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The radioecological situation in territories contaminated due to the Chornobyl Nuclear Power Plant accident
remains challenging, particularly in the Zhytomyr, Kyiv, and Rivne regions, where certain products continue to
exhibit elevated levels of radionuclide content. Contemporary challenges — such as the full-scale war, which has
led to the loss of productive lands in southern and eastern Ukraine, and climate change, manifested through rising
temperatures, altered precipitation patterns, and intensified erosion processes — underscore the urgent need to
fully reintegrate radioactively contaminated territories into agricultural production to ensure the country’s food
security. The objective of this study is to develop theoretically grounded and practically feasible recommendations
for optimizing land use in radioactively contaminated areas of Ukrainian Polissia, based on an adaptive-landscape
farming system and a scenario-based approach to agricultural activities, taking into account current ecological,
climatic, and socio-economic challenges. The study employed methods of scenario modeling, multi-criteria
analysis, spatial modeling, expert ranking, systems analysis, and geospatial modeling. Five model scenarios
for agricultural activities were developed: “Current Practice” (crop-based), “Dairy Farming” (crop-livestock),
“Bioenergy” (livestock-crop), “Beef Farming,” and “Intensive Beef Farming” (livestock-based), considering the level
of 137Cs contamination, soil types, climate change, war-related impacts, and the requirements of the European
Green Deal. Comparative analysis based on criteria of economic efficiency, ecological safety, social acceptability,
adaptability to climate change, and compliance with international standards demonstrated the highest effectiveness
of the adaptive-landscape farming system for Polissia conditions. The proposed classification of lands by the
level of radioactive contamination enables a differentiated approach to their use, ranging from cultivation of all
regionally adapted crops to afforestation and phytoremediation. The integration of scenarios with the adaptive-
landscape system reduces radionuclide accumulation in products by 2-3 times through the selection of crops
and crop rotations, restores the fertility of sod-podzolic soils, and enhances economic profitability. The study’s
findings can be utilized to develop national strategies for reintegrating contaminated lands into agricultural
production, establishing incentive mechanisms, and ensuring Ukraine’s food security.

Keywords: radioecological safety, adaptive-landscape system, agricultural production scenarios, climate
change, war-related impacts, bioenergy, crop rotations, phytoremediation, soil fertility.

INTRODUCTION

Despite the reduction in the area of radionuc-
lide-contaminated lands in the decades following
the Chornobyl Nuclear Power Plant accident,
the radioecological situation remains complex,
particularly in the Zhytomyr, Kyiv, and Rivne
regions, where certain products (milk, mush-
rooms, berries) continue to exhibit elevated levels
of radionuclide content [1; 2]. Contemporary chal-
lenges, such as the full-scale war that has resulted
in the loss of productive lands in southern and
eastern Ukraine, underscore the urgent need to
fully reintegrate radioactively contaminated ter-
ritories into agricultural production to ensure the

country’s food security [3; 4]. Concurrently, climate
change, manifested through rising temperatures,
altered precipitation patterns, and intensified ero-
sion processes, presents both new opportunities
and risks for agriculture in Polissia [5].

Global experience in managing degraded
lands demonstrates a variety of approaches. In
the United States, EPA standards are applied
to balance economic, social, and environmental
objectives [6; 7], while Japan utilizes GIS tech-
nologies to model radionuclide migration [2]. In
Europe, emphasis is placed on phytoremediation
and adaptive farming practices [8]. In Ukraine,
studies substantiate the effectiveness of adaptive-
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landscape systems and agricultural production
scenarios in reducing radioecological risks and
enhancing soil productivity [9-13]. However, a
comprehensive approach that integrates radioeco-
logical, climatic, war-related, and socioeconomic
factors remains underdeveloped. The lack of up-
to-date monitoring data, outdated methods for
assessing contamination, and limited coordina-
tion among institutions hinder the rational use
of Polissia’s lands.

The objective of this study is to develop
theoretically grounded and practically feasible
recommendations for optimizing the land use
system of radioactively contaminated territo-
ries in Ukrainian Polissia, based on an adaptive-
landscape farming system and a scenario-based
approach to agricultural activities, taking into
account contemporary ecological, climatic, and
socio-economic challenges.

REVIEW OF RECENT RESEARCH
AND PUBLICATIONS

The issue of managing radioactively con-
taminated lands in Ukrainian Polissia is a sub-
ject of active investigation within the context of
restoring their agricultural production potential.
Global research offers various approaches to the
rehabilitation of degraded territories. For instance,
in the United States, recommendations have been
developed that emphasize balancing economic,
social, and environmental factors in land use plan-
ning [6—7]. Japan employs GIS technologies and
radionuclide transfer models to assess risks and
adapt agricultural production [2], while in Chile,
geospatial systems are used to classify lands based
on their suitability for use [14]. In Italy, models
such as Dyna-CLUE are applied to forecast land
use changes with a focus on phytoremediation
[8], whereas strategies in China and Brazil are
grounded in risk assessment and socio-economic
contexts [15—17].

In Ukraine, significant contributions have
been made by researchers from the Institute of
Agroecology and Environmental Management,
who substantiate the economic and energy ef-
ficiency of adaptive-landscape systems and ag-
ricultural production scenarios for radioactively
contaminated lands in Polissia [9-13; 18—19]. These
studies demonstrate that the appropriate selection
of crops and crop rotations can reduce radio-
nuclide accumulation in products by 2—3 times.
S. O. Galaburda and others highlight the neces-
sity of adapting to climate change, which affects
the region’s agroclimatic potential, particularly
through rising temperatures and altered pre-
cipitation patterns [5]. The impact of military
actions on soil degradation has been examined
by numerous researchers [20; 21], emphasizing
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the long-term consequences for land produc-
tivity.

International standards, particularly the
principles of the European Green Deal (EGD)
and the UN Food Systems Summit, underscore
the importance of resource-efficient technolo-
gies, circular economy practices, and bioenergy
for sustainable development [22]. However, there
is a lack of comprehensive studies that integrate
radioecological, climatic, war-related, and socio-
economic factors to develop adaptive land use
scenarios for Polissia conditions, highlighting the
relevance of this research.

MATERIALS AND METHODS

The study was conducted using a compre-
hensive approach that integrated theoretical and
applied analytical methods. To optimize model
scenarios for agricultural production, the scenario
modeling method was employed, taking into ac-
count key modifying factors. Five model scenarios
with different specializations were developed
based on the adaptive-landscape farming system
[23] and studies [9-13; 18].

To compare pathways for optimizing land
use, a multi-criteria analysis was conducted based
on the following key criteria: economic efficiency,
ecological safety, social acceptability, adaptability
to climate change, and compliance with interna-
tional standards. The evaluation was performed
using the expert ranking method with a scoring
scale.

The optimization of the land use structure
was based on spatial analysis with the classi-
fication of lands according to the level of *Cs
contamination. The integration of agricultural
production scenarios with the adaptive-landscape
system was achieved through geospatial modeling,
considering the agrochemical properties of soils
and the radioecological characteristics of the ter-
ritories.

Data sources included scientific publications,
reports from governmental organizations, ra-
dioecological monitoring data, and results from
the authors’ own research, as well as studies
conducted by the Institute of Agriculture of Po-
lissia of the NAAS. Methods of systems analysis,
abstract-logical reasoning, and monographic ap-
proaches were used to provide theoretical justi-
fication for the results.

RESULTS AND DISCUSSION

The studies [9-13; 18—19; 23] facilitated the
development of a comprehensive system for op-
timizing land use in radioactively contaminated
territories of Ukrainian Polissia, integrating an
adaptive-landscape farming system with a sce-
nario-based approach to agricultural produc-
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tion. The primary focus was on four key aspects:
optimization of model agricultural production
scenarios, comparison of land use optimization
pathways, classification of lands based on conta-
mination levels, and integration of scenarios with
the land use structure. Five model scenarios for
agricultural production were developed, tailored
to key modifying factors: the level of radioactive
contamination, soil types, climate change, war-
related impacts, and the requirements of the
European Green Deal (EGD) (Table 1). The sce-
narios include: No. 1 “Current Practice” (crop-
based), No. 2 “Dairy Farming” (crop-livestock),
No. 3 “Bioenergy” (livestock-crop), No. 4 “Beef
Farming” (livestock-based), and No. 5 “Intensive
Beef Farming.”

Scenarios No. 1 and No. 2 are the most re-
source-efficient and suitable for the conditions
of limited resources during wartime, while sce-
narios No. 3-5, particularly the bioenergy sce-
nario, show potential for long-term development

with sufficient investment, contributing to energy
independence and ecological sustainability [9—-13].
The optimization of scenarios accounts for the
balance between humification and mineralization
of organic matter, which is critical for restoring
soil fertility. Traditional scenarios involve the ap-
plication of 10 t/ha of organic fertilizers and 150—
200 kg/ha of mineral fertilizers, whereas alter-
native scenarios utilize green manures and by-
products at a ratio of 1 t of organic matter to 15
kg of active ingredient mineral fertilizers.
Comparison of land use optimization path-
ways based on key criteria (Fig. 1) demonstrated
that the adaptive-landscape farming system is the
most effective for Polissia. This system accounts
for the agrochemical properties of soils, climate
change, and the consequences of military actions,
enabling a 2—3-fold reduction in radionuclide ac-
cumulation in products through the selection of
crops (winter cereals instead of spring cereals,
alfalfa instead of clover) and crop rotations [9].

Table 1

Optimization of model scenarios for agricultural production
in radioactively contaminated territories of Ukrainian Polissia based on key modifying factors

Impact of Adaptation of Prospects for Challenges of Socio-Economic

Scenario ,mp Agricultural pects o) Erosion and Soil | and Innovative

Climate Change P . Crop Cultivation . .
ractices Degradation Solutions
Introduction Winter wheat

Scenario of climate- otatoes. Preservation Limited use
No. 1 resilient crops | Minimal tillage, p ’ of soil structure,| of innovations

« : - soybean, . . .

Current (soybean, no-till practices reduction due to financial
P sunflower, . ]
Practice sunflower, of erosion constraints
buckwheat
buckwheat)

S . Introduction Tradlthnal Increased
cenario of climate- organo-mineral Use of local roductivit
No. 2 - fertilization Maize, oats, feed at the prog J
€y resilient crops . f S of dairy cows,
Dairy . system lupine, triticale initial stages

F < (maize, oats, : need for

arming . p (manure + of fattening :
lupine, triticale) investment
NPK)
Introduction . . .
Scenario of bioenergy Mlnlmal ‘glllage, . . Preservation of Use of biogas
precision Maize for silage,| soil structure,
No. 3 crops . . : plants, the need
“Bioenergy” (miscanthus agriculture bioenergy crops |  reduction of for investment
willow) ’ system erosion
Introduction Waste

S . of climate- Organo-mineral Wi h Preservation :
cenario resilient crops fertilization inter wheat, | ¢ i1 structure Processing
No. 4 int heat t maize, potatoes, ducti | for bioenergy,

“Livestock 1”7 (winter wheat, | system, lupine recuction need
maize, potatoes, | minimal tillage of erosion for i t t
lupine) or investmen
Introduction
Scenario of climate- £ Or{gam.c Winter wheat, fPrgservatlon Use of biogas
resilient crops ertilization : of soil structure,
No. 5 - maize, potatoes, . plants, need
“r » | (winter wheat, system, reduction .
Livestock 2 . L . sunflower . for investment
maize, potatoes, | minimal tillage of erosion
sunflower)

Source: adapted by the authors based on [9-13].
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Fig. 1. Comparison of land use optimization pathways in Ukrainian Polissia based on key criteria

Source: constructed by the authors.

Sod-podzolic soils exhibit a higher restorative
potential compared to chernozems, facilitating
faster reintegration of lands into agricultural use
with the application of organic and mineral fertil-
izers at the specified rates [12—13]. The adoption
of water-saving technologies (No-Till, Strip-Till,
and drip irrigation) enables adaptation to intensi-
fied erosion processes caused by climate change
and military activities. The bioenergy scenario
(No. 3) proved promising for lands with moderate
contamination, as the cultivation of energy crops

<185 185-370 370 — 555 =555
kBg/m? (@) kBg/m?(2) kBag/m?(3) kBg/m?(4)

(maize, rapeseed) reduces radioecological risks and
enhances economic profitability [9; 24]. Overall,
combined approaches were found to be the most
effective across all selected criteria.

The optimization of the land use structure is
based on the adaptive-landscape farming system,
which classifies lands according to the level of
I37Cs contamination (Fig. 2): <37 kBq/m? — un-
restricted use for all regionally adapted crops;
185-370 kBq/m? — restrictions on the cultiva-
tion of certain crops (e.g., lupine, table potatoes);

Soils

Sod-podzolic, light gray, gray non-gleyed, gleyic, sandy and light loamy, and clayey-sandy

on sandy deposits, drained soils
Sod-podzolic, light gray, gray, located on slopes of 3-5°

Gray and light gray soils, located on slopes greater than3s®

2 B =

Sod-podzolic gleyic and strongly gleyic, sod gleyic, meadow, peat-bog

Sod-podzolic sandy and clayey-sandy on sands, poorly developed sod-podzolic underlain by
massive crystalline rocks

Hidden sod-podzolic, poorly developed sod-podzolic, highly stony

=

— used similarly to uncontaminated lands;

used similarly to uncontaminated lands, except for certain crops (e.g., yellow lupine) and large quantities of wild mushrooms (in forest ecosystems);

— leguminous crops are sown only for the initial stage of animal fattening;

— in grass mixtures, the proportion ofleguminous grasses is <10%, and pastures require surface improvement;

— hayfields undergo surface or radical improvement depending on the soil type (mineral or organogenic);

— leguminous crops are sown for green manure, potatoes are used for technical purposes. flax is grown for seeds, and restrictions apply to certain
mushroomsin forests;

— leguminous grasses are grown only for seeds, and pastures requireradical improvement;

— on mineral soils, pastures require radical improvement; on organogenic soils, grasses are used for the initial stage of fattening;

withdrawn from cultivation or other use, followed by the cultivation of perennial grasses for seeds;

— prohibitionon using forest products, especially food products (mushrooms, berries).

Fig. 2. Optimization of the land use structure for radioactively contaminated territories:
I — lands suitable for all regionally adapted crops; II — lands suitable for continuous cropping;
IIT — sloped lands requiring grassing; IV — lands designated for haymaking under livestock
specialization; V — lands designated for pastures under livestock specialization;
VI — lands designated for forestry purposes
Source: constructed by the authors based on [23].
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<185 185-370 370 — 555 kBq/m?
kBg/m?2 (I) kBg/m? (2) A3)

=589
kBg/m? (4)

No. 3

No. 3

No. 4-5 (with adjustments
to crop rotation and feeding
rations)

No. 1-3

No. 4-5 (with adjustments
to crop rotation and feeding
rations)

No. 2-3

- used similarly to uncontaminated lands:

- used similarly to uncontaminated lands, except for certain crops
(e.g., yellow lupine) and large quantities of wild mushrooms (in
forest ecosystems);

- leguminous crops are sown only for the initial stage of animal
fattening;

- in grass mixtures, the proportion of leguminous grasses is <10%.
and pastures require surface improvement;

- hayfields undergo surface or radical improvement depending on
the soil type (mineral or organogenic);

- leguminous crops are sown for green manure, potatoes are used
for technical purposes, flax is grown for seeds, and restrictions
apply to certain mushrooms in forests;

- leguminous grasses are grown only for seeds, and pastures
require radical improvement;

- onmineral soils, pastures require radical improvement; on
organogenic soils, grasses are used for the initial stage of
fattening;

- withdrawn from cultivation or other use, followed by the
cultivation of perennial grasses for seeds.

Fig. 3. Optimization of the land use structure for radioactively contaminated territories
based on different agricultural production scenarios:

I — lands suitable for all regionally adapted crops; II — lands suitable for continuous cropping;
IIT — sloped lands requiring grassing; IV — lands designated for haymaking under livestock
specialization; V — lands designated for pastures under livestock specialization;

VI — lands designated for forestry purposes

Source: constructed by the authors based on their own research and [9-13; 23].

370-555 kBq/m? — grain legumes used only as
green manures, with an emphasis on technical
crops; >555 kBq/m? — withdrawal from cultiva-
tion, afforestation, or phytoremediation. This sys-
tem accounts for the varying capacities of crops to
accumulate BCs. The integration of agricultural
production scenarios with this structure (Fig. 3)
ensures a differentiated approach to land use: all
scenarios are applied to lands with low contamina-
tion, crop-based and bioenergy scenarios are used
for moderately contaminated lands, and afforesta-
tion or pasture use with radical improvement is
employed for highly contaminated lands.

The proposed system delivers ecological,
economic, and social outcomes. Ecologically, it
reduces radionuclide content in products, improves
the agrophysical properties of soils, and mitigates
erosion. Economically, it enhances crop yields,
reduces reclamation costs, and ensures profit-
ability. Socially, it contributes to job creation and
improves quality of life [9; 12]. Military actions
that have caused soil degradation in Ukrainian
Polissia necessitate a focus on bioenergy and
afforestation, aligning with international sus-
tainable development standards. Future research
should prioritize enhancing monitoring techniques
(GIS, drones, Al), developing climate-adapted
crop varieties with low radionuclide accumula-

82

tion, and establishing economic incentive mecha-
nisms.

CONCLUSIONS

The conducted research facilitated the de-
velopment of five model scenarios for agricultural
production (“Current Practice,” “Dairy Farming,”
“Bioenergy,” “Beef Farming,” and “Intensive Beef
Farming”), tailored to key modifying factors:
the level of radioactive contamination, soil types,
climate change, war-related impacts, and the
requirements of the European Green Deal. Scena-
rios No. 1 and No. 2 are resource-efficient and
suitable for conditions with limited resources,
while scenarios No. 3—5 hold potential for long-
term development, particularly in bioenergy.

The comparison of land use optimization
pathways demonstrated that the adaptive-land-
scape farming system reduces radionuclide ac-
cumulation in agricultural products through the
selection of crops (winter cereals, alfalfa) and crop
rotations, while also promoting the restoration of
sod-podzolic soil fertility through the application
of organic and mineral fertilizers or the alterna-
tive use of green manures.

The optimization of the land use structure,
based on the adaptive-landscape system, involves
classifying lands according to the level of ¥Cs
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contamination. This approach mitigates radio-
ecological risks and ensures adaptation to local
conditions. The integration of agricultural pro-
duction scenarios with the adaptive-landscape
system achieves ecological (reduced radionuclide
content in products, decreased erosion, improved
agrophysical soil properties), economic (increased
crop yields, reduced reclamation costs), and social
(job creation, improved product quality) outcomes,
aligning with international sustainable develop-
ment standards.

Climate change expands opportunities for
cultivating non-traditional crops (soybean, sun-

of Ukrainian Polissia: theoretical and practical approaches

flower, maize) but exacerbates erosion, necessi-
tating the adoption of water-saving technologies
(No-Till, Strip-Till, drip irrigation). Military ac-
tions, which have caused soil degradation, high-
light the need for bioenergy crops and afforesta-
tion to restore the land.

Future research should focus on improv-
ing radioecological monitoring using modern
technologies (GIS, drones, AI), developing crop
varieties with low radionuclide accumulation,
and establishing economic incentive mechanisms
to accelerate the rehabilitation of radioactively
contaminated territories.

1.
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14.
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Padioekoao2iuHa cumyayis Ha mepumopisx, 3abpyoHeHUX yHacAi0ok asapii Ha YopHobuabcebkiil AEC, 3a-
AUUAEMBCA CKAAOHOM0, 0€06.1U80 8 JKumomupcokiil, Kuigcokiil i PiBHEeHCbKI 06.1acmsx, 0e oKpemi npooykmu
36epicaroms nidguwieHuil piseHb emicmy padioHykidie. CyuacHi 8UKAUKU — nogHoMacumabHa 6itiHa, uo
CNpUYUHUAG 8Mpamy NnpodyKMUBHUX 3eMenb Ni8OHS ma cxody YKpaiHu, ma KAIMamuy4Hi 3MiHU, IKi Nposeas-
FOMbCA 8 Ni0BUUEHHI meMnepamyp, 3SMiHI pesicumy onadig i NOCUNAEHHI epo3iTHUX NPOUeCci8 — aKmyaai3yromsb
nompe6y NO8HOUIHHO20 N0GePHEeHHS padioakmueHo 3abpyoHeHUX mepumopiii 00 azposupobHuUYymea 045 3abes-
nevyeHHs NPod080/1bHOI 6e3nexu KpaiHu. Memoro 00CAIOHCEeHHS € PO3PO6.AeHHS MeopemuuHo 06T PYHMOBAHUX
[ NPAKMUYHO peani3o8aHux peKoOMeHOaulll Woo0o ONMuMIisauyii 3eM/1eKOpUCMy8aHH s padioakmueHo 3ab6pyo-
HeHuX mepumopiil Ykpaincvbkozo Iloniccs Ha 0CHO8I adanmugHo-1aHowagdmuoi cucmemu 3emaepobcmea ma
CUEeHapHOo20 nidxody 00 a2po8upobHUHOL 0iLAbLHOCMI 3 YPAXYBAHHAM CYHACHUX €KOA02IHHUX, KALMAMUUHUX 1
COULANbHO-eKOHOMIUHUX BUKAUKIB. BUKOpUCMAHO Memoodu CUeHApHO20 MOOeA8AHHS, bazamoKkpumepiaib-
HO20 aHa/i3y, npocmopo8o2o Mo0e08AHHS, eKCNEePMHO20 PAHICYBAHHS, CUCMEMHO20 AHAI3y ma 2eonpoc-
mopo8o2o M00e/1108aHHS. Po3pobaieHO N’aimb M0OeabHUX CUeHapiie azposupobHuuoi dissibHocmi: “CyvuacHa
npakmuka” (pOCAUHHUUBbKUIL), “Mo10uHe ckomapcmeo” (pOoCAUHHUUBbKO-MBAPUHHUUbKULL), “BioeHepzemuyuHuil”
(MmeapuHHUUbKO-POCAUHHUULKULL), “M’acHe ckomapcmego” ma “IHmeHcusHe M’iICHe ckomapcmeo” (meapuH-
HUUbKI) 3 YPAXYBAHHAM pi8HS 3a6pyOHeHHA 137Cs, muny rpyHmis, KAIMamMu4HUX 3MiH, BOEHHUX HACAIOKI8 i
8UMO2 €8poneticbK020 3e/1eH020 Kypcy. IIopi8HANbHUL AHAI3 3a KPUMEepPIIMU eKOHOMIUHOL eiekmugHocmi,
exo/102i4HOol 6e3nexku, coyianbHOI npuliHamHocmi, adanmueHocmi 00 KAIMAMuUUHUX 3MiH [ 8ionogioHocmi
MIAHCHAPOOHUM CMAaHOapmam nokas3as Haeuuly egieKmugHicms adanmugHo-1aHOWapmHoi cucmemu 3em.ie-
pobcmea 04 ymos Iloaiccsi. 3anponoHo8aHa KAacu@ikayis 3emenb 3a pieHeM padioakmugHo20 3a6pyOHeHH S
dae 3mozy dugeperuyitiosaro nioxooumu 00 ix BUKOPUCMAHHSL: 810 BUPOULYBAHH S 8CIX PAIOHOBAHUX KY/1bMyp
00 3asaiceHHa ma ghimomeniopauii. IHmeepauis cueHapiig 3 a0anMu8HO-AaHOWAGMHOI0 CUCMEMOI0 3abe3neHye
SHUJMCEHHS HAKONUYEHHS padioHyKA10i8 y npodyKuily 2-3 pasu Hepes nidbip Ky 1ibmyp i Ci603MiH, 810HOB/1EHHS
podrouocmi 0epHO80-NI030AUCMUX TPYHMI8 MA NiOBUULEHHSA eKOHOMIUHOL peHmabeibHocmi. Pezysismamu doc-
NUONHCEHHSL MONCYMb 6YMU 8UKOPUCMAHI 0151 pO3pOOKU HAUIOHAALHUX cmpameziil no8epHeHH S 3a6pyOHeHUX
3emetb 00 a2posupobHUYMBA, CMEOPEHH S MEXAHI3MI8 CIUMYAH0BAHHS Ma 3a6e3nevueHHs NP00080.1bUO0T 6e3-
nexku YkpaiHu.

Karouosi caoea: padioeko102ivHa 6e3nexa, adanmugHo-1aHowagdmya cucmema, azposupobHuyi cueHapi,
KAIMAMuYHi 3MIHU, BOEHHI HACAIOKU, bioeHepeemuKa, Ci803MiHU, fimomeniopauyisi, '/pyHmMoea poorouicms.
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