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The study examined the characteristics of millet (Panicum miliaceum L.) productivity formation
depending on the spatial organization of sowing and the use of biostimulating preparations
in the arid conditions of southern Ukraine during 2021-2023. The response of plants to different
row spacing (15 and 30 cm) in combination with pre-sowing seed treatment with Gumicor and
foliar feeding with HELAFIT-Combi was evaluated. It was shown that changing the parameters
of plant placement significantly transforms the morphological structure of the agrophytocenosis,
the intensity of assimilation surface formation, and the level of photosynthetic activity of crops.
The narrow-row sowing method ensured an increase in growth, tillering, and photosynthetic
activity, which led to a stable increase in grain yield compared to wide-row placement.

The article highlights the results of a three-year field experiment, establishes the dominant
role of row spacing in yield formation, and determines the proportion of influence of the studied
factors based on the results of variance analysis. It was demonstrated that optimizing the spatial
structure of sowing allows for more effective realization of the potential of mineral nutrition and
biostimulation, and the combination of 15 cm row spacing with the use of Gumicor and HELAFIT-
Combi ensures maximum productivity — 4.006 t/ha. It was established that the contribution of row
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spacing to the overall variability of yield is 76 %, which confirms its decisive importance
in the system of technological measures.

The results obtained indicate the feasibility of an integrated approach to regulating crop
density and nutrition in order to increase the adaptability of the crop to moisture deficiency
and high temperatures. The proposed technological elements can be recommended for industrial
implementation in order to stabilize and increase millet yields in the southern regions of Ukraine.

Key words: millet, row spacing, photosynthetic activity, biostimulants, yield, adaptive
technology.

Aeepuee O. B., Hiximenxo M. Il. Bnaue wiupunu mixcpads ma oiocmumynamopie na
domocunmemuunuii nomenyian i 6poMHCaAUniCmy RPOCA 6 yMoeax nieOHs YKpainu

Jlocniooiceno ocobrusocmi hopmysants npooykmuernocmi npoca (Panicum miliaceum L.)
3A1eXHCHO 8I0 NPOCMOPOBOT Op2anizayii nocigy ma 3acmocy8ants OioCMUMYTIOIYUX NPenapamie
y nocywnusux ymosax I1ieous Yxpainu npomseom 2021-2023 pp. Oyineno peaxyiio pociut Ha
PizHY wupury miocpsos (15 i 30 cm) y noeOHanti 3 nepednocieHow 06pOOKOK HACIHHA npe-
napamom I'ymikop ma nosaxopenesum nioxcuenennsim XEJIADIT-Kom6i. [Tokazano, wo 3mina
napamempie posmilyeHHs. pOCIUH ICIOMHO MPAHCHOPMYye MOPPONOiuHY CIMpPYKmMypy azpogi-
MOYeHo3y, IHMEHCUBHICb OPMYBAHHS ACUMINAYILIHOT NOBEPXHI Ma pieeHb omocunmemu-
HOI disibHOCMI nocigis. Byzvkopsaonuil cnoci6 cisbu 3abe3neuus nioguiyeHHs NOKA3HUKIE pocniy,
KYWeHHA ma akmueHocmi ¢pomocunmesy, wo 3yMOSUL0 cmabilvHe 3pOCMAants 8POICAUHOCHI
3epHa NOPIGHAHO 3 UWUPOKOPAOHUM PO3MIUYEHHSAM.

Y cmammi suceimneno peszynomamu mpupiuno2o noibo6020 eKChepumenmy, 6CmaH061eHo
OOMIHYIOUY PO WUPUHU MIXCPSAOb Y YOPMYSAHHT BPOJICAIO MA BUSHAYEHO YACMKY GNIUGY OOCII-
02ICYBAHUX YUHHUKIG 3a pe3ynbmamamu oucnepcitinozo ananizy. [Ipooemoncmposaro, wo onmu-
Mi3ayis npocmoposoi cmpyKkmypu nocigy 0036015€ egheKmusHiie peanizysamu nomeHyian mine-
PANBHO20 JHCUBTLEHHSL T OIOCMUMYIAYITL, A NOEOHAHHS MIJICPSIO0st 15 cm i3 3acmocyeannsm [ ymikop
i XEJIADIT-Kombi 3abe3neuye makcumanbHuil pigers npodykmuenocmi — 4,06 m/za. Bcmanos-
JIEHO, UJO BHECOK UUPUHU MIHCPSOb Y 302ANbHY 8apiadelbHicmb ypoxcatiHocmi cmanosums 76 %,
w0 niOmeepoICYe il BUSHAUAIbHE 3HAUEHHS 8 CUCEMI MEeXHOIO02IUHUX 3aX00i8.

Ompumani pezynbmamu c8iouams npo OOYiibHICMb IHMe2POBAHO20 NIOX0OY 00 Pe2yNI08AHHS
2YCmomu ma JHCUGieHHs NOCI88 s NIOSUWEHHS A0ANMUBHOCTIE KVIbMYpUu 00 0eqhiyumy 80102u
ma euUCoKUx memnepamyp. 3anponoHo6ami enemenmy mexHon02ii MoJcyms 6ymu pekomMeHO08a I
07151 BUPOOHUYO20 6NPOBAIICEHHSL 3 MEMOI0 CmMabdinizayii ma 3pOCmMans 6POACAUHOCII NPOca
8 YMOBAX NIBOEHHUX peioHie YKpainu.

Knrouosi cnosa: npoco nocisne, wupuna mizncpsosb, Gomocunmemuyna akmughicms, 6ioc-
MUMYIAMOPU, YPOICAUHICTb, AOANTNUBHA MEXHOLO2IA.

Problem statement. Row spacing is one of the key agronomic factors that directly
determine the growth and development of millet (Panicum miliaceum L.). It affects the
distribution of plants per unit area, light regime, availability of moisture and nutrients,
as well as the interaction between plants in the crop. Smaller row spacing promotes
denser plant placement, which allows for more efficient use of light and increases the
intensity of photosynthesis. In turn, optimal photosynthetic potential is the foundation
not only for the accumulation of above-ground and below-ground biomass, but also for
the formation of high-quality grain indicators [6, c. 32].

The problem of choosing the optimal row spacing is particularly relevant for the
conditions of southern Ukraine, where millet crops often face high temperatures,
limited moisture supply, and unstable soil fertility. In such conditions, dense plant
spacing allows for better soil moisture retention, reduces evaporation, and forms a
more Tocompetitive plant structure. At the same time, overly dense crops can lead to
competition between plants for resources, increased risk of disease development, and
physiological stress.

In modern millet cultivation technologies, a comprehensive approach is important,
combining the optimization of row spacing with the use of biostimulants and mineral
nutrition. This not only increases the photosynthetic activity of the foliage, but also
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improves the development of the root system, which directly affects the absorption of
water and nutrients during periods of critical resource shortages.

Analysis of recent studies and publications. The issue of optimizing row spacing
as one of the key elements of cereal crop cultivation technology has been repeatedly
highlighted in the works of domestic scientists. Studies show that the spatial arrangement
of plants directly affects the formation of the photosynthetic potential of crops, the
intensity of biomass accumulation, and the level of yield.

The works of M.Ya. Gumentyk (2014) have established that plant density and row
spacing significantly determine the productivity of switchgrass (Panicum virgatum L.),
in particular due to changes in the structure of the agrophytocenosis and the efficiency
of environmental factors [1, c. 29]. The author emphasizes the importance of adapting
row spacing to soil and climatic conditions and the intended use of the crop. Further
research (Gumentyk, 2016) confirmed that the optimal sowing method and plant care
system contribute to increased biomass yield and stability of the production process in
the forest-steppe zone of Ukraine [1, c. 29].

Similar conclusions regarding the role of row spacing were obtained in studies by
V. A. Mazur and Yu. Yu. Branitsky (2017), who noted the influence of sowing dates and
spatial organization of sowing on the growth and development of millet plants [2, c. 19].
It has been established that changing row spacing in the early stages of organogenesis
affects competitive relationships between plants and the formation of productive stems.

The scientific and production recommendations of O. V. Averchev (2008) on the
cultivation of millet in the conditions of the Black Sea steppe of Ukraine emphasize the
importance of agrotechnical measures aimed at preserving soil moisture, optimizing
sowing dates, and maintaining a favorable water-air regime through inter-row cultivation
[4, c. 6]. Given the aridity of the region, the spatial parameters of sowing are considered
as a tool for regulating the microclimate of the agrocenosis.

At the same time, in modern research, the combination of agrotechnical methods
with a system of mineral nutrition and biological preparations is becoming increasingly
relevant. Thus, in the works of O. V. Averchev, N. E. Vasilenko, and co-authors (2019),
the effectiveness of optimized nitrogen nutrition (90-110 kg/ha d. r.) and pre-sowing
inoculation of seeds with biological preparations to increase the seed productivity of
cereal crops has been proven [5, c. 1]. The results confirm the feasibility of integrating
agrotechnical and agrochemical factors into a single adaptive cultivation system.

At the same time, for the conditions of southern Ukraine, the issue of the optimal
combination of narrow-row sowing with biostimulants and mineral nutrition of millet
(Panicum miliaceum L.) remains insufficiently studied. This necessitates comprehensive
research aimed at determining the effect of row spacing in interaction with agrochemical
factors on biometric indicators, photosynthetic potential, and crop yield [6].

The aim of the study is to determine the effect of row spacing (15 and 30 cm) on
biometric indicators, photosynthetic potential, and millet yield formation in southern
Ukraine, taking into account the adaptive response of plants to sowing density and
agrochemical factors.

Soil conditions. The study was conducted on southern transitional to ordinary and
southern low-humus chernozems formed on loess-like carbonate loams. The depth of
the humus horizon was 30 c¢cm, the humus content was 2.0-3.0 %, and the soil solution
reaction was close to neutral (pH 6.8). The soils are characterized by optimal bulk density
(1.15-1.29 g/cm?), porosity of 55.6 %, and heavy loam granulometric composition, which
provides favorable water-air properties. The availability of mobile forms of phosphorus
is average (5-10 mg P,Os per 100 g of soil), potassium is high (11-15 mg per 100 g of
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soil), and nitrification capacity is moderate (1-3 mg per 100 g of soil). Groundwater lies
at a depth of more than 3 m. In terms of their natural properties, the soils are characterized
by high potential fertility and are suitable for growing grain crops.

Experimental design. Field studies were conducted using a three-factor design.
Factor A — pre-sowing treatment of seeds with Gumikor (3.0 I/ha), Gumiam-01 (2.0 I/t)
and control (water). Factor B—row spacing of 15 and 30 cm with a sowing rate of20 kg/ha.
Factor C — foliar feeding of plants with Gumicor (3.0 1/ha), BIO-GEL (2.0 1/ha),
HELAFIT-combi (1.0 I/ha), Gumiam-01 (0.07 1/ha) and control. Seed treatment was
carried out one day before sowing, foliar feeding was carried out twice — in the tillering
and panicle emergence phases of the crop.

Setting the task. Within the framework of the study aimed at increasing millet
productivity and optimizing agrotechnical measures, the task was set to comprehensively
assess the effect of row spacing on plant growth, development, and photosynthetic
activity.

First, it was planned to determine the effect of 15 and 30 cm row spacing on key
biometric indicators, including plant height, number of shoots, and leaf area, as well as
to assess the net photosynthetic productivity of crops with different spatial structures.
Another important task was to determine the effectiveness of the combined use of
different row spacing widths, pre-sowing seed treatment with Gumicor, and foliar feeding
with HELAFIT-Combi. A dispersion analysis was performed to quantitatively assess the
impact of the studied factors on crop yield. Based on the results obtained, it was planned
to develop scientifically sound recommendations for industrial implementation.

The implementation of these tasks made it possible not only to evaluate the
effectiveness of different row spacing options, but also to offer practical recommendations
aimed at increasing the productivity and environmental stability of millet cultivation in
southern Ukraine.

Presentation of the main research material. During the study (2021-2023), it was
established that the formation of millet productivity in southern Ukraine is the result
of a complex interaction of agrotechnical factors and weather and climatic conditions.
The main influencing factors were row spacing (factor B), pre-sowing seed treatment
(factor A), and foliar feeding (factor C).

The first stage of the research was to establish a relationship between the spatial
arrangement of plants and net photosynthetic productivity [7, c. 361]. The data obtained
confirmed that narrowing the row spacing to 15 cm creates more favorable conditions
for the formation of a powerful assimilation apparatus.

Table 1
Effect of row spacing on biometric indicators and net photosynthetic productivity
of millet plants (average for 2021-2023)

] Row spacing .
Indicator Difference (%)
15 cm 30 cm
Plant height, cm 85 78 9
Number of shoots per plant, pcs 5,2 4,1 27
Leaf area, cm? 420 360 17
Net photosynthetic productivity, g/m*day 5,10 4,95 3
Grain yield, cwt/ha 38,2 31,5 21

ISSN 2226-0099 (Print), ISSN 2664-6102 (Online)



3eMi1epoOCTBO, POCIMHHUIITBO, OBOYIBHHIITBO Ta OAIITAHHUIITBO |

| 7

The results of the studies confirm that narrowing the row spacing to 15 cm is a
key factor in optimizing the structure of the millet agrophytocenosis, which provides
a significant advantage in all biometric and physiological indicators. A more uniform
distribution of plants across the area contributed to a 17 % increase in leaf surface area
and a 3 % increase in net photosynthetic productivity compared to 30 cm row spacing.
The data obtained indicate a more efficient use of photosynthetically active radiation
and improved conditions for intraspecific plant interaction, which ultimately ensures
an increase in the level of realization of the productive potential of the crop [7, c. 361].

The established direct correlation between morphological parameters (in particular,
a 27 % increase in the number of shoots) and photosynthetic intensity proves that denser
sowing allows plants to more fully utilize the resource potential of the environment —
light, moisture, and mineral nutrition. This leads to the formation of a consistently higher
grain yield (38.2 cwt/ha), which is 21 % higher than that of wide-row sowing, confirming
the scientific significance of choosing a row spacing of 15 cm as a basic element of
intensive millet cultivation technology in southern Ukraine.
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Fig. 1. Dynamics of biometric and physiological indicators of millet depending on row
spacing

Analysis of the graph (Fig. 1) allows us to establish a direct relationship between
row spacing and the efficiency of resource use by millet plants. The greatest
discrepancy between the experimental variants was recorded in terms of the number
of shoots (27 % more with narrow-row sowing) and net photosynthetic productivity
(3 % more), which indicates better lighting and nutrition for each plant with a row
spacing of 15 cm. The pattern shown in the figure confirms that narrowing the row
spacing to 15 c¢m reduces the area of unshaded soil that does not participate in
photosynthesis. This ensures more complete absorption of solar radiation by the leaf
surface, increases the productivity of the entire crop, and creates the conditions for
higher grain yields [8, c. 674].

The next step was to study how biometric advantages are realized in yield under the
influence of biostimulants and weather conditions in 2021-2023 [6, c. 32].

The results of three years of observations show that row spacing is the dominant
factor, accounting for 76 % of the variability in yield, according to dispersion analysis.
It has been established that the transition from 30 cm to 15 cm row spacing allows for
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a significant increase in yield due to the optimal distribution of plants over the area and
better use of resources.

Table 2
Millet grain yield by experimental variants, t/ha
Factor A Factor C Factor B (row spacing)
(seed treatment) (fertilization) 15 cm 30 cm
Control (water) 2,43 1,73
Control -
HELAFIT-Combi 3,80 2,70
. Control (water) 2,56 1,83
Gumicor -
HELAFIT-Combi 4,06 2,93
HIPys, t/ha 0,15-0,25 0,10-0,16

The data in Table 2 demonstrate the consistent advantage of narrow-row sowing
(15 cm) regardless of the use of biostimulants. The highest yield (4.06 t/ha) is achieved
by combining pre-sowing seed treatment with Gumicor and foliar feeding with
HELAFIT-Combi at a row spacing of 15 cm. The difference between the row spacing
options is statistically significant throughout all years: the yield at 15 cm was 28-30 %
higher than at 30 cm, which is confirmed by the HIP0S values.

Dispersion analysis of the data revealed that the share of the row spacing factor
(factor B) in the total variation of the trait is 76 %. The effect of pre-sowing seed
treatment (factor A) was 16 %, while foliar feeding (factor C) and the interaction of
factors had smaller but statistically proven values. In particular, the interaction of
“pre-sowing treatment + row spacing” (AB) provided a 5 % effect, which indicates an
increase in the action of biostimulants in technologically correctly formed crops.

The data obtained prove that for the conditions of southern Ukraine, narrowing the
row spacing to 15 cm is a basic element of technology that maximizes the work of the
photosynthetic apparatus, and the use of biological products allows this potential to be
further realized even in dry years.

Conclusions and recommendations. The research has shown that reducing the
row spacing from 30 cm to 15 cm significantly affects the productivity of millet due
to its complex effect on the morphological and physiological indicators of plants.
Closer spacing contributes to an increase in stem density, plant height, more intensive
accumulation of above-ground and below-ground biomass, and an expansion of leaf
surface area. This, in turn, ensures an increase in the photosynthetic potential of crops
and creates the conditions for higher grain yields.

Scientific analysis of the results confirms that smaller row spacing optimizes the
spatial organization of the agrocenosis, improves root system development, and
promotes more efficient use of soil moisture and mineral nutrients. In the conditions of
southern Ukraine, where water supply is often a limiting factor, such optimization of the
crop structure is of particular importance for stabilizing crop yields.

The additional use of Gumicor and HELAFIT-Combi biostimulants increases the
intensity of growth processes, activates the physiological mechanisms of plant adaptation
to stress factors, and enhances the realization of their genetic productivity potential.
The combination of optimal row spacing with biostimulants provides a synergistic
effect, which manifests itself in increased yields and improved structural elements of
productivity [9, c. 141, 10, c. 441].
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To maximize millet yield in the southern regions of Ukraine, it is advisable
to use a row spacing of 15 cm in combination with the biostimulants Gumikor and
HELAFIT-Combi. The proposed agricultural technique is scientifically sound and can
be recommended for implementation in production practice in order to increase the
economic efficiency of crop cultivation.

REFERENCES:

1. T'ymentux M. Sl. ArpoTexHiYHi IpUHOMHU BUPOIYBaHHS [IPOCa MPYTOIOIIOHOTO
Panicum virgatum L. bioenepeemuxa. 2014. Bun. 1. C. 29-32.

2. Masyp B. A., bpaninpkuii 1O. 0., [Tomimyk I. C. OcoGnuBOCTI BUPOIITYBaHHS
npoca jo3oBuaHOro B ymoax Jlicocreny IpaBobepesxHoro. Cinbcbke eocnodapcmeo
ma nicisnuymeo. 2017. T. 1, Ne 7. C. 19-26.

3. ®iminace JI. I1., Binenko O. I1. OcoOmuBOCTI (OpMyBaHHS MPOXYKTHBHOCTI
poca MPYTOMOAIOHOTO 3aJ€KHO Bl IMIUPHHUA MUKPSb. 30a1aHcO8aHUl PO3GUNOK
azpoexocucmem Ykpainu.: cyuacHuul noanad ma innosayii : marepiamu 111 Beeykp.
HayK.-1paxT. koH(., M. [Tonrasa, 21 nucron. 2019 p. ITonrasa : ITJIAA, 2019. C. 86.

4. Asepue O. B. HaykoBo-BUpOOHMY1 pEeKOMEHIAIIIT 3 TEXHOJIOT1l BUPOIIYBaHHS
npoca B [IpuaopHOMOpchkoMy creny Yipainu. Xepcon : Omi tutroc, 2008. 23 c.

5. AsgepueB O. B., Bacunenko H. €. Biius arpotexHiyHUX (akTOpiB Ta YMOBH
BUPOILIYBaHHs OaratopiuHuX KOPMOBHUX KynbTyp. Development trends of world
agriculture in the 21st century: the view of the modern scientific community : scientific
monograph. Riga, Latvia : Baltija Publishing, 2022. C. 1-27.

6. AsepueB O. B., Hixirenko M. I1. AkTyanbHi cTparerii BUPOIIyBaHHS Ipoca B
yMOBax KIIMaTu4HUX 3MiH. CyuacHi 6ekmopu po3eumky aepapuoi HayKu . Marepiaiu
MixHap. Hayk.-TipakT. KoH}. Xepcon : XJIAEY, 2024. C. 32-36.

7. Hikiteako M. I1. Brue 6araroyHKIIIOHATFHIX KOMITICKCHUX IpErapaTiB Ha
(hoTocuHTETHYHMI TOTEHIIian npoca nociBHoro (Panicum miliaceum L.). Taspiticoxuii
naykoesutl gicnux. Cepis: Cinbcoroeocnooapcewki nayku. 2023, Bumn. 134. C. 361-367.

8. Asepues O. B., Hikirenko M. I1. AHani3 BupoOHHIITBA ITpoca B YKpaiHi. Pop-
MYBAHHS HOBOT NAPAOUSMU PO3BUMKY A2PONPOMUCI08020 cekmopy 8 XXI cmonimmi :
KonekTuBHA MoHorpadis : y 2 u. Y. 2. JIsBiB—TopyHs : Jlira-IIpec, 2021. C. 674-704.

9. Lykhovyd P. V., Vozhehova R., Hranovska L., Averchev O. V., Tomnytskyi A.,
AverchevaN.O.,NikitenkoM.P.,HaievskyiS., ShalarO.Remotesensingdataand machine
learning to predict yields of major crops on regional scale. Modern Phytomorphology.
2025. Vol. 19. P. 141-146. DOI: 10.5281/zenodo.200121

10. Lykhovyd P. V., Averchev O. V., Bidnyna I. O., Avercheva N. O., Nikitenko M. P.
Evaluation of different methods for reference evapotranspiration assessment: a case study
for Ukraine. Regulatory Mechanisms in Biosystems. 2024. Vol. 15, No. 3. P. 441-445.
DOLI: 10.15421/022462

Jlara nepriioro HaJXo/KeHHs cTarTi g0 BupanHs: 13.01.2026
Jlara mpuHAHATTS CTATTI IO IPYKy micis pereHsyBanss: 13.02.2026
Jara my6nikanii (onprttonHenHs) ctarti: 13.04.2026




