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of mineral supply already at the early stages of development, with a strengthening effect during the formation of
reproductive organs. It was established that the diameter of the head served as a sensitive indicator of fertilisation
efficiency, with the highest values recorded under the N,,,P4,K;, variant. The yield dynamics were examined and
a clear advantage of complete mineral nutrition was identified, ensuring an 83.3% increase in yield compared to
the control. The oil output per hectare was analysed and found to rise to 0.73 t/ha under optimal fertilisation,
indicating the efficient realisation of the crop’s potential. It was summarised that excessive nitrogen supply did
not always provide additional benefits, as it might lead to a redistribution of nutrients towards vegetative mass.
It was confirmed that balanced NPK nutrition contributed not only to high yield formation but also to stable
oil accumulation in seeds. The practical significance of the study lay in the possibility of applying the obtained
recommendations by agricultural producers and agronomic services to optimise sunflower nutrition systems under

conditions of climate change and resource constraints
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INTRODUCTION
Sunflower (Helianthus annuus L.) was classified as a stra-
tegically important oilseed crop in Ukraine, as it formed
the basis of the export potential of the agricultural sec-
tor and ensured food stability. Improving seed quality
and cultivation efficiency was essential for industrial
processing, while changing climatic conditions and un-
stable water regimes intensified the need for adapted
plant nutrition technologies. The system of mineral nu-
trition served as a key factor in yield formation, mainte-
nance of biochemical balance in the soil, and enhance-
ment of plant tolerance to stress conditions. Therefore,
the optimisation of fertiliser rates for modern sunflow-
er hybrids was considered a relevant direction in agrar-
ian science and practice, determining the efficiency of
soil resource utilisation and production profitability.

Scientific studies confirmed a strong relationship
between mineral element application rates and the
morphological parameters of sunflower. According to
V. Tsyhanskyi (2020), the adjustment of the soil nitro-
gen-phosphorus regime promoted propera develop-
ment of seed chambers and increased the stability of
reproductive growth. Similar conclusions were reported
in the study by V. Hanhur et al. (2022), which demon-
strated that the combination of NPK in balanced rates
stimulated head growth and ensured uniform yield
structure. It was evidenced that during the flowering
stage, nutrient deficiencies most significantly disrupted
the productive potential of the crop. The research by
V. Petrenko et al. (2023) traced the territorial differenti-
ation of oil content, confirming the dependency of seed
quality on phosphorus availability. Several authors fo-
cused on the bioenergetic aspects of nutrition. Accord-
ing to V.Hanhur and O. Kosminsky (2024), proper dosing
of mineral fertilisers influenced water consumption and
the intensity of photosynthesis, which was particularly
important in the Forest-Steppe zone.

One important aspect concerned the response of
hybrids to mineral fertilisation. The significance of sow-
ing time and nutritional management was highlighted
in the work of O. Trembitska et al. (2025), where a com-
bination of agrotechnical factors ensuring maximum

crop productivity was established. It was also essential
to consider the risks associated with excessive nitrogen
input. According to O. Sydiakina and M. lvaniv (2023),
exceeding the optimal fertiliser rates led to hyper-
trophic growth of vegetative biomass, which reduced
seed quality and the efficiency of nutrient use. Hence,
the need emerged to determine the threshold of tech-
nological feasibility for fertiliser application.

In international studies, particular emphasis was
placed on the microbiological processes responsi-
ble for nutrient assimilation. The research by Y. Sun et
al. (2025) revealed a dependence between the structure
of the microbial community and phosphorus nutrition,
which indirectly influenced the formation of reproduc-
tive organs. This position aligned with the findings of
L. Hellal et al. (2025), who demonstrated that the com-
bination of potassium and trace elements was capable
of accelerating oil accumulation in seeds even under
unstable water supply. The importance of a compre-
hensive approach to mineral nutrition was emphasised,
with consideration of physiological, soil, and microbio-
logical factors.

Thus, previous studies outlined general tendencies
of increased sunflower reactivity to mineral nutrition;
however, the parameters of optimal fertilisation rates
for the soil and climatic conditions of the Forest-Steppe
zone of Ukraine remained insufficiently specified. In this
context, scientific interest was directed towards assess-
ing the efficiency of different nutrition systems with re-
gard to the physiology of modern hybrids and the stabil-
ity of yield quality indicators. Therefore, the aim of the
research was to determine the optimal mineral nutrition
rates for sunflower that ensured the highest yield and
superior seed quality under the experimental conditions.

MATERIALS AND METHODS

The research was conducted in 2023-2024 on the prem-
ises of BEL-AGRO LLC, located in the Berdychiv district
of Zhytomyr region within the Forest-Steppe zone. The
climate of the area was moderately continental with
sufficient moisture, yet characterised by an unstable
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distribution of precipitation during the vegetation pe-
riod, which necessitated the optimisation of mineral
nutrition to ensure stable sunflower productivity. The
experimental plot was predominantly composed of
dark grey podzolised soils, with the following nutri-
ent contents recorded at the beginning of vegetation:
nitrogen - 98 mg/kg (DSTU ISO 14255:2005, 2006),
phosphorus - 104 mg/kg (DSTU 7865:2015, 2016), po-
tassium - 112 mg/kg of soil (DSTU 7865:2015, 2016),
and soil pH - 5.8 (DSTU 8346:2015, 2017). Four nu-
trition variants were established in the experiment,
forming a gradient of NPK availability: control (no
fertiliser), N;,oKgg, Ny50PgoKgo @and N, ooPg Ky, The experi-
mental scheme allowed the assessment of not only the
overall fertilisation effect but also the determination
of the threshold of technological feasibility for nutri-
ent application.

The experimental design aimed to determine the
limit of technological expediency for mineral element
application and to verify whether the increased nitro-
gen dose was economically justified. Fertilisers were
applied both during primary tillage and as supplemen-
tary feeding. The sources of nutrients were ammoni-
um nitrate (34.6%), double superphosphate (40%), and
potassium chloride (60%). The research object was the
hybrid sunflower ‘Sumiko’, sown within the optimal pe-
riod for the cultivation zone at a rate of 55 thousand
seeds per hectare and a row spacing of 70 cm. Agro-
technical practices were implemented according to re-
gionally accepted technology.

Plant monitoring was carried out throughout the
vegetation period with the recording of reproductive
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organ development, while primary measurements were
conducted during the full maturity phase. The impact
of mineral nutrition was assessed according to three
groups of indicators:

® morphometric characteristics - head diameter as
an indicator of reproductive potential formation;

m productivity - yield (t/ha) and weight of 1000
seeds;

B seed quality properties - oil content and oil out-
put per unit of area.

Oil content was determined under laboratory con-
ditions using mechanical pressing, which enabled the
identification of the actual volume of oil potential-
ly obtainable from 1 hectare of crops. Statistical data
processing was conducted using comparative analysis
with the calculation of relative increases in indicators
compared to the control variant. This approach enabled
the evaluation of both the agronomic and technologi-
cal feasibility of each fertilisation level and the identi-
fication of the optimal boundaries for mineral fertiliser
application. The authors adhered to the standards of
the Convention on Biological Diversity (1992).

RESULTS AND DISCUSSION

The conducted research demonstrated that the appli-
cation of mineral fertilisers had a positive effect on
this indicator. In the variant without fertiliser applica-
tion, the head diameter measured 14.8 cm, which was
the lowest among all experimental treatments. This
indicated insufficient plant nutrition, which restricted
growth and hindered the development of reproductive
organs (Fig. 1).

N120Pgo Kgo N150Pgo Kgo

Figure 1. Head diameter at the full seed maturity stage of sunflower, cm (average for 2023-2024)

Source: created by the authors

The application of nitrogen-potassium fertilis-
ation at a rate of N,,(K,, increased the average head
diameter to 15.4 cm, which exceeded the control by
0.6 cm. This confirmed the positive role of nitrogen and
potassium in the formation of generative organs. The
largest head diameter was recorded in the treatment
with complete mineral nutrition —= N,oPg,Ks, = where
it reached 18.8 cm. Compared to the control, this value
was higher by 4.0 cm (27.0%), indicating a substantial
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effect of phosphorus in combination with nitrogen and
potassium on the development of the reproductive
part of the plant. In the variant with an elevated ni-
trogen rate (N5, PgoKsgo), the head diameter measured
18.0 cm, which also significantly exceeded the control
(by 3.2 cm), although it was slightly lower than the op-
timal fertilisation variant. This may indicate that exces-
sive nitrogen nutrition did not always provide an addi-
tional advantage and could lead to the redistribution of




nutrients towards vegetative biomass. Overall, the
strongest positive effect on head diameter was ob-
served in the N,,,P4Ky, treatment, which confirmed the
expediency of applying a complete complex of mineral
fertilisers in balanced rates.

The formation of high sunflower yield depended on
a range of factors, among which rational mineral nutri-
tion was one of the key determinants. Properly selected
doses and proportions of nutrient elements — primarily
nitrogen, phosphorus, and potassium - supported full
plant growth and development, the formation of gen-
erative organs, and consequently an increase in yield
and improvement in seed quality indicators. There-
fore, particular importance was attached to studying
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the response of modern sunflower hybrids to different
fertilisation backgrounds, which enabled the scientif-
ic substantiation of optimal agrotechnical practices to
achieve maximum productivity under specific soil and
climatic conditions. The obtained results demonstrated
a significant influence of mineral fertilisation on sun-
flower yield. The lowest yield was recorded in the con-
trol variant, where no fertilisers were applied - 1.8 t/ha
(Fig. 2). The application of nitrogen-potassium fertiliser
at the N,,Kq, rate increased the yield to 2.2 t/ha, which
represented a 0.4 t/ha (22.2%) rise compared with the
control. This confirmed the important role of nitrogen
and potassium in the processes of growth, photosyn-
thesis, and seed formation.

N120Psg0 Kso N150Pso Ko

Figure 2. Effect of different fertiliser rates on sunflower seed yield, t/ha (average for 2023-2024)

Source: created by the authors

The highest efficiency was demonstrated by the
treatments with complete mineral nutrition. In the
N,,oPsoKgo Variant,the yield reached 3.3 t/ha, which ex-
ceeded the control by 1.5 t/ha (83.3%). The application
of an increased nitrogen rate in the N, PyKj, treat-
ment resulted in the maximum yield - 3.5 t/ha, which
was 1.7 t/ha (94.4%) higher than the control and 0.2 t/
ha (6.1%) greater than in the previous variant. Accord-
ing to the research findings, a clear trend was identi-
fied in the alteration of the chemical composition of
sunflower seeds under the influence of different min-
eral fertilisation rates and the weather conditions of
the cultivation years. The most pronounced variations
occurred in the indicators of crude protein content
and oiliness, which were the key quality parameters
of oilseed raw material. During dry years, when plants
experienced water deficit in critical development stag-
es (flowering and seed filling), a reduction in seed fat
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content was observed due to the disruption of photo-
synthetic processes and lipid assimilation.

The application of mineral fertilisers contributed
to more active oil accumulation in sunflower seeds.
The most significant increase in oil content was ob-
served when balanced fertiliser rates were used,
namely N,,PgKgo Or Nioy PgoKgo Which supplied the
plants with essential nutrients throughout the entire
vegetation period. The oil output was determined un-
der laboratory conditions using a mechanical press.
The lowest oil content recorded during the research
period - 40.7% - occurred in the unfertilised variant.
Under the N, PgKg, treatment, the oil content was
8.6% higher than in the control, while under complete
mineral fertilisation it was 6.4% higher, and 2% lower
compared with the increased nitrogen rate. The calcu-
lation of oil yield per hectare of sunflower seed was
performed (Fig. 3).

N120Pgo Kgo N150Pgo Kgo

Figure 3. Oil output from seeds depending on different fertiliser rates, % (average for 2023-2024)

Source: created by the authors
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Over the two years of field research, the amount
of oil that could be obtained from 1 hectare of sun-
flower crops was determined. On average, this indicator
reached 0.73 t/ha, which was considered a rather high
result for this zone. The highest oil output was recorded
in the variants where mineral fertilisers were applied
at optimal and elevated rates. Under optimal mineral
nutrition, the oil yield increased by 37.5% compared
with the control treatment, where no fertilisers were
applied. Even better results were observed under the
elevated fertiliser rate, where oil yield rose by 44.4%
relative to the control and by 6.9% compared with the
N,,0Ps0Kgo Variant. This indicated that the application of
mineral fertilisers had a positive effect not only on seed
yield but also on oil content.

The obtained results indicated that balanced min-
eral nutrition using the full fertiliser complex at the
N,,0Ps0Kgo rate provided the most pronounced positive
impact on morphometric parameters, yield, and oil out-
put of sunflower under Forest-Steppe conditions. The
increase in head diameter to 18.8 cm and the rise in
yield to 3.3-3.5 t/ha corresponded well with the posi-
tion that an optimal nutrition regime formed not only
the mass of the yield but also the structure of repro-
ductive organs. Similar trends were described in the
monograph by Ye. Domaratskyi et al. (2020), which
emphasised that an environmentally balanced system
of sunflower fertilisation, with a focus on balanced
NPK rates, ensured a substantial productivity increase
alongside stable soil conditions.

The sunflower’s sensitivity to the mineral nutrition
background identified in the research correlated with
the findings of O. Sakharchuk and L. Garbar (2018), who
demonstrated that the optimisation of nutrition con-
ditions could increase yield by 60-90% compared with
the control due to the rational proportion of nitrogen,
phosphorus, and potassium. In the conducted study, the
yield increase reached 83.3% in the N,,,PyK;, treat-
ment and 94.4% in the N, P4Kg, treatment, which fell
within the range comparable to the cited data. Howev-
er, the results additionally highlighted that excessive
nitrogen nutrition was not accompanied by a corre-
sponding improvement in morphometric parameters,
particularly head diameter.

The plant response to different nutrition variants
also corresponded to the concept of resource provision
in productivity formation, as outlined in the study by
G. Pinkovsky et al. (2019), where it was demonstrated
that a fertilisation system could simultaneously main-
tain soil fertility and ensure consistently high yields,
provided crop rotation constraints were observed.
The obtained data confirmed that under dark grey
podzolised soils with moderate nutrient content, only
complete mineral fertilisation enabled the realisation
of the hybrid’s productive potential. In this context, the
results aligned with the conclusions of Z. Dehtiaro-
va (2023), who emphasised that an increased share of
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sunflower in short-rotation crop rotations without bal-
anced fertilisation led to soil depletion and a reduced
crop response to mineral fertilisers.

The established dependency of yield and oil output
on mineral nutrition rates was consistent with the find-
ings of Ye. Domaratskyi et al. (2022), which highlighted
the pivotal role of water consumption and nutrition in
the productivity formation of high-oleic hybrids un-
der increasing climatic variability. In the present study,
higher fertiliser rates contributed to better utilisation
of moisture and more stable yield formation, which
was indirectly supported by the findings of L. Harbar et
al. (2025), where it was shown that the water consump-
tion regime of sunflower was significantly influenced
by technological elements, including nutrition. Overall,
the observed increase in yield and oil output could be
regarded as the combined effect of mineral provision
and water regime.

The improvement in morphometric parameters
recorded in the treatments with complete mineral
nutrition supported the conclusions of L. Harbar and
V. Avramchuk (2024) concerning the sensitivity of hy-
brids’ biometric parameters to nutrition conditions and
growth regulators. In both cases, the enhancement
of biometric characteristics was viewed as a key link
mediating the influence of agrotechnical practices on
yield level. In the conducted research, head diameter
proved to be a sensitive indicator that clearly respond-
ed to changes in NPK rates, with the highest values
recorded under balanced combinations of nitrogen,
phosphorus, and potassium. Comparison of the study
results with the data of H. Drobitko et al. (2024) re-
vealed certain differences in approach. While their re-
search focused on resource-saving technologies com-
bined with adapted hybrids in southern regions, the
present study concentrated on classical mineral nu-
trition under Forest-Steppe conditions. However, both
studies highlighted that the effectiveness of technol-
ogy was determined by the interaction between varie-
tal-hybrid characteristics and a properly selected fer-
tilisation system.

The data by V. Gurtovenko (2025) indicated
that sunflower productivity in the Right-Bank For-
est-Steppe depended not only on nutrition but also
on the system of primary tillage and the use of soil
herbicides. The current research complemented this
perspective by clarifying that under standard tech-
nology, the N,,,P4Kg, treatment could be considered
a baseline for achieving consistently high yield indi-
cators without excessive nitrogen input. A promising
direction for further optimisation of nutrition involved
the integration of mineral fertilisers with biological
preparations, as confirmed by the research of V. Bolok-
hovsky et al. (2024), where the possibility of increas-
ing nutrient use efficiency and reducing chemical
load through biological agents was demonstrated. In
combination with the conclusions of Yu. Shkatula and




A. Kravets (2025), who examined mineral nutrition of
sunflower in an agroecological context, the results of
the present study indicated the feasibility of transi-
tioning from mere intensification of NPK rates to the
development of balanced nutrition models focused on
agroecosystem sustainability.

Taking into account the conclusions of L. Xue et
al. (2023) regarding differences in the chemical compo-
sition of edible oils and the importance of qualitative
parameters of the lipid fraction, the increase in seed
oiliness and oil output in the variants with complete
mineral nutrition acquired not only agronomic but also
technological significance. This highlighted that the
optimisation of sunflower mineral nutrition should be
viewed as a tool for enhancing the competitiveness of
raw materials in the edible oil market rather than sole-
ly as a means of increasing gross yield. The conducted
analysis confirmed the key role of balanced mineral
nutrition in sunflower productivity formation. The most
effective rate was N,,,Ps.Kso, Which ensured an optimal
balance of yield and seed quality without excessive
resource expenditure. Alignment of the results with
modern research confirmed the scientific validity of the
experiment and its practical relevance for agro-tech-
nologies in the Forest-Steppe zone of Ukraine.

CONCLUSIONS

The conducted research confirmed that the mineral
nutrition system was a decisive factor in shaping sun-
flower yield and seed quality characteristics. It was es-
tablished that the crop response to NPK supply levels
manifested already at the early stages of morphogen-
esis and intensified during the formation of generative
organs, demonstrating a direct dependence of produc-
tive potential on the optimisation of mineral nutrition.
A detailed analysis of morphometric indicators showed
that head diameter, plant height,and leaf apparatus de-
velopment were sensitive indicators of fertilisation ef-
ficiency. The lowest values of these parameters were re-
corded in the control treatment, indicating limitations
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in reproductive organ development under conditions of
insufficient nutrition.

The optimal response was observed inthe N,,,PKq,
treatment, where not only an increase in biometric in-
dicators was recorded, but also the highest yield lev-
el. The elevated nitrogen rate (N, ;,P4Kg,) €nsured the
maximum yield increase; however, the results indicat-
ed a likely shift toward excessive vegetative growth at
the expense of seed quality, emphasising the need to
identify an economically and physiologically justified
nutrient balance. Analysis of the chemical composition
of seeds demonstrated that balanced nutrition promot-
ed active accumulation of protein and oil, and optimal
fertiliser rates could compensate for climatic stresses,
which was particularly important in zones with unsta-
ble moisture regimes.

The determination of oil yield per hectare con-
firmed the high effectiveness of optimal fertilisation,
which resulted in a 37.5% increase compared with
the control. The synthesis of results indicated that the
N,,0PsoKgo combination created the most favourable
conditions for realising the genetic potential of the hy-
brid and maintaining the agroecological sustainability
of production. The research demonstrated that a ration-
al nutrition system was key to production intensifica-
tion without compromising seed quality or soil fertility.
A promising direction for further studies involved the
analysis of adaptive mineral nutrition schemes consid-
ering climate fluctuations and the use of biostimulants
in combination with NPK systems.
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AHoTauia. MeTolo gocnigxeHHs 6yno BCTaHOBMTM OMTUMAsbHIi HOPMU MiHEPaNbHOMO >XMBMIEHHS COHSILLHUKY, SIKi
3abe3neyyloTb MaKCMManbHY BPOXaMHICTb Ta CTabiNbHi SKiCHI NMOKa3HMKM HACiHHA B 30Hi JlicocTeny YkpaiHu.
MeToponoris BkIOYana MpoBeAeHHS ABOPIYHOrO NOMbOBOMO EKCNEePUMEHTY 3 YOTMPMa BapiaHTamu yoobpeHHs
(KoHTponb, NipKgs, NijoPgoKge Ta NigoPgoKgo), BM3HAYeHHS MOPGOMETPUYHMX MOKAa3HWKIB, YpOXKaWHOCTI Ta
nabopaTopHUii aHanis ximMivHoro cknagy HaciHHs. CtaTucTnyHa 06pobka pe3ynbTaTiB 34iMCHI0BANACS 38 NPUHLMIOM
MOPIBHSANBHOrO aHani3y 3 OLIHKOK BiAHOCHOIO MPMPOCTY MOKAa3HMKIB BiAHOCHO KOHTpont. Y xoai poboTtu 6yno
BM3HAYEHO, WO peaKLis COHSAWHWUKY Ha piBeHb MiHepanbHOro 3abe3neyeHHs NPOSBASETbCS BXe Ha paHHix (azax
PO3BUTKY Ta NOCUMIOETLCS Npu HOPMYyBaHHI PENPOAYKTUBHMX OpraHiB. byno BcTaHOBNEHO, WO AiaMeTp KOWWKa €
YYT/IUBUM iHAMKATOPOM e(dEeKTUBHOCTI XXMBJIEHHS, @ HaMbiNbLi 3HaYEHHS LbOro NOKa3HWKa 3aikCOBaHO y BapiaHTi
N,,0Ps0Kso- BY/10 BOCHIAXEHO AUHAMIKY YPOXKANHOCTI Ta BUSBNEHO YiTKY NepeBary NOBHOr0 MiHEPasIbHOr0 XXMBNEHHS,
gKe 3a6e3neunno NpupicT ypoxaHocTi Ha 83,3 % nopiBHsSHO 3 KOHTponeM. [TpoaHanizoBaHo Buxig onii 3 1 rektapa
nocigiB, skui 36inbwmeca fo 0,73 T/ra 3a ONTUManbHOrO yaobpeHHs, Wo CBiAYMTL NPo edeKTUBHY peanizaLiio
noteHuiany Kynbtypu. byno ysaranbHeHo, WO HagMipHe a30THE XXMBNEHHS He 3aBXAuW 3abe3neuyye A0AATKOBY
nepeBary, OCKiflbKM MOXe CNPUYMHSATU Nepepo3NOAiN NMOXMBHUX PEYOBMH Yy Bik BereTaTuBHOI Macu. linTBepaeHo,
o 36anaHcoBaHe NPK-uBNeHHs cnpuse He e GopMyBaHHIO BUCOKOTO BPOXKato, a M CTabiNbHOMY HAaKOMUYEHHIO
ONiT y HaCiHHI. MNpaKTMYHa LiHHICTb AOCNIAXKEHHS NONATAE Y MOXIMBOCTI BUKOPUCTAHHSA OTPUMAHUX PEKOMEHAALIN
arpoBMpobHMKaMM Ta arpoOHOMIYHUMMK CNYKOaMKU AN ONTUMI3aLii CUCTEMMU XKMBNEHHS COHSILHUKY B YMOBAX 3MiH
KniMaTty Ta pecypcHMX obMeXeHb

KniouoBi cnoBa: yno6GpeHHS; GKiCTb HACIHHS; ONiNMHICTb; (BOTOCMHTETMYHA aKTMBHICTb, AiaMeTp KOLMKa;
arpoTtexHonorii
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