimensional model of
the studied area is created. This model
can be used for a wide range of tasks,
including visualization, conducting var-
ious simulations of geodetic and land
management works [1,4].

The use of machine learning also
contributes to the creation of more de-
tailed and informative orthophotomaps.
The ability of artificial intelligence al-
gorithms to analyze complex spectral
characteristics of objects and take into
account contextual information allows
you to identify patterns and dependen-
cies that may not be noticeable with tra-
ditional processing methods. This opens
up opportunities for obtaining not only
geometrically accurate, but also seman-

. R = w5

Fig. 2. Formation of a dense point cloud and its improvement by noise removal
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Fig. 3. "Breaks" of the orthophotomap image when using different algorithms
for its construction

tically enriched orthophotomaps, which
can contain additional information
about the properties and characteristics
of objects in the area.

Despite significant advantages, the
use of machine learning in the creation
of orthophotomaps is also associated
with certain challenges. For effective
training of algorithms, large volumes of
high-quality spatial data are required, as
well as high-quality cloud classification
with detailed division of the cloud into
different classes of objects (Fig. 3).

The quality of the obtained results
directly depends on the quality and rep-
resentativeness of the data, as well as on
the correctness of the choice and config-
uration of the machine learning model
architecture [11].

It is also worth noting that the auto-
mation of a significant part of the pro-
cess of creating orthophotomaps using
machine learning leads to a significant
reduction in data processing time and a
reduction in the need for manual labor.
This is especially important when work-
ing with large areas or when it is nec-

essary to promptly update cartographic
information.

Analyzing the advantages of using
artificial intelligence in photogrammet-
ric data processing programs, it is advis-
able to highlight the following: detec-
tion of specific objects in images, which
can be useful for identifying specific
landscape features or structures in dig-
ital images; improving image quality by
removing noise, improving contrast, or
restoring lost details; rapid creation of
orthophotomaps and 3D models based
on point clouds; classification of imag-
es based on their content for automatic
determination of the type of terrain or
identification of specific objects; se-
mantic segmentation of images, which
allows you to determine which type
each pixel of the image belongs to.

Conclusions

The integration of artificial intelli-
gence into photogrammetric technol-
ogies opens up new opportunities for
increasing the efficiency and accuracy
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of digital data processing. The use of
neural networks allows you to automate
key stages of the process that previous-
ly required significant human resourc-
es, and also significantly improves the
accuracy of object detection in images.
This has a positive effect on the quality
of final geospatial products, such as or-
thophotomaps and 3D models. Artificial
intelligence provides the ability to ana-
lyze large volumes of data, classify ob-
jects and correct geometric distortions,
which increases the overall efficiency
of photogrammetric production. At the
same time, to achieve high results, it is
necessary to ensure sufficient volumes
of high-quality data and the correct ar-
chitecture of machine learning models.

Despite significant achievements, it
should be noted that the integration of
artificial intelligence into photogram-
metric data processing is still at the
stage of active development and re-
quires improvement.
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AHOomayia. Y cmammi posenadaemeca 6naue anzopummie Helipomeper: wWmy4yHO20
iHmenekmy Ha npoyec omozpaMmMempuyHo20 ONPAUtOBAHHA Yugposux 3HiMKie ma
hOPMYBAHHA WiIbHUX XMAP MOYOK.

3a3HavyeHo, W0 iHMe2payia an20pUMMI8 MAWUHHO20 HOBYAHHA, 30Kpema 2auboKoz2o
HaBYaHHA, 00380/1A€ ABMOMAMU3Y8AMU KAKYO8i eManu onpayro8aHHA, nidsuwumu moyHicme
Knacughikauii 06’ekmis, onmumizysamu 2eomMmempuyHy KOpeKyito 306paxceHs ma nokpauumu
AKICMb KiHUesux 2e0rnpocmoposux npooykmis y suenadi opmogomonaaHa micyesocmi.

OnucaHo OCHOBHIi emanu gomozpammempu4Ho20 fpoyecy: 8i0 36opy NepeuHHUX OaHUX
0o ¢opmysaHHA opmogomonaaHie ma mpusumipHux mooeneli Mmicyesocmi. Ocobausa
yeaea npudinaemocs poni Helipomepexi y NOKPAWEHHI WinbHOCMIi XMapu MOYOoK 30 PaxXyHOK
npasusbHoOI iHMeprnpemauii mo4oK Ha YU posux 3HIMKaX, Kaacugikayii 06’ekmie ma 3meHweHHi
8rausy M00CbKO20 hakmopa.

BU3HaYeHO 8UKAUKU, M08’A3aHI 3 mompeboto y 8enuKux 06cA2ax AKICHUX HABYAIbHUX OGHUX.
O6rpyHmMoB8aHo nepcnekmMusHicmes 3acmoCy8aHHA Helpomepexr: Wmy4Ho20 [Hmesaekmy y
gomozpammempii ma HeobxiOHicmb MoAaAbWUX O0CAIOHEHD Y UbOMY HAMPAMKY.

Knarouosi cnosa: Helipomepexca, wmy4yHUll iHmMenekm, omozpammempis, MaAWUHHe
HABYAHHSA, XMapa MoYoK, opmogomonnaH, 3D-modens, yugposuli 3HIMOK.
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Abstract. The regulatory and legal principles of designing water protection zones and
their role in protecting the natural environment, determined the boundaries of coastal
protection strips and the influence of relief on the size of restriction zones is analyzed.
The territory of the Kamianopotokivska territorial community in the Kremenchuk district
of the Poltava region is studied. The water bodies of the study area were classified, and
the normative values of coastal protection strips were determined according to their
sizes in accordance with the requirements of current legislation. Based on open data
on the relief of the territory, slopes were calculated and doubling of coastal protection
strips within slopes exceeding 3 degrees was provided.

A geospatial dynamic model for designing coastal protection strips of water
protection zones, taking into account legislative norms and relief, and their impact on
types of activities, has been developed. The model was created and tested using the
Model Builder software module in ArcGIS Pro.

As a result of the study, the model was applied to the collected input data and
coastal protection strips of water protection zones were designed within the studied
area. The territories were identified and analyzed, the ownership rights of which are
encumbered in accordance with the designed water protection zones. This model is
dynamic and suitable for use for production purposes at the local level (within territorial
communities).

Keywords: water protection zone; coastal protection strip; territorial community;
water bodies; design of water protection zones; GIS technologies; geographic
information systems.
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Relevance

Conservation and rational use of
water resources is the key to the sus-
tainable development of any territory.
In the context of the growing impact
of climate change, active land use and
urban expansion (urbanization), the de-
sign of water protection zones based on
the provision of coastal protection strips
(CPS) is becoming critically important.
These strips (CPS) act as natural filters,
effectively counteract soil erosion, and,
accordingly, significantly improve wa-
ter quality.

To ensure spatial planning and make
the right management decisions regard-
ing the design of water protection areas,
geographic information systems (GIS)
are an indispensable tool. They allow
taking into account multi-criteria fea-
tures.

In particular, the Kamianopotokivs-
ka territorial community in the Poltava
region has significant natural wealth
and an extensive network of water bod-
ies. This requires the implementation
of special, well-thought-out measures
to protect its coastal zones. Only taking
into account local features — such as to-
pography, hydrological conditions, and
the current land use structure — will al-
low building a realistic and ecological-
ly balanced model for designing water
protection zones using GIS tools.

Analysis of recent research and
publications

The main ecological purpose of CPS
is to protect water bodies from pollution
and minimize the negative impact of
economic activity. Scientific studies, in
particular the work of American scien-
tists (M.G. Dosskey et al.), confirm that
the vegetation cover along water bodies

significantly reduces the concentration
of chemical pollutants coming from
the sloping areas. This process occurs
due to natural filtration: plants retain
harmful substances, decompose organ-
ic compounds, and, importantly, slow
down surface runoff, ensuring better
water penetration into the soil. In addi-
tion, buffer vegetation effectively acts
as a barrier for heavy metals and patho-
genic microorganisms, delaying them
on their way to the river bed [1].

CPS are of particular importance for
reducing the nitrogen content in water,
which is critically important for pre-
venting eutrophication of water bodies
(excessive enrichment with nutrients).
A meta-analysis (P.M. Mayer et al.)
showed that buffer strips can retain up
to 85% of nitrates originating from ag-
ricultural lands. Given the widespread
excessive application of nitrogen-con-
taining fertilizers in Ukraine, the func-
tion of CPS to stabilize the ecological
state of rivers becomes vital [2].

Along with the water protection
function, CPS performs an important
anti-erosion role. Dense vegetation re-
liably strengthens the shoreline, which
leads to a decrease in landslides, soil
erosion, and siltation of riverbeds. Stud-
ies (Osborne Ta Kovacic) emphasize that
coastal vegetation slows down water
flows, thereby reducing hydrodynamic
pressure on the banks. This prevents the
destruction of the shoreline even during
floods, which makes this function a pri-
ority in flood-prone regions [3].

In addition, CPS is a key element in
the preservation of biodiversity. They
serve as habitats for many species of
birds, amphibians, fish and insects, as
confirmed by the conclusions of the Eu-
ropean Environment Agency. Coastal
protection strips also serve the role of
ecological corridors, ensuring the mi-
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gration of animals and maintaining the
genetic diversity of populations. In the
context of the fragmentation of natural
environments caused by intensive land
use, these strips remain the only con-
necting link between isolated natural
areas [4].

Coastal protection strips also have
significant social significance: they are
recreation areas (rest), improve the mi-
croclimate in settlements, reduce noise
levels, absorb dust, and improve the qual-
ity of life in general. As the EPA report
notes, coastal protection strips provide
important ecosystem services for com-
munities and contribute to the populariza-
tion of environmental education [5].

For the full realization of the eco-
logical potential of coastal protec-
tion strips, their spatial continuity and
proper legal regulation are necessary.
Although Ukrainian legislation estab-
lishes requirements (for example, a ban
on plowing land, using chemicals, and
erecting buildings), violations often oc-
cur in practice. This not only reduces the
effectiveness of water body protection,
but also creates environmental threats.
The existing control system requires
modernization, expansion of the powers
of local environmental inspections, and
the introduction of public monitoring.

A feasible step is the introduction
of a single state standard for environ-
mental assessment of the WPA, which
would integrate European experience.
Protective strips should be integrated
into river basin management plans, in
accordance with the European Green
Infrastructure policy. Success requires
coordination at the level of interagency
cooperation and increased control by
state environmental structures. Equally
important is the participation of public
organizations in initiating environmen-
tal measures, conducting information

campaigns, and monitoring compliance
with requirements.

The effectiveness of water protection
zones depends on the quality of spatial
planning, legal control, and community
involvement in the protection of water
resources. Butenko, E., Vovna, M., &
Prykhodko, M. Define spatial planning
as an effective tool for managing land
resources in territorial communities [8].
Modern environmental policy should
be based on the integration of scientif-
ic data, legal mechanisms, and interna-
tional experience.

The purpose of this study: the geo-
spatially modelling of coastal protection
strips of water protection zones of the
territory based on GIS technologies.

Materials and methods
of scientific research

This work was developed in accor-
dance with regulatory legal acts, norms
and rules on land valuation: the Land
Code of Ukraine, the Water Code of
Ukraine, Resolution of the Cabinet of
Ministers of Ukraine dated May 8, 1996
No. 486, the Law of Ukraine “On En-
vironmental Protection” dated June 25,
1991 No. 1264-XII, the Law of Ukraine
“On Regulation of Urban Development
Activities” dated February 17,2011 No.
3038-VI. Open-access data, information
from the State Land Cadastre, Google
Hybrid, OpenStreet Map, and SRTM
were also used in the development.
Among the methods used were analyt-
ical methods, cartographic geoinforma-
tion, graphic, and statistical.

Research results and their
discussion

The object of the research is the ter-
ritory of the Kamianopotokiv territo-
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rial community of the Poltava region.
According to Article 58 of the Land
Code of Ukraine, "to create a favorable
regime along the seas, around lakes,
reservoirs and other water bodies, wa-
ter protection zones are established, the
boundaries of which are indicated in
land management documentation, urban
planning documentation at the local and
regional levels. Information about the
boundaries of water protection zones
is entered into the State Land Cadas-
tre. The procedure for determining the
size and boundaries of water protection
zones and the regime for conducting
economic activities in such zones are
established by the Cabinet of Ministers
of Ukraine."

Water protection zones include CPS
as well as additional territories on which
restrictions also apply, but are less strin-
gent. Within the boundaries of water
protection zones, lands of coastal pro-
tection strips and diversion strips with a
special regime for their use are allocat-
ed. The procedure for determining the
size and boundaries of water protection
zones and the regime of economic ac-
tivity in them was approved by the Res-
olution of the Cabinet of Ministers of
Ukraine of May 8, 1996, No. 486.

According to the above Resolution,
"the internal boundary of the water pro-
tection zone coincides with the mini-
mum water level in the water body",
and "the external boundary of the water
protection zone, as a rule, is tied to the
existing contours of agricultural lands,
roads, forest belts, floodplain bound-
aries, floodplain terraces, slope edges,
beams and ravines and is determined by
the line furthest from the water body:
flooding at the maximum flood (flood)
water level, which is repeated once in
ten years; bank erosion, meandering;
temporary and permanent flooding of

lands; erosion activity; coastal slopes
and severely eroded lands". That is, to
accurately determine the outer boundar-
ies of water protection zones, periodic
studies of changes in the shorelines of
water bodies are required.

In most cases, water protection zones
coincide with coastal protection strips;
that is, they are minimized. Within the
coastal protection strips (CPS), a num-
ber of strict rules have been established
that restrict economic activity. Infor-
mation about the boundaries of coast-
al protection strips and beach zones is
entered into the State Land Cadastre as
information on restrictions on land use.
The legislation prohibits:

* plowing land (with the exception
of areas used for haymaking or grazing
livestock);

* storage and application of agro-
chemicals, including mineral fertilizers
and pesticides;

* construction of capital structures
(residential, industrial, or other) that
may potentially threaten the aquatic en-
vironment;

* arrangement of landfills and place-
ment of warehouses with toxic sub-
stances;

* mining;

* organization of parking lots and car
washes.

The legal mechanism for regulating
the CPS is strengthened by the provi-
sions of the Law of Ukraine "On Envi-
ronmental Protection". This Law em-
phasizes that the preservation of water
resources is a priority task of the state's
environmental policy.

It establishes that any activity relat-
ed to the use of natural resources must
comply with the principles of sustain-
able development and strictly comply
with environmental requirements. The
Law obliges all business entities (re-
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gardless of the form of ownership) to
comply with environmental standards,
emphasizing the priority of environ-
mental protection interests over purely
economic expediency. Thus, the envi-
ronmental component is decisive in the
formation and provision of the legal re-
gime for the use of coastal territories.

An important role in the legal sys-
tem is played by the Law of Ukraine
"On regulation of urban planning activ-
ities". It obliges to take into account the
CPS when developing master plans for
settlements and other urban planning
documentation. This requirement en-
sures the integration of environmental
restrictions directly into the processes
of spatial planning and development of
territories. Establishing requirements
for coastal protection at this level allows
for effective avoidance of violations at
the stage of construction project imple-
mentation.

One of the key regulatory documents
that determines the parameters of coast-
al protection zones (CPS) is the Reso-
lution of the Cabinet of Ministers of
Ukraine No. 486 of May 8, 1996. This
document establishes the Procedure for
determining the size and boundaries of
water protection zones and the manage-
ment regime in them.

The width of the CPS depends on the
category of water body:

» for large rivers, it must be at least
100 meters;

* for medium-sized rivers - 50 me-
ters;

« for small rivers, streams, and ponds
- 25 meters.

Within settlements, these minimum
indicators can be reduced, but not lower
than the limit established by law. When
developing project documentation, hy-
drological characteristics, terrain relief,
the current type of land use, and envi-

ronmental load are necessarily taken
into account. However, in practice, the
lack of a clear procedure for drawing
the boundaries of CPS in nature (on the
terrain) creates significant difficulties in
their implementation.

The process of establishing water
protection zones and water protec-
tion zones is implemented through the
preparation of land management docu-
mentation. Currently, Ukrainian legisla-
tion does not provide for the creation of
a separate, specialized document solely
for fixing these boundaries. In fact, the
boundaries of CPS and WPZ are deter-
mined as an integral part of:

* documentation on the development
of the territory;

* technical materials on the estab-
lishment of restrictions on land use;

¢ land management projects that di-
rectly relate to the formation of water
protection zones.

According to Article 26 of the Law
of Ukraine “On Land Management”,
any restrictions on land use must be in-
troduced on the basis of technical doc-
umentation, which includes scientific
justification, spatial schemes, plans, and
a detailed description of the territory use
regime.

The State Standard OSU SCLR
00032632-005:2009 “Land Manage-
ment. Land Management Projects for
the Creation of Water Protection Zones.
Development Rules” serves as an im-
portant methodological source for land
managers. It provides a structured ap-
proach to collecting initial information,
analyzing the ecological state, the na-
ture of the riverbed, coastal vegetation,
and existing infrastructure. The stan-
dard also defines the stages of coordi-
nation of documentation with executive
authorities, local communities, and state
cadastral authorities.
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The implementation of these re-
quirements is clearly illustrated by the
practice of developing community mas-
ter plans. Here, CPS are necessarily
considered as zones with a special land
use regime. Their spatial representation
is critically important for the formation
of functional zoning plans for the terri-
tory, which meets the requirements of
the State Building Standards of Ukraine
State Building Codes B.2.2-12:2019
"Planning and Development of Territo-
ries".

A modern and effective solution is
the use of geographic information sys-
tems (GIS) for modeling and designing
the boundaries of water protection zones
and coastal protection strips. GIS al-
lows you to automate the consideration
of natural conditions (relief, catchment,
surface runoff) and quickly analyze the
compliance of design solutions with the
real situation. Thanks to remote sensing
data and geospatial databases, it has be-
come possible to create high-precision
interactive CPS maps.

At the first stage of geospatial model-
ing, water bodies are classified by type:
polygonal and linear, and standards for
designing coastal protection strips are
determined. After the construction of
buffer coastal protection zones, their
unification is envisaged. At the second
stage, the relief was used, slopes were
constructed, and slopes were classified
by steepness. For those territories that
exceeded 3 degrees, they were separat-
ed, and those territories that are includ-
ed in the coastal protection zones and
have slopes that exceed the permissible
values were determined. Such territo-
ries are doubled and combined with
those territories that are defined by the
limit norms of the current legislation
at the first stage to avoid duplication of
the areas of restrictions. Thus, the final

completed model takes the form, Fig. 1.

In Fig. 1, blue circles indicate the
input files, namely the vector format of
data on the boundaries of water bodies
and a raster image of the relief. Yellow
rectangles are the applied tools, in par-
ticular, data selection, buffer creation,
intersection, extraction, reclassification,
data extract, raster model to vector con-
version, and union. Green circles that
come out of the yellow rectangles are
intermediate files, the result of each re-
sult. For example, the resulting image of
this model is a vector format file called
Output Feature Class.

The result of executing the GIS geo-
spatial model using ArcGIS Pro made it
possible to design the territories of the
coastal protection strips of the Kami-
anopotokivska community, Fig. 2.

The total area of the territory in-
cluded in the coastal protection zone
is a significant 3706.01 hectares. The
analysis revealed that a significant part
of this territory is not typical for zones
that should be directly adjacent to wa-
ter bodies. In particular, 204 agricultur-
al land plots were identified within the
coastal protection zone, the total area of
which exceeds 47 hectares.

This fact is of concern, since for such
plots located in the coastal protection
zone, the legislation establishes strict
restrictions. According to Article 61 of
the Land Code of Ukraine, in the coastal
protection zone of rivers and water bod-
ies, it is strictly prohibited:

* plowing of land;

o application of mineral fertilizers
and pesticides;

* creation of dumps;

e carrying out any other activity that
may cause water pollution.

The following categories of land fell
within the boundaries of the coastal pro-
tection strips of water protection zones:
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Fig. 2 The border of the Kamianopotokivska community with the designed

coastal protection strips of water protection zones

Table 1. Distribution of land within the coastal protection zones of water
protection zones by category

Ne Category Number of land Area,
parcels hectares
1 Water fund lands 2 0,51
2 Residential and public development land 10 0,49
3 Lands of forestry purpose 74 3564,86
4 Lands of agricultural purpose 204 47,02
5 Land of industry, transport, communications, energy, 10 91,10
defense, and other purposes
6 Lands of recreational purpose 3 2,03
total 3706,01

forestry lands (3564.86 ha), water fund
lands (0.51 ha), and recreational lands
(2.03 ha). In accordance with Articles
60 and 63 of the Land Code of Ukraine,
these lands are either already part of the
natural protection belt or perform the
function of supporting the hydrological
and ecological balance. Their inclusion
in the CPS not only does not contradict

the protection regime, but also enhances
the environmental efficiency of the ter-
ritory. For example, forest plantations
stabilize soils, prevent erosion, and ab-
sorb part of the surface runoff. The wa-
ter fund is naturally an element of the
CPS, and recreational lands, as a rule,
have minimal technogenic impact and
contribute to the formation of an eco-
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logical culture. At the same time, more
than 91 hectares of land classified as
industrial, transport, communications,
energy, defense, and other purposes
were identified in the CPS. According
to Articles 60 and 61 of the Land Code
of Ukraine, it is strictly prohibited to
place facilities in these territories that
may negatively affect the state of the
water environment, including ware-
houses, gas stations, and storage facili-
ties for harmful substances. All existing
engineering structures must be operated
only under strict compliance with envi-
ronmental standards, with all protective
measures and constant monitoring. Fail-
ure to comply with these requirements
creates a risk of pollution of surface and
groundwater, which is especially dan-
gerous in densely populated regions.
Ten residential and public develop-
ment sites with a total area of 0.49 hect-
ares have also been recorded within the
protective strip. Article 61 of the Land
Code of Ukraine prohibits the construc-
tion of capital structures in the CPS,
except for hydraulic engineering and
facilities specially provided for by law.
It is also forbidden to arrange cesspools,
septic tanks, and sewage systems with-
out proper treatment. These restrictions
are aimed at protecting water bodies
from pollution and preserving the nat-
ural drainage balance. The presence of
even small areas of development within
the boundaries of the CPS creates po-
tential environmental threats [6].
Article 88 of the Water Code of
Ukraine and Article 60 of the Land
Code of Ukraine clearly regulate that
the boundaries of coastal protection
strips for all water bodies without ex-
ception must be established on the basis
of individual land management projects
[7]. Within settlements, these projects
must take into account the requirements

of urban planning documentation. Ac-
cording to the explanations, existing fa-
cilities already located in the CPS may
continue to be operated if they do not
violate the established regime. Howev-
er, such facilities are subject to all re-
strictions, including the prohibition of
any new construction on the relevant
land plots. These restrictions are effec-
tive from the moment the relevant regu-
latory legal acts enter into force (Article
111 of the Land Code of Ukraine).
Based on the results of the study,
a student research paper was written,
which took 3rd place in the 1st round
of the All-Ukrainian competition of
student research papers in the specialty
"Geodesy and Land Management".

Conclusions and prospects

The results of spatial analysis re-
vealed both areas registered in the State
Land Cadastre (SLC) that comply with
the environmental protection regime,
and a significant amount of land that
falls under the restrictions established
by the Land Code of Ukraine. Namely,
over 91 hectares of land classified as
industrial, transport, communications,
energy, defense, and other purposes,
and ten areas of residential and public
development, the total area of which
was 0.49 hectares. This confirms the
critical need to use GIS technologies in
planning the development of territories
to ensure compliance with environmen-
tal requirements when forming land use
boundaries. The designed CPS model of
water protection zones not only iden-
tified conflict areas, but also outlined
opportunities for further spatial plan-
ning in accordance with environmental
standards. This geospatial model can
be supplemented with multiple studies
of changes in the shorelines of water
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bodies to accurately determine the outer
boundaries of water protection zones or
dynamically update them according to
an established algorithm.
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AHomayis. [poaHas1i308aHO HOPMAMUBHO-NPABOBI3aCAOU TPOEKMYBAHHA B0O00XOPOHHUX30H
ma ix posib 0719 OXOPOHU MPUPOOHO20 cepedosuULYd, BUSHAYEHHS MeX. MPUGepedtHO-3aXUCHUX CMy2
ma enaus peavbedy Ha Po3mMipu 30H obmexceHs. [JocnidreHo mepumopito Kam'aHomomokiecbKoi

MposedeHo

Kaacugikayito 800HUX 06’ekmie mepumopii 00CniOHeHHs, 8U3HAYEHO HOPMAMUBHI 3HAYEeHHs
npubepexHo-3axXUCcHUX cmye 8i0nogidHo 00 ix po3mipie 32i0HO 8UMO2 YUHHO20 3aKoHoOa8cmaa. Ha
OCHOB8I 8iOKpUMUX OGHUX PO penbed mepumopii 30ilicHeHO po3pPaxyHOK cxusie ma nepedbavyeHo
M00BOEHHA NPUbEPEHHO-3aXUCHUX CMY2 8 MeX(ax cxusie noHao 3 epadycu.
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Po3pobrieHo zeoripocmoposy OUHAMIYHY MOOesnb MPOEKMYBAHHA MpPUbepextHo-3aXUCHUX
cMye 80000XOPOHHUX 30H 3 YPAxXy8aAHHAM 30KOHOOABYUX HOPM MaA pesnbegpy ma ix 8naue Ha udu
dianeHocmi. Modenb cmeopeHo ma anpobosaHo 3a 00MOMO20K NPoepamHoz2o modyas Model
Builder 8 ArcGlIS Pro.

AK pe3ynbmam 0ocnidreHHs, 3aCmocosaHo Molenb 00 3ibpaHux exiOHuUx OaHux ma
30MPOEKMOBAHO MPUbEpPeIHO-3aXUCHi CMy2U B8000OXOPOHHUX 30H 8 Meuax 00Cni0Hy8aHOI
mepumopii. Bu3HayeHo mepumopii ma nposedeHO iX QHANI3, MPABO e1ACHOCMI HaA AKi
o0bmsxcytomecs 8i0rnogidHo 00 3aNPOEKMOBAHUX B80000XOPOHHUX 30H. [JaHa moodensb €
OUHAMIiYHOW Mma nPUAaMHoO 00 30CMOCYBAHHA Yy BUPOBHUYUX YinAaX HA 0KAA6HOMY pieHi (8
MeH(ax mepumopianbHUX 2pomao).

Kniouoei cnosa: 680000XOpOHHA 30HQ; MPUBEPEHCHO-3aXUCHA CMyaa; mepumopiansbHa
2pomada; 800HI 06’ekmu; MPOEKMYBAHHA 80000XOPOHHUX 30H, [1C mexHosnoeaii; 2eciHghopmayiliHi
cucmemu.
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