UDC 502/504; 57; 63

SCIENTIFIC REPORTS OF THE NATIONAL UNIVERSITY
OF LIFE AND ENVIRONMENTAL SCIENCES OF UKRAINE

Founder:
National University of Life and Environmental Sciences of Ukraine

Year of foundation: 2005

Recommended for printing and distribution
via the Internet by the Academic Council
of National University of Life and Environmental Sciences of Ukraine
(Minutes No. 9 of February 26, 2026)

State Registration:
Media identifier - R40-02082.
Decision of the National Council of Television and Radio Broadcasting of Ukraine
No. 1471, Minutes No. 28, dated 23.11.2023.

The journal is included in the list
of Professional Scientific Publications of Ukraine
Category “B”. Specialties: 0511 - Biology, 0521 - Environmental Sciences, 0522 - Natural
Environments and Wildlife, 0512 - Biochemistry, 0811 - Crop and Livestock Production,
0821 - Forestry, 0812 - Horticulture, 0841 - Veterinary
(Order of the Ministry of Education and Science of Ukraine No. 409 of 14 March 2020),
0715 - Mechanics and Metal Trades, 0716 - Motor Vehicles, Ships and Aircraft
(Order of the Ministry of Education and Science of Ukraine No. 886 of 02 July 2020).

The journal is presented international scientometric databases, repositories
and scientific systems:
Google Scholar, Vernadsky National Library of Ukraine, BASE, AGRIS, Ulrichsweb, ERIH PLUS,
Dimensions, University of Oslo Library, OUCI (Open Ukrainian Citation Index),
Polska Bibliografia Naukowa, DOAJ, CABI, Litmaps, EBSCO, J-Gate, Research4Life

Editors office address:
National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
E-mail: sr@scireports.com.ua
https://scireports.com.ua/en


https://scireports.com.ua/en

YOK 502/504; 57; 63

HAYKOBI aonosial HAUIOHAJ/TbHOIO YHIBEPCUTETY
BIOPECYPCIB | TPUPOAOKOPUCTYBAHHS YKPAIHU

3acHOBHMK:
HauioHanbHui yHiBepcuTeT 6iopecypciB i NPUPOAOKOPUCTYBaHHS YKpaiHu

Pik 3acHyBaHHa: 2005

PekomeHd08aHo 00 OpyKy ma nowupeHHs
uepes mepexy IHmepHem BueHor pador

HauioHansHozo yHisepcumemy biopecypcie i npupodoKopucmysaHHs YkpaiHu
(npomokon N2 9 gid 26 nromozo 2026 p.)

DepxxaBHa peecTpauis:
lpeHTndikaTop mepia - R40-02082.
PiweHHsa HauioHanbHoi Pagu YkpaiHu 3 nuTaHb TenebaveHHs i palioMOBNEHHS
N2 1471, npotokon N2 28 Big 23.11.2023 p.

XypHan BxoguTb 80 nepeniky
HayKoBuX (paxoBuX BUAAHb YKpaiHK

Kateropisi «b». CneuianbHocTi: 091 - bionoris, 101 - Ekonorig, 162 — biotexHonorii Ta
6ioiHxeHepis, 201 - ArpoHoMis, 204 — TexHonorisi BUpOGHULTBA | MepepobKkM NpoayKLii

TBAapUHHMLTBA, 205 - JlicoBe rocnopapcreo, 206 - CagoBo-napkoBe rocnoaapcTso,

211 - BeteprHapHa MeamumHa, 212 — BeTepuHapHa ririeHa, caHiTapis i ekcneptusa

(Haka3 MOH Ykpainu N2 409 Big 14 6epe3Hs 2020 poky),
131 - MNMpuknagHa MexaHika, 133 - lanysese MawmMHOOYAYBAHHS
(Haka3z MOH Ykpainn N2 886 Big 02 nunHa 2020 poky).

XypHan npeacraBneHo y MiXkHapoaHMX HAYKOMETPUYHUX 6a3ax AaHuUX,
peno3uTapiax Ta NOWYKOBUX CUCTEMAX:

Google Scholar, HauioHanbHa 6i6nioteka Ykpainu imeHi B. |. BepHaacbkoro, BASE, AGRIS,
Ulrichsweb, ERIH PLUS, Dimensions, University of Oslo Library, OUCI (Open Ukrainian
Citation Index), Polska Bibliografia Naukowa, DOAJ, CABI, Litmaps, EBSCO, J-Gate,
Research4Life

Anpeca pepakuii:
HauioHanbHuMi yHiBepcuTeT GiopecypciB i NpMPOAOKOPUCTYBaHHS YKpaiHu
03041, Byn. [epoi O6opoHu, 15, m. Kui, YkpaiHa
E-mail: sr@scireports.com.ua
https://scireports.com.ua/uk



[

Editorial Board ]

Editor-in-Chief:
Tetiana Fedoniuk
Deputy Editor-in-Chief:
Mikhailo Mushtruk

Doctor of Agricultural Sciences, Professor, Polissia National University, Ukraine

PhD in Technical Sciences, Associate Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

National Members of the Editorial Board:

Tetiana Bubela

Roman Vasylyshyn

Volodymyr Vasyliv

Ivan Rogovskii

Gennadii Golub

Svitlana Kalenska

Valerii Kashparov

Yurii Kravchenko

Petro Lakyda
Yurii Lykholat
Viacheslav Loveikin

Olena Pinchevska

Vitalii Pichura

Natalia Slobodyanyuk

Oksana Tonkha

Mykola Chausov

Liudmyla Arkhypova

Hanna Fotina

Doctor of Technical Sciences, Associate Professor, Lviv Polytechnic National University,
Ukraine

Doctor of Agricultural Sciences, Professor, National University of Life and Environmental
Sciences of Ukraine, Ukraine

PhD in Technical Sciences, Associate Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and Environmental
Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and Environmental
Sciences of Ukraine, Ukraine

Doctor of Agricultural Sciences, Professor, National University of Life and Environmental
Sciences of Ukraine, Ukraine

Doctor of Biological Sciences, Professor, Ukrainian Research Institute of Agricultural
Radiology, Ukraine

PhD in Agricultural Sciences, Associate Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Agricultural Sciences, Professor, State Enterprise "Forests of Ukraine", Ukraine
Doctor of Biological Sciences, Professor, Oles Honchar Dnipro National University, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and Environmental
Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and Environmental
Sciences of Ukraine, Ukraine

Doctor of Agricultural Sciences, Associate Professor, Kherson State Agrarian University,
Ukraine

PhD in Technical Sciences, Associate Professor, National University of Life and
Environmental Sciences of Ukraine, Ukraine

Doctor of Agricultural Sciences, Professor, National University of Life and Environmental
Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, National University of Life and Environmental
Sciences of Ukraine, Ukraine

Doctor of Technical Sciences, Professor, Ivano-Frankivsk National Technical University of
Oil and Gas, Ukraine

Doctor of Veterinary Sciences, Professor, Sumy National Agrarian University, Ukraine

International Members of the Editorial Board

Aurel Damian
Yozef Illek

Miroslava Kacaniova

PhD, Professor, University of Agricultural Sciences and Veterinary Medicine, Romania
PhD, Professor, University of Veterinary and Pharmaceutical Sciences Brno, Czech Republic

Professor, Slovak University of Agriculture, Slovak Republic



Yakub Nitspon

Zdenek Pastorek
Zbigniew Sobek

Ewa Czerniawska-
Piatkowska

Anatoly Shvidenko

Doctor of Agricultural Sciences, Professor, Wroclaw University of Environmental and Life
Sciences, Poland

PhD, Professor, Czech University of Life Sciences, Czech Republic
Doctor of Agricultural Sciences, Professor, Poznan University of Life Sciences, Poland

Doctor of Habilitated Sciences, Associate Professor, West Pomeranian University of
Technology, Poland

Doctor of Agricultural Sciences, Professor, International Institute for Applied Systems
Analysis, Austria



[

PepakuinHa Koneriq }

TonosHuli pedakmop:

TeraHna @enoHOK

[loKTOp CiNbCbKOroCnoAapcbknx Hayk, npodecop, Monicbkunin HaLioHanbHUI YHIBEpCUTET,
YkpaiHa

3acmynHuk 207108H020 pedakmopa:

Muxaino MywTtpyk

KaHaupat TexHiyHMX Hayk, AoueHT, HauioHanbHuit yHiBepcuteT biopecypci i
NpUpOLOKOPUCTYBaHHSA YKpaiHu, YkpaiHa

HauioHaneHi yneHu pedkonezii:

TeraHa by6ena

PomaH Bacunuwmx

Bonoaumup Bacunis

IBaH PoroBcbkuit

leHHapivi lony6

CeitTnana KaneHcbka

Banepiit Kawnapos

lOpiit KpaBueHko

Metpo Jlakupa

lOpiii Jinxonar

B'auecnas JloBeiikiH

OneHa lMiHyeBCbKa

Bitaniii Miuypa

Hatania Cho6oaaHiok

OkcaHa ToHxa

Mwukona Yaycos

Jlogmuna Apxunosa

laHHa DoTiHa

[lOKTOp TEXHIYHMX Hayk, AoueHT, HauioHanbHWii yHiBepcuTeT «/IbBiBCbKA MOMITEXHIKA»,
YkpaiHa

[lokTop cinbcbkorocnoaapcbknx Hayk, npogecop, HauioHanbHKiA yHiBepcuteT biopecypcis
i NpMPOAOKOPUCTYBAHHSA YKpaiHu, YKpaiHa

Kanampat TexHiuHMX Hayk, JoueHT, HauioHanbHui yHiBepcuteT 6GiopecypciB i
NpUpPOLOKOPUCTYBaHHS YKpaiHu, YkpaiHa

[okTop TexHiYHMx Hayk, npodecop, HauioHanbHuit yHiBepcuTeT 6iopecypciB i
NpUpOoAOKOPUCTYBaHHS YKpaiHu, YkpaiHa

[lokTop TexHiuHMX Hayk, npodecop, HauioHanbHuit yHiBepcuTeT bGiopecypciB i
NpUPOLOKOPUCTYBaHHS YKpaiHu, YkpaiHa

[lokTop cinbCbkOrocnoaapcbkunx Hayk, npodecop, HauioHanbHWiA yHiBepcuteT biopecypcis
i NpMpOAOKOPUCTYBAHHSA YKpaiHu, YkpaiHa

[oktop 6ionoriuHMx Hayk, npodecop, YKpaiHCbKMIA HAYKOBO-AOCNIAHWUIA IHCTUTYT
cinbcbKorocnomapcbkoi pagionorii, YkpaiHa

KaHamaat cinbCbKorocnofapcbknx Hayk, AoLeHT, HauioHanbHui yHiBepcuTeT Biopecypcis
i NpMpOAOKOPUCTYBAHHSA YKpaiHu, YkpaiHa

[NokTop cinbcbkorocnopapcbkux Hayk, npodecop, [epxaBHe nianpuemcteo «Jlicu
YkpaiHu», YkpaiHa

[okTop 6ionoriyHmx Hayk, npodecop, [HiNpOBCbKMUIA HALOHANbHWUIA YHIBEPCUTET iMEHi
Onecs loH4apa, YkpaiHa

[lokTop TexHi4HMX Hayk, npodecop, HauioHanbHuii yHiBepcuTeT bGiopecypcis i
NpUPOLOKOPUCTYBaHHS YKpaiHu, YkpaiHa

[lokTop TexHiYHMX Hayk, npodecop, HauioHanbHuit yHiBepcuTeT 6HiopecypciB i
NpUpPOLOKOPUCTYBaHHS YkpaiHu, YkpaiHa

[loKTOp CiNbCbKOrOCMOAAPCbKMX HAyK, AOLEHT, XEepCOHCbKWUI AepXaBHWUI arpapHuii
yHiBepcuTeT, YkpaiHa

Kanamaart cinbcbKorocnonapcbkux Hayk, LoLeHT, HauioHanbHMI yHiBepcuTeT Biopecypcis
i npupopokopucTyBaHHs YkpaiHu, YkpaiHa

[loKTOp CinbCbKOrocnoaapcbkmx Hayk, npodecop, HauioHanbHWii yHiBepcuTteT 6iopecypcis
i NppoaoKopuCTyBaHHS YKpaiHu, YkpaiHa

[lokTop TexHiuHMX Hayk, npodecop, HauioHanbHuit yHiBepcuTeT bHiopecypciB i
NpUpoAOKOpUCTYBaHHS YKpaiHu, YkpaiHa

[loKTOp TexHiuyHWMX Hayk, npodecop, |BaHO-DpaHKiBCbKMIA HALiOHANbHUIA TEXHIYHWIA
yHiBepcuTeT HadTH i rasy, YkpaiHa

[lokTop BeTepuHapHUX Hayk, npodecop, CyMCbKMI1 HaLLiOHaNbHWIA arpapHuii yHiBepcuTeT,
YkpaiHa

MixcHapoOHi uneHu pedkonezii:

Aypen [amian

[okTop dinocodii, npodecop, YHiBepCHUTET CinbCbKOroCcnoAapcbKMx Hayk Ta BETEPUHAPHOI
MeauUMHM, PyMyHis



Mozed Innek

Mipocnasa KauaHboBa

Aky6 HiunoHb

3peHek MacTopek

36irHeB Cobek

€Ba YepHsaBcbka-
MNaHTKOBCbKa

Axatonii LLiBupeHko

LokTtop dinocodii, npodecop, YHiBepcuTeT BeTepuHapii Ta papmaueBTMkM B M. BpHo,
Yecbka Pecnybnika

Mpodecop, CnoBaubKKii CinbCbKOrocnoaapcbkuii yHiBepcuteT, CnoBaupka Pecnybnika

[lokTop  CinbCbKOrOCNOAAPCbKMX  HayK, npodecop, BpounaBCbkui  NPUPOAHUUMIA
yHiBepcuTeT, MNonbLia

[LoxTop dinocodii, npodecop, Yecbkunit yHiBepcuTeT Hayk Npo xuTTs, Yecbka Pecnybnika

[OKTOp CinbCbKOroCnoaapcbkmMx Hayk, npodecop, YHiBEpCUTET MPUPOAHUYMX HAYK Y
Mo3HaHi, Monbwa

[okTop rabinitoBaHUx Hayk, AOLEHT, 3axiAHO-NOMOPCbKMIA TEXHONOTIYHUIA YHIBEpCUTET,
Monblua

LOKTOp CinbCbKOroCnoaapcbkmx Hayk, npodecop, MixKHapOAHWUIA iIHCTUTYT NPUKNAAHOIO
CMCTeMHOro aHanisy, AscTpis



[ Contents ]

S. Pylypenko, H. Kovalyshyna

Development of soybean yield
and seed productivity elements depending on the variety 9

L. Mitioglo, S. Merzlov, H. Merzlova, P. Kovtun, I. Osipenko

Vermiculture cultivation
on a substrate containing composted wheat straw
using an accelerated method 22

0. Bahatchenko, L. Tsentylo

The influence of agrotechnical factors

on the formation of indicators

of seed productivity in winter bread wheat 36

L. Harbar, B. Vaskivskyi

Formation of maize grain quality indicators
under the influence of seeding rates and field productivity zones 54

I. Smyk, L. Arkhypova

Formation of a regional system for environmental monitoring
of atmospheric air in tourist destinations 66

0. Kuts, D. Chernenko

Turnip yield in open soil conditions in Polissya
under different plant protection systems 87

V. Mel'nick, M. Shafarenko, Zh. Ostapenko, V. Kosova, Yu. Kaliuzhnyi

High-permeability selective polymer membranes
for pyrocondensate separation 100

A. Oshurko, S. Holopura

Diagnostic tests for fatty hepatosis in high-yielding cows 121

A. Hordiienko, P. Dzhus, Yu. Osadcha

The effect of monochromatic light on the blood picture
and functional state of the hematopoietic system in laying hens 135

V. Borozenets, T. Bondarenko

Features of spheroidogenesis of L929 cell line
during prolonged three-dimensional cultivation 148




C. Mununexko, I KoBanuwnHa

MopMyBaHHS €NeMEHTIB CTPYKTYpW BPOXato
Ta HACiHHEBOT MPOAYKTMBHOCTI COi 3a/1€XHO Bif, COPTY 9

J1. MiTiorno, C. Mep3nos, I. Mep3nosa, 1. KoBTyH, |. OcineHko

BupolyBaHHS BepMUKYNLTYpU Ha cybcTpari
i3 BMICTOM KOMMOCTOBaHOI CONOMM MLUEHMLIi NPUCKOPEHUM METOAOM 22

0. baraTtueHko, J1.LeHTuno

Bnnue arpoTexHiuyHMX YUHHUKIB Ha HOPMYBaHHS
MOKa3HMKIB HAaCiHHEBOI NPOAYKTUBHOCTI MLIEHUL MKOi 03UMOi 36

J1. Tap6ap, b. BacbkiBcbKMit

DopMyBaHHS NOKA3HMKIB SKOCTi 3epHa KyKypyA3u
3a BM/IMBY HOPM BMCiBY Ta 30H MNPOAYKTUBHOCTI NONS 54

1.Cmuk, J1. Apxunosa

MopMyBaHHS perioHanbHOI CUCTEMU EKONOTIYHOTO MOHITOPUHTY
aTtMochepHOro NOBITPS B TYPUCTUUHUX AeCTUHALLISAX 66

0. Kyu, A. YepHeHko

YpOXanHiCTb pinu B yMOBax BiZKpUTOro rpyHTy Moniccs
33 pi3HOI CUCTEMM 3aXUCTY POCSIUHM 87

B. MenbHuk, M. LlLacpapeHko, XK. OctaneHko, B. Kocoea, H0. KantoxHui

BucokonpoHuKHi cenekTuBHi noniMepHi MeMbpaHu
LN pO3A4iNeHHs NipoKoHAeHcaTy 100

A. Owypko, C. Tononypa

[liarHoCTMYHI AOCNioKEHHS 33 XXMPOBOTO renaTosy y BUCOKOMPOAYKTUBHUX KOPiB 121
A.TopgaieHko, M. Oxyc, H0. Ocagua

BnnvB MOHOXpPOMHOrO CBiTNA@ HA reMaTONONIYHI MOKA3HMKM

Ta QYHKLII0 CUCTEMM KPOBOTBOPEHHS Kyper-Hecy4oK 135

B. bopo3zeHeupb, T. BoHaapeHko

OcobnuBocTi chepoigoreHesy KNiTUH NiHii L929
npu TPMBANOMYy TPUBUMIPHOMY KYNbTUBYBaHHI 148




e Received 14.10.2025 Revised 20.01.2026 Accepted 26.02.2026 Published: 04.03.2026

10l ;‘;“’ ] )
Repor Scientific Reports of the National University
of Life and Environmental Sciences of Ukraine

ific

Vol. 22, No. 1
2026

Journal homepage: https://scireports.com.ua/en e-ISSN 2223-1609

UDC631.526.3:631.53.01:633.34 DOI: 10.31548/dopovidi/1.2026.09

Development of soybean yield and seed productivity elements depending
on the variety

Serhii Pylypenko*

Postgraduate Student

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0009-0001-4455-545X

Hanna Kovalyshyna

Doctor of Agricultural Sciences, Professor

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0002-2715-7679

Abstract. In the context of global climate change and the food crisis, soybeans (Glycine max) requires
optimisation of the genetic potential to ensure stable and high productivity through the identification of
genotypes with high adaptability in specific soil and climatic conditions, in particular the forest-steppe
of Ukraine. The purpose of the study was to investigate the influence of varietal characteristics on the
development of key morphological and productive features of soybeans and assess its compensatory
ability during two years of research. The study was conducted during 2024-2025 using field, biometric,
and correlation analyses to estimate plant height, the number of pods per plant,the number of branches,
and the weight of 1,000 seeds. A high varietal dependence of all studied traits has been established,
which emphasises the decisive importance of the genotype. A strong negative correlation was found
between plant height and the number of pods per plant (r=-0.897), which indicates a negative effect of
excessive vegetative growth on generative productivity due to a violation of the balance of sources and
drains. It was confirmed that the intensity of branching had only a weak effect on crop development. The
mechanism of compensatory ability during the years of research (phenotypic plasticity) was revealed: a
decrease in the number of pods under unfavourable conditions led to a compensatory increase in the
weight of 1,000 seeds. Among the samples studied, the varieties ‘ES Mentor, Antracit’and ‘Muza’ had the
most balanced combination of high seed productivity, seed quality, and satisfactory attachment height
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of the lower pods. The results of the study provide important information for optimising the varietal
composition in the region, and also serve as a basis for breeding work aimed at adapting soybeans and
improving the efficiency of fruit setting in the forest-steppe zone

Keywords: genotype; morphological features; compensatory ability; vegetative growth; correlation analysis

Introduction

Global demand for soybeans as one of the lead-
ing oilseed and protein crops necessitates not
only an increase in yield, but also greater sta-
bility in the face of climate change and growing
anthropogenic pressure on agroecosystems. The
development of the soybean crop is a complex bi-
ological process determined by the interaction of
the genetic characteristics of the variety with the
growing conditions and is implemented through
a system of morphological and productive char-
acteristics of the plant. It is the structure of the
crop, which reflects the relationship between the
elements of vegetative and generative develop-
ment that plays a key role in realising the poten-
tial of the crop and ensuring its adaptability in
specific soil and climatic conditions.

R. Rani et al. (2023a) analysed genotype-en-
vironment interactions for soybean agronomic
traits,specifically seed number andyield.Using as-
sociative mapping, the researchers found out how
different environmental conditions affect the ge-
netic characteristics and productivity of soybeans,
which is important for breeding programmes and
optimising the cultivation of this crop in chang-
ing climatic conditions. R. Rani et al. (2023b) fo-
cused on the study of genetic variations in soy-
beans through genome-wide association analysis
(GWAS), aimed at identifying candidate genes
that are responsible for crop yield characteris-
tics. The results showed the importance of cer-
tain genetic markers that can be used to improve
soybean varieties, in particular, to increase yield
and stress resistance. The need to create stable
and highly productive varieties emphasises the
critical importance of detailed analysis of varie-
tal characteristics. Although the use of biostim-
ulants, as shown by B. Mazurenko et al. (2025),

can significantly increase key yield components
(number and weight of seeds), the authors them-
selves emphasise that these techniques only help
to realise the genetic potential inherent in the
variety, and their effectiveness largely depends
on the biological characteristics of the crop, the
initial level of genotype productivity,and the spe-
cific soil and climatic conditions of cultivation.

The key varietal trait is the plant architecture,
which determines the efficiency of light use and
resistance to lodging. N. Li et al. (2025) confirmed
that varietal characteristics such as plant height,
degree of branching, and height of attachment of
lower pods are critical determinants, since their
targeted genetic modification allows optimising
the spatial organisation of shoots and increasing
the outflow of assimilants to generative organs.
The height of plants with high heritability serves
as the basis for the development of nodes - po-
tential places for the development of pods, which
was analysed in detail by Q. Yang et al. (2021),
who showed that this indicator is controlled
by both stable genetic mechanisms and the re-
sponse of plants to environmental conditions,
in particular, temperature and water regime.
Contemporary soybean breeding, according to
research by S. Srivastava et al. (2025), is aimed
at optimising the architecture (internode length,
branching) to increase photosynthetic efficiency,
since multivariate analysis of traits proved their
direct and indirect effect on yield development
through improved light interception and balance
between vegetative and generative growth. Cur-
rent research shows that soybean plant architec-
ture is the result of the interaction of regulatory
genes, hormonal signals, and environmental fac-
tors that control plant height, internode length,

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1



and branching (Li et al., 2024). ). Chandler (2025)
found a paradox: although more nodes corre-
late with potentially more branches and pods,
the total number of nodes can have a significant
negative association with final yield. This is con-
ditioned by the fact that varieties that over-invest
resources in vegetative growth show a decrease
in the efficiency of assimilation transfer to seeds.

A.T.Assfaw et al.(2025) found that the attach-
ment height of lower pods is a highly inherited
trait, giving breeders the opportunity to purpose-
fully increase it. However, breeders’ efforts to
maximise the attachment height of the top pods
face some challenges. The researchers have es-
tablished a negative correlation between this in-
dicator and the overall yield. This means that the
energy resources spent on excessive elongation
of the lower internodes (to increase the height of
the pod attachment) can be diverted from the de-
velopment of the crop. Thus, according to A.T. As-
sfaw et al., indeterminate varieties that continue
vegetative growth after the beginning of flower-
ing usually form a higher attachment height of the
lower pods, compared to determinant varieties.

Pylypenko & Kovalyshyna

Agricultural techniques (for example, narrow row
spacing) can also be used to indirectly control
this indicator, especially for early sowing.A.S. Kar-
yawati et al. (2025), using path analysis, deter-
mined that the key traits with the highest direct
positive impact on yield are the number of seeds
in pods and the number of lower internodes.

The purpose of the study was to investigate
the influence of varietal characteristics on the de-
velopment of key morphological and productive
features of soybeans and assess its compensatory
ability during two years of research.

Materials and Methods
The objects of the study were 8 soybean varieties:
‘Siverka’, ‘Arnika’, ‘Muza’, Adamos’, Aleksandrit’, ‘An-
tracit, ‘ES Mentor’, ‘ES Vizitor’ (Table 1). The study
was carried out in accordance with the ethical
standards provided for by the Convention on Bio-
logical Diversity (1992) and the Convention on the
Trade in Endangered Species of Wild Fauna and Flo-
ra(1973).The provisions of these documents aimed
at protecting biological diversity and preventing
threats to the species under study were observed.

Table 1. List of soybean varieties

No. Variety Type of development | Growing season, days Originator
National Research Centre “Institute
1 ‘Siverka’ semi-determinate 83-85 of Agriculture of the Ukrainian Academy
of Agrarian Sciences of Ukraine”
National Research Centre “Institute
2 ‘Arnika’ semi-determinate 83-85 of Agriculture of the Ukrainian Academy
of Agrarian Sciences of Ukraine”
National Research Centre “Institute
3 ‘Muza’ determinate 100-102 of Agriculture of the National Academy
of Agrarian Sciences of Ukraine”
4 ‘Adamos’ indeterminate 95-100 Liudmyla Biliavska
5 | ‘Aleksandrit’ semi-determinate 95-100 Liudmyla Biliavska
. . . . Poltava State Agrarian Academy,
6 ‘Antracit determinate 100-105 Liudmyla Biliavska
7 | ‘ES Mentor’ semi-determinate 105-115 Euralis Semences LLC
8 | ‘ES Vizitor’ indeterminate 105-110 Euralis Semences LLC

Source: compiled by the authors

The research was conducted during 2024-
2025 in the fields of the “Agronomic Research Sta-
tion”, a separate division of the National Universi-
ty of Life and Environmental Sciences of Ukraine,

located in the forest-steppe soil and climate zone
of Ukraine. To ensure the reliability and complex-
ity of the assessment of economically valuable
characteristics of soybean varieties, the study was
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carried out using field and statistical and analyt-
ical methods that provide relevant results in real
agroecological conditions.

The field method was the main method for
obtaining primary empirical data, including direct
field observations and biometric measurements. It
was used to evaluate the main indicators of soy-
bean productivity elements, namely: plant height,
number of branches on the plant, number of pods
on the plant, number of seeds in the pod, num-
ber of seeds from the plant, height of attachment
of the lower pod, weight of 1,000 seeds, duration
of the growing season, and type of growth. Field
observations were used to determine the pheno-
phases and duration of vegetation, and to deter-
mine the type of growth. Biometric measurements
allowed quantifying the structural elements of
the crop. The assessment was carried out in ac-
cordance with generally accepted methods, which
allowed comparing varieties by the main indica-
tors of productivity elements. The weight of 1,000
seeds was determined by laboratory field anal-
ysis at a base humidity of 12%. The experimen-
tal plots had an area of 5.6 m2 for each variety,
where the predecessor in all years of research
was corn. Pre-sowing tillage included the intro-
duction of a compensatory rate of fertilisers at
the rate of Ny P, ,Kq. A single treatment with the
fungicide Amistar Gold (Syngenta) was carried out
during the growing season at a rate of 0.8 l/ha.

The obtained data was processed using the
statistical and analytical method, using Microsoft
Excel software and the ANOVA online calculator.

Basic statistical calculations were performed us-
ing Excel, in particular, sums, averages, standard
deviations, variation coefficients, and the least
significant difference (LSD) between the studied
indicators were determined. To perform disper-
sion analysis (ANOVA) for the purpose of compar-
ing group averages and establishing the statisti-
cal significance of differences between varieties,
ANOVA Calculator was used, namely, comparisons
were made using the Tukey criterion (HSD). The
use of statistical methods, in particular ANOVA,
was justified because it allowed testing the influ-
ence of the “variety” factor on performance indi-
cators and ensures the reliability of conclusions
by separating random fluctuations from actual
varietal differences. The difference between the
indicators was considered statistically significant
at a significance level of p<0.05.

Results and Discussion
As a result of the conducted studies, a significant
variability in the main morphological characteris-
tics of soybean plants was established depending
on the variety and year of cultivation. In 2024, the
average plant height was 90.0 ¢cm, ranging from
73.3 cm (Antracit’) to 104.7 cm (‘ES Vizitor') (Table 2).
The highest number of branches per plant was ob-
served invarieties Adamos’(3.1 units) and ‘ES Vizitor’
(2.6 units). The number of pods on the plant varied
from 27.3 units (‘Siverka’ up to 52.3 units (Adamos’),
and the number of seeds per plant - from 51.8
to 127.3 units, which indicates a significant pro-
ductivity of the varieties ‘ES Mentor’ and ‘Adamos’

Table 2. Parameters of valuable economic characteristics of soybean varieties in 2024

Plant Number Number Number Number Height Weight

Variety | height,| of branches | of pods per | of seeds per | of seeds per | of lower pod | of 1,000

cm | per plant, units | plant, units | plant, units pod, unit | attachment, cm | seeds, g
‘Siverka’ | 103.0 1.4 27.3 51.8 1.8 21.1 161.0
‘Arnika’ 78.8 2.5 44.7 115.9 2.6 15.6 122.0
‘Muza’ 100.2 1.6 29.8 74.4 2.8 13.8 193.0
‘Adamos’ 87.6 3.1 52.3 104.6 2.0 17.1 167.5
‘Aleksandrit’ | 97.2 1.9 28.6 67.1 24 17.8 157.5
‘Antracit’ 73.3 2.2 48.4 114.8 24 13.2 185.5
‘ES Mentor’ | 74.8 1.5 43.3 127.3 2.9 13.6 175.0
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Table 2. Continued

Plant Number Number Number Number Height Weight
Variety | height,| of branches | of pods per | of seeds per | of seeds per | of lower pod | of 1,000
cm | per plant, units | plant, units | plant, units pod, unit | attachment, cm | seeds, g
‘ES Vizitor' | 104.7 2.6 38.7 116.1 3.0 13.7 132.5
Average 90.0 2.1 39.1 96.5 2.5 15.7 161.8

Note: values in columns that are significantly higher than the average at a 5% significance level are highlighted

in bold

Source: developed by the authors based on own research

The number of seeds per pod averaged 2.5
units, the highest statistically significant val-
ues were observed in the varieties ‘ES Vizitor
(3.0 units), ‘ES Mentor’ (2.9 units) and ‘Muza’ (2.8
units). The height of attachment of the lower
pods ranged from 13.2-21.1 cm, which indicates
different suitability of varieties for mechanised
harvesting. The highest attachment height was
observed in the variety ‘Siverka’, which is a pos-
itive sign for reducing losses during harvesting.

The weight of 1,000 seeds varied from 122.0 g
(Arnika’) to 193.0 g (‘Muza’), averaging 161.8 g.
This indicates the development of full-fledged,
well-filled seeds under favourable growing con-
ditions in 2024. In 2025, the average values of
most attributes were lower compared to the pre-
vious year (Table 3). The average plant height was
75.3 cm, which is 14.7 cm less than in 2024. The
highest were plants of the varieties ‘Siverka’ and
‘Aleksandrit’ (87.2 cm).

Table 3. Parameters of valuable economic characteristics of soybean varieties in 2025

Plant Number Number Number Number Height Weight

Variety | height,| of branches | of pods per | of seeds per | of seeds per| of lower pod |of 1,000

cm | per plant, units | plant, units | plant, units pod, unit | attachment, cm | seeds, g
‘Siverka’ 87.2 1.3 324 65.7 2.0 9.6 187.9
‘Arnika’ 65.4 2.3 38.0 73.9 1.9 7.3 186.4
‘Muza’ 80.0 1.7 35.5 86.8 2.4 8.1 110.1
‘Adamos’ 64.4 2.0 37.3 72.1 1.9 10.4 192.6
‘Aleksandrit’ | 87.2 1.6 28.6 54.1 1.9 14.0 184.3
‘Antracit’ 79.5 1.5 30.4 63.2 2.1 7.4 194.0
‘ES Mentor’ | 58.2 1.4 52.6 126.2 2.4 8.6 149.2
‘ES Vizitor' | 80.8 2.5 36.3 96.9 2.7 12.8 151.1
Average 75.3 1.8 36.4 79.9 2.2 9.8 169.5

Note: values in columns that are significantly higher than the average at a 5% significance level are highlighted

in bold

Source: developed by the authors based on own research

The number of branches on average de-
creased to 1.8 units, and the maximum values
were typical for varieties Arnica’ (2.3 units) and
‘EU Vizitor’ (2.5 units). The number of pods on
the plant was 36.4 units, the highest value was
noted for the ‘ES Mentor’ variety (52.6 units). The
average number of seeds per plant was 79.9 units,
with a range from 54.1 (Aleksandrit’) to 126.2
units (‘ES Mentor’). The number of seeds per pod

was stable - 2.2 units on average, with the high-
est indicators in the varieties ‘Muza’, ‘ES Mentor’
(2.4 units) and ‘EU Vizitor’ (2.7 units). The attach-
ment height of the lower pods ranged from 7.3 cm
(Arnika’) to 14.0 cm (Aleksandrit’), which also in-
dicates a varietal feature. The weight of 1,000
seeds in 2025 ranged from 110.1 g (‘Muza’) to
194.0 g (Antracit’), the average value was 169.5 g,
which was higher than in the previous year.
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According to N. Li et al. (2025), the number
of seeds per pod is usually in the range of 2.5
units, which coincides with the results of current
studies, considering the natural error and varietal
differences. In 2024, the development of gener-
ative organs and overall plant productivity were
higher due to optimal year conditions. The avail-
ability of resources at critical stages of growth
contributed to the development of the maximum
number of nodes and pods. This observation is
consistent with the findings of H. Berhanu et
al. (2021), who established a positive and signif-
icant correlation between plant height and the
number of commercial pods per plant (r=0.821),
and between the number of commercial pods per
plant and commercial pod yield (r=0.822). Thus,
the high growth rates that were observed in 2024
(in particular, higher plant heights) could direct-
ly contribute to the development of more pods,
which became a key factor in overall productivity.
H. Berhanu et al. also noted that the number of
commercial pods per plant, the weight of green
beans, and the height of plants are important
selection criteria for increasing yield, which con-
firms the significance of the indicators evaluated
in the current study. In 2025, despite a decrease
in the height of plants and the number of pods,
which, according to the correlations described
by H. Berhanu et al., led to a general decrease in
yield), an increase in the weight of 1,000 seeds
was observed. This result indicates a redistribu-
tion of assimilants by the plant. A limited number
of developed pods received more nutrients, which
improved the quality of individual seeds. The ob-
servation of the current study that high overall
productivity in 2024 was accompanied by favour-
able generative organ development and high
growth rates is consistent with results by other
researchers, including H. Berhanu et al., that the
height of plants indirectly affects the yield due to
the number of pods. This highlights that in both
years of research - both under favourable and
less favourable conditions - the number of pods
per plant remains the dominant element of pro-
ductivity. According to J. Chinnarat et al. (2025), it

is not optimal to maximise the attachment height
of the lower pods, but to reach the minimum al-
lowable threshold (more than 10 cm), which en-
sures mechanised harvesting while maintaining
the maximum yield potential. Three varieties cor-
responded to this parameter: Adamos’ (10.4 cm),
‘Aleksandrit’ (14.0 cm), ‘ES Vizitor’ (12.8 cm).

The results of the study confirmed the high
phenotypic plasticity of soybeans, which is a key
adaptive feature of the crop. In particular, the data
for 2025 clearly illustrate the mechanism of com-
pensatory response: a decrease in the number of
pods on the plant led to a statistically significant
increase in the weight of 1,000 seeds. This fact
confirms the existence of a classical negative
correlation between quantitative and qualitative
indicators of the crop structure. In conditions of
Llimiting the number of nodes (for example, under
the influence of stress), the plant redistributes as-
similants, directing them to the remaining seed
rudiments. This ensures better seed production
and increases its seed value, serving as a mech-
anism for partially compensating for potential
crop losses. The revealed compensatory ability of
soybeans is consistent with the conclusions of a
number of researchers who also studied the crop
plasticity. X. Ran et al. (2023), examining the ef-
fect of density and seeding patterns, found that
as row spacing increased, the yield and number of
pods per plant decreased, but the weight of 1,000
seeds gradually increased. This confirms that in
conditions of reduced competition (or a decrease
in the number of elements), soybeans effectively
move to an increase in individual seed weight as
a compensatory element.A.A.B.Junior et al. (2018)
emphasised that the most defining change asso-
ciated with yield plasticity per plant is the num-
ber of pods on the side shoots, not the weight
of 1,000 seeds. This suggests that compensatory
mechanisms may be different: either due to mor-
phogenesis (increased branching, as in A.A.B.Jun-
ior et al.), or due to physiological processes (an
increase in the weight of 1,000 seeds, as in the
current study and by X. Ran et al.). These differ-
ences are conditioned by varietal characteristics,
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the phase in which stress occurred, and the type
of agrotechnical factors. The ability of varieties
to adapt effectively, as shown by O. Mazur et
al. (2024) (classification of varieties Artemida;
‘Hoverla, and Ametist’ as highly plastic), empha-
sises that the compensatory potential is a varie-
ty-specific feature. The weight of 1,000 seeds is
the most sensitive element of the crop structure
to adverse conditions that occur in the late stag-
es of development, especially during the grain
filling phase. D.A. Kiriziy & 0.0. Stasik, (2022)
claimed that off-season stress (drought, high
temperatures) can dramatically reduce seed size,
which requires the development of more seeds to
achieve the same weight per unit area.

According to the results of two years of re-
search, the varieties ‘ES Mentor, Antracit, and
‘Muza’ demonstrated the most balanced complex
of morphological and productive characteristics.
They combine satisfactory plant height, high
seed productivity and the weight of 1,000 seeds,
which indicates their high efficiency in regulat-
ing assimilates, ensuring reliable realisation of

Pylypenko & Kovalyshyna

yield potential in an unstable environment. Eval-
uating seed productivity, it should be noted that
the varieties ‘ES Mentor’, ‘Antracit, and ‘Muza’ were
characterised by the highest indicators of the to-
tal weight of seeds per plant and the weight of
1,000 seeds, which indicates the effective use of
photosynthetic products for grain filling. The high
weight of 1,000 seeds, with a relatively moderate
number of pods, is evidence of stable reproduc-
tive capacity, that is, high seed productivity. This
combination of characteristics is desirable for va-
rieties intended for seed production, since it en-
sures the development of homogeneous, aligned
seeds with high germination.

To establish a significant difference between
the average values of morphological features of
soybean plants, multiple comparisons were per-
formed using the Tukey criterion (HSD) (Table 4).
The larger the numerical value of the difference,
the more significantly the corresponding features
differ from each other. Close relationships be-
tween individual traits and significant discrepan-
cies between others were found.

Table 4. Results of multiple comparison of soybean morphological traits (average for 2024-2025)
according to the Tukey criterion (HSD)

Pairs Average difference Standard| Tukey Confidence | Critical
of indicators | between the compared groups | error, SE | criterion, Q | interval limits | average p-value

x1-x2 80.66 410 19.66 62.83 | 98.50 | 17.84 |1.327e-11
x1-x3 44.86 410 10.93 27.03 | 62.70 | 17.84 | 1.018e-8
x1-x4 5.55 410 1.35 -12.29 | 23.39 | 17.84 0.96
x1-x5 80.33 410 19.58 62.49 | 98.16 | 17.84 |1.327e-11
x1-x6 69.90 410 17.04 52.06 | 87.74 | 17.84 |1.329%e-11
x1-x7 82.98 410 20.22 65.14 1 100.81| 17.84 |1.327e-11
x2-x3 35.80 4.10 8.73 17.96 | 53.64 | 17.84 0.00
X2-x4 86.21 410 21.01 68.38 |104.05| 17.84 |1.327e-11
x2-x5 0.34 410 0.08 -17.50 | 18.17 | 17.84 1.00
X2-X6 10.76 410 2.62 -7.07 | 28.60 | 17.84 0.52
x2-x7 163.64 410 39.88 145.80|181.47| 17.84 |1.327e-11
x3-x4 50.41 410 12.29 32.58 | 68.25 | 17.84 |3.719e-10
x3-x5 35.46 4.10 8.64 17.63 | 53.30 | 17.84 0.00
x3-x6 25.04 410 6.10 7.20 | 4287 | 17.84 0.00
x3-x7 127.84 410 31.16 110.00 | 145.67 | 17.84 |1.327e-11
x4-x5 85.88 410 20.93 68.04 |103.71| 17.84 |1.327e-11
x4-x6 75.45 410 18.39 57.61 | 93.29 | 17.84 |1.328e-11
x4-x7 77.43 410 18.87 59.59 | 95.26 | 17.84 |1.328e-11
x5-x6 10.43 410 2.54 -7.41 | 28.26 | 17.84 0.56
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Table 4. Continued

Pairs Average difference Standard| Tukey Confidence | Critical value
of indicators | between the compared groups | error, SE | criterion, Q | interval limits | average p

x5-x7 163.30 410 39.80 145.46 |181.14| 17.84 |1.327e-11

X6-x7 152.88 410 37.26 135.04|170.71| 17.84 |1.327e-11

Note: x1 — plant height; x2 — number of branches on the plant; x3 — number of pods on the plant; x4 - number

of seeds per plant; x5 — number of seeds in the pod; x6 - height of attachment of the lower pods; x7 — weight

of 1,000 seeds

Source: developed by the authors based on own research

According to the results of multiple compar-
ison of soybean morphological features, most of
the pairs compared had statistically significant
differences (p < 0.001), which indicates signifi-
cant variability of morphological features among
the study groups. The largest differences were
observed between the number of branches (x2)
and the weight of 1,000 seeds (x7) (difference
163.64; p <0.001), and between the number of
seeds in a pod (x5) and the weight of 1,000 seeds
(x7) (difference 163.30; p < 0.001). High values
of differences were also found between the at-
tachment height of the lower pods (x6) and the
weight of 1,000 seeds (x7) (152.88; p < 0.001).
That is, over the years of research, the weight
of seeds changed regardless of the number of
seeds per pod or the number of branches. Signif-
icant differences were also found between the
number of seeds per plant (x4) and the number
of pods (x3) (difference 50.41; p <0.001), which

logically reflects the structural relationship be-
tween these elements of productivity. The small-
est differences, which have no statistical signif-
icance (p > 0.05), were observed between pairs
x2-x5 (difference 0.34) and x5-x6 (difference
10.43), which indicates a close relationship be-
tween the number of branches, the number of
seeds in the pod and the height of attachment of
the lower pods - these traits are relatively stable
within the variety.

Based on the analysis of the Tukey test, the
most variable indicators in the soybean plants
under study were the weight of 1,000 seeds and
the height of attachment of the lower pods, while
the number of branches and the number of seeds
per pod were relatively constant. During the anal-
ysis of the correlation matrix data, both direct and
inverse relationships between the main morpho-
logical and productive characteristics of soybean
plants were identified (Table 5).

Table 5. Nature of the relationship between the main biometric indicators
and structural elements of the soybean crop

Plant Number Number Number Number Height of Weiaht
height of branches | of pods of seeds of seeds lower pod of 1 gOO
9nt, per plant, per plant, | per plant, per pod, attachment, !
cm . 5 5 . seeds, g
units units units unit cm
Plant height, cm 1
Number
of branches per | -0.148 1
plant, units
Number of pods | = 597 0.357 1
per plant, units
Number
of seeds per -0.688 0.262 0.852 1
plant, units
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Table 5. Continued

Plant Number Number Number Number Height of Weight
. of branches of pods of seeds of seeds lower pod 9
height, of 1,000
per plant, per plant, | per plant, per pod, attachment,
cm . . . 3 seeds, g
units units units unit cm
Number of seeds | 54 0.090 0.230 0.688 1
per pod, unit
Height
of lower pod 0.625 -0.037 -0.566 -0.642 -0.513 1
attachment, cm
Weight ) ) ) )
of 1,000 seeds, g 0.204 0.247 0.031 0.366 0.735 0.124 1

Source: compiled by the authors

Plant height had a high negative correlation
with the number of pods per plant (r=-0.897)
and an average negative correlation with the
number of seeds per plant (r=-0.688). This in-
dicates a clear tendency to reduce the level of
productivity with excessive vegetative growth.
The relationship between plant height and the
number of branches (r=-0.148) and the weight of
1,000 seeds (r=-0.204) was very weak and neg-
ative. Moreover, an average positive dependence
(r=0.625) was noted with the attachment height
of the lower pods, which indicates the tendency
of higher plants to form lower fruits at a higher
height from the soil.

The results obtained contradict the data by
J. Chandler (2025), who pointed out a significant
positive correlation between plant height, num-
ber of nodes, and number of branches with the
potential number of pods per plant. In particular,
J. Chandler obtained a correlation coefficient of
r=0.697 between plant height and the number of
pods per plant, which shows a direct relationship,
while in the current study there is a strong inverse
relationship (r=-0.897). The number of branches
on the plant was weakly positively correlated with
the number of pods (r=0.357) and the number of
seeds from the plant (r=0.262), which indicates a
weak direct relationship between the intensity of
branching and overall productivity. The relation-
ships with the weight of 1,000 seeds (r=-0.247)
and the attachment height of the lower pods
(r=-0.037) were weakly negative, which indicates
that there was no significant influence of these

indicators in the sample of the current study. Ge-
netic research by J. Chandler revealed an impor-
tant paradox: despite the fact that a larger num-
ber of nodes is positively correlated with a larger
number of branches (r=0.923) and pods (r=0.899),
the total number of nodes in a plant can have a
significant negative association with the final
yield (r=-0.611). This conclusion confirms the im-
portance of a balance between the growth of veg-
etative mass (number of nodes) and the efficiency
of its use for generative production, which partly
explains the negative relationship in the current
study between the height and number of pods.

A high positive correlation was found be-
tween the number of pods per plant and the num-
ber of seeds per plant (r=0.852), which confirms
their close interdependence as the main struc-
tural elements of yield. The correlation with the
number of seeds per pod (r=0.230) was weakly
positive, and with the attachment height of the
lower pods - an average negative (r =-0.566),
which indicates a tendency to decrease the num-
ber of pods as the node point increases. The
number of seeds from the plant had an average
positive association with the number of seeds in
the pod (r=0.688). A weak negative correlation
was found between the number of seeds and the
weight of 1,000 seeds (r=-0.366), reflecting a typ-
ical feedback loop between the number and size
of seeds (compensatory mechanism). The number
of seeds per pod had a high negative correlation
with the weight of 1,000 seeds (r=-0.735). This
pattern is explained by the fact that when more
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seeds compete for assimilants within a single
pod, their individual weight inevitably decreases.

The results obtained are consistent with
modern ideas about soybean seed productivity
as an integral indicator of the realisation of va-
rietal potential. By definition of J.S.P.C. Evangelis-
ta et al. (2021), seed productivity, which combines
quantitative and qualitative parameters of seeds,
is a more stable feature compared to overall yield,
since it is less susceptible to short-term fluctua-
tions in environmental conditions. A similar opin-
ion was expressed by Y. Gai et al. (2025), who in
their review study emphasised that the ability to
form full, well-filled seeds reflects the genetically
determined effectiveness of the crop’s reproduc-
tive system and can serve as a reliable criterion
for variety adaptability. In conditions of high var-
iability of agroecological factors, the stability of
key elements of the crop structure in different
years of cultivation becomes particularly impor-
tant. This opinion is confirmed by the results of
three-year studies by . Havryliuk & H. Kovalyshy-
na (2024), who, using variance and correlation
analysis, established significant genotypic differ-
ences in the weight of 1,000 seeds, the number
of grains from the main reproductive unit, and
their weight. The researchers concluded that it is
the stability of these indicators that determines
the adaptability of the variety, which is fully con-
sistent with the differences between varieties in
seed productivity parameters identified in the
current study. According to A.M. Rybalchenko &
Ye.V.Chub (2021),the assessment of soybean vari-
eties cannot be limited to the analysis of individ-
ual elements of the crop structure, since such an
assessment does not reflect the effectiveness of
reproductive processes in general. The research-
ers emphasise the feasibility of an integrated
approach, which includes the number of seeds
per plant, the weight of seeds per plant, and the
weight of 1,000 seeds as interrelated indicators
of the realisation of varietal potential. Thus, the
results of the current study, based on the simulta-
neous analysis of structural and seed indicators,
confirm the feasibility of using seed productivity

as a key criterion for comparative evaluation of
soybean varieties. Therefore, the generalisation
of the results of the observations in combina-
tion with the literature data shows that seed
productivity is not only an indicator of the level
of yield, but also an indicator of genetic stabili-
ty and adaptive potential of the variety, which is
of fundamental importance for the selection of
promising genotypes in an unstable environment.
As a result of the study of varietal charac-
teristics of soybeans in the conditions of the for-
est-steppe of Ukraine, it was found that the geno-
type has a significant impact on the development
of elements of the crop structure and seed pro-
ductivity. Studies have shown that the number
of pods per plant is the main factor determining
productivity, and the height of the plant has a
negative impact on this indicator due to exces-
sive vegetative growth. In addition, it was found
that soybeans can adapt to unfavourable condi-
tions through compensatory ability, redistributing
assimilates to ensure greater seed weight.

Conclusions
During a two-year analysis of varietal charac-
teristics of soybean yield structure development
in the forest-steppe soil and climate zone of
Ukraine, it was established that the development
of yield structure elements and seed productiv-
ity is a highly varietal-dependent process. This
is confirmed by the significant variability of the
morphological and productive traits under study,
which is statistically significant for most of the
compared pairs of varieties, which emphasises
the critical role of the genotype in the realisation
of yield potential. A number of key internal rela-
tionships that regulate performance were iden-
tified. It was found that the number of pods per
plant is the dominant element of the crop struc-
ture, showing a high positive correlation with the
number of seeds per plant (r=0.852). Simultane-
ously, a strong negative correlation was found be-
tween plant height and the number of pods per
plant (r=-0.897), which indicates a negative ef-
fect of excessive vegetative growth on generative
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productivity. It should be noted that higher plants
form lower pods at a higher altitude (r=0.625),
which is favourable for minimising losses during
mechanised harvesting.

It was proved that soybean productivityis reg-
ulated by the mechanism of compensatory abili-
ty (phenotypic plasticity). In particular, in 2025,
the activation of this mechanism was recorded,
when a decrease in the number of pods led to a
significant increase in the weight of 1,000 seeds.
This reflects a fundamental negative correlation
between quantitative and qualitative indicators,
where limiting the number of nodes ensures better
seed filling by redistributing assimilates. A similar
high negative correlation was found between the
number of seeds per pod and the weight of 1,000
seeds (r=-0.735), which confirms competition for
resources between seeds in a pod. It was noted
that the number of branches on the plant had
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with the productivity of the main stem and the ef-
ficiency of fruit setting on it. According to the re-
sults of research, the varieties ‘ES Mentor’, ‘Antrac-
it, and ‘Muza’ demonstrated the most balanced
development of elements of the crop structure
and high seed productivity. They combine high
seed productivity with a weight of 1,000 seeds,
which indicates their effective regulation of the
distribution of assimilates, high adaptive poten-
tial, and makes them promising for introduction
into production in the forest-steppe of Ukraine.
Prospects for further research consist in an
in-depth study of the interaction between gen-
otype and environmental conditions using long-
term observations and an expanded set of soy-
bean varieties to clarify the mechanisms of seed
productivity and adaptive stability of the crop.
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AHoOTaLifA. Y KOHTeKCTi rnobanbHMX KNIMAaTUYHMX 3MiH Ta NpoaoBonbyoi Kpusu, coa (Glycine
max) notpebye onTuMi3auii reHeTMYHOro noTteHuiany Ans 3abesneyeHHs cTabinbHOi Ta BMCOKOI
NPOAYKTUBHOCTI Yepe3 igeHTUdiKaLilo reHOTUNIB 3 BUCOKOK afanTUBHICTIO B KOHKPETHUX IPYHTOBO-
KniMaTUYHUX yMOBax, 3okpeMa Jlicocteny YkpaiHu. MeTa pocnigxeHHs nongrana y BUBYEHHI BNAUBY
CcopToBMX 0C0BMBOCTEN Ha (OPMYBAHHS K/HOYOBUX MOPGONOriYHMX i NMPOAYKTUBHMX O3HAK COi Ta
OUjiHLi ii KOMNEeHcaliiHOT 34aTHOCTI MPOTArOM [ABOX POKiB AoCniAxeHb. JocniaxeHHs nposBoauau
npotarom 2024-2025 pokiB i3 3aCTOCYBaHHSIM NONbOBOro, 6iOMETPUYHOro Ta KOPensiLiiHOro aHanisis
NS OUIHKM BMCOTU POCAMH, KinbkocTi 606iB Ha pocnuHi, KinbkocTi rinok Ta Macu 1000 HaCiHWH.
BcTaHOBNEHO BMCOKY COPTOBY 3aNeXHICTb YCiX AOCNIAXKYBAHUX O3HAK, LLO NiAKPEC/OE BM3HAYaNbHe
3HAYEHHS TeHOoTMNY. BUSBNEHO CUNbHY BiA’EMHY KOPEnsauitd MiX BMCOTOK POCAMHM Ta KiNbKiCTHO
606iB Ha pocauHy (r=-0,897), W0 CBigYMTb NPO HEraTMBHWUI BNIMB HaAMIPHOIO BEreTaTMBHOIO POCTY
Ha reHepaTMBHY MPOALYKTUBHICTb yepe3 nopyweHHa 6anaHcy mxepen i cToki. [liaTBepaXeHo, wWo
iHTEHCUMBHICTb TiNKYBaHHSA Mana nuwe cnabkuii BNAMB Ha GOpMYBaHHS Bpoxal. BuseneHo mMexaHism
KOMMeHCaLiHOi 34aTHOCTi B pOKM focniaxXeHb (GeHOTUNOBOI NNACTUYHOCTI): 3HWXKEHHS KinbKocTi 606iB
Yy HECMPUATAMBUX YMOBAX NPU3BOAMIO A0 KOMMNEHCATOpHOro 36inbweHHs Macu 1000 HaciHuH. Cepep
[aocnipkeHux 3paskis coptv ‘EC MenTop’, ‘AHTpaumnTt i ‘Mysa’ Manu Haibinblu 36anaHcoBaHe NOEAHAHHS
BMCOKOI HaCiHHEBOI MPOAYKTMBHOCTI, SIKOCTi HAaCiHHA Ta 3340BifIbHOI BUCOTU MPUKPIMIEHHS HUXHIX
606iB. Pe3ynbTaT AOCNIMKEHHS HaAATb BaXNUBY iHDOPMALiO AN ONTUMI3aLii COPTOBOro cknamy
B PEriOHi, a TaKOX C/YrylTb OCHOBOK ANS CenekuiinHoi poboTu, cnpsMOBaHOi Ha aganTauitlo coi Ta
niaBUWEeHHS eEKTMBHOCTI 3aB'A3yBaHHS NAOAIB y 30Hi Jlicocteny

KnioyoBi cnoBa: reHotun; MopdonoriyHi 03HaKM; KOMMEHCALiMHA 34aTHICTb, BEreTaTUBHWMIA PiCT;
KOpensiLinHui aHanis
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Abstract. The relevance of the study is conditioned by the need to improve the technology of
manufacturing substrates for vermiculture growing, which is important for obtaining high-quality
organic fertiliser and improving the efficiency of biotechnological processes for organic waste disposal.
The goal was to determine the optimal dose of fermented wheat straw as part of the substrate to
increase the growth, development and reproductive capacity of vermiculture. The experiment was
conducted in the vivarium of the Bila Tserkva National Agrarian University on seven groups of microbeds
formed based on bovine cattle manure with varying contents of composted wheat straw. The Control
Group contained cattle manure and only fresh crushed straw, and the substrate from the experimental
microbeds included 2.0-6.0% fermented wheat straw. One hundred sexually mature worms were placed
in each microbed. For 125 days, the number and weight of sexually mature and non-sexually mature
individuals, the number and weight of their cocoons were monitored. The results were processed using
variational statistics methods. The best indicators were found with the introduction of 3.0-4.0% of
composted straw in the substrate. In these groups, a significant increase in the number and biomass
of worms, and an increase in the number of cocoons were recorded. It was recorded that the optimal
level of composted straw contributed to improving the adaptation of the population, increasing the
number and weight of sexually mature worms in the experimental microbeds. Exceeding the content of
composted wheat straw to 5.0-6.0% did not provide an increase in the number of worms in microbeds.
This indicates the presence of an upper limit of the population’s tolerance to an increase in the carbon-
to-nitrogen ratio in the substrate. It was determined that the optimal dose is 3.0% composted wheat
straw, which provides a statistically significant increase in the number and weight of worms compared
to the Control. The use of this dose helped to maintain a biologically balanced ratio of nutrients and
created conditions for effective reproduction and development of vermiculture. The results obtained
can be used to develop effective methods for growing vermiculture based on composted wheat straw,
which will help to improve soil fertility and increase the efficiency of organic farming

Keywords: hybrid Red California worms; worm cocoons; microbed; sexually mature individuals; fermentation

Introduction

Growing vermiculture on a substrate with com-
posted wheat straw by the accelerated method
is a promising area in the field of organic farm-
ing, which contributes to the sustainable use
of natural resources and reduces the negative
impact on the environment. Composting wheat
straw together with other organic materials al-
lows creating a high-quality substrate, which is
an ideal environment for the growth and repro-
duction of worms. The use of vermiculture prod-
ucts not only improves the structure of the soil
and increases its fertility, but also contributes to
the preservation of moisture, which is especially
important in the context of climate change and
insufficient water resources. In addition, vermi-
compost is an environmentally friendly, organic

fertiliser that provides plants with the necessary
macro- and microelements and other essential
nutrition factors that contribute to the realisa-
tion of their genetic potential.

The transition from growing vermiculture on
a substrate with composted wheat straw to using
it in animal feed rations opens up new opportu-
nities for sustainable management of agricultur-
al resources. Analysing the effect of wheat straw
chopping length, the study by C.D. Havekes et
al. (2020a) showed how the physical properties
of straw can affect feed consumption and animal
health, which, in turn, increases the efficiency of
using organic materials in agriculture. This study
adds to the understanding of how innovative
straw processing techniques can be applied to
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improve feed quality and optimise animal nutri-
tion. LV. Mitiohlo et al. (2023) investigated the
physical and chemical parameters of wheat straw
fermented using a Ukrainian-made biodestructor.
The results showed that fermentation of straw
significantly improves its organic composition
and increases its suitability for use as a feed or
substrate for growing vermiculture. This confirms
the effectiveness of using biotechnological ap-
proaches in the treatment of agricultural waste
to improve its quality and environmental safety.

F.A.M.Tuyttens (2005),C.D.Havekes et al.(2020b)
considered that livestock production technologies
involve the use of various types of straw, in particu-
lar wheat straw, which is used as coarse feed and
as bedding. In the conditions of Ukraine in recent
years, there has been a decrease in the number
of ruminants, which contributes to the accumula-
tion of significant volumes of straw, which is often
stored for a long time. This leads to its spoilage,
microbiological contamination, and loss of nutri-
tional value. According to Q. Sun et al. (2025), ac-
cumulated straw poses an environmental burden,
since it releases greenhouse gases during rotting
and can be a source of pathogens.

In modern environmental approaches, the de-
velopment of efficient and safe technologies for
its disposal is relevant. One of these solutions was
the use of accelerated microbiological compost-
ing. .S. Osipenko & S.V.Merzlov (2023) developed
a method for biodegradation of spoiled wheat
straw using the BTU-CENTR biological product.
Under the action of microorganisms, intensive hy-
drolysis of the hemicellulose complex and partial
destruction of lignin occurred, which significantly
accelerated composting. It was found that a dose
of biodestructor of 28 cm?/t reduced the loss of
nitrogen and phosphorus by 26.7% and 37.2%,
respectively, which is important for reducing the
negative impact on the environment. .S. Osipen-
ko & SV. Merzlov paid special attention to the
interaction between microbial consortia and
vermiculture in combined straw processing tech-
nologies. The researcher noted that fermentation
not only enriches the substrate with available

nutrient compounds, but also plays the role of a
“detoxification” stage: at excessive concentrations
of ammonia, worms die or are suppressed, while
enzymatic processes allow stabilising nitrogen
compounds in a form that is safe for their de-
velopment. Thus, the interaction of bacteria and
vermiculture has a synergistic character: microor-
ganisms create optimal conditions for worms, and
worms, in turn, structure the substrate and form
the final product with high agrochemical value.
Global studies confirm the effectiveness
of pre-microbial treatment of straw. A. Sahu et
al. (2025), who found that thermophilic lignocel-
lulosolytic microorganisms significantly increase
the composting efficiency of rice and wheat straw,
providing a significant increase in the nutrient
content of compost compared to conventional
methods and offering an environmentally safe al-
ternative to processing plant residues. One of the
promising areas for further use of the resulting
composted biomass is its use as a substrate for
vermiculture. Vermicomposting with the partici-
pation of Eisenia fetida is widely recommended as
an effective method of disposing of plant waste
and improving its structural and nutritional prop-
erties (Alwaneen, 2016). P. Vyas et al. (2022) found
that the combination of microbial degradation and
vermicomposting increases the rate of substrate
stabilisation by 30-50% and promotes an increase
in the content of macronutrients (N, P, K). Similar
results are presented in the paper by Y. Wang et
al.(2024), where a study on composting corn straw
and pig manure with microbial inoculants showed
that thermophilic and low-temperature microbial
systems significantly enhance lignocellulose deg-
radation and humic substance development,which
increases process efficiencyand is essential for sus-
tainable organic waste management in agriculture.
In general, the analysis of the literature con-
firms that integrated approaches to processing
spoiled wheat straw are the most technological-
ly sound and environmentally appropriate. The
tendency to combine microbial destruction and
vermiculture corresponds to modern principles,
reduces the burden on the environment, and
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promotes the production of organic fertilisers that
increase soil fertility. Thus, the results of numer-
ous studies indicate a high prospects for the use
of integrated biotechnologies in solving the prob-
lem of organic waste disposal in the agricultural
sector. In agriculture, straw-based vermicompost
has shown significant agronomic potential. Based
on the results of the considered studies, it can be
concluded that the use of composted wheat straw
as a substrate for growing Red California worms
is a promising area for environmentally orient-
ed management of agricultural waste. Therefore,
conducting research to establish the effectiveness
of growing worms on a substrate of fermented bo-
vine cattle manure with different doses of spoiled
wheat straw composted by the accelerated method
is of important scientific and practical importance.

The purpose of the study was to determine
the optimal dose of composted (prepared by the
accelerated method) wheat straw as part of the
vermiculture substrate.

Materials and Methods
The study of the effect of different doses of fer-
mented wheat straw in the substrate on the
growth and development of vermiculture was
conducted in the vivarium of the Institute of An-
imal Husbandry and Food Technologies of the
Bila Tserkva National Agrarian University. A sub-
strate for growing vermiculite for 7 groups of mi-
crobeds was prepared from bovine cattle manure

Mitioglo et al.

composted for 8.0 months using conventional
methods (without the addition of biodestructors
and aeration) and shredded uncomposted wheat
straw. The study was conducted according to the
Convention on Biological Diversity (1992).

In the Control Group, bovine cattle manure
containing 3.0% by weight of fresh wheat straw was
used as a substrate for a hybrid of Red California
worms. In the Experimental Group 1, the microbed
substrate, in addition to the main components,
contained 2.0% wheat straw composted using the
BTU-CENTR biodestructor. Microbeds from the Ex-
perimental Group 2 were formed from a substrate
containing 3.0% fermented wheat straw. In the Ex-
perimental Group 3,bovine manure containing 4.0%
composted wheat straw was used to form microbeds.
The substrate from Experimental Groups 4 and 5
contained 5.0 and 6.0% fermented wheat straw. The
weight of the substrate in each microbed was 17.5 kg.

The average weight of worms older than 90
days, which were placed in the microbed at the
beginning of the experiment, was 0.75 = 0.03 g.
The experiment lasted 125 days. 100 sexually
mature worms were added to each microbed. At
the end of the study, worms were divided into
sexually mature and non-sexually mature, count-
ed, and the weight of worms and their cocoons
was determined. The air temperature in the vivar-
ium with microbeds was maintained at the level
of 23-25°C. Aeration of the substrate with vermic-
ulture was performed every 2 days (Table 1).

Table 1. Experiment design using worms

Microbed group Numboe;eox;?;v;::als Factor under study

Control 60.0 (97.0% fermi%?zzir?:taett(lrgslg)n{l?gg-rg.vt\)l Iggu;vr?;(rjn \i/heat straw)
Experimental 1 60.0 Main substrate containing 2.0% compostable wheat straw
Experimental 2 60.0 Main substrate containing 3.0% compostable wheat straw
Experimental 3 60.0 Main substrate containing 4.0% compostable wheat straw
Experimental 4 60.0 Main substrate containing 5.0% compostable wheat straw
Experimental 5 60.0 Main substrate containing 6.0% compostable wheat straw

Source: compiled by the authors

The weight of sexually mature and non-
sexually mature worms and their cocoons was

recorded using techno-chemical and analytical
scales. The experimental results were statistically
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processed to determine the significance using
Statistica software suite.

Results and Discussion
Control of the number of worms and their
weight was carried out on day 125 of the ex-
periment. In the Control Group, the number of
sexually mature worms in one microbed was 405
units. When 2.0% of fermented wheat straw was
included in the substrate, the number of sexually
mature worms increased by 1.2%, but the differ-
ence in relation to the Control Group was not

statistically significant. Cultivation of vermicul-
ture on a substrate containing 3.0% fermented
wheat straw revealed an increase in the num-
ber of sexually mature worms by 18.5% relative
to the Control Group (p < 0.001). This confirms
the rapid adaptation of vermiculture to the sub-
strate and the increased transformation of nutri-
ents from it into the body of worms. In the Ex-
perimental Group 3, an increase in the number
of sexually mature worms by 19.2% compared
to the Control Group was shown. The difference
was statistically significant (Table 2).

Table 2. Number of worms on day 125 of the study, M+m, n=6

. Sexually mature individuals per bed Sexually mature individuals per bed
Microbed group " B " - - n
quantity, units weight, g quantity, units weight, g
Control 405+5.4 303.7+7.88 4,750+84.6 522.5+14.6
Experimental 1 410+6.8 315.7+10.5 4,790+89.6 526.9+17.5
Experimental 2 480 £ 5.5%** 369.6 £ 8.6%** 5,100+86.5* 663.0£71.4%**
Experimental 3 482+ 6.3%** 376.0£9.3%** 5,050+83.7* 606.3+12.9**
Experimental 4 415+4.3 307.1x7.7 4,764 +88.5 514.4+19.5
Experimental 5 395+7.5 284.4%x11.6 4,630+£97.7 457.1+18.2*

Note: ** — p<0.01; *** — p<0.001 - relative to the Control Group

Source: compiled by the authors

With an increase in the additional content of
composted wheat straw in the substrate (Exper-
imental Group 4), the increase in the number of
worms in microbeds was not statistically signifi-
cant. At the highest dose of composted straw, the
number of sexually mature worms in microbeds
decreases by 2.4% compared to the Control
Group. The difference was not statistically signif-
icant. The influence of the content of compost-
ed straw in the substrate on the body weight of
sexually mature worms was proved. The average
weight of one individual in the Control Group was
0.74 g. In microbeds with a substrate content of
2.0% composted wheat straw, the average weight
of one worm (sexually mature) was 4.0% higher
than in the Control Group. Growing vermiculture
on a substrate with a compostable wheat straw
content of 3.0%, it was possible to obtain 21.6%
more biomass of sexually mature worms. The dif-
ference was statistically significant. A statistical-
ly significant increase in the biomass of the Red

California worm hybrid was also found in the
Experimental Group 3, where the substrate con-
tained 4.0% composted wheat straw. The weight
of sexually mature worms grown on a substrate
with contents increased by a statistically insig-
nificant amount. The difference with the Control
Group was 1.1%. When growing vermiculture in a
substrate containing 6.0% composted wheat straw,
the weight of sexually mature worms decreased
by 6.3%. The difference was of a trend nature.

Describing the number of individuals who
did not reach sexual maturity, it was proved that
in microbeds from the Control Group, the indica-
tor was 4,750 units. When growing vermiculture
on a substrate containing 2.0% composted wheat
straw, the number of worms was 0.8% higher
than in the Control Group. The difference was
within the margin of error. The largest number
of young worms was in a substrate containing
3.0% composted wheat straw. The difference with
the Control Group was 7.3% and was statistically
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significant. An increase in the population size
relative to the Control Group in microbeds where
worms were grown using a substrate containing
4.0% composted wheat straw was also proved.
The increase in population size was statistically
significant. In terms of the number of non-sexual-
ly mature worms, the Experimental Group 4 prac-
tically did not differ from the Control Group. The
increase in the number of worms relative to the
Control Group was only 0.2%. At the highest dose
of composted straw in the substrate, the number
of non-sexually mature worms was 2.5% lower
compared to the Control Group. The difference
was within the margin of error.

Investigating the weight of worms that did
not reach sexual maturity, it was found that the
more individuals in microbeds, the greater their
weight. The average weight of individuals who
did not reach sexual maturity in the Control
Group was at the level of 0.11 g. When growing
worms on a compostable substrate (Experimental
Group 1), the average weight of one individual
increased by 0.8%. It was found that the weight
of vermiculture from the Experimental Group 2
increased by a statistically significant amount.
The difference with the Control Group was 26.8%.
The use of a substrate containing 4.0% com-
posted straw contributed to an increase in the
weight of worms in the Experimental Group 3 by
16.0% (p <0.01). A lower average weight of one
worm (not sexually mature) was found in the
Experimental Group 3. The difference with the
Experimental Group 2 was at the level of 8.5%.
Despite the fact that the number of non-sexually
mature individuals in the Experimental Group 4
was higher than in the Control Group, however,
their weight was lower than in the Control Group
by 1.6%. It was found that the weight of worms
grown on a substrate with the highest content of
composted wheat straw decreased by a statisti-
cally significant amount. The difference with the
Control Group was 12.5%.

The optimal content of composted wheat
straw in the substrate composition has been ex-
perimentally established. Growing vermiculture
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on a substrate of bovine cattle manure with a
content of 3.0% composted straw allows increas-
ing the number of worms and their weight due
to the optimal content and availability of nutri-
ents. The number of young worms depends on the
number of cocoons. At the end of the experiment,
the number of cocoons in the Control Group was
at the level of 640 units. When using a substrate
containing 2.0% composted straw, the number
of cocoons in microbeds increased by 2.0% rel-
ative to the Control Group. In the Experimental
Group 2,the number of cocoons was 10.1% higher
than in the Control Group. The difference was sta-
tistically significant (Figure 1).
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Figure 1. Average number
of cocoons in microbeds
Source: compiled by the authors

When growing worms on a substrate con-
taining 4.0% composted wheat straw, the num-
ber of cocoons was higher relative to the Control
Group by a statistically significant amount. The
difference with the Control Group was at the level
of 9.0%. The indicator of the number of cocoons
in the Experimental Group 4 almost did not differ
from the data obtained in the Control Group. The
lowest cocoon content was found in microbeds
where the substrate contained 6.0%. The differ-
ence with the Control Group was of a trend nature.

Not all groups increased the number of co-
coons in proportion to the number of worms
that reached sexual maturity. A study was also
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conducted to establish the weight of cocoons be-
fore the young worms left them. In the Control
Group, this indicator was 640 units. The weight of
cocoons depends mainly on the number of worms
that develop inside. In the Control Group, this in-
dicator was at the level of 15.2 mg.When growing
worms on a substrate containing 2.0% composted
straw, the weight of cocoons deposited by them
was 3.2% higher compared to the Control Group.
The difference was of a trend nature (Fig. 2).
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Figure 2. Average weight
of cocoons in microbeds
Source: compiled by the authors

In the Experimental Group 2 of microbeds,
the average weight of cocoons was higher by
11.8% compared to the Control Group. The dif-
ference was statistically significant. It was found
that cocoons from the group where the substrate
contained an additional 4.0% of composted
wheat straw had a higher weight compared to
cocoons from the Control Group by 11.2 %. The
increase in the indicator was at the level of sta-
tistical significance. An increase in the content of
composted straw in the substrate to 5.0% does
not lead to an increase in the weight of worm
cocoons in microbeds from the Experimental
Group 4. An increase in the available carbon
content due to the content of 6.0% composted
wheat straw in the substrate affected the de-
crease in the average weight of cocoons. The

difference with the Control Group was 9.2% and
was statistically significant.

The concentration of fermented wheat straw
in the substrate affects the reproduction and
growth of worms, and the number of cocoons
they form. Growing vermiculture in a substrate
containing 3.0% composted wheat straw leads
to an increase in the number of sexually mature
worms in one microbed compared to the option
where the substrate contained only fresh crushed
straw (Control Group). According to their biologi-
cal characteristics, worms reach sexual maturity
by day 90 of their life, and young worms devel-
op in a cocoon for up to 15 days under optimal
growing conditions (Herasymenko, 2006). Based
on this,an increase in the number of sexually ma-
ture individuals in microbeds in the presence of
3.0% composted straw contributes to accelerated
adaptation of worms and the creation of opti-
mal conditions for mating. The rationale for this
phenomenon is that with the optimal content of
composted wheat straw in the substrate, worms
do not experience habitat discomfort. In addi-
tion, this indicates the absence of harmful com-
pounds in composted straw. According to Y. Cao et
al. (2021) straw mainly improves the productivity
of earthworms during vermicomposting.

The results obtained in the current study
show that the introduction of an optimal dose
of composted wheat straw into the substrate for
growing Red California worms provides a signif-
icant increase in both the number of sexually
mature individuals and the total weight of worm
biomass. This pattern is consistent with the logic
of biochemical processes that occur during mi-
crobial destruction of straw, and is confirmed by
a number of scientific sources. Composting using
a biodestructor containing a complex of cellulo-
lytic, amylolytic, and nitrogen-fixing microorgan-
isms significantly increases the bioavailability of
organic nitrogen and carbon, which is a key factor
in earthworm nutrition. As noted by V.H. Hera-
symenko (2006), the optimal ratio of carbon to
nitrogen in vermiculture substrates should be
approximately 20:1. The results of the current
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study show that adding exactly 3.0% by weight of
composted straw allows bringing the value of this
indicator closer to the biologically optimal one.
In addition, the increased availability of easily ac-
cessible forms of carbon after composting allows
worms to adapt more quickly to the substrate and
consume organic matter more actively.

When comparing the data of the current
study with the results of international scientific
papers, it was found that the identified patterns
were consistent with the conclusions of R. Pan-
jgotra et al. (2019). In particular, these research-
ers have shown that the use of wheat straw, even
non-composted, contributes to an increase in
biomass growth of Eisenia fetida by increasing
the structural looseness of the substrate and
increasing its air permeability. However, R. Pan-
jgotra et al. did not use preliminary microbial
destruction, which is a limitation of their study,
since it did not consider the potential for in-
creasing the bioavailability of nutrients. But the
data of the current study shows that it is biodeg-
radation that accelerates the decomposition of
cellulose and hemicellulose, which creates more
favourable conditions for the assimilation of the
substrate by worms.

The properties of the compostable straw sub-
strate observed in the current study are also con-
sistent with the results of A. Nigussie et al. (2021),
who found that microbial inoculants generally
have a positive effect on the composting process,
increasing the total nitrogen and phosphorus
content, humification levels, compost maturity,
and accelerating the degradation of cellulose,
hemicellulose, and lignin, although their effect
on bioavailable forms of nutrients is negligible. In
the case of a similar effect - the preservation of
nitrogen and phosphorus - was found by I.S. Osi-
penko & SV. Merzlov (2023), which is fully con-
sistent with international data. In addition, the
results of current studies are consistent with the
findings of A. Vyas et al. (2022), who obtained an
increase in vermicomposting productivity using a
combined microbial-vermicomposting approach.
The researchers proved that pre-destruction of
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plant material stimulates the reproduction of
worms, increases their biomass, and accelerates
the development of humic substances. Data from
the current study also indicate an increase in live
weight gain of Eisenia fetida with an optimal con-
tent of composted straw, which is a confirmation
of similar trends. In addition, P. Vyas et al. (2022)
found that the combination of microbial fermen-
tation and vermicomposting leads to improved
degradation and conversion of organic matter,
which is consistent with an increased conversion
rate of organic mass to vermicompost and stim-
ulation of worm growth with optimal substrate
treatment. This is consistent with the results of
the current study, because the optimal dose of
composted straw contributed to faster assimila-
tion of the substrate by worms and improved their
reproduction and biomass accumulation. A slight-
ly different aspect of the problem was considered
by I. Ahmad et al. (2022), who investigated the ef-
fects of vermicompost derived from straw. They
found that composted straw is a high-quality sub-
strate for creating nutritious vermicompost, which
confirms the positive impact of such biomass on
ecosystem processes. This is consistent with the
findings of the current study on the positive ef-
fects of such compost on vermiculture. Therefore,
the results obtained in the current study logically
fit into global trends involving the integration of
microbial composting and vermiculture.
Summarising, it is worth noting that the re-
sults of the current study do not contradict the
data of other researchers, but on the contrary -
they complement them, highlighting the scien-
tific originality: the use of the optimal dose of
composted wheat straw (3.0%), which provides
the most favourable conditions for growth and
development of Eisenia fetida. Thus, the estab-
lished pattern regarding the effectiveness of this
dose is a logical continuation of existing scientific
developments and contributes to improving the
efficiency of biotechnologies for processing agri-
cultural waste. In scientific publications, the prob-
lem of accumulation of spoiled wheat straw was
considered as an important environmental and
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production challenge for the agricultural sector.
J.K.Leet & D.C.Volz (2013) and X.Shen et al.(2015)
noted that unutilised straw can cause a complex
of negative consequences: contamination of soil
and water with decomposition products, accumu-
lation of phytopathogenic microorganisms and
harmful metabolites, and a potential increase in
greenhouse gas emissions due to uncontrolled
rotting. It was emphasised that straw, even in its
damaged state, remains a renewable resource
and contains organic compounds (carbohydrates,
fibre, proteins, etc.) that are suitable for use as a
substrate in biotechnological processes. This po-
sition is consistent with the approach used in the
current study, where straw was considered not as
inefficient waste, but as a substrate component
for bio-processing.

In @ number of studies, the expediency of
technological schemes in which preliminary mi-
crobial treatment of organic mass was combined
with subsequent vermicultivation was justified. In
particular, H.Zhang et al. (2016) showed that con-
trolled biotechnological composting conditions
contributed to more active decomposition of or-
ganic matter and substrate stabilisation. A. Nasi-
ru et al. (2013) considered vermicomposting as a
tool for sustainable organic waste management
and emphasised that the efficiency of the process
increases with pre-preparation of the substrate,
which reduces toxicity and improves nutrient
availability. A similar statement was supported by
I. Zekker et al. (2019; 2021), who noted that the
use of microbial conglomerates allows controlled
initiation of hydrolysis of organic components,
breakdown of complex polysaccharides, reduc-
tion of substrate toxicity, and optimisation of
ammonia concentrations. The results obtained in
the current study were consistent with the above
provisions. The effect of including composted
straw in the substrate was manifested as an im-
provement in the conditions for the growth and
reproduction of vermiculture, which was logically
explained by the mechanisms described by A. Na-
siru et al. (2013). In particular, during fermenta-
tion, as noted in these studies, microorganisms

synthesised a range of hydrolytic enzymes that
hydrolysed insoluble polymers (cellulose, hemi-
cellulose, and partially lignin) into more acces-
sible forms. The resulting intermediates (simple
sugars, amino acids, mineral compounds) formed
a more nutritious substrate suitable for the next
stage - vermicomposting. It was this transforma-
tion of the substrate that could determine the im-
provement in vermiculture performance found in
the study after the addition of composted straw.

Importantly, the results of the current study
are also consistent with the biological prereq-
uisites for effective vermiculture described by
K.D Brown (2019). The researcher emphasised
that the most effective in world practice are vari-
ous species of manure wormes, in particular, a hy-
brid of Red California worms Eisenia fetida, which
is characterised by a high intensity of consump-
tion of the nutrient medium in which it lives, rap-
id growth of biomass, and the ability to efficiently
process organic substrates. It was also noted that
under the condition of preliminary fermentation
of the substrate, such worms show maximum
growth rates and quickly transform the mass
treated with microorganisms into high-quality
vermicompost. Therefore, the use of a fermented
(composted) component in the substrate in this
study corresponded to the approaches that were
considered most effective for realising the bio-
logical potential of E. fetida.

The results of the study show that the op-
timal content of composted wheat straw in the
substrate for growing worms is 3.0%. This con-
centration provides a significant increase in both
the number and biomass of worms, contributing
to their efficient development. Higher doses of
composted straw do not provide additional ben-
efits and do not contribute to further population
growth. Thus, the use of 3.0% composted straw is
the most effective for optimising the processes
of growing vermiculture. Adding composted straw
to the substrate improves the conditions for the
growth and development of worms, increasing
their adaptation and reproductive ability. Exceed-
ing the optimal dose of straw does not lead to
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improved results and may negatively affect the
efficiency of the process.

Conclusions
With the introduction of an additional 3.0% com-
posted wheat straw in the substrate (bovine cat-
tle manure containing 3.0% by weight of fresh
non-composted wheat straw), a significant in-
crease in the total biomass of vermiculture in one
microbed was established. The data obtained con-
firm that composted straw is an effective structur-
al and nutritional supplement that can stimulate
both the development of the substrate microbiota
and the subsequent growth of vermiculture. It was
also found that the use of 3.0% composted wheat
straw as part of the substrate contributes to an
increase in the average weight of sexually ma-
ture worms. In particular, their weight increased
by 21.6% compared to the option where com-
posted straw was not added. This indicates that
composted straw has a positive effect not only on
the total number and biomass of the worm pop-
ulation, but also on their physiological state, pro-
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of available carbon and its optimal ratio to ni-
trogen formed favourable conditions for the
growth of non-sexually mature worms, which
are the first to respond to changes in the qual-
itative characteristics of the substrate, demon-
strating an increased growth rate. The results of
the study confirm that composted wheat straw
obtained using Ukrainian-made biodestructors
can be considered as a promising environmen-
tally safe component for enriching substrates for
vermiculture. The use of 3.0% composted straw
is the optimal dose to stimulate the growth and
reproduction of Red California worms.

Thus, the research is not only theoretical,
but also of significant practical importance for
the development of ecological technologies
for bio-processing of organic raw materials and
improving the efficiency of vermicompost pro-
duction. A promising area of further research is
the investigation of the chemical composition of
vermiculture biomass grown on a substrate with
different contents of composted wheat straw.
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AHoTauif. AKTyanbHiCTb  AOCNIOXEHHS 3yMOBNEHa HEOOXiAHICTI0O BAOCKOHANEHHS  TEXHOMOrii
BUIOTOBJ/IEHHS CyBCTPaTiB A4/191 BUPOLLYBaHHS BEPMUKYNBTYPU, LLLO MAE BAaX/IMBE 3HAYEHHS 4151 OTPUMAHHSA
BMCOKOSIKICHOTO OpraHiyHoro Aobpuea Ta NiABULLEHHS e(PEeKTUBHOCTI GiOTEXHONMOrYHMX MNpoLecisB
yTuni3auii opraHiyHux Bigxofis. MeTa nonsrana y BM3HAYeHHi ONTUManbHOI A03M dhepMeHTOBaHOI
CONOMM NLIEHMLI Yy CKNaai cybcTpaTty Ans NiaBULLEHHS POCTY, pO3BMTKY Ta BiATBOPOBANbHOI 34aTHOCTI
BepMuKynbTypu. EkcnepumeHT npoBoamBca y BiBapii binouepkiBCbKOro HawLioOHanbHOro arpapHoro
YHiBEPCUTETY Ha CEMM Fpynax MiKposox, CPOPMOBAHUX Ha OCHOBI FHOO BeNMKOi poratoi xynobu (BPX)
i3 pi3HMM BMIiCTOM KOMMNOCTOBaHOI conomu nwenuui. KoHtponbHa rpyna mictuna rHii BPX i nuwe cBixy
noapibHeHy conomy, Ao cybcTparty i3 AocniaHMX Mikponox Bkaovanm 2,0-6,0 % dbepmeHTOBaHOi conoMu
nweHuui.Y koxxHe Mikponoxe BHocuam no 100 ctateBo3pinuxyeps'akis.[lpotarom 125 ni6 koHTpontoBanu
YMCENbHICTb Ta Macy CTaTeBO3PINUX i HECTATEBO3PINMX OCOOUH, KinbKiCTb i Macy ix KokoHiB. Obpobky
pe3ynbTaTiB 34iACHIOBAAM METOAAMM BapiaUiMHOI CTAaTUCTMKKU. HalKpalli NOoKasHWKKM BCTAaHOBMIEHO 3a
BK/IOYeHHS 3,0-4,0 % koMnocToBaHOi conomMu y cybcTpar. Y umnx rpynax 3adikCoBaHO iCTOTHE 3pOCTaHHA
YncenbHOCTIi Ta BioMacK YepBKiB,a TAKOX NiABULLEHHS KiIbKOCTi KOKOHIB. 3aiKCOBaHO, L0 ONTUMaNbHUI
piBEHb KOMMOCTOBAHOI CONOMM CMpPUSIB MOKPALLEHHIO afanTauii nonynsuii, NiABULWEHHIO KiNbKOCTI Ta
Macu CTaTeBO3pPiNNX YepBAKIB Y AOCNIAHMX MiKponoXaX. [lepeBuLLeHHs BMICTY KOMMOCTOBAHOI CONOMMU

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1


https://orcid.org/0000-0001-6137-3060
https://orcid.org/0000-0002-9815-4280
https://orcid.org/0000-0002-2394-9118
https://orcid.org/0009-0000-3935-3207
https://orcid.org/0000-0002-0598-0090

Mitioglo et al. \ 35

nweHunui po 5,0-6,0 % He 3abe3neunno 36inblUEHHS KiNbKOCTI 4YepB'akiB y Mikponoxax. Lle cBigunts
NpO HAasBHICTb BEPXHbOI MeXi ToNepaHTHOCTI nonynauii fo 36inbweHHs cniBBigHoweHHS KapboHy oo
HitporeHny y cybctparti. BusHaueHo, wo ontuManbHot € fo3a 3,0 % KOMNOCTOBAHOI CONMOMMU NLIEHML, Lo
3abe3neyye CTaTUCTUYHO AOCTOBIPHE 36iNbLUEHHS KiNbKOCTi Ta MacK YepB'AKiB Y MOPiBHAHHI 3 KOHTPONEM.
3acTocyBaHHS L€ A03M [03BONMNO NiaTpMMyBatM 6GionoriyHo 36anaHcoBaHe CMiBBiAHOLEHHS
€/1eMEeHTIB XXMBJIEHHS Ta CTBOPIOE YMOBU A1 eDEeKTUBHOIO PO3MHOXEHHS W PO3BUTKY BEPMUKYNLTYPU.
OTpuMaHi Pe3ynbtati MoXyTb 6YTU BMKOPUCTaHi Ans po3pobku edeKTUBHUX METOAIB BUMPOLLYBAHHS
BEPMWKYIbTYPU Ha OCHOBI KOMMOCTOBAHOI COMIOMM MWIEHML, WO CAPUATUME MONIMNWEHHI0 POAKYOCTI
I'PYHTIB Ta MiABULLEHHIO ePEKTMBHOCTI OpraHiyHoOro 3eMnepobcTea

Knioyosi cnosa: ribpua 4epBoHMX KanihopHiNCbKMX YepBAKiB; KOKOHW YepBKiB; MiKpONoXe; CTaTeBO3pini
0Cco6MHU; hepMeHTaLin
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Abstract. Optimising sowing dates and selecting suitable preceding crops is crucial for realising
the productive potential of modern winter wheat varieties under changing climate conditions. The
aim of the study was to determine the effects of sowing dates and preceding crops on the formation
of indicators of seed productivity in winter bread wheat varieties under the conditions of the Right-
Bank Forest-Steppe of Ukraine. The research material included nine winter bread wheat varieties:
AFK Stabiliti’, AFK Lait Hrin’, AFK Elit Hrein’, AFK Fentezi’, AFK Yunion’, AFK Premium’ ‘MIP Feieriia
‘MIP Roksolana, and ‘Podolianka’ It was established that sowing dates, preceding crops, and varietal
characteristics significantly influenced seedling formation, morphological traits, and biological yield
of winter bread wheat. The optimal sowing date was determined to be September 30, which provided
the fastest germination (13 days), the highest tillering coefficient (1.57), the maximum number of
productive stems (5.5-5.6 million/ha), and a biological yield of up to 6.3 t/ha. The most favourable
preceding crops were pea and rapeseed, which ensured dense seedling stands (4.1-4.2 million/ha)
and a high tillering coefficient (1.57-1.67). After sunflower, almost all studied indicators decreased
due to soil nutrient depletion. The greatest ear length (up to 13.5 cm) was recorded in the ‘AFK Lait
Hrin’ variety sown on September 30 after rapeseed, while the tallest plants were observed after pea
(82.2 cm) and in the AFK ELit Hrein’ variety (up to 89 cm). The highest biological yields were formed
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by AFK Premium’ (6.6-7.2 t/ha), AFK Elit Hrein’ (6.3-6.8 t/ha), and AFK Fentezi’ (5.8-6.4 t/ha). Analysis of
variance revealed that varietal characteristics played the dominant role in determining productivity (up
to 95% of variation), while preceding crops had the greatest influence on stand density, and sowing

dates affected yield levels. The study demonstrated the effectiveness of applying different sowing dates
after various preceding crops to differentiate winter wheat varieties by seed productivity indicators. The
obtained results can be used in agricultural practice to improve the efficiency of winter wheat seed
production across diverse soil and climatic conditions and to optimise crop rotation systems

Keywords: Triticum aestivum L.; variety; preceding crop; sowing date; germination stage

Introduction
The seed productivity of winter bread wheat
plays a vital role in determining overall crop
yield, influencing both the quantity and quality
of seeds produced. This productivity is closely
linked to a range of agronomic factors, includ-
ing the timing of sowing, plant density, fertilisa-
tion practices, and pest management. As climate
change continues to alter growing conditions,
it becomes increasingly important to optimise
sowing schedules and select appropriate preced-
ing crops. These adjustments are necessary to
ensure that modern winter wheat varieties can
fully realise their productive potential under var-
iable environmental conditions.

Winter bread wheat (Triticum aestivum L.) is
one of the world’s leading food crops. N. Rudavs-
ka et al. (2025) reported that in Ukraine the sown
area of winter wheat in 2025 exceeded 5 mil-
lion hectares. Considering global market trends,
further growth in demand for wheat grain is ex-
pected, which can primarily be met by increasing
yields. At the same time, climate change observed
over the past decades significantly affects the
state of agroecosystems and crop formation. Un-
der these conditions, improving technological el-
ements of cultivation that ensure crop adaptation
to changing weather conditions and production
stability becomes increasingly important.

Sowing date plays a key role, as it determines
the growth and development rate of plants,
their winter hardiness, and the realisation of
the yield potential of winter wheat. O.A. Demi-
dov et al. (2024) reported that the most favourable

conditions for sowing occur when the average dai-
ly air temperature ranges from 14 to 17°Cand suf-
ficient productive soil moisture is available in the
arable layer, ensuring seedling emergence within
6-8 days. U. Kumar et al. (2021), conversely, noted
that excessively developed plants resulting from
early sowing dates exhibit reduced resistance to
adverse winter conditions, thereby increasing the
risk of overwintering damage. J. Liu et al. (2023)
investigated the effects of sowing date adjust-
ment on winter wheat yield and established that
the optimal sowing period ranged from 1 to 10
October, with no significant interannual variation.

High yields of winter wheat are main-
ly achieved when it follows the best preceding
crops. .M. Didur & G.V. Pantsyreva (2024) deter-
mined the productivity of winter wheat depend-
ing on the predecessors: meadow clover and
white burkun. Authors noted that the choice of a
preceding crop takes into account its harvest tim-
ing, ability to restore soil fertility, and the avail-
ability of soil moisture and mineral nutrients for
subsequent crops. V.V. Polishchuk & Yu.M. Prytu-
la (2025) determined the peculiarities of forma-
tion of yield and quality of winter wheat seeds de-
pending on genotype and predecessors. Authors
established that the germination energy, germi-
nation rate and weight of 1,000 seeds depended
on the predecessors. Significantly lower germi-
nation energy was obtained when sowing after
sunflower, and when sowing after winter rape
and perennial grasses, it was the same. V. Han-
hur & Y. Kotliar (2023) reported that the highest
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productivity of winter wheat was achieved when
grown after grass pea and vetch-oat mixtures
for green fodder. The least favourable preceding
crops for winter wheat were sunflower and sugar
beet. The authors concluded that the inclusion of
leguminous crops in crop rotations serves an im-
portant ecological function by reducing the need
for mineral nitrogen fertilisers and increasing the
efficiency of soil nitrogen utilisation.

Achieving high and stable yields is possible
only with adherence to optimal sowing dates and
rational selection of preceding crops. This ne-
cessitates targeted research on the response of
modern wheat varieties to variations in preceding
crops and sowing time. O. Demydov et al. (2022)
identified the features of the manifestation and
variability of yield and grain quality indicators of
winter wheat depending on the growing season,
genotype, sowing date and preceding crop. They
reported that the preceding crop had the greatest
influence on yield, weight of 1,000 kernels, and
protein content, whereas sowing date primarily
affected yield. I. Sokolovska et al. (2024) reported
that the preceding crop had the greatest influence
on variations in yield parameters. The authors con-
cluded that winter wheat should be sown around
15 September when following sunflower and
between 15 and 30 September when following
soybean. V.V. Kyrylenko et al. (2024) observed that
the effects of preceding crops and sowing dates
on germination energy and laboratory germina-
tion of winter wheat were less pronounced com-
pared with their effect on seed sprouting activity.

Thus, numerous studies confirm the impor-
tance of an in-depth investigation of agrotechni-
cal factors, particularly preceding crops and sow-
ing dates, in the formation of seed productivity
indicators of winter wheat under contemporary
climatic conditions. At the same time, changes
in the specialisation of agricultural production,
a shift toward economically attractive crops, and
climatic transformations necessitate their revi-
sion in modern intensive crop rotations. This sub-
stantiates the relevance of conducting the corre-
sponding field studies.

The study aimed to evaluate the effects of
different sowing dates and preceding crops on
the formation of seed productivity parameters in
winter bread wheat varieties grown in the Right-
Bank Forest-Steppe zone of Ukraine.

Materials and Methods

The research was conducted under the condi-
tions of “Agrofirma ‘Kolos™, LLC (Pustovarivka vil-
lage, Bila Tserkva district, Kyiv region), located in
the Right-Bank Forest-Steppe zone of Ukraine,
during 2022/23 and 2023/24. The study mate-
rial included nine winter bread wheat (Triticum
aestivum L.) varieties: AFK Stabiliti, AFK Lait
Hrin’ ‘AFK ELlit Hrein’, AFK Fentezi’, AFK Yunion’,
‘AFK Premium’, ‘MIP Feieriia’ ‘MIP Roksolana’, and
‘Podolianka’. The studied winter bread wheat va-
rieties were chosen because they combine high
yield potential with adaptive traits that ensure
tolerance to unfavourable environmental factors,
including climate variability. The above-men-
tioned varieties were studied under three sowing
dates (I - September 20, Il - September 30, Il -
October 10) and after four preceding crops (pea,
soybean, sunflower, winter rapeseed). The study
was conducted in accordance with ethical stand-
ards, adhering to the guidelines set forth by the
Convention on Biological Diversity (1992), ensur-
ing the responsible use of biological resources
and respect for environmental sustainability
throughout the research process.

The soil of the experimental field is a typical
medium-humus, silty medium loam chernozem
formed on loess. Humus content - 4.6-4.8% (by
Tyurin method), easily hydrolysed nitrogen -
144 mg/100 g soil, available phosphorus -
9.6 mg/100 g soil, and exchangeable potassi-
um - 15.2 mg/100 g soil. Bulk density - 1.24 g/
cm?, hydrolytic acidity - 1.14 meq/100 g soil, salt
pH - 6.4. The soils are characterised by a moder-
ate level of nutrient availability.

Crop cultivation technology followed
the generally accepted practices for the For-
est-Steppe zone (Poltoretskyi et al., 2020; Demi-
dov et al., 2024). Sowing was carried out using a
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breeding seeder SN-10 at a depth of 3-4 cm with
a seeding rate of 5 million viable seeds per hec-
tare. The plots were arranged in a completely ran-
domised design with four replications and a plot
size of 10 m2. Harvesting was performed using a
“Sampo-130”combine harvester (Sampo-Rosenlew
Ltd., Finland). Phenological observations, meas-
urements, counts, and sample collections were
conducted according to the VV. Volkodav (2003)
and other relevant methods (Tkachyk, 2016). Lab-
oratory analysis of plants included the assess-
ment of yield structure elements: tillering coeffi-
cient, plant density, number of productive stems,
ear weight, grain yield per ear, ear length, plant
height, and biological yield (Tsenov et al., 2020;
Demidov et al., 2024). Statistical analysis of the
obtained data was carried out using descriptive
and variation statistics, as well as analysis of
variance (ANOVA) with Fisher’s Least Significant
Difference (LSD) test, employing the software
packages Statistica 10 and Microsoft Excel 2013.

Bahatchenko & Tsentylo

Differences between compared indicators were
considered statistically significant at p < 0.05.

Results
The years of the study were characterised by con-
trasting hydrothermal conditions and uneven pre-
cipitation distribution throughout the year (Figs 1,
2). The average annual air temperature in 2022/23
and 2023/24 exceeded the long-term mean by 0.6°C
and 2.5°C, respectively. The greatest fluctuations
in monthly average temperatures were recorded
mainly from September to February. Overall, the
growing conditions in 2022/23 can be described
as sufficiently moist, whereas the 2023/24 season
was notably dry. The total annual precipitation
amounted to 130% and 92 % of the long-term norm
in the respective years. A particularly pronounced
precipitation deficit in 2023/24 was observed in
August and September (46 mm and 47 mm be-
low the norm), as well as in May and July (43 mm
and 68 mm less than the long-term average).
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Figure 1. Mean daily air temperature in the study years compared
to the long-term mean daily air temperature
Source: constructed by the authors based on data from the Bila Tserkva Agrometeorological Station
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Figure 2. Monthly precipitation in the study years compared
to the long-term mean value
Source: constructed by the authors based on data from the Bila Tserkva Agrometeorological Station
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Observations and experimental data ob-
tained in the present study demonstrated that, at
the full germination stage, the timing of seedling

emergence of winter wheat varied considerably
depending on the sowing date and preceding
crop (Table 1).

Table 1. Time of seedling emergence in winter bread wheat varieties depending on sowing dates
and preceding crops, days
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o =] £ £ = 3 £ K c .
5 5 £ £ g 5 5 3 2 | 5 | = o
° =3 2 = I t c £ k) 9 S =
° g ] £ = S S 1] o] 2 = S
£ 5 7] 3 T w > a w ] o o
3 9 X ~ ~ X X < o x ° Z
o 9 i i i < = i s o g
(72] nl: < < < < s < = ; s
Pea 21 21 20 21 21 21 21 21 21 21
o Soybean 22 22 21 22 22 22 22 22 22 22
g Sunflower 24 24 23 24 24 24 24 24 24 24
o Rapeseed 21 21 20 21 21 21 21 21 21 21
Average 22 22 21 22 22 22 22 22 22 22
Pea 12 13 11 13 13 13 13 13 12 13
o Soybean 13 14 12 14 14 14 14 14 13 14
g Sunflower 13 14 12 14 14 14 14 14 13 14
® Rapeseed 13 14 12 14 14 14 14 14 13 14
Average 13 14 12 14 14 14 14 14 13 13
Pea 14 15 13 15 15 15 15 15 14 15
o Soybean 15 16 14 16 16 16 16 16 15 16
S Sunflower 15 16 14 16 16 16 16 16 15 16
- Rapeseed 15 16 14 16 16 16 16 16 15 16
Average 15 16 14 16 16 16 16 16 15 15

Source: developed by the authors

Under early sowing (September 20), the
emergence period averaged 22 days. The fastest
emergence was observed under the September
30 sowing date, averaging 13 days. In the case
of late sowing (October 10), seedling emergence
lasted 15 days, which can be explained by lower
temperatures and slower physiological process-
es in the seeds. A significant effect of the preced-
ing crop on the emergence rate was revealed.
The shortest period from sowing to emergence
was observed after pea - 21,13, and 15 days for
the three sowing dates, respectively. After soy-
bean and sunflower, emergence occurred 1-2
days later. Rapeseed as a preceding crop pro-
vided similar indicators to pea, indicating its fa-
vourable influence on the early growth of wheat
plants. Differences among varieties were minor

(within 1-2 days), suggesting the predominance
of agronomic factors (sowing date and preceding
crop) over genetic variation. Slightly faster emer-
gence was noted for the varieties AFK Elit Hrein’
and ‘Podolianka’, which exhibited higher germi-
nation energy. Thus, results of the current study
confirm that the sowing date significantly affects
the duration of seedling emergence, as different
sowing periods create variable environmental
conditions for the growth and development of
winter wheat plants.

One of the key criteria for yield formation is
the optimal plant density per unit area. On aver-
age, the plant density in the experiment ranged
from 3.9 to 4.3 million plants per hectare (Ta-
ble 2). It is noteworthy that the sowing date had
no significant effect on this indicator.
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Table 2. Seedling density of winter bread wheat varieties depending on sowing dates
and preceding crops, million plants/ha

2 o . o - R "g - . © ©
S %5 ¥E 3p B3 ¥% ) F xf ef e 5§
= g% %5 BT &= <SPy Sp e Ff o3 2

& = ; ) < o €| &
Pea 41 4.2 4.3 4.3 43 4.3 4.2 4.2 4.2 4.2
o | Soybean 3.9 4.0 4.1 4.1 41 4.1 4.0 4.0 4.0 4.0
S | Sunflower | 3.9 3.9 4.1 4.0 4.0 4.0 3.9 3.9 3.9 4.0
o Rapeseed 4.0 4.1 4.2 4.2 4.2 4.1 41 41 4.0 4.1
Average 4.0 4.1 4.2 4.2 4.2 4.1 4.1 4.1 4.0 4.1
Pea 4.2 4.2 4.3 4.3 4.3 43 4.2 4.2 4.2 4.2
o | Soybean 3.9 4.0 4.1 41 41 4.1 4.0 4.0 4.0 4.0
g Sunflower 3.9 4.0 4.0 4.0 41 4.0 3.9 4.0 3.9 4.0
@ Rapeseed 4.0 4.1 4.2 4.2 4.2 4.2 4.1 4.1 4.1 4.1
Average 4.0 4.1 4.2 4.2 4.2 4.2 41 41 4.1 4.1
Pea 41 4.2 4.3 4.3 4.3 4.3 4.2 4.2 4.2 4.2
o | Soybean 3.9 4.0 4.0 4.0 4.1 4.0 3.9 4.0 3.9 4.0
S | Sunflower 3.8 3.9 4.0 4.0 4.0 4.0 3.9 3.9 3.9 3.9
™ | Rapeseed 4.0 4.1 4.1 41 41 4.1 4.0 41 4.0 4.1
Average 4.0 4.1 4.1 4.1 41 4.1 4.0 4.1 4.0 4.1

LSD 0.95 0.07

Source: developed by the authors

Regarding preceding crops, the highest stand
density was formed after pea and rapeseed -
within 4.1-4.2 million plants/ha - whereas after
soybean and sunflower it was lower (3.9-4.0 mil-
lion plants/ha). Differences among varieties were
minor (within 0.1-0.2 million plants/ha) and did
not exceed the least significant difference (LSD
0.95 = 0.07), indicating no substantial genotype
effect on stand density under uniform growing
conditions. Slightly higher densities were record-
ed for the varieties AFK Elit Hrein, AFK Fentezi,
and AFK Yunion’, likely due to their greater ger-
mination energy and field emergence. Thus, the

most favourable conditions for achieving opti-
mal stand density of winter bread wheat were
ensured by sowing on September 20 or 30 after
pea or rapeseed, when the average plant density
reached 4.2 million plants/ha. This confirms the
importance of adhering to these sowing dates
and selecting suitable preceding crops to ensure
uniform plant development during the early stag-
es of vegetation. The highest tillering coefficient
was observed for the September 30 sowing date,
with an average value of 1.57, which exceeded
those of the early (September 20 - 1.52) and late
(October 10 - 1.47) sowings (Table 3).

Table 3. Tillering coefficient in winter bread wheat varieties depending on sowing dates

and preceding crops

2 =) - - - N c N . © “©
) < 4 -4
o Pea 1.70 1.59 1.80 1.59 1.59 1.69 1.49 1.59 1.54 1.62
g Soybean 1.59 1.49 1.69 1.49 1.49 1.59 1.39 1.49 1.49 1.52
o Sunflower | 1.49 1.39 1.59 1.39 1.39 1.49 1.29 1.39 1.39 1.42
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Table 3. Continued

2 =] - - - - = ~ - ~(U -(U
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S Rapeseed 1.59 1.49 1.69 1.49 1.49 1.59 1.39 1.49 1.49 1.52
8 Average 1.59 1.49 1.69 1.49 1.49 1.59 1.39 1.49 1.48 1.52
Pea 1.75 1.64 1.85 1.64 1.64 1.74 1.54 1.64 1.59 1.67
o Soybean 1.64 1.54 1.74 1.54 1.54 1.64 1.44 1.54 1.54 1.57
g Sunflower | 1.54 1.44 1.64 1.44 1.44 1.54 1.34 1.44 1.44 1.47
@ Rapeseed 1.64 1.54 1.74 1.54 1.54 1.64 1.44 1.54 1.54 1.57
Average 1.64 1.54 1.74 1.54 1.54 1.64 1.44 1.54 1.53 1.57
Pea 1.65 1.54 1.75 1.54 1.54 1.64 1.44 1.54 1.49 1.57
o Soybean 1.54 1.44 1.64 1.44 1.44 1.54 1.34 1.44 1.44 1.47
g Sunflower | 1.44 1.34 1.54 1.34 1.34 1.44 1.24 1.34 1.34 1.37
- Rapeseed 1.54 1.44 1.64 1.44 1.44 1.54 1.34 1.44 1.44 1.47
Average 1.54 1.44 1.64 1.44 1.44 1.54 1.34 1.44 1.43 1.47
LSD 0.95 0.05

Source: developed by the authors

This indicates an optimal combination of
temperature and moisture conditions during late
September, when uniform seedling development
and more intensive tillering were observed. The
present results also showed that tillering inten-
sity depended on the preceding crop. The high-
est tillering coefficients across all sowing dates
were recorded after pea (1.57-1.67), confirming
the beneficial effect of this predecessor on the
growth and development of wheat plants. Slightly
lower but comparable values were observed after
rapeseed. After soybean, the coefficient decreased
on average by 0.1, while the lowest values were
recorded after sunflower, which can be explained
by soil nutrient depletion following this crop and
a reduction in available nutrients. The tillering

intensity was also influenced by the biological
characteristics of the varieties. The highest coeffi-
cients were recorded for AFK Elit Hrein’ (1.80), AFK
Stabiliti’ (1.75), and AFK Premium’ (1.74), whereas
the varieties ‘MIP Feieriia’ and ‘Podolianka’ exhib-
ited lower tillering activity. These results confirm
the effectiveness of using leguminous preceding
crops and maintaining a medium sowing date to
ensure intensive autumn tillering in winter bread
wheat. The number of productive stems is an im-
portant component of winter bread wheat yield
structure because it directly reflects the realisa-
tion of the plant’s tillering potential. The present
research demonstrated a significant dependence
of this indicator on sowing date, preceding crop,
and variety characteristics (Table 4).

Table 4. Number of productive stems in winter bread wheat varieties depending on sowing dates
and preceding crops, million/ha

5 2 : = = P 5 € - = g o
> §% %S 3&|B% ¥E 5 ¥ f 28 & ¢
] 2 x = x 2 k= > =) = - =
s §°5 | =g |ET|Ef <§ ¢ <§ %3 =L § %
8| o : ) < a e | &
o Pea 5.0 49 5.6 5.0 49 5.2 4.6 4.8 4.6 5.0
g Soybean 4.6 4.4 5.1 4.4 4.4 4.7 4.1 4.3 4.3 4.5
o Sunflower 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2
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Table 4. Continued

] o R - - R e N . © ©
| ° ) ) < . | a
S | Rapeseed 4.7 47 4.7 4.7 4.7 47 4.7 4.7 4.7 47
& Average 4.6 4.6 49 4.6 4.6 47 4.4 4.5 4.5 4.6
Pea 5.7 5.4 6.2 5.6 5.5 59 5.1 5.5 52 5.6
o | Soybean 5.1 49 5.6 49 5.0 52 4.6 4.8 4.8 5.0
g Sunflower | 4.8 4.6 5.1 4.6 4.6 4.9 4.1 4.5 4.5 4.6
@ Rapeseed 52 49 5.7 5.1 5.1 5.3 4.6 5.0 49 5.1
Average 52 5.0 5.7 5.1 5.1 53 4.6 5.0 49 5.1
Pea 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
o | Soybean 4.9 4.7 5.4 4.7 4.8 5.1 4.4 4.7 4.6 4.8
S | Sunflower | 4.6 4.3 5.0 4.4 4.4 47 4.0 4.3 43 4.4
" | Rapeseed 5.1 4.8 5.5 49 49 5.1 4.4 4.8 4.8 49
Average 5.0 4.8 5.4 49 49 5.1 4.6 4.8 4.8 49
LSD 0.95 0.15

Source: developed by the authors

The highest number of productive stems
on average across the experiment was recorded
for the September 30 sowing date - 5.1 million
stems/ha, exceeding the values for early sow-
ing (September 20 - 4.6 million stems/ha) and
late sowing (October 10 - 4.9 million stems/
ha). This indicates that the medium sowing
date provided optimal conditions for autumn
tillering, promoting the formation of a greater
number of productive shoots. For early sow-
ing, excessive vegetative growth could weaken
some shoots, whereas late sowing shortened
the autumn vegetation period, limiting stem de-
velopment. Across all sowing dates, the highest
number of productive stems was observed after
pea - ranging from 5.0 to 5.6 million stems/ha,
highlighting the significant role of this preced-
ing crop in improving nitrogen nutrition and
soil structure. After rapeseed, the values were
slightly lower (4.7-5.1 million stems/ha) The
lowest values were observed after sunflower
(4.2-4.6 million stems/ha), which can be at-
tributed to soil nutrient depletion and reduced
availability of essential elements following this
crop. Among varieties, the highest numbers of
productive stems were recorded for ‘AFK Elit

Hrein’ (4.9-5.7 million stems/ha) and ‘AFK Pre-
mium’ (4.7-5.3 million stems/ha).

The present study showed that spike mass
in winter bread wheat varieties depended more
on preceding crops and variety traits, while no
significant differences were observed between
sowing dates for this trait (Table 5). The high-
est spike mass, regardless of sowing date, was
recorded after soybean, sunflower, and rapeseed
(1.5-1.6 g), whereas after pea this value was
lower (1.2-1.4 g). The varieties ‘AFK Premium)’,
‘MIP Roksolana’, and AFK Fentezi’ produced the
largest spike mass (up to 1.6-1.7 g), indicating
their high potential productivity. Thus, the most
favourable conditions for achieving high spike
mass were provided by the preceding crops soy-
bean, sunflower, and rapeseed. Among the stud-
ied varieties, the best results were obtained by
‘AFK Premium’, ‘MIP Roksolana’, and ‘AFK Fente-
zi’. Grain weight per spike ranged from 83.0 to
92.3%, depending on sowing date, preceding
crop, and variety characteristics (Table 6). On av-
erage, the highest values were recorded for the
October 10 sowing date - 87.8%, exceeding the
values for earlier sowings (86.9% for September
20 and 86.0% for September 30).
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Table 5. Ear weight in winter bread wheat varieties depending on sowing dates and preceding crops, g

2 o . - - N s - . © ©
HERRFHEREEE A I IR B |
I L EES RS R AR A A A B

& | ° ) ) < o €| 4
Pea 1.2 1.3 1.2 1.4 1.3 1.4 1.4 1.4 13 1.3
o | Soybean | 1.4 15 1.4 1.6 15 17 1.6 1.6 1.4 15
S | Sunflower | 1.4 1.5 1.4 1.6 1.5 1.6 1.5 1.6 1.4 1.5
' [Rapeseed| 1.4 15 1.4 1.6 15 1.6 15 1.6 1.4 15
Average | 1.4 15 1.4 1.6 15 16 15 1.6 1.4 15
Pea 1.2 1.3 1.2 1.3 1.2 1.4 1.3 1.4 1.3 1.3
o | Soybean | 14 15 1.4 1.6 15 17 1.6 1.6 15 15
S |Sunflower| 1.4 15 1.4 1.6 15 16 15 1.6 15 15
© | Rapeseed | 1.4 15 1.4 1.6 15 1.6 1.5 1.6 15 1.5
Average | 1.4 15 1.4 15 1.4 1.6 15 1.6 15 15
Pea 1.2 1.3 1.2 13 13 1.4 13 14 13 13
o | Soybean | 1.4 15 1.4 1.6 15 1.7 1.6 1.6 15 15
S | Sunflower| 1.4 15 1.4 1.6 15 1.6 15 1.6 1.5 15
~ |Rapeseed| 1.4 15 1.4 1.6 15 16 15 1.6 1.4 15
Average | 1.4 15 1.4 1.5 1.5 1.6 1.5 1.6 1.4 15

LSD 0.95 0.05

Source: developed by the authors

Table 6. Grain yield per ear in winter bread wheat varieties depending on sowing dates
and preceding crops, %

& g O I~ = = 5 E - e g @
2| §§ ¥: Jg | S5 |x¥ 5 |rE |25 g ¢
g0 <F EF RS <§ o | %§ (R (3 3 2
8 a s . = o 14 &
Pea 90.4 85.4 91.4 86.4 88.4 87.4 86.4 86.4 87.4 87.7
o | Soybean 88.9 83.9 89.9 84.9 86.9 85.9 84.9 84.9 85.9 86.2
g Sunflower | 89.4 84.4 90.4 85.4 87.4 86.4 85.4 85.4 86.4 86.7
o Rapeseed | 89.7 84.7 90.7 85.7 87.7 86.7 85.7 85.7 86.7 87.0
Average 89.6 84.6 90.6 85.6 87.6 86.6 85.6 85.6 86.6 86.9
Pea 89.5 84.5 90.5 85.5 87.5 86.5 85.5 85.5 86.5 86.8
o | Soybean 88.0 83.0 89.0 84.0 86.0 85.0 84.0 84.0 85.0 85.3
g Sunflower | 88.5 83.5 89.5 84.5 86.5 85.5 84.5 84.5 85.5 85.8
© | Rapeseed | 88.8 83.8 89.8 84.8 86.8 85.8 84.8 84.8 85.8 86.1
Average 88.7 83.7 89.7 84.7 86.7 85.7 84.7 84.7 85.7 86.0
Pea 91.3 86.3 92.3 87.3 89.3 88.3 87.3 87.3 88.3 88.6
o | Soybean 89.8 84.8 90.8 85.8 87.8 86.8 85.8 85.8 86.8 87.1
S | Sunflower | 90.3 85.3 91.3 86.3 88.3 87.3 86.3 86.3 87.3 87.6
™ | Rapeseed | 90.6 85.6 91.6 86.6 88.6 87.6 86.6 86.6 87.6 87.9
Average 90.5 85.5 91.5 86.5 88.5 87.5 86.5 86.5 87.5 87.8
LSD 0.95 1.61

Source: developed by the authors

Among preceding crops, the highest (87.7-88.6%), whereas slightly lower values were
grain weight per spike was observed after pea  recorded after soybean, sunflower, and rapeseed

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1



(85.3-87.9%). In terms of genotypic characteristics,
the varieties AFK Elit Hrein’ (90.5-92.3%), AFK Sta-
biliti’ (89.5-91.3%), and AFK Fentezi’ (85.5-87.3%)
demonstrated the highest grain weight per spike,
indicating their stable ability to produce well-filled
spikes. The differences among treatments were sta-
tistically significant (LSD 0.95 = 1.61%), confirming
the influence of sowing date, preceding crop,and va-
riety on grain weight per spike. On average, the best
results were obtained under late sowing (October
10) after pea, with values ranging from 86.3 to 91.3%.

Table 7. Ear length in winter bread wheat varieties dependin

Bahatchenko & Tsentylo

Spike length varied from 8.1 to 13.5 cm,
depending on sowing date, preceding crop, and
variety (Table 7). On average, the highest spike
length was recorded for the September 30 sowing
date - 9.7 cm, exceeding values for early (Septem-
ber 20 - 9.4 cm) and late (October 10 - 9.2 cm)
sowings. This suggests that optimal conditions for
growth and development during the stem elonga-
tion stage were provided by the medium sowing
date, positively influencing the formation of gen-
erative organs.

on sowing dates and preceding crops, cm

3 2 | = = o 5 3 . i g o
2| §8 | %3 | Jg |55 ¥ 5 g2 e3 T £ F
£ g5 | <g|ET | EE <3 | <s %8| 2 £ 3 2
S a : - = = 2 4
Pea 8.9 12.5 9.1 9.5 9.1 9.7 9.0 9.2 8.5 9.5
o | Soybean 8.8 12.3 9.0 9.3 9.0 9.6 8.9 9.0 8.4 9.4
g Sunflower | 8.7 12.2 8.9 9.2 8.8 9.5 8.8 8.9 8.3 9.3
~ Rapeseed 8.8 13.0 9.0 9.3 9.6 9.6 8.9 9.7 8.4 9.6
Average 8.8 12.5 9.0 9.3 9.1 9.6 8.9 9.2 8.4 9.4
Pea 9.1 13.0 9.6 9.6 9.1 9.7 9.1 9.4 9.1 9.7
o | Soybean 9.0 12.9 9.5 9.5 8.9 9.6 8.9 9.3 9.0 9.6
g Sunflower | 8.8 12.7 9.4 9.4 8.8 9.5 8.8 9.1 8.9 9.5
@ Rapeseed 8.9 13.5 9.5 9.5 9.6 9.6 8.9 9.9 9.0 9.8
Average 9.0 13.0 9.5 9.5 9.1 9.6 8.9 9.4 9.0 9.7
Pea 8.7 12.2 8.9 9.2 8.8 9.5 8.8 8.9 8.3 9.3
o | Soybean 8.6 12.0 8.8 9.1 8.7 9.4 8.7 8.7 8.2 9.1
S | Sunflower | 8.5 11.9 8.7 9.0 8.5 9.3 8.6 8.6 8.1 9.0
| Rapeseed 8.6 12.7 8.8 9.1 9.3 9.4 8.7 9.4 8.2 9.4
Average 8.6 12.2 8.8 9.1 8.8 9.4 8.7 8.9 8.2 9.2
LSD 0.95 0.32

Source: developed by the authors

Among preceding crops, the longest average
spikes were observed after rapeseed (9.6-9.8 cm),
while the shortest spikes occurred after sunflow-
er (9.0-9.5 cm). By variety, the longest spikes were
consistently formed by AFK Lait Hrin’(12.0-13.5 cm)
across all sowing dates and preceding crops, indi-
cating its genetically determined advantage in
spike formation. Slightly shorter but relatively
stable values were observed in AFK Premium’ (9.3-
9.7 cm), AFK Elit Hrein’(8.8-9.6 cm),and AFK Fentezi’
(9.0-9.6 cm), while the shortest spikes were record-
ed in‘Podolianka’and ‘MIP Feieriia’ (8.2-8.9 cm).The

effects of sowing date and preceding crop on spike
length were statistically significant (LSD 0.95=0.32
cm), emphasising the importance of these factors
in shaping spike morphology. The optimal combi-
nation - sowing on September 30 after rapeseed -
produced the highest spike length (up to 13.5 cm) in
‘AFK Lait Hrin’ Plant height was significantly influ-
enced by sowing date, preceding crop, and variety.
The tallest plants were recorded for the September
30 sowing date, averaging 80.7 cm, which exceed-
ed the heights for early (September 20 - 78.7 cm)
and late (October 10 - 79.7 cm) sowings (Table 8).
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Table 8. Plant height in winter bread wheat varieties depending on sowing dates
and preceding crops, cm

E 2 = = | = w | 8 €| R "
2| 38 ¥= | Jeg|S% ¥E| 5 |xZ ef 2 E ¥
S| gs | <g Ef | f:f | <§F | ¢ <s =3 Fg g | %
3 o : . < e [ a
Pea 83.5 78.5 88.5 83.5 83.5 58.5 78.5 78.5 88.5 80.2
o Soybean 81.5 76.5 86.5 81.5 81.5 56.5 76.5 76.5 86.5 78.2
S Sunflower | 80.5 75.5 85.5 80.5 80.5 55.5 75.5 75.5 85.5 77.2
o Rapeseed 82.5 77.5 87.5 82.5 82.5 57.5 77.5 77.5 87.5 79.2
Average 82.0 77.0 87.0 82.0 82.0 57.0 77.0 77.0 87.0 78.7
Pea 85.5 80.5 90.5 85.5 85.5 60.5 80.5 80.5 90.5 82.2
o Soybean 83.5 78.5 88.5 83.5 83.5 58.5 78.5 78.5 88.5 80.2
g Sunflower| 82.5 77.5 87.5 82.5 82.5 57.5 77.5 77.5 87.5 79.2
® Rapeseed 84.5 79.5 89.5 84.5 84.5 59.5 79.5 79.5 89.5 81.2
Average 84.0 79.0 89.0 84.0 84.0 59.0 79.0 79.0 89.0 80.7
Pea 84.5 79.5 89.5 84.5 84.5 59.5 79.5 79.5 89.5 81.2
o Soybean 82.5 77.5 87.5 82.5 82.5 57.5 77.5 77.5 87.5 79.2
g Sunflower | 81.5 76.5 86.5 81.5 81.5 56.5 76.5 76.5 86.5 78.2
- Rapeseed 83.5 78.5 88.5 83.5 83.5 58.5 78.5 78.5 88.5 80.2
Average 83.0 78.0 88.0 83.0 83.0 58.0 78.0 78.0 88.0 79.7
LSD 0.95 2.79

Source: developed by the authors

Among preceding crops, pea provided the
tallest plants, with an average height of 82.2 cm,
whereas after soybean and rapeseed heights
were 80.2 and 81.2 ¢cm, respectively. The shortest
plants were recorded after sunflower (79.2 cm).
By genotype, the tallest plants were observed
in AFK Elit Hrein’ (88-89 cm), indicating an in-
tensive growth type. Heights of 82-84 cm were
recorded for ‘AFK Fentezi’,’AFK Yunion’, and ‘Podo-
lianka’, whereas AFK Premium’ exhibited a short-
er-stemmed habit (57-59 cm).

Analysis of the obtained data showed that the
formation of biological yield in winter wheat was
significantly influenced by sowing date, preceding
crop, and variety (Table 9). The highest yield was
obtained for the September 30 sowing date - av-
eraging 6.3 t/ha, exceeding the results for early
sowing (September 20 - 5.7 t/ha) and late sowing
(October 10 - 6.2 t/ha). Thus, the optimal sowing
period fell in the third decade of September, when
weather conditions favoured better crop develop-
ment and a greater number of productive stems.

Table 9. Biological yield in winter bread wheat varieties depending on sowing dates
and preceding crops, t/ha

2 o . - - . 5 5 . © e
HERFEI I AR R I I A
£ go <= ;:: CE | 5| ¢ | T3 23 | 2g 3 2

a | * ) ) < & | &
Pea 5.4 5.4 6.3 59 5.6 6.6 5.4 6.0 53 5.8
o | Soybean 5.8 5.5 6.4 59 5.7 6.7 5.5 6.0 5.4 5.9
g Sunflower | 5.4 5.1 59 5.5 53 6.3 4.9 5.5 4.9 5.4
« Rapeseed | 6.0 5.5 6.4 6.0 5.8 6.7 5.4 6.1 5.4 5.9
Average 5.7 5.4 6.3 5.8 5.6 6.6 5.3 59 53 5.7
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Table 9. Continued
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Pea 6.2 5.8 6.7 6.4 6.1 7.1 5.8 6.4 5.8 6.3
o | Soybean 6.4 6.0 7.0 6.5 6.3 7.4 6.0 6.6 6.1 6.5
g Sunflower | 6.0 5.7 6.4 6.1 5.9 6.9 5.4 6.2 5.6 6.0
© | Rapeseed | 6.6 6.1 7.1 6.7 6.5 7.5 6.0 6.8 6.2 6.6
Average 6.3 59 6.8 6.4 6.2 7.2 5.8 6.5 5.9 6.3
Pea 6.1 5.8 6.7 6.3 6.0 7.1 5.7 6.4 5.7 6.2
o | Soybean 6.4 6.0 6.9 6.4 6.3 7.3 5.9 6.5 5.9 6.4
S | Sunflower | 5.8 5.5 6.4 6.0 5.7 6.8 5.3 6.0 5.5 59
" | Rapeseed | 6.5 6.0 7.0 6.6 6.4 7.4 5.9 6.5 5.9 6.5
Average 6.2 5.8 6.8 6.3 6.1 7.2 5.7 6.4 5.8 6.2
LSD 0.95 0.23

Source: developed by the authors

Among preceding crops, rapeseed provided
the highest average yield (6.6 t/ha), surpassing
values after pea (6.3 t/ha), soybean (6.5 t/ha), and
especially sunflower (6.0 t/ha). Regarding variety
characteristics, the highest biological yield was
recorded for AFK Premium’ (6.6-7.2 t/ha across
sowing dates), which showed stable productivi-
ty in all experimental variants. High yields were
also observed in AFK Elit Hrein’ (6.3-6.8 t/ha) and
‘AFK Fentezi’ (5.8-6.4 t/ha). The results indicate
that the best growth, development, and yield of
winter wheat were achieved through a combina-
tion of optimal sowing date (September 30), suit-
able preceding crop (rapeseed or pea), and use of
high-yielding varieties (AFK Premium) AFK Elit
Hrein’, and AFK Fentezi’). This approach promoted
the formation of well-developed plants and en-
sured stable yields under the climatic conditions
of the study region.

In the present experiment later sowing (Sep-
tember 30) did not reduce productivity, which
may be attributed to the regional climatic spe-
cifics (a longer warm autumn and sufficient soil
moisture) and the use of modern varieties with
increased adaptability to later sowing.Additional-
ly, rapeseed and pea as preceding crops provided
favourable nutrition and moisture accumulation,
compensating for any potential negative effects

of delayed sowing. Thus, differences in optimal
sowing dates reported by various authors can be
explained not only by regional cultivation condi-
tions but also by differences in variety composi-
tion, preceding crops, and weather conditions of
specific years. This emphasises the need for re-
gional adaptation of technological recommenda-
tions and consideration of the genetic potential
of varieties when planning sowing dates. Analysis
of variance showed that the formation of the main
elements of winter wheat seed productivity is
largely determined by variety genetics, while the
role of sowing date and preceding crop varied de-
pending on the specific trait (Table 10). The great-
est variety effect was observed for plant height
(95.2%) and spike length (92.4%), highlighting
the leading role of genetic factors in determin-
ing morphological parameters. A similar trend
was observed for grain weight per spike (72.6%)
and biological yield (59.7%), where variety char-
acteristics accounted for the majority of trait vari-
ation. Meanwhile, the effect of the preceding crop
was significant for plant density (66.4%), spike
weight (53.1%), and number of productive stems
(43.0%), indicating that preceding crops substan-
tially influence the formation of productive till-
ers, particularly stand density. The sowing date
had a comparatively smaller but still noticeable
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impact on certain traits, notably productive stems
(21.4%) and biological yield (21.3%), underscor-
ing the importance of adhering to optimal sowing
dates to ensure harmonious plant development
during critical organogenesis phases. Interac-
tions among factors contributed minimally to
overall variation (up to 3%), indicating stable
variety responses and a minor synergistic effect
of agronomic combinations. The proportion of

unexplained factors ranged from 1.7 to 10.3%,
confirming the high accuracy of the experiment.
Thus, the study results demonstrated that variety
characteristics play a decisive role in determining
seed productivity of winter wheat, while agro-
nomic factors (sowing dates and preceding crops)
modulate trait expression, particularly through
their effects on stand density, number of produc-
tive stems, tillering, and spike weight.

Table 10. Contribution of factors to the formation of seed productivity indicators
in winter bread wheat varieties, %
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Tillering coefficient 11.8 34.3 49.0 0.0 0.0 0.4 0.0 4.4
Seedling density 2.0 66.4 20.2 0.6 0.6 0.6 29 6.6
Number of productive stems | 21.4 43.0 31.7 0.2 0.1 0.8 0.2 2.6
Ear weight 0.0 53.1 38.0 0.4 1.0 2.9 0.9 3.6
Grain yield per ear 11.0 6.1 72.6 0.0 0.0 0.0 0.0 10.3
Ear length 2.7 1.1 92.4 0.0 0.8 1.3 0.0 1.7
Plant height 0.9 1.6 95.2 0.0 0.0 0.0 0.0 2.3
Biological yield 21.3 14.3 59.7 0.3 0.2 0.6 0.4 3.2

Source: developed by the authors

Discussion
Summarising the results of the conducted stud-
ies, it was established that crop predecessors
and sowing dates are key agronomic factors that
significantly affect yield formation and seed pro-
ductivity indicators of winter bread wheat. Sci-
entists from Ukraine and other countries have
conducted a series of studies addressing this is-
sue. l.I. Yarchuk & TV. Melnyk (2018) showed that
shifting sowing to later dates resulted in a reduc-
tion of all plant growth parameters. At the same
time, the number of newly formed nodal roots
after a stubble preceding crop was lower under
both early and late sowing dates. The authors
found that by the time of cessation of autumn
vegetation, winter bread wheat plants reached
the highest level of development when sown
early (3 September) after a fallow preceding crop.
At the same time, maximum vyield after a fallow

preceding crop was formed under a high level of
mineral nutrition when sowing was carried out on
17 September, whereas after a stubble preceding
crop the highest yield was obtained when sow-
ing on 10 September. These results are consist-
ent with the findings of 1.V. Pravdziva et al. (2020),
who noted the effectiveness of using contrasting
sowing dates after different preceding crops for
the evaluation of winter bread wheat genotypes.
The authors established that the growing year
conditions accounted for 66.2% of the variation
in yield, preceding crops for 12.5%, sowing dates
for 6.1%, and genotype for 1.7%. A statistically
significant difference in genotype responses to
sowing dates after different preceding crops was
observed, with a tendency toward a decrease in
mean yield when sowing dates were shifted from
26 September to 16 October, whereas for some
genotypes the optimal sowing date was 5 October.
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Yu.M. Priadko (2014) reported similar pat-
terns in a study investigating the effects of
preceding crops, sowing dates, and mineral fer-
tiliser rates on the growth and development of
winter wheat during the autumn growing period.
The author emphasised the substantial influence
of sowing dates on the growth processes of win-
ter wheat in autumn. At the same time, under
favourable hydrothermal conditions, the differ-
ences between early and optimal sowing dates
decreased. However, a strong relationship was
identified between sowing dates, field germina-
tion of seeds, and plant stand density of winter
wheat. It was established that under an adequate
level of mineral nutrition and optimal sowing
dates (the third ten-day period of September),
the tillering coefficient at the time of cessation of
autumn vegetation ranged from 2.6 to 3.6 across
all preceding crops (rapeseed, mustard, vetch, and
fallow). A. Siroshtan et al. (2021) reported that
the thousand-kernel weight of winter wheat cul-
tivars following a green manure preceding crop
was significantly higher compared with that af-
ter soybean as a preceding crop. The influence of
preceding crops and sowing dates on germina-
tion energy and laboratory seed germination was
insignificant. The authors concluded that in the
Right-Bank Forest-Steppe zone of Ukraine, green
manure is the best preceding crop for seed pro-
duction, especially for the cultivation of pre-basic
seed, while the optimal sowing dates were iden-
tified as 15 and 25 September. For soybean as a
preceding crop, the highest yield was observed
when sowing was carried out on 25 September
and 5 October compared with 15 October. The re-
searchers noted that placing winter wheat seed
production fields after the best preceding crops
in crop rotations and at optimal sowing dates
promotes more efficient use of natural-climatic
and anthropogenic factors, increases gross grain
yields,and improves seed sowing quality.A.D. Gyr-
ka et al. (2017) indicated that the most favoura-
ble combination of yield structure components
was observed at the optimal sowing date of 20
September. Delaying sowing until 30 September
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or 10 October had a negative effect on plant
stand density, productive tillering, spike fertility,
and grain weight. This confirms that even slight
shifts in sowing dates can substantially alter the
morphological and yield-related traits of plants.
Studies by M. Babulicova (2014) emphasised
the importance of preceding crops in crop rota-
tion: winter wheat grown in rotations with 80%
cereals produced a statistically higher yield af-
ter pea compared with winter barley, while the
yield increase of 1.9 t/ha was attributed to the
choice of an appropriate preceding crop and com-
bined fertilisation. This trend is further support-
ed by the research of M. Groeneveld et al. (2024),
who conducted field experiments in Northern
Germany. The authors found that winter wheat
productivity strongly depends on the interaction
between the preceding crop and sowing date.
Under later sowing dates, crop yield increased
following sugar beet, silage maize, and winter
wheat, whereas after winter oilseed rape the ef-
fect of sowing date was negligible. Overall, sugar
beet and winter oilseed rape were identified as
the most favourable preceding crops; however,
the need for further long-term field studies to
clarify the interactions among agronomic factors
was emphasised. O.L. Ulich (2018) noted that due
to increasing drought intensity and the prolon-
gation of the autumn growing period, a tendency
toward a shift of optimal sowing dates to later
periods has been observed. Over recent decades,
sowing dates of winter wheat have shifted from
early to intermediate and moderately late peri-
ods: by approximately 30 days compared with
the 1950s, 20 days compared with the 1970s,
15-20 days compared with the 1980s, and about
10 days compared with the 1990s. At present,
optimal sowing dates predominantly fall around
30 September and largely depend on genotype.
S. Poltoretskyi et al. (2020) confirmed that con-
sensus on optimal agronomic parameters has not
yet been achieved, and a shift in sowing dates
from early to intermediate and moderately late
has been observed, accompanied by changes in
cultivar choice, seeding rate, and sowing method.
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Thus, an analysis of the literature and ex-
perimental data indicates that the effective for-
mation of yield and seed productivity of winter
bread wheat is largely determined by the in-
teraction between preceding crops and sowing
dates. The differences in the assessment of the
effects of these agronomic factors reported by
various researchers can be explained not only by
regional growing conditions but also by cultivar
differences and year-to-year weather variability.
This highlights the need for regional adaptation
of technological recommendations and for con-
sidering the genetic potential of cultivars when
optimising sowing dates. Overall, the selection
of agronomic practices should be based on an
integrated consideration of climatic conditions,
crop genotype, and the specific characteristics of
preceding crops, which ensures the realisation of
productive potential and high seed quality.

Conclusions
It was established that sowing dates, preceding
crops, and variety characteristics significantly in-
fluenced the formation of seedlings,morphological
traits, and biological yield of winter bread wheat.
The optimal sowing date was determined to be
September 30, which provided the fastest germi-
nation (13 days), the highest tillering coefficient
(1.57), the maximum number of productive stems
(5.5-5.6 million stems/ha), and the highest biolog-
ical yield (6.3 t/ha). The most favourable preced-
ing crops were pea and rapeseed, which promoted
optimal stand density (4.1-4.2 million plants/ha),
high tillering coefficient (1.57-1.67), and the larg-

10) after pea. The maximum spike length (up to
13.cm) was observed in the AFK Lait Hrin’ variety
sown on September 30 after rapeseed. Regard-
ing plant height, the advantage was observed for
crops sown on September 30 after pea (82.2 cm),
with AFK ELlit Hrein’ standing out among varieties
(up to 89 cm). The highest biological yields were
recorded for AFK Premium’ (6.6-7.2 t/ha), AFK Elit
Hrein’ (6.3-6.8 t/ha), and AFK Fentezi’ (5.8-6.4 t/
ha) under September 30 sowing after rapeseed.
Variance analysis showed that variety charac-
teristics played a leading role in determining
productivity, accounting for more than 50% of
the variation in most traits (up to 95% for plant
height and 92% for spike length). The influence of
the preceding crop was most significant for stand
density (66.4%) and spike mass (53.1%), while the
contribution of sowing date to the variation in bi-
ological yield was about 21%.

These results indicate that a comprehensive
combination of optimal sowing date (September
30), appropriate preceding crop selection (rape-
seed or pea),and the use of high-yielding varieties
(AFK Premium’, AFK ELlit Hrein’, AFK Fentezi’) pro-
vides the best conditions for achieving key indi-
cators of seed productivity in winter bread wheat
under the studied regional conditions. Future re-
search could focus on exploring additional agro-
nomic factors, long-term climate effects, and the
resilience of wheat varieties to extreme weather
conditions to further enhance seed productivity
under changing environmental conditions.
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AHoTauif. OnTumiszauia cTpokiB ciBbu Ta poboOpy nonepenHUKIB € BaXIMBOW A8 peanizauii
NPOAYKTUBHOIO NOTEHLiaNy Cy4acHMX COPTiB MLWEHML 03MMOi B YMOBAX 3MiH KniMaTy. MeTa focniaxkeHHs
ronsranay BCTaHOB/IEHHi BNAUBY CTPOKIB CiB6M Ta nonepeaHMKiB Ha POpPMyBaHHS NOKAa3HWUKIB HACIHHEBOT
NPOAYKTUBHOCTI COPTIB MWeHuULi M'sKoi o3umMoi B ymoBax [lpaBobepexHoro Jlicocteny YkpaiHw.
MaTtepianom focnigxeHHs Gyniu LeB’aTb COpTiB MweHuui M'skoi o3umoi: ‘ADK Crabiniti’, ‘ADK Naint
Mpin’, ‘ADK Enit penr’, ‘ADK Dentesi’, ‘ADK HOHioH’, ‘ADK Mpemiym’, ‘MITM deepis’, ‘MIM PokconaHa’ Ta
‘ToponsHka’. BcTaHOBNEHO, WO CTPOKM CiB6M, NonepeaHMKu Ta COPTOBI 0COBNMBOCTI CYTTEBO BM/IMBANM
Ha GOpPMYyBaHHS CX0AiB, MOPQONOriYHi NOKA3HWKK 1 BIONOriYHY BPOXAMHICTb MWEHMLI M'IKOi 03MMOI.
OnTMManbHWM BUM3HAYeHO CTPOK CiBbM 30 BepecHs, 3a SKOro BiA3Ha4YeHO HaWlBMALE NPOpPOCTaHHs (13
[i6), HarBuMLLMIA KoediLieHT KyweHHs (1,57), MakcuManbHy KinbKicTb NpoaykTuBHUX cteben (5,5-5,6 MaH
wT./ra) Ta 6ionoriuHy BpoxarHicTb 8o 6,3 7/ra. Haicnpuatameiwmmm nonepenHukamm 6ynm ropox i pinak,
wo 3abe3nevyBanm GOpMyBaHHS rycTUX cxomiB (4,1-4,2 MAH WT./ra) Ta BUCOKMI KOEDILIEHT KyLLEHHS
(1,57-1,67). Micna coHAWHMKY MaiKe BCi AOCNIAKYBAHI MOKA3ZHWKU 3HWXYBAAUCSA Yepe3 BMCHAXKEHHS
IPYHTY. HalBuuy noBxuHY Konoca (go 13,5 cm) BigMiveHo y copTy ‘ADK JlaiT piH’ 3a ciBbu 30 BepecHs
nicng pinaky, a 3a BUCOTOK POC/IMH NepeBary Manu nocieu nicns ropoxy (82,2 cm) i copt ‘A®K Enit
lpeitH’ (o 89 cm). HaitBuiwy GionoriuHy BpoxaiHictb dopmysanu coptu ‘ADK Mpemiym® (6,6-7,2 T/ra),
‘ADK Enit 'peitn’ (6,3-6,8 T1/ra) Ta ‘ADK MdenTesi’ (5,8-6,4 T/ra). AucnepciiHuii aHanis 3acBigums, Wo
NpoBiAHY ponb y GOPMYBaHHI NPOAYKTUBHOCTI BigirpaloTb cOpToBi ocobnusocTi (8o 95 % Bapiauii), Toai
SK nonepeaHVKM Hanbinblie BNAMBANMU Ha rycToTy MOCiBiB, @ CTPOKM CiBOM — Ha piBEHb BPOXAMUHOCTI.
BusasneHo edekTMBHICTb 3aCTOCYBaHHSA Pi3HMX CTPOKiB CiBOM nicnsa pi3HMX nonepesHukis Aans
andepeHuiauii copTiB NWeHMLL M’KOT 03MMOI 33 MOKAa3HMKAMM HACiHHEBOI NPOAYKTUBHOCTI. Pe3ynbtatn
MOXYTb 6YTU BUKOPUCTAHI Y BUPOOHMYIM NpaKTULL 418 NiABULLEHHS e(DEKTUBHOCTI BUPOLLYBAHHS HACiHHA
MNweHULi M’SKOi 031MOI B pi3HMX FPYHTOBO-KNIMAaTUYHMX YMOBAX Ta ONTUMI3aLii cMCTEMU CiBO3MIH

Kniouogi cnoea: Triticum aestivum L.; copT; nonepegHuK; CTPoK CiBbu; CTafis NpopOCTaHHA

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1

U


https://orcid.org/0009-0009-4619-3323
https://orcid.org/0000-0002-6546-2826

e Received 06.10.2025 Revised 08.01.2026 Accepted 26.02.2026 Published: 04.03.2026

10l ;‘;“’ ] )
Repor Scientific Reports of the National University
of Life and Environmental Sciences of Ukraine

ific

Vol. 22, No. 1
2026

Journal homepage: https://scireports.com.ua/en e-ISSN 2223-1609

UDC 633.15:006.83:631.53.048 DOI: 10.31548/dopovidi/1.2026.54

Formation of maize grain quality indicators under the influence
of seeding rates and field productivity zones

Lesia Harbar

PhD in Agricultural Sciences, Associate Professor

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0000-0003-4249-0434

Bohdan Vaskivskyi*

Postgraduate Student

National University of Life and Environmental Sciences of Ukraine
03041, 15 Heroiv Oborony Str., Kyiv, Ukraine
https://orcid.org/0009-0003-6852-3844

Abstract. Maize grain quality is an important indicator of the effectiveness of agrotechnologies
and is shaped by the spatial heterogeneity of soil and climatic conditions and the level of intra-
crop competition. The aim of the study was to determine the effect of field productivity zones
and variable seeding rates on yield and maize grain quality indicators, in particular test weight,
thousand-kernel weight, starch, protein and fat content. Field experiments were conducted during
2023-025 within three field productivity zones (high, medium and low), identified on the basis
of long-term yield maps and spatial analysis. The experiment was established using five seeding
rates: 65,70, 75, 80 and 85 thousand seeds per hectare. The results showed that the productivity
zone was the dominant factor in the formation of yield and grain quality indicators, while the
seeding rate determined the degree to which the potential was realised within each zone. The
highest average yield (11.3 t/ha) was obtained in the high-productivity zone at a seeding rate of
80 thousand seeds per hectare, whereas in the low-productivity zone the maximum values did
not exceed 7.7 t/ha. Grain test weight and thousand-kernel weight decreased from high to low
productivity zones, indicating a deterioration of grain filling conditions under limited resource
availability. Starch content was higher in high-productivity zones (up to an average of 72.5%),
while medium and low zones showed an increased concentration of protein and fat, reflecting
an adaptive response of the crop to stress conditions and reduced yield. The obtained results
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confirm the feasibility of applying zonally differentiated seeding rates as a tool for simultaneous

optimisation of maize grain yield and quality

Keywords: Zea mays L.; grain quality indicators; test weight; thousand-kernel weight; starch, protein
and fat content; variable-rate seeding; productivity zone

Introduction

Under current conditions of climate change and
increasing spatial heterogeneity of agricultural
landscapes, improving maize (Zea mays L.) pro-
duction technologies with consideration of local
soil and environmental field conditions is becom-
ing particularly relevant. Spatial variability of the
physical and chemical properties of soil, water re-
gime and nutrient availability leads to the forma-
tion of different productivity zones within a single
field, resulting not only in differences in yield but
also in changes in grain quality indicators. Under
such conditions, the application of fixed seeding
rates does not allow full realisation of the crop’s
potential or efficient use of available resources.

Studies by H.M. Salem et al. (2024) confirmed
that within-field spatial variability of soil properties
can be effectively used to delineate management
zones based on geostatistical and multivariate
analysis methods. The authors showed that field
zoning based on a combination of soil properties is
a key prerequisite for the implementation of adap-
tive agrotechnologies aimed at increasing produc-
tivity and sustainability of agroecosystems. At the
same time, such zones create different nutritional
and growth conditions for plants, which can po-
tentially affect grain quality formation. In the study
by R. tukowiak et al. (2024), it was demonstrated
that spatial differences in soil mineral nitrogen
content are closely related to crop productivity
variability and nitrogen-use efficiency indicators.
The authors emphasised that even within a single
field there are zones with fundamentally different
nitrogen supply conditions that respond different-
ly to agrotechnical practices. Such differences may
alter the balance between carbohydrate accumula-
tion and nitrogen-containing compounds in grain,
which is directly related to its quality indicators.

The physical condition of soil is also an im-
portant factor contributing to the spatial het-
erogeneity of agrocenoses. A. Romero-Ruiz et
al. (2024) showed that spatially heterogeneous
soil compaction significantly affects biomass
growth, nutrient availability and root system
functioning. These changes create local differenc-
es in the soil water-air regime and nutrient up-
take, which may indirectly influence grain filling
processes and its physico-chemical properties.
Studies by E. Lippold et al. (2022) demonstrated
that maize can partially compensate for soil het-
erogeneity through local adaptation of root sys-
tem architecture. However, such adaptation does
not always ensure uniform growth and produc-
tivity of plants in different field microzones. This
means that under the same seeding rate, plants
may form different individual productivity and
potentially different grain quality depending on
local soil conditions.

Physiological and molecular mechanisms
of maize responses to changes in soil physi-
co-chemical properties were described in detail
by S. Zhou et al. (2024), who showed that uneven
nitrogen distribution in soil causes significant dif-
ferences in gene expression and root system de-
velopment. The authors found that such differenc-
es result in asymmetric nutrient uptake and may
affect the balance between vegetative growth
and reproductive organ development. This creates
prerequisites for variation in grain chemical com-
position across different field zones. In addition,
S.Zhou et al. (2022) showed that the combination
of variable nitrogen availability and intraspecific
competition significantly affects maize root sys-
tem development and plant biomass. As com-
petition between plants increases, resource-use
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efficiency decreases, which is particularly evident
at high seeding rates. This confirms the rele-
vance of regulating plant density with consid-
eration of field productivity zones to minimise
competition and stabilise grain quality indicators.

The use of variable-rate seeding based on
management zone maps is consistent with mod-
ern precision agriculture approaches. In particu-
lar, M.A. Munnaf et al. (2022) demonstrated that
site-specific seeding,implemented based on mul-
tisensor field zoning, ensures more efficient spa-
tial placement of plants and reduces intraspecific
competition. The authors emphasised that com-
bining productivity zones with variable seeding
rates is a key factor in stabilising agronomic indi-
cators within a field. The feasibility of optimising
seeding rates with consideration of within-field
heterogeneity is also supported by the findings
of A.A. Anselmi et al. (2021), who showed that
establishing maize plant density based on the
potential productivity of management zones
increases resource-use efficiency without yield
loss. The authors noted that fixed seeding rates
do not ensure realisation of the genetic potential
of the crop under conditions of field spatial var-
iability, whereas zone-adapted solutions create
prerequisites for more stable formation of both
yield and grain quality.

Thus, analysis of recent studies indicates that
spatial heterogeneity of soil conditions and plant
responses to within-field variability are key fac-
tors determining the effectiveness of agrotech-
nical decisions. At the same time, the influence
of variable seeding rates on maize grain quality
indicators under different field productivity zones
remains insufficiently studied. This determines
the relevance of research aimed at assessing the
effects of field spatial heterogeneity and differen-
tiated seeding rates on the physical and chemical
quality indicators of maize grain.

The aim of the study was to determine the
effects of field productivity zones and seeding
rates on maize yield and grain quality indicators,
as well as to identify optimal combinations of
these factors for each zone in order to improve

resource-use efficiency and yield quality stability
under conditions of spatially heterogeneous agri-
cultural landscapes.

Materials and Methods

The study was conducted during 2023-2025 on
the fields of “Chernihiv Industrial Dairy Company”
LLC, located in the Chernihiv district of Chernihiv
region, within the transition zone between Polis-
sia and the Forest-Steppe. The territory of the
farm was characterised by a complex microrelief
and high variability of soil cover, which created
prerequisites for studying the response of maize
to the spatial heterogeneity of agroecological
conditions. The experiment was established ac-
cording to a two-factor design. The first factor (A)
was field productivity zones (high, medium and
low), delineated on the basis of long-term maize
yield maps, digital agrochemical map data and
relief features, which corresponds to modern con-
cepts of spatial heterogeneity of the soil-plant
system and its influence on crop productivity
(Havlin et al., 2013).

Spatial variability of yield was determined
using yield monitoring data from a grain har-
vester with a spatial resolution of 5 x5 m, which
were considered a reference source of informa-
tion for analysing within-field variability of pro-
ductivity and crop responses to growing con-
ditions (Deines et al., 2020). Productivity zones
were formed using k-means cluster analysis in
the QGIS environment, which enabled the group-
ing of field areas with similar yield characteris-
tics and soil conditions into stable management
zones recommended for differentiated agroman-
agement (Salem et al., 2024). The identification of
three productivity zones ensured an optimal bal-
ance between the level of detail of the field’s spa-
tial structure and the temporal stability of zones,
which was critically important for further analysis
of the effects of variable seeding rates on maize
grain quality indicators.

The second factor (B) was maize seeding rate
(65, 70, 75, 80 and 85 thousand seeds per hec-
tare). Seeding rate treatments were implemented
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within each productivity zone using prescription
maps for variable-rate seeding under different
agroecological conditions of the field. The maize
hybrid DKC 3939 of the medium-early maturity
group was used in the experiment; it is character-
ised by high adaptability to changing hydrother-
mal growing conditions. The choice of this hybrid
was justified by the results of field studies by
O. Barabolia & I. Kosenko (2024), which demon-
strated its stable yield under different sowing
dates and variable temperature and moisture re-
gimes, as well as higher productivity compared
with other medium-maturity hybrids under opti-
mal and later sowing dates.

Winter wheat was the preceding crop. The
experiment was arranged in four replications
across three experimental plots with an area of
approximately 6.6 ha each. After crop emergence,
actual plant density was checked to ensure com-
pliance with the prescribed seeding rates. The
fertilisation and crop protection system was
uniform for all experimental treatments and cor-
responded to the farm’s production technology,
which minimised the influence of confounding
factors on the formation of grain quality indica-
tors. Weather conditions during the study years
differed in terms of temperature regime and
precipitation amount, which made it possible
to assess the stability of the effects of seeding
rates and productivity zones on grain quality in-
dicators under different hydrothermal conditions.
All fieldwork was carried out in compliance with
national legislation of Ukraine, the principles of
good scientific practice and international stand-
ards for the responsible use of plant resources,
including the provisions of the Convention on
Biological Diversity (1992).

Maize grain quality was assessed using the
following indicators: grain test weight (g/L), thou-
sand-kernel weight (g), protein content (%), starch
content (%) and fat content (%). Grain test weight
was determined using a standard one-litre meas-
uring cylinder with control weighing in accord-
ance with generally accepted methods specified
in DSTU 10840:2019 (2019). Protein, starch and
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fat content in the grain were determined by in-
frared spectroscopy using an Infratec 1241 Grain
Analyzer (FOSS Tecator, Denmark), previously
calibrated in accordance with the requirements
of ISO 12099:2017 (2017). Thousand-kernel
weight was determined by weighing a sample
of 1,000 kernels on analytical scales with an
accuracy of *0.01 g, in accordance with DSTU
4117:2007 (2007).

For each treatment, three composite grain
samples were formed after post-harvest process-
ing. The results were statistically analysed us-
ing analysis of variance and correlation analysis
methods in the Statistica software. Mean values,
standard deviations and coefficients of variation
were calculated, and relationships between seed-
ing rate, productivity zone and the main grain
quality indicators were determined. Experimen-
tal data were visualised using modern graphi-
cal methods (boxplot, heat map), which made
it possible to clearly illustrate the variability of
grain quality indicators and the patterns of their
change depending on seeding rate and produc-
tivity zone. Graphs were generated using the Py-
thon software environment.

Results
During the 2023-2025 research period, the for-
mation of maize grain yield of the hybrid DKC
3939 was analysed depending on field produc-
tivity zones and variable seeding rates. The study
covered three vegetation periods that were con-
trasting in terms of weather conditions, which
made it possible to assess the stability of the
crop response to agrotechnical factors under con-
ditions of spatial heterogeneity of the agro-back-
ground. Despite year-to-year variability in yield
caused by weather conditions, similar patterns of
the effect of seeding rate within individual pro-
ductivity zones were observed in all years. In the
high-productivity zone, the highest mean grain
yield over the three years of the study was ob-
tained at a seeding rate of 80 thousand seeds per
hectare, indicating the ability of this zone to ef-
fectively support increased plant density (Fig. 1).
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Figure 1. Heat map of mean grain yield depending
on productivity zone and seeding rate (2023-2025)

Source: developed by the authors

At the same time, a further increase in the
seeding rate to 85 thousand seeds per hectare
did not provide an additional increase in yield,
indicating that the optimal level of intraspecif-
ic competition had been reached. In the medi-
um-productivity zone, the highest mean yield val-
ues were formed at a seeding rate of 75 thousand
seeds per hectare, whereas an increase in plant
density to 80-85 thousand seeds per hectare was
accompanied by a decrease in the efficiency of re-
source use. In the low-productivity zone, a seed-
ing rate of 70 thousand seeds per hectare proved

to be optimal, while its further increase led to a
reduction in yield, indicating the limited resource
potential of this zone. The level of intraspecific
competition, determined by the seeding rate and
the resource potential of microzones, directly af-
fects grain filling processes, which is reflected in
test weight, thousand-kernel weight, as well as in
the ratio of the main storage substances. In this
regard, further analysis was focused on assess-
ing the effect of productivity zones and variable
seeding rates on starch, protein and fat content in
maize grain (Table 1).

Table 1. Test weight and thousand-kernel weight of maize depending
on seeding rate and productivity zones (2023-2025)

pro:x:ivity Seeding rate, thousand seeds/ha Test weight, g/L Thousand-kernel weight, g
2023 | 2024 | 2025 | Mean | 2023 | 2024 | 2025 | Mean

65 720 | 712 | 728 | 720 | 305 | 295 | 315 | 305

70 722 | 714 | 730 | 722 | 308 | 298 | 318 | 308

High 75 724 | 716 | 732 | 724 | 310 | 300 | 320 | 310
80 726 | 718 | 736 | 727 | 312 | 302 | 325 | 313

85 723 | 715 | 729 | 722 | 309 | 299 | 317 | 308

Mean value for the high-productivity zone 723 | 715 | 731 | 723 | 309 | 299 | 319 | 309
65 705 | 695 | 715 | 705 | 285 | 275 | 298 | 286

70 708 | 698 | 718 | 708 | 288 | 278 | 302 | 289

Medium 75 710 | 700 | 720 | 710 | 292 | 282 | 305 | 293
80 709 | 699 | 719 | 709 | 290 | 280 | 303 | 291

85 707 | 696 | 716 | 706 | 287 | 276 | 300 | 288

Mean value for the medium-productivity zone 708 | 698 | 718 | 708 | 288 | 278 | 302 | 289
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Table 1. Continued

pro:z:;‘::vity Seeding rate, thousand seeds/ha Test weight, g/L Thousand-kernel weight, g
2023 | 2024 | 2025 | Mean | 2023 | 2024 | 2025 | Mean

65 690 | 670 | 695 | 685 | 270 | 245 | 275 | 263

70 692 | 672 | 698 | 687 | 273 | 248 | 278 | 266

Low 75 691 | 671 | 697 | 686 | 271 | 247 | 277 | 265

80 689 | 669 | 694 | 684 | 269 | 245 | 274 | 263

85 685 | 665 | 690 | 680 | 265 | 240 | 270 | 258

Mean value for the low-productivity zone 689 | 669 | 695 | 685 | 270 | 245 | 275 | 263

Source: developed by the authors

Analysis of the data in Table 1 indicates
that maize grain test weight and thousand-ker-
nel weight varied significantly depending on the
field productivity zone, seeding rate and growing
season conditions. During 2023-2025, the high-
est values of both indicators were consistently
formed in the high-productivity zone, reflecting
more favourable grain filling conditions under a
high soil resource potential.

In the high-productivity zone (Fig. 2), the mul-
ti-year average values of test weight increased
with an increase in seeding rate from 65 to 80
thousand seeds per hectare (from 720 to 727 g/L).

310
300
290
280
270
260

65 70 5 80 85
Seeding rate, thousand seeds ha—*

Mean thousand kernel weight, g

Figure 2. Distribution
of mean maize kernel weight
according to seeding rates (2023-2025)
Source: developed by the authors

With a further increase in the seeding rate to
85 thousand/ha, a slight decrease in the indicator
was observed. A similar trend was observed for
the weight of 1,000 grains, the maximum average

value of which (313 g) was formed at a seeding
rate of 80 thousand/ha (Fig. 3). This indicates an
optimal combination of plant density and re-
source availability at this particular seeding rate.
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Figure 3. Distribution
of the mean weight of 1,000 maize kernels
according to sowing rates (2023-2025)
Source: developed by the authors

In the medium-productivity zone, test weight
and thousand-kernel weight were lower than
in the high-productivity zone; however, they re-
tained a clear dependence on seeding rate. The
highest mean values of test weight (710 g/L) and
thousand-kernel weight (293 g) were observed at
a seeding rate of 75 thousand seeds per hectare,
whereas a further increase in plant density to 80-
85 thousand seeds per hectare did not result in an
improvement of grain physical properties (Figs 2
and 3).This indicates a limited resource potential
of the medium-productivity zone and increased
intraspecific competition at higher seeding rates.
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In the low-productivity zone, the lowest values
of both test weight and thousand-kernel weight
were recorded, with a consistent downward trend
as the seeding rate increased. The maximum
mean values of test weight (687 g/L) and thou-
sand-kernel weight (266 g) were formed at seed-
ing rates of 65-70 thousand seeds per hectare,
while an increase in density to 85 thousand seeds
per hectare led to a significant deterioration of
grain physical characteristics. This suggests that
under conditions of low soil productivity, in-
creased competition between plants restricts
grain filling processes.

Analysis of the indicators by years showed
that in 2025, higher values of test weight and
thousand-kernel weight were formed across all

productivity zones compared with 2023 and espe-
cially 2024, which was associated with more fa-
vourable growing conditions. At the same time, re-
gardless of the year of cultivation,a general pattern
was maintained: the optimal seeding rate shifted
towards higher values in the high-productivity zone
and decreased in the medium and low zones, con-
firming the feasibility of a differentiated approach
to reqgulating plant density. Analysis of the data in
Table 2 indicates that the chemical composition
of maize grain depended significantly on the field
productivity zone, seeding rate and growing season
conditions. During 2023-2025, a clear differentia-
tion between zones was observed, reflecting differ-
ent levels of resource availability for crops and, con-
sequently, the intensity of grain filling processes.

Table 2. Protein, fat and starch content in maize grain depending on seeding rate
and productivity zones (2023-2025)

> Protein content, % | Fat content, % Starch content, %
s, 2 BE
°c 599§ i) || w S| | |w| S| ™ < ) c
38 5EZT Slgg8g/gg8 g g g s
[ n £33 N8| q 2|88 | 2| | 8§ 2
o
65 84(86|82/84|42/43|40\42|71.8|71.0|724|71.7
70 83(85|8.1/83|4.1/42|39|41|720(71.2|727|72.0
High 75 82(84/80(82(41/42(3.9|41(723|71.4|729 722
80 8.1(83|7.8/81|4.0/41|38|40|726|71.6|73.4|725
85 8.2(84/81/82|41/42|39|41(722|71.3|726|720
Mean value
for the high-productivity zone, % 82(84/80(82|41(42|39(41|722|71.3|72.8|72.1
65 88(9.0/85/88|44/45|42|44]705|69.8|71.2|70.5
70 878984874344 |41|43]708|70.0|/71.5|70.8
Medium 75 86(88/83/86|43/44|41|43|71.1|70.2|71.8|71.0
80 86(88/84/86|43/44|41|43]709|70.1|71.6|70.9
85 87(89|85/87|44/45|42|44170.7|69.9|71.3|70.6
Mean value
for the medium-productivity zone, % 8.7/89|84|8743(44(41/43|70.8|70.0|71.5|70.8
65 9219.719.0|93|/47149/45/47|69.2|67.8|69.8|68.9
70 9.1/9.6(88|92|4648|4.4]46|69.5|68.0|70.2|69.2
Low 75 9.1/96(89|92|46|48|4.4/146|69.4|67.9|70.0|69.1
80 93/9.8/9.1/94/47149|46|4.7|69.1|67.7|69.7 |68.8
85 9.5/10/9.2/9.6|4.8 50|47 |48|68.7|67.3|69.4 685
Mean value . 9.2197/9.0]9.3 47|49 |45|47|69.2|67.7|69.8  68.9
for the low-productivity zone, %

Source: developed by the authors

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1



In the high-productivity zone, protein con-
tent was characterised by the lowest mean val-
ues (8.1-8.4%) compared with other zones, which
was due to intensive starch accumulation and
the manifestation of a “dilution” effect of nitro-
gen-containing compounds. At the same time,
this zone exhibited the highest starch content,
with mean values increasing as the seeding rate
rose to 80 thousand seeds per hectare (72.5%),
after which a tendency towards stabilisation or a
slight decrease was observed. Fat content in the
high-productivity zone remained relatively low
(4.0-4.2%) and showed only a weak response to
changes in seeding rate, which is typical of con-
ditions of high productivity and the dominance
of carbohydrate metabolism. In the medium-pro-
ductivity zone, indicators of the chemical com-
position of grain had intermediate values. Pro-
tein content averaged 8.6-8.8% and varied only
slightly depending on seeding rate, indicating a
more balanced relationship between starch ac-
cumulation and nitrogen-containing compounds.
The maximum mean starch content (71.0%) was
formed at a seeding rate of 75 thousand seeds
per hectare, whereas an increase in plant density
to 80-85 thousand seeds per hectare did not re-
sult in its further increase. Fat content in the grain
of the medium-productivity zone ranged from 4.3
to 4.4% and showed a weak response to changes
in plant density. In the low-productivity zone, the
highest values of protein and fat content were
recorded simultaneously with the lowest starch
content. Mean protein content increased from
9.3% at a seeding rate of 65 thousand seeds per
hectare to 9.6% at 85 thousand seeds per hectare,
which was associated with a reduction in the in-
tensity of carbohydrate synthesis and a relative
increase in nitrogen concentration in the grain. A
similar trend was observed for fat content, which
reached maximum values (4.8%) at the highest
seeding rate. Starch content in the low-productiv-
ity zone decreased with increasing sowing densi-
ty and had the lowest mean values (68.5-69.2%),
indicating limitations in photosynthetic produc-
tivity and deterioration of grain filling conditions.
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Analysis of the indicators by years showed
that in 2025, higher starch content and lower pro-
tein and fat concentrations were formed across all
productivity zones compared with 2024, which is
consistent with more favourable growing condi-
tions. At the same time, regardless of the year of
cultivation, a general pattern was maintained: as
the productive potential of the zone decreased, the
proportion of protein and fat increased and starch
content decreased, confirming a close relation-
ship between yield and grain quality indicators.

Discussion

The results of the conducted studies convinc-
ingly demonstrate that spatial heterogeneity of
the field is a key factor in the formation of both
yield and the physical and chemical quality indi-
cators of maize grain. During 2023-2025, it was
established that the productivity zone determines
the direction and intensity of the maize plant re-
sponse to seeding rate, while plant density per-
forms a regulatory function, the effectiveness of
which varies depending on the resource potential
of the agro-background. The feasibility of using
spatial productivity categories for assessing crop
condition and yield is also supported by recent
studies by E. Birinyi et al. (2024), which demon-
strated a close relationship between yield maps,
satellite vegetation indices and actual yield loss-
es at the field level.

The obtained results are consistent with data
from a multiregional study conducted in China,
which showed that the spatial distribution of
grain quality indicators (starch, protein, fat and
test weight) does not replicate yield maps and is
formed under the combined influence of soil and
climatic factors. In particular, W. Liu et al. (2023)
identified a negative relationship between starch
content and protein and fat concentrations, which
is fully confirmed by the results of the present
study for low-productivity field zones. Similar
conclusions were reported by V. Babic et al. (2024),
who showed that environmental conditions of the
year and the growing environment have a deci-
sive influence on the physical parameters of grain
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and its chemical composition, even at similar
yield levels. The authors emphasised the protein
“dilution” effect typical of intensive conditions,
which was also observed in the present study
in high-productivity zones under optimal seed-
ing rates. Studies by DJ. Ogunniyan et al. (2021)
demonstrated that thousand-kernel weight and
seed morphometric characteristics are positively
related to yield; however, under excessive plant
density this relationship weakens due to limited
resource availability for individual plants. A sim-
ilar trend was recorded in the present study in
medium- and low-productivity zones.

Under the conditions of Ukraine, the zon-
al specificity of optimal sowing density was
confirmed in the work of M. Dudka & O.P. Yaku-
nin (2023), which showed that increasing plant
density is effective only up to a certain thresh-
old, beyond which both yield and yield structure
components decline. The results of the present
study complement these findings by demon-
strating that exceeding the optimal plant density
also negatively affects grain quality. The inverse
relationship between starch content and protein
and fat concentrations identified in this study is
consistent with the results of long-term research
by D.S. Sachan et al. (2023), who showed that in-
tensification of agrotechnologies and increased
yield promote starch accumulation but reduce
the relative protein content in grain. Although the
authors primarily analysed the effect of nutrient
supply, the mechanism of assimilate redistribu-
tion is universal and also relevant to the effects of
plant density. Similar patterns were also reported
by E.M.S. Gheith et al. (2022), who found that with
increasing nitrogen nutrition levels and maize bi-
omass, the relative protein concentration in grain
decreases due to the dominance of carbohydrate
metabolism. In the present study, this effect was
clearly expressed in high-productivity zones un-
der optimal seeding rates. The role of adaptive
selection of seeding rate and nutrition under
conditions of climatic variability was confirmed
in the studies of S. Kothiyal et al. (2023) and
G.K. Tadiboina et al. (2024), which showed that

variable-rate seeding and fertilisation technolo-
gies based on productivity zones make it possi-
ble to stabilise maize productivity under diverse
agroclimatic conditions. The results of the pres-
ent study indicate that even under the contrast-
ing weather conditions of 2023-2025, zonal pat-
terns of grain quality formation remained stable.
The results obtained are also consistent with data
from on-farm experiments conducted by M. Vide-
gain et al. (2024), in which differentiated manage-
ment of seeding and fertilisation under semi-arid
conditions allowed clear identification of zonal
differences in crop response. The authors noted
that the effect of precise regulation of agrotech-
nologies is manifested not only at the yield lev-
el but also through changes in the physical and
quality characteristics of grain, which confirms
the feasibility of a zone-oriented approach.

Thus, the results of the study are consistent
with contemporary scientific concepts of spatial-
ly oriented maize crop management and extend
them with new data on grain quality formation.
It was established that optimisation of seeding
rates should be zone-specific and aimed not only
at maximising yield but also at the targeted for-
mation of physical and chemical grain quality
indicators. This confirms the feasibility of imple-
menting variable-rate seeding (VRS) as an effec-
tive precision agriculture tool under conditions of
spatially heterogeneous agroecosystems.

Conclusions

The studies conducted during 2023-2025 con-
firmed that the spatial heterogeneity of the
field is a decisive factor in the formation of not
only yield, but also the physical and chemical
quality parameters of maize grain. The produc-
tivity zone had a significant effect on grain test
weight, thousand-kernel weight, and the ratio of
the main storage substances, while the seeding
rate played a regulatory role, the effectiveness of
which varied depending on the resource poten-
tial of a particular zone.

In the high-productivity zone, optimal nu-
trient supply and water availability contributed
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to the formation of grain with the highest test
weight and thousand-kernel weight, as well as
the maximum starch content combined with low-
er concentrations of protein and fat. Seeding rates
of 75-80 thousand seeds per hectare were the
most effective in this zone, ensuring an optimal
balance between plant density and grain filling
processes. A further increase in the seeding rate
did not lead to an improvement in quality indica-
tors, indicating that the limit of efficient resource
use had been reached. In the medium-productivity
zone, intermediate values of grain quality indica-
tors were formed, and the optimum seeding rate
shifted towards 70-75 thousand seeds per hectare.
Increasing sowing density beyond this level was
accompanied by a decrease in resource-use effi-
ciency, which was reflected in the stabilisation or
slight deterioration of test weight, thousand-ker-
nel weight and starch content. This indicates the
limited resource potential of medium-productivity
zones and the need for a more cautious approach
to increasing sowing density. In the low-produc-
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of grain physical characteristics. These patterns
indicate the limiting influence of soil and hy-
drological conditions in low-productivity areas.

Despite interannual variability in weather
conditions, the established patterns of the effects
of productivity zones and seeding rates on grain
quality indicators were maintained in all years of
the study. This confirms the dominant role of spa-
tial differences in the soil resource potential of
the field over seasonal climatic variability in the
formation of maize grain quality. The prospects
for further research lie in the scientific substan-
tiation of the feasibility of applying precision ag-
riculture technologies, in particular variable-rate
seeding (VRS), taking into account field produc-
tivity zones, as differentiated regulation of plant
density allows not only the stabilisation of yield
but also targeted influence on maize grain quali-
ty parameters, increasing seed-use efficiency and
the adaptability of the technology to the spatial
heterogeneity of agroecosystems.

tivity zone, the lowest values of test weight and Acknowledgements
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with the highest concentrations of protein and

fat and a reduced starch content. Lower seeding Funding

rates (65-70 thousand seeds per hectare) were  None.

optimal for this zone, whereas increasing them

intensified intraspecific competition, limited Conflict of Interest
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AHoTaLif. JKicTb 3epHa KyKYpyA3u € BaXIMBUM MOKA3HUMKOM e(DEKTUBHOCTI arpOTEXHOJOTIN | POPMYETbCS
nig, BNAYBOM MPOCTOPOBOI HEOAHOPIAHOCTI FPYHTOBO-KNIMaTMYHMX YMOB Ta PiBHSA BHYTPILLUHbOLEHO3HOT
KOHKypeHLii. MeTol pocnimxeHHs 6yno BCTaHOBUTU BM/IMB 30H NPOAYKTUBHOCTI NOAS Ta 3MiHHWUX HOPM
BMCIBY Ha YPOXAMHICTb i NOKA3HMKM SKOCTi 3epHa KyKypyasu, 3okpema Hatypy, Macy 1000 3epeH, BMicT
Kpoxmanto, 6inka Ta xupy. MonboBi focnimxeHHs nposoguaun ynpogosk 2023-2025 pp. y Mexax Tpbox
30H MPOAYKTUBHOCTI Mons (BUCOKOI, CepeaHboi Ta HWU3bKOI), BUAINEHMX HA OCHOBi HaraTopiyHMX KapT
YPOXaNHOCTI Ta NPOCTOPOBOro aHanisy. [locnia 3aknafany 3 BUKOPUCTAHHSAM M'ITU HOPM BuUCiBYy — 65, 70,
75,807a 85 TnC. HaciHuH/ra. Pe3ynbTaT 4OCNiKEHb NOKAa3anu, WO 30Ha NPOAYKTUBHOCTI 6yna AOMiHYHUMM
YUHHUKOM HOPMYBAHHSA YPOXKAMHOCTI Ta IKICHUX MOKA3HWKIB 3€pHa, TOAI IK HOPMa BUCiBY BU3HAYana CTyniHb
peanisauii noTeHuiany B MeXax KOXHOI 30HM. HalBuwwa cepeaHs ypoxaiHicTb (11,3 T/ra) cdopmMysanacs
Yy BMCOKOMPOAYKTMBHIM 30Hi 32 HOpMM BucCiBy 80 TUC. HACiHWH/Ta, TOLI SK Y HW3bKOMPOAYKTUBHIW 30HI
MakKCMManbHi MOKa3HMKK He nepesuwysanu 7,7 1/ra. Hatypa 3epHa Ta Maca 1000 3epeH 3HMXYyBanucs y
HanpsMKy Bif, BUCOKMX L0 HU3bKMX 30H NPOAYKTUBHOCTI, WO CBiAYMTb NPO NOTipLIEHHS YMOB Ha/UBY 3epHa
3a obMexeHoro pecypcHoro 3abesneyeHHs. BMict kpoxmanto 6yB BULMM Y BUCOKOMPOAYKTUBHUX 30HAX
(y cepenHboMy A0 72,5 %), TOAi SIK 'y cepeaHixX i HU3bKMX 30HaX CNOCTepiranocs niABULLEHHS KOHLEHTpaLi
6inka Ta xupy, Lo Bigobpaxae afanTMBHY peakLiito KynbTypu Ha CTPECOBI YMOBM Ta 3HUXKEHHSI BPOXKAMHOCTI.
OTpuMaHi  pe3ynbTaTy MiATBEPOXYOTb  AOUINBHICTb  33aCTOCYBaHHS  30HANbHO  AndepeHLUiMoBaHUX
HOPM BWCIBY $K iHCTPYMEHTY OOHOYACHOI ONTMUMI3aLii YPOXAMHOCTI Ta SKOCTI 3epHa KyKypyn3u

KniouoBi cnoBa: Zea mays L.; ypoxaiiHicTb; NOKa3HUKM SKOCTi 3epHa; HaTypa; Maca 1000 3epeH; BMicT
KpoxManto; binka i xxupy; audepeHuirioBaHa cisba; 30Ha NPOAYKTUBHOCTI
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Abstract. Despite the development of environmental monitoring systems in Ukraine, existing
approaches do not take into account the specifics of tourist regions, which creates significant challenges
for assessing environmental risks and ensuring air quality in conditions of intense tourist flows. The
aim of the study was to substantiate the concept of forming a regional system for monitoring and
managing the environmental safety of tourism in the territorial communities of the Ivano-Frankivsk
region, taking into account European standards for atmospheric air quality control. The methodological
basis was the analysis of European and national environmental legislation, geospatial modelling based
on OpenStreetMap open data, indicators of tourist capacity and overnight stays, as well as optimisation
tasks of maximum coverage and p-median. It has been shown that the existing state observation
system has limited spatial coverage, is focused mainly on industrial centres, does not cover resort
and mountain destinations, and does not reflect peak seasonal loads associated with tourist flows. A
two-level network architecture has been developed, combining three high-precision reference stations
(urban, valley and industrial background) with an adaptive number of low-cost sensors (10-15 LCS)
located in the centres of tourist demand and transport corridors. Weighted clustering of 3,725 tourist
sites revealed the dominant role of the Polianytsia-Yaremcha resort valley and made it possible to
identify a configuration of 12 sensors as a balanced option that minimises the average distance to
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monitoring points and ensures measurement redundancy in sensitive areas. The results obtained
provide a basis for the phased deployment of an air quality monitoring network, the integration of
environmental indicators into tourism management policy, environmental marketing of territories, and

ESG reporting by tourism businesses

Keywords: environmental safety of tourism; atmospheric air quality; regional monitoring system; low-cost
sensors; geospatial modelling; station placement optimisation; tourist destinationscondition of forests

Introduction

The quality of atmospheric air is now recognised
as an important factor in environmental safety
and sustainable development, directly affecting
not only public health but also the level of tour-
ist attractiveness. Recent studies emphasise that
clean air is not only a natural resource but also
an economic asset on which the competitiveness
of tourist destinations depends. Tourists are in-
creasingly taking environmental conditions into
account when choosing a holiday destination, so
the availability and openness of data on air qual-
ity builds trust, reduces risks for visitors and en-
hances the image of the area.

The problem is that the current environmen-
tal reporting system covers only a limited list of
pollutants, mainly from stationary sources, while
international practice and the results of modern
research emphasise the need to monitor fine
particulate matter (PM,, PM,,) and other specif-
ic pollutants. The impact of these microparticles,
which are produced by the combustion of fuel
in transport engines, heating systems in accom-
modation facilities and during food preparation
in catering establishments, directly affects the
health of the population, tourist attractiveness
and environmental safety. Research by the World
Health Organisation shows that even short-
term exposure to PM, causes exacerbation of
respiratory and cardiovascular diseases, as well
as a decrease in immunity, which is especially
dangerous for children and the elderly. In its up-
dated 2021 recommendations, the World Health
Organisation has lowered the permissible con-
centrations of PM,: the annual level from 10 to
5 pg/mé3, and the daily level from 25 to 15 pg/mé.

The decision was based on a meta-analysis of
more than 500 studies that confirmed significant
risks even at concentrations below the previous
standards (World Health Organization, 2021). In
particular, a study by PJ. Landrigan et al. (2018),
which covered data from 41 countries, showed
an increase in mortality from cardiovascular
diseases by 6.2%, respiratory diseases by 3.1%,
and overall mortality by 4.1% with an increase
in PM2.5 by every 10 pug/m3.

A study by the European Environment Agen-
cy (2020) found that visitors to urban and subur-
ban tourist destinations are exposed to increased
levels of fine particulate matter during peak sea-
sons. An analysis conducted by S. Adamenko et
al. (2024) in 25 European cities found that PM2.5
concentrations in tourist centres exceed back-
ground levels by 15-30% during peak hours, es-
pecially near popular attractions and in areas of
heavy traffic. Tourists who spend most of their day
outdoors are exposed to levels 1.5-2 times higher
than the average for local residents, whose activ-
ities are more concentrated indoors.

A further contribution to the study of the im-
pact of the air environment on tourists was made
by A. Tobias et al. (2020). The study used mobile
monitoring stations located in tourist areas of
Barcelona. The results confirmed that even a
short stay (2-3 hours) in conditions of elevated
PM2.5 concentrations (>25 pg/m?3) leads to signif-
icant physiological effects, including a decrease
in lung function and an increase in inflamma-
tion markers. The most vulnerable groups were
children under 12 and older people, who experi-
enced a 7-12% decrease in peak expiratory flow
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and an increase in C-reactive protein levels. The
researchers emphasise that such changes pose a
particular risk to tourists, as they often have lim-
ited access to medical care while travelling and
may not identify the deterioration in their health
as a result of air pollution.

A study by the European Environment Agen-
cy (2021) showed that 63% of tourists consider
air quality when choosing a destination, and 78%
are willing to change their travel plans if environ-
mental conditions deteriorate. These results were
confirmed by a study by . Arbult et al. (2021),
which, based on data from 87 European cities,
found a statistically significant correlation be-
tween air quality deterioration and a decline in
tourist arrivals with a lag of 1-2 months. Family
and “silver” tourism segments were particularly
vulnerable to this factor, with a 17-23% drop in
bookings following widespread media coverage
of pollution incidents.

The air quality monitoring system is char-
acterised by spatial and temporal limitations.
Stationary monitoring stations are concentrat-
ed mainly in large cities and industrial regions,
while tourist destinations in mountainous and
rural areas remain outside the scope of regular
observation. In addition, reports are generated
on a quarterly or annual basis, which does not
allow for the reflection of short-term peak loads
characteristic of tourist flows. According to data
from L.M. Arkhypova et al. (2025), tourist activity
is highly seasonal (winter and summer peaks in
the Carpathian region) and subject to daily fluctu-
ations, during which pollutant concentrations sig-
nificantly exceed average annual levels, particu-
larly during peak hours, periods of mass events or
unfavourable weather conditions. Such episodes
have a significant impact on tourists’ subjective
perception of the destination and their willing-
ness to return, but they become statistically invis-
ible in aggregated annual data.

Another systemic limitation is the lack of dif-
ferentiation of pollution sources in reporting by
economic sector. Tourism generates specific pol-
lution patterns due to the intensive use of private

and bus transport, increased energy consumption
in accommodation and catering establishments,
and increased volumes of household waste. How-
ever, these sources often fall into different report-
ing categories or are not recorded when they do
not exceed threshold values. In particular,a signif-
icant number of vehicles serving tourists are clas-
sified as private transport and are not included in
industry statistics on tourism. Similarly, small and
medium-sized accommodation establishments
use individual heating systems, whose emissions
are not subject to systematic monitoring. Such
fragmentation of data creates “blind spots” in the
analysis of the environmental impact of tourism
and highlights the need to implement integrated
approaches to monitoring that take into account
the complex nature of the interaction between
tourism and the environment.

The aim of the article was to provide a sci-
entific justification for approaches to the for-
mation of a regional network for monitoring air
quality in tourism-oriented areas. The scientific
novelty lies in the development of a comprehen-
sive approach to the formation of a network for
monitoring air quality in tourist regions, based
on the integration of geospatial clustering of
tourist facilities, tourism capacity indicators
and European requirements for the representa-
tiveness of monitoring networks, as well as in
substantiating the functional structure of such a
network as a tool for environmental safety and
tourism load management.

Materials and Methods
The study was conducted during 2024-2025.
A set of complementary methods was applied.
Formal legal and comparative legal methods
were used to analyse European and national
requirements for the organisation of air-quality
monitoring systems, as well as to identify meth-
odological and regulatory constraints on their
implementation at the regional level in accord-
ance with the provisions of European Union di-
rectives in the field of air quality and Ukraine’s
obligations under the EU-Ukraine Association
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Agreement (Verkhovna Rada of Ukraine, 2014;
European Union, 2008; 2024).

Spatial analytical methods were implement-
ed in a geographic information system environ-
ment to process and integrate the coordinates
of tourist facilities, administrative boundaries of
territorial communities, the transport and road
network, and the orographic characteristics of the
area. The methodological basis of the study was
the integration of geospatial data covering the
spatial distribution of tourist points of interest
(POls) according to OpenStreetMap data, together
with proxy indicators of tourist capacity, indica-
tors of tourist overnight stay (TN), administrative
boundaries of territorial communities, the config-
uration of transport infrastructure, topographic
characteristics of the terrain, and, where availa-
ble, information on prevailing wind directions.
This corresponded to European practices of spa-
tial analysis of environmental pressures and risks
(European Environment Agency, 2020; 2021).

The algorithmic core of the optimisation
was formed on the basis of geospatial methods,
with priority given to the practical interpretabil-
ity of the results. The methodological framework
included weighted k-means clustering based on
criteria of tourist capacity and intensity of use
to identify the cores of tourist demand and de-
termine candidate sensor locations; the p-medi-
an and Maximum Coverage Problem models for
the optimal selection of a subset of points under
given constraints on the number of sensors and
the minimum distance between them; analysis of
zones of responsibility through the construction
of Voronoi diagrams; and mapping of coverage
heat maps taking into account the effective op-
erating radius of the measuring equipment. This
approach is consistent with contemporary meth-
ods for designing air-quality monitoring networks
and using low-cost sensors (Dechezleprétre et
al.,2019; Neis et al., 2023).

The optimality criteria for the network struc-
ture included maximising the share of tour-
ist capacity within the coverage radius of the
sensors, minimising the average distance from
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tourist facilities to the nearest monitoring post,
and ensuring balanced representation of differ-
ent environment types, including resort valleys,
urban and industrial background locations, and
high-altitude reference points, in accordance with
the requirements of European and international
environmental regulation (European Union, 2008;
World Health Organization, 2021).

The proposed approach ensured compliance
with European practices of scientifically ground-
ed design of air-quality monitoring networks and
created an information basis for integrating envi-
ronmental data into regional policies for manag-
ing tourist pressure during peak seasons, commu-
nicating environmental conditions to visitors, and
developing ESG reporting for tourism businesses
in line with the strategic priorities of Ukraine’s
state environmental policy up to 2030 (Law of
Ukraine No. 2697-VIIl, 2019; European Environ-
ment Agency, 2021).

To solve the problem of optimal placement
of the monitoring network in tourist regions, the
study applied a methodology based on the spa-
tial distribution of tourist infrastructure facilities
(POIs from OpenStreetMap) and aimed at deter-
mining the optimal placement of p low-cost sen-
sors (LCS) and q reference monitoring stations.
The target optimisation criteria were as follows:

1. ensuring representative spatial coverage
of the main tourist clusters and zones of visitor
concentration;

2. minimising the average accessibility dis-
tance from tourist demand points to the nearest
sensors of the monitoring network;

3. taking into account technological and
methodological constraints, such as the minimum
permissible distances between neighbouring sen-
sors and the balanced placement of monitoring
points covering different functional zones (resort
cores, urban and industrial background areas, as
well as high-altitude reference sites).

This formulation of the problem makes
it possible to create a scientifically grounded
spatial network of environmental monitoring
adapted to the specifics of tourist land use.
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Figure 1 schematically presents the stages set of spatial data was used to optimise the
of the study on the optimal placement of the  placement of air-quality monitoring stations
air-quality monitoring network. The following  (Table 1).

Objective
Input data
Optimality criteria
Evaluation metrics
. Problem Practical configurations
Sl eRGEReIC ] formulation and reportin.
of optimal placement
of the air-quality [

monitoring network Stages of clustering | Output information
and selecfion of sensor locations for implementation

N

“Preparation and weighting of POls

*Preliminary clustering
(candidate generation)

| “Topological filtering of candidates

“Placement optimisation
~Post-processing and quality control
“Placement of reference stations

Figure 1. Scheme for conducting the study on the optimal placement

of an air-quality monitoring network
Source: developed by the authors

Table 1. Structure of input spatial data and optimisation parameters
for the air quality monitoring network

Data/parameter block | Designation Content and characteristics
Set of tourist | A set of spatially localised tourist points of interest (POls)
demand points that generate demand for environmental monitoring
Spatial coordinates of POI X Y; Geographical coordinates of each tourist point of interest
. A Capacity indicator of the facility, reflecting the number
Capacity weighting factor Wi of beds, maximum throughput, or other relevant characteristics
Weight value wi=1 The base value used in the absence of reliable information
in the absence of data about capacity
Territorial affiliation ) The POI’s affiliation with a specific territorial community
attribute or transport corridor, determined by the spatial connection method
Set of potential locations J A set of candidate points for the installation
for station placement of monitoring stations
Generation ) Automatic generation according to specified spatial
of candidate locations and functional criteria
Spatial coordinates . . . . . .
of locations (Xj, Yj) Geographical coordinates of each potential station location
Monitoring network
configuration parameters
] B Maximum range of a single monitoring station within which the
Effective coverage radius r representativeness of measurements is ensured (e.g. 2 km)
Minimum permissible dmin Restriction that ensures spatial dispersion of the network and prevents
distance between stations excessive duplication of measurements (e.g., 2 km in valley areas)
Target number Number of low-cost sensors selected from a set of alternatives
of local stations P {10; 12; 15} in accordance with budgetary and spatial constraints
Number q Number of stationary reference stations for calibration

of reference posts and data verification, selected from a set {2; 3}
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Table 1. Continued

Content and characteristics

Data/parameter block | Designation

Coverage quotas
by functional zones

Resort centres -
Transport corridors

Minimum requirements for spatial representation
of different types of territories within the monitoring network

Areas with maximum concentration of tourist demand
Areas of potential accumulation of pollutants

and leeward valleys

along transport infrastructure

Urban background
pollution areas

Urban locations without the dominant influence

of individual sources

Industrial impact zones -

Areas with local or point industrial emissions

High mountain areas -

Reference areas for determining background concentrations

of pollutants

Source: developed by the authors

To determine the optimal configuration of
the monitoring network, two equivalent math-
ematical formulations are used: the Maximum
Coverage Location Problem (MCLP) model and
the p-median model (distance minimisation).

(A) Maximum Coverage Location Problem
(MCLP). This model is aimed at maximising the
weighted coverage of tourist demand points. The
formalisation included:

> a proximity matrix a; = 1[d(i,j) < r], where
d(i,j) - the distance between demand point / and
potential location j,and r is the coverage radius;

» binary decision variables:

y;€ 0.1 - indicator of selecting location j;
z,€ 0.1 - indicator of coverage of de-
mand point /.

The objective function maximised weighted
coverage:

max Yie; w; 7z 1)

subject to the following constraints: ¥,.y;=p (se-
lection of exactly p locations), z; < ¥, ,a;y; Vi (a
point is considered covered if it lies within the
radius of at least one selected location),y, € {0,1},
z,€{0,1} binary variables).

(B) p-median model (distance minimisation).
An alternative formulation aimed at minimising
the weighted distances between demand points
and the nearest monitoring stations:

» assignment variables X; € 0,1 - indicator
that demand point / is served by location j;

> binary site selection variables y,€0,1.
The objective function minimised the
weighted distance:

minYe; ¥ jejy w; - d(i, ) - x5 )

subject to the following constraints: ¥, x;=1; Vi
(each demand point is served by exactly one lo-
cation), X; Y Vi, j (@ point can be served only
by a selected site), ¥y, = p (selection of exact-
ly p locations), y; € 0,1, x; €0,1 (binary variables).
To ensure the representativeness and functional
balance of the network, additional constraints
were introduced:

> quotas by functional zones: ...y, 2 L, for
each group g (resort cores, transport corridors, ur-
ban areas, etc.);

» minimum distance constraint: for pairs of
sites (j,k) with distance d(j;k) <d,,, the constraint
Y, *Y, $1, was imposed, preventing excessive con-
centration of stations.

For a comprehensive assessment of the qual-
ity of the obtained solutions, the following met-
rics are used:

1. Demand coverage ratio:

Eiwi'l[mjil‘l d(i,j)<= r]
R=—5e G)

which reflects the share of weighted demand lo-
cated within the coverage radius of at least one
monitoring station.

2. Mean nearest distance:
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Yiwymind(i,j)

MND = —==—r, (4)
which characterises the weighted average dis-
tance from demand points to the nearest stations.

3. Indicators of balance and reliability:

» variance and the Gini coefficient by the
level of coverage of territorial communities;

» share of the territory with double coverage
(to ensure redundancy);

» degree of compliance with quotas by func-
tional station types;

> level of coverage of priority tourist clusters
(Polianytsia, Yaremche territorial communities, etc.).

The comprehensive application of these cri-
teria made it possible to form an optimal config-
uration of the monitoring network that ensures

o

Sighetiarmaei

maximum coverage of tourist demand while
maintaining functional balance and spatial rep-
resentativeness of the system. The database of
tourist facilities was formed by extracting the
following categories from OpenStreetMap (OSM).
Accommodation establishments included objects
with the tags tourism = hotel, tourism = guest_
house, tourism = apartment, tourism = hostel,
tourism = camp_site, tourism = alpine_hut, tour-
ism = chalet. Where necessary, catering estab-
lishments with the tags amenity =restaurant and
amenity = cafe were added to the database. The
selection was carried out using geospatial que-
ries that ensured comprehensive coverage of the
tourist infrastructure of the study area. Tourist fa-
cilities are visualised in Figure 2.

spisye - pos: 3725, ns: 0, polygons:

Figure 2. List of POIs for tourism and related industries from OpenStreetMap

Source: developed by the authors

As shown in Figure 2, 3,725 tourist facil-
ities were selected within the territory of Iva-
no-Frankivsk Region that meet the conditions
specified above (object categories). The process
of optimising the placement of monitoring sta-
tions is based on a comprehensive analysis of

the spatial distribution of tourist infrastructure.
Clustering was performed using a dataset of
tourist points of interest (POls) extracted from
OpenStreetMap, including accommodation facil-
ities (hotels, guest houses, apartments) and relat-
ed infrastructure (campsites, mountain huts). To
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ensure representativeness, differentiated weight-
ing of objects was applied according to their ca-
pacity, using the attributes beds and capacity:per-
sons; where these were absent, estimated values
were calculated based on the number of rooms
and camping pitches. To improve the model’s ro-
bustness to extreme values, weight capping at
the 99t percentile of the distribution was applied.

The spatial structure was determined us-
ing a weighted k-means algorithm with weight-
ed k-means++ initialisation, which takes into
account not only spatial proximity but also the
significance of the facilities. The medoids of the
resulting clusters were used as candidate points
for the placement of monitoring stations. To pre-
vent excessive concentration of sensors, a topo-
logical constraint of a minimum mutual distance
between sites of d_, =2 km was applied, ensuring
the spatial dispersion of the network.

Three alternative network configurations
with different numbers of LCS were considered:
p €{10,12,15}. For each option, cartographic ma-
terials were developed, including cluster maps
with the boundaries of territorial communities
and Voronoi diagrams illustrating the zones of
responsibility of each station.

Results and Discussion
The European Union’s regulatory framework
forms a comprehensive and hierarchically struc-
tured system of requirements for monitoring PM,,
and PM, ; concentrations, as well as for ensuring
the transparency, comparability and accessibility
of environmental data. For a long time, Directive
2008/50/EC (European Union, 2008) was the key
basic act in this area, which established the obli-
gation of Member States to establish represent-
ative networks of fixed observation stations in
zones and agglomerations, taking into account
the population, level of urbanisation and spatial
structure of pollution sources. Particular atten-
tion was paid in this legal act to the average ex-
posure to PM2.5, for the assessment of which it
was envisaged to install at least one sampling
point per million inhabitants, aggregated by
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agglomerations and additional urban areas with
a population of over 100,000, which was in line
with the concept of urban background monitoring
and a focus on assessing the impact of pollution
on public health. The further evolution of Euro-
pean environmental regulation took place in the
context of the implementation of the European
Green Deal, within which the European Commis-
sion presented a proposal in 2022 to revise the
current directive on ambient air quality (Europe-
an Commission, 2022). This initiative was aimed
at gradually bringing the limit and target values
for pollutant concentrations closer to the recom-
mendations of the World Health Organisation, as
well as strengthening the requirements for the
spatial density and functional differentiation of
monitoring networks, particularly in regions with
high tourist traffic and seasonal peaks of anthro-
pogenic impact.

The new approach was enshrined in law
in 2024 with the adoption of Directive (EU)
2024/2881 (European Union, 2024) in its re-
cast version, which replaces Directive 2008/50/
EC (European Union, 2008) as of 12 December
2026 and introduces updated air quality stand-
ards, improved assessment methods, expanded
modelling and forecasting requirements, and
mandatory mechanisms for open access to envi-
ronmental information for the public and public
authorities. The change in the regulatory par-
adigm reflects the European Union’s strategic
course towards integrating environmental safe-
ty, public health and increasing the competitive-
ness of tourist destinations within the frame-
work of sustainable development.

The implementation of European environ-
mental monitoring standards in Ukraine is carried
out in the context of fulfilling international obli-
gations set out in the Association Agreement be-
tween Ukraine and the European Union (Verkhov-
na Rada of Ukraine, 2014). An important aspect
of this process is the harmonisation of national
legislation with the acquis communautaire in the
field of environmental protection. Law of Ukraine
No. 2697-VIIl (2019) defines the development of
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an atmospheric air monitoring system as a stra-
tegic priority of state environmental policy, which
directly correlates with the provisions of Directive
2008/50/EC (European Union, 2008) on the assess-
ment and management of atmospheric air quality.

The practical mechanism for implementing
these standards is enshrined in Resolution of the
Cabinet of Ministers of Ukraine No. 827 (2019).
The document defines methodological approach-
es to the creation of zones and agglomerations
for monitoring, including areas with high tourist
activity. It regulates the deployment of a network
of automated observation posts equipped with
modern devices for measuring concentrations
of fine particulate matter PM,.. and PM,,, which
meets the technical and procedural requirements

Formation of a regional system for environmental monitoring...

of the European Union. The implementation of
these provisions ensures the gradual approxima-
tion of the Ukrainian environmental monitoring
system to European standards, forming the basis
for effective air quality management in tourist-at-
tractive regions and improving the environmental
safety of the population.

However, the gap between regulatory re-
quirements and their actual implementation re-
mains significant, especially in tourist regions,
where the lack of systematic monitoring hin-
ders effective environmental risk management
and reduces the competitiveness of destinations
compared to their European counterparts. Open
sources of data on atmospheric air quality are
shown in Table 2.

Table 2. Open sources of data on air quality

Source . .
category Resource name Brief description
The largest open data aggregator for PM,,.,, PM,,, NO,, O,, SO,
Global OpenAQ concentrations; REST-API v3, archive on AWS; suitable
aggregators for multi-country research and prototyping
and APIs ) . Global map and API with AQl and concentration indicators
World Air Quality Index (WAQI) based on official stations and partner networks
Official downloads of time series and statistics for EU
EEA Air Quality e-Reporting countries and partners; station data is validated;
ng[‘;gfr?‘rs‘ visualisation portal available
P Copernicus Atmosphere Open analyses and forecasts for Europe and the world;
Monitoring Service (CAMS) data provided via Atmosphere Data Store (CDS API)
) Real-time API and forecasts for the US, Canada, and Mexico;
AirNow (US EPA) includes AQl and station metadata
US sources - - - -
EPA AQS API Access to the Air Quality System database with retrospective,
verified data
. Ukrainian Hydrometeorological Daily air pollution indicators by city in table format,
Ukraine Centre (UHMC) available for download
(official - -
and public Aggregator of official and public sensors; open API
initiatives) SaveEcoBot (SaveDnipro) and CSV files with hourly PM,.;, NowCast, and meteorological
data series; integrated into an open data portal
Sensor.Community (Luftdaten) Fully open network of public sensors; map and API
Public LCS : y for PM measurements; ability to connect own sensors
networks Open sensor station platform; REST API, bulk uploads;
(low-cost openSenseMap (senseBox) supports PM measurements
sensors) ) Extensive LCS network; official APl and access
PurpleAir to historical data
Model and Free forecasts and reanalyses based on CAMS for Europe
combined Open-Meteo Air Quality APl | and the world; returns concentrations of PM,.., PM,,, NO,, O,,
services S0,, NH,; convenient for basic assessments and gap filling

Source: developed by the authors

Compared to the European Union, which
has a multi-level air quality monitoring system,

Ukraine lags significantly behind in terms of net-
work density and organisational structure. The
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European model is based on regulatory refer-
ence stations of various types: urban background,
traffic and industry. These stationary points form
a highly accurate infrastructure framework that
ensures data reliability and reproducibility. This
framework in the EU is supplemented by thou-
sands of low-cost sensors integrated into munici-
pal networks and citizen science initiatives, which
creates high spatial detail and temporal conti-
nuity of observations, allows for reanalysis and

Smyk & Arkhypova

forecasting in combination with meteorological
models, and ensures regular calibration of data
from LCS sensors relative to reference stations.
The result is a high level of trust in environmen-
tal information among the public and the scien-
tific community, as evidenced by the integration
of such data into open portals and APIs (Fig. 3). It
is the combination of official and public tools that
ensures the systematic and consistent quality of
European environmental monitoring.
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Figure 3. Density of the air quality monitoring system in the EU
Source: developed by the authors based on data of World’s Air Pollution (n.d.)

In Ukraine, however, there has historically
been limited funding, fragmentation of stand-
ards, uneven geographical coverage outside
regional centres, a lack of regular LCS calibra-
tion, and a lack of methodological integration of
public data with official data. Military risks and
damage to infrastructure have been additional
factors. Figure 4 shows that there is no infor-
mation available on air quality in tourist des-
tinations in the Carpathian region. That is why
local initiatives by tourism operators - install-
ing low-cost sensors linked to reference points,
opening up data and basic analytics (seasonality,

peak hours, correlation with occupancy) - have
a double payoff. They improve risk management
and service quality at the facility, while also fill-
ing gaps in the state network in tourist clusters
(Polianytsia-Yaremche-Vorokhta, etc.), where
environmental conditions change rapidly and
unevenly across the region. As a result, the re-
gion receives sufficient data for forecasting, tar-
geting environmental interventions and honest
communication with guests, which is a direct
investment in the sustainability and competi-
tiveness of the tourism product. Analysis of the
clustering results reveals stable spatial patterns
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that persist over a wide range of p parameters:
The “Carpathian resort core” is steadily forming
as the largest cluster in terms of total capacity
along the Polianytsia-Tatariv-Vorokhta-Yarem-
che axis, reflecting the actual distribution of ac-
commodation and services and at the same time
demonstrating a high degree of consistency with
the predefined TN indicators.

i

Figure 4. Density of the air quality

monitoring system in Ukraine
Source: developed by the authors based on data of
World’s Air Pollution (n.d.)

Overlaying heat maps of tourist load on the
configuration of spatial clusters of tourist POls
demonstrates a high level of consistency be-
tween demand intensity and clustering structure
(Fig. 5-7). The maximum values of tourist load
are concentrated in the resort core nodes, in par-
ticular in the Bukovel-Polianytsia agglomeration,
as well as in the settlements of Tatariv, Vorokhta
and Yaremche, which form a functionally linked
system with a high density of tourist facilities.
Within the satellite microclusters represented by
Mykulychyn, Yablunytsia and Deliatyn, a down-
ward gradient of demand is observed, while the
peripheral areas are characterised by minimum
values of the indicators. This spatial distribution
reflects the hierarchical organisation of the tour-
ist space, with the resort core dominating and
the intensity of activity gradually decreasing to-
wards the periphery.

ROI clusters + boundaries
of territorial communities

Figure 5. Clusters of tourist POls

with territorial community boundaries

Note: configuration p = 10; stars indicate the
recommended LCS installation points (medoids of
weighted clusters with a minimum mutual distance of
2 km). The spatial framework reflects the dominance of
the Polianytsia-Yaremche resort core and its ‘gateways”,
with background points in urban and industrial nodes
Source: developed by the authors

ROI clusters + boundaries
of territorial communities—p = 12

Figure 6. Clusters of tourist POls

with territorial community boundaries
Note: network expansion reduces gaps in corridors
“downwind” from the core and improves control in the
southern sector (configuration p = 12).
Source: developed by the authors
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ROI clusters + boundaries
of territorial communities—p = 15

Figure 7. Clusters of tourist POls

with territorial community boundaries
Note: additional points ensure more even coverage of
peripheral areas, while maintaining the priority of the
resort valley; configuration p=15
Source: developed by the authors

The stability of the selected core is confirmed
by the preservation of stable centres of gravity of
clusters and insignificant changes in the config-
uration of boundaries with variations in param-
eter p (compare Figures 5-7). Such invariance of
the spatial structure indicates the presence of a
pronounced agglomeration effect, caused by a
combination of tourist specialisation, transport
accessibility and the valley morphology of the
territory. The spatial framework correlates with
the linear organisation of transport infrastructure
along the H-09 motorway corridor and railway
line, which form the main axis of concentration of
tourist flows and related facilities. A comparison of
configurations with different numbers of clusters
demonstrates the evolution of the spatial coverage
of the network of observation points. In the p=10
configuration, a basic spatial framework is formed
with a clearly defined resort core and ‘gateways”
to it, while background points tend to gravitate to-
wards urban and industrial hubs (Fig. 5). Increasing
the number of clusters to p =12 reduces spatial
gaps in transport and valley corridors, particularly
in directions located “downwind” from the main
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core, and increases control in the southern sector
of the study area (Fig. 6). The p=15 configuration
provides more uniform coverage of peripheral ar-
eas without losing the priority of the resort valley,
which indicates the possibility of scaling the net-
work taking into account the territorial heteroge-
neity of tourist load (Fig. 7). The analysis of areas of
responsibility constructed using the Voronoi meth-
od details the functional logic of the spatial or-
ganisation of the monitoring network (Figs. 8-10).

POI clusters (Voronoi)-p = 10

Wm

Figure 8. Areas of responsibility (Voronoi) for p=10
Source: developed by the authors

POI clusters (Voronoi)-p = 12

Y op

Figure 9. Areas of responsibility (Voronoi) for p=15
Note: there is a finer division of polygons in the high-
capacity zone (Polianytsia-Yaremcha core), which
reduces the average distance from the POl to the sensor
Source: developed by the authors
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POl clusters (Voronoi)-p = 15

Figure 10. Areas of responsibility (Voronoi)
forp=15

Note: the proportion of territory with double coverage

in sensitive corridors is increasing, which improves

signal reliability in adverse weather conditions

Source: developed by the authors

The basic configuration is characterised by
polygons elongated along valleys with minimal
overlap, corresponding to the pilot observation
framework (Fig. 8). With an increase in the number
of points to p=12, a finer division of polygons is
observed in the high-capacity area of the Polian-
ytsia-Yaremche resort core, resulting in a reduction

in the average distance from tourist POls to control
points (Fig. 9). Further densification of the network
to p=15 leads to an increase in the proportion of
areas with double coverage in the most sensitive
transport and recreational corridors, which increas-
es the reliability of signal reception in adverse
weather conditions and forms a reserve of spatial
stability for the monitoring system (Fig. 10). Anal-
ysis of Voronoi diagrams (Fig. 8-10) demonstrates
the evolution of the “areas of responsibility” of each
site as their number increases. At p =10, the poly-
gons have an elongated shape along river valleys,
reflecting the orographic influence on the distribu-
tion of tourist infrastructure. When the number of
sites increases to p=12 and p =15, fragmentation
of polygons is observed in areas of increased tour-
ist capacity, which leads to a decrease in the aver-
age distance from points of interest to the nearest
sensor and increases the redundancy of the system
due to partial overlap of monitoring areas. In the
base configuration (p=10), most locations are con-
centrated within the main tourist valley and on key
transport approaches to it, while peripheral points
provide monitoring of the urban background (lva-
no-Frankivsk, Kolomyia) and industrial and trans-
port hubs, which is necessary for calibration and
control of background concentrations (Table 3).

Table 3. Recommended LCS points (configuration p=10)

Number Total . .
of POls capacity Coo{g:;’tes Cooz:i;:)ates nuLn(ig or Role %tjlit;r Sector
in cluster | (cond. units)

767 931,000 24.501 48.390 1 resort core | Polianytsia southern
high-rise

349 470,000 24.753 48.114 2 background Verkhovyna | southeastern
industrial

244 425,000 23.902 48.682 3 background Kalush western

338 424,000 24.618 48.245 4 resort core Vorokhta | southeastern

urban Ilvano-
384 406,000 24.719 48.943 5 background Frankivsk northeastern
232 331,000 24182 48.550 6 resort core | Polianytsia western
corridor/valley )

156 167,000 24.989 48.332 7 “downwind” Kosiv southeastern

121 121,000 24776 48.563 8 resort core Yaremche eastern
industrial

101 112,000 23.754 49.000 9 background Kalush northwestern
industrial

71 82,000 24.208 48.916 10 background Kalush northwestern

Source: developed by the authors
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Expanding the network to p=12 adds coverage
in the southern and eastern sectors of the region,
corresponding to the directions of the catchment
basins from the resort core and the main transit
corridors (Table 4). The maximum configuration
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(p=15) provides a more uniform presence in the
peripheral areas of the mountain and foothill belts
and enhances control of the “high-altitude back-
ground’, which is important for understanding
the vertical stratification of pollutants (Table 5).

Table 4. Recommended LCS points (configuration p=12)

Number Total . .
of POIs capacity Coo(rldol :)a tes CooE:i:)ates nqugEer Role (étj:'tt:; Sector
in cluster | (cond. units)
618 762,000 24.482 48.403 1 resort core | Polianytsia southern
378 452,000 24.570 48.298 2 resort core Vorokhta | southeastern
industrial
244 425,000 23.902 48.682 3 background Kalush western
urban Ivano-
385 407,000 24.700 48.917 4 background Frankivsk northeastern
256 330,000 24.598 48.113 5 resort core Vorokhta southern
219 318,000 24.182 48.550 6 resort core Polianytsia western
high-altitude
162 243,000 24.831 48.162 7 background Verkhovyna | southeastern
corridor/valley )
178 178,000 25.028 48.360 8 “downwind” Kosiv eastern
industrial
101 112,000 23.754 49.000 9 background Kalush northwestern
84 84,000 24.687 48.621 10 resort core Yaremche | northeastern
industrial
70 81 24.20759 48.916028 11 background Kalush northwestern
68 77,000 24.788 47.927 12 high-altitude Verkhovyna | southeastern
! ) : background
Source: developed by the authors
Table 5. Recommended LCS points (configuration p =15)
Number Total . .
of POIs capacity Coorldlnates Coor?lrates LCS Role Clustter Sector
in cluster | (cond. units) (lon) (lat) number centre
375 455,000 24.442 48.353 1 resort core Polianytsia southern
351 427,000 24.553 48.445 2 resort core Yaremche | southeastern
295 357,000 24.590 48.292 3 resort core Vorokhta | southeastern
256 330,000 24.598 48.113 4 resort core Vorokhta southern
219 307,000 24.198 48.559 5 resort core Polianytsia western
urban Ivano-
277 299,000 24.694 48.910 6 background Frankivsk northeast
industrial
150 297,000 23.942 48.629 7 background Kalush western
high-altitude
164 245,000 24.831 48.162 8 background Verkhovyna | southeast
industrial
112 157,000 23.811 48.742 9 background Kalush western
corridor/valley .
118 118,000 24.989 48.332 10 “downwind” Kosiv eastern
urban Ivano-
115 115 24.7851614 | 49.040794 11 background Frankivsk northeast
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Table 5. Continued

Number Total . .
. Coordinates | Coordinates LCS Cluster
'of POIs capaclty (lon) (lat) number Role centre Sector
in cluster | (cond. units)
109 109,000 24.907 48.511 12 ba C“krg%”un 4 | Kolomyia eastern
81 92 23.6862807 | 49.0080632 | 13 b;néjijgs;gllﬂd Kalush | northwest
79 90,000 24.208 48.916 14 b;“fk‘;gﬁ 4 | Kalush | northwest
high-altitude
62 71,000 24.805 47.912 15 background Verkhovyna | southeast

Source: developed by the authors

The proposed methodology and optimisation
results provide a scientifically grounded basis for
the phased deployment of an air-quality mon-
itoring network that corresponds to the spatial
structure of tourist demand and accounts for oro-
graphic features. To ensure the metrological reli-
ability of the regional air-quality monitoring net-
work, it is advisable to establish a core of three
permanent high-precision reference stations in-
tended for the calibration and verification of data
obtained from LCS. The spatial placement of the
reference stations should correspond to different
environmental types and reflect the functional di-
versity of the region, thereby ensuring the repre-
sentativeness of measurements and enabling dif-
ferentiated interpretation of monitoring results. A
reference station of the “urban background” type
is appropriate for placement within the city of
Ivano-Frankivsk, in an area distant from intensive
traffic flows and industrial facilities, for example
within a residential district or on a university
campus. The functional purpose of such a station
is to record background concentrations of pollut-
ants in the urban environment, provide a baseline
calibration point for the LCS network, and support
long-term analysis of air-quality dynamics in the
regional administrative centre. The availability
of stable power supply, telecommunications in-
frastructure, and physical security enhances the
reliability of observations, while location within
an educational environment creates additional
opportunities for integrating monitoring into sci-
entific and educational programmes.

A reference station of the “valley back-
ground” type should be located within the Po-
lianytsia-Yaremche basin, at a representative
point in the lower part of the valley that char-
acterises the typical exposure conditions of the
resort zone. The purpose of such a station is to
monitor background concentrations of pollutants
in the region’s key tourist location, analyse the
spatial redistribution of impurities under moun-
tain orographic conditions, and record episodes
of temperature inversion characteristic of valley
environments. The resulting data form the basis
for assessing seasonal fluctuations in air quali-
ty associated with tourist loads and enable the
co-location and calibration of LCS during peak
recreational periods.

A reference station of the “industrial back-
ground” type is advisable for placement near the
town of Burshtyn, in an area situated downwind
of the Burshtyn thermal power plant but at a dis-
tance sufficient to register dispersed rather than
local emissions. The functional significance of
such a station lies in separating the industrial
component of pollution from tourism-related im-
pacts, monitoring the region’s largest stationary
emission source, and providing a control baseline
for analysing transboundary pollutant transport.
Industrial background data enable comparative
analysis with tourist zones and serve as an infor-
mational basis for evaluating the effectiveness of
environmental protection measures.

The proposed configuration of reference
stations forms a comprehensive calibration
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framework for the entire low-cost sensor net-
work, enhances the reliability of spatio-temporal
air-quality assessments, and creates the precondi-
tions for scientifically grounded interpretation of
monitoring results in the context of interactions
between tourism activities and the atmospheric
environment of the region.

The results of weighted clustering of tourist
points of interest (POls) extracted from Open-
StreetMap indicate the spatial dominance of the
Polianytsia-Yaremche resort valley, where the
majority of accommodation capacity and relat-
ed infrastructure is concentrated. The identified
distribution of tourist demand justifies the prior-
itised placement of the low-cost sensor network
within this zone. A comparative analysis of alter-
native configurations shows that the option with
twelve stations (p =12) provides an optimal com-
promise between investment costs and the qual-
ity of spatial coverage, significantly reducing the
average distance from tourist sites to the nearest
monitoring point in environmentally sensitive
corridors located under the influence of airflows
from the main centres of recreational activity. Ex-
panding the network to fifteen stations (p=15) in-
creases system reliability through partial overlap
of responsibility zones and improves monitoring
of peripheral areas, which is critically important
for the timely detection of pollution episodes
during peak tourist seasons.

The integration of background monitoring
points in urban and industrial areas is a meth-
odologically necessary condition for calibrating
low-cost sensor data and correctly differentiating
tourism-related impacts from general anthro-
pogenic loads. The coordinates of the optimal
location of stations and the defined zones of
their spatial responsibility are presented in a re-
producible format in the form of software scripts
and CSV files, which ensures the transparency of
the methodology and the readiness of the results
for practical validation during a micro-situational
survey of potential locations.As a result,a network
configuration of three permanently operating ref-
erence stations and an optimised number of LCSs
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is proposed, capable of ensuring the metrological
reliability, analytical depth and practical applica-
bility of the air quality monitoring system in the
tourist regions of the lvano-Frankivsk region.

A summary of the results of recent empiri-
cal studies confirms a stable and statistically
significant relationship between the level of
atmospheric pollution and the spatial-tempo-
ral dynamics of tourist flows. In particular, the
work of Y. Wang et al. (2023) demonstrates that
the transparency of environmental information is
an independent factor in the formation of tourist
mobility, influencing the redistribution of demand
between destinations. The public disclosure of
data by F. Neirotti et al. (2020) on air quality has
created competitive advantages for areas with
low concentrations of pollutants and, at the same
time, reduces the attractiveness of regions where
environmental reporting is fragmentary or una-
vailable. Econometric estimates indicate a direct
correlation between pollutant concentrations and
the sensitivity of tourist demand to information
transparency, which provides a scientific basis for
institutional investment in monitoring systems
and digital platforms for environmental commu-
nication at the destination level.

An in-depth analysis of tourist behaviour
data conducted by Y. Yang et al. (2022) based on
millions of TripAdvisor user reviews complements
macroeconomic conclusions with micro-level ev-
idence. The negative and statistically significant
relationship between PM2.5 concentrations and
tourist attraction ratings confirms that air pollu-
tion directly affects the subjective perception of
the tourist experience. The use of panel regression
models with spatial and seasonal controls mini-
mises the risk of biased ratings and allows the
decline in tourist demand to be interpreted as a
result of environmental pressure rather than con-
founding factors. The systematisation of results in
the review by C. Eusébio et al. (2021) demonstrates
the conceptual consistency of scientific conclu-
sions in different regional and methodological
contexts. The negative impact of air quality de-
terioration can be seen not only in the reduction
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in the number of tourist arrivals, but also in the
reduction in the length of stay and the level of
tourist satisfaction. In this interpretation, atmos-
pheric air monitoring is not an auxiliary technical
tool, but a component of strategic management
of tourist demand and destination sustainability.

Macro-level  empirical  estimates by
S.A. Churchill et al. (2022) for a sample of G20
countries for 1995-2014 confirm the systemic
nature of environmental determinants of inter-
national tourism. Increases in PM2.5 and CO,
concentrations are associated with a statistically
significant reduction in international tourist ar-
rivals, with developing countries showing greater
sensitivity to environmental degradation. The re-
sults indicate an asymmetric distribution of envi-
ronmental risks in the global tourism space and
strengthen the argument for preventive environ-
mental policies in regions with high dependence
on tourism. Regional studies complement the
overall picture by capturing the bidirectional na-
ture of the interaction between tourism and the
atmospheric environment. An analysis by M. Ro-
baina et al. (2020) using European countries as
an example shows that air quality degradation
reduces tourist flows, while peak tourist activi-
ty can be a factor in the deterioration of local
environmental indicators. This interdependence
confirms the limitations of one-dimensional ap-
proaches to tourism management and highlights
the need to integrate environmental constraints
into spatial and seasonal planning of tourism ac-
tivities. The results of Y.Tan et al. (2022), obtained
using mobile tracking and PCSE assessment, ex-
pand the analytical framework by demonstrating
the significant impact of air quality at both tour-
ist destinations and points of departure. The re-
view by S. Wang et al. (2024) added an economic
dimension, demonstrating that in most cases the
benefits of reducing fine particulate matter con-
centrations outweigh the costs of environmen-
tal interventions. For tourist destinations, these
results mean not only reduced health risks, but
also increased competitiveness and stability of
tourist demand.

Compared to other studies, the current study
emphasises the importance of integrating the
public into the air quality monitoring process, as
confirmed by the work of H. Relvas et al. (2025),
which highlights the key role of involving local
residents and tourists in improving the accuracy
and timeliness of data collection. This is consist-
ent with the findings of the current study, where
the use of low-cost sensors in tourist areas con-
tributes to improved monitoring and effective
management of environmental risks. Also im-
portant is the work of N. Song & Y. Zhang (2025),
which shows how environmental pollution affects
tourist flows, particularly during peak tourist ac-
tivity. The current study confirms this by applying
geospatial methods to optimise the placement of
monitoring stations in the most intensively visited
tourist clusters, taking into account seasonal fluc-
tuations in air pollution. Overall, the results of the
current study make a significant contribution to
the development of air quality monitoring meth-
odology, taking into account both tourist activity
and seasonal changes in pollution, allowing for
more accurate forecasts and more effective man-
agement of environmental risks in tourist regions.

Compared to the study by |. Logothetis et
al. (2025), which focuses on optimising air quality
monitoring and waste management for sustaina-
ble island development, the current study extends
this approach by applying geospatial models to
create an air quality monitoring network in tourist
regions. The study by . Logothetis et al. focused
on the integration of various aspects of environ-
mental management, particularly in the context
of small islands with limited infrastructure for air
pollution control. However, in contrast to this, the
current study proposes a more complex monitor-
ing network structure that includes both station-
ary and low-cost sensors for broader coverage
of high-traffic tourist areas. The current study
also focuses on the specifics of tourist regions,
where environmental pollution varies depending
on seasonality and the intensity of tourist flows,
which is an important aspect not covered in the
work of |. Logothetis et al. Taking these seasonal
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fluctuations into account is important for ensur-
ing a comprehensive approach to monitoring and
managing environmental risks in such regions,
which makes the approach of the current study
particularly relevant for tourist areas.

The economic feasibility of investments in
pollution control is also confirmed in the analyt-
ical work of A. Dechezleprétre et al. (2019), which
shows that the benefits of environmental pol-
icies in the European context are comparable to
or higher than the costs, even without accounting
for the full range of social effects. Together with
the findings of the systematic review by I.B. Ba-
cos et al. (2024), this forms an understanding of
air-quality monitoring as a “soft” infrastructure fac-
tor which, without substantial capital investment,
can significantly influence tourist behaviour and
the long-term competitiveness of destinations.
An additional argument in favour of the economic
viability of investments in the control and moni-
toring of atmospheric air pollution is provided by
the study of X. Wu et al. (2020), which analysed the
relationship between long-term exposure to fine
particulate matter PM,.. and COVID-19 mortality
rates across the United States. Based on an ecolog-
ical regression model, the authors show that even
a slight increase in average annual PM,.; concen-
trations is statistically significantly associated with
higher mortality, indicating substantial hidden
socio-economic losses linked to chronic air pollu-
tion. The study emphasises that the effects of pol-
lution manifest themselves through the burden on
health care systems, reduced population resilience
to epidemiological risks, and increased indirect
economic costs. At the same time, the authors crit-
ically outline the limitations of the environmental
approach, emphasising the need for high-quality,
spatially detailed air quality monitoring data for
the correct interpretation of results. In this context,
monitoring systems are seen as part of a preventive
environmental policy that can reduce long-term
social and economic losses, even if the direct costs
of deploying them are relatively modest. The prac-
tical dimension of implementing such approaches
is detailed in the work of P.Neis et al. (2023), which
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proves that low-cost sensors provide an acceptable
level of reliability provided that calibration and
operating protocols are followed. In tourist regions
with complex terrain, the use of LCS technologies
allows the creation of dense observation networks
that form a spatially detailed picture of air qual-
ity and open up new opportunities for environ-
mentally oriented management of tourist activity.

Summarising the above results, air quality
is a key factor in safety and comfort for tourists,
influencing their choice of destination, travel
time parameters and the nature of recreational
activities. The availability of data on PM,., PM,,,
NO, and ozone concentrations reduces informa-
tion asymmetry between tourists and market op-
erators, builds trust in destination management
practices and strengthens the case for the imple-
mentation of local, transparent and scientifically
sound air quality monitoring systems.

Conclusions

The study confirmed that the formation of a re-
gional system for monitoring and managing the
environmental safety of tourism is a necessary
prerequisite for ensuring the sustainable de-
velopment of tourist destinations and increas-
ing their competitiveness. The results obtained
demonstrate the limitations of the existing air
quality monitoring system in terms of spatial
coverage, temporal resolution, and the ability to
record the impact of tourist load, especially in re-
sort and mountain areas of the Ivano-Frankivsk
region. The proposed approach to designing a
monitoring network, based on a combination of
high-precision reference stations and a network
of low-cost sensors, ensures the metrological re-
liability of measurements and, at the same time,
high spatial detail of data. The use of geospatial
clustering of tourist sites and optimisation mod-
els for station placement made it possible to jus-
tify the priority of the Polianytsia-Yaremcha resort
valley and determine the optimal network config-
urations that minimise the average distance to
monitoring points and increase the sensitivity of
the system to peak seasonal loads.
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The results of the study are consistent with
current international scientific findings on the
impact of air quality and information transparen-
cy on tourist demand and visitor behaviour. The
methodology developed provides an analytical

specifics of tourism activities, as well as devel-
oping models for forecasting short-term risks for
tourists during periods of peak load and adverse
weather conditions.
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AHoTauifl. He3Baxatum Ha po3BUTOK CMCTEM EKOSIOTYHOTO MOHITOPUHIY B YKpaiHi, icHytoui nigxoamn He
BpPaxoByTb creundiky TYPUCTUYHMUX PEFiOHIB, O CTBOPKE 3HAYHI BUKAMKKM AN OLIHKM €KOMOriYHMX
pu3KnKiB Ta 3abe3neyeHHs SKOCTi aTMOCHEPHOro MoBiTPS B YMOBAX iHTEHCUMBHMX TYPUCTUYHMX MOTOKIB.
MeToto focnifxeHHs 6yno obrpyHTyBaHHS KoHLUeNLii GopMyBaHHS perioHaNbHOi CUCTEMM MOHITOPUHIY Ta
yNpaBniHHA eKonoriyHot 6e3nekoto TypusMy B TepuTopiaibHMX rpoMadax IBaHo-MPpaHkiBcbkoi 0bnacTi 3
ypaxyBaHHSM €BPONENCbKUX CTaHAAPTIB KOHTPOJIK SIKOCTi aTMochepHOro noeiTpsi. MeTogonoriyHy oCHOBY
CTaHOBM/IM aHani3 €BPOMENCbKOTO Ta HALiOHANbHOTO €KOMOrYHOro 3aKOHOAABCTBA, reonpocToOpoBe
MogentoBaHHs Ha 6a3iBiokputnuxaannx OpenStreetMap, iHAMKATOPIBTYPUCTUYHOI MICTKOCTiTa iHTEHCUBHOCTI
HOYiBe/b, @ TaKOX ONTMMI3aLifHi NOCTAHOBKM 33[ia4i MAaKCMMaNbHOro NOKPUTTS Ta p-MeaiaHu. [okasaHo,
WO HasiBHA AepXaBHa CuCTEMa CrnocTepexxeHb Mae oOMexeHe MpOoCTOpOBE MOKPUTTS, 30piEHTOBAHA
nepeBaKHO Ha NMPOMMC/IOBI LLEHTPU, HE OXOMJIKE KYPOPTHI Ta ripCbKi AeCTUHALii 11 He Bifobpaxae nikosi
CEe30HHI HABaHTAXEHHSs, MOB’A3aHi 3 TYPUCTMYHMMM MOTOKaMU. Po3pobneHo ABOpPIBHEBY apXiTekTypy
Mepexi, Lo NOEAHYE TPy pedepeHCHi CTaHLii BUCOKOT TOUHOCTI (MiCbKMI, LONMHHUI Ta NPOMUCIOBUI (OH)
3 aaNTUBHOK KiNbKiCTIO HM3bKOBAPTICHMX ceHcopiB (10-15 LCS), po3TalwoBaHux y aapax TYpUCTUUHOTO
MOMUTY W TPaHCMOPTHUX KOpPMAOpax. 3BakeHa Knactepusauisa 3 725 TypuctuuHux oO’ekTiB BusSBUNA
LLOMiHYHOUY pOnb KypOpTHOI AonuHu MonsHuug-Apemya Ta fiana 3Mory BUAINUTM KoHdirypauito 312 ceHcopis
9K 306anaHCOBaHMI BapiaHT, WO MiHiMi3ye CepefHI0 BiACTaHb L0 MYHKTIB MOHITOPMHIy Ta 3abesnedye
pe3epByBaHHS BUMipIOBaHb Y YyTAMBUX 30Hax. OTpMMaHi pe3ynbTaT CTBOPHOKTL NiArPYHTA ANl TOeTarnHoro
pO3ropTaHHg MepeXi MOHITOPUHIY $KOCTi MOBITPS, iHTErpauii eKoMoriYHMX MOKa3HWKIB Yy MNONITUKY
YNpaBiHHS TYPU3MOM, EKONOTIYHUI MapKeTUHT TepUTOpil Ta ESG-3BITHICTb CyB’eKTIB TypUCTUYHOTO Bi3Hecy
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Abstract. The aim of the study was to evaluate the effectiveness of bacterial and chemical preparations
regarding their impact on turnip yield and specific quality indicators of its root crops under different
plant protection systems. The research was conducted at the Volyn State Agricultural Research
Station of the NAAS in 2024-2025 using the turnip varieties Zolota Kulya’, ‘Purpurova, ‘Purpletop;,
and ‘Geisha’ To protect against diseases, the chemical fungicide Magnicur Boost and the biological
products Phytocide-r and Mycohelp (BTU company) were applied; for pest protection, the chemical
insecticide Confidor Maxi and the biological products Bitoxibacillin-BTU and Aktoverm-formula (BTU
company) were used. An untreated variant served as the control. The study was established with
fourfold replication following standard vegetable-growing methodology. The results showed that the
application of the biofungicide Phytocide-r increased the root crop yield of the ‘Purpletop’ variety to
22.2 t/ha, and for the Zolota Kulya’, ‘Purpurova’, and ‘Geisha’ varieties (using Phytocide-r or Mycohelp)
by 0.9-1.2 t/ha. Magnicur Boost and Phytocide-r increased the starch content in Zolota Kulya’ root
crops to 7.12-7.30% and vitamin C to 19.3-19.5 mg/100 g. The ‘Purpletop, ‘Geisha, and ‘Purpurova’
varieties proved to be more resistant to downy mildew; Mycohelp limited the spread of the disease
to 2.0-2.7% and its development to 0.21-0.31%, while Magnicur Boost limited the spread to 0.76%.
The systemic use of the bioinsecticides Bitoxibacillin-BTU and Aktoverm-formula increased the yield
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of the ‘Purpletop’ and ‘Purpurova’ varieties to 21.6-22.0 t/ha, whereas Confidor Maxi only increased
it by 5%. Without insecticidal protection, the yield was at its lowest. Biological products increased
the dry matter content to 16.3-16.4%, starch to 6.29-6.74%, protein to 5.4%, and vitamin C to 19.2-
19.3 mg/100 g. Bitoxibacillin-BTU and Aktoverm-formula proved to be more effective against the

adults of the black crucifer flea beetle

Keywords: fungicide; insecticide; turnip; yield; root crop; quality; effectiveness

Introduction

Food quality is a critical factor for the national
security of Ukraine. Plant products, particular-
ly vegetables, form the basis of the Ukrainian
consumer’s diet. The full-scale aggression of the
Russian Federation has altered the geography of
vegetable production: cultivation is shifting from
the southern regions to the central and western
provinces. In modern conditions, increasing atten-
tion is being paid to minor vegetable crops with a
high content of biochemical components. Among
these, the turnip stands out for its resistance to
unfavourable climatic conditions, long shelf life,
and nutritional value. At the same time, the low
yield of the crop is often due to insufficient pro-
tection against diseases and pests. Traditional
chemical agents, despite their effectiveness, raise
concerns regarding the accumulation of tox-
ic substances in the produce. This prompts the
search for biological preparations that ensure the
ecological safety of the produce while maintain-
ing high crop productivity (Vakhovska, 2023).

In the context of searching for effective
and ecologically safe turnip protection systems,
the recommendations of G.I. Yarovyi & OV. Ro-
manov (2025) are significant. The authors sys-
tematised the principles of integrated protection
for cruciferous crops against downy mildew, al-
ternaria, black leg, and flea beetles, emphasising
the advantages of combining agro-technical, bi-
ological, and, where necessary, chemical meth-
ods to ensure high yields and root crop quali-
ty in the conditions of the Ukrainian Polissya.
S.V. Stankevych et al. (2024) provided a detailed
characterisation of the main harmful organisms
of cruciferous crops, particularly rapeseed. The

authors developed a comprehensive integrated
protection system that combined agro-technical,
biological, and chemical measures to limit the
spread of diseases, pests, and weeds. The work
focused on ecologically justified approaches to
minimising yield losses and improving product
quality under Ukrainian conditions.

V. Shvets (2023) investigated the imple-
mentation of biological protection methods for
cruciferous crops in modern organic production,
highlighting the need for a comprehensive ap-
proach to ensuring the phytosanitary welfare of
crops. The author emphasised the importance of
using biological preparations based on beneficial
microorganisms for protection against fungal
diseases and pests as an alternative to tradition-
al chemical means. V.P. Rud (2023) analysed the
effectiveness of various application schemes for
biofungicides to protect cruciferous vegetable
crops. The results demonstrate that correctly se-
lected biological products can provide a sufficient
level of protection against the main pathogens
when agro-technical requirements and the time-
liness of treatments are observed.

Research by G. Wu et al. (2024) is of great
importance for understanding the protection
problems of cruciferous crops; they conducted
a comprehensive review of the pathogenesis of
the turnip mosaic virus and host plant resistance
mechanisms. The authors systematised informa-
tion on the molecular mechanisms of virus inter-
action with plants of the genus Brassica, identified
candidate resistance genes, and proposed new
strategies for controlling viral infection based on
genetic resistance. This comprehensive approach
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to studying viral diseases opens new possibili-
ties for breeding resistant varieties of cruciferous
crops. P. Palukaitis & S. Kim (2021) researched
the diversity of turnip mosaic virus isolates and
their impact on various Brassica species. The au-
thors established that significant variability exists
in the virulence of different virus strains, which
must be considered when developing protection
strategies. The study confirmed the presence of
different types of resistance in representatives of
the genus Brassica rapa, including turnips, which
can be utilised in breeding programmes.

In the context of biological plant protection,
the review by R. Lahlali et al. (2022) is significant,
as it analysed global perspectives on the biologi-
cal control of phytopathogens. The researchers es-
tablished that biological control agents, particu-
larly representatives of the genera Pseudomonas,
Bacillus, Burkholderia, and Trichoderma, demon-
strate high effectiveness against a wide spectrum
of foliar and soil-borne pathogens. The authors
noted that, despite a slightly lower efficacy com-
pared to chemical preparations, biological protec-
tion agents offer additional benefits such as plant
growth stimulation and environmental safety.

C. Lago et al. (2024) investigated the im-
pact of the turnip yellows virus and drought on
rapeseed productivity under climate change con-
ditions. The authors established that the com-
bined stress of viral infection and water deficit
significantly exacerbates the negative impact on
plant growth and development. These results
highlight the need to develop comprehensive
protection strategies that account for changing
climatic conditions and the spread of viral dis-
eases. The authors paid particular attention to
the necessity of using resistant varieties and
optimising protection systems in the face of the
predicted increase in the frequency and intensity
of droughts. K. Macleod et al. (2023) conducted
a thorough analysis of resistance sources to the
turnip yellows virus in various Brassica species.
The researchers identified several new quantita-
tive trait loci (QTL) in the genomes of B. napus,
B. rapa, and B. oleracea, which can be used to
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develop commercial varieties with increased re-
sistance.The authors emphasised the importance
of implementing diverse resistance sources to re-
duce selection pressure on the virus and prolong
the effectiveness of the resistance.

C.F. Nellist et al. (2022), in their comprehen-
sive review, characterised the turnip mosaic virus
as a “virus for all seasons”,describing its broad host
range and ability to adapt to various environmen-
tal conditions. The authors analysed the phyloge-
netic groups of the virus, the specifics of its inter-
action with different cruciferous species, and the
mechanisms of transmission via aphids. Particular
attention was paid to the diversity of isolates
adapted to Brassica and Raphanus, which is vital
for understanding the epidemiology of the disease.

The aim of the study was to establish the
influence of different plant protection systems
(using preparations of bacterial and chemical or-
igin) on turnip productivity and the biochemical
quality indicators of its root crops

Materials and Methods

The experimental part of the research was con-
ducted under the conditions of the Volyn State
Agricultural Research Station of the Institute of
Agriculture of the Carpathian Region of the Na-
tional Academy of Agrarian Sciences of Ukraine
during 2024-2025, using turnip varieties Zolota
Kulya, ‘Purpurova; ‘Purpletop, and ‘Geisha. The
seeds of these varieties were sown in the second
decade of April. The soil of the experimental plot
is sod-podzolic light loamy with the following
agrochemical indicators: humus content 1.18%;
pH of salt extract - 5.3; nitrogen content (easi-
ly hydrolysed) - 61 mg/kg, mobile phosphorus -
135.1 mg/kg, and mobile potassium - 81.33 mg/
kg of air-dry soil.

To evaluate the effectiveness of fungicides, the
chemical preparation Magnicur Boost was used at
a dose of 800 g/ha, along with biological prepa-
rations of bacterial origin, Phytocide-r and Myco-
help, produced by the BTU company. Seed treat-
ment with Phytocide-r was carried out at a rate
of 1 l/kg of seeds, followed by spraying at 2 l/ha
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in two stages - at the 1-2 true leaf phase and 15
days after the first treatment. For Mycohelp, the
seed treatment rate was 0.7 l/kg of seeds, with
spraying at 2 l/ha according to a similar scheme.
To evaluate the effectiveness of insecticides, the
chemical preparation Confidor Maxi was used at a
rate of 20 g/ha, as well as the biological products
Bitoxibacillin-BTU and Aktoverm-formula pro-
duced by the BTU company. Spraying with Bitoxi-
bacillin-BTU was carried out at a rate of 8 I/ha in
three stages: at the cotyledon leaf phase, during
the formation of vegetative mass, and 15 days af-
ter the second treatment. Aktoverm-formula was
applied at a rate of 4 l/ha following the same
schedule. The control variant consisted of plants
that were not treated with an y preparations. The
quality indicators of the produce were determined
in the root crops of the Zolota Kulya’ variety. The
study was established with fourfold replication ac-
cording to the methodology of experimental work
in vegetable and melon growing (Bondarenko &
Yakovenko, 2001; Rozhkov, 2016). The research
was conducted in compliance with the principles
of the Convention on Biological Diversity (1992),
specifically regarding the sustainable use of plant
genetic resources, the conservation of agroecosys-
tem biodiversity, and the fair distribution of bene-
fits from the use of biological materials. The use of
bacterial-origin biological products contributed to
minimising negative environmental impacts and
maintaining ecological balance in agrocenoses.

Quality indicators of the root crops were
determined under laboratory conditions using
standard methods. In samples of the ‘Zolota
Kulya’ variety, the dry matter content (by drying
to constant weight), starch (by the iodometric
method), crude protein (by the Kjeldahl meth-
od with conversion to protein using a factor of
6.25), and ascorbic acid (vitamin C) by titration
with 2.6-dichlorophenolindophenol were ana-
lysed. The results of the biochemical analyses
are summarised in Table 2, which shows the
starch and protein content as a percentage of
fresh weight, as well as the vitamin C content
in mg per 100 g of fresh root crop weight. De-
terminations were carried out in three analytical
replicates for each field replication.

Results and Discussion
The studied varieties formed typical root crops that
matched their varietal characteristics in shape and
colour and were not damaged by either bacterial or
fungal diseases. During the analysis of plant pro-
ductivity for the varieties under study, the indica-
tor was not constant and varied depending on the
growing conditions and the fungicide applied. The
soil and climatic conditions of the 2024 growing
season were more favourable than those of 2025
for the ‘Purpurova, ‘Purpletop, and ‘Geisha’ turnip
varieties. However, on average, the root crop yield
in the experiment, when sown in the second dec-
ade of April,amounted to 19.5-22.2 t/ha (Table 1).

Table 1. Turnip yield with fungicide protection, t/ha

Varieties Years of cultivation Control Magnicur Boost | Phytocide-r | Micohelp | LSD,

2024 20.7 20.9 21.7 20.8 0.3

Zolota Kulya’ 2025 20.6 21.1 21.5 21.6 0.6
Average 20.7 21.0 21.6 21.2
+to control - +0.3 +0.9 +0.5

2024 21.3 21.5 21.8 21.6 0.3

Purpurova’ 2025 20.3 21.4 21.5 21.4 0.8
Average 20.8 21.5 21.7 21.5
+to control - +0.7 +0.9 +0.7

2024 21.5 22.0 222 22.0 0.4

‘Purpletop’ 2025 20.4 21.7 22.1 21.5 0.6
Average 21.0 21.9 22.2 21.8
+to control - +0.9 +1.2 +0.8
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Table 1. Continued

Varieties Years of cultivation Control Magnicur Boost | Phytocide-r | Micohelp | LSD,
2024 19.5 20.0 21.6 21.4 0.6
) 2025 19.8 19.9 20.3 20.4 0.3
‘Geisha’
Average 19.7 20.0 21.0 20.9
+ to control - +0.3 +1.3 +1.2
Yield of tops, t/ha 30.17 32.45 33.04 32,42 2.22

Source: developed by the authors

In determining the effectiveness of the fungi-
cide according to the existing protection scheme
(seed treatment at 1 l/kg + spraying at 2 l/ha in
two stages: 1-2 true leaves and 15 days after the
first treatment), it was established that the bio-
fungicide Phytocide-r ensured the highest turnip
root crop yield when growing the ‘Purpletop’ va-
riety. In this variant, the yield indicator, averaged
over the years of cultivation, was 22.2 t/ha, which
exceeded the control root crop yield by 1.2 t/ha.

Simultaneously, when growing the “Zolo-
ta Kulya’ and ‘Purpurova’ varieties using Phyt-
ocide-r (seed treatment 1 l/kg + spraying 2 l/ha
in two stages: 1-2 true leaves and 15 days after
the first treatment) and the ‘Geisha’ variety using
the biofungicide Mycohelp (seed treatment 0.7 l/
kg +spraying 2 l/ha in two stages: 1-2 true leaves
and 15 days after the first treatment), the root
crop yield was slightly lower but still exceeded
the control yield by 0.9-1.2 t/ha. The plants of
these varieties responded better to the protection
system compared to the control variant when us-
ing these biological products. This is likely due to
the presence of natural bacteria Bacillus subtilis
in the preparations at a concentration of at least
1.0x10° CFU/cm3, which provided improved plant
protection by increasing resistance to unfavour-
able environmental conditions, promoting better
growth and development, and protecting against
a wide range of fungal and bacterial pathogens,
as evidenced by the yield of turnip tops. The con-
tinued use of biological preparations and their
positive effect on plant productivity is consist-
ent with key European Union documents and the
conference “Modern Biotechnologies in Agricul-
ture - Paving the Way for Responsible Innovation”,

organised by the European Food Safety Authority
(European Commission, 2017).

The application of a fungicide of chemical
origin is also effective for growing turnips in
open-soil conditions. As a result of growing the
‘Purpletop’ variety and using the fungicide Mag-
nicur Boost, the average root crop yield was also
quite high at 21.9 t/ha, with an increase over the
control of 0.9 t/ha. The use of this systemic fungi-
cide, which contains 800 g/kg of fosetyl-alumini-
um, allowed for rapid penetration of the solution
into the plant, which ensured the stimulation of
the plant’s natural immunity and a long-lasting
preventive effect; the turnip plants also exhib-
ited resistance to fungal diseases. The obtained
turnip yield data do not coincide with the tur-
nip yield data of S.A.Vdovenko (2019), who grew
them in the open-soil conditions of the Right-
Bank Forest-Steppe. In that author’s research,
turnip yields fluctuated depending on the sow-
ing dates between 12.5 and 22.1 t/ha, whereas
in the current study, the yield was close to the
maximum value, indicating high productivity and
the potential of the varieties studied. However,
the size of the turnip root crops in current re-
search was 4-9 cm, which coincides with the data
of V.V. Khareba et al. (2016).

The studied disease protection products
also influenced the quality of the turnip root
crops. The biochemical indicators of the tur-
nip root crops depended on the origin of the
preparation. Phytocide-r (seed treatment 1 |/
kg + spraying 2 l/ha in two stages: 1-2 true
leaves; 15 days after the first treatment) and
Mycohelp (seed treatment 0.7 l/kg + spraying
2 l/ha in two stages: 1-2 true leaves; 15 days
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after the first treatment) contribute to a slight
decrease in the total dry matter content. In

these variants, the studied indicator was at the
level of 15.1-15.4% (Table 2).

Table 2. Quality of root crops of the turnip variety ‘Zolota Kulia’ after fungicide application

(average for 2023-2025)
Turnip di Content of biochemical substances in turnip root crops, %
protection system Dry matter Starch Protein Vitamin C, mg/100 g
1. Control 15.6+0.04 6.22+0.03 5.1+0.03 18.4+0.05
2. Magnicur Boost 15.4+0.03 7.12£0.03 5.3+0.04 19.3+0.04
3. Phytocide-r 15.1+0.04 7.30£0.03 5.4+0.03 19.5+0.03
4. Mycohelp 15.4+0.04 6.65+0.03 5.4+0.02 18.9+0.03

Source: developed by the authors

The chemical preparation Magnicur Boost
and the biofungicide Phytocide-r ensured an in-
crease in the starch content of Zolota Kulya’ root
crops up to 7.12% and 7.30% respectively, which
exceeded the control variant by 15-17%. A trend
towards increasing starch content relative to the
control was identified with the use of the biofun-
gicide Mycohelp, which contains a higher bacte-
rial count. The protein content in the turnip root
crops remained at a level of 5.1-5.4% regardless
of the protection system; however, a trend to-
wards its increase was observed in the variants
where fungicides were applied.

One of the vital quality indicators for root
crops is the vitamin C value. The highest vitamin
C content was established using the biofungicide
Phytocide-r and the fungicide Magnicur Boost,
where the studied value could increase to 19.5 and
19.3 mg/100 g of product respectively, exceeding
the control by 1.1 times. During the cultivation of
the Zolota Kulya’ variety and the application of
the biofungicide Mycohelp, research established
a trend towards an increase in vitamin C content
relative to the control by only 0.5 mg/100 g of
product. In the studies by V.. Smolyar (2000), the
physiological and hygienic properties of turnips
were studied, specifically their chemical compo-
sition. According to that work, turnips contained
10.5-13.0% dry matter, 0.1% starch, up to 1.74%
protein, and up to 60 mg/100 g of vitamin C. This
provided baseline parameters for assessing the
nutritional value of turnips. However, the current

study revealed that the application of biofungi-
cides and improved agro-techniques contributed
to a significant increase in the content of starch,
protein, and vitamin C. For instance, with the use
of the biofungicide Phytocide-r, the starch content
in Zolota Kulya’ root crops reached 7.30%, signifi-
cantly exceeding the figures cited in V.I. Smolyar’s
research. This indicates the possibility of signifi-
cantly improving the nutritional value of turnips
through the application of modern cultivation and
plant protection methods. In a study by C. Chen-
Tien et al. (2000), the purification and proper-
ties of chitinases isolated from radish root crops
were examined. It was found that the chitinases
contained in radishes possess antifungal activi-
ty, which adds value to the crop in the food and
medical industries. In the current study, the use
of biological products such as Mycohelp, which
contains natural bacteria, also demonstrated ef-
fectiveness in disease control, particularly against
fungal pathogens. This confirms the importance of
using biological agents to improve product quali-
ty and disease protection. Research by O.V. Khare-
ba et al. (2021) highlights the turnip as a rare
vegetable crop containing significant amounts of
minerals such as iron, potassium, and calcium.The
work notes that turnips are a promising product
for therapeutic nutrition due to their properties
in normalising blood pressure and improving the
condition of the respiratory system. The current
study also identified a significant increase in the
mineral content of turnip root crops grown using
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modern agro-technologies, confirming the impor-
tance of proper plant care for achieving high-qual-
ity indicators. The vitamin C content in the root
crops was 19.5 mg/100 g, which exceeds the data
reported in the literature. These values attest
that the conditions for growing turnips in Polis-
sya and the protection system can significantly
improve the quality indicators of the root crop,
ensuring they fully meet modern requirements.

During the cultivation of vegetable plants in
open-soil conditions, both the spread and devel-
opment of disease were observed. According to re-
search by M\V. Zubets et al. (2010), pathogens can
have a dual impact on yield and quality indicators,
depending on growing conditions and the ap-
plied agro-technical measures. They note that in
organic farming, a correct approach to cultivation
technology is capable of minimising the impact of
diseases on yield. The current study also recorded
that a proper plant protection system, including
biological products, ensures not only a reduction
in disease levels but also improves the qualitative
characteristics of turnip root crops. For example,
the application of biofungicides significantly re-
duced the spread and development of downy mil-
dew, confirming the ability of biological prepara-
tions to enhance product quality. According to the
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work of L.A. Zhurakovska (2013), pathogens can
either reduce yields or, under certain conditions,
even improve quality indicators. This depends on
the choice of protection methods and cultivation
technologies. In the current research, it was estab-
lished that the application of biological products
such as Phytocide-r and Mycohelp not only in-
creased yield but also contributed to the improve-
ment of biochemical indicators in the root crops.
Thus, the starch content in turnip root crops rose
to 7.30%, a significant improvement compared
to the control variants. This indicates that the
selection of appropriate agro-technologies and
protection agents can influence product quality
not only by reducing disease levels but also by im-
proving the physiological indicators of the plants.

In the experiment conducted, the systemic
application of fungicides of both bacterial and
chemical nature contributed to a significant re-
duction in the spread and development of the
disease, which fluctuated at levels of 2.0-6.41%
and 0.21-2.98% respectively. Downy mildew is
considered the most dangerous disease for tur-
nip plants. Among the turnip varieties studied,
‘Purpletop, ‘Geisha’, and ‘Purpurova’ proved to be
more resistant to infection and the further devel-
opment of downy mildew (Table 3).

Table 3. Fungicidal protection of turnip depending on technological components

(average for 2024-2025)
Fungicidal protection
Control \ Magnicur Boost \ Phytocide-r \ Mycohelp
downy mildew
-} -] T -]

53 S&- 53 fs~ B3 B5- B3 is-

2 2= 2 &< 2 2= 2 2=

© © © ©

‘Zolota Kulya' 4.94 1.67 3.0 1.08 3.30 1.15 34 0.45
‘Purpurova’ 6.41 2.98 2.9 0.76 3.81 1.22 2.7 0.31
‘Purpletop’ 5.16 1.57 2.4 1.92 3.74 1.20 2.0 0.21
‘Geisha’ 5.85 1.82 3.0 1.24 4.52 1.63 2.3 0.27

Source: developed by the authors

Based on the data obtained, it was estab-
lished that in the variant where no fungicidal

preparations were applied, the rate of spread and
development of downy mildew was considerably
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high. As a result of growing the ‘Purpurova’, ‘Pur-
pletop’ or ‘Geisha’varieties and applying Mycohelp
(seed treatment at 0.7 l/kg + spraying at 2 l/ha
in two stages: 1-2 true leaves and 15 days after
the first treatment), the disease spread value was
the lowest, amounting to only 2.0-2.7%, and the
lowest rate of downy mildew development (0.21-
0.31%) relative to the control was also obtained.
Evidently, the bacteria that form the basis of the
preparation work more effectively against harmful
fungi, especially during periods of excessive rain-
fall, which positively influenced the overall plant
yield. A significant reduction in the spread and
subsequent development of the disease was en-
sured by the chemical fungicide Magnicur Boost
at a dose of 800 g/ha during the cultivation of the
‘Purpurova’ variety. In this variant, the reduction in
disease spread on turnip crops was 0.76%, which
differed from the control variant value. Howev-
er, according to SV. Stankevych et al. (2024), the
reduction and control of disease through chem-
ical fungicides can show somewhat higher indi-
cators. Simultaneously, the authors emphasised
that modern protection of the Brassicaceae fam-
ily must account for organisational, management,
agro-technical, biological, and chemical methods:
these are the most reliable and profitable, while
each method individually significantly limits
the spread and development of a given disease,
where plant infection can fluctuate from 4% to
45%. In current research, the spread of the dis-
ease was at a significantly low level, which does
not coincide with the data of SV. Stankevych et
al. When using the biofungicide Phytocide-r, the
rate of disease spread and development de-
creased relative to the control by 1.1-2.4 times,
yet remained high relative to the values where
Mycohelp and Magnicur Boost were applied.

On turnip crops, the most common pests were
the black crucifer flea beetle and aphids. Without
a proper protection system, these representatives
are capable of significantly reducing the overall
turnip yield. Turnip productivity, depending on
the insecticides applied, was not constant and
depended on the origin and composition of the
preparation as well as varietal characteristics. It
was established that throughout the years of cul-
tivation, turnip root crop yields remained practi-
cally at the same level. Among the varieties stud-
ied, ‘Purpurova’ and ‘Purpletop’ were characterised
by higher yields, amounting to 21.3 and 21.6 t/
ha respectively, exceeding the yield of the control
variety Zolota Kulya’ by 0.7-1.0 t/ha.

As a result of the systemic application of the
biological products Bitoxibacillin-BTU (spraying
the plant at a dose of 8 l/ha in three stages: cot-
yledon leaves; formation of vegetative mass; 15
days after the second treatment) or Aktoverm-for-
mula (spraying plants at a dose of 4 I/ha in three
stages: cotyledon leaves; formation of vegetative
mass; 15 days after the second treatment) dur-
ing the cultivation of the ‘Purpletop’ or ‘Purpuro-
va’ varieties, the yield indicator was the highest,
reaching 21.6-21.7 t/ha and 21.9-22.0 t/ha re-
spectively. In this study, the obtained yield values
significantly expand the understanding of turnip
productivity compared with those recorded under
the conditions of the Right-Bank Forest-Steppe
(Vdovenko, 2019). Viable cells of Bacillus thur-
ingiensis bacteria, through systemic application,
provided better protection against insect pests
compared to the preparation Confidor Maxi. This
was particularly observed during steady increas-
es in air temperature starting from 14°C. In these
variants, the increase in turnip yield amounted to
0.8-1.1 t/ha (Table 4).

Table 4. Turnip yield with insecticide protection, t/ha

Varieties Years Control | Confidor Maxi | Bitoxibacillin-BTU | Aktoverm-formula | LSD,
2024 19.6 20.6 20.9 20.7 0.6
Zolota Kulva’ 2025 20.6 20.8 20.9 20.8 0.1
¥ Average 20.1 20.7 20.9 20.8
+to control - +0.6 +0.8 +0.7
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Table 4. Continued

Varieties Years Control | Confidor Maxi | Bitoxibacillin-BTU | Aktoverm-formula | LSD,,
2024 20.3 21.0 21.4 21.2 0.6
‘Purpurova’ 2025 20.8 21.7 21.9 21.8 0.8
Average 20.6 21.4 21.7 21.6
+to control - +0.8 +1.1 +1.0
2024 21.4 21.7 22.0 21.9 0.4
‘Purpletop’ 2025 20.8 21.7 21.9 21.8 0.8
Average 21.1 21.7 22.0 21.9
+to control - +0.6 +0.9 +0.8
2024 19.1 20.0 20.8 20.4 0.8
.~ 2025 19.0 19.7 20.2 20.1 0.6
Geisha
Average 19.1 19.9 20.5 20.3
+ to control - +0.8 +1.4 +1.2
Yield of tops, t/ha 28.23 30.15 31.26 31.33 1.90

Source: developed by the authors

Somewhat lower turnip root crop yields, al-
though still satisfactory, were observed in var-
iants where Confidor Maxi was used during the
cultivation of the ‘Purpurova’ variety, and where
Bitoxibacillin-BTU or Aktoverm-formula were
used for the ‘Geisha’ variety. In these variants,
the total yield of the varieties increased relative
to the control by only 5-7% respectively. How-
ever, this yield increase differs slightly from the
research results of V.V. Khareba et al. (2016) and
S.V. Stankevych et al. (2024), where the authors
recorded yield increases of up to 10%. It was es-
tablished that Confidor Maxi can also be applied
during turnip cultivation, as it was characterised
by systemic-contact action. Due to the active in-
gredient imidacloprid, the pest’s nervous system
is blocked for 30 days, while also exerting a stim-
ulating effect on the plant’s growth processes.

In the absence of protection (control), a sig-
nificant decrease in turnip root crop yield was es-
tablished, amounting to 20.1 t/ha for Zolota Kulya),
20.6 t/ha for ‘Purpurova’, 21.1 t/ha for ‘Purpletop;,
and 19.1 t/ha for ‘Geisha’ Based on the plant in-
spections conducted, the population of adult black
crucifer flea beetles in the experiment was 1-14
individuals per m2 The biological products Bitox-
ibacillin-BTU and Aktoverm-formula are more ef-
fective in controlling the adults of the black cruci-
fer flea beetle. Following systemic plant protection,

the pest population decreased by 92.86% for
Bitoxibacillin-BTU and Aktoverm-formula, com-
pared to 85.72% for Confidor Maxi. The positive
effect of the studied preparations was also estab-
lished during the growth of the plant’s vegetative
mass. Regardless of the insecticide used, the top
yield significantly exceeded the leaf mass yield
of the control variant, which also influenced the
formation of the root crop and the overall yield.

A qualitative analysis of turnip root crops un-
der the pest protection system showed its partial
influence on biochemical indicators, namely the
content of dry matter, starch, and protein. Under
the formation of optimal open-soil growing con-
ditions and nutrient processes, an optimal pho-
tosynthesis process, accumulation of vegetative
mass, and an increase in organic matter content
were observed. During turnip cultivation and the
application of bacterial-origin preparations such
as Bitoxibacillin-BTU or Aktoverm-formula, the
dry matter content was higher relative to the con-
trol. The dry matter indicator reached levels of
16.4% and 16.3%, exceeding the control variant
by 0.4-0.5% respectively.Evidently,the viable cells
of Bacillus thuringiensis bacteria and endospores
provide reliable plant protection against insect
pests; simultaneously, a prolonged period of ac-
tion was observed, which did not cause resistance
in the insect pests (Table 5).

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1



Turnip yield in open soil conditions in Polissya...

Table 5. Quality of root crops of the ‘Zolota Kula’ turnip variety depending on the use
of insecticide protection (average for the years of research)

Pest protection Content of biochemical substances in turnip root crops, %
system Dry matter Starch Protein Vitamin C, mg/100 g
1. Control 15.9+0.02 6.11+0.05 5.2+0.01 18.3+0.03
2. Confidor Maxi 15.7+0.02 6.26+0.04 5.3+0.02 19.1+0.02
3. Bitoxibacillin-BTU 16.4+0.03 6.29+0.04 5.4+0.03 19.3+0.03
4. Aktoverm-formula 16.3+0.02 6.74+0.05 5.4+0.01 19.2+0.03

Source: developed by the authors

A similar positive influence of the biological
products Bitoxibacillin-BTU or Aktoverm-formula
was also established during the determination of
starch, protein, and vitamin C content. The time-
ly application of these preparations within the
biological protection system for the Zolota Ku-
lya’ turnip variety contributed to the fact that the
starch indicator in the root crops can increase to
levels of 6.29% or 6.74% (an increase of 3-10%);
protein can reach 5.4% (a 4% increase); and the
vitamin C content can rise to 19.3% or 19.2% (a
5% increase) respectively. The obtained values for
the root crop quality indicators do not coincide
with the data already existing in primary sources
(Khareba et al., 2021). Furthermore, the applica-
tion of the insecticide Confidor Maxi can ensure
an increase in the biochemical indicators studied
relative to the control variant; however, their mag-
nitude depends on the scheme and recommen-
dations for its application, as confirmed by the
results of M.V. Zubets et al. (2010). Overall, the ap-
plication of biological products during turnip cul-
tivation for pest and disease control also ensured
that they are safe for humans and warm-blooded
animals, as biological protection agents do not
pollute the environment. Simultaneously, bio-
logical products exhibit high selectivity, are con-
venient for mass application, and possess inex-
haustible resources for this purpose, which aligns
with the assertions of L.A. Zhurakovska (2013)
and key European Union food safety documents
and regulations (European Commission, 2017).

The work of Z.D. Sych et al. (2018) emphasised
the necessity of a comprehensive approach to veg-
etable growing, encompassing both theoretical

knowledge and practical skills. This study became
an important benchmark for understanding the
complexities of vegetable cultivation, and the re-
sults of the current research confirmed the need
to integrate modern methodologies and technol-
ogies to increase yield and quality while simul-
taneously considering ecological sustainability.
The research by O.Yu. Barabash et al. (1994) ex-
amined the biological characteristics of vegetable
production and the influence of various environ-
mental factors on crop development, which was
also a significant aspect of the current study. The
interaction of soil conditions, water regimes, and
climatic factors mentioned in their work directly
influenced the efficiency of vegetable production.
The results of the current study also confirmed
the importance of employing ecological meth-
ods to enhance the productivity and stability of
agricultural systems. SV. Berzina (2011) inves-
tigated the ecological aspects of the production
and certification of organic food products. She
focused on the implementation of environmental
standards in agriculture, which became vital for
improving vegetable production and its compli-
ance with ecological certification requirements.
This approach correlated harmoniously with the
emphasis on ecological principles in the current
study, confirming the relevance of integrating sus-
tainable practices into modern vegetable growing
to reduce negative environmental impacts and
improve product quality. Broadly, the current study
built upon these scientific works, highlighting the
importance of both practical experience and eco-
logical sustainability in vegetable production. The
combination of modern agro-technical methods
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with ecological practices ensured the sustainable
development of the vegetable sector, meeting both
market demands and environmental standards.

Thus, the results of the current study confirmed
the high efficiency of applying biological products
and modern agro-technologies in turnip cultiva-
tion. The increase in yield and the improvement
of biochemical indicators - such as starch, protein,
and vitamin C content - evidence the positive im-
pact of the plant protection methods used. The
application of biofungicides and bioinsecticides
allows for a significant reduction in disease spread
and enhances plant resistance to stress conditions.
Therefore, the research results confirm the effec-
tiveness of ecologically safe protection agents for
improving the quality and productivity of turnips.

Conclusions

The application of the biofungicide Phytocide-r
in turnip cultivation technology increases the
root crop yield for the ‘Purpletop’ variety to a
level of 22.2 t/ha. When growing the ‘Zolota Ku-
lya’ and ‘Purpurova’ varieties using Phytocide-r or
Mycohelp, and when growing the ‘Geisha’ variety,
the total root crop yield increases by 0.9-1.2 t/
ha. Chemical protection ensures a total root crop
yield of only 21.9 t/ha. Magnicur Boost and the bi-
ofungicide Phytocide-r contribute to an increase in
starch content in “Zolota Kulya’ root crops to 7.12%
and 7.30% respectively, and vitamin C to 19.5 and
19.3 mg/100 g, or by 1.1 times. The ‘Purpletop;,
‘Geisha), and ‘Purpurova’ turnip varieties are more
resistant to infection and the further development
of downy mildew. With the use of Mycohelp, the
spread of the disease may not exceed 2.0-2.7%,
and its development is only 0.21-0.31%. The
chemical fungicide Magnicur Boost helps reduce
the spread of the disease in turnip crops to 0.76%.

With the systemic application of the biolog-
ical products Bitoxibacillin-BTU or Aktoverm-for-
mula, when growing the ‘Purpletop’ or ‘Purpurova’
varieties, the root crop yield can increase to 21.6-
21.7 t/ha and 21.9-22.0 t/ha respectively. The
yield of turnip root crops from the use of Confidor
Maxi during the cultivation of the ‘Purpurova’

Kuts & Chernenko

variety increases by only 5%, while the lowest
root crop yield is obtained in the absence of in-
secticidal protection. The positive effect of the
studied preparations was also established during
the increase of the plant’s vegetative mass. The
top vyield increases regardless of the insecticide
used, which influences the formation of the root
crop and the overall yield. During the applica-
tion of Bitoxibacillin-BTU or Aktoverm-formula,
the dry matter content in the root crops increas-
es by 0.4-0.5% and can reach 16.4% and 16.3%.
Timely application of the preparations ensures
an increase in starch content in the root crops
to 6.29-6.74%, or an increase of 3-10%; protein
increases to 5.4%, and vitamin C content rises to
19.3-19.2 mg/100 g, or by 5% respectively.

The biological products Bitoxibacillin-BTU
and Aktoverm-formula are more effective in
controlling the adults of the black crucifer
flea beetle. Following systemic spraying of the
plants with bioinsecticides, the pest popula-
tion is reduced when using Bitoxibacillin-BTU
and Aktoverm-formula: adults by 92.86%; with
the preparation Confidor Maxi, the reduction is
85.72% respectively. The use of biological prod-
ucts during turnip cultivation to control pests
and diseases is a safe measure for humans and
warm-blooded animals; biological protection
agents do not pollute the environment. Biologi-
cal products exhibit high selectivity, are conven-
ient for mass application, and have inexhaustible
resources. Further research regarding the long-
term impact of biological products on soil mi-
crobiota and nitrate accumulation in turnip root
crops under different crop rotation systems in
Polissya conditions is promising.
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YpoxkaitHicTb pinu B ymoBax BigKpuToro rpyHTy Moniccsa
3a pi3HOI CUCTEMU 3aXUCTY POCIIMHM

OnekcaHpp Ky,

[loKTOp CiNbCbKOroCnofapcbknx Hayk

IHCTUTYT OBOYIBHMUTBA i BalwTaHHMLUTBA HauioHanbHOi arpapHoi akageMii Hayk YkpaiHu
62478, Byn. IHcTuTyTCbKA, 1, €. CenekuiiHe, XapkiBcbka 06., YkpaiHa
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AmuTtpo YepHeHko

AcnipaHT

IHCTUTYT OBOYiBHMUTBA i HalwTaHHMUTBA HauioHanbHOI arpapHoi akageMii Hayk YkpaiHu
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AHoTauif. MeTo A0CNiKEHHS BYN0 OUiHUTM eDEKTUBHICTb NpenapaTiB 6akTepianbHOro Ta XiMiyHoro
MOXOAXEHHA LOAO BMAMBY Ha BPOXAMHICTb PiNM Ta OKPeMi SKICHI MOKa3HWKM 1i KOpeHennoAis
33 pIi3HUX CUCTEM 3axMUCTy pocauH. [ocnigxeHHs npoBefeHO B yMoBax BonuHCbKOI AepxaBHOI
cinbcbkorocnoaapcbkoi gocnigHoi craHuii HAAH y 2024-2025 pokax i3 BMKOPWUCTAHHAM COPTiB pinu
‘Bonota kyns, Tlypnypoea, Tlypnynenon’ Ta Teiwa’ Ona 3axucTy Bif XBOPO6 3aCTOCOBAHO XiMiuHWi
dyHriuma, Mardikyp bycrt Ta 6ionpenapatn ®itouma-p i Mikoxenn (komnadis BTU); ons 3axucty Big
LWKIOHMKIB XiMiYHWMIA iHcekTMumMA, KoHdinop Makci Ta 6ionpenapaTtu bitokcnbaumnin-bTY i AktoBepm-
dopmyna (komnanis BTU). KoHTponem 6yB BapiaHT 6e3 06pobku npenapatamu. [locnigkeHHs 3aknageHo
B YOTMPWMPA30Bii MOBTOPHOCTI 3a CTaHAAPTHOK METOAMKOK OBOYIBHWMLTBA. Pe3ynbTaTv nokasanw, Lo
3acTocyBaHHg GiodyHriumay ditouna-p nigBULLKMNO BPOXaKHiCTL KopeHenioais copty Tlypnynenon’ o
22,2 1/ra, a coprie 3onorta kyas, Tlypnyposa’ Ta Tenwa’ (3 ®itouna-p abo Mikoxenn) Ha 0,9-1,2 1/ra.
MarHikyp bycT i ®@itouma-p 36inbwMAM BMICT KpOXMasio B KOpeHennogax copty ‘3onoTa kyns’ oo 7,12-
7,30 % Ta BitamiHy C go 19,3-19,5 mr/100 r. Coptu Tlypnynenor, Teiwa’ Ta ‘Tlypnyposa’ BuaBuamca
CTiMKilLMMKM [0 nepeHocnopo3sy; Mikoxenn obMexuB nowupeHHs xsBopobu ao 2,0-2,7 % i po3BUTOK
no 0,21-0,31 %, a MarHikyp byct nowupenHs po 0,76 %. CucTeMHe BMKOPWUCTAHHS GioiHCEKTULMAIB
Bitokcnbaumnin-bTY Ta AkToBepM-hopMyna NiABULWLMAO BpOXKaiHicTb copTis Tlypnynenon’ i ‘Tlypnyposa’
no 21,6-22,0 1/ra, Toai 9K KoHdigop Makci nnwe Ha 5 %. be3 iHCeKTMUMAHOrO 3axMCTy BPOXKaMHICTb
6yna HavHux4ot0. bionpenapatu 36inbWwKAK BMICT Cyxoi pedoBuHu ao 16,3-16,4 %, kpoxmanio no 6,29-
6,74 %, 6inka no 5,4 % ta Bitaminy C go 19,2-19,3 mr/100 r. bitokcnbauunin-bTY Ta AkToBepM-dpopmyna
BUSBUAUCS eDEKTUBHILIMMM NPOTH iMAro YOpHOI XpecToLBiToi BAiLKu
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membranes. It was established that the average composition of pyrocondensate contains up to
58.4% of hydrocarbons suitable for obtaining gasoline, kerosene and diesel fractions, as well as 20%
of unsaturated hydrocarbons and 20% of pyrocarbon with heavy pyrolysis resin. The effectiveness of
membrane technology for separating pyrocondensate with the production of gasoline (8.2%), kerosene
and diesel (23.9%) fractions with low sulphur and unsaturated hydrocarbon content has been proven.
The characteristics of the fractions obtained met the requirements of standards for their use as finished
commercial products.The optimal separation temperatures for each fraction were determined: gasoline -
50°C, kerosene - 70°C, diesel — 85°C. The dependence of membrane permeability on temperature and
selectivity for unsaturated hydrocarbons and sulphur was established. The separation process ensured
the simultaneous removal of pyrocarbon and heavy pyrolysis resin, which simplifies the technology
and increases its efficiency. The proposed catalytic methods for processing pyrocarbon sediment and
unsaturated hydrocarbon residues allow for the complete processing of pyrocondensate from 96% to
98%. The possibility of using membrane technology for the efficient processing of pyrocondensate with
minimal impact on the environment has been confirmed. Analytical and experimental principles for
calculating membrane separation devices and their productivity have been developed. The proposed
solutions can be applied to the production of high-quality fuel fractions from waste materials

Keywords: fractional composition; pyrolysis; petroleum polymer resins; catalytic treatment; diesel fraction

Introduction

In the modern world, considerable attention is
paid to technologies for processing industri-
al waste and obtaining marketable products
while improving environmental performance. In
this context, the processing of polymer waste,
in particular worn car tyres, is of great interest.
This type of waste ranks first in terms of tonnage
compared to other polymer waste. In Ukraine, the
annual increase in worn tyres is 250-300 thou-
sand tonnes, and the level of their utilisation does
not exceed 10%. The accumulation of such waste
creates a significant anthropogenic load on the
environment and requires the introduction of ef-
fective technologies for comprehensive recycling.
One of the most promising areas in this context
is thermochemical processing, in particular py-
rolysis, which allows valuable fuel and chemical
products to be obtained (Boichenko et al., 2024).

Scientist I.Ya. Zakhara (2025) analysed mod-
ern approaches to the disposal and processing of
worn car tyres, focusing on the environmental and
technological aspects of existing methods. The
author showed that traditional methods, in par-
ticular incineration and mechanical processing,

were accompanied by a significant environmental
burden, while thermochemical methods, primari-
ly pyrolysis, were considered more promising in
terms of obtaining valuable products and reduc-
ing harmful emissions. K.A. Ibragimov et al. (2020)
investigated the composition, properties and uses
of liquid pyrolysis products, paying particular at-
tention to catalytic methods of their processing.
The authors established the patterns of selective
hydrogenation and oligomerisation of unsatu-
rated hydrocarbons and showed the prospects
for obtaining petroleum polymer resins and fuel
fractions, while noting the technological limita-
tions associated with coking and the loss of part
of the hydrocarbon raw materials.

The article by I. Shlonchak & O. Batrachen-
ko (2024) examined modern approaches to the
disposal of car tyres in Ukraine, taking into ac-
count global experience. The authors analysed
the main processing technologies and identified
their advantages and disadvantages. They also
emphasised the need to develop infrastructure
and improve the rubber waste management
system in the Ukrainian context. The work by
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K. Hrynyshyn et al. (2022) showed that low-tem-
perature pyrolysis allows obtaining pyroconden-
sate with a clearly defined fractional composition,
including gasoline and diesel fractions, as well as
heavy residue. The authors emphasised the pos-
sibility of comprehensive use of tyre processing
products and their return to the production cycle.

Experimental studies by A. Khurmamatov &
K. Akhmedova (2025) also confirmed the effec-
tiveness of pyrolysis as a tyre processing technol-
ogy. This article examines in detail the physico-
chemical properties of pyrolysis oil, gas and solid
phase. The authors found that the synthetic fuel
obtained could be a promising energy resource,
provided that the process is further refined and
optimised. The importance of pyrolysis as an en-
vironmentally sound way to reduce rubber waste
and reuse it was also emphasised. The work of
A. Ranskyi & B. Korinenko (2023) considered the
prospects of obtaining synthetic oil as an alter-
native energy resource through the pyrolytic
processing of polypropylene waste. The authors
showed that thermochemical decomposition of
polymers allowed plastic waste to be converted
into liquid hydrocarbon products suitable for fur-
ther use in the fuel and chemical industries. The
study emphasised the importance of developing
pyrolysis technologies as an effective way to dis-
pose of polymer waste while obtaining valuable
products. The article by V. Chernega (2024) ana-
lysed the problem of worn car tyre accumulation
from an economic and environmental point of
view. The author emphasised that used tyres are
one of the most common and dangerous types of
polymer waste, and their reuse and recycling are
essential for reducing the anthropogenic impact
on the environment. The work justified the need
to introduce modern tyre disposal technologies
that would ensure not only an environmental
effect but also economic feasibility through the
recovery of secondary resources.

The work of W. Jerzak et al. (2024) expanded
scientific understanding of the pyrolysis process
through the use of modern analytical meth-
ods and different types of reactors. The authors

focused on the influence of heating rate and cata-
lyst introduction method on the formation of aro-
matic hydrocarbons and raw soot yield. The study
also demonstrated the complexity of the thermal
decomposition mechanisms of tyre raw materials
and the relationship between process conditions
and the chemical composition of products. The
work of N.H. Zerin et al. (2023) stated that pyroly-
sis is @ more environmentally friendly method of
processing waste tyres compared to traditional
methods, as it allows waste to be converted into
oil, gas and solid phase (char) without causing
harmful emissions during combustion. The study
also summarises the influence of process param-
eters (temperature, residence time, particle size)
on the yield and composition of pyrolysis prod-
ucts, highlighting the technological complexity
of this method.

Thus, there is a pressing need to improve
technologies for processing pyrocondensate ob-
tained from the pyrolysis of car tyres to increase
its efficiency and obtain commercial products
with predictable physical and chemical proper-
ties. The aim of the work was to determine the
optimal technological parameters of the process
of separating pyrocondensate obtained by pyrol-
ysis of worn car tyres and extracting pyrocarbon
and heavy pyrolysis resin from it to obtain pure
hydrocarbon fractions using membrane technol-
ogy. To achieve this aim, the following objectives
were set: to determine the composition of pyro-
condensate from the pyrolysis of worn car tyres;
to carry out membrane separation of pyroconden-
sate to obtain commercial products for use in the
automotive industry; to determine the optimal
conditions for pyrocondensate separation.

Materials and Methods
The object of the research was the process of
obtaining pure hydrocarbon fractions from py-
rocondensate. The subject of the research was
a comprehensive approach to pyrocondensate
processing by combining traditional methods
and unique membrane pervaporation technolo-
gies. The study used pyrocondensate obtained at
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a low-temperature pyrolysis plant at the Rosava
private joint-stock company (Bila Tserkva, Ukraine)
as a result of the pyrolysis of worn car tyres. The
initial pyrocondensate was characterised by a
complex multicomponent structure containing up
to 58.4% hydrocarbons (light, medium and heavy
fractions), about 20% unsaturated hydrocarbons,
and 20% pyrocarbon with heavy pyrolysis resin.
The content of sulphur, unsaturated hydrocar-
bons, water and solid impurities was determined
in accordance with DSTU 7687:2015 (2015).

The study used highly permeable selective
polymer membranes specially designed for the
separation of complex organic mixtures. The
membranes were selected taking into account
their resistance to organic solvents, process
temperature and selectivity to pyrocondensate
fractions. The membrane separation process
was carried out in an experimental laborato-
ry membrane unit with the ability to regulate
temperature (from 30 to 90°C) and pressure
(up to 10 bar). For each fraction (gasoline, kero-
sene, diesel), the optimal process temperatures
were set: 50°C, 70°C and 85°C, respectively.
The research was conducted in the educational
laboratory of membrane technology at the De-
partment of Biotechnics and Engineering, Fac-
ulty of Biotechnology and Biotechnics, National
Technical University of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute”. All analyses of the
pyrocondensate and the separated fractions
were performed using certified equipment on
a YL6100 chromatograph (Youngln Chromass)
in the laboratories of the research institute of
the state fuel company MASMA. The following
methods and tests were used to assess the qual-
ity and composition of the products.

The fractional composition of the gaso-
line fraction was determined in accordance
with DSTU EN 228:2022 (2022), which provid-
ed for the determination of fractional distribu-
tion temperatures by distillation; the fractional
composition of the kerosene and diesel frac-
tions was determined according to the DSTU
EN 590:2022 (2022), which includes measuring

Mel’nick et al.

distillation points to assess the composition
of fractions; the sulphur content in the frac-
tions was determined in accordance with 1SO
8754 (2003) using energy-dispersive X-ray flu-
orescence analysis, which allows the concen-
tration of sulphur in petroleum products to be
accurately determined; the iodine number (a
characteristic of the degree of unsaturation of
organic compounds) was determined according
to EN 16300:2012 (2012) using the calculation
method for fatty acid methyl esters (FAME) based
on gas chromatography data. Gas chromatogra-
phy-mass spectrometry (GC-MS) was used for de-
tailed determination of the component composi-
tion of the pyrocondensate and its fractions, as
well as for identifying impurities and target hy-
drocarbons. Fourier-transform infrared spectros-
copy (FTIR) was applied to analyse functional
groups in the fractions, enabling assessment of
the degree of saturation and the presence of im-
purities. Water content was determined by cou-
lometric titration using the Karl Fischer method.
Viscosity measurements were performed with a
rotational viscometer to evaluate the suitability
of the fractions for use as fuels. Storage stability
was assessed by an accelerated ageing meth-
od (24 hours at 80°C) followed by analysis of
changes in viscosity and composition.

The choice of these methods was dictated
by the need to obtain complete and reliable
information on the composition, purity, physic-
ochemical properties and stability of pyrocon-
densate fractions. The application of interna-
tional standards ensured the comparability of
the results with modern requirements for the
quality of fuel products and allowed an objec-
tive assessment of the effectiveness of mem-
brane technology for industrial use. The com-
ponent composition of pyrocondensate, both
raw and subjected to catalytic treatment in the
presence of KTK-1, was studied by gas-liquid
chromatography. Figure 1 presents the schemat-
ic technological diagram for the production of
petroleum polymer resins in the presence of the
KTK-1 catalytic complex.
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VIII

Figure 1. Schematic process flow diagram for the production of petroleum polymer resins
in the presence of the KTK-1 catalytic complex
Note: 1 - reactor; 2, 5 - reactor-washer; 3, 4 - settler; 6 — separator; 7 - heater; 8 - distillation column; 9 - air

cooler; 10 - condenser; 11, 12 - storage tanks. | - pyrocondensate; Il - catalytic complex; Il - alkali solution; IV -
deactivated catalyst; V, VI - water; VII, VIl - finished product

Source: V.T. Dumskyi et al. (2014)

Polymerisation was carried out by a contin-
uous circulation method in reactor 1, into which
pyrocondensate | and catalytic complex Il were
fed from below. Reactor 1 was equipped with a
special device designed to ensure effective circu-
lation of the reaction mixture and maximum con-
version of unsaturated hydrocarbons. In this way,
the possibility of accidental breakthrough, moni-
tored by chromatographic analysis, was virtually
eliminated. The resulting polymerisate from re-
actor 1 was fed to reactor-washer 2, where the
catalytic complex was decomposed using alkali
solution Ill, which was subsequently discharged
from the top of the reactor and, through separa-
tors-settlers 3 and 4, directed for water washing
V in the reactor-washer. In the separators, the
polymerisate was separated from the circulat-
ing alkali solution (in separators-settlers 3 and
4), part of which was discharged to a wastewater
treatment unit. The deactivated catalyst IV was
removed from the bottom of separator-settler 4.

The neutralised polymerisate, via separator
6, where water VI was removed and discharged
from the unit, was fed to heater 7 and then to
the top of distillation column 8. Unpolymerised
hydrocarbons from the top of column 8 were di-
rected to air cooler 9 and then to condenser 10,
from which they were transferred to storage tank

11 and subsequently to storage. The resin melt
VIII from the bottom of column 8 was collected in
tank 12, from which it was pumped out of the unit
for dissolution or granulation. The proposed pro-
cess scheme for pyrocondensate processing made
it possible to remove a gasoline fraction purified
from unsaturated hydrocarbons, which could be
used either for alkylation with ethylene or for the
production of high-purity aromatic hydrocarbons,
while reducing the number of stages in the finan-
cially costly hydrogenation process.

According to the proposed fundamentally
new scheme for pyrocondensate processing us-
ing KTK-1, targeted synthesis of modified petro-
leum polymer resins was achieved through the
rational utilisation of unsaturated hydrocarbons.
These resins possess a set of properties required
for their use as components of polymer-bitumen
compositions, binding agents in paint and var-
nish materials, effective plasticisers for rubber
compounds, and vulcanising agents for electri-
cal insulation coatings. One of the most relia-
ble and economical methods for improving the
quality of road bitumen is protection against
ageing and drying. The possibility of using pe-
troleum polymer resins as effective additives to
road bitumen is confirmed by research results
(Ibragimov et al., 2020).

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1



Problem statement. The high content of py-
rocarbon in pyrocondensate obtained from the
pyrolysis of worn car tyres significantly compli-
cated the application of known technologies
for its processing. The methods of processing
pyrocondensate from polymer waste described
in the literature were technologically complex
even under conditions of significantly lower py-
rocarbon content, which in such systems was on
average four times lower than in pyrocondensate
from worn car tyres. With an increased pyrocar-
bon content, the implementation of these tech-
nologies was impossible due to the intensive
deposition of pyrocarbon and heavy pyrolysis
resin on the surface of catalysts in the process-
es of hydrogenation and catalytic treatment, as
well as on the contact elements of equipment
during fractionation in rectification columns.
Pyrocondensate processing was carried out in
stages, involving the preliminary separation of
pyrocarbon and heavy pyrolysis resin, followed
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by the processing of purified pyrocondensate us-
ing traditional technologies. Membrane technol-
ogy using the pervaporation method was used
to remove pyrocarbon and heavy pyrolysis resin.
The use of pervaporation membranes is due to
the fact that they are semi-permeable, have no
pores and exhibit anti-adhesion properties with
respect to pyrocarbon and resins, so that such
contaminants cannot be deposited on their sur-
face. Two processes took place simultaneously in
the apparatus with such membranes: the passage
of hydrocarbons contained in the pyrocondensate
through the membrane wall due to molecular
diffusion and the precipitation of pyrocarbon and
heavy pyrolysis resin at the bottom of the appa-
ratus during the separation process. The process
of separating pyrocondensate into fractions (gas-
oline, kerosene, diesel) and extracting pyrocarbon
and heavy pyrolysis resin from it was carried out
on an experimental setup, the diagram of which
is shown in Figure 2.

il

Figure 2. Schematic diagram of the experimental unit for the separation of pyrocondensate

Note: 1 - receiving tank, 2 - gear pump, 3 - heat exchanger, 4 - membrane apparatus, 5 - membrane element,

6 - condenser refrigerator, 7 - fraction collector, 8 - steam-gas compressor, 9 - calorifier. | - pyrocondensate, Il -

fractions, Il - pyrocarbon and heavy pyrolysis resin, IV - hot coolant,V - cold coolant

Source: authors’ own work
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Before starting work, the devices that were
part of the installation were were purged with
nitrogen. The output pyrocondensate | was load-
ed into receiving tank 1, from which it was fed
by gear pump 2 through heat exchanger 3, where
it was heated to a set temperature, into mem-
brane element 4 on the distribution device. The
distribution device ensured uniform irrigation of
the outer surface of the tubular membrane ele-
ments 5. In the membrane apparatus, the heated
pyrocondensate flowed in the form of a thin film
over the outer surface of the tubular membrane
elements. A heated nitrogen-vapor mixture (a
mixture of nitrogen and hydrocarbon vapors) was
pumped along the inner surface of the membrane
elements using a steam-gas compressor 8 under
a slight excess pressure (0.01-0.02 MPa). In this
case, certain fractions of hydrocarbons passed
through the walls of the membrane elements due
to molecular diffusion and mixed in the form of
vapour (pervaporation process) with the nitro-
gen-vapour mixture that was pumped along the
inner surface of the membranes. The nitrogen-va-
por mixture enriched with the hydrocarbon frac-
tion in a saturated state from the membrane
apparatus entered the condenser refrigerator 6,
where condensation took place. Condensate Il en-
tered the fraction collector 7, from which it was
periodically drained, and the nitrogen-steam mix-
ture from the fraction collector was sucked out by
a steam-gas compressor 8, heated in a calorifier 9
and fed into the membrane apparatus.

The spent pyrocondensate from the mem-
brane apparatus was drained into a membrane
vessel, where pyrocarbon and heavy pyrolysis
resin were precipitated from it. The precipitation
process is related to the fact that heavy pyrolysis
resin exhibits high adhesion to pyrocarbon and
dissolves well in hydrocarbon fractions, which are
removed from the pyrocondensate by membrane
elements during the pervaporation process. Thus,
as the content of hydrocarbon fractions in the py-
rocondensate decreased, pyrocarbon and heavy
pyrolysis resin Il were deposited, which were peri-
odically removed from the bottom of the receiving

tank. The pyrocondensate from the receiving tank
was fed back into the plant’s apparatus by a gear
pump. Thus, the technological process of pyro-
condensate separation at the experimental plant
was carried out in a closed cycle.

Results and Discussion

Worn car tyres are a complex multi-component
raw material containing a rubber matrix, carbon
black, metal cord, textile impurities and a number
of organic and inorganic additives. Their accumu-
lation creates a significant anthropogenic load
on the environment, and traditional methods of
disposal do not ensure the effective extraction
and use of the material and energy potential of
this type of waste. In this context, chemical pro-
cessing methods, in particular pyrolysis, are con-
sidered a technologically feasible way of compre-
hensive tyre disposal. Pyrolysis of car tyres allows
the organic component of the raw material to
be converted into pyrolysis oil and gas, and the
inorganic component into a solid carbon phase
(carbon black) and metal cord. However, scien-
tific research shows that the yield, fractional
composition and physicochemical properties of
pyrolysis products depend significantly on the
temperature regime, heating rate, process dura-
tion, reactor type, and the presence or absence
of catalysts. The lack of standardised approaches
to assessing process parameters complicates the
scaling of technologies and their implementation
in industrial practice. In addition, an important
engineering and technological task is to evaluate
the quality of the pyrolysis products obtained in
terms of their further use - pyrolysis oil as a raw
material for fuels or chemical synthesis, gas as an
energy resource, and solid carbon phase as a filler
or functional material. Particular attention should
be paid to the analysis of the content of sulphur,
nitrogen, oxygen-containing compounds and ash
components, which determine the environmental
and operational characteristics of the products
(Hrynyshyn et al., 2021).

Chromatographic studies show that un-
saturated hydrocarbons are almost completely
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converted during the catalytic treatment of py-
rocondensate (98.7-99.8% conversion) and no
unsaturated hydrocarbons remain in the pyrocon-
densate. The optimal conditions obtained formed
the basis for the synthesis of petroleum polymer
resins for catalytic processing of pyroconden-
sate. Gas chromatography makes it possible to
separate the complex mixtures of hydrocarbons

Mel’nick et al.

contained in the pyrocondensate fractions into
individual components according to their reten-
tion times (Table 1). Each fraction is characterised
by its own set of peaks corresponding to different
organic compounds. The gasoline fraction is char-
acterised by the presence of light hydrocarbons,
therefore the main peaks are observed at the be-
ginning of the chromatogram (Fig. 3).

Table 1. Chromatographic analysis of the obtained liquid fractions of pyrocondensate

Retention time (min) Gasoline fraction

Kerosene fraction

Diesel fraction

2-5 High peaks (C5-C7) Low peaks Absent
5-10 Medium peaks (C7-C9) Start of peaks Absent
10-15 Low peaks (C9-C10) High peaks (C10-C12) Start of peaks
15-25 Absent Medium peaks (C12-C15) High peaks (C15-C18)
25-40 Absent Absent Medium/high peaks (C18-C22)

Source: developed by the authors

Heptane (C7) Cyclodecane
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Schematic chromatograms of pyrocomdensate fractions
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Figure 3. Chromatogram of gasoline, kerosene and diesel fractions

Source: developed by the authors

The kerosene fraction contains medium-boil-
ing components, with peaks located in the mid-
dle of the chromatogram. The diesel fraction
has the longest retention time, corresponding to
heavy hydrocarbons. The peak height reflects the

relative concentration of the component. The
peaks of the gasoline fraction are located clos-
er to the beginning of the chromatogram (short
retention time). The peaks of the kerosene
and diesel fractions are shifted to the right,
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corresponding to an increase in molecular weight
and retention time. The designation of the peaks

(Fig. 3) and their identification (Table 2-4) are pre-
sented on the chromatogram.

Table 2. Gasoline fraction (retention time 2-15 min)

Peak t?;t:?;?:) clt:l;';;frilz(ri\t Explanation
1 ~3.5 Pentane (C5) Light alkane
2 ~4.2 Hexane (C6) Main component of the gasoline fraction
3 ~5.0 Heptane (C7) Important for octane rating
4 ~6.0 Isooctane (C8, isomer of octane) Responsible for anti-knock properties
5 ~7.5 Cyclohexane Cycloalkane
6 ~9.0 Aromatic hydrocarbons (benzene, toluene) Small amount of aromatics

Source: developed by the authors

Table 3. Kerosene fraction (retention time 10-25 min)

Peak t?;t:'(‘;;?:) Identified component Explanation
1 ~11.0 Decane (C10) Medium boiling alkane
2 ~13.5 Cyclodecane Cycloalkane
3 ~15.0 Methylnaphthalene Aromatic hydrocarbon
4 ~17.5 Dodecane (C12) Medium chain alkane
5 ~20.0 Methylbenzene Aromatic component
6 ~22.5 Tridecene (C13-C15) Heavier alkanes

Source: developed by the authors

Table 4. Diesel fraction (retention time 20-40 min)

Peak t?;t:?rtrln‘i)r?) Identified component Explanation
1 ~22.0 Pentadecane (C15) Heavy alkane
2 ~25.0 Polycyclic aromatic hydrocarbon (naphthalene) Aromatic component
3 ~28.0 Hexadecane (C16) Alkane
4 ~32.0 Polycyclic aromatic hydrocarbon (anthracene) Heavy aromatic
5 ~36.0 Heptadecane (C17) Heavy alkane
6 ~38.5 Isoparaffins Branched hydrocarbons

Source: developed by the authors

Identification of the components was car-
ried out using gas chromatography-mass spec-
trometry (GC-MS), which provides retention
times and mass spectra for accurate substance
determination. Comparison with spectral Lli-
braries (for example, NIST) made it possible

to confirm the identity of the peaks. Standard
samples were used to calibrate the holding
time. Pyrocondensate obtained as a result of
pyrolysis of worn car tyres is an opaque black
liquid with a characteristic odour. Its composi-
tion is shown in Table 5.

Table 5. Composition of pyrocondensate from the pyrolysis of worn car tyres

Parameter

Value

Density

0.921 g/cm?

Sulphur content

1.6% by mass

Unsaturated hydrocarbon content

20% by mass
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Table 5. Continued

Parameter

Value

Pyrocarbon content

9% by mass

Heavy pyrolysis resin content

11% by mass

Source: developed by the authors

As can be seen from Table 5, the pyrocon-
densate contains a large amount of pyrocarbon
and heavy pyrolysis resin, a significant quantity
of unsaturated hydrocarbons and sulphur, and
has a density close to that of heavy crude oil. It
was established that the pyrocondensate com-
prises paraffinic-naphthenic, cyclic aromatic,

polycyclic and olefinic hydrocarbons, as well
as oxygen-containing compounds. The gasoline
fraction isolated from the pyrocondensate us-
ing the experimental unit is a clear, colourless
liquid with a characteristic gasoline odour. Its
fractional composition and properties are pre-
sented in Table 6.

Table 6. Composition and characteristics of the gasoline fraction of pyrocondensate obtained
from the pyrolysis of worn car tyres

Parameter Value
Pyrocondensate output 26.3% by mass
Density 0.786 g/cm?
Fractional composition:
Initial boiling point 50°C
10% boiling point 90°C
50% boiling point 151°C
90% boiling point 190°C
Final boiling point 210°C
Sulphur content 0.05% by mass
Unsaturated hydrocarbon content 0.6% by mass

Source: developed by the authors

According to Table 6, it has been established
that the fractional composition and density of the
gasoline fraction are very close to the standard
indicators for gasoline. It contains insignificant
amounts of sulfur and unsaturated hydrocarbons,
but according to the distillation curve, it has a

boiling point that is 20-25°C higher than that of
automotive gasoline. The kerosene fraction ob-
tained from pyrocondensate in the experimental
setup is a transparent, colourless liquid with a
characteristic kerosene odour. Its fractional com-
position and indicators are given in Table 7.

Table 7. Composition and characteristics of the kerosene fraction of pyrocondensate
from the pyrolysis of worn car tires

Parameter

Value

Pyrocondensate output

8.2% by mass

Density 0.852 g/cm3
Fractional composition:

Initial boiling point 180°C
10% boiling point 198°C
50% boiling point 221°C
90% boiling point 232°C

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1

109



High-permeability selective polymer membranes...

Table 7. Continued

Parameter Value

Final boiling point 240°C
Sulphur content 0.08% by mass
Unsaturated hydrocarbon content 0.8% by mass

Source: developed by the authors

According to the main indicators (density,
acceleration curve, sulphur content), the kero-
sene fraction obtained meets the requirements
of DSTU 7687:2015 (2015). The kerosene fraction
of pyrocondensate obtained from the pyrolysis of
worn car tyres demonstrates a set of character-
istics that make it possible to assess it as poten-
tially suitable for use as a fuel component or as
technical kerosene, subject to appropriate finish-
ing treatment. The yield of the kerosene fraction
is 8.2% by mass of the pyrocondensate. This is a
relatively small but typical proportion for pyrol-
ysis products of tyres, where a significant part
is accounted for by the gasoline fraction, heavy
distillates and resins. This yield indicates that the
kerosene fraction is not the main target product
of the process, but can be considered a valuable
by-product that increases the overall energy and
economic efficiency of pyrocondensate process-
ing. The density of 0.852 g/cm3 is within the range
typical for commercial kerosene (approximately
0.78-0.86 g/cm3 depending on the application -
aviation, technical, lighting, etc.). This indicates:
a sufficiently balanced hydrocarbon composition
(no excessive amount of heavy components); po-
tential compatibility with existing fuel systems
in terms of density. This density level indirectly
indicates a predominance of C10_{10}10-C14_
{14}14 hydrocarbons characteristic of kerosene
in the composition of the fraction. Distillation
behaviour is key to assessing the suitability of a
fraction for use as fuel. Boiling point: 180°C: this
corresponds to the lower limit of the kerosene
fraction and indicates the absence of excess vol-
atile gasoline-type components that could lower
the flash point and impair safety characteristics.
10% boiling off at 198°C and 50% at 221°C: these
values correlate well with the typical distillation

characteristics of kerosene, reflecting a fairly
narrow and technologically convenient boiling
range. 90% evaporation at 232°C and end of boil-
ing at 240°C: the small gap between 90% and the
end of boiling indicates: relative homogeneity of
the fraction, a small amount of heavy “tail” com-
ponents, which has a positive effect on the com-
pleteness of combustion and reduces the forma-
tion of carbon deposits. Overall, the distillation
curve shows that the distillation characteristics of
this fraction are close to those of commercial ker-
osene, which is regulated by the relevant DSTU
EN and ISO standards.

The sulphur content of 0.08% by mass is rel-
atively low for pyrolysis products of tyres, which
are traditionally characterised by an increased
content of sulphur-containing compounds due to
the composition of rubber compounds. This indi-
cator is acceptable for most technical applications
of kerosene; it may be close to the requirements
of certain fuel standards or require minimal addi-
tional desulphurisation depending on the intend-
ed use (especially for environmentally sensitive
aviation or energy fuels). Low sulphur content
reduces the corrosive activity of the product and
SOx_xx emissions during combustion. The un-
saturated hydrocarbon content of 0.8% by mass is
low, which has several important consequences:
storage stability is improved (unsaturated com-
pounds are prone to oxidation and the forma-
tion of resinous products); the risk of varnish and
carbon deposits in fuel systems is reduced; this
characteristic brings the obtained fraction closer
to hydrotreated petroleum kerosene. The fact that
the pyrolysis fraction has such a low unsaturated
hydrocarbon content indicates the effectiveness
of the membrane separation technology and the
previous purification stages. Thus, in terms of key
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indicators (density, distillation curve, sulphur con-
tent), the kerosene fraction obtained meets the
requirements (implicitly - the current standards
for kerosene fuel). The analysed parameters con-
firm this: the density corresponds to the typical
range for kerosene; the distillation characteristics
indicate the formation of a “correct” boiling range
without an excess of light or heavy impurities; the
sulphur and unsaturated hydrocarbon content is
acceptably low for technical and energy fuels.
Thus, based on the characteristics given,
the kerosene fraction of pyrocondensate from
the pyrolysis of worn car tyres can be consid-
ered potentially suitable for use: as a compo-
nent of blended kerosene fuels after minimal

Mel’nick et al.

refinement (if necessary, additional purification
or mixing with petroleum fractions); as techni-
cal kerosene for power plants, boilers, combus-
tion processes, etc. In addition, the results ob-
tained demonstrate the promise of membrane
technology for pyrolysis condensate processing
as a tool for the maximum possible utilisation
of tyre pyrolysis products in the fuel and en-
ergy cycle, which has both economic and envi-
ronmental benefits (reduction of tyre waste and
replacement of part of traditional petroleum
resources). The diesel fraction is a transparent
light-yellow liquid with a characteristic odour.
Its fractional composition and quality indicators
are presented in Table 8.

Table 8. Fractional composition and indicators of the diesel fraction

Parameter

Value

Pyrocondensate output

23.9% by mass

Density 0.889 g/cm?
Fractional composition:
Initial boiling point 240°C
10% boiling point 264°C
50% boiling point 294°C
90% boiling point 327°C
Final boiling point 350°C

Sulphur content

0.12% by mass

Unsaturated hydrocarbon content

1.05% by mass

Source: developed by the authors

According to the main indicators (density, ac-
celeration curve, sulphur content), the obtained
diesel fraction meets the requirements of the
standards. The sediment deposited in the receiv-
ing tank during the pyrocondensate separation
process had a density of 1.242 g/cm3 and a sul-
phur content of 4.47% by mass. It consisted of 45%
pyrocarbon by mass (with a pyrocondensate yield
of 9% by mass) and 55% heavy pyrolysis resin
by mass (with a pyrocondensate yield of 11% by
mass). The residue formed after the pyroconden-
sate separation process consisted of unsaturated
hydrocarbons (with a pyrocondensate yield of
19.51% by mass), had a density of 0.85 g/cm? and
contained 3.4% by mass of sulphur.As can be seen
from Tables 6-8, the gasoline, kerosene and diesel

fractions obtained as a result of membrane sep-
aration of pyrocondensate have a low content of
sulfur and unsaturated hydrocarbons, which neg-
atively affect fuel quality. To reduce the content of
these components in fuel, technologically com-
plex processes are used, such as hydrotreating and
hydrogenation on highly active catalysts. The use
of membrane pervaporation technology allows
fractions with a low content of these ingredients
to be obtained. These fractions can be used to pro-
duce high-quality automotive fuels. Most impor-
tantly, used car tyres are used in its production. In
addition, thanks to complex mass transfer and dif-
fusion processes that occur at the molecular level
during pervaporation, pyrocarbon and heavy pyrol-
ysis resin are removed from the pyrocondensate.
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In membrane separation, an important char-
acteristic of the membrane is its permeability.
Knowing the permeability of the membrane, it
is possible to calculate the productivity of the
membrane apparatus. The permeability of the
membrane during pervaporation depends on
the temperature of the separation process; it in-
creases with increasing temperature. At a certain
temperature, the selectivity of the membrane ¢
(separation quality) begins to decrease. Thus, the
calculated permeability of the membrane is taken

m, kg/(m?-h)

to be the permeability it has at the highest tem-
perature, provided that ¢ =1. Figure 3 shows the
dependence of membrane permeability on the
temperature of the separation process of differ-
ent fractions at ¢ =1. As can be seen from the
graphs in Figure 4, the optimal separation tem-
perature is: 50°C for the gasoline fraction, 70°C
for the kerosene fraction, and 85°C for the diesel
fraction. The permeability at these temperatures
is: for gasoline m=4.9 kg/(m2-h), kerosene fraction
m = 3.8 kg/(m2-h), diesel fraction m=2.5 kg/(m2-h).

60 80 t, °C 100

Figure 4. Dependence of membrane permeability (m) on temperature for different fractions
Note: 1 - gasoline fraction, 2 - kerosene fraction, 3 - diesel fraction

Source: developed by the authors

The sulphur content in fractions obtained
during pyrocondensate separation is crucial
when using them as commercial products. The
main factor determining the sulphur content in
fractions during the separation of pyroconden-
sate on pervaporation membranes is the tem-
perature at which the process is carried out.
Thus, studies were conducted on an experimen-
tal setup to investigate the effect of tempera-
ture on the sulphur content in fractions. Figure 5
shows the dependence of the sulphur content
in the fractions on the temperature of the sep-
aration process, assuming that the selectivity is
maintained at ¢ =0.9988 - 0.9995 (relative to
sulphur) and the maximum permeability of the

membranes. As can be seen from the graphs, the
sulphur content in the fractions obtained at a se-
lectivity of 0.9988 to 0.9995 at maximum mem-
brane permeability is: for the gasoline fraction
0.05% by mass; for the kerosene fraction 0.08%
by mass; for the diesel fraction 0.12% by mass.
When the optimum temperature of the separa-
tion process is reduced, the sulphur content in
the fractions decreases slightly, but the permea-
bility of the membranes decreases significantly.
The content of unsaturated hydrocarbons in py-
rocondensate reaches 20% by mass, which leads
to the formation of resins. Thus, one of the main
tasks in the membrane separation of pyrocon-
densate is to obtain fractions with a low content
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of unsaturated hydrocarbons. As studies show, the kerosene fraction ¢ =0.9992; for the diesel
the selectivity of membranes (in relation to un-  fraction ¢ =0.9897. Figure 6 shows the depend-
saturated hydrocarbons) at maximum permea-  ence of membrane permeability on temperature
bility is: for the gasoline fraction ¢ =0.994; for  for unsaturated hydrocarbons.

X, % mass

0.14¢

0.12

0.10

0 10 20 30 40 50 60 70 80 90 100
t,°C

Figure 5. Dependence of sulphur content in fractions on the temperature
of the pyrocondensate separation process
Note: 1 - gasoline fraction; 2 - kerosene fraction; 3 - diesel fraction
Source: developed by the authors

0.051 m, kg/(m?h)

0.04

0 10 20 30 40 50 60 70 80 90 100
t°C

Figure 6. Dependence of membrane permeability on temperature
Note: 1 - membranes for gasoline fraction; 2 - membranes for kerosene fraction; 3 - membranes for diesel fraction
Source: developed by the authors
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As can be seen from the graphs, the maximum
permeability of membranes at optimal tempera-
tures for unsaturated hydrocarbons is: for gasoline
fraction membranes m=0.0114 kg/(m2-h); for ker-
osene fraction membranes m=0.0224 kg/(m%-h);
for diesel fraction membranes m = 0.043 kg/
(m2:-h). If the membrane permeability for the
fractions is compared with the permeability for
unsaturated hydrocarbons, it is 430 times high-
er for the gasoline fraction and 60 times higher
for the diesel fraction than the permeability for
unsaturated hydrocarbons. Such a large differ-
ence in permeability is due to the structure of
the pervaporation membranes, on which their
selectivity depends. This allows fractions with a
very low content of unsaturated hydrocarbons
to be obtained. The sulphur content in gasoline,

X, %mass
0.12¢

kerosene and diesel fractions is influenced by the
sulphur concentration in the pyrocondensate fed
to the membrane apparatus for separation. The
more sulphur in the pyrocondensate, the more
sulphur in the fractions obtained by membrane
separation. In this case, a “plasticising effect” oc-
curs, which is associated with the fact that during
the diffusion of saturated hydrocarbon molecules
through the membrane, a very small amount of
molecules of substances containing sulphur and
sulphur compounds dissolved in these hydrocar-
bons can penetrate. Figure 7 shows the depend-
ence of the sulphur content in the gasoline, kero-
sene and diesel fractions obtained by membrane
separation of pyrocondensate on the sulphur con-
tent in the pyrocondensate fed to the membrane
apparatus for separation.

1.0 12 1.4 16 18 20 2.2 2.4 2.6 2.8 3.0 3.2 34 36 38 40

X, %mass

Figure 7. Dependence of the sulphur content in the fractions X, on the sulphur content
in the pyrocondensate X, fed to membrane separation

Source: developed by the authors

During the separation of pyrocondensate in
an experimental setup, in addition to gasoline, ker-
osene and diesel fractions, pyrocarbon sediment
with heavy pyrolysis resin is also formed, as well

as a residue containing unsaturated hydrocarbons.
The sediment can be briquetted and used as fuel.

The residue is a mixture of unsaturated hydrocar-
bons with sulphur-containing compounds, which

can be hydrogenated on highly active catalysts
to obtain saturated and aromatic hydrocarbons.

The results obtained in this work regard-
ing the composition, properties and processing
directions of pyrocondensate obtained in the
process of pyrolysis of worn car tyres are gen-
erally consistent with the data presented in the
works of other authors, but have a number of
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fundamental differences that determine the sci-
entific novelty and practical value of the research.
In the studies by K. Hrynyshyn et al. (2021), the
complex multicomponent nature of pyroconden-
sate is noted, which contains aliphatic saturat-
ed and unsaturated hydrocarbons, aromatic and
polycyclic aromatic compounds, sulphur-con-
taining components, as well as pyrocarbon and
resinous impurities. Similar conclusions are pre-
sented in the works of S. Magagula et al. (2023),
which emphasise that it is the high proportion
of unsaturated and aromatic hydrocarbons that
causes the instability of pyrocondensate and lim-
its its direct use as motor fuel. The data obtained
in this work from the chromatographic analysis
of gasoline, kerosene and diesel fractions con-
firm these patterns and indicate the presence of
a wide range of C,-C,, hydrocarbons with an in-
crease in retention time as the molecular weight
of the components increases.

The influence of temperature conditions and
process parameters on the composition of pyrol-
ysis products has been extensively studied in the
works of L.M. Markina & M.S. Kryva (2018). In par-
ticular, it has been established that an increase in
pyrolysis temperature contributes to the intensi-
fication of the destruction of the polymer matrix
of tyres and an increase in the proportion of light
aromatic hydrocarbons, but can lead to second-
ary condensation reactions and the formation of
resins. Similar trends were found in this work: it
was shown that with an increase in temperature
and processing time, the content of unsaturated
hydrocarbons decreases, with the most intense
transformations occurring in the first two hours
of the process, and a further increase in temper-
ature does not significantly improve the charac-
teristics of the final product. In a thorough review,
S.You et al. (2018) analysed the current state and
prospects of waste gasification from the per-
spective of obtaining synthesis gas and biochar,
with a focus on high-temperature processes and
their energy efficiency. The authors emphasised
that the practical implementation of gasification
is accompanied by the complexity of equipment
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design and limited possibilities for selective con-
trol of the composition of liquid by-products. In
contrast to such approaches, the membrane sep-
aration of pyrocondensate proposed in this work
is oriented towards mild process conditions and
targeted fractionation of liquid products without
the need for extreme temperatures.

At the same time, the majority of published
studies are focused primarily on optimising py-
rolysis conditions or on the subsequent catalyt-
ic treatment of pyrocondensate. In the works of
S. Papari et al. (2021) and M. Mello et al. (2023),
the main focus is on the processes of hydrotreat-
ing, desulphurisation and catalytic upgrading of
liquid pyrolysis products. In a thorough review,
S. Papari et al. (2021) analysed modern approach-
es to the pyrolytic processing of polymer waste to
obtain fuels and chemical products, with a focus
on the selection of temperature regimes, reactor
types and catalysts. The authors showed that the
improvement in the quality of liquid products is
achieved mainly through catalytic effects and
the intensification of thermochemical processes,
while the issue of physical separation of pyro-
condensate is practically not considered. In their
work, M. Mello et al. (2023) conducted a detailed
analysis of the pyrolysis processes of worn car
tyres and the subsequent desulphurisation of
pyrolysis oil. The authors focused on methods of
hydrotreating, extraction and catalytic treatment
aimed at reducing the content of sulfur-contain-
ing compounds, while noting the complexity of
such technologies and their energy intensity.

D.Zheng et al. (2023) considered the targeted
production of valuable aromatic compounds of
the BTX fraction through control of pyrolysis con-
ditions, whereas N. Lee et al. (2021) investigated
the catalytic pyrolysis of polymer waste with em-
phasis on the influence of zeolite catalysts. The
fundamental distinction of the present work lies
in the application of membrane pervaporation
technology for the separation of pyrocondensate
into marketable fuel fractions with the simulta-
neous removal of pyrocarbon and heavy pyrolysis
resin. In contrast to the conventional approaches
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described in the cited sources, membrane sepa-
ration enables selective fractionation based on
differences in molecular size and diffusion ca-
pacity of the components, thereby reducing the
content of unsaturated and sulphur-containing
compounds in the final fractions without the use
of severe thermocatalytic conditions.

In addition, this work implements a com-
prehensive approach that combines membrane
separation with subsequent catalytic oligom-
erisation of residual unsaturated hydrocarbons
in the presence of the KTK-1 catalytic complex.
Similar oligomerisation processes are described
in the works of H. Ibragimov et al. (2013) and
S.Boichenko et al. (2025), however, these studies
do not consider preliminary membrane purifica-
tion of pyrocondensate, which limits the selec-
tivity of the process and control of the product
composition. The results obtained in the current
work indicate the high efficiency of combining
catalytic treatment and membrane pervapora-
tion technology for processing pyrocondensate
from the pyrolysis of worn car tyres. The almost
complete conversion of unsaturated hydrocar-
bons confirms the feasibility of using the cat-
alytic stage as a preliminary purification stage,
which minimises the formation of resinous
products and increases the stability of the fuel
fractions obtained.

Thus, the results obtained confirm the prom-
ise of membrane pervaporation technology as an
effective tool for incorporating pyrolysis products
from worn car tyres into the fuel and energy cy-
cle, which has both economic and environmental
advantages. Thus, the results of this work not only
confirm the basic patterns established by other
authors regarding the composition and properties
of pyrocondensate, but also complement them
by proposing an effective combined approach to
its deep processing. The use of membrane tech-
nologies in combination with catalytic process-
es creates the conditions for obtaining stable
fuel fractions with predictable physicochemical
properties and increases the overall efficiency of
waste tyre recycling.

Conclusions

The study proposes and experimentally con-
firms an effective method for processing py-
rocondensate obtained from low-temperature
pyrolysis of worn car tyres using highly perme-
able selective polymer membranes of the per-
vaporation type. It has been established that
the average composition of pyrocondensate
includes 58.4% by mass of hydrocarbons suit-
able for obtaining fuel fractions, about 20% of
unsaturated hydrocarbons, approximately 20%
of pyrocarbon together with heavy pyrolysis
resin, and 1.6% by mass of sulphur. Membrane
separation allows simultaneous separation of
commercial fractions and precipitation of pyro-
carbon with heavy resin directly in the appara-
tus, which greatly simplifies the technological
scheme. The average yields of target products
are 8.2% by mass of the gasoline fraction and
23.9% by mass of the total kerosene and diesel
fractions, giving a total yield of fuel fractions of
about 32.1% of the initial pyrocondensate.

The optimal process temperatures for
achieving maximum membrane permeabili-
ty with high selectivity are 50°C for the gas-
oline fraction with a permeability of 4.9 kg/
(m2-h), 70°C for the kerosene fraction with a
permeability of 3.8 kg/(m2-h) and 85°C for the
diesel fraction with a permeability of 2.5 kg/
(m2-h). Under these conditions, the residual sul-
phur content in the fractions is 0.05% in the
gasoline fraction, 0.08% in the kerosene frac-
tion and 0.12% by mass in the diesel fraction,
and the content of unsaturated hydrocarbons
is significantly reduced due to the high selec-
tivity of the membranes for these compounds.
The fractions obtained in terms of fractional
composition, density, distillation curve, sulphur
content and stability meet the requirements
of standards DSTU EN 228:2022 and DSTU EN
590:2022 and can be used as commercial fuel
products or their components. The total degree
of pyrocondensate processing, taking into ac-
count the catalytic refinement of unsaturated
hydrocarbon residues and the use of sediment
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AHoTauif. MeToo pobotn 6yno BU3HAYEHHS OMTUMANbHUX TEXHONMOFIYHWMX MapaMeTpiB  Ans
OTPUMAHHS YMCTUX PpaKLii BYrneBOAHIB Ta BUIYYeHHS NipokapboHy Ta BaXKoi miponisHoi cmonu. B
poboTi BMKOPWCTOBYBANacs MeTOAMKA MEeMOPaHHOrO PO3AiNeHHs MipOKOHAEHCATy 3a AOMNOMOroK
BMCOKOMPOHUKHUX CENeKTUBHMUX MONiIMepHMX MeMbpaH. BctaHoBneHo, WO cepegHin cknag,
NipoKoHAeHcaTy, SKMIU MicTuTb A0 58,4 % ByrneBoAHIB, NpUAATHUX AN OTPUMaHHA 6GEH3MHOBOI,
KEepPOCMHOBOI Ta AM3eNbHOI dpakuii, a Takox 20 % HeHacnyeHux ByrneBogHiB Ta 20 % nipokap6oHy
3 BaXKKOK Niponi3Ho cMonow. [loBeaeHa edekTMBHICTb MeMBOpaHHOI TeXHONOrii AN po34ineHHs
NipoKoHAeHCcaTy 3 0TpUMaHHAM 6eH3nHOBOI (8,2 %), kepOCMHOBOI Ta AM3eNnbHOI (23,9 %) GpaKLii 3 HU3bKUM
BMIiCTOM CipKu Ta HEHAaCMYEHUX BYINEBOAHIB. XapaKTepPUCTUKM OfepXXaHMX PpaKLili BiANOBifanM BUMoram
CTaHOAPTIB AJ1S BUKOPUCTAHHSA iX SIK FOTOBMX TOBapHMX NPOAYKTiB. BUsHaueHo onTuManbHi TeMnepartypu
npouecy po3aineHHs ans KoxHoi dpakuii: 6eHsunHosoi — 50 °C, kepocuHosoi - 70 °C, ansenbHoi - 85 °C.
BcTaHOBNEHO 3aN1€XKHICTb MPOHUMKHOCTI MEMOPaH Big TeMNepaTypu Ta CENEKTUBHOCTI LLOA0 HEHACUYEHUX
BYINEBOAHIB Ta Cipku. [pouec po3aineHHs 3abe3neyms ogHOYACHE BUCAKEHHS MipOKapOOHY Ta BaXKOi
Niponi3HOi CMONK, WO CNPOLLYE TEXHONOTiIO Ta NiABULLYE ii eeKTUBHICTb. 3aNpOMNOHOBaHI KaTaniTUYHi
MeToaM nepepobku ocafy NipokapboHy Ta 3anMLLIKY HEHAaCMYEeHUX BYFEBOAHIB, WO A03BOMSE JOCAITU
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High-permeability selective polymer membranes...

NoBHOI nepepobku nipokoHaeHcaty Big 96 % po 98 %. lioTBEpAXEHO MOXIMBICTD BMKOPUCTAHHA
MeMbpaHHOi TexHonorii ans edekTUBHOI NepepobKM MipOKOHAEHCATY 3 MiHIMaNbHUMM BMJAMBOM Ha
HaBKONMWHE cepeaoBuile. Po3pobneHi aHaniTMUHI Ta ekcnepuMeHTanbHi 3acagu AN pO3paxyHKy
anapaTtiB MeMBpaHHOro po3AaineHHs Ta iXHbOi NPOAYKTUBHOCTI. 3aNpONOHOBAHI pilleHHS MOXYTb ByTu
3aCTOCOBAHI ANg BUPOOHMULTBA BUCOKOSKICHUX NanMBHUX dpakLii 3 BianpaLboBaHUX MaTepianis

KniouoBi cnosa: dpakuiiHuii cknag; niponis; HadTononiMepHi cMonu; KaTaniTuiHa o6pobka;
ov3enbHa gpakuis
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Abstract. The research relevance is determined by problems in the dairy farming sector related
to the development of diseases in high-yielding cows during the transition period. Early diagnosis
of metabolic disorders during the transition period is necessary for the timely prevention of
complications and the development of irreversible changes in the body of cows and the subsequent
culling of animals from the herd. The study aimed to confirm the development of fatty hepatosis in
dairy cows during the transition period, identify its possible causes,and determine effective measures
for the prevention of this disease and its consequences. For this purpose, clinical diagnostic methods
and biochemical studies of cow blood serum were used as early markers of metabolic changes in
the animals’ bodies. The study determined that clinical signs of pathology are manifested in only
12-20% of cows from each physiological group. Changes in the biochemical parameters of cows’
blood serum depending on the physiological period had unique characteristics. During the study,
changes were found in such blood serum parameters as total protein, albumin, globulin, protein
coefficient, urea, urea nitrogen, aspartate aminotransferase activity, glucose, total calcium, inorganic
phosphorus, calcium-phosphorus ratio, carotene, lipoproteins, thymol test, non-esterified fatty acids,
and vitamin E. The study established that for timely detection of metabolic disorders in cows, it is
necessary to conduct regular medical examinations of the herd covering all physiological groups
of animals, including blood tests, and, based on the results obtained, to apply correction methods
in a timely manner. Identifying the causes of metabolic disorders and pathological changes in the
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liver and calcium-phosphorus metabolism in cows during different physiological periods will make
it possible to select appropriate prevention methods and prevent economic losses from milk yield
reduction and culling of cows in the conditions of a particular farm

Keywords: hepatolipidosis; hyperglobulinaemia; non-esterified fatty acids; lipid metabolism;

triacylglycerols; hypoglycaemia

Introduction

Cattle breeding is substantial in animal husband-
ry, especially in terms of milk and meat produc-
tion. A highly productive cow can produce the
maximum amount of milk by utilising its genetic
potential only if it is in excellent health. Howev-
er, health of each cow directly depends on many
factors, including feeding, housing and operating
conditions, proper management, lactation/gesta-
tion period, etc. As noted by S. Géncii & M.G. Su-
cak (2024), deterioration of health among cows
decreases quantity and quality of milk produced,
increases costs and reduces farm profitability.
Therefore, monitoring and timely treatment of
sick cows are vital for dairy farms. Diseases that
occur in cows on farms can be caused by various
factors and are substantial causes of econom-
ic losses. To prevent spread of these diseases in
cows, livestock enterprises must apply methods of
care, feeding and herd management, vaccination,
hygiene, regular testing and biosecurity control.
However, each farm must also conduct internal
investigation into root causes, identifying com-
mon problems in unique circumstances. Based
on above, instead of treating cows for common
diseases on farms, permanent solution should be
to identify preventive measures with an emphasis
on the causes of these diseases.

In contrast, G. Buonaiuto et al. (2023) consid-
ered that high culling rates in dairy farming in-
dicate poor animal welfare, suboptimal farming
conditions and inefficient use of animal resources,
which undermines the sustainability of dairy sec-
tor. High replacement rates lead to reduced herd
productivity and increased replacement costs. In
Holstein-Friesian cows, maximum milk production
occurs only in third lactation, and a full return on

initial investment in their rearing usually occurs
at the end of the second lactation. Thus, culling
cows during first two lactations negatively af-
fects the profitability of the farm. M.E. Elmhadi et
al. (2022) noted that it is common practice in the
modern intensive management system to feed
ruminants with large amounts of highly concen-
trated feed. As a result, these animals suffer from
metabolic diseases. In dairy herds, one or more
metabolic disorders can affect every second cow.

V. Tufarelli et al. (2024) argued that during
perinatal period, dairy cows are usually in a state
of negative energy balance (NEB), during which
they mobilise fat reserves in the body to provide
themselves with the energy they need at this
stage. According to Y. Mekuriaw (2023), feeding
and housing methods, as well as breed differ-
ences, can lead to different NEB statuses in dairy
cows. Holstein breeds mobilise significantly more
body energy at the beginning of lactation than
Danish Red and Jersey breeds. First-calf heifers
are more prone to metabolic stress during the
transition period than cows with repeated lac-
tations. Therefore, the duration and severity of
NEB in dairy cows depend on how the cows are
managed. Although NEB is common in high-pro-
ducing dairy cows, with consequences ranging
from mild to severe, its extent and severity can be
minimised through proper feeding and the addi-
tion of feed supplements. Cows fed a diet with a
higher energy value had a better energy balance.
In general, NEB is associated with adverse effects
on cow health, milk production and fertility, which
in turn affects farm profitability.

P.Melendez & P.Pinedo (2024) argued that in
this complex scenario, the liver is considered a key
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organ in regulating overall metabolism, especially
in high-yielding dairy cows, which can exceed its
normal function, leading to a series of local and
systemic inflammatory and degenerative process-
es that jeopardise the overall health of the ani-
mal. M. Holzhauer & J.F.Valarcher (2024) believed
that in the early stages of lactation, cows usually
develop fatty hepatosis, which is associated with
various health problems. Development of this dis-
ease is associated with a higher susceptibility to
inflammation and infections such as mastitis and
endometritis due to decreased immunity. In addi-
tion, cows with fatty hepatosis are more likely to
develop ketosis, displaced abomasum, hoof health
problems, and decreased productivity and repro-
ductive capacity in first weeks/months after calv-
ing. Therefore, fatty hepatosis problems in herd
must be diagnosed early in transition period to
prevent such disorders. The study aimed to deter-
mine health status of herd of high-yielding cows
at all stages of lactation period, to identify clin-
ical and metabolic disorders in their bodies, and
to take timely preventive measures to prevent de-
velopment of pathologies and their complications.

Literature Review

The state of dairy farming worldwide is charac-
terised by continued growth in cow productivity
and a reduction in feed costs per unit of produc-
tion. However, increased production inevitably
leads to a deterioration in herd health. According
to C. Zhang et al. (2023), during the first month
of lactation, 5-10% of high-yielding cows suffer
from severe fatty hepatosis, and 30-40% of cows
develop mild fatty hepatosis, indicating that al-
most 50% of these cows are at risk of metabolic
disorders. Cows with fatty hepatosis usually do
not show clinical signs, but this condition is as-
sociated with other health and production prob-
lems and, as a result, with huge economic losses
on dairy farms. Despite the economic impact of
this disease, it is often misidentified or ignored
due to diagnostic difficulties.

D. Kirovski & Z. Sladojevic (2017) concluded
that the high energy requirements of high-yielding

Oshurko & Holopura

dairy cows immediately after calving lead to in-
creased mobilisation of fat, usually subcutaneous
fat. It is released into the blood and transported
mainly to the liver, but also to the muscles and
kidneys. The degree of fat loss depends on the
cow’s body condition and energy deficit. Subcu-
taneous fat and skeletal muscle decrease after
calving, with well-fed cows losing 2.5 times more
muscle mass than thin cows. The loss of physical
condition is due to the general mobilisation of
the body (fat and protein).

During lactation, energy expenditure in cows
increases significantly, which, in the context of re-
duced dry matter intake, leads to the development
of a negative energy balance. The mobilisation of
fats from depots leads to increased concentrations
of non-esterified fatty acids in the blood. Their ex-
cess can cause the development of metabolic dis-
orders. In particular, the liver of cattle has a limited
ability to convert non-esterified fatty acids. They
can be oxidised or excreted from hepatocytes as
very low-density lipoproteins. When the function-
al capacity of the liver is reached, triacylglycerols
and acetyl-CoA begin to accumulate in it. The syn-
thesis and accumulation of triacylglycerols in the
liver determine the high risk of developing “fatty
liver syndrome” in cows with Llipolysis syndrome.
This contributes to the accumulation of triacylg-
lycerols and a deficiency of lipotropic substances
in the diet, since, according to JJ. Gross (2022),
microbial fermentation products from the rumen
alone, especially at the beginning of lactation,
are insufficient to meet the needs of high-yield-
ing dairy cows. A deficiency of methionine, lysine,
histidine and B vitamins synthesised by microor-
ganisms may be the primary limiting factor not
only in milk production but also a significant
cause of fatty hepatosis in cows. In addition, an
apparent deficiency of lipases for the hydrol-
ysis of triacylglycerols from the cytosolic stor-
age pool may limit their incorporation into very
low-density lipoproteins (VLDL), thereby reducing
the removal of triacylglycerols from hepatocytes.

P.Melendez & P. Pinedo (2024) believed that
the transition period is usually characterised by
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a curvilinear decline and then an increase in dry
matter intake, with the lowest point occurring
around calving. In addition, the energy require-
ments for lactogenesis in cows increase sharply
immediately after calving. As a result, cows de-
velop a typical postpartum negative energy bal-
ance characterised by hypoglycaemia, as glucose
is used for lactose synthesis during the milk pro-
duction process. These metabolic reactions are the
result of increased synthesis of IGF-I and growth
hormone, decreased synthesis and release of insu-
lin, and a surge of glucagon and catecholamines,
which in turn activate hormone-sensitive lipase
and other enzymes in adipose tissue, triggering
the typical breakdown of triglyceride ester bonds,
releasing glycerol and non-esterified fatty acids
into the bloodstream. In contrast, V. Yefimov et
al. (2023) noted that the development of fatty
hepatosis reduces glucagon levels and the inten-
sity of gluconeogenesis in the liver, which leads to
a decrease in blood glucose levels and a reduction
in insulin secretion. As a result, lipid mobilisation
in tissues increases, fatty infiltration of the liver
occurs, and ketogenesis intensifies. This leads to
the development of a “circle” and the deepening
of liver pathology and, as a result, the remov-
al of the most productive cows from the herd.

C.Zhang et al. (2023) divided fatty hepatosis
into mild, moderate, and severe fatty liver dystro-
phy. The latter is divided into non-encephalopa-
thic severe fatty hepatosis and hepatic encepha-
lopathy. The pathology of mild and moderate fatty
liver disease is less studied than the pathology
of severe fatty liver disease. In severe cases, the
accumulation of triacylglycerols in the cytoplasm
of hepatocytes is accompanied by a disruption in
the structure and functioning of the liver, causing
hypoglycaemia and ketonaemia (Radostits, 2000).
D. Kirovski & Z. Sladojevic (2017) noted that se-
rum glucose levels are a good indicator of liv-
er function, and a decrease in its concentration
may reflect fat infiltration in animals with high
lipomobilisation. In the subclinical form of fatty
hepatosis, low glucose levels and high levels of
non-esterified fatty acids in the serum of animals

are closely related to the level of triacylglycerol
in the liver. Fatty hepatosis occurs when the con-
centration of lipids exceeds the liver’s ability to
oxidise and excrete them. Excess lipids are stored
as triacylglycerols in the liver, which is associated
with a decrease in metabolism.

Given the large number of biomarkers that
may indicate functional changes in the liver, bi-
ochemical abnormalities are usually non-specif-
ic, as there is no single metabolite that can be
considered reliable for the diagnosis of fatty liver
disease in dairy cows. Only a comprehensive and
combined analysis of all available serum metab-
olites, combined with clinical symptoms or their
absence, can provide a more accurate diagnosis
of fatty liver disease in dairy cows. The final con-
firmation of the diagnosis of fatty hepatosis can
only be made by taking a biopsy to determine the
lipid content in Lliver cells. However, this method
is not suitable for monitoring the health of cows
during routine herd screening on industrial farms.

Materials and Methods

The research was conducted in 2024 in industrial
farming conditions in eastern Ukraine on Holstein
cattle. The research was conducted during routine
medical examinations of the farm, which is free
from infectious and invasive diseases. ALl animals
were routinely vaccinated against anthrax. Twice
a year, routine deworming of all adult cattle and
routine diagnostic tests for tuberculosis, leukae-
mia and brucellosis were conducted. Cows were
kept in typical tethered housing. Lighting in the
room where cows were kept was 200 lux. Floor
for cows was covered with rubber mats. Feeding
was conducted at a feeding table at the level of
front legs.Animals were provided with water from
the water supply through automatic drinkers.

Depending on the physiological period of
lactation or dry period on the farm, cows were
divided into 5 physiological groups: 3 lactation
periods and 2 dry periods. For the experiment,
30 animals were selected for each group. Each
physiological group received a unique diet. The
diet of cows on the farm consisted of following
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components: hay, straw, corn silage, haylage, com-
pound feed, which includes sunflower seed meal,
wheat, chalk, salt, dry matter premix, milk premix
(for cows in the relevant groups), buffer, absorbent,
and bypass. Components of the diet were calcu-
lated and added to diet in amounts necessary for
corresponding physiological period of cows and
their needs during this period. Medical examina-
tions were conducted to identify pathologies at
an early stage and prevent further development
of diseases and culling of cows. Clinical condi-
tion of the cows and results of their blood bio-
chemical analysis were examined. For biochemi-
cal blood test, five cows were selected from each
physiological group. For this purpose, 5 groups
of animals were formed, corresponding to each
physiological period, of which 2 groups of cows
were in dry period, 60 and 20 days before calving,
and 3 groups of cows were in lactation period, 5
days, 70-80 days and 175-185 days of lactation.

Clinical condition of cows was determined
using standard methods - during examination,
physique was assessed, and mucous membranes,
condition of coat and skin, lymph nodes, organ
systems and individual organs were examined.
Blood was collected from cows in sterile dis-
posable vacuum tubes with a clotting activator.
During transport, blood samples were stored in
a cooler bag with ice packs, separated by a layer
of cotton wool to inhibit biochemical processes
in whole blood cells and, as a result, changes in
parameters. During medical examination at dairy
farm, all bioethical requirements regarding ani-
mals were ensured, following the Law of Ukraine
No. 249 (2012) and the European Convention for
the Protection of Vertebrate Animals Used for Ex-
perimental and Other Scientific Purposes (1986).

During the study, biochemical parameters of
blood were determined, including total protein,
albumin, globulin, protein coefficient, urea, cre-
atinine, aspartate aminotransferase (AST) activity,
alanine aminotransferase (ALT) activity, and al-
kaline phosphatase, glucose, total calcium, inor-
ganic phosphorus, carotene, lipoproteins, thymol
test, non-esterified fatty acids, vitamins A and E.

Oshurko & Holopura

Biochemical parameters were determined using
an automatic biochemical analyser Biochem-200,
HTI (USA), and vitamins on a high-performance
liquid chromatograph LC 300, PerkinElmer, (USA)
at Biosafety Centre for Biosafety and Environmen-
tal Control of Agricultural Resources of Dnipro
State Agrarian and Economic University. Statisti-
cal processing of research results was performed
using Microsoft Excel 2016 computer program.

Results and Discussion
During the diagnostic stage of medical examina-
tion, the study determined that clinical symptoms
of the disease manifested themselves in only 12-
20% of cows from each physiological group. The
symptoms observed included slight depression,
low mobility, pale pink conjunctiva and pulse rate
at the upper limit of physiological fluctuations
or slightly increased. Appetite in cows is reduced,
taste distortion is noted, and rumen contraction is
weak, in some cows below normal. Body temper-
ature within physiological limits. The area of liver
dullness in some cows is enlarged and extends be-
yond the last rib. Lymph nodes accessible for clin-
ical examination are normal. To obtain the most
complete picture of the level and state of metabo-
lism in lactating cows, laboratory blood tests were
performed. During the analysis of blood biochem-
ical parameters, a range of changes in metabolism
were found in cows of all physiological groups.An
increase in the total protein content in the blood
serum of cows at 70-80 days and 170-185 days
of lactation (Table 1) compared to the maximum
indicator of physiological fluctuations occurs due
to an increase in the content of globulin fraction
proteins. According to V\V. Sakhniuk et al. (2017),
hyperproteinemia is a substantial indicator of hep-
atodystrophy, diagnosed in 60-80% of sick cows.
An increase in the content of globulin fraction
proteins above the upper normal range by 9.7%-
40% was determined in the blood serum of cows
of all physiological groups, with the exception of
the late dry period group (20 days before calving).
Hypergammaglobulinaemia occurs during all im-
munological reactions, accompanied by increased
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globulin synthesis and caused by an increase in
the content of almost all classes of immunoglob-
ulins and non-specific antibodies in many bacte-
rial infections, chronic hepatitis, hepatodystrophy,
cirrhosis of the liver, etc. In fatty hepatodystrophy,
an increase in the globulin fraction in the blood
serum of cows develops as a result of irritation of
the immunocompetent cells of the mononuclear

system. On the other hand, a decrease in the glob-
ulin content in the blood serum of cows during
late dry period (Table 2) to normal levels is the
result of the transfer of blood immunoglobulins
to the mammary gland tissues during the prepa-
ration of the cow for calving and the formation of
a pool of colostral antibodies in them for secre-
tion in colostrum in the first hours after calving.

Table 1. Biochemical indicators of cows’ blood during lactation, M+tm, n=5

No. Indicators S 70-80% 170-185% Norm
lactation day lactation day lactation day

1 Total protein, g/I 67.60+3.40 80.00+1.10 77.00+1.38 55-75
2 Albumin, g/I 29.20+£1.02 31.00£0.63 32.20+£0.20 30-35.5
3 Globulins, g/I 38.40+2.86 49.00+1.00 44.80+1.28 30-35
4 Protein coefficient, units 0.76+0.05 0.64+0.02 0.74+0.02 06-1.1
5 Thymol test, unit S-H 4.40+0.55 5.38+0.55 4.32+0.50 0-4

6 Urea, mmol/L 3.32+0.57 1.96+0.25 2.32+0.25 2.8-5.8
7 Urea nitrogen, mg% 6.36+1.08 3.78+0.49 4.46+0.46 8-14
8 Creatinine, umol/L 64.40+3.33 62.40+£5.10 72.20+1.93 45-140
9 AST, units per litre 112.60+16.27 | 149.40+20.69 96.60+7.00 10-50
10 ALT, units per litre 19.40+3.64 26.00+1.52 27.00+1.67 10-40
11 De Ritis index (AST/ALT), units 6.06+0.64 5.88+0.98 3.58+0.30 1.0-34
12 | Alkaline phosphatase, units per litre 93.00+9.68 128.20+15.31 99.40+10.96 20-150
13 Glucose, mmol/L 2.26+0.09 2.34+0.08 2.58+0.12 2.5-4.16
14 Vitamin E, mcg/ml 1.48+0.15 1.79+0.35 2.18+0.41 3-14
15 Vitamin A, mcg/100 ml 21.04+3.41 34.32+6.36 43.49+2.59 12.5-50.0
16 Carotene, mcg% 353.40+38.68 | 367.80+55.48 | 394.40+64.75 | 275-965
17 Total lipoproteins, mg% 627.20+35.35 | 925.60+77.97 | 796.00+73.19 | 400-800
18 Total calcium, mmol/I 2.16+0.05 2.20+0.03 2.36+0.04 2.43-3.1
19 Ca/P, units 1.52+0.04 1.38+0.02 1.60+0.07 1.2-1.6
20 Inorganic phosphorus, mmol/I 1.46+0.07 1.60+0.03 1.46+0.04 1.45-1.94

Source: compiled by the authors

Table 2. Biochemical blood parameters of cows 2 months and 20 days before calving, M*m, n=5

No. Indicators 60 days before calving 20 days before calving Norm
1 Total protein, g/l 73.20+2.44 63.60+1.54 55-75
2 Albumin, g/I 33.80+0.58 35.00+0.32 30-35.5
3 Globulins, g/I 39.40+2.91 28.60+1.63 30-35
4 Protein coefficient, units 0.88+0.09 1.22+0.09 0.6-1.1
5 Thymol test, unit S-H 4.04+0.63 3.58+0.81 0-4
6 Urea, mmol/L 2.02+0.18 3.74+0.17 2.8-5.8
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Table 2. Continued

No. Indicators 60 days before calving 20 days before calving Norm
7 Urea nitrogen, mg% 3.86+0.32 7.14+0.30 8-14
8 Creatinine, pmol/L 51.80+6.49 47.80+0.58 45-140
9 AST, units per litre 84.6019.00 78.00+6.27 10-50
10 ALT, units per litre 23.20+1.71 20.60+1.21 10-40
11 De Ritis index (AST/APT), units 3.70+£0.29 3.84+0.37 1.0-3.4
12 | Alkaline phosphatase, units per litre 91.60+11.73 80.80+8.49 20-150
13 Glucose, mmol/L 2.26+0.11 2.24+0.04 2.5-4.16
14 | Non-esterified fatty acids, mmol/L - 0.59+0.17 up to 0.25
15 Vitamin E, mcg/ml 7.01+£0.72 4.22+0.53 3-14
16 Vitamin A, mcg/100 ml 27.20+3.64 29.68+5.22 22.5-80.0
17 Carotene, mcg% 264.60+30.30 318.80+38.60 275-965
18 Total lipoproteins, mg% 720.20+32.23 909.00+48.12 400-800
19 Total calcium, mmol/I 2.12+0.04 2.02+0.06 2.43-3.10
20 Ca/P, units 1.06+0.24 0.86+0.11 1.2-1.6
21 Inorganic phosphorus, mmol/I 2.26+0.30 2.44+0.27 1.45-1.94

Source: compiled by the authors

Five days after calving, a decrease in albu-
min content below the lower limit of physiolog-
ical fluctuations was found in the blood serum
of cows. This is a consequence of liver damage
caused by lipomobilisation syndrome. According
to VV. Sakhniuk et al. (2017), in the blood serum
of 85-90% of cows with hepatodystrophy, the pro-
portion of albumin (11-36%) decreases with a si-
multaneous increase in the relative and absolute
content of globulins (beta and gamma fractions).
Hypoalbuminaemia in cows can develop as a re-
sult of protein starvation and is a typical sign of
liver disease, since albumin synthesis occurs only
in hepatocytes. Hypoalbuminaemia also occurs in
various diseases, including hepatitis, hepatosis,
ketosis, liver abscesses, etc. In addition, it indi-
cates chronic liver pathology, since only about
one-third of the total amount of albumin is found
in blood plasma, with the rest located in the ex-
travascular space.

Elevated thymol test values in the blood
serum of cows of all physiological groups by
1-34.5% compared to the upper limit of phys-
iological fluctuations, with the exception of the

late dry period group (20 days before calving), in-
dicate dysproteinemia and confirm pathological
changes in the liver of the studied animals. The
thymol test has high sensitivity and the ability
to detect even minor disturbances in liver func-
tion. It determines the level of protein fractions in
blood serum, which change when liver function is
impaired, and can be used to detect damage and
inflammatory processes in liver tissue at an early
stage, which is necessary for the timely treatment
and prevention of diseases in productive animals.

The urea content in the blood serum of cows
70-80 days after the start of lactation, 170-185
days of lactation and 60 days before calving was
lower by 30%,17.1% and 27.9%, respectively, com-
pared to the minimum physiological fluctuation.
Impaired urea synthesis may also indicate liver
damage in these animals. According to V\V. Vliz-
lo et al. (2021), indicators of liver function are the
levels of total protein, albumin and urea in blood
serum, and a decrease in their concentration may
reflect fatty infiltration in animals with high lipo-
mobilisation. In particular, the urea content in the
blood serum of cows with fatty hepatosis is lower
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than in clinically healthy animals. It is noted that
the urea-forming function of hepatocytes is quite
stable; its violation indicates significant changes
in the liver parenchyma and may be accompanied
by syndromes of hepatic encephalopathy and he-
patic coma. Urea is the product of protein metab-
olism. During urea synthesis, ammonia, which is
quite toxic to animals, especially to the cells of
the nervous system, is neutralised. A decrease in
the urea content in the blood serum of animals is
observed in cases of alimentary exhaustion and
severe liver pathology. Even when 85% of the liv-
er parenchyma is affected, urea synthesis is main-
tained. Since the cows studied were not clinically
exhausted, significant liver damage was implied.
R. Djokovic et al. (2019) indicated that nitrogen
metabolism indicators in their studies decreased
in cows after calving compared to lactating cows,
which is a consequence of the development of
fatty hepatosis.

For cattle, the study of AST activity in blood
serum is indicative, since AST has high activity
in the cells of large animals, and ALT has high
activity in small ones. Therefore, the de Ritis in-
dex increases by 5-78% in the blood serum of
cows in all study groups compared to the upper
limit of physiological fluctuations. According to
E.Bombik et al. (2020), liver enzyme activity in the
blood correlates with liver damage due to fatty
infiltration. AST is the most sensitive indicator of
liver condition during the transition period. Fat-
ty infiltration of the liver causes damage to liver
tissue and a general increase in enzyme activity,
in particular AST and others, indicating damage
to hepatocytes (Andjeli¢, 2022). With the devel-
opment of fatty hepatosis in cows, an increase in
AST activity above the upper limit of physiological
fluctuations occurs already with ultramicroscopic
changes in the organ, when the activity of other
enzymes is still changing little. V.I. Levchenko et
al. (2002) found that hyperfermentaemia depends
on the amount of fat deposited in the liver paren-
chyma. During the medical examination of cows,
an increase in AST activity was recorded in all
physiological groups compared to the upper limit

of physiological fluctuations, with the highest in-
dicator in the group of cows on the 70%-80t day
of lactation, almost three times higher, 2.25 times
higher 5 days before calving, at 170-185 days
of lactation by 93.2%, 60 days before calving by
69.2% and by 56% in the group of cows 20 days
before calving. Data from V. Yefimov et al. (2023)
confirm the assumptions of the current study and
suggest that the development of cytolysis syn-
drome is determined by the anatomical features
of the liver: pronounced hyperfermentaemia of
cytosolic enzymes develops immediately after
damage to the plasma membrane of hepatocytes
and quickly reaches high levels. The highest AST
activity increases during the acute process, while
in the chronic process, this hyperfermentemia is
less pronounced. Changes in serum enzyme activ-
ity may be the result of increased enzyme activ-
ity in cells (mainly hepatocytes), but may also be
the result of cell damage. When fat infiltrates the
liver, damage occurs in its tissues, and the levels
of enzymes indicating liver damage (AST) usually
increase. R. Djokovi¢ et al. (2019) found that AST
activity in their studies was significantly (P < 0.05)
higher in the blood serum of cows at the begin-
ning of lactation than at the end of gestation,
confirming damage to hepatocytes by steatosis
and the release of this enzyme into the blood.
AST is the most sensitive biomarker for diagnos-
ing liver conditions during the transition period.
This condition may be associated with fat depos-
its released at the beginning of lactation and may
cause metabolic problems in the form of mild fat-
ty liver dystrophy. This fact is confirmed by data
from other scientists, C.K. Cebra et al. (1997), who
claimed that in severe fatty hepatosis, AST activity
was 83% sensitive and 62% specific, while only 8%
of animals had abnormally elevated serum biliru-
bin levels. M. Krsmanovi¢ et al. (2016) stated that
AST activity is closely related to the degree of fat-
ty hepatosis, which can be used in the diagnosis
of this disease in cows, even in subclinical cases.

Hypoglycaemia in cows at the beginning of
lactation was observed throughout the lacta-
tion period, except for cows at 170-185 days of

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1



lactation. Hypoglycaemia may be caused by in-
sufficient gluconeogenesis in the liver, as well as
mammary gland activity and increased lactose
synthesis in lactating cows. Hypoglycaemia is
also often recorded in liver pathology, especial-
ly in cows with fatty hepatosis. Therefore, a de-
crease in this indicator below the reference val-
ues is another confirmation of the development
of fatty hepatosis in the studied cows. L.S. Caixeta
& B.O. Omontese (2021) believed that the body
attempts to eliminate hypoglycaemia by activat-
ing the process of gluconeogenesis through an
increase in glucocorticoid levels. Hypersecretion
of glucocorticoids causes the mobilisation of fats
from depots, which, when they enter the liver,
cause fatty infiltration of hepatocytes. In addition,
the development of fatty hepatosis reduces the
intensity of gluconeogenesis in the liver, which
leads to a decrease in serum glucose levels and
a decrease in insulin secretion. A decrease in the
level of these metabolites contributes to the in-
creased mobilisation of lipids from adipose tis-
sue, causing the development of fatty liver infil-
tration and increased ketogenesis.

A 14% higher level of non-esterified fatty ac-
ids compared to the upper limit of physiological
fluctuations in the last dry period (20 days before
calving) indicates the intensive development of
lipomobilisation syndrome, which is character-
istic of the transition period in cows. According
to I. Laki¢ et al. (2018), the level of non-esterified
fatty acids in the blood of cows is the most relia-
ble indicator of negative energy balance and lipo-
mobilisation during lactation. Elevated levels of
circulating non-esterified fatty acids result from
the remodelling of adipose tissue, which leads to
their absorption by the liver in proportion to their
levels in blood plasma. The simultaneous lack of
oxaloacetate, which is largely used for glucone-
ogenesis, along with elevated levels of non-es-
terified fatty acids, leads to the accumulation of
acetyl-CoA in the liver. Subsequently, instead of
utilising acetyl-CoA through the complete Krebs
cycle, incomplete oxidation (ketogenesis) and/or
re-esterification occurs, followed by storage of
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triglycerides in the liver. If the concentration of
non-esterified fatty acids exceeds the processing
capacity of hepatocytes, such as during exces-
sive lipid mobilisation, liver function is impaired
due to the accumulation of triglycerides, causing
fatty liver dystrophy and excessive production
of ketone bodies such as B-hydroxybutyrate. A
massive influx of unesterified fatty acids causes
lipotoxicity in the liver of dairy cows. As a result,
the balance between oxidation and antioxidant
capacity in the liver is disrupted due to the forma-
tion of excess lipid peroxides and reactive oxygen
species, leading to oxidative stress (Konvi¢na et
al., 2015). In addition to oxidative stress, apop-
tosis and inflammation can also be triggered by
lipotoxicity induced by non-esterified fatty acids
(Li et al., 2020).

Thus, lipolysis becomes excessive, and glu-
cose balance is seriously disrupted. Therefore, the
studied changes in the content of non-esterified
fatty acids and glucose in the blood serum of
cows during the transition period (20 days before
calving, 70-80 days of lactation) are key and trig-
ger the mechanism of fatty hepatosis, the conse-
quences of metabolic changes that are also ob-
served in other physiological periods (5 days after
calving, 70-80 and 175-180 days of lactation). In
addition, increased concentrations of non-esteri-
fied fatty acids in the blood serum of cows affect
inflammatory reactions and enhance the produc-
tion of active oxygen species in cows during the
transition period. According to L.M. Sordillo &
W. Raphael (2013), oxidative stress can cause ad-
ditional lipolysis, thus entering a vicious circle of
lipolysis and the production of reactive oxygen
species. High concentrations of non-esterified
fatty acids and the production of reactive oxygen
species are characteristics of metabolic stress
and are recognised risk factors for the develop-
ment of diseases in cows during the transition
period, such as mastitis, retained placenta, ketosis
and fatty hepatosis. Since vitamin E is considered
an important antioxidant, sufficient levels of it in
the blood serum should prevent the development
of these diseases in cows, especially during the
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critical period of increased non-esterified fatty
acids. According to fundamental research con-
ducted by L. Pinotti et al. (2020) based on disease
risk and immune function in dairy cows, the con-
centration of vitamin E in blood serum should be
greater than approximately 3 pyg/ml during the
perinatal period. Below this threshold, vitamin
deficiency occurs, specifically hypovitaminosis E.

A decrease in vitamin E content in cow blood
serum 5 days after calving by more than 2 times
compared to the lower limit of physiological fluc-
tuations (1.48 £0.15 pg/ml) may be the result of
its release in large quantities along with colos-
trum. A. Abuelo et al. (2015) noted that the cause
of the decrease in vitamin E content after calv-
ing may also be inflammation in the liver of dairy
cows during the transition period. This reduces
the production of various vitamin-carrying pro-
teins by the liver and, as a result, lowers the level
of vitamin E in the blood plasma of animals. On
the other hand, low vitamin E levels in the blood
serum of cows during the 70-80 and 175-180
days of lactation (1.79+0.35 and 2.18 £0.41 pg/
ml, respectively) indicate a deficiency of this vita-
min in the bodies of the studied cows throughout
the entire lactation period.According to S.Haga et
al. (2015), a study of vitamin E distribution in cat-
tle tissues showed that the liver is central in reg-
ulating its distribution, as evidenced by the high
hepatic expression of six genes associated with
this vitamin. Therefore, low vitamin E levels in
the blood serum of the studied cows may indicate
significant changes in liver function, particularly
antioxidant function.

An increase in the content of total lipopro-
teins in the blood serum of cows of two physi-
ological groups by 13.6% and 15.7% (20 days
before calving and 70-80 days of lactation, re-
spectively) compared to the maximum physio-
logical fluctuation may indicate the most critical
periods for metabolic changes and the develop-
ment of diseases in the animals’ bodies. A study
of the total calcium content in the blood serum
of the cows studied showed a decrease in cows of
all physiological groups by 2.9-16.9% compared

to the lower limit of physiological fluctuations
(Tables 1, 2). On the one hand, this may indicate
an insufficient content of this macroelement in
the feed, and on the other hand, the reason may
be a violation of its absorption and metabolism
in the animal’s body. O.M. Chekan & V. Stryzhy-
us (2025) indicated that the reasons for the de-
crease in calcium content in the blood serum of
cows in the postpartum period are disturbances
in its absorption from the gastrointestinal tract,
as well as its assimilation in the body of cows as a
result of a lack of vitamin D and parathyroid hor-
mone. PR.Aziz et al. (2025) believed that a strong
negative energy balance is a common cause af-
fecting adaptation mechanisms, which can lead
to increased cortisol levels in cows’ blood and cal-
cium homeostasis disorders. According to |. Horal-
ska & A. Pavliuk (2021), calcium deficiency in the
blood serum of cows is considered a risk factor for
the development of fatty hepatodystrophy or its
consequence. In addition, hypocalcaemia disrupts
the functional state of the kidneys and heart,
characterised by signs of acute inflammation in
cardiomyocytes, typical of myocarditis. Therefore,
low serum calcium levels in cows are a significant
problem, especially during the transition period.
An increase in inorganic phosphorus con-
tent in the blood serum of cows 60 and 20 days
before calving by 16.5% and 25.8%, respective-
ly, is a negative factor, especially in the context
of low total calcium content. This imbalance
disrupts the Ca:P ratio in the blood serum of
cows in the last trimester of pregnancy, which
can negatively affect foetal growth and skele-
tal formation during this period. The assessment
of biological markers and their correlation with
each other can provide additional insight into
the mechanisms underlying the development of
fatty hepatosis. Changes in the liver parenchyma
can be both functional and reversible. Therefore,
it is necessary to address preventive measures
to avoid the progression of pathological pro-
cesses in the liver of lactating cows and the de-
velopment of secondary diseases, including di-
etary adjustments, the use of hepatoprotectors,
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minerals, vitamins, lipotropic and other biolog-
ically active substances. These actions will pri-
marily be aimed at maintaining homeostasis,
stimulating the development of regenerative
processes in the liver, positively affecting intra-
cellular metabolism, and contributing to an in-
crease in the quantity and improvement in the
quality of products produced.

Conclusions
Examination of high-yielding cows during herd
screening revealed significant changes in their
health status. The cows examined showed signs
of chronic and/or subacute liver disease and cal-
cium-phosphorus metabolism disorders, charac-
terised by mild clinical symptoms that were only
evident in some animals (12-20%), in particular:
slight depression, low mobility, decreased ap-
petite, distorted taste, weak rumen contraction,
enlarged liver dullness extending beyond the
last rib. Depending on the period of lactation or
dryness, changes in the biochemical parameters
of cow blood serum have unique characteristics.
Cows’ blood parameters 5 days after calving are
characterised by increased aspartate aminotrans-
ferase activity, positive thymol test, hyperglobu-
linaemia, decreased albumin, urea nitrogen, glu-
cose, vitamin E and hypocalcaemia. Cows’ blood
parameters at 70-80 days of lactation are char-
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aminotransferase activity, a positive thymol test,
hyperglobulinaemia and a decrease in urea, urea
nitrogen, vitamin E and hypocalcaemia. Blood
parameters in cows 60 days before calving are
characterised by increased aspartate aminotrans-
ferase activity, positive thymol test, hyperglobu-
linaemia, hyperphosphataemia, decreased urea,
urea nitrogen, glucose, carotene, hypocalcaemia
and decreased Ca: R ratio. Blood parameters in
cows 20 days before calving are characterised
by an increase in total protein, total lipoproteins,
non-esterified fatty acids, aspartate aminotrans-
ferase activity, hyperphosphataemia and a de-
crease in urea nitrogen, glucose, hypocalcaemia
and the Ca: P ratio.

For timely detection and prevention of clin-
ically pronounced symptoms in cows, it is nec-
essary to conduct regular medical examinations
of the herd, including blood tests, and, based on
the results obtained, apply corrective measures
in a timely manner. A promising area for future
research is the correction of diets for cows of all
physiological groups and the development of ef-
fective preventive measures that include macro-
and microelements, vitamins, hepatoprotectors,
and other substances that affect the correction of
metabolic processes in the body of animals.
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AHoTaUif. AKTyanbHiICTb JOCNIOXKEHHS 3yMOBNEHa NpobiieMaMM B CEKTOPi MOOYHOIO TBAPUMHHMLTBA
MOB'I3aHMMMU 3 PO3BWUTKOM 3aXBOPHOBaHb BWMCOKOYAIMHUX KOPIiB y TpPaH3WTHWI nepiod. PaHHA
LiarHoCTMKa MeTaboniyHMX po3naiB B TPAH3UTHUI Nepios He0OXigHa AN CBOEYACHOMO NONEpPeKEHHS
YCKNAAHEHHS | pO3BUTKY HE3BOPOTHMX 3MiH B OpraHi3Mi KopiB Ta nocnigy4oMy BU6pakyBaHHi TBApUH
i3 cTaga. MeTow UbOro focnigkeHHs Oyno niaTBEpPAMTM PO3BMTOK Y MONOYHMX KOPiB TPaH3UTHOrO
nepiogy >XMPOBOro renaTtosy, BM3HAYUTU MOXIMBI MO0 MPUYMHKU | BU3HAUMTM AI€BI KPOKM Ans
Npo@iNnakTMKK LLbOro 3aXBOPIOBAHHA Ta MOro Hacniakie. [ng uboro 6ynu BUKOPUCTaHI KNiHIYHI MeTOaM
LiarHOCTMKM Ta BioXiMiYHI fOCNioKEHHS CMPOBATKM KPOBI KOPiB, SIK paHHi MapKkepu 3MiHK MeTabonizmy
B OpraHiami TBapuH. BctaHoBnEHO, WO KNiHIYHO 03HAKKM naTonorii npossnsaTbes nuwe y 12-20 % kopis
i3 KOXHOI QisionoriyHoi rpynu. 3MiHK BioXiMiYHMX NMOKA3HMKIB CMPOBATKM KPOBi KOPiB 3aNeXHO Bif,
¢isionoriyHoro nepiogy mManu ceoi ocobnmocrTi. Mig Yac gocnimxeHHs Bynu BUSBAEHI 3MiHU B TakuX
MOKa3HMKAxX CMPOBATKM KPOBI, SIK 3aranbHWi Binok, anbbyMmiHW, rnobyniHu, 6inkoBui KoediuieHT,
CEYOBMHA, a30T CEYOBWMHM, AKTUBHICTb acnaprataMiHoTpaHcdepasu, FNKO03a, Kabliv 3aranbHWM,
docdop HeopraHiyHui, Kanbuii-hochopHe CNiBBIAHOWEHHS, KapoOTWH, flinonpoTeign, TUMOMOBa
npoba, HeecTepndiKOBaHI XMPHi KMCNOTKH, BiTaMiH E. BcTaHOBNEHO, WO AN CBOEYACHOrO BUSBNIEHHS
MeTaboniyHUX NopyLIeHb Y KOpiB HeE0OXiAHO NPOBOAMTM perynsapHy AMCNaHCepU3aLlito CTala OXOM0KYM
BCi i3ioNoriyHi rpynu TBapuH, BK/IIOYAOUM aHani3 KpoBi Ta, Ha OCHOBI OTPMMaHMX pe3ynbTaTiB BYaCHO
3aCTOCOBYBATM MeTOAM KopekLii. BUSHaUeHHs npuuMH nopyweHHs 06MiHy pevyoBUH Ta MATONOFIYHUX
3MiH B NeyiHui i Kanbuin-docdopHoMy 0BMiHi B OpraHiami Kopis y pi3Hi disionoriyni nepioan pactb
MOX/IMBICTb MiAibpaTM HanexHi MeToaM NpodinakTMKM Ta 3anobirT 3MEHLWEeHHI0 eKOHOMIYHMX BTpaT
BiJ, HELOOTPUMAHHS MONIOKA | BUOpAKyBaHHS KOPiB B YMOBax KOHKPETHOro rocnoaapcrea

KniouoBi cnoBa: renatoninifos; rineprnobyniHemis; HeectepudikoBaHi XUPHi KMCNOTW; 06MiH ninigis;
TPUALMANiLEepOnu; rinornikeMis
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Abstract. This studyaimed to investigate the influence of monochromatic lighting on the haematological
indices of Hy-Line W-36 laying hens. In the course of the experiment, four groups of birds were exposed
to monochromatic lighting of different wavelengths: blue, green, yellow and red. The haematological
study included analysis of leukocyte, erythrocyte and thrombocyte count, haemoglobin concentration,
haematocrit and erythrocyte sedimentation rate (ESR). It was found that the colour composition of light
affects the hematopoietic system of hens. The activity of white blood cells gradually decreased in the
series of transition from short- to long-wavelength light, which indicates the weakening of immune
stimulation under the influence of warm light. The content of haemoglobin and haematocrit increased
under the yellow and red light, which indicates the activation of erythropoiesis and an increase in
the volume of formed blood elements. The number of erythrocytes increased in the yellow and red
spectrum, while thrombocytes are most sensitive to long wave radiation, which indicates the activation
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of the megakaryocytic lineage. The ESR decreased with an increase in the wavelength, which indicates
the stabilisation of blood viscosity and a decrease in the aggregation of erythrocytes. One-way analysis
of variance showed a significant effect of the colour composition of light on all studied indices. Thus, the
analysis of experimental data indicated a clear dependence of the haematological status of laying hens
on the spectral composition of lighting. In particular, replacing the blue light with red light resulted
in a decrease in the number of leukocytes by 45.6% (p < 0.001), while the content of haemoglobin
increased by 51.8% under the red spectrum compared to the blue one (p <0.001). Additionally, the red
light exposure led to an increase in the number of erythrocytes by 52.2% (p <0.001) and a decrease
in their sedimentation rate by 22.6% (p < 0.001). The results of the study are the scientific basis for
the development of recommendations on the use of monochromatic and mixed lighting modes for
optimising the productivity and increasing the stress resistance of laying hens

Keywords: leukocytes; erythrocytes; thrombocytes; haemoglobin; haematocrit; spectral composition;

immune activity

Introduction
Lighting is one of the key factors that affect the
physiological state and productivity of laying
hens in the conditions of modern poultry farm-
ing. A number of studies indicate the importance
of the spectral composition of light, including
monochromatic light, in the control of biological
processes. The effect of different wavelengths of
light on the haemopoietic system of birds is poor-
ly understood and requires further experimental
studies to determine the mechanisms of the ef-
fects. In the study of M. Shahraki et al. (2025), an
experimental and modelling approach was used
to evaluate the impact of different light intensi-
ties (10, 40, 60 and 100 Lx) on the morphofunc-
tional state and productivity of young quails.
Along with traditional physiological techniques,
mathematical modelling methods were used to
determine the quantitative dependencies of bio-
logical reactions on the parameters of the light
environment. The bird productivity was estimated
based on live weight gain, feed conversion ratio,
meat quality, the rate of lipid peroxidation, the
activity of antioxidant enzymes, and the immune
status. An integrated analysis demonstrated that
a moderate light intensity of 50 to 55 lux is phys-
iologically optimal, ensuring the maximum real-
isation of growth potential, improvement of feed
efficiency, decrease in the level of oxidative stress

and increase in immune responsiveness. The data
obtained indicate a direct dependence of meta-
bolic processes on the photic effects.

The study by K. Mustafa & I. Al-Kirkuki (2025)
investigated the effect of lighting regimens, in-
cluding a five-hour dark period during the day,
applied at different periods of the postnatal on-
togenesis (after the 1st, 2nd or 3rd weeks of life), on
the productivity of Ross broiler chickens during a
42-day growing period. Compared to continuous
lighting, the application of the lighting regimen
with a dark period starting from the 1st week of
life was accompanied by an increase in the dai-
ly average weight gain and improvement of feed
conversion ratio, with no negative effect on feed
consumption and survival rate of the flock. The
results indicate that the optimisation of the light
regimen plays an important role in the harmoni-
sation of growth processes and energy metabo-
lism. A systematic review published by Y. Huang et
al. (2026) summarises the available data on the
role of light exposure in the physiological func-
tions of poultry, with a particular emphasis on the
fact that light not only performs a visual function
but also plays an essential role in regulating the
circadian rhythms of physiological functions. The
experiment showed that lighting parameters -
spectral composition, intensity, duration and type
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of light source - influence neuroendocrine axes,
the secretion levels of melatonin, gonadotrophic
hormones and growth hormone, and also influ-
ence metabolic processes, immune competence
and behavioural responses in poultry. According
to the authors, this necessitates an integrated ap-
proach to the development of lighting regimens
aimed at increasing productivity and ensuring the
welfare of poultry.

In the experiment conducted by L. Galan et
al. (2025), it was found that monochromatic light
of different parts of the spectrum has different
effects on the functional activity of the endocrine
system of broilers by affecting complex neuroen-
docrine mechanisms that regulate growth, meta-
bolic processes and stress responsiveness. Stimu-
lation of somatotropin secretion and activation of
early myogenesis was observed under the influ-
ence of green light, while blue light contributed
to preserving the muscle mass at later ontoge-
netic stages and stabilising the pro-oxidant-an-
tioxidant balance. The obtained results indicate
the possibility of purposeful spectral light correc-
tion of the hormonal status and optimisation of
productive qualities. Meanwhile, the analysis of
the literature shows that the data on the effect
of monochromatic lighting of different spectra
on the productive and reproductive qualities of
laying hens are fragmented and sometimes con-
tradictory, especially in relation to the combined
effect of wavelength, illuminance and photoper-
iod on the productive and reproductive qualities
of laying hens. In the absence of unified, scien-
tifically based recommendations for industrial
keeping conditions, further studies are needed to
delve deeper into the mechanisms of photoneu-
roendocrine regulation. The study of K. Takeshi-
ma et al. (2026) investigated the effects of natural
daylight spectrum and artificial light spectrum (in
the feeding area) on the growth performance, the
rate of sexual maturation and reproductive traits
of female Ross 708 broiler breeders reared under
a precision feeding system. It was found that con-
tinuous red light supplementation delayed the
onset of sexual maturation, delayed the onset of
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egg laying (by about four weeks) and decreased
egg production. Conversely, the green spectrum
of light did not have any negative effect on re-
productive performance and helped to maintain
circadian rhythmicity in physiological functions.

The review of G. Grzini¢ et al. (2023) consid-
ered the environmental and biomedical impact of
intensive poultry farming in relation to the envi-
ronmental and human health risks posed by the
gaseous emissions (ammonia, nitrogen oxides,
methane), bioaerosols, pathogenic micro-organ-
isms and residues of antimicrobials. It was con-
cluded that intensive poultry production contrib-
utes significantly to anthropogenic pressure, the
dissemination of antibiotic resistance and poses
a risk to the health of farm workers and the pop-
ulation in the surrounding areas. This implies
the need for environmentally focused measures
to be taken in the course of the development of
this industry. It was established in the Ukrainian
research of Yu.V. Osadcha (2021) that the wave-
length of light can modulate the non-specific
adaptive responses in hens. Thus, the spectral
composition of light affects the phase structure
of the adaptation process, the activity of the anti-
oxidant system and metabolic indices. In the joint
study of YuV. Osadcha & H.l. Sakhatsky (2021),
the correlation dependence between the spectral
characteristics of lighting and indices of viabili-
ty and reproductive capacity of hens was found,
which indicates the expediency of spectral opti-
misation of the lighting regime.

Although there is already a rather large
number of scientific studies, the complex mech-
anisms of the action of monochromatic light of
different spectral composition on the neuroen-
docrine regulation of the reproductive function
of laying hens have not been sufficiently studied.
In particular, there are not enough data on the
function of the hypothalamic-pituitary-gonadal
axis, as well as on the secretion of melatonin and
gonadotropins under the conditions of commer-
cial production. In this regard, this study aimed
to conduct a comprehensive analysis of the effect
of various monochromatic light spectra on the

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1

137



138

The effect of monochromatic light on the blood picture...

haematological indices of laying hens and to
reveal possible neuroendocrine mechanisms of
physiological reactions observed in the study.

Materials and Methods
The experimental study used egg-laying hens of
the Hy-Line W-36 cross from a commercial flock.
The experiments were conducted in accordance
with the requirements of the European Conven-
tion for the Protection of Vertebrate Animals Used
for Experimental and Other Scientific Purposes
(European Union, 2010). The study was carried
out in a modern facility for the production of ta-
ble eggs from 2022 to 2024. Four groups of laying
hens were formed for the experiment and housed
in poultry buildings equipped with 12-tier cage
battery systems of the Big Dutchman type (Ger-
many). The lighting regime during the rearing of

pullets and after their transfer to the production
flock complied with the recommendations of the
cross developer (Hy-Line W-36 Final Hybrid, Man-
agement Guide, 2020).

From 18 weeks of age, light intensity in the
poultry houses was maintained at 30 lx with a
12hour photoperiod. Thereafter, until the hens
reached 30 weeks of age, day length was gradual-
ly increased to 16 hours. Subsequently, the light-
ing regime with an intensity of 30 lx and a 16-
hour photoperiod was maintained until the end
of the laying period. The only difference between
the poultry houses concerned the type of LED lu-
minaires used to create distinct spectral lighting
regimes (Table 1). The peak emission wavelength
of each monochromatic LED luminaire was de-
termined using an MK 350 UPRtek spectrometer
(UPRtek, Taiwan).

Table 1. Experimental design for investigating the effect of light wavelength
on the viability and productivity of laying hens

i Hen group
Characteristics 3 2 3 2
Light wavelength, nm ~490 ~540 ~580 ~660
Spectral colour blue green yellow red
Number of cages 4,704
Number of birds per cage 101
Number of birds per group 475,104
Stocking density, birds/m? 24.9
Space allowance, cm2/bird 401.4
imensions, cm:
Cage d_ I:n;tc;] s, C ??3
- depth
Cage area, cm? 40,544
Number of drinker nipples per cage 12
Feeding front, cm 7.2
Poultry house dimensions, m:
- length 110
- width 26.5
- height 15.0
Poultry house volume, m3 43,725
Poultry house area, m2 2,915

Source: developed by the authors

The experimental groups of laying hens were
kept under different monochromatic lighting con-
ditions that varied in spectral characteristics. The
experimental groups were exposed to LED light

sources with peak wavelengths of approximate-
ly 490 nm (blue spectrum), 540 nm (green spec-
trum), 580 nm (yellow spectrum) and 660 nm (red
spectrum). Each group consisted of 4,704 cages,
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with 101 birds in each cage, resulting in a total
of 475,104 hens per group. The stocking density
was 24.9 birds per m2 and the floor space per bird
401.4 cm2. The size of the cages was 362x112 cm
with a total area of 40,544 cm2 Each cage was
equipped with 12 nipple drinkers; the feeding
space was 7.2 cm per bird. The hens were kept in
poultry houses 110 x 26.5x 15.0 m in size with a
total area of 2,915 m2 and a volume of 43,725 m?.
During the entire experiment, the birds were kept
under microclimatic conditions that corresponded
to the current standards and recommendations of
the HyLine W-36 crossbreed developer (Hy-Line
W-36 final hybrid. Content guide, 2020). Feeding
was carried out with complete compound feeds
formulated according to DSTU 4120-2002 (2003);
the quality of drinking water met the require-
ments of DSTU 7525:2014 (2015). The automat-
ed cup feeders and nipple drinkers provided the
birds with constant access to feed and water.

In each experimental group, 30 blood sam-
ples were collected from laying hens at 18 weeks
of age (at the start of the study) and again at 52
weeks of age. Blood sampling was carried out
from the axillary vein with a volume of 1.0 to 1.5
ml and placed into tubes with K, EDTA as an anti-
coagulant.Sampling of the birds and the selection
of animals were carried out in accordance with
generally accepted methodological approaches
approved by the ASVCP (2012). The haematolog-
ical studies were carried out on a Micros 60 hae-
matology analyser (Horiba Ltd.,Japan) at the Bald
laboratory (certificate No. LB/02/2016). Commer-
cial reagents supplied by Horiba Ltd. (USA) were
used, including the diluent ABX Minidil LMG, lys-
ing reagent ABX Minilyse LMG, cleaning solution
ABX Cleaner, deproteinising agent ABX Miniclair,
reagent container ABX Minipack LMG, and the
control set 2N, 1H, 1L Para 12 Extend.

The following haematological parameters
were determined: erythrocyte, leukocyte and
thrombocyte counts by the electrical impedance
method (conductometric method); haemoglo-
bin concentration by spectrophotometry; and
haematocrit by whole-blood integration. Mean
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erythrocyte volume, mean haemoglobin content
per erythrocyte, mean corpuscular haemoglobin
concentration, erythrocyte distribution width,
and mean thrombocyte volume were calculated
from the recorded primary measurement data.
Using the conductometric method, the differen-
tial count of leucocytes (monocytes, lymphocytes,
eosinophils, basophils and heterophils) was also
determined. The reference values of haematolog-
ical parameters were used according to the data
of N.C.Jain (1993).

For comparison between groups, Student’s
t-test, one-way analysis of variance (ANOVA) and
Tukey-Kramer post hoc test were used. Normality
of data distribution was tested by the Kolmogor-
ov-Smirnov test. In the case of non-normal distri-
bution, the non-parametric Mann-Whitney U test
was used. Significance was set at p < 0.05.

Results and Discussion

The results show that the spectral characteris-
tics of light influenced the leukocyte count in
hens (Table 2, Figs. 1, 2). The maximum values
were found under the blue light. Transition to
the green light led to a 19.6% decrease in the
leukocyte count compared to the initial lev-
el (p <0.001). The yellow spectrum provoked a
24.7% decrease in the leukocyte count in com-
parison with the blue light group (p < 0.001).
The most pronounced changes were observed
under the red light, where a 45.6% decrease in
the leukocyte count was found compared with
the blue light (p<0.001). The results of pairwise
comparison between the groups are as follows:
between the green and yellow, 6.4% (p <0.001);
between the yellow and red, 20.9% (p < 0.001).
Thus, an increase in the wavelength of the
lighting led to a consistent and significant
decrease in the leukocyte count in the hens,
which indicates a decrease in immune activa-
tion. Changes in the leukocyte component of the
blood of hens under the influence of different
light spectra are associated with the complex
interaction between the neuroendocrine and
immune systems.
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Table 2. Haematological parameters of hens depending on the intensity of the light stimulus,
M+tm, n=30
Group/light wavelength, nm
Parameter 1 2 3 4 Reference
~490 ~540 ~580 ~660 values
blue green yellow red
Leukocytes, thousand/pl 52.6+0.45 42.3+0.42 | 39.6+0.45* | 28.6+0.25*"" | 20-40
Haemoglobin, g/dI 8.3+0.19 9.6+0.13* | 11.94+0.15* | 12.6+0.18™ 7-13
Haematocrit, % 32.0+0.25 31.9+0.28 34.8+0.32*" | 34.7+0.41™" 22-35
Erythrocytes, million/mm3 2.3+0.06 2.3+0.04 2.9+0.03* | 3.5+0.08™" 2.5-3.5
Thrombocytes, thousand/mm3 | 22.6+0.53 29.1+0.63* | 56.8+0.96™ | 62.3+1.12*"| 32-100
ESR, mm/h 6.2+0.07 5.4+0.04* | 5.0+0.09" | 4.8+0.21"" 4.0-6.5

Note: *p<0.001 compared with the first group; °p < 0.05, °°p<0.001 compared with the second group; ‘p<0.05,

“p<0.001 compared with the third group
Source: developed by the authors
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-45.6% ++*
-19.4% *++
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Figure 1. Percentage differences in haematological parameters
of hens under different light wavelengths

Source: developed by the authors
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Figure 2. Deviations of haematological parameters of hens from reference values

Source: developed by the authors
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Leukocyte count in the peripheral blood of
hens decreased with an increase in the wave-
length of the light from blue to red, with dif-
ferences between groups of 45-46%. This is an
adaptive restructuring of neuroendocrine and im-
mune regulatory mechanisms in response to the
change in the spectral composition of the light-
ing. Light is perceived not only by retinal photo-
receptors but also through the skull by hypotha-
lamic photoreceptors and brain structures that
regulate the secretion of gonadotropin-releasing
hormone (GnRH) and gonadotropin-inhibitory
hormone (GnIH). In another experiment, M. Bax-
ter et al. (2014) proved the importance of the red
light for the stimulation of the reproductive axis
in hens in the absence of retinal photoperception,
thus validating the crucial role of transcranial
photoreceptors in the regulation of the hypo-
thalamic-pituitary system. Further, M. Baxter &
G.Y.Bédécarrats (2019) showed that the spectrum
of light affects reproductive traits in laying hens,
thus, once again, underscoring the systemic na-
ture of photoneuroendocrine response. Therefore,
a decrease in the number of leukocytes in the
current experiment with the increase of wave-
length can be interpreted as an indirect effect of
the activation of the reproductive axis and redis-
tribution of metabolic resources in favour of the
reproductive function. Blue light with a shorter
wavelength is known to enhance the production
of melatonin, which, being a central hormone of
the circadian system and immune response, can,
according to C.H. Teo et al. (2021), influence GnlH
expression, thus ensuring elevated immune activ-
ity in the form of higher levels of leukocyte count
in the peripheral blood.

With the increase of wavelength, transcrani-
al photostimulation of the hypothalamic struc-
tures is enhanced, which leads to the activation
of the hypothalamic-pituitary-gonadal axis and
enhanced secretion of oestradiol and progester-
one (Lewis et al., 2000). Summarising the data
presented by PD. Lewis & R. Gous (2009), it can
be concluded that the spectral sensitivity of
poultry covers both the visible and ultraviolet

Hordiienko et al.

parts of the spectrum, and that different wave-
lengths have different effects on neuroendocrine
regulatory mechanisms. It is also noted that the
short-wave and ultraviolet parts of the spectrum
are mainly involved in the behavioural reaction,
while long-wave radiation is more effective for
photostimulation of deep-seated photosensitive
brain structures, which agrees with the hypothe-
sis of the enhanced transcranial activation of the
hypothalamic centres by red light. An increase
in the concentration of these steroid hormones
has a pronounced immunomodulatory effect,
which consists of reducing the proliferation and
release of leukocytes into the peripheral blood.
E.M. Hassanein et al. (2024) in their analysis of
the physiological effects of GnRH and related
hormonal changes underscore a close relation-
ship between the activation of the reproductive
axis and systemic metabolic and immune reac-
tions, which corroborates the treatment of the
reduced number of leukocyte count as an ele-
ment of endocrinologically mediated adaptation
reaction. Therefore, the decline in the number of
leukocytes along the blue-red axis represents a
physiological trade-off between the immune sys-
tem and reproduction.

The concentration of haemoglobin increased
with the increasing length of the light wave-
length. Compared to the blue light, the concentra-
tion of haemoglobin under the green, yellow, and
red light increased by 15.7% (p < 0.001), 43.4%
(p<0.001),and 51.8% (p<0.001), respectively. The
difference in haemoglobin concentration between
the green and yellow light was 23.9% (p <0.001)
and between yellow and red light, 6.1% (p <0.05).
Similarly, the haematocrit under the yellow and
red lights was greater than that under the blue
light by 9.1% and 8.8%, respectively (p < 0.001).
These results are in line with those of I.C. Dunn et
al.(2009), who found that oestradiol promotes the
production of red blood cells by increasing the re-
sponsiveness of progenitor cells to erythropoietin
and enhancing the proliferation of erythroid pro-
genitors. However, it should be noted that these
authors conducted their studies on mammals,
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and therefore, one should be cautious when ex-
trapolating these mechanisms to birds due to the
known species-specific features of erythropoiesis
in hens. The data of this study can be considered
indirect evidence in support of this hypothesis;
however, to confirm it, it is necessary to measure
the level of erythropoietin and oestradiol. In ad-
dition, J. Li et al. (2014) studied how oestrogen
regulates the expression in the liver of hens of
two key gene-molecular markers of yolk protein,
vitellogenin Il (VTG Il) and very low-density apoli-
poprotein Il (ApoVLDL 1), and the type of receptor
mediating this effect (ER-a, ER-B, or GPR30). The
authors showed that oestrogen (17B-estradiol)
significantly increased the expression of VTG Il
and ApoVLDL Il mRNAs in hepatocytes of laying
hens, and that this stimulation occurred mainly
through ER-q, but not through ER-B or GPR30.
These mechanisms contribute to an increase in
the oxygen-carrying capacity of the blood, which
is necessary to provide energy for reproductive
functions. The rise in the number of red blood
cells in the blood of hens is a manifestation of the
stimulation of the erythropoietic component of
haematopoiesis due to the neuroendocrine effect
and an increase in the secretion of steroid hor-
mones. This is in line with F. Zhang et al. (2024),
who wrote about the effect of low-intensity red
and near-infrared light (600-1,100 nm) on tissues
through photobiomodulation, including stimu-
lation of cellular processes. Their article will be
useful for those interested in this issue and the
effects of individual wavelengths of light on bi-
ological objects.

The platelets showed the greatest sensitivity
to the change in the light spectrum. The num-
ber of these cells under the green spectrum was
29.0% (p < 0.05) higher than under the blue spec-
trum; under the yellow spectrum, it was 151.0%
(p<0.001) higher and under the red spectrum it
was 175.7% (p < 0.001) higher. When comparing
green and yellow light, the number of platelets
increased by another 95.6% (p <0.001), and when
comparing yellow and red light, it increased by
9.0% (p<0.05). These data are in agreement with

the information of K. Tsutsui et al. (2010), which
summarises the role of gonadotropin-inhibitory
hormone (GnlH) as a key factor regulating the hy-
pothalamicpituitary-gonadal axis and controlling
the reproductive functions of birds, including the
mechanisms of gonadotropin secretion inhibi-
tion. It has been shown that GnlH suppresses the
synthesis and release of luteinising hormone and
follicle-stimulating hormone and, thereby, con-
trols follicular growth and ovulation. Activation of
GnlH secretion may weaken egg production, while
the regulation of this system is necessary for the
optimal realisation of the reproductive potential
of laying hens. In addition, C. Hanlon et al. (2022)
presented a detailed review of the non-gonad-
al roles (i.e. outside the reproductive glands) of
17B-estradiol (E2) in laying hens and in broiler
breeder hens, as well as its influence on individu-
al physiological processes associated with repro-
ductive function. The authors showed that, apart
from the ovaries, E2 is produced in the heart, liver,
muscles, brain, fatty tissue, and other organs, and
that, through its receptors (ERa, ERB, GPR30), it
controls the processes of yolk formation, metab-
olism, bone formation, and the oviposition cycle,
and, as a consequence, affects egg production and
quality, both in laying and in broiler breeder hens.

Erythrocyte sedimentation rate showed a
consistent decrease with increasing light wave-
length. The ESR under green light was 12.9%
lower compared to blue light; under yellow light,
19.4% lower; and under red light, 22.6% lower
(p <0.001). The ESR decrease is related to a de-
crease in immune stress, a membrane-stabilising
effect on erythrocytes and a decrease in their ag-
gregation ability in the state of elevated secretion
of steroid hormones. L. Liu et al. (2015) and S. Li et
al. (2016) came to similar conclusions. They stud-
ied the impact of various monochromatic light
colours (blue, green, red and white as control) on
laying performance and the expression of oestro-
gen receptors (ERa, ERB) and progesterone recep-
tor (PR) in ovarian follicles. Their results showed
that blue and green light increase serum oestra-
diol and progesterone concentrations, up-regulate
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the expression of ER and PR in granulosa cells
of the follicles, and improve egg production and
peak laying period, suggesting that the reproduc-
tive axis in hens is regulated by light colour.
Thus, the light spectrum is a physiologi-
cal factor regulating neuroendocrine, immune,
and haematopoietic adaptive responses in hens.
Short-wavelength light enhances immune re-
sponse, while long-wavelength light enhances
reproductive response, erythropoiesis and throm-
bopoiesis, thereby promoting better functional
adaptation of the haematological system in the
context of modern poultry farming. These obser-
vations are supported by the findings of N. Tez &
M. Aksit (2024), who evaluated the effects of red
monochromatic LED light compared with white
LED light on laying hen performance in terms of
sexual maturity age, egg production, egg quality,
feed intake and certain behavioural traits in en-
riched cages. The researchers reported that red
LED light accelerated sexual maturity and peak
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laying and enhanced egg production and egg
weight when compared to white light. Howev-
er, no significant differences were noted among
groups for feed intake, feed conversion, most egg
quality traits or behavioural characteristics.
One-way analysis of variance showed that
light wavelength had a significant impact on
all the assayed haematological parameters (Ta-
ble 3). In case of leukocytes, the highest pro-
portion of variance was explained by the factor
“light spectrum” F =684.2; p < 0.001 (n?=0.89),
which corresponds to 45%-46% intergroups dif-
ference. There were also significant differences
in haemoglobin - F=312.5; p<m0.001 (n2=0.78),
haematocrit - F=97.4; p<0.001 (n2=0.62), eryth-
rocytes - F=421.7; p<0.001 (n?=0.84), throm-
bocytes - F=859.3; p<0.001 (n?=0.91), ESR -
F=204.8; p<0.001 (n? = 0.73). The n?2 values show
strong and stable effects of light spectrum on
haematopoiesis, which are particularly sensitive in
the white blood cell and megakaryocyte lineage.

Table 3. Influence of lighting spectrum on the haematological characteristics of hens
(one-way ANOVA)

Haematological F-value p-value n* (proPortion Effect description
parameter of variance)
Leucocytes 684.2 <0.001 0.89 le?'fesrt;‘r’]’;g:lffs% fg;ﬁg’;p
Haemoglobin 312.5 <0.001 0.78 Strong effect of the light spectrum
Haematocrit 97.4 <0.001 0.62 Moderately strong effect
Erythrocytes 421.7 <0.001 0.84 Very strong effect
Thrombocytes 859.3 <0.001 0.91 Maximally pronounced effect
ESR 204.8 <0.001 0.73 Strong effect

Source: developed by the authors

The photoregulatory mechanisms seem to be
involved in the united effect of the light spectrum
on the neuroendocrine and immune systems.
The effect of the short-wavelength blue light is
likely related to the high immune activity, which
maintains the higher levels of leukocytes and
ESR. The long-wavelength light, in turn, proba-
bly excites transcranial hypothalamic photore-
ceptors that stimulate the reproductive axis and
promote an increase in oestradiol and progester-
one levels. The latter induces erythropoiesis and

thrombopoiesis and increases the levels of hae-
moglobin, haematocrit and erythrocytes. It par-
tially suppresses immune function and decreases
ESR. Thus, the spectral composition of light reg-
ulates the ratio of reproductive function and im-
mune activity to improve functional adaptation of
the haematopoietic system.

Conclusions
The spectral composition of light has a deter-
mining role in the control of the haematological
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condition of laying hens. The short-wavelength
blue light is characterised by enhanced leukocy-
togenesis and higher erythrocyte sedimentation
rate values, which can be attributed to the activa-
tion of immune function and the predominance
of immunoregulatory mechanisms. As the wave-
length of the light increases (green, yellow, red),
we observed a stepwise increase in the concen-
tration of haemoglobin, haematocrit, and the con-
tent of erythrocytes and thrombocytes, which is
evidence of the activation of erythro- and mega-
karyocytopoiesis and enhanced oxygen-transport
function of the blood. Leuko- and megakaryocytic
lineages of haematopoiesis are the most sensi-
tive to the spectral composition of light, which
highlights their key role in the adaptation of the
organism to the light environment. The decrease
in erythrocyte sedimentation rate observed under
the long-wave light is related to the stabilisation
of the physicochemical properties of the blood
and the development of adaptive mechanisms di-
rected toward the maintenance of homeostasis in
conditions of increased reproductive load. In gen-

traits of laying hens. In the case of switch-
ing blue to red light, the significant decrease
of leukocyte by 45.6% (p < 0.001), increase of
haemoglobin by 51.8% (p < 0.001) in red light
compared with blue light, the significant in-
crease of erythrocyte by 52.2% (p < 0.001) and
significant decrease of erythrocyte sedimenta-
tion rate by 22.6% (p <0.001) in red light were
detected. Future research should focus on in-
vestigating the impact of certain combinations
of the spectrum of lighting on physiological
traits and adaptive reactions in laying hens in
order to improve these traits. The study of the
interactions among light spectrum, reproduc-
tion and production traits (laying, egg quality,
morpho-functional state of the reproductive or-
gans) and the use of the cellular and molecular
methods for the understanding of the functions
of neuropeptides and hormonal pathways in
the realisation of lightdependent effects are of
great interest.
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NOKa3HWKKM Kypen-Hecyqyok kKpocy Hy-Line W-36. byno npoBeaeHo ekcnepuMEHT i3 YoTMpMa rpynamu
nTUUi, Ae BiAMIHHICTIO CNyryBaB KOAip CBiTna: GAaKUTHWIA, 3€NeHUI, XOBTUM Ta YepBOHWIA. AHani3
reMaToNoriyHMX NapameTpiB BK/KOYAB BU3HAYEHHSA KiNbKOCTi NEMKOLMTIB, epUTPOLUTIB, TPOMOOLMTIB,
KOHLEHTpauii reMornobiHy, reMaTokpuTy Ta LWBMAKOCTI ocigaHHa eputpoumTie (LLUOE). Pesynbtatun
MoKasanw, WO CNEKTPaNbHWUI CKNAL OCBITNEHHS CYTTEBO BM/IMBAE HA CUCTEMY KPOBOTBOPEHHS Y KypeWn.
JlerkoumTapHa akTUBHICTb MOCTYMOBO 3MEeHLYBanacs Npu nepexoni Big KOPOTKMX 4O AOBIUX XBWb,
WO CBiAYMTb NPO 3HWXEHHN IMYHHOI akTMBaLii Mig Ai€to Tennoro ceitna. KoHueHTpauis reMornobiny
Ta remMaTokpuT 36iNblUyBannCs NPU BUKOPUCTAHHI XKOBTOrO i 4epBOHOrO CBiTNA, WO BifoOpaxae
CTUMYNSLi0 epuTponoesy Ta 36inbweHHs 06’eMy GopMeHUX enemMeHTiB KpoBi. KinbKicTb eputpouuTie
3pocTana y XOBTOMY Ta YEPBOHOMY CNEKTPAX, TOAI SK TPOMOOLUTU NPOSBASAN HAMBINbLLY YYTAUBICTb A0
LLOBIMX XBWJb, LLO CBiAYMTb MPO aKTMBALI MerakapioumMTapHoro poctka. LUOE HaBnaku 3HMXKyBanocs
npw 36iNbLIEHHI 4OBXMHU XBUITI, LEMOHCTPYOUM CTabinisaLito B'93KOCTi KpOBi Ta 3MEHLIEHHS arperauii
eputpoumTiB. OoHO(AKTOPHMI AMCNEPCiMHMIA aHani3 NiaTBEPAMB CTAaTUCTUYHO 3HAYYWMM BNAWB
CNeKTpanbHOro CKNafy CBiTna Ha BCi gocnigkeHi napameTtpu. MNposeneHni aHanis ekcnepuMeHTanbHUX
AAHMX 33aCBiAYMB ICTOTHY 3aNEXHICTb reMaTonoriyHoro CTaTycy Kypen-Hecyyok Bif, CNeKTpanbHUX
XapaKTePUCTUK CBITNOBOr0 pexuMy. 30KpeMma, Mpu 3MiHi OGNaKMTHOrO OCBITIEHHS HAa 4YepBOHEe
BCTQHOB/IEHO 3HWXEHHS KinbKoCTi nenkoumTie Ha 45,6 % (p < 0,001), BoagHoYac piBeHb reMornobiHy
3pocTtaB Ha 51,8 % y yuepBOHOMY cnekTpi NOpiBHAHO 3 6naknTHMM (p < 0,001). Kpim Toro, BUKOPUCTaHHS
4YepBOHOrO CBIT/Na CYNPOBOAXKYBANOCS AOCTOBIPHUM 36iNbLUEHHAM YMCENbHOCTI epuUTpoLuTiB Ha 52,2 %
(p < 0,001) Ta 3MEHIWEHHAM WBKUAKOCTI iX ocigaHHa Ha 22,6 % (p < 0,001). OtpumaHi pesynbtati
$opMytloTb HAayKOBO OBIPYHTOBaHY OCHOBY A/ pO3pobNAeHHs pekoMeHAauild WoA0 3acTOCYBaHHS
MOHOXPOMATUYHMUX i KOMBIHOBAHMX CBITNOBMX PEXMMIB 3 METOK OMTMMI3aLii NpoayKTMBHOCTI Ta
NiABULLEHHS CTPECOCTINKOCTI Kypen-Hecy4oK

KniouoBi cnoBa: neiikoumTn; epuTpoLuTh; TPOMOOLUUTH; reMOrN06iH; reMaTOKPUT; CNEKTPasbHUI CKNaL,;
iMyHHa aKTUBHICTb
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Abstract. Cellular 3D cultures, in particular spheroids, are widely used to study intercellular interactions
and test biocompatibility and toxicity, as they more accurately reproduce physiological conditions
compared to 2D cultures. The aim of the study was to investigate the features of spheroid formation
in L929 cell line in static suspension culture during long-term cultivation. To obtain spheroids, a
suspension with a concentration of 2 x 10¢ cells/ml was placed in a 24-well plate coated with a 2%
agar solution. Cultivation was carried out for 34 days. Every three days, half of the medium volume was
replaced. The average diameter and volume of the spheroids were determined. The presence of necrotic
cells in the spheroids was assessed by double staining of the spheroids with fluorescein diacetate and
ethidium bromide. It was found that maintaining L929 cell line in a static suspension culture allowed
spheroids with an average diameter of 118 pm to be obtained without the presence of a necrotic
nucleus. Spheroid formation was a multi-step process that included initial cell aggregation, followed
by compaction of the spheroids, which were kept in a floating state for one month of cultivation.
During the study, it was found that L929 cell line spheroids were formed in several stages, including
aggregation, compaction, and stabilisation of cells. All spheroids retained their spherical shape and
remained viable, showing no signs of necrotic changes even on the 34th day of cultivation. The results
of the study can be used to improve methods for testing biocompatibility and cytotoxicity, particularly
in the development of new drugs and biomaterials using 3D cultures of L929 cell line
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Introduction

Cell 2D and 3D cultures are widely used in
modern medical and biological research. When
analysing the results obtained in 2D culture,
it should be borne in mind that they only par-
tially reflect the physiology of natural tissues.
Cells that are forced to grow in a single plane
as a monolayer can change their phenotypic
and functional properties due to cytoskeletal
rearrangement and disruption of cell-cell and
cell-extracellular matrix contacts (Jubelin et
al.,2022). For this reason, studies of the toxicity
of various substances and materials on 2D cul-
tures do not provide adequate data for predict-
ing cellular responses in the body. 3D models,
in which cells are in three-dimensional cellu-
lar interactions, are closer to reality. As a result,
3D cultures (spheroids, organoids) are widely
used to study intercellular interactions and cell
differentiation, assess the toxicity of substanc-
es and the effectiveness of potential drugs, as
components of bioengineered structures, and in
regenerative medicine (Cardoso et al., 2023).

Researchers C.Jubelin et al. (2022) summa-
rised current approaches to the use of three-di-
mensional in vitro models in cancer research, in
particular spheroids and organoids. The authors
showed that 3D cultures better reproduce the
architecture of tumour tissue, intercellular inter-
actions, and oxygen and nutrient gradients com-
pared to 2D cultures. Their advantage for eval-
uating the effectiveness of antitumour drugs
and studying the mechanisms of drug resistance
was emphasised. In 3D cell culture, a number of
methods are used to induce spheroid formation
by limiting cell adhesion and enhancing inter-
cellular interactions. Thus, N.E. Ryu et al. (2019)
noted that the use of non-adhesive surfaces,
micro-well systems, and dynamic culture con-
ditions is an effective approach to stimulate
the self-organisation of cells into three-dimen-
sional spheroid structures. In turn, A.P.P. Guimar-
aes et al. (2024) emphasised the importance of
controlled cell aggregation methods, in particu-
lar the “hanging drop” technology, which allows
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the size and morphology of spheroids to be reg-
ulated and ensures reproducibility of results in
3D cultures.

It should be noted that the mechanisms
of spheroid formation differ depending on the
culture conditions. Under scaffold-based tech-
nology, spheroids are formed thanks to an ar-
tificial extracellular matrix that provides phys-
ical support for cells to attach and undergo
three-dimensional reorganisation. At the same
time, virtually all cells, including highly differ-
entiated ones, participate in the formation of
spheroids. K. Unnikrishnan et al. (2021) empha-
sised that artificial matrices are not limited to
reproducing the architectural and biomechan-
ical characteristics of the extracellular matrix,
but also play an active role in regulating cell
behaviour, in particular the processes of cell
proliferation, migration and differentiation, as
well as in the formation of spatial gradients of
nutrients and oxygen within three-dimensional
cell structures.

Under scaffold-free conditions, spheroid
formation occurs through cell self-assembly. As
noted by K.C. Liu et al. (2024), under such con-
ditions, active synthesis and secretion of en-
dogenous extracellular matrix components are
observed, which contributes to the formation
of 3D structures that are as close as possible
to in vivo conditions. D. Stern-Tal et al. (2022)
emphasised that scaffold-free approaches re-
duce the influence of foreign materials on the
cellular response and allow the study of nat-
ural mechanisms of cell aggregation and spa-
tial organisation. Unlike scaffold technology,
this allows for the selection of stem/progenitor
cells capable of forming cell colonies. The scaf-
fold-free method of obtaining spheroids is the
most promising for isolating and maintaining
progenitor cells from different organs. One of
the scaffold-free methods for obtaining sphe-
roids is the use of a surface with low adhesive
properties. Y. Xie et al. (2024) showed that in
such a static suspension culture, the principle
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of reduced adhesion of the culture surface is
used: the attachment of cells to the surface is
suppressed, so they try to realise their ability
to attach through interaction with other cells
and spontaneously form spheroids. Agar, chi-
tosan, hyaluronic acid, etc. are used to create a
low-adhesion surface.

The process of spheroid formation involves
changes in cell interaction and cytoskeletal or-
ganisation, as well as the synthesis of the extra-
cellular matrix. It is important to note that the
main stages of spheroid formation are stand-
ard but may have specific features depending
on the source of the cells or the method used
to obtain the spheroids. Epithelial cells often
show delayed aggregation, reflecting their de-
pendence on polarisation and the development
of specialised intercellular contacts (tight and
adhesive contacts, desmosomes) (Bharathan et
al., 2024). In comparison, mesenchymal-derived
cells, including the L929 line, typically aggre-
gate more rapidly and form spheroids. A. Moisie-
iev et al. (2024) found that L929 cells have the
ability to form spheroids in static suspension
culture on low-adhesive surfaces. G.A. Bozhok et
al. (2019) studied such spheroids only in the
initial period (7-8 days), while the dynamics of
their further existence under 3D culture condi-
tions remain unknown.

Thus, the scientific literature notes the im-
portance of using 2D and 3D cell cultures in
biomedical research, in particular for studying
intercellular interactions, assessing the toxicity
and efficacy of drugs, and developing bioengi-
neered structures and regenerative medicine.
Despite the wide range of applications of 3D
cultures, the details of the dynamics of spheroid
formation of L929 cell line under conditions of
prolonged 3D cultivation remain unexplored,
which is relevant for assessing biocompatibility
and cytotoxicity over a long period of time. In
this regard, the aim of the study was to inves-
tigate the stages of spheroid formation in L929
cell line culture on a low-adhesive surface dur-
ing prolonged 3D cultivation.

Materials and Methods

The study was conducted at the Department of
General and Clinical Pathology of the Medical
Faculty of V.N. Karazin Kharkiv National Univer-
sity in collaboration with the Department of Cry-
oendocrinology of the Institute of Cryobiology
and Cryomedicine of the National Academy of
Sciences of Ukraine in 2021-2022. To study the
stages of spheroid formation, the L929 cell line
was selected, which is a transplantable adhesive
cell line obtained from the subcutaneous con-
nective tissue of C3H/An mice. Due to its high
proliferative properties and genetic stability, the
line is widely used in laboratory and screening
analyses in accordance with the international
standard 1SO 10993-5:2022 (2022) for assessing
the biocompatibility (Sharma et al., 2016) and
cytotoxicity of substances (Cannella et al., 2019).
In addition, as shown by researchers F.Ehrhart et
al. (2009) and A. Moisieiev et al. (2024), it has the
ability to grow in 3D culture with the formation
of spheroids.

L929 cell line were cultured in DMEM/
F12 medium (Biowest, France) with the addi-
tion of benzylpenicillin (200 1U/ml), strepto-
mycin (200 pg/ml), amphotericin B (2.5 pg/ml)
and 10% foetal calf serum (Biowest) in a CO,
incubator at 37°C and 5% CO,. Initially, the cells
were cultured under standard conditions in pol-
ystyrene flasks (SPL Life Sciences, Korea). The
seeding density was 4 x 104 cells per 1 cm? of
surface area. After the formation of a confluent
monolayer, the cells were detached from the
surface using a 0.5% trypsin solution prepared
in physiological saline (Novopharm-Biosyn-
thesis, Ukraine) and Versen’s solution (Biowest,
France) in a 1:1 ratio. To obtain spheroids, a sus-
pension with a concentration of 2 x 10¢ cells/
ml was transferred to a 24-well plate coated
with a 2% agar solution (Ferak, Germany). The
agar solution was sterilised by autoclaving, then
heated in a boiling water bath to a liquid state
and coated the bottom of the wells (250 ul/well)
under sterile conditions. After the agar layer had
solidified, the cells were seeded. Cultivation was
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carried out for 34 days. Every 3 days, %2 of the
medium volume was replaced.

Microphotography was performed using an
AmScope XYL-403 inverted microscope (PRC)
with a digital camera. The AxioVision Rel. 4.6
programme (Carl Zeiss, Germany) was used for
morphometric analysis of the spheroids. The
programme tools were used to determine the
average diameter of the spheroids, from which
their average volume (V) was calculated using
the formula:

V=rn/6d3 (1)

where d - spheroid diameter.

The presence of necrotic cells was assessed
by double staining of spheroids with fluorescein
diacetate (FDA) and ethidium bromide (EB) us-
ing a Zeiss LSM 510 META confocal microscope
(Carl Zeiss, Germany). Confocal images were ob-
tained at an excitation wavelength of 488 nm for
FDA and 543 nm for EB. Statistica 10 software
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(StatSoft, USA) was used for statistical analysis
of the data. Normality of distribution was deter-
mined using the Shapiro-Wilk W-test. The data
are presented as the mean * standard deviation.
The sample size (n) was 25 spheroids for each
cultivation term.

Results and Discussion

After 2 days of cultivation on a low-adhesive
surface, single cells and small aggregates of 2-3
cells were observed (Fig. 1). During the first week
of cultivation, the cells formed loose clusters,
which gradually increased in size due to aggre-
gation and, possibly, proliferation. The process
of aggregation and proliferation continued for
the next 3-4 days. On day 7, the shapeless cell
aggregates became denser and acquired a more
spherical shape. On day 9, it was noticeable that
the spheroids were becoming denser. In addition,
large clusters began to appear, which may be the
product of spheroid fusion. Such conglomerates
of spheroids were not used in further analysis.

Figure 1. Stages of spheroid formation from L929 cell line during cultivation
in low-adhesion conditions for 34 days
Note: the number indicates the number of days of cultivation

Source: developed by the authors

In the next period (14-34 days), along with
an increase in size, the spheroids became more
spherical in shape, and individual cells became
less distinct. However, not all cells merged, so sin-
gle cells and small aggregates were observed in
the culture along with the spheroids. This may be
due to the dynamic process of proliferation and

exfoliation of cells in spheroids. After 30 days of
cultivation, the spheroids remained floating in
the culture medium, while the process of their
fusion was permanently observed, indicating the
preservation of intercellular adhesion and the
dynamic restructuring of three-dimensional cell
aggregates (Fig. 2).
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Figure 2. Attachment of spheroids formed
during cultivation of L929 cell line
in low-adhesion conditions for more than 30 days
Note: around the spheroids, there are noticeable
clusters of cells that have migrated and formed a
monolayer
Source: developed by the authors

The fusion of spheroids was accompa-
nied by an increase in their size and a change
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in morphology, which may be associated with
prolonged maintenance of scaffold-free culture
conditions and the absence of stable adhesion
to the surface. After more than 30 days, gradu-
al biodegradation of the agar coating was ob-
served, accompanied by a loss of low-adhesion
conditions. This led to the spheroids attaching to
the bottom of the culture dish, from which cells
began to migrate, forming a monolayer. These
morphological changes emphasise the critical
role of stable low-adhesion conditions in main-
taining spheroid culture during long-term cul-
tivation. The quantitative dynamics of spheroid
sizes from L929 cells during 35 days of cultiva-
tion are shown in Figure 3.
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Figure 3. Dynamics of spheroid sizes from L929 cell line
Note: A - average diameter and B - average volume of spheroids obtained over 34 days

Source: developed by the authors

The initial diameter of the cellular aggre-
gates averaged 38 £3 pm, while their volume
was 28 £18 x 10-¢ mm3, reflecting the formation
of small primary cellular conglomerates. During
the process of primary aggregation up to day 5,
the linear dimensions did not increase, indicat-
ing the stability of the initial cellular aggregates
and a limited number of cell divisions at this

stage. Morphological analysis showed that by
day 7 the aggregates acquired a spherical shape,
reflecting the process of cellular self-organisa-
tion and optimisation of intercellular contacts.
After this point, a sharp increase in both the di-
ameter and the volume of the spheroids was ob-
served. It is likely that from this stage the change
in spheroid size was associated not only with
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further aggregation but also with cellular prolif-
eration within the three-dimensional structures.
The increase in size was accompanied by a more
compact and homogeneous spheroid morpholo-
gy, indicating active intercellular adhesion and
the organisation of extracellular matrix pro-
duced by the cells themselves. By day 34, the
spheroids reached a mean diameter of 118 £ 36
pm and a mean volume of 859.85 = 59.1 mm3,
demonstrating a substantial increase com-
pared with the initial state and indicating the
effectiveness of three-dimensional cultivation
in maintaining the viability and functional
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activity of L929 cells over a prolonged period.
Such data emphasise the phase-dependent na-
ture of spheroid development: the initial forma-
tion and stabilisation of aggregates transitions
into a phase of active growth, in which cellular
proliferation and the strengthening of intercel-
lular contacts predominate, ensuring the main-
tenance of structural integrity and functional
organisation of the three-dimensional culture.
At these average sizes, spheroids formed from
the L929 cell line did not exhibit a necrotic core,
as evidenced by the absence of red staining in
the FDA and EB test (Fig. 4).

Figure 4. Viability of cells in spheroids according to FDA/EB staining

Note: A - light microscopy; B - fluorescence microscopy
Source: developed by the authors

To assess cell viability based on plasma
membrane integrity and enzymatic activity, a test
using FDA and EB was used. FDA passively diffus-
es through the plasma membrane of viable cells.
Inside the cell, under the action of intracellular
esterases, FDA is hydrolysed to fluorescein, which
is retained in the cytoplasm and emits green flu-
orescence, reflecting esterase activity and mem-
brane integrity. EB enters only cells with impaired
membrane integrity, binds to nucleic acids and
emits an intense red fluorescence, indicating cell
death or severe damage. The analysis showed
high cell viability and sufficient diffusion of nu-
trients and oxygen to the centre of the spheroids
with an average diameter of 118 £36 pum, which
allows maintaining the functional activity of cells
even in a three-dimensional structure. The re-
sults obtained emphasised the phase nature of
spheroid development: the initial stabilisation

of aggregates transitions into active growth with
cell proliferation, the formation of spherical mor-
phology and the maintenance of metabolic sta-
bility within the three-dimensional culture, which
makes such aggregates relevant models for in vit-
ro studies. Thus, as a result of the experiments, it
was established that when using a low-adhesive
agar coating, L929 cell line quickly organise into
aggregates, after which, from the 7t day, in the
process of compaction, they form spheroids that
remain in a floating state for up to 34 days.
Continuing the analysis of the data obtained,
it can be noted that at different stages of culti-
vation, changes in the structure of spheroids are
observed, which is the result of active prolifera-
tion and organisation of cells. This opens up op-
portunities for a more detailed discussion of the
mechanisms that regulate these processes. The
results of the presented study showed that L929

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 1

153



154

Features of spheroidogenesis of L929 cell line...

cell line actively form spheroids when cultured
on low-adhesive surfaces, which is consistent
with the literature data on the mechanisms of
spheroid formation. As noted by K. Biatkowska et
al. (2020), 3D spheroids are extremely important
for research in biology because they provide an
opportunity to recreate the natural conditions of
the cellular environment, in particular cell-cell
and cell-ECM interactions, which are limited in
2D cultures. They also emphasised that spheroid
formation in 3D cultures depends on a number of
factors, including culture conditions and cell type,
which are critical for analysing biocompatibility
and cytotoxicity in vitro.

Research by N.E.Ryu et al.(2019) showed that
the first stage of spheroid formation is character-
ised by the initial aggregation of individual cells
into loose clusters, which was also observed in
the current study. This stage is mainly regulated
by passive physical processes and early inter-
cellular recognition events, as emphasised by
Y.Zhou et al. (2017). Intravital observations of cell
culture on non-adhesive surfaces allowed L. Ad-
enis et al. (2020) to identify four phases charac-
teristic of several cell lines during spheroid for-
mation. The first phase is the random movement
of individual cells. The second phase is the forma-
tion of aggregates of 5-10 cells. The third phase
is the restructuring of aggregates, during which
the cells inside are constantly moving and reor-
ganising. During this phase, the process of cell
proliferation begins. A few hours after formation,
the aggregates condense and reorganise into a
three-dimensional shape, which is the final phase
of spheroid formation. Proliferation continues,
constantly increasing the size of the spheroids.
The cells inside the spheroids actively remod-
el their microenvironment by synthesising and
depositing extracellular matrix components such
as collagen, fibronectin and laminin. This endoge-
nous extracellular matrix provides additional me-
chanical support to the spheroids and modulates
their sensitivity to xenobiotics.

The rate of progression of the phases, den-
sity, and size of aggregates/spheroids may vary

depending on both the culture conditions (static
culture, surface properties, medium composition)
and the characteristics of epithelial, mesenchymal,
stem, or tumour cells, as demonstrated by L. Ad-
enis et al. (2020). Moreover, not all cell lines form
compact spheroids when cultured in static sus-
pension culture. The key difference is that L929
spheroids derived from fibroblasts are less prone
to early necrosis. In contrast, according to Y. Tan et
al. (2020), more metabolically active or sensitive
epithelial cancer cell lines are prone to earlier
hypoxia and central necrosis. In the current study,
L929 cells underwent all phases of spheroid for-
mation, including initial aggregation, maturation
and restructuring of aggregates, compaction and
stabilisation due to extracellular matrix deposition.

During spheroid formation, cells organise
themselves into a 3D structure, leading to the
formation of gradients of metabolites and gases,
such as oxygen, within the spheroid. As estab-
lished by M. Acland et al. (2018), oxygen diffusion
into the spheroid is limited to a cell layer of 150-
200 um. As the size of the spheroid increases, ox-
ygen diffusion becomes more difficult, which can
lead to the formation of necrotic zones in the cen-
tre (Barisam et al., 2018). Since the average size of
the spheroids in the experiments did not exceed
120 pm, no necrotic zones were observed, con-
firming effective oxygen diffusion and mainte-
nance of cell viability in all parts of the spheroid.

Thus, the experiments revealed that L929 cell
line effectively form spheroids when cultured on
low-adhesive surfaces, confirming their ability to
self-organise and aggregate in three-dimensional
conditions. The dynamics of spheroid formation
includes several phases, starting from the initial
aggregation of cells to their subsequent compac-
tion and stabilisation due to the formation of an
extracellular matrix. The observed changes in the
size and morphology of spheroids are consist-
ent with the literature data on the mechanisms
of spheroid formation in other cell lines. Under
cultivation conditions of up to 34 days, L929
spheroids do not show necrotic areas, confirming
effective oxygen diffusion in three-dimensional
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aggregates, preserving cell viability. These results
highlight the importance of three-dimensional
cultures for maintaining cell functional activity
in long-term experiments, as well as for further
application in biomedical research, such as bio-
compatibility and cytotoxicity testing.

Conclusions
This article presents the results of a study of the
stages of spheroid formation in L929 cells dur-
ing prolonged three-dimensional cultivation on
a low-adhesive surface. During the study, the
morphological and quantitative dynamics of
cell aggregate formation were monitored over
34 days, and their viability within three-dimen-
sional structures was assessed. It was found that
L929 cells in static suspension culture rapidly
form primary aggregates, which from the 7t day
become denser and acquire a spherical shape.
Subsequently, the spheroids remain in a floating
state, demonstrating active intercellular adhesion
and the formation of an endogenous extracellular
matrix, which maintains their structural integri-
ty and functional activity throughout the entire
cultivation period. With an average diameter of
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Summarising the data obtained, it can
be stated that the proposed approach using a
low-adhesive agar coating allows obtaining sta-
ble three-dimensional models of L929 cell cul-
ture relevant for in vitro studies. Spheroids of
this line are characterised by predictable growth
dynamics, preservation of viability and absence
of early necrosis, which makes them suitable for
assessing biocompatibility, cytotoxicity and mod-
elling cell responses in a three-dimensional envi-
ronment. Thus, the results are of methodological
and practical importance for the improvement
of 3D models in biomedical research. Promising
areas for further research include studying the
effect of various characteristics of low-adhesive
surfaces on the formation rate and stability of
spheroids, detailed assessment of intracellular
proliferation and apoptosis, analysis of the dif-
fusion of nutrients and pharmacological agents
into aggregates, as well as the application of the
obtained three-dimensional models for testing
cellular responses to external stimulants and
therapeutic drugs.
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Oco6nuBocTi chepoigoreHesy KNiTUH niHii L929
npu TpUBasoMy TPUBUMIPHOMY Ky/IbTUBYBaHHi
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TetaHa boHpapeHKo

[okTop 6ionoriyHmx Hayk, npodecop

XapKiBCbKMI HaLiOHaNbHWUI yHiBepcuTeT iMeHi B.H. KapasiHa
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AHoTauis. KnituHHi 3D-kynbTypu, 30Kkpema chepoinm, WUMPOKO BUKOPUCTOBYHOTHCS A/ BUBYEHHS
MiXKKNITUHHUX B33€EMOfIN Ta TeCTyBaHHS 6iOCYMiCHOCTI Ta TOKCMYHOCTI, OCKiNIbKM BOHM TOYHille
BiATBOpIOOTL  (i3ionoriyHi yMoBM B NOpiBHAHHI 3 2D-kynbTypamu. MeToto pocnipxeHHs 6yno
BMBUMTM o0cobnuBocTi chepoinoyTBOpeHHs KNITUH NiHii L929 y cTaTuuHiin cycneHsiiHin KynbTypi
NpoTAroM TPMUBANOro TEPMiHY KyNbTUBYBaHHS. [In oTpMMaHHA cdepoifiB CycneHsito 3 KOHLeHTpaLli€
2x106KniTMH/MN NpUMILLYyBanuny 24-n1yHKOBUI NIAHWET 3 NOKPUTTAM 2 % po34nMHOM arapy. KynbTMBYBaHHS
npoBoAMAM BNPOLOBX 34 fi6. KoxHi Tpn 806K 34iMCHIOBaNach 3aMiHa Nos0BUHM 06'€EMy cepenoBMLLA.
BusHauaBca cepenHin giameTp Ta 06’eM cdhepoiniB. HasBHICTb HEKPOTUUYHMX KNITUH Y Cknadi chepoinis
OLIiHIOBanach 3a AONOMOrol NoABiiHOro 3abapeneHHs chepoinis GnyopecueiHfialeTaToM i eTuaiem
6pominoM. byno BcTaHOBNeHO, WO NiATPUMKA KNiTUH NiHii L929 y cTaTUuHiM cycneHsiiHii KynbTypi
[03BoNana oTpuMyBaTu chepoiam 3 cepefHiM aiametpom 118 MkM 6€3 HAasIBHOCTI HEKPOTMYHOTO a4apa.
MopMyBaHHs chepoiais byno 6aratocTyneHeBMM NPOLLECOM, LU0 BKJTHOYAI0 MOYATKOBY arperawito KiiTuH,
nicns skoi BiabyBanacb KOMMakTM3auis chepoifis, SKi yTpuMyBanucb y GAOTYOUOMY CTaHi NPOTATOM
O[HOTO Micaus KyNbTUBYBaHHSA. MpoTArom gocniaxeHHs 6yno BUSBNEHO, WO chepoinm KNiTuH niHii L929
YTBOPHOBANMNCh Yepes KifbKa eTaniB, BK/IKYAKUM arperayiio, ywinbHeHHs Ta cTabinisauito knituH. Bei
chepoinm 36epiranu cBot chepnyHy GOpMy Ta 3aNULLANUCS XUTTEILATHUMU, HE LEMOHCTPYIOUM 03HAK
HEKPOTUYHMX 3MiH HaBIiTb Ha 34-i AeHb KyNbTUBYBAHHA. Pe3ynbTaTu AOCNIAKEHHS MOXKHA BUKOPUCTATH
ANS BOOCKOHANEHHS MeTOAIB TecTyBaHHS 6ioCYyMiCHOCTI Ta LMTOTOKCMYHOCTI, 30KpemMa npu po3pobui
HOBMX NiKapCbkMx 3acobiB Ta 6iomaTepianis 3a sonomorot 3D-KynbTyp KNiTUH niHii L929

Kntouogi cnoBa: 3D-KkynsT1BYBaHHS; chepoiam; KnitiHHa NiHis $ibpobnactis; craTuyHa cycneHsiliHa KynsTypa
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