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Morphometric analysis of nuts in the hybrid population
of purple-leaved hazelnut (Corylus avellana L.)

Abstract. Hazelnut (Corylus avellana L.) is a strategically important nut crop with high nutritional
value and significant economic potential. While industrial cultivation is primarily based on green-
leaved genotypes, interest in purple-leaved forms has been steadily increasing due to the ornamental
appeal and elevated antioxidant potential associated with anthocyanin pigmentation. However,
information on nut morphometric traits and the variability in hybrid populations of purple-leaved
hazelnut remains limited. This study aimed to analyse the morphometric characteristics of nuts
in a hybrid population of purple-leaved hazelnut developed at the National University of Life and
Environmental Sciences of Ukraine. The experimental material included nuts from 23 mature own-
rooted hybrid shrubs derived from a cross between ‘Akademik Yablokov’ and ‘Moskovskij Rubin’. Nut
and kernel weight, linear dimensions, shell thickness, kernel percentage, and nut shape index were
evaluated using standard morphometric and statistical methods. The results revealed substantial
phenotypic variability in nut morphological traits, with average nut weight ranging from 14 g to
34 g. Based on the aggregate of economic traits, the ‘Profesorskyi’ genotype was identified as the
most promising overall, producing the heaviest nuts (3.4 g) and kernels (1.6 g). Correlation analysis
revealed a strong negative relationship between kernel percentage and shell thickness (r=-0.670),
indicating shell thickness as the primary limiting factor for kernel yield. The studied hybrid

Suggested Citation:
Mezhenskyj, V., Halinskyi V., & Mezhenska, L. (2026). Morphometric analysis of nuts in the hybrid population of
purple-leaved hazelnut (Corylus avellana L.). Plant and Soil Science, 17(2), 7-17. doi: 10.31548/plant2.2026.07.
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Morphometric analysis of nuts...

population represents a valuable genetic resource for hazelnut breeding, enabling the selection of
genotypes suitable for both commercial nut production and ornamental use. The combination of
high nut quality with pronounced decorative traits associated with stable anthocyanin pigmentation
highlights the potential of purple-leaved hazelnut for diversified agricultural production and

landscape applications

Keywords: anthocyanin pigmentation; phenotypic variability, nut weight; kernel percentage; shell

thickness; breeding

INTRODUCTION

The study of hazelnut genetic diversity, par-
ticularly focusing on purple-leaved genotypes,
is of paramount importance due to the shifting
priorities in global horticulture. As agricultural
systems face increasing pressure from climate
change and evolving market demands, the reli-
ance on a narrow range of green-leaved cultivars
posesarisktolong-termcropresilience and eco-
nomic stability. Investigating the morphometric
characteristics of hybrid populations allows for
the identification of genotypes that harmoni-
ously combine high productivity with enhanced
biological activity and ornamental appeal. This
dual-purpose potential is crucial for the diversi-
fication of nut production, providing raw mate-
rials for the food industry while simultaneously
offering aesthetic value for sustainable urban
landscaping. Establishing a robust morpho-
metric database for these hybrids is therefore
essential for accelerating the selection pro-
cess and ensuring the development of superior
cultivars that meet modern quality standards.

The global significance of hazelnut as a
primary nut crop is underscored by its mas-
sive production volumes. According to FA-
OSTAT (n.d.), the world production of in-shell
hazelnuts exceeds 1.1 million tonnes, reflecting
its vital role in the global agricultural economy.
Researchers A. Campa Negrillo et al. (2021) and
M. Rondanelli et al. (2023) emphasised that ha-
zelnuts are indispensable in the confectionery
industry due to the high nutritional density,
whether consumed fresh or processed. Within
the Ukrainian market, a marked domestic pro-
duction deficit exists. Consequently, V. Mezhen-
skyj (2022) identifies a significant opportunity
for the industrial scaling of hazelnut cultiva-
tion. The aesthetic and biological advantages of

\D

anthocyanin-rich genotypes have also gained
scientific attention. The genotypes with purple
pigmentation in leaves and husks provide sig-
nificant ornamental value, which led O. John-
son § R. Moore (n.d.) to advocate for the integra-
tion of such pigmented mutants into breeding
programmes in Europe and North America.
I. Kosenko et al. (2023) have demonstrated that
these genotypes can be effectively utilised to
improve specific nut characteristics.

In Eastern Europe, the latest advancements
in variety registration and testing have been
highlighted by the official entry of the ‘Barba-
kan BST and ‘Bahrianyi’ cultivars into the State
Register of Plant Varieties of Ukraine (Vishtak et
al.,2021;Vishtaketal.,2022; Ministry of Econ omy,
Environment, and Agriculture of Ukraine, 2025).
Meanwhile, G. Hodun § S. Pluta (2024, pers.
commun.) have noted the increasing inclu-
sion of such forms in Polish breeding efforts.
Despite the promising results, at the National
University of Life and Environmental Sciences
of Ukraine, a critical challenge remains. Breed-
ing programmes in hazelnut are exceptionally
time-consuming, often requiring 15-20 years
from the initial cross to the release of a new cul-
tivar. This long duration necessitates the use of
advanced morphometric analysis at early stages
to identify the most promising material. This is
particularly relevant when evaluating offspring
from crosses of highly productive cultivars
such as ‘Akademik Yablokov' and ‘Moskovskij
Rubin, which serve as the genetic foundation
for many purple-leaved hybrids in the region.

Furthermore, the introduction of new crops
and cultivars better adapted to climate change is
relevant for many countries, including Ukraine,
as established by R. Kizilkaya et al. (2022) and

Plant and Soil Science 17(2)
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M. Nazarenko & O. Simchenko (2023). Hybrid
populations derived from purple-leaved forms
represent a valuable source of phenotypic vari-
ability, particularly in nut size, shape, and shell
characteristics. Understanding the correlation
between shell thickness and kernel yield is vital
for selecting genotypes that meet the industri-
al requirement for high-efficiency process-
ing. Modern standards demand thin-shelled
nuts with a kernel percentage exceeding 45%, a
threshold that requires rigorous selection with-
in hybrid populations.

The aim of this study was to analyse nut
morphological traits in hybrid population gen-
otypes of purple-leaved hazelnut developed at
the National University of Life and Environmen-
tal Sciences of Ukraine (NULES).

MATERIALS AND METHODS
Purple-leaved hazelnut cultivars ‘Akademik
Yablokov' and ‘Moskovskij Rubin’ were cultivated
at a separate site. Nuts from ‘Akademik Yablok-
ov' were used to generate a hybrid seedling pop-
ulation, from which purple-leaved genotypes
were selected and planted in a breeding orchard
at the Educational, Research and Production
Laboratory of Genetic Resources, Introduction,
and Breeding of Rare Fruit and Ornamental
Plants (NULES of Ukraine), located at the Agro-
nomic Research Station in Pshenychne village,
Bila Tserkva district, Kyiv region (50°0520.1" N
30°12'54.9" E). The experimental material com-
prised nuts collected from 23 mature shrubs of
the hybrid population. Seedlings were planted
in 2014 at a spacing of 5x4 m and maintained
under rainfed conditions using standard hor-
ticultural practices. Nuts were harvested at full
physiological maturity in mid-August 2025. All
procedures complied with the Convention on Bi-
ological Diversity (1992) and Convention on In-
ternational Trade in Endangered Species of Wild
Fauna and Flora (1973).

Nut length, width, thickness, and shell
thickness (all in mm) were measured using a
mechanical calliper with a resolution of 0.1 mm.
Nut and kernel weights were determined with
an Adventurer™ electronic laboratory balance
(China) with a precision of 0.01 g. Kernel per-
centage was calculated as the ratio of kernel

Plant and Soil Science 17(2)

weight to nut weight. Nut shape index was ex-
pressed as the length-to-width ratio. Nut and
kernel traits were evaluated according to the In-
ternational Board for Plant Genetic Resources
Descriptors (Bioversity, FAO § CIHEAM, 2008).
Statistical analysis included descriptive sta-
tistics (mean, standard deviation (SD), and co-
efficient of variation (CV%)) and correlation
analysis. All calculations were performed using
Microsoft Excel Office 2019. One-way analysis
of variance (ANOVA) was used to compare gen-
otypes for each morphometric trait, and differ-
ences were considered significant at the 95%
confidence level (p < 0.05) using R. Fisher’s least
significant difference (LSD) test. Skewness and
kurtosis were calculated using standard Ex-
cel statistical functions. K. Pearson correlation
coefficients were calculated, and the statisti-
cal significance was assessed using Student's
t-testat p<0.05.

RESULTS AND DISCUSSION

In 2003, nuts of the purple-leaved hazelnut
cultivars ‘Moskovskij Rubin' and ‘Akademik
Yablokov' from the collection of the Bakhmut
Experimental Station of Nursery Cultivation
were evaluated. ‘Moskovskij Rubin' had a higher
nut weight (4.4 g) but a lower kernel percentage
(380%) compared with ‘Akademik Yablokov,
which produced smaller nuts (2.8 g) with a high-
er kernel percentage (49.7%). The relatively low
kernel content of ‘Moskovskij Rubin’ was asso-
ciated with poor kernel filling, presumably due
to cultivation under rainfed conditions; in addi-
tion, approximately half of the nuts were dam-
aged by the hazelnut weevil (Curculio nucum L.).

These two cultivars, grafted onto Turkish
hazel (Corylus colurna L.), were established
at a separate site. Given that hazelnut is a
self-incompatible species, it is highly probable
that ‘Akademik Yablokov’ was cross-pollinat-
ed by ‘Moskovskij Rubin’. Nuts collected from
‘Akademik Yablokov' trees were characterised
by an average nut weight of 2.6 g and a kernel
percentage of 48.6%. An analysis of the hybrid
population of purple-leaved seedlings derived
from ‘Akademik Yablokov' nuts revealed a var-
iation in average nut weight ranging from 1.4 g
to 34 g (Table 1).

Cr



Morphometric analysis of nuts...

Table 1. Morphometric indicators of nuts (x+ SD, n=20), 2025

Genotype I.\lut Nut ) Nut . Nut Kgrnel Kernel ) Shell
weight, g | length, mm | width, mm | thickness, mm | weight, g | percentage, % | thickness, mm

‘Profesorskyi’ 3.4+0.29 25.1+1.29 | 19.6+0.70 18.8+1.32 1.6+0.02 47.4+3.46 1.1+0.08
‘Aspirantskyi’ 29+0.29 | 22.6+0.97 | 17.9+0.88 16.7+0.95 1.1+0.02 37.1+6.23 1.4+0.18
#58 2.7+0.39 | 27.5+1.27 | 18.8+1.14 16.7+0.67 1.3+0.03 48.1+3.79 1.0+0.11
#34 2.6+0.29 | 25.7+1.42 | 17.2+0.92 15.8+0.92 0.7+0.02 27.8+3.57 1.3+0.07
#66 2.5+0.25 19.5+0.85 | 18.6+0.84 15.4+0.70 1.1+0.01 46.5+3.24 1.2+0.08
#61 2.5+0.23 | 26.2+0.63 | 19.9+0.32 18.7+0.67 0.6+0.03 25.3+5.95 1.1+0.12
#60 2.5+040 | 29.4+1.26 | 17.8+1.39 16.8+0.92 1.2+0.05 47.9+3.92 1.1+0.07
‘Akademichnyi’ | 2.5+0.16 | 21.8+0.42 | 17.5+0.53 16.6+0.52 1.2+0.01 48.1+2.85 1.1+0.06
#68 24+0.19 | 24.8+0.42 | 16.7+0.48 15.4+0.70 1.1+0.02 44.7+3.56 1.1+0.08
#65 2.4+0.19 22.8+0.63 | 16.7+0.67 15.7+0.48 0.9+0.01 38.0+2.17 1.2+0.05
#57 2.3+0.22 | 21.1+0.74 | 16.5+0.71 15.9+0.74 1.1+0.02 46.6+2.60 1.2+0.09
#36 2.3+0.18 | 26.7+0.95 | 15.6+0.52 14.5+0.85 0.9+0.01 39.0+£3.32 1.2+0.04
#54 2.3+0.15 24.4+0.84 | 16.0+0.82 15.1+0.57 0.8+0.03 37.3+8.23 1.1+0.08
#64 2.1+0.14 | 22.4+0.70 | 16.9+0.74 13.5+0.53 1.1+0.00 54.3+2.14 0.8+0.28
#56 1.9+0.17 | 19.8+0.42 | 16.6+0.84 13.4+0.70 0.9+0.07 46.2+9.45 1.0+£0.07
#38 1.8+0.17 | 20.3+x0.67 | 15.9+0.74 12.6+0.52 0.8+0.00 43.7+2.64 1.1+0.09
#42 1.7+0.21 | 22.5+0.53 | 15.1+£0.32 14.8+0.42 0.8+0.02 44.5+3.71 0.8+0.13
#45 1.7+0.20 | 22.0+0.47 | 15.6+0.52 14.3+0.67 0.6+0.03 34.4+6.83 1.1+0.13
#52 1.7+0.14 | 19.6+0.70 | 15.2+0.42 13.2+0.42 0.8+0.01 44.0+2.59 1.1+0.11
#62 1.6+0.10 | 18.7+0.67 | 15.4+0.70 13.3+0.67 0.9 +0.01 54.6+2.52 0.8+0.13
#49 1.5+0.12 | 21.7+0.67 | 13.1+£0.57 12.1+0.57 0.8+0.01 55.3+1.77 0.9+0.14
#44 1.5+0.11 | 20.1+0.32 | 14.1+0.74 12.3+0.48 0.6+0.00 41.7+1.58 1.1+0.05
#37 1.4+0.14 | 20.2+0.63 | 12.6+0.52 11.4+0.52 0.7+0.01 47.9+2.83 1.0+£0.03

LSp05 0.19 0.72 0.64 0.62 0.12 3.85 0.10

Lim 1.4-3.4 18.7-27.5 12.6-19.6 11.4-18.8 0.6-1.6 25.3-55.3 0.8-1.4
CcV, % 23.6 12.7 11.3 13.4 29.9 17.7 13.9

Note: X - mean; SD - standard deviation; n - number of replications; LSD0.05 - least significant difference (p < 0.05);
lim - range of variation (min-max); CV - coefficient of variation

Source: compiled by the authors

In the course of evaluating the hybrid
population, the distribution of genotypes by
nut weight was found to be fairly symmetri-
cal and close to normal. The observed slight
positive skewness (0.305) indicates a predom-
inance of individuals with nut weights below
the arithmetic mean of 2.2 g, while a few var-
iants are characterised by significantly higher
nut weights. This is further supported by the
negative kurtosis value (-0.195), suggesting
a platykurtic distribution where values are
spread relatively evenly across the range (1.4-
3.4 g) without a sharp concentration around the
centre. These distributional patterns are analo-
gous to the findings of N. Valentini et al. (2025),
who reported skewness values of 0.355-0.512
and kurtosis of -0.086 to 0.018 in F, populations
from crosses between two European cultivars.

D

In the research, the average nut weight of the
parental forms ranged from 2.3-24 g and 3.1-
3.5 g, respectively, while the nut weight range in
the F, population fluctuated between 1.3 g and
3.9 g across different years.

The phenotypic superiority of specific geno-
types within the studied material is noteworthy.
Significantly, the heaviest nuts were produced
by the ‘Profesorskyi’ genotype (3.4 t 0.29 g),
which surpasses its maternal cultivar, ‘Akade-
mik Yablokov'. ‘Aspirantskyi’ genotype also sig-
nificantly outperforms others in kernel weight
(29+0.29 g). Both ‘Profesorskyi’ and ‘Aspirant-
skyi’) produce “very large” nuts, placing these
genotypes among the top tier of the population,
where 43.5% of genotypes are categorised as
“large” or “very large”. When comparing these
results to international commercial standards,
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the hybrid population demonstrates high
competitive potential. In a review by K. Krol &
M. Gantner (2020), commercial hazelnut culti-
vars typically exhibit nut weights between 14 g
and 3.8 g, kernel weights between 0.5 g and
20 g, and kernel content from 33.2 to 49.5%.
Genotypes with nut weights between 1.2 g and
54 g, kernel weights between 0.5gand 2.0 g, and
kernel content from 39 to 57% were involved in
the American breeding programmes (Yao § Me-
hlenbacher, 2000). As noted by Q. Yao & S. Me-
hlenbacher (2001), nut weight is a function of
shell thickness and kernel weight. Most cross-
es in the investigations exhibited transgressive
segregation toward lighter nuts.

The analysis of shell thickness revealed it to
be one of the most stable traits in the hybrid pop-
ulation, with a coefficient of variation of 13.9%
and an average value of 11 mm. The distribution
of this trait is characterised by a moderate neg-
ative skewness (-0.64) and a positive kurtosis
(0.39), indicating a slight predominance of gen-
otypes with a thicker shell. The biological signif-
icance of this parameter is directly confirmed
by its correlation with kernel yield. In particular,
the genotypes that demonstrated the highest
kernel content (exceeding the 54.0% threshold),
namely #49, #62, and #64, were found to pos-
sess the thinnest shells (0.8 mm) in the entire
population. This aligns with the breeding objec-
tives for commercial hazelnut cultivars, where a
thin shell is a primary indicator of high techno-
logical quality. In comparison, the ‘Profesorskyi’
genotype, while having the largest nut weight,

possesses a shell of medium thickness, which
results in an average kernel content of 474%.
These observations highlight the importance
of shell thickness as a limiting factor for kernel
productivity in the studied hybrid material. It
should be noted that in the current study, the
genotype ‘Aspirantskyi’ exhibited the thickest
shell (1.4 mm), which harmed its kernel percent-
age. According to previous observations over
two seasons, nuts of ‘Aspirantskyi’ had an aver-
age shell thickness of 1.1 mm and a mean kernel
percentage of 51.0% (Mezhenskyj et al., 2025). In
contrast, for top-performing genotypes such as
‘Profesorskyi’ and ‘Akademichnyi’, shell thick-
ness and kernel percentage remained stable
without significant fluctuations.

Finally, the observed higher variability in
weight indicators (CV =23.6-29.9%) compared to
linear parameters of nuts (CV=11.3-13.4%) aligns
with the biological patterns established by
D. Falconer (1995), confirming that weight-based
traits offer the greatest scope for further clonal
selection. The distribution of width was found
to be the most symmetrical and closest to the
theoretical normal curve (skewness =-0.17; kur-
tosis=0.00), while height and thickness showed
slight deviations. Specifically, the height of the
nuts exhibited a moderate positive skewness
(0.61), indicating a predominance of genotypes
with below-average height (22.8 mm) alongside
individual tall specimens. The correlation anal-
ysis revealed significant relationships between
the morphological and weight-based traits of
the studied hybrids (Table 2).

Table 2. Pearson correlation coefficients between traits (r)

Ll DIBEERIE || WD || Wity thi::\lkl:itess \Ii(v::;m pelr(:t:rr:tea:ge thisctl‘(?lllss

Nut weight 1
Nut length 0.611 1
Nut width 0.858 0.498 1

Nut thickness 0.890 0.644 0.891 1

Kernel weight 0.743 0.334 0.599 0.560 1

Kernel percentage -0.250 -0.333 -0.290 -0.386 0.450 1
Shell thickness 0.481 0.178 0.319 0.385 -0.011 -0.670 1

Note: significant coefficients (p < 0.05) are shown in bold (n=23)

Source: compiled by the authors

A very strong positive correlation was ob-
served between nut weight and its transverse
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dimensions: thickness (r = 0.890) and width
(r=0.858). Nut weight also showed a strong
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correlation with nut length (r=0.611), although
to alesser extent than with width and thickness.
The nearly perfect correlation between nut
width and nut thickness (r=0.891) suggests that
these two dimensions develop proportionally
in the studied population. Kernel weight is
strongly and positively correlated with total
nut weight (r = 0.743), confirming that selec-
tion for heavier nuts will likely lead to heavier
kernels. Among linear parameters, nut width
(r=0.599) and thickness (r=0.560) have a great-
er influence on kernel weight than nut length
(r=0.334). Interestingly, there is virtually no cor-
relation between kernel weight and shell thick-
ness (r=-0.011), indicating that these two traits
vary independently. The most critical findings
for breeding concern the kernel percentage. A
strong negative correlation was found between
kernel percentage and shellthickness(r=-0.670),
identifying shell thickness as the primary lim-
iting factor for productivity. Furthermore, ker-
nel percentage showed negative correlations
with all nut dimensions, most notably with nut
thickness (r=-0.386) and nut length (r=-0.333),
as well as with total nut weight (r=-0.250). This
suggests a potential “trade-off” in selection:
while selecting for larger or heavier nuts, there
is a risk of decreasing the relative kernel yield
if the shell mass increases disproportionate-
ly. These results confirm that for the evalu-
ated Corylus avellana purple-leaved hybrids,

the most effective breeding strategy for high
productivity should prioritise genotypes that
combine a large nut volume (width and thick-
ness) with a thin shell. The positive correlation
between kernel weight and kernel percent-
age (r=0.450) further supports the possibility
of selecting for both high absolute weight and
high relative yield. As noted by Q. Yao & S. Me-
hlenbacher (2001), nut dimensions represent
a critical parameter for both the in-shell and
kernel sectors of the industry. This is due to
the inherent relationship where nut volume
serves as a reliable proxy for kernel size, pro-
vided that significant kernel shrinkage is ab-
sent. Correlation analysis further supports this.
The parental cultivars ‘Akademik Yablokov’'
and ‘Moskovskij Rubin’ produce elongated nuts,
with shape indices of 1.6 and 13, respectively,
according to measurements from 2003. Signifi-
cant variation in nut shape was observed among
the progeny. Specifically, the shape index ranges
from 1.1 to 1.7, with 39.1% of the genotypes pro-
ducing elongated fruits with a shape index of 1.5
or higher. This range is wider than that reported
by A. Ferrdo et al. (2021), who studied industrial
cultivars and reported shape index fluctuations
ranging from 0.9 to 1.5. Genotype #66 is charac-
terised by oblate nuts with globular kernels. Four
other genotypes: #61 (with ovate nuts), as well as
#62, #57 and #38 (all with obovate nuts), also
possess globular kernels (Figs. 1-2, Table 3).

#52

ﬁ@o
000

'AkagemiuHmi’

‘NMpodecopcbkuit’ ‘AcnipaHTcbKuin'

lcm

Figure 1. Nuts of genotypes tested

Source: compiled by the authors
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lcm
'Mpodecopcbkuit’ 'AcnipaHTcoKmil #58 #34 #66 #61 2 Cm

Figure 2. Kernels of genotypes tested
Source: compiled by the authors

Table 3. The characteristics of the nuts and kernels

Genotype Shape index Nut shape Kernel shape Kernel: Presence of fibre
#66 11 oblate globular weak
‘Akademichnyi’ 1.2 conical ovoid medium
#56 1.2 obovoid ovoid medium
#62 1.2 obovoid globular strong
‘Profesorskyi’ 1.3 ovoid ovoid absent
‘Aspirantskyi’ 1.3 ovoid ovoid medium
#61 1.3 ovoid globular weak
#57 1.3 obovoid globular medium
#64 1.3 obovoid obovoid medium
#52 13 obovoid obovoid very strong
#38 1.3 obovoid globular very strong
#65 14 ovoid obovoid strong
#45 1.4 obovoid obovoid very strong
#44 14 obovoid ovoid very strong
#58 15 ovoid subcylindrical strong
#34 1.5 subcylindrical obovoid-subcylindrical weak
#68 1.5 subcylindrical obovoid-subcylindrical weak
#54 1.5 subcylindrical ovoid strong
#42 1.5 obovoid-subcylindrical ovoid very strong
#60 1.6 subcylindrical obovoid-subcylindrical absent
#37 1.6 obovoid-subcylindrical subcylindrical medium
#36 1.7 ovoid-subcylindrical subcylindrical strong
#49 1.7 obovoid-subcylindrical obovoid very strong

Source: compiled by the authors
The observed inheritance patterns in the  when parents with long nuts are crossed, long

study are consistent with the findings of Q. Yao  nuts predominate in the offspring, and oblate
§ S. Mehlenbacher (2001), who noted that nuts are seldom observed. In this context, the
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appearance of genotype #66 in the progeny of
the ‘Akademik Yablokov' x ‘Moskovskij Rubin’
cross represents a rare exception to this trend.
This occurrence highlights the presence of
transgressive segregation for fruit shape with-
in this specific hybrid combination, suggesting
that even with elongated parental forms, the
genetic potential for diverse morphotypes re-
mains accessible. According to Q. Yao & S. Me-
hlenbacher (2000), the world kernel market
needs globular kernels. The amount of fibre
on the kernel is a critical trait for both the un-
blanched kernel and in-shell markets. As noted
by Q. Yao § S. Mehlenbacher (2001), transgres-
sive segregation for this trait was observed in
most crosses, with a high overall frequency of
very fibrous kernels. Many progenies exhibited
mean values exceeding those of the higher par-
ent, while only two progenies showed means
lower than the lower parent.

In the studied hybrid population, genotypes
with “strong” and “very strong” presence of fibre
account for 52.2% of all seedlings. In contrast,
only two genotypes, ‘Profesorskyi’ and #60,
produce kernels that are virtually free of fibre.
While fibre can be removed during industrial
processing through high-temperature blanch-
ing, kernels intended for the fresh market (di-
rect consumption) must be naturally free of
fibre to ensure high consumer attractiveness.
It should be noted that breeding requirements
vary significantly depending on whether a culti-
var is intended primarily for direct consumption
(the in-shell market) or for dual-purpose use
(both processing and the fresh market) (Valenti-
ni et al., 2006). Within the hybrid population, the
segregation of traits allows for selection in both
directions. Genotypes with large nuts (e.g., ‘Pro-
fesorskyi') align with the requirements for direct
consumption, while those with globular kernels
are more suited forthe processing sector. This di-
versity highlights the potential of the ‘Akademik
Yablokov' x ‘Moskovskij Rubin’ cross to produce
cultivars tailored to specific industrial and retail
needs. Furthermore, all purple-leaved hazelnuts
in the studied population are distinguished by
the exceptional ornamental value. The intense
anthocyanin pigmentation of both leaves and
husks makes these genotypes highly attrac-
tive for landscape architecture and ornamental

1)

gardening. Combining high-quality nut produc-
tion with aesthetic appeal significantly enhanc-
es the economic attractiveness of the selected
hybrids, as these hybrids can be utilised both
in commercial orchards and as decorative ele-
mentsinurbanenvironmentsorprivate gardens.

CONCLUSIONS
The studied hybrid population of purple-leaved
hazelnut exhibits substantial phenotypic var-
iability in nut morphological traits, providing
a robust and scientifically sound basis for tar-
geted breeding. Average nut weight ranged
from 1.4 to 3.4 g, while kernel percentage varied
widely from 25.3 to 55.3%, indicating a broad
segregation of economically valuable traits
within the population. Among the evaluated
genotypes, ‘Profesorskyi’ was identified as the
most promising overall, while ‘Aspirantskyi' was
distinguished by the production of “very large”
nuts, exceeding the corresponding parameters
of the maternal cultivar ‘Akademik Yablokov’
and confirming the high genetic potential of
the applied hybrid combination. The results
demonstrate that selection for high produc-
tivity should prioritise genotypes combining
large nut volume with reduced shell thickness,
as shell thickness was identified as the prima-
ry factor limiting kernel yield. This conclusion
is supported by the strong negative correlation
between kernel percentage and shell thickness
(r=-0.670). Transgressive segregation for nut
shape was observed within the hybrid popu-
lation, most notably in genotype #66, which
produced oblate nuts despite the elongated nut
shape of both parental cultivars. This finding
indicates a complex inheritance of nut mor-
phology in purple-leaved hazelnut hybrids and
highlights the breeding value of segregating
populations for generating novel phenotypes.
The identification of genotypes characterised
by large nuts, high kernel quality, and low fibre
content, particularly ‘Profesorskyi’ and geno-
type #60, demonstrates the suitability for di-
rect consumption and industrial processing. At
the same time, all evaluated genotypes possess
pronounced ornamental value due to stable
anthocyanin pigmentation of leaves and husks,
which significantly enhances the attractiveness
for landscape use. Overall, the best-performing

Plant and Soil Science 17(2)



Mezhenskyj et al.

genotypes identified in this study represent a ACKNOWLEDGEMENTS
valuable genetic resource for hazelnut breed- None.

ing.

The future multi-year evaluation, official

registration, and regionalisation will provide FUNDING

a reliable foundation for the development of This research received no external funding.
sustainable nut production systems and mul-

tifunctional ornamental plantings in Ukraine CONFLICT OF INTEREST
and comparable temperate regions. The authors declare no conflict of interest.

(1]
(2]

(3]
(4]

(5]
(6]
[7]

(8]
(9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

(17]

REFERENCES
Bioversity, FAO § CIHEAM. (2008). Descriptors for hazelnut (Corylus avellana L.). Retrieved from
https://surlli/fruswpo.
Campa Negrillo, A., Rodriguez Madrera, R., Suarez Valles, B., § Ferreira, ].J. (2021). Variation of
morphological, agronomic and chemical composition traits of local hazelnuts collected in
Northern Spain. Frontiersin Plant Science,12, articlenumber 659510.doi:10.3389/fpls.2021.659510.
Convention on Biological Diversity. (1992, June). Retrieved from https://www.cbd.int/doc/legal/
cbd-en.pdf.
Convention on International Trade in Endangered Species of Wild Fauna and Flora. (1973, March).
Retrieved from https:/cites.org/eng/disc/text.php.
Falconer, D.S. (1995). Introduction to quantitative genetics (4% ed.). Inverness: Longman.
FAOSTAT. (n.d.). Retrieved from https://www.fao.org/facstat/en/#data/QCL.
Ferrdo, A.C, Guiné, RPF, Ramalhosa, E., Lopes, A., Rodrigues, C., Martins, H., Goncalves, R., §
Correia, PM.R. (2021). Chemical and physical properties of some hazelnut varieties grown in
Portugal. Agronomy, 11(8), article number 1476. doi: 10.3390/agronomy11081476.
Johnson, 0., § Moore, R. (n.d.). Corylus avellana L. Retrieved from https:/surli.cc/dssgee.
Kizilkaya, R., Dumbadze, G., Glilser, C., § Jgenti, L. (2022). Impact of NPK fertilization on hazelnut
yield and soil chemical-microbiological properties of hazelnut orchards in Western Georgia.
Eurasian Journal of Soil Science, 11(3), 206-215. doi: 10.18393/ejss.1060314.
Kosenko, 1.S., Opalko, A.L, Balabak, O.A., Hrabovyi, VM., § Opalko, 0.A. (2023). Hazelnut (Corylus
domestica Kos. et Opal) breeding results for anthropoadaptability. Factors of Experimental
Evolution of Organisms, 33, 36-41. doi: 10.7124/FEEO.v33.1562.
Krdl, K., § Gantner, M. (2020). Morphological traits and chemical composition of hazelnut from
different geographical origins: A review. Agriculture, 10(9), article number 375. doi: 10.3390/
agriculture10090375.
Mezhenskyj, V. (2022). Rare fruits in Ukraine. Chronica Horticulturae, 62(3), 40-44.
Mezhenskyj, V, Halinskyi, V,, Mezhenska, L., Krasovskyi, V, & Cherniak, T. (2025). Introduction
and breeding of purple-leaved hazel in the Forest-Steppe of Ukraine. Ukrainian Journal of Forest
and Wood Science, 16(2), 8-24. doi: 10.31548/forest/2.2025.08.
Ministry of Economy, Environment and Agriculture of Ukraine. (2025). Retrieved from https://
me.gov.ua/view/b4eQ076f2-95f5-4dc9-9d9c-2f66cf157b32.
Nazarenko, M., & Simchenko, O. (2023). Diversity of hazelnut varieties and changes in plant
development during introduction in the semi-arid zone. Biosystems Diversity, 31(3), 313-318.
doi: 10.15421/012336.
Rondanelli, M., Nichetti, M., Martin, V, Barrile, G.C, Riva, A., Petrangolini, G., Gasparri, C., Perna,
S., & Giacosa, A. (2023). Phytoextracts for human health from raw and roasted hazelnuts and
from hazelnut skin and oil: A narrative review. Nutrients, 15(11), article number 2421. doi: 10.3390/
nul5112421.
Valentini, N., Pavese, V,, Martina, M., Acquadro, A., Marinoni, D.T,, Botta, R., § Portis, E. (2025).
Genomic investigation of traits associated with nut and kernel in a full-sib population
of European hazelnut. Scientia Horticulturae, 339, article number 113871. doi: 10.1016/j.
scienta.2024.113871.

Plant and Soil Science 17(2) @ ;


https://cgspace.cgiar.org/server/api/core/bitstreams/e0e78206-b738-44c8-ac31-b0d5ee92ee50/content
https://www.researchgate.net/publication/352465532_Variation_of_Morphological_Agronomic_and_Chemical_Composition_Traits_of_Local_Hazelnuts_Collected_in_Northern_Spain
https://www.cbd.int/doc/legal/cbd-en.pdf
https://www.cbd.int/doc/legal/cbd-en.pdf
https://cites.org/eng/disc/text.php
https://www.amazon.com/Introduction-Quantitative-Genetics-Douglas-Falconer/dp/0582243025?referrer=grok.com
https://doi.org/10.3390/agronomy11081476
https://surli.cc/dssgee
https://doi.org/10.18393/ejss.1060314
https://doi.org/10.7124/FEEO.v33.1562
https://doi.org/10.3390/agriculture10090375
https://doi.org/10.3390/agriculture10090375
https://ishs.org/chronica-horticulturae/vol62nr3/
https://doi.org/10.31548/forest/2.2025.08
https://me.gov.ua/view/b4e076f2-95f5-4dc9-9d9c-2f66cf157b32
https://me.gov.ua/view/b4e076f2-95f5-4dc9-9d9c-2f66cf157b32
https://doi.org/10.15421/012336
https://doi.org/10.3390/nu15112421
https://doi.org/10.3390/nu15112421
https://doi.org/10.1016/j.scienta.2024.113871
https://doi.org/10.1016/j.scienta.2024.113871

Morphometric analysis of nuts...

[18] Valentini, N., Rolle, L., Stevigny, C., § Zeppa, G. (2006). Mechanical behaviour of hazelnuts used
fortable consumption under compression loading. Journal of the Science of Food and Agriculture,
86(8),1257-1262. doi: 10.1002/jsfa.2486.

[19] Vishtak, I, Grunwald, N., Pavlyuk, N., Karazhbei, H., Tykha, N., Vaskivska, S., Gryniv, S,
Starychenko, Y, Khomenko, T, & Holichenko, N. (Eds.). (2022). Protection of plant variety rights.
Vinnytsia: LLC “Tvory”.

[20] Vishtak, I, Grunwald, N., Pavlyuk, N., Karazhbei, H., Tykha, N., Vaskivska, S., Gryniv, S,
Starychenko, Y, Khomenko, T., § Yakubenko, N. (Eds.). (2021). Protection of plant variety rights.
Vinnytsia: LLC “Tvory”.

[21] Yao, Q, & Mehlenbacher, S.A. (2000). Heritability, variance components and correlation
of morphological and phenological traits in hazelnut. Plant Breeding, 119(5), 369-381.
doi: 10.1046/j.1439-0523.2000.00524.X.

[22] Yao, Q, & Mehlenbacher, S.A. (2001). Distribution of quantitative traits in hazelnut progenies.
Acta Horticulturae, 556, 143-161. doi: 10.17660/ActaHortic.2001.556.21.

Bonogumup MexeHcbKui

JOKTOP CiNbCbKOTOCNOAAPChKMUX HAyK, CTapLUMIA HAYKOBMIA CNiBPODITHMK
HauioHanbHMI yHiBepcUTET BiopecypciB i NPUPOAOKOPUCTYBAHHA YKpaiHM
03041, Byn. Tlepois ObopoHK, 15, m. Kuis, YkpaiHa
https://orcid.org/0000-0002-3154-1120

Bacunb ManiHcbKuii

AcnipaHT

HaujioHanbHMin yHiBepcuTeT BiopecypciB i NPMPOAOKOPUCTYBAHHA YKpaiHK
03041, Byn. Tepois ObopoHK, 15, m. Kuis, YkpaiHa
https://orcid.org/0009-0008-0264-149X

Tioamuna MexeHcbKa

KaHamaaT 6ionoriyHnx Hayk, A0UeHT

HaB4anbHO-HAaYKOBMI iIHCTUTYT NiCOBOrO i CaZl0BO-NAapPKOBOro rocnoAapcTsa
HauioHanbHoOro yHiBepcuTeTy 6iopecypcis i NprpoaoKopUCcTyBaHHA YKpaiHm
03041, Byn. lopixyBaTcbkuin wnax, 19, m. Kuis, YKkpaiHa
https://orcid.org/0000-0002-6520-1853

MopdomMeTpUUHUM aHani3 ropixie ripuaHoi nonynauii
nypnypoBonuctkoBoro ¢yHayka (Corylus avellana L.)

AHoTauia. ®yunyk (Corylus avellana L.) € CTpaTeriuHo Ba’kKJIMBOI TOPIXOBOI KYJIBTYPOIO 3
BHCOKOIO XapyoOBOIO I[iHHICTIO Ta 3HAYHUM eKOHOMIYHMM IIOTeHIliaJloM. Xo4a IIPOMMCIIOBE
BUPOIIYBAaHHA IIePeBaKHO 6a3yeTbCs Ha 3€JIEHONMCTKOBUX TEHOTUIIAX, IHTepec IO
MIyPIIyPOBOJIMUCTKOBUX GOPM HEYXWIBHO 3POCTAE 3aBASKYU iXHIM LeKOpAaTHUBHIYM IPUBAOINBOCTI
Ta MiBUIIEHOMY aHTHOKCUIAaHTHOMY II0TeHIliay, [T0B'13aHOMY 3 aHTOI[iaHOBOIO IIirMeHTalli€o.
OpHak iHdopMalis mpo MopboMeTpUUHi O3HAKU TOpixiB Ta iXHIO MIHIWBICTD y Ti6pUIHUX
TIOMYJIALIAX IyPIIYyPOBOJIUCTKOBOTO GYHAyKA 3a/ULIAEThCA O6MEKEHOI. METO IIbOTro
IoCigReHHs 6ys0 IpoaHaiisyBaTH MOpPOMETpUYHI XapaKTEPUCTUKU TOpixiB y ribpupHin
TIONyJALl IIypIypOBOJIKUCTKOBOIO JYHIAyKa, CTBOpeHOI B HallioHaJlbHOMY VHiBepCUTETi
6iopecypciB i MpUpomOKOPUCTYBaHHA YRpainu. EKCIieprMeHTaIbHUM MaTepia BRIIOYaB ropixu
3 23 [OpOCNIUX KOPeHeBJIACHUX TibpUIHUX KYINiB, OTPUMAaHUX Y DPe3y/IbTaTi CXpeIlyBaHHA
copTiB ‘ARazeMuk f1670K0B’ Ta ‘MOCKOBCKUM PybuH. Macy ropixa Ta ampa, JiHiMHI po3mipy,
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TOBIIVHY IIKApaJyIIy, BiICOTOK sep Ta iHAZeKC opMU ropixa OLiHIOBaIU 3a HOIIOMOTOI0
CTAaHZAPTHUX MOPOPOMETPUYHUX 1 CTAaTUCTUYHUX METOXiB. Pe3ynbTaTU BUABUIU 3HAUYHY
beHOTUIOBY MiHIUBICTh MOPPOJIOTIUHUX O3HAK IrOpixiB, i3 cepegHBOIO MAaCOIo ropixa Bixg 1,4 T
0o 3,4 T. 3a CYKYIIHICTIO TOCIIOZApChKUX 03HAK reHOTUN ‘TIpodecopchbkuii’ 6y0 BU3HAUEHO
HaWIepCIIeKTUBHIIINM, IKUM OaB HauBaxkui ropixu (3,4 r) Ta ampa (1,6 r). Kopenauinuuii
aHaJi3 BUABUB CUJIBHUN HETaTUBHUM 3B'A30K MiXK BiZICOTKOM sifipa Ta TOBLIWHOIO IIKapaIyIn
(r=-0,670), imeHTU}IKYIOUM OCTAHHIO SK OCHOBHUU JMITyIOUWN GakKTOp AJiA BPOXKAWMHOCTI
aapa. JocmimKyBaHa ribpupHa IOMyJALia ABaf€ co60i0 I[IHHUM TeHeTUYHUU pecypc s
cenmeruii ¢yHAyKa, IIO [OO3BOJISE HOOUPATH TEHOTUIM, MPUIATHI AK I KOMEpLiNHOTO
BUPOGHUIITBA TOpiXiB, Tak i 19 AEKOPAaTUBHOrO BUKOPUCTAHHA. [IO€HAHHS BUCOKOI
IKOCTi ropixiB 3 BUpa’keHMMM [IeKOpaTUBHHUMM O3HAKaMH, MOB'S3aHMMU 31 CTabilIbHOIO
aHTOLiaHOBOIO IirMeHTAlli€l0, MiIKPEeCIII0E MTOTEeHIlial MypPIIyPOBOIUCTKOBOrO QyHIAYKA IS
IUBepCcUdiKOBAHOTO CiTBCHKOTOCIIONAPCHKOr0 BUPOOHHUIITBA Ta JAHANIAGTHOIO 3aCTOCYBaHHSA

Kno4oBi cnoBa: aHTOLiaHOBA ITirMeHTallisl; GeHOTUIIOBA MiHJIMBICTh; Maca ropixa; BUXiZ A1pa;
TOBIIVHA IITKaPaIyIIY; CeJIeKLIisg
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Patterns of formation of morphometric traits
and productivity of daikon (Raphanus sativus L. convar.
acanthiformis Sazon.) under different sowing dates

Abstract. The adaptation of agrotechnologies to climate challenges and the sustainable production
of functional food products determined the relevance of searching for optimal cultivation
parameters for underutilised vegetable crops. The aim of the study was a comprehensive analysis of
the formation of biometric and marketable characteristics of daikon radish as influenced by sowing
dates to adapt production technology to the conditions of the Right-Bank Forest-Steppe of Ukraine.
Field experiments (2022-2024) were conducted to study the cultivars ‘Gulliver’ and ‘Minowase’ across
four sowing dates from early July to early August. For the ‘Minowase’ cultivar, sowing in the third
decade of July resulted in the highest leaf count (20.8), rosette height (45.4 cm), and photosynthetic
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surface area (4,886 cm?), exceeding the indicators of other dates by 7.6-13.8%. The ‘Gulliver’ cultivar
demonstrated a similar trend with maximum morphological parameters. Sowing in the first decade
of July led to the lowest leaf weight in the studied cultivars, with a decrease of 74% and 29.9%
compared to the optimal date. Root crop development correlated with the leaf rosette (r=0.31- 0.90):
under the optimal sowing date, ‘Minowase’ formed root crops with a length of 35.4 cm and a diameter
of 7.2 cm, ensuring the highest average weight of 426 g. In the ‘Gulliver’ cultivar, the average root
crop weight across the studied sowing dates was 0.9-4.4% lower than that of ‘Minowase'. Variability in
root crop weight was determined by the sowing date at 44.9% (p <.001), while the influence of annual
weather conditions (23.5%) and genotype (5.1%) was significantly lower. A moderate correlation was
found between sowing dates and root crop weight (r=0.79-0.89), and regression analysis confirmed a
weight change of 8.82 g (‘Gulliver’) and 11.92 g (‘Minowase’) for every 10-day deviation. Sowing daikon
in the third decade of July was optimal for yield stabilisation as it ensured a favourable hydrothermal
regime; meanwhile, early sowing dates cause a significant reduction in the linear dimensions of root
crops. The improved cultivation technology for daikon radish is recommended for industrial and
small-scale producers to expand the assortment of vegetable crops and provide the market with
fresh, valuable vegetable produce

Keywords: morphometric parameters; leaf area index; correlation analysis; climate change

adaptation; varietal characteristics

INTRODUCTION
Global food security under the pressure of cli-
matic and geopolitical factors requires the im-
plementation of technologies for stabilising
agricultural production. In this context, it is
relevant to expand the range of vegetable crops
due to daikon, which is characterised by high
adaptive potential and biological value. Estab-
lishing the patterns of daikon morphogenesis
at different sowing dates is the basis for the de-
velopment of adaptive technologies, since op-
timising the growing dates allows coordinating
the needs of organogenesis with hydrothermal
resources, preventing premature bolting and
yield quality deterioration. According to the
forecasts given by A. Farah et al. (2025), the in-
tensification of climate shocks could lead to a
decrease in global food production by 14% by
2050. Researchers emphasise that traditional
planning of the sowing campaign is losing its
effectiveness, since anomalous warming de-
stroys the usual biological rhythms of crops,
requiring flexible decisions in choosing the
timing of cultivation. For Ukraine, these chal-
lenges are especially acute, because, according
to V. Vyshnevskyi (2025), the growth rate of the
average annual temperature within the coun-
try significantly exceeds the world average. The
researcher showed that the transformation of
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the thermal regime, which is manifested in an
increase in the number of extremely hot days
(over 30°C) by 3-5 times with a relatively stable
level of precipitation, has led to increased arid-
isation of territories and the actual displace-
ment of the boundaries of natural zones by
hundreds of kilometres. In conditions of such
instability, the agricultural economy, as noted
by 1. Fedosiy et al. (2026), requires a significant
increase in the stability of yields of niche crops,
in particular daikon, in conditions of resource
scarcity. One of the most effective tools for
adapting to environmental changes remains
the optimisation of elements of cultivation
technology. Q. Xu et al. (2024) argue that the
choice of sowing dates is the most important
among these elements. A scientifically sound
sowing date allows synchronising the biological
needs of the crop with the ecological resources
of the territory. Also, S. Sajid § G. Hu (2022), in
the study, proved that ignoring a systematic ap-
proach to planning sowing dates leads to crop
losses 0f 30-50% and logistical failures.

The temperature regime is especially criti-
cal for daikon. Compliance with optimal sowing
dates ensures the accumulation of the neces-
sary amount of active temperatures, which is
critical for the realisation of genetic potential.
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J. Li et al (2025) found that the temperature
effect on the soil (over 30.7°C) in the early phas-
es of development inhibits the division of xylem
cells, which leads to the formation of a hollow
core. Also, the deterioration of quality is often
manifested in the form of internal browning,
which is difficult to identify visually until the
moment of consumption. Along with the tem-
perature factor, the light regime is of critical
importance. In particular, P. Chutimanukul et
al. (2024) indicate that the regulation of the
spectral composition and intensity of lighting,
which directly correlate with the timing of sow-
ing, allows for the intensification of photosyn-
thesis and stimulation of the synthesis of sec-
ondary metabolites. This approach modulates
the accumulation of ascorbic acid, soluble solids
and anthocyanins, which ultimately determines
the antioxidant potential of the product. At the
same time, due to accelerated ontogenesis, rad-
ish reacts sharply to any moisture imbalance. In
particular, M. Sultana et al. (2025) note that ex-
cess precipitationleads to cracking of root crops,
while moisture deficiency at any stage critically
inhibits growth, which determines the impor-
tance of optimising sowing dates.

A crucial additional argument in favour
of optimising the calendar sowing dates is the
possibility of biological control of the number
of phytophagous organisms, as pointed out by
I. Fedosiy et al. (2025). In conformity with the
conclusions of S. Rai et al. (2023), this agrotech-
nical measure allows disrupting the synchrony
between vulnerable phases of plant develop-
ment and peaks of pest activity, minimising the
entomological load on the agrocenosis without
excessive pesticide pressure on the environ-
ment. The generalisation of the results of sci-
entific research shows that most of the works
on the morphogenesis of radish and daikon
are devoted either to isolated physiological re-
actions to temperature, or to the influence of
individual elements of agricultural technology
without taking into account the complex action.
The issue of stabilising daikon productivity in
conditions of dynamic climate change remains
insufficiently studied, which causes the low ef-
ficiency of existing recommendations on sow-
ing dates. This necessitates an urgent need for
a detailed study of adaptive reactions of plants

)

to a combination of abiotic stressors in specific
soil and climatic conditions.

In this regard, the purpose of the study was
to establish the patterns of the formation of the
assimilation apparatus and morphometric pa-
rameters of daikon root crops depending on
the hydrothermal conditions of vegetation to
determine the optimal calendar period of culti-
vation in the conditions of the Right-Bank For-
est-Steppe of Ukraine.

MATERIALS AND METHODS

The experimental study was conducted during
2022-2024 at the National University of Life and
Environmental Sciences of Ukraine (NULES of
Ukraine). The field experiment was conducted
on the experimental plots of the NL “Fruit and
Vegetable Garden” (Ukraine). The coordinates
of the experimental site: 50° 22’ 42.21" N, 30° 30’
05.17" E, altitude 158 m above sea level. The soils
of the experimental plots were sod-podzolic on
loess. The granulometric composition of the
soil was light loam. The quality indicators were
as follows: pH of the salt extract 6.74, organic
matter (humus) 2.71%, nitrate nitrogen 6.42 mg/
kg, ammonium nitrogen 1172 mg/kg, mobile
phosphorus 568.83 mg/kg, mobile potassium
152.93 mg/kg.

During 2022-2024, the average monthly
air temperature in January ranged from -0.3 to
-2.7°C (Fig. 1). On average, these temperatures
were 14°C higher than the multi-year data. Feb-
ruary turned out to be quite warm, from -0.2 to
3.0°C, exceeding the long-term data by 3.8°C. For
March, the temperature regime was character-
ised by a distribution from 2.6 to 4.7°C, which is
1.5°Chigherthanthelong-termdata. In April, the
air temperature was close to the multi-year data
and exceeded its value by only 0.1°C. May was
marked by a significant increase in air temper-
ature to 14.6-16.2°C, but the average value was
0.2°C lower than the multi-year data. In June,
the air temperature (19.7-21.6°C) was slightly
lower than the multi-year data by 0.2°C. In July,
the air temperature was almost the same as the
multi-year data, with a deviation of only 0.9°C.
The hottest month was August (22.3-23.7°C) and
the air temperature increased relative to the
multi-year data by 2.6°C. September had a rath-
er unstable temperature regime over the years
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of research in the range from 12.7 to 20.5°C, but
its average monthly temperature exceeded the
multi-year data by 2.4°C. The average monthly
temperature in October was 10.6-11.4°C, exceed-
ing the long-term data by 2.4°C. November was
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marked by a decrease in air temperature to 2.7-
4.1°C, which is at the level of long-term data (the
deviation was 0.7°C). In December, the air tem-
perature ranged from 0.0 to -0.7°C and was 1.8°C
higher than the long-term data.
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Figure 1. Monitoring of meteorological indicators:
Comparative analysis of temperature (a) and precipitation (b) in 2022-2024
Source: compiled by the authors based on the conducted study

Precipitation in the winter period (Decem-
ber-February) was quite stable over the years,
ranging from 45.8 to 585 mm monthly, with
an average deviation from multi-year data of
12.6 mm. In contrast, the spring period (March-
May) was characterised by an uneven distribu-
tion of precipitation with an average monthly in-
dicator from 28.2 to 105.7 mm, both dry decades
and periods with intense precipitation were
observed. At the same time, multi-year indica-
tors were lower in March (by 9.7 mm) and April
(by 63.7 mm), and higher in May (by 36.8 mm).
The autumn period (September-October) was
also marked by an uneven distribution of pre-
cipitation by month, from 50.2 to 81.5 mm. Com-
pared with long-term indicators, in October and
November there was more precipitation (by
35.5 mm and 277 mm), and in September - less
(by 7.8 mm).

Field research was conducted at the Depart-
ment of Vegetable Growing and Indoor Soils of
the NULES of Ukraine during 2022-2024. The
scientific work programme encompassed the
study of two factors influencing daikon plants:
varietal characteristics (factor A) and sowing
dates (factor B). The objects of the study were the
varieties ‘Gulliver’ (control, Ukraine) and ‘Mi-
nowase’ (Netherlands). Sowing was carried out
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in four stages: in the first, second (control) and
third decades of July, as well as in the first decade
of August. The experiment was set up using the
randomised plot method in three replications.
The size of the plot for one variant of the exper-
iment in each replication was 5 m2. Sowing was
carried out manually toadepth of 4-5cmaccord-
ing to the 45x10 cm scheme. Taking into account
the biological characteristics of the studied vari-
eties, harvesting was carried out in a differenti-
ated manner: after 50 days for ‘Gulliver’ and 60
days for ‘Minowase’. Harvesting was carried out
at the BBCH 49 stage, which allowed obtaining
maximum marketable indicators and prevent-
ing physiological overripeness of root crops.

For morphological descriptions, a ran-
domised selection of 10 plants from each plot
was used, which had average biometric indica-
tors for the variant. The number of leaves and
the total length of the largest leaf (including the
petiole) were determined. The area of the assim-
ilation surface was determined by contour scan-
ning using Petiole Pro Basic software, followed
by calculation of the area of leaves per 1 ha. In
parallel, the morphometric parameters of root
crops were recorded: the length and maximum
diameter. The crop structure was assessed
by separately accounting for marketable and
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non-marketable fractions. The average weight
of marketable root crops was determined with
an accuracy of 1 g. The non-marketable part of
the product was subjected to a comprehensive
analysis, classifying it by the reasons for rejec-
tion: disease damage, damage by pests, the pres-
ence of cracks, the tendency to bolt (premature
flowering), deformation (ugliness) and under-
growth (diameter <3 cm).

Statistical processing of the results was car-
ried out using the programmes Statistica 13.1
(StatSoft, Inc., Tulsa, OK, USA) and JASP (Version
0.954, JASP Team, 2025). The data distribution
was checked for normality using the Shap-
iro-Wilk test and visual analysis of the proba-
bility plots of the residuals. Since the residuals
corresponded to the law of normal distribution,
a three-factor analysis of variance (Factori-
al ANOVA) was used to assess the influence of
sowing date, variety, year of research and the
interactions on morphometric indicators and
average root weight. Tukey post-hoc test (HSD)
was used to compare the average values and
identify significant differences between the op-
tions. The strength of the influence of the studied

factors was determined by the “eta-square” indi-
cator (n?). The relationships between the biom-
etric parameters of the rosette and the weight
of the root crop were established by calculating
the Pearson correlation coefficients. Statistical
significance was assessed at p < 0.05. Graphical
interpretation of data (Box-plots and graphs)
was performed in Statistica 13.1 and Excel 2024
(Microsoft Corp., Redmond, WA, USA). The study
was conducted in accordance with the Conven-
tion on Biological Diversity (1992) and the Con-
vention on International Trade in Endangered
Species of Wild Fauna and Flora (1976).

RESULTS AND DISCUSSION
The results of the study of morphological char-
acteristics of the leaf rosette showed that the
variety ‘Minowase’ was distinguished by the
maximum indicators, namely: leaf length (36.9-
454 cm), number of leaves per plant (18.5-
20.8 pcs.), leaf weight (249-267 g) and leaf plate
area (3,904-4,886 cm?). These values were great-
er than the control variety ‘Gulliver’ by 1.4-3.7 cm
(39-94%), 2.4-34 pcs. (13.2-21.0%), 25-63 g (10-
34%) and 560-1,133 cm? (13-41%) (Table 1).

Table 1. Morphometric indicators of daikon varieties depending on sowing dates (2022-2024)
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*3_), Second decade| 16.0+0.98 37.4+1.46 224+9.69 |3,387+152.7| 27.2+0.79 5.1+0.08 382+5.88
b of July (c*) ab abc a cd ab ab a
E Third decade 18.4+1.05 42.3+1.35 | 242+13.83 |4,326+250.4| 30.5+1.01 5.6+0.13 414+7.56
] of July abcd bed ab ab bc bcd bc
~ | First decade of | 16.5+0.84 39.5+1.26 | 232+13.88 |3,526+214.8| 28.4+0.84 5.4+0.15 396+8.70
August abc abcd ab c ab abc ab
First decade 18.5+0.33 36.9+1.39 249+5.42 | 3,904+83.7 | 28.0+0.65 5.9+0.17 374+5.84
of July abcd ab ab a ab cd a
\3 Second decade| 19.4+0.30 40.1+1.54 253+5.59 | 4,295+89.3 | 28.7+0.68 6.2+0.17 399+5.34
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i First decade of | 19.7+1.03 43.2+1.00 260+3.60 4,492+73.8 | 33.2+0.71 6.8+0.17 412+5.66
August cd cd b ab cd ef bc

Note: (c*) - control; the values given are the averages of 3 repetitions in the territory and 3 repetitions in time (2022,
2023, 2024); the error of the mean is displayed as Std.Err (+); the results of multiple comparisons of means were
performed using the Tukey criterion (HSD); differences that are insignificant at p <.05 are indicated by identical

lowercase letters

Source: compiled by the authors based on research conducted
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Significant differences were observed in
the growth parameters of the leaf rosette of the
varieties depending on the sowing date. Earlier
sowing (the first decade of July) gave the low-
est indicators of morphological characteris-
tics in the studied varieties, namely: leaf length
(35.5 cm; 36.9 cm), number of leaves per plant
(154 pcs.; 18.5 pes.), leaf weight (186 g; 249 g) and
leaf plate area (2,771 cm?; 3,904 cm?) for ‘Gulliv-
er’ and ‘Minowase’, respectively. The dynamics
of changes in the height of the leaf rosette in-
dicates that sowing in the second decade of July
(control) provided significantly higher indica-
tors (374 cm; 401 cm), which were 5.1-7.8% (or
1.9-31cm) higher than the values of the previous
period. The maximum height of the rosette was
recorded when sowing in the third decade of July
(42.3 cm; 454 cm), which was 4.9-5.3 cm (13.1-
13.2%) higher compared to the control. The latest
sowing date gave slightly lower figures (39 cm
and 43.2 cm), but these figures were still 2.0-
3.1 cm (5.4-77%) higher than the control values.
In addition, an increase in the number of leaves
per plant was observed compared to the control
(second decade of July): by 0.3-0.5 pcs. (1.5-3.1%)
for the first decade of August and by 1.5-2.4 pcs.
(7.6-15.0%) for the third decade of July.

The combination of various environmental
factors, primarily temperature, contributed to
plant growth. Among the sowing dates, the third
decade of July provided a significantly higherleaf
weight (242 g; 267 g) (respectively, ‘Gulliver’ and
‘Minowase’), which exceeded the control (second
decade of July) by 14-17 g (5.7-7.7%). This indicator
was followed by the first decade of August (332 g;
260 g), where the excess of the control was 7-8 g
(2.8-34%). The increase in leaf area relative to
the earliest sowing date was recorded in the
second decade of July (control), where the indi-
cators were 3,387 cm? and 4,295 cmz?, as well as
in the third decade of July (4,326 cm?; 4,886 cm?)
(respectively, ‘Gulliver’ and ‘Minowase’). At the
same time, in the first decade of August, a grad-
ual decrease in this indicator was observed,
which reached 3,526 cm? and 4,492 cm?2.

Both environmental and genetic factors
are associated with the development of root
crops. An increase in vegetative growth indica-
tors (plant height, number, mass, and area of
leaves) contributed to an increase in the size of

Plant and Soil Science 17(2)

root crops. The variety ‘Minowase’ demonstrat-
ed a higher length (29-35 cm) and diameter (5.9-
7.2 cm) of the root crop compared to the variety
‘Gulliver’ (control) at all sowing dates, exceed-
ing it by 2-5 cm (5.5-16.9%) and 11-1.6 cm (21.6-
28.6%), respectively. Among the sowing dates,
the maximum length (30.5; 354 cm) and diam-
eter (5.6; 7.2 cm) of the root crop (respectively,
‘Gulliver’ and ‘Minowase’) were recorded during
sowing in the third decade of July. This was fol-
lowed by the first decade of August (length: 28.4;
33.2 cm; diameter: 5.4; 6.8 cm) and the second
decade of July (control) (length: 27.2; 2877 cm; di-
ameter: 5.1; 6.8 cm). While during sowing in the
earliest term (the first decade of July), the small-
est values of the length and diameter of the root
crop were noted. The average weight of daikon
roots was significantly influenced by the sowing
dates, varieties, and the interaction. Regardless
of the sowing dates, the ‘Minowase’ variety had
a higher average root weight (403 g), while the
‘Gulliver’ (control) variety had a lower average
weight by 12 g or 3.1%. When the ‘Minowase’ vari-
ety was sown in the first decade of July, the min-
imum deviation in the weight of the root crops
was recorded in the experimental plots (3 g or
0.8%) compared to the control (‘Gulliver’ varie-
ty), but the weight of the root crops (399-426 g)
differed significantly in the sowing options from
the second decade of July to the first decade of
August - by 12-17 g or 2.9-4.5%.

Among the sowing dates of the ‘Gulliver’
(control) variety, the sowing option in the third
decade of July was noted, which had a signif-
icantly higher weight of the root crop (414 g)
compared to the control (second decade of
July). Next came the variant of the first decade
of August - 396 g, while the first decade of July
had the lowest root weight (371 g). The devia-
tion of the indicator relative to the control for
these variants was as follows: 32 g (8.4%), 14 g
(37%) and - 11 g (-2.9%), respectively. Also,
among the variants of sowing dates, the variety
‘Minowase’ in the third decade of July showed
the maximum indicator of root weight (426 g),
which was significantly greater (by 27 g or
6.8%) than in the control variant (second dec-
ade of July). An increase in root weight (up to
412 g) relative to the control (second decade of
July) (by 13 g or 3.3%) was also observed when
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sowing in the first decade of August. The low-
est root weight (374 g) was recorded in the first
decade of July, which is 25 g or 6.3% less than
the control (second decade of July). Statistical
analysis confirmed that the average weight of
the root crop is significantly influenced by all
three main factors: sowing date, year of study

and variety (Table 2). The most important
among these factors was sowing date, which
determines 44.9% of all changes in root crop
weight (p < .001). The influence of weather
conditions of the year is 23.5% (p <.001), while
the characteristics of the variety have a much
smaller weight - only 5.1% (p <.001).

Table 2. Indicators of significance and influence
of factors on the formation of root crop mass (2022-2024)

- 2

Lower Upper

Sowing period 21,8946 | 3 | 7,29819 | 38984 | <001 | 0.449 0.220 0.596

Veriate 24769 | 1 | 247691 | 13231 | <001 | 0.051 0.000 0.211

Year 11,4613 | 2 | 5730.63 | 30.610 | <.001 | 0.235 0.045 0.414

Sowing period x Veriate |  474.2 3 158.06 0.844 | 476 | 0.010 0.000 0.048

Sowing period x Year 2,318.2 6 386.37 2.064 .075 0.048 0.000 0.086

Veriate  Year 735.4 2 367.70 1964 | .151 | 0.015 0.000 0.111
Residuals 89862 | 48 | 187.21

Sowing per\'(;’:r veriate | 4599 6 71.65 0383 | .886 | 0.009 0.000 0.000

Note: type III sum of squares

Source: compiled by the authors based on the conducted study

A critical feature is that no interaction be-
tween the factors produced a statistically con-
firmed result. The interaction of sowing date
with the year of the study explains 4.8% of the
variations (p =.075), and the effect of variety
in combination with year is 1.5% (p =.151). The
combination of variety with sowing date has
an effect of 1% (p = 476), and the simultane-
ous interaction of all three factors is only 0.9%
(p =.886). Since in all these cases the signifi-
cance indicator exceeds the .05 threshold, this
means that the effect of sowing date and variety
is stable and does not significantly depend on
the year of the study or the chosen combination
of conditions.

The high reliability of these data is con-
firmed by the calculations of confidence inter-
vals. In particular, for the factors of sowing date
and year of the study, the limits of probable er-
ror are far from zero (the lower limit is 22% for

sowing and 4.5% for year). This indicates that
the influence of these factors is guaranteed.
For the variety, the lower limit of the interval is
0.0%, which indicates a less stable nature of this
factor. The variety ‘Minowase’ in the variants of
the first-third decades of July demonstrates a
distribution of the number of leaves that mim-
ics a close to normal one, since its mean and
median are very close, and there are no outli-
ers (Fig. 2). In contrast, the distribution of the
variety ‘Gulliver’ (control) in the variants of the
third decade of July and the first decade of Au-
gust has a similar characteristic. In the sowing
terms of the first-second decades of July for the
variety ‘Gulliver’ (control) and the first decade of
August for the variety ‘Minowase’, the measures
of central tendencies are in different places, so
the distribution is not normal, and a right-sided
asymmetry is observed (the mean value is no-
ticeably higher than the median).

Plant and Soil Science 17(2)
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Figure 2. The influence of sowing dates on the variability
of morphometric and productive indicators of daikon varieties (Box-plot)
Note: sowing dates: A - 1st decade of July; B - 2nd decade of July (control); C - 3« decade of July, D - 1st decade of August.
The studied indicators: (a) - number of leaves, pcs.; (b) - height of the leaf rosette, cm; (c) - leaf weight, g; (d) - leaf
plate area, cm?; (e) - root length, cm; (f) - root diameter, cm; (g) - average root weight, g
Source: compiled by the authors based on the conducted research

The height of the leaf rosette for the varie-
ty ‘Minowase’ in the second decade of July and
for ‘Gulliver’ in the third decade of July demon-
strates a normal distribution. Also, a distribu-
tion close to normal was noted in the variant
‘Minowase’ in the third decade of July. The medi-
an (the line inside the rectangle) is located closer
to the lower (Q1) boundary of the box (the first
quartile), which indicates a right-sided asym-
metry for the variety ‘Gulliver’ (control) in the
variants of the first decade of July and the first
decade of August. In contrast, a left-sided asym-
metry was noted for the variety ‘Gulliver’ (con-
trol) in the second decade of July and the first
decade of August. In all cases, there are no outli-
ers. In the variant of the variety ‘Minowase’ in the
first decade of July, the distribution of leaf weight
indicates normality. The mean and median for
the variety ‘Gulliver’ (control) of the first-second
decades of July and the variety ‘Minowase’ of the
third decade of July are almost at the same point,
but do not pass the normality test. In the case
of the variety ‘Minowase’ of the third decade of
July, an outlier was recorded beyond the upper
limit (upper whisker). Left-sided asymmetry
can be clearly observed in the variants of the
variety ‘Minowase’ of the second decade of July
and the variety ‘Gulliver’ (control) of the third
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decade of July and the first decade of August,
and right-sided asymmetry in ‘Minowase’ of the
third decade of July. The mean and median of the
leaf area index for sowing the variety ‘Gulliver’
(control) of the first-second decades of July and
the variety ‘Minowase’ of the first-second dec-
ades of July and the first decade of August are
almost at the same point, but not quite, while in
other variants, the mean and median are located
at different points of the distribution. One case
of deviation (beyond the lower limit of the dia-
gram) was detected for the variety ‘Minowase’
sown in the third decade of July.

The root length indicator demonstrates a
non-normal distribution; one case of outlier be-
yond the lower limit of the diagram was record-
ed (‘Gulliver’ (control), sown in the third decade
of July). The median shift to the upper part of the
rectangle is observed only for the variety ‘Gulli-
ver’ (control) sown in the second-third decades
of July and for ‘Minowase’ sown in the second
decade of July. The diagram demonstrates a dis-
tribution of root diameter that is not normal, al-
though no outliers (or anomalous values) were
detected. In most cases, a right-sided asymme-
try is observed; only in the variants of the second
decade of July (‘Minowase’) and the third dec-
ade of July (‘Gulliver’ (control)) was a left-sided
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asymmetry recorded. This is confirmed by the
fact that the mean value is less than the median.
The initial data of the average weight of the root
crop do not contain any outliers. The diagram in-
dicates the normality of the distribution only for
the variants of the second decade of July (‘Gulliv-
er’ (control)) and the first decade of August (‘Mi-
nowase'), since the mean and median are at the
same point (or are almost equal). Right-sided
asymmetry is predominant, which is confirmed
by the fact that the mean is greater than the me-
dian. Left-sided asymmetry was established ex-
clusively in the variants of the second decade of
July, the first decade of August (‘Minowase’) and
the third decade of July (‘Gulliver’ (control)).

A positive correlation was found between
the morphological indicators of daikon (Table 3).
In the Gulliver variety (control), strong corre-
lations (r = 0.67-0.89) were observed between
leaf area and leaf weight (r = 0.89), between

rosette height and root length (r=0.80), number
of leaves and rosette height (r=0.80), leaf area
and average root weight (r = 079), leaf weight
and rosette height (r=0.74), leaf weight and av-
erage root weight (r=0.73), number of leaves and
leaf weight (r=0.70), as well as between number
of leaves and leaf area (r=0.68) and number of
leaves and root length (r=0.67). Average correla-
tions (r=0.36-0.63) were recorded between the
sowing period and most morphological traits:
root diameter (r = 0.52), average root weight
(r=041), leaf weight (r=041), leaf area (r=0.41),
root length (r=040) and rosette height (r=0.36).
The average also correlations include the re-
lationships between root length and diameter
(r = 0.63), number of leaves and average root
weight (r=0.61), rosette height and average root
weight (r =0.59), number of leaves and root di-
ameter (r=0.56) and rosette height and root di-
ameter (r=0.50).

Table 3. Correlation matrix of morphological indicators in daikon varieties (2022-2024)

Varieties | Variable SD LW LA NL LRH RL RD ARW
SD —
= LW 0.407* —
= LA 0.412* | 0.892%** —
S NL 0.183 | 0.704*** | 0.680%** —
‘§.>-, LRH 0.364% | 0.736%** | 0.741%** | 0.798*** —
= RL 0.399* | 0.437** | 0.523** | 0.667*** | 0.802%** —
o RD 0.518** | 0.311 0.408* | 0.557*** | 0.496** | 0.631*** —
ARW 0.409% | 0.734*** | 0.791*** | 0.614*** | 0.592*** | 0.487** | 0.396* —
SD —
LW 0.340* —
Y LA 0.601%** | 0.750%** —
g NL 0.256 | 0.594*** | 0.633*** —
2 LRH 0.512** | 0.785*** | 0.807*** | 0.747*** —
= RL 0.668*** | 0.580*** | 0.783*** | 0.367* | 0.729*** —
RD 0.560*** | 0.581*** | 0.738*** | 0.400* | 0.781*** | 0.897*** —
ARW | 0.576%** | 0.413* | 0.658*** | 0.365* | 0.501** | 0.652*** | 0.604*** —

Note: SD - sowing date; LW - leaf weight; LA - leaf area per plant; NL — number of leaves per plant; LRH - leaf
rosette height; RL - root length; RD - root diameter; ARW - average root weight. Correlation is significant at the

*p<.05 **p<.01, ***p<.001level;n=36

Source: compiled by the authors based on the conducted study

The ‘Minowase’ variety is characterised
by even higher consistency of morphological
traits, as most of the relationships are strong
(r=0.66-0.90): between root length and diameter
(r=0.90), leaf area and rosette height (r=0.81),
rosette height and root diameter (r=078), leaf

)

weight and rosette height (r = 079), leaf area
and length (r=078), leaf area and root diameter
(r = 074), rosette height and number of leaves
(r=0.75), leaf area and leaf weight (r=0.75), leaf
area and average root weight (r = 0.66), as well
as between the sowing period and root length
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(r=0.67). Moderate relationships were noted be-
tween length and average root weight (r = 0.65),
number of leaves and leaf area (r = 0.63), leaf
weight and number of leaves (r=0.59), between
diameter and average root weight (r=0.60), leaf
weight and root length (r=0.58), leaf weight and
diameter (r=0.58), as well as between the sow-
ing period and the remaining morphological
indicators - leaf area (r = 0.60), rosette height
(r = 0.51), diameter (r = 0.56) and average root
weight (r=0.58). Thus, the presence of a corre-
lation between the indicators of the vegetative
part of the plant (leaf area, leaf weight, rosette
height) and the parameters of the root crop (di-
ameter, length, weight) confirms the key role of
leaves in ensuring the productivity of daikon,
since the intensive development of the assimila-
tion apparatus directly affects the accumulation
of biomass and the formation of the marketable

part of the plant. Statistical processing of exper-
imental data and the graphic representation in
Figure 3 allowed establishing that an increase in
the duration of the growing season by 10 days for
the variety ‘Gulliver’ (control) contributed to an
increase in the following indicators: the number
of leaves - by 0.44 pcs.; the height of the leaf ro-
sette - by 141 cm; the weight of the leaves - by
12.79 g; the area of the leaf plate - by 262.44 cm?
the length of the root crop - by 1.00 cm; root di-
ameter by 0.21 cm, and average root weight by
8.82 g. In turn, for the variety ‘Minowase’, shift-
ing the sowing dates by 10 days increased the
number of leaves by 042 pcs.; the height of the
leaf rosette by 2.13 cm; the weight of the leaves
by 418 g; the area of the leaf plate by 209.07 cm?;
the length of the root by 2.01 cm; the diameter of
the root by 0.33 cm, and the average weight of
therootby 1192 g.

o e St (f) :

Figure 3. Dependence of morphometric and productive indicators
of daikon varieties on sowing dates, approximated by linear regression
Note: sowing dates: A - 1st decade of July; B - 2»d decade of July (control); C - 3« decade of July; D - 1st decade of August.
Investigated indicators: (a) - number of leaves, pcs; (b) - height of leaf rosette, cm; (c) - leaf weight, g; (d) - leaf plate
area, cm? (e) - root length, cm; (f) - root diameter, cm; (g) - average root weight, g
Source: compiled by the authors based on research conducted

This confirms that a developed assimilation
apparatus is a key resource for biomass accu-
mulation, and sowing in the third decade of July
and the first decade of August stimulate its in-
tensive formation. It has been statistically con-
firmed that the weight of the root crop directly
depends on its length and diameter: the larger
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these parameters, the higher the total mass of
the plant. It has been established that the yield
of daikon depends on hydrothermal conditions
during critical phases of vegetation. Sowing in
the third decade of July is a defining term for
the studied area, as it allows for the maximum
realisation of the biological potential of the crop.
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This correlates with international trends in the
search for the most profitable periods of pro-
duction. In particular, A. Sharma et al. (2023)
using the example of India proved that growing
radish in the off-season is more economically
profitable due to the higher market value than
in the main period. This statement is based on a
comprehensive analysis of morphometry, cor-
relations and statistical distribution of traits,
which is consistent with and significantly com-
plements the results of world scientific practice.
During the experiment, a significant amplitude
of variability in leaf rosette growth depending
on the sowing date was recorded. The lowest in-
dicators were observed with early sowing (first
decade of July), while a shift to the third decade
of July led to an increase in rosette height to
42.3-454 cm (+13.1-13.2% compared to the con-
trol). This phenomenon finds a deep physiologi-
cal justification in the works of S. Oh et al. (2022),
where it was established that temperature is a
limiting factor in radish morphogenesis: at in-
dicators above 29/23°C (day/night), inhibition
of root growth and abnormal elongation of the
hypocotyl are observed. The low productivity of
crops in the first decade of July (root weight 371-
374 g) in this study is explained precisely by the
coincidence of the initial phases of development
with the July temperature maximum, which ex-
ceeds the physiological optimum (19-24°C).

The revealed pattern between sowing dates
and productivity contrasts with the data pub-
lished by S. Khan et al. (2022) and S. Parajuli §
P. Dhital (2023). If in the subtropical zones of
Pakistan and Nepal, “early” crops (October-No-
vember) demonstrate better results (leaf length
22.61 cm) than late ones, due to the coincidence
with the beginning of the cool season, then in
temperate climates, “early” crops (early July)
fall into the peak of heat, which creates stress-
ful conditions. This is consistent with the data
of N. Khusanov et al. (2024), which indicate a
temperature threshold for germination of 30°C.
In addition to temperature, the light regime is
an important factor. The results of M. Hudu et
al. (2025) in Nigeria showed that in the wet sea-
son (longer daylight hours, better moisture) a
more powerful rosette is formed. This explains

the slight decrease in indicators in the sowing
option in the first decade of August (leaf weight
decreased by 7-11 g compared to the third dec-
ade of July), since the reduction in daylight hours
in August limits the photosynthetic potential
of plants. This effect is even more pronounced
in the study of P. Cottney et al. (2022) in Ireland,
where late sowing (September) led to a critical
drop in biomass (from 1,200 to <100 kg/ha) due
to a deficiency of solar radiation. Also, the de-
crease in yield with early sowing correlates with
biotic pressure, since S. Patra et al. (2024) estab-
lished a direct relationship between the increase
in temperature and the number of pests, which
inthe first decade of July led to damage to the as-
similation apparatus.

It was found that the variety ‘Minowase’
demonstrated not only higher productivity (root
weight up to 426 g, length up to 35 cm), but also
higher ecological plasticity compared to the va-
riety ‘Gulliver’. This is confirmed by the analysis
of the data distribution, where the variety ‘Mi-
nowase’ in the variants of the first-third decades
of July demonstrated a distribution close to nor-
mal (mean = median), without significant outli-
ers, which indicates genetic stability. In contrast,
the variety ‘Gulliver’ more often demonstrated
distribution asymmetry, responding to stress
by deviating from the mean values. This con-
firms the classification of S. Kumar et al. (2023)
and A. Dhand & N. Garg (2023), who character-
ise Asian variety types (to which ‘Minowase’
belongs) as more tolerant to summer tempera-
tures. In contrast to the data of S. Ali et al. (2023),
where the plant height reached only 25.84 cm,
the variety ‘Minowase’ under experimental con-
ditions formed a rosette 454 cm high, which in-
dicates better adaptation of this genotype to the
long-day conditions of the Forest-Steppe.

Extremely close correlations were also
found between the mass of the root crop and
the indicators of the leaf apparatus, which are
stronger than those described in the modern
literature. In particular, the correlation between
the length and diameter of the root crop in the
variety ‘Minowase’ was r=0.90 (versus r=0.60),
and the relationship between the mass of the
leaves and the mass of the root crop in the
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variety ‘Gulliver’ was r = 0.89 (versus r = 041)
(Esho & Jasim, 2022; Luitel et al., 2024). Such high
determination allows stating that in the condi-
tions of the research region, the limiting factor
in yield is precisely the development of the leaf
area. This is confirmed by regression analysis,
according to which the extension of the vege-
tation period by 10 days provides an increase in
leaf area by 209-262 cm?, which directly trans-
forms into an increase in root weight by 8.8-
11.9 g. These calculations are consistent with the
data of N. Pokharel et al. (2023), who proved that
maximising the weight of the root crop is impos-
sible without achieving optimal parameters of
the photosynthetic surface. Thus, the obtained
data confirm that sowing the ‘Minowase’ variety
in the third decade of July is a strategically im-
portant condition for its adaptation to specific
soil and climatic conditions and the realisation
of yield potential, since it is this term that en-
sures balanced growth and development, high
genetic stability and the most efficient use of
available agroclimatic resources.

CONCLUSIONS
Comprehensive studies of the growth and devel-
opment of daikon in the conditions of the Right-
Bank Forest-Steppe of Ukraine have allowed
establishing a clear relationship between the
sowing dates and the realisation of the biologi-
cal potential of varieties. It has been confirmed
that the meteorological conditions of the second
half of summer are decisive for the formation of
both the assimilation apparatus and the produc-
tive part of the plant. The most intensive growth
of vegetative mass occurs when sowing in the
third decade of July. It is this period that provides
the optimal combination of temperature regime
and daylight hours, which allows the ‘Minowase’
variety to form a powerful rosette with a leaf
area of 4,886 cmz, which is 13.8% higher than
the control sowing date. Early July sowing caus-
es premature ageing of leaves and inhibition of
photosynthetic processes due to excessive so-
lar insolation. The sowing date is a determining
factor in the productivity of root crops, as evi-
denced by the obtained correlation coefficients
at the level of 0.79-0.89. The highest average
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root weight (414-426 g) in the studied varieties
is provided by sowing in the third decade of July.
When shifting the sowing dates to August, there
is a tendency to a slight decrease in the mass of
root crops. The variety ‘Minowase’ demonstrat-
ed better adaptive ability to the conditions of the
region, forming root crops with higher linear
parameters (by 5.5-16.9% length; by 21.6-28.6%
diameter) compared to the control variety. Anal-
ysis of morphometric indicators confirmed the
stable superiority of the variety ‘Minowase’ in all
the studied parameters.

The results of the analysis of variance in-
dicate that the determining factor in the for-
mation of the mass of root crops is the sowing
date, the share of influence of which is 44.9%
(p<.001). Weather conditions of the year have a
significant, but half as much influence (23.5%).
Varietal characteristics, although significant,
play a secondary role (5.1%). The absence of
significant interaction between factors (p >.05)
confirms the independence of the action of
agrotechnical techniques from the genotype
and climatic fluctuations of the year. Further
scientific work in this direction should be fo-
cused on studying the influence of mineral nu-
trition and irrigation systems in combination
with optimised sowing dates. An important
aspect is also the study of keeping quality and
biochemical composition of root crops depend-
ing on the time of harvest, which will allow de-
veloping comprehensive recommendations for
extending the shelflife of fresh daikon products
in the autumn-winter period.
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3aKoHOMipHoCTi opMyBaHHA MOpPOMETPUUHMX O3HAK
Ta NpoAyKTUBHOCTI AauKoHY (Raphanus sativus L. convar.
acanthiformis Sazon.) 3a pi3HUX TepMiHiB ciB6u

AHoOTaUif. AfanTallis arpoTeXHOJIOTIM [0 KIIMaTUYHUX BUKJIMUKIB Ta CTajie BUPOOHUIITBO
OYHKIIIOHANIBHUX TIPOAYKTIB BU3HAYWIM aKTYaJIbHICTh IIOIIYKY OITHMMAaJIBHUX IIapaMeTpiB
BUPOLIYBaHHA MaJIOTIOLINPEHUX OBOYeBUX KyJIBTYpP. MeTa JOCIiA KeHHA IToN1Araaa y KOMIIEKCHOMY
aHatizi bopMyBaHHS 6i0METPUYHUX i TOBAPHUX XapaKTEpUCTUK JAMKOHY ITif] BIUIMBOM TepMiHiB
ciBbu mya agamTauii TexHosoril BUpo6HULITBA B yMoBax [IpaBobepesrHoro JlicocTemy VkpaiHu.
[TosbOBUY eKcIriepuMeHT (2022-2024 poKy) MPOBeIeHo i3 BUBYEHHAM copTiB ‘Tymisep’ i ‘MiHosaci’
3a YOTUPHOX TEPMiHiB CiBOU Bif TOYATKY JIUITHA [0 TIOYATKY CepITHA. Y copTy ‘MiHoBaci 3a ciBbu y
TpETIil JeKai TUIHA 3adiKCOBaHO HAM61IBIIY KiNbKICTh JIMCTKIB (20,8 LIT.), BUCOTY PO3ETKHU (45,4 CM)
Ta IOy GOTOCMHTETHMYHOI ITOBEPXHi (4886 cm?), mo Ha 7,6-13,8 % TIEePEeBUIIWIO [TOKa3HUKU
inmux TepMiHiB. Copr TymniBep NpPOAEMOHCTPYBaB aHAIOTIYHY TeHJEHINI0 3 MaKCUMaJIbHUMU
MopbOoIOTiYHMMY TTOKa3HMKaMu. CiBba y mepiuiil merazi JIUIHS IIpu3Beia 0 GOopMyBaHHS
HaVMEHINOl Bary JIUCTKIB ¥ JOCTIIKXYBaHUX COPTax i3 3HIDKEeHHAM Ha 74 % Ta 29,9 % IIOpiBHAHO 3
OIITMMAJIBHUM TEPMiHOM. POSBUTOK KOPEHEIUIOIB KOPEJIIoBaB i3 po3eTKo IUCTKIB (r=0,31-0,90):
copT ‘MiHoBaci' 3a ciB6U B ONITUMAIBHUN TepMiH $OPMYyBaB KOPEHEIUIONU JOBKUHOW 354 cM Ta
ImiameTpoM 7,2 cM, 110 3a6e3meunsio HaubinbIy cepenHio Macy 426 r. Y copTy TyniBep cepemHs
Maca KOpeHeIUIoONy 3a JOCTiIKyBaHMX TepMiHiB ciBbu 6yna Ha 0,9-4,4 % MeHIIOoo HiK y ‘MiHoBaci.
BapiabebpHiCTh Macu KopeHerioay Ha 44,9 % (p < 0,001) syMoB/ioBasach caMe TEPMIHOM CiB6H,
TOZi SIK BIUIUB IIOTOAHUX YMOB POKY (23,5 %) Ta reHoTuIy (5,1 %) 6yB 3HAUHO MEHIIUM. BUABIIEHO
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cepefHil KOpeNlALifHMI 3B'I30K MK TepMiHaMu ciB61 Ta Macoio KopeHerutony (r=0,79 - 0,89), a
perpeciiiHui aHaJIi3 MiATBepAKB 3MiHy Macy Ha 8,82 (copt Tynisep’) Ta 11,92 r (MiHoBaci') Ha KOXKHI
10 mi6 Bigxwienud. CiBba maiKOHy B TPETIM JeKafi TUIHA 6yia ONTUMAaIbHOK0 A cTabimisartii
BPO’KaMHOCTI, OCKUIBKK 3abe3Ieunsia CIIPULSTANBUN TiIpOTepMIiUHUM pPEXKUM; BOZHOYAC paHHI
TepMiHU CiB6U 3yMOBWIN CYTTEBE 3MEHIIEHHS JiHIMHNUX pO3MipiB KOpeHeIIoiB. YIoCKOHaIeHa
TEXHOJIOTisI BUPOILyBaHHA pebKU LA KOHY pEKOMEHAYEThCA A1 TOBAPOBUPOOHUKIB ITIPOMHUCIIOBOTO
i mprcamrbHOTO CEKTOPY IS PO3IIMPEHHS aCOPTUMEHTY 0BOYEBUX KYJIBTYD i 3a6e31eueHH PUHKY
CBDKOIO I[IHHOIO OBOYEBOIO IIPOIYKITIEI0

KnioyoBi cnoBa: MoppoMeTpuyHi IapaMeTpy; iHZEKC JHUCTKOBOI ITOBepxHi; KOpenalinHuN
aHaJIi3; ajanTallis go 3MiH KiIiMaty; COpToBi 0cO6IUBOCTI
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Sowing parameters as a factor in emergence synchrony
and productivity of sugar beet crops

Abstract. Modern sugar beet production is characterised by rising climate instability and the
increasing impact of the early stages of organogenesis on crop productivity. In the conditions of
a cool and wet spring, the problem of optimising the manageable sowing parameters, which can
ensure the uniformity of seed germination and the synchrony of plant growth, acquires particular
relevance. This study aimed to provide a scientific justification for the influence of coulter downforce
and seeder travel speed on emergence synchrony and root mass formation in the sugar beet
hybrid KWS ‘Riorita’ in the conditions of the Western Forest-Steppe of Ukraine. The research was
carried out in 2025 on a productive research field on podzolised medium loam chernozem in the
contrasting hydrothermal conditions of the sowing period. The experimental scheme included
varying the coulter downforce and the seeder travel speed. The dynamics of seedling emergence,
emergence synchrony, the spatial uniformity of the stand and root mass formation were measured.
Statistical analysis was processed using analysis of variance and regression methods. It was
found that an increase in coulter downforce to 40-60 kg significantly reduced the number of late-
emerging seedlings and provided emergence synchrony at 96%, while with minimal pressure, it did
not exceed 84%. A decrease in the proportion of seedlings emerging on days 9-10 after sowing was
accompanied by an improvement in the uniformity of the stand and a stabilisation of the average
root mass. A biological optimum was determined for the seeder travel speed at 7 km'h?, at which
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the best combination of spatial uniformity of sowing, high emergence synchrony and maximum
root mass was achieved. A decrease and excessive increase in speed negatively affected productivity.
The quantitative analysis showed that a delay in emergence of 1 to 2 days led to a sharp decrease
in root mass; the late-emerging plants formed roots with 24% to 39% lower mass compared to the
early emerging ones. The practical significance of the study is to substantiate the sowing parameters
aimed at minimising emergence asynchrony as a key prerequisite for the stable formation of sugar

beet yield under production conditions

Keywords: coulter downforce; seeder speed; early plant development; root mass; sowing technology

INTRODUCTION

In the last few years, sugar beet cultivation has
faced technological and agroecological prob-
lems concentrated in the phase of crop estab-
lishment. In the conditions of spring sowing, a
significant variability in the temperature and
humidity of the soil, as well as technological pa-
rameters of the sowing unit, is observed, which
can cause significant differences in the uni-
formity and synchrony of the seedlings’ emer-
gence, which in turn determine the structure
of the yield. The synchrony of the emergence
is a critical element of the productive potential
of sugar beet, since the first few days after the
emergence of the seedlings determine the com-
petitive advantages of the plants, fix the spatial
distribution of the biomass and lay the founda-
tion for the subsequent heterogeneity of the root
formation. That is why the research on the influ-
ence of the controlled technological parameters
of the sowing (mainly the downforce of the coul-
ter and the operating speed of the sowing unit)
is important for the scientific substantiation of
technological solutions for the uniformity of the
sowing and the stability of the yield, in the con-
ditions of variable technologies of the modern
sugar beet cultivation.

The sensitivity of the establishment phase
of the sugar beet crop to the risk of weather fac-
tors was consistently studied by A. Tataridas et
al. (2022), who, by modelling methods, showed
that the combination of low temperatures and
excessive humidity of the soil significantly in-
creases the risk of asynchronous emergence
and uneven density of plant stand. This indi-
cates that technological parameters, which af-
fect the microconditions of germination, have
a disproportionately strong effect in these con-
ditions. A similar conclusion, but in a broader
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agroclimatic aspect, was made by S. Bastaubaye-
va et al. (2022), who noted that the productivity
of sugar beet is largely determined by weather
conditions in the initial growth period, and the
stabilisation of the initial development process-
es is one of the most effective ways to reduce the
inter-annual variability of the yield. The deep-
ening of the research into the issue of the emer-
gence synchrony is connected with the research
in the physics of the seedbed and the seed-soil
contact. K. Tugrul (2022) experimentally showed
that at the same agrochemical conditions, the
determining factor of the uniformity of germi-
nation is the quality of the mechanical seed-soil
contact, which regulates the local water regime,
the rate of soaking and initial gas exchange. In
applied terms, this means that the factors in-
fluencing the downforce and the stability of the
coulter operation can be decisive in ensuring the
uniform emergence of the crop in the conditions
ofacool spring. The biological aspect of the prob-
lem is confirmed by the results of the research of
M. Kaya & E. Kulan (2020), who showed that sug-
ar beet seeds in conditions of low-temperature
stress are particularly sensitive to the prolonged
phase of germination; in these conditions, any
heterogeneity of the microenvironment of the
sowing layer increases the dispersity of the tim-
ing of emergence. Therefore, the management
of the sowing parameters should be considered
not only as a “mechanical” control, but also as a
means of physiological stabilisation of the initial
development phases of the plants.

A separate group of contemporary studies
indicates that non-uniform emergence man-
ifests in the harvest yield and quality. R. Now-
icki et al. (2025), analysing technological op-
eration timing in sugar beet production, draw
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attention to the fact that the initial growth rate
discrepancy remains in the yield structure until
harvest, resulting in a shift in root fractions, and,
as a consequence, in the economic efficiency
of the production system. A similar line of re-
search was carried out by H. Rimaz et al. (2020),
who found that the change in sowing and har-
vesting time leads to changes in the stability of
white sugar yield, and the initial development
stage constitutes an essential part of the vari-
ance in productivity between treatments. This
indicates that under modern intensive produc-
tion conditions, the initial development stage
remains a bottleneck that depends on techno-
logical accuracy. Generalisations at the system
level on the sustainability of sugar beet produc-
tion technologies are contained in the research
of Z. Gazdik et al. (2025), who, in a review of the
concept of sustainable production, emphasised
the importance of field operation accuracy and
the controllability of the processes determining
crop uniformity. It is also important that mod-
ern technological solutions are evaluated not
only for the final yield level but also for their
ability to reduce the risk and losses due to het-
erogeneity of the crop. In this sense, D. Grun-
wald et al. (2025), considering integration within
crop protection systems, effectively emphasise
the need for integration of technological fac-
tors: even the strongest elements of the crop
management systems realise their full poten-
tial more effectively against the background
of a uniform and well-established crop stand.
In this context, the authors’ results on the role
of agronomic factors in sugar beet production
systems indicate that technological details of
individual operations influence the efficiency of
resource use in crop rotation rather than at the
single-season level.

A practical scheme for interpreting
controllable agronomic factors is given by
S. Paul (2022), who systematised the key ele-
ments of sugar beet management and noted
that optimising technological parameters is
one of the most cost-effective ways to increase
yield stability in production conditions. In this
respect, the sowing parameters are of prima-
ry importance as they predetermine the initial
conditions that cannot be fully compensated
for by other agronomic measures. The reviewed

%)

body of contemporary research indicates that
the problem of emergence synchrony is located
atthe intersection of seedbed physics, germina-
tion physiology, and technological controllabili-
ty of the sowing process and therefore requires
applied quantitative assessment directly in pro-
duction-research field conditions.

This study aimed to establish quantitative
relationships between coulter downforce and
seeder travel speed and their effects on emer-
gence synchrony and productivity indicators
of sugar beet crops under the conditions of the
Western Forest-Steppe of Ukraine. The novelty
of the research is the quantitative evaluation of
the synchrony of emergence as a comprehen-
sive index of the agrotechnical quality of sowing
conditions under conditions of current produc-
tion technologies.

MATERIALS AND METHODS

The field experiments were carried out in 2025
on the production research field of the Shym-
kivtsi unit of PE “Zakhidnyi Buh” (Zolochiv Dis-
trict, Lviv Region; 49°97' N, 25°15' E). The soil
of the experimental site was podzolised medi-
um loam chernozem, with a humus content of
3.4%, soil solution reaction pH (KCl) 6.7, avail-
able phosphorus content of 58 mg P,0.,kg? of
soil, and potassium content of 112 mg K,0-kg?
of soil. The long-term average annual precip-
itation in the experimental zone was 640 mm,
and the mean daily air temperature during
the growing season (April-October) was 17.1°C.
In the spring of 2025, the first decade of April
was noted for its increased moisture (up to
28 mm of precipitation) and low soil tem-
peratures during the sowing period (+8°C to
+10°C), which contributed to the formation of
contrasting agroecological conditions for ger-
mination and activation of the agrotechnical
sensitivity of the crop to sowing parameters,
first of all mechanical (Lamichhane et al., 2019;
Bastaubayeva et al., 2022).

The object of the study was sugar beet
(Beta vulgaris L.), hybrid KWS ‘Riorita’, which is
widely used in commercial crops in the region
and is characterised by a high productivity po-
tential. Soil tillage was carried out according
to a conventional combined system, which in-
cluded primary tillage by Horsch Tiger AS unit
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(Germany) to a depth of 30-32 cm, spring har-
rowing by Degelman StrawMaster unit (Canada)
and pre-sowing cultivation by FARMET Kom-
paktomat unit (Czech Republic) to a depth of
2.5-3.5 cm. The pre-sowing moisture content of
the arable layer was 22.8%, the bulk density was
1.25 g-cm3, and the temperature of the soil at a
depth of 5 cm was 10.2°C.

Sugar beet was sown on 17 April 2025 by
Kverneland Monopil 24SE seeder (Norway) with
a row spacing of 45 cm and a seeding rate of 120
thousand seeds per ha. Within the framework
of the experiment, two technological factors
were changed: factor A is coulter downforce:
20 kg (minimum pressure), 40 kg (moderate,
conventionally optimal pressure), and 60 kg
(increased pressure); factor B is seeder travel
speed: 4 km'h?, 7 km-h?, and 10 km'h. Counting
of seedlings was carried out on days 6, 7, 8,9, and
10 after sowing. Field germination (%) was cal-
culated by formula (1):

N
p=-1 ®
where Nf is the number of emerged seedlings
within the sampling area, Ns is the number of
sown seeds.

After row closure (BBCH 16-18), the number
of plants was counted in four rows, each with
a length of 22.2 m. The uniformity of the plant
stand was evaluated by the coefficient of var-
iation (CV, %) of the distance between plants,
which is a commonly used indicator of sowing
quality (Varga et al., 2021). Yield evaluation was
carried out on a sampling area of 10 m?, from
which all roots were dug out, after which the
average root weight, the number of marketable
and non-marketable roots, as well as the pro-
portion of small (< 300 g) and large (> 1.2 kg) roots
were determined. Sugar content, dry matter and
technological impurities were determined in
the root composite samples by the ICUMSA po-
larimetric method, which has been widely used
in the international sugar beet research. P. Ste-
vanato et al. (2019) stressed the importance of
using a standardised polarimetric method to
ensure the comparability of data among differ-
ent research institutions.

Air and soil temperature and precipita-
tion were measured using the automatic Davis
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Vantage Pro2 weather station (USA) installed
on the experimental field. Data processing was
carried out using Statistica 13.3 and Microsoft
Excel 365 software packages. The data were an-
alysed by analysis of variance (ANOVA), followed
by Duncan’s test at a significance level of p<0.05.
The relationships between the emergence syn-
chrony, the uniformity of plant distribution and
the root mass were estimated using the Pearson
correlation and multiple regression analysis,
where the explanatory variables included coul-
ter downforce, sowing unit travel speed, soil
temperature and soil moisture (Anar et al., 2019;
Varga et al., 2021).

The field experiments were carried out in
compliance with the ethical standards of the
Convention on Biological Diversity (1992) and the
Convention on the Trade in Endangered Species
of Wild Fauna and Flora (1973). The study did not
involve the use of genetically modified organ-
isms, it did not imply interference into the nat-
ural ecosystems beyond the experimental plot, it
did not create a risk for human or animal health,
it did not include human subjects as the object
of study, it did not involve any biomedical or
socio-humanitarian manipulations and, there-
fore, it did not require a permission from the
bioethics commission. Although the research
was funded by the enterprise at whose facilities
it was carried out, its results were independent,
objective and served no private interests.

RESULTS AND DISCUSSION
The data of the 2025 field experiments showed
that the coulter downforce and the sowing unit
travel speed were the determining technolog-
ical factors of the emergence synchrony of the
sugar beet hybrid KWS ‘Riorita’ and, therefore,
of the uniformity of the productivity elements.
In the conditions of the cool and moist weath-
er during the sowing period (soil temperature
+8°C to +10°C), the mechanically caused differ-
ences in the seedbed structure and the seed-
soil contact were manifested mainly through
the changes in the proportion of late-emerged
seedlings. These results agree with the data of
S. Bastaubayeva et al. (2022), who found that
the fluctuations in the soil temperature within
the range of 5-10°C prolonged the seed imbibi-
tion period and increased the variation in the
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emergence terms. The high sensitivity of the
sugar beet seeds to the low temperatures was
also noted by M. Kaya & E. Kulan (2020). R. Es-
maeili et al. (2022) pointed out the decisive im-
portance of the uniform seed-soil contact for
synchronous germination. Similar response
of crop establishment processes to seedbed
physical parameters was reported by S. Blunk et
al. (2018), who emphasised the role of microsite
stability for germination and J. Lamichhane et
al. (2019), who pointed out that a higher risk of
asynchronous emergence can occur under fluc-
tuating temperature and moisture conditions
in early spring. The change in coulter downforce
within the studied range (20-60 kg) caused sig-
nificant differences in emergence synchrony
and in the distribution of emergence timing.
The highest proportion of seedlings emerged
in the optimal period (6-8 days) was found at
an increased downforce (60 kg), while at the

minimum pressure (20 kg), a higher proportion
of late-emerged seedlings (9-10 days) was ob-
served, which is undesirable for the formation
of a uniform crop structure. In addition, M. Licht
& M. Al-Kaisi (2005) found that even a small de-
lay in emergence leads to permanent biomass
differentiation during the growing season.

The differences in the average root mass
between the downforce levels were less pro-
nounced; however, the direction of influence
generally repeated the pattern: the reduction
in the proportion of lateemerged plants was ac-
companied by greater stability in root mass for-
mation. Thus, the influence of coulter downforce
was realised indirectly, through the regulation of
the emergence timing distribution rather than
through direct stimulation of growth processes.
The main quantitative indices of the influence of
coulter downforce on emergence synchrony and
average root mass are given in Table 1.

Table 1. Effect of coulter downforce on emergence synchrony
and average root mass (observations on 04 August 2025)

Coulter downforce, kg

Emergence on days 6-8, %

Emergence on days 9-10, %

Average root mass, g

20 84.0+2.1b 16.0+1.8a 526+18b
40 85.0+1.9b 15.0+x1.5a 552+17a
60 96.0+1.2 a 4.0+£09b 545t16a

Note: letters within a column indicate significant differences according to Duncan’s test (p < 0.05)

Source: original research data

The ANOVA results showed that the effect
of the “coulter downforce” factor was signifi-
cant (p < 0.01) for the proportion of seedlings
emerged in the periods of 6-8 and 9-10 days,
and (p < 0.05) for the average root mass. This
indicates a cause-and-effect relationship be-
tween seedbed parameters and the distribution
of emergence timing. According to H.-J. Koch et
al. (2018), emergence synchrony determines the
level of intraspecific crop stand uniformity and
is a premise for the further realisation of the
yield potential, as an asynchronous start results
in sustained morphological plant-to-plant dif-
ferentiation. The analysis of the effect of seeder
travel speed revealed the biological optimum at
which the combination of technical evenness
of plant spacing and physiological evenness of
emergence provides the most favourable con-
ditions for root mass formation. At a speed of
7 km-h?, moderate values of the coefficient of

%)

variation (CV) of interplant spacing coincided
with a high proportion of seedlings emerging on
days 6-8 and the maximum average root mass.
A reduction in speed to 4 km-h! was associat-
ed with increased CV and reduced biological
efficiency of the sowing. An increase in speed
up to 10 km-h+, despite the reduction in CV and
the increase in the proportion of early-emerged
seedlings, was accompanied by a decrease in the
average root mass.

The obtained results are in agreement with
the data of R. Afshar et al. (2019), who found that
the influence of tillage technologies and seed-
bed formation conditions on the emergence
rate depends on the actual weather conditions.
D. Gorski et al. (2022) pointed out that water re-
tention is usually associated with an increase in
the heterogeneity of seedbed structure, while
N. Mioduszewska et al. (2018) reported that an
increase in the scatter of seed placement depth

Plant and Soil Science 17(2)



Kyselov et al.

contributes to the asynchrony of emergence.
A similar difference between geometric uni-
formity and biological effect is explained by
S. Blunk et al. (2018), who showed that the dis-
turbance of the stability of seed-soil contact
at high operating speed of the seeder leads to

latent stress of seedlings, which is not reflected
in the indicators of spatial variability, but has a
negative effect on further growth. The quantita-
tive parameters of the effect of seeder operating
speed on sowing uniformity, emergence syn-
chrony and root mass are given in Table 2.

Table 2. Effect of seeder operating speed on sowing uniformity,
emergence synchrony and root mass (observations on 04 August 2025)

Speed, km-h1 CV of interplant spacing, % | Emergence on days 6-8, % Average root mass, g
4 12.0+0.8a 80.0+2.4 ¢ 387+21b
7 10.0+0.6 b 89.0+1.7b 464+19a
10 9.0+0.5¢ 94.0+1.4a 358+23b

Note: letters within a column indicate significant differences according to Duncan’s test (p < 0.05)

Source: original research data

It was found by ANOVA that the effect of
the “seeder operating speed” factor was signif-
icant (p <0.01) for the coefficient of variation of
the distance between plants, the share of seed-
lings emerged during days 6-8 and average root
mass, which testifies to the direct influence of
the kinematic parameters of the seeder op-
eration on the biological effect of the sowing
process. The biological sensitivity of the germi-
nation process to the physical properties of the
seedbed, in particular to the stability of seed-
soil contact and to the micro-irregularities of
compaction, is in agreement with the results of
S. Blunk et al. (2018), who found that even mi-
nor violations of the seedbed structure lead to
asynchronous emergence. The main result of
this research is the quantitative substantiation
of the fact that the timing of seedling emer-
gence determines the subsequent differentia-
tion of plant productivity, while technological
factors influence indirectly through the regu-
lation of the share of late-emerged seedlings.
A consistent decrease in the average root mass
with a shift of seedling emergence to later dates
was observed, which indicates the formation of
a stable hierarchical structure of the crop stand.
This dependence corresponds to the concept of
the “priority effect”, which consists of the fact
that earlyemerged plants receive a competitive
advantage in terms of light, nutrients and root
space at the initial stages of organogenesis.

Similar dependences were obtained by
L. Varga et al. (2021), who found a decrease in
both the proportion of commercial roots and
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the sucrose content in plants that emerged
later. R. Esmaeili et al. (2022) also pointed out
the long-term differentiation of biomass due
to asynchronous initial development. In the
growth models of M. Anar et al. (2019), the day
of emergence appeared as one of the most
sensitive parameters for predicting yield. Sim-
ilar conclusions were drawn by H.J. Koch et
al. (2018), who showed the limited compensato-
ry potential of late-emerging plants even under
favourable agrotechnical conditions. D. Grun-
wald et al. (2025) also pointed out that the hier-
archy formed in the early stages remains until
harvest and is responsible for the variation in
root mass. Consequently, sowing conditions
should be viewed not only as a means of con-
trolling the technical uniformity of seed place-
ment but also as a biological synchroniser of
plant development, which is a necessary con-
dition for creating a uniform and productive
sugar beet crop.

A quantitative study of the relationship
between root mass and day of emergence re-
vealed a clearly defined gradient (Table 3). The
highest average root mass was formed by plants
that emerged on the 6th day after sowing, and
with each subsequent delay in emergence, this
indicator statistically significantly decreased.
According to the ANOVA, the effect of the “day
of emergence” factor on root mass was highly
significant (p < 0.001), which indicates the de-
termining role of temporal synchrony at the
early stages of development in the formation of

productivity.
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Table 3. Dependence of root mass on the day of emergence (observations on 04 August 2025)

Day of emergence Average root mass, g Deviation from maximum, %
6 573+19a 0
7 541+18 a -6
8 506+17 b -12
9 436+21c -24
10 352+24d -39

Note: letters within a column indicate significant differences according to Duncan’s test (p < 0.05)

Source: original research data

As can be seen from Table 3, a one-day de-
lay in germination reduced the average root
mass by 6%, two days by 12%, while the poten-
tial losses from seedlings that emerged on the
9th-10th days reached 24-39% of the maximum.
Different letter indices in the columns indicate
significant differences between most variants
according to the Duncan test (p < 0.05). The
graphic representation of this dependence is
presented in Figure 1, where a practically line-
ar decrease in root mass with a delay in emer-
gence is observed.

6001

5501

500+

4504

4001

Average root mass, g

350+

6 7 8 9 10
Day of emergence

Figure 1. Dependence of average root mass
on the day of sugar beet emergence
(observations on 04 August 2025)
Source: original research data

The biological interpretation of this regu-
larity is in line with the research of C. Chomon-
towski et al. (2020), M. Mirzaei & S. Hemayati
(2022), and R. Nowicki et al. (2025), which em-
phasise the irreversibility of the early develop-
mental superiority of seedlings in relation to
root mass. A similar position is expressed by
W. Samociuk et al. (2025), who note that even

w)

against the background of a uniform agrotech-
nical complex, late-emerging plants remain
functionally dependent in the structure of the
crop. Therefore, the synchrony of early emer-
gence is an essential factor in the formation of
the morphofunctional uniformity of the crop
stand. The obtained data allow a practically sig-
nificant conclusion to be drawn: control of the
technological parameters of sowing should be
directed, first of all, not at minimising the values
of the indicators of geometric uniformity, but at
minimising the share of late sprouts. Increasing
the coulter downforce to the value ensuring the
stability of the seed-soil contact and choosing
the speed of the seeder, which does not worsen
the biological indicators of the quality of sowing,
are the necessary conditions for the creation of
a uniform productivity structure. This conclu-
sion is consistent with the modern paradigm of
sustainable production of sugar beet, according
to which the early development stage is consid-
ered a critical control point for the formation of
the yield and the efficiency of its production, as
was pointed out by P. Stevanato et al. (2019) and
S.Paul (2022).

However, according to the results of . Lam-
ichhane et al. (2019), climate change will in-
crease the risks of asynchrony of emergence,
which will further increase the importance
of technological stabilisation of the seedling
emergence in the future sugar beet production
systems. In general, it can be concluded that the
synchrony of seedling emergence is an inte-
grated indicator of the quality of sowing, which
unites the mechanical, physical, and biological
components of the creation of the productiv-
ity structure and is the main channel through
which the influence of the studied technological
parameters is realised.
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CONCLUSIONS

The results of this study have confirmed the
determining role of the sowing parameters in
the formation of the seedling emergence syn-
chrony and productivity of sugar beet (Beta vul-
garis L.) crops of the KWS ‘Riorita’ hybrid under
the conditions of the Western Forest-Steppe of
Ukraine. It has been established that the coul-
ter downforce and the speed of the seeder are
the key manageable technological elements
that control the uniformity of the early plant
development and, as a consequence, have a
significant effect on the root mass formation.
Under the cool and wet weather conditions of
the spring of 2025, the reduction of the asyn-
chrony of the seedling emergence has proved
to be especially important, as the late-emerged
seedlings were not able to compensate for the
delay in their growth and development during
the growing season. An increase in the coul-
ter downforce up to 40-60 kg has significantly
reduced the proportion of the late-emerged
seedlings and contributed to the creation of a
more uniform stand structure. An increase in
the seedling emergence synchrony from 84%
to 96% has been accompanied by the stabilisa-
tion of the average root mass and a reduction
in the in-stand variability. It has been demon-
strated that the effect of the coulter downforce
is realised not through the direct stimulation of
the growth processes, but through the improve-
ment of the physical conditions of the seed ger-
mination and the alignment of the rates of the
early organogenesis.

A biological optimum of seeder travel speed
was found: at 7km-h, the best spatial uniformity
of seed placement, emergence synchrony and
highest average root mass were combined. Both
decreasing (4 km-h4) and increasing (10 km-h-1)
the seeder travel speed resulted in a produc-
tivity decline. This implies the impossibility of

determining sowing quality based on geometric
criteria only without accounting for the biolog-
ical reaction of the crop. It is concluded that a
delay in the emergence of even one or two days
results in a loss in potential root mass of 24-39%
forlate-emerging seedlings. Therefore, the opti-
misation of the sowing regime should be aimed
at ensuring maximum emergence synchrony
as the main prerequisite for the formation of a
uniform crop structure and stable realisation of
the productive potential of sugar beet. Further
studies should be aimed at the multi-year and
multi-local verification of the revealed patterns,
taking into account contrasting soil and climat-
ic conditions, different genotypes of sugar beet,
and a varied agrotechnical background. Of par-
ticular interest is the study of the interaction of
coulter downforce and seeder travel speed with
the physical properties of the seedbed (density,
moisture, aggregate structure), and the integra-
tion of field experiments with modelling of the
emergence process and yield formation. The ap-
plication of digital monitoring systems for crop
establishment, precise definition of the tempo-
ral dynamics of emergence and spatial analysis
of the hierarchisation of plants within the stand
seems promising. This will allow the develop-
ment of adaptive recommendations for the cali-
bration of the seeder for different soil types and
weather conditions, which will increase the sta-
bility of sugar beet productivity in the context of
increasing climate change.
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MapamMeTpu ciB6UM 9K paKTOp CUHXPOHHOCTI cxoaiB
i NPoAYKTUBHOCTI NociBiB LLYKpoBUX 6ypsiKiB

AHoTauif. Cy4yacHi YMOBU BUPOLIYBAHHA I[YKPOBUX 6YPSAKIB XapaKTepPU3YIOTBCA ITiIBUIIEHOIO
KJIIMaTUYHOIO MiHJIMBICTIO Ta 3pDOCTaHHSIM POJIi CTapTOBUX €TalliB OpraHoreHesy y GopMyBaHHI
MIPOAYKTUBHOCTI KYJIBTYPHU. 3a IIPOXOJIONHUX i 3BOJIOYKEHUX YMOB BECHSIHOTO Iepiofly ocobnuBoi
aKTyaslbHOCTI HabyBae ONTMMi3allil KepoBaHUX IapaMeTpiB ciB6W, 3HaTHUX 3a6e3[euynTy
BUpIiBHAHE ITPOPOCTaHHA HACIHHA Ta CUHXPOHHUM PO3BUTOK POCIIMH. METOI0 AOCIiIXeHHS 6yi10
HayKOBe OOI'PYHTYBaHHS BIUIMBY IIPUTUCKHOIO 3yCHJUIS COIIHUKIB i IIBUIAKOCTI PyXy ciBajku Ha
CUHXPOHHICTB cxofiB i popMyBaHHSA Macu KOpeHeIUIoAy LyKpoBux 6ypskie ribpuay KBC ‘Piopita’
B yMoBax 3aximHoro JlicocTemny YRpainu. JOCIiAyReHHs IpoBoavan y 2025 polli Ha BUPOOHUYO-
JOCIigHOMy TIIOJI Ha YOpHO3eMi OIiJI30IeHOMYy CepeIHBOCYITINHKOBOMY 3a KOHTPACTHUX
riIpoTepMiYHUX YMOB IIOCIBHOTO I1epiofy. CxeMa IOCIiny repenbadaia BapiloBaHHS IPUTUCKHOTO
3yCWJUIS COIIHMWKIB Ta IIBUAKOCTI pyxy ciBajku. O6JiKY BKIIIOYAIN OUHAMIKY IIOSIBU CXOZiB,
BU3HAYEHHSA CHHXPOHHOCTI CXOIiB, OLIiHKY ITPOCTOPOBOI PiBHOMipHOCTI ITOCiBy Ta OpMyBaHHA Macu
KopeHeIuiofy. CTaTUCTUYHY 06pOOKY pe3y/IbTaTiB 3iMCHIOBAIM 3 BUKOPUCTAHHAM AUCIIEPCIMHOTO
aHaJIi3y Ta perpeciiiHuX MeTOiB. YCTaHOBJIEHO, IO MiABUIIEeHHS IPUTHCKHOIO 3YCUJIISA COITHUKIB
0 40-60 Kr iCTOTHO 3MEHIIYBaJIO YaCTKY ITi3HIX CXOAIB i MiABUIYBalO0 CUHXPOHHICTh CXOZIB A0
96 %, Tomi K 3a MiHIMaJIBHOIO THCKY BOHA He IlepeBUIllyBasia 84 %. 3MeHIIeHHS YaCTKU CXOZiB,
mo 3'ABmsKca Ha 9-10-Ty mo6y mmicna MociBy, CYyIIpOBOIKYBaIIOCS BUPIBHIOBAHHAM arpolieHO3y
Ta crabinizaiiielo cepefHBOI Macu KOPEHEIUIOZLY. BUsBIeHO 6i0NOTiUHMI ONTHMYM IIBHUAKOCTI
pPyXy ciBaJIkKM Ha piBHi 7 KM-TOA, 3a AKOI 3abe3reuyyBajocs HaMKpalle MoeAHaHHSA ITPOCTOPOBOi
PIBHOMIPHOCTI IIOCiBy, BUCOKOI CHMHXPOHHOCTI CXOZiB i MaKCHUMaJbHOI Macu KopeHeIiony. fK
3HIDKEHH{, TaK i HaaMipHe MigBUIIEHHS MIBUAKOCTI HETaTMBHO BIUIMBAIM Ha IIPOAYKTUBHICTE.
KiJIBKiCHO ZOBEEHO, 10 3aTpUMKa IIOSBU CXOIIB Ha OLHY-IBI 406U IpU3BOAMIIA IO iCTOTHOTO
3MeHIIeHHS Macu KopeHeIUloAy, a Mi3Hi cxomyu ¢opMyBaIM KOpeHeIUIomUu Ha 24-39 % MeHIIol
Macu TOPiBHAHO 3 paHHIMU. [IpaKTUYHA I[iHHICTh po60TU MoNArae B O6IPyHTYBAHHI ITapaMeTpiB
ciB6bu, cripIMoBaHUX Ha MiHiMi3alli0 aCHHXPOHHOCTI CXOZiB IK KJIFOUOBOI ITepeAyMOBH CTabiTbEHOTO
dopMyBaHHS BpOKAIO LIYKPOBUX 6YPAKIB ¥ BUPOOHUYNX YMOBAX
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Study of the influence of phosphite fertilisers on the quality
of apple fruits in plantings of the ‘Fuji’ variety

Abstract. The purpose of the study was to establish the effectiveness of foliar fertilisation with
phosphite fertilisers by the company LLC “Ecoorganic” in apple plantations of the ‘Fuji’ cultivar and
to determine their influence on the dynamics of accumulation of dry soluble substances, sugars,
and organic acids in fruits. The research was conducted in 2022 on the experimental orchards of
Uman National University of Horticulture (Ukraine). In the experiment, a control without fertiliser
application and variants treated with three types of fertilisers (Poliaktiv Twinfos, Poliaktiv Twinfos
Amino, Ecoline Phosphite K-Amino) at a dose of 1.5 L/ha during the fruit ripening phase were
compared. Refractometric, spectrophotometric, and titrometric methods were used to assess the
biochemical composition of the fruits. The findings showed that foliar fertilisation significantly
affected the biochemical indicators of apple fruit quality. During the fruit ripening period, an
increaseinthe content of dry soluble substances was observed in all experimental variants; however,
the highest values were recorded when using the fertiliser Poliaktiv Twinfos, where this indicator
significantly exceeded the control. A similar pattern was established for sugar accumulation: their
maximum content was noted in fruits treated with the fertiliser Poliaktiv Twinfos, while the use of
fertilisers Poliaktiv Twinfos Amino and Ecoline Phosphite K-Amino also ensured an increase in this
indicator compared to the control. Furthermore, in all variants with foliar fertilisation, a decrease in
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the content of organic acids in fruits was observed, which contributed to the development of a more
balanced taste. The most pronounced effect of acidity reduction was established when using the
fertiliser Poliaktiv Twinfos. Practical significance of the study consists in the scientific substantiation
of the feasibility of foliar fertilisation of the ‘Fuji’ apple cultivar during the fruit ripening phase to
increase sugar content, reduce acidity, and improve the commercial and consumer qualities of
fruits under conditions of increasing climate stress

Keywords: foliar fertilisation; biochemical composition of fruits; dry soluble substances; sugar

content; organic acids

INTRODUCTION

In contemporary horticulture, the stability of
production and the competitiveness of products
are largely determined by the ability of planta-
tions to withstand high temperatures and mois-
ture deficiency during the summer period. It
is precisely in the phase of fruit filling and rip-
ening that intensive processes of carbohydrate
synthesis and accumulation, transformation
of organic acids, development of aroma, color-
ation, and flesh density occur. Disturbances in
water balance and heat load during this period
negatively affect the accumulation of soluble
solids, reduce sugar content, and worsen taste
characteristics and the market appearance of
fruits. In this regard, the search for effective fo-
liar fertilisation techniques capable of correct-
ing physiological and biochemical processes in
plants and increasing their adaptive potential
under stressful growing conditions becomes es-
pecially relevant.

Analysis of contemporary scientific studies
indicates a growing interest in the problem of
optimising fruit crop nutrition during periods
of climate change. V. Do et al. (2024) in their
study established that the combination of high
temperatures and uneven watering through-
out the growing season leads to disturbances
in physiological processes in apple trees, in
particular, to a decrease in the intensity of pho-
tosynthesis, suppression of growth processes,
and a reduction in average fruit weight. The
researchers concluded that moisture deficien-
cy in critical developmental phases negatively
affects the accumulation of soluble solids and
worsens the market quality of products, which
requires the implementation of adaptive agro-
technical measures to increase plant resist-
ance to climate stresses. Developing this area,

D

S. Swierczynski et al. (2021) showed that foliar
application of microelements, fertilisers, and
biostimulants during the phase of intensive
fruit growth activates enzymatic processes,
stabilises metabolism, and contributes to in-
creased apple yield under conditions of abi-
otic stress. The researchers emphasised that
such operational correction of mineral nutri-
tion through the leaf apparatus allows plants
to quickly respond to changes in the external
environment and reduce the negative impact
of stressful growing factors.

Similar results were obtained by some
Ukrainian researchers who investigated the in-
fluence of humic and fulvic acids on plants. In
particular, O. Rylskyi et al. (2023) noted that the
application of humic compounds in plant cul-
tivation contributes to increased plant resist-
ance to abiotic stresses, activation of enzymatic
processes, and improvement of product quality
indicators, which confirms the appropriateness
of using such substances as an element of adap-
tive agrotechnologies. Contemporary studies
emphasise the importance of improving apple
foliar feeding systems to increase productivity
and quality characteristics of fruits. In particu-
lar, V. Leus et al. (2023) showed that the appli-
cation of biostimulant micronutrients within
the framework of foliar feeding contributes to
increased fruit size, their marketability, and the
economic efficiency of cultivation. The applica-
tion of such preparations stimulates physiolog-
ical processes in the plant, which ensures more
uniform fruit growth and improves their con-
sumer properties.

The literature analysis conducted by R. Ya-
kovenko et al. (2025) confirmed that the combi-
nation of soil and foliar fertilisation is optimal
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for ensuring high yields of apples and pears.
They emphasised that balanced plant nutrition
not only improves quantitative yield indica-
tors but also contributes to increasing the bio-
chemical quality of fruits, including increasing
soluble sugar content and reducing titratable
acidity, which directly affects the market and
consumer properties of the products. These
results were also confirmed by recent stud-
ies on other types of foliar fertilisation. Y. Lu et
al. (2025) showed that foliar application of ze-
rovalent iron nanoparticles significantly im-
proves photosynthetic activity, enzymatic ac-
tivity of leaves, and fruit quality of ‘Yanfu No.6’
apples. In the experiment, an increase in fruit
weight, vitamin C content, soluble proteins, and
overall quality indicators was observed, indi-
cating the effectiveness of foliar microelement
application in enhancing the physiological con-
dition of the plants.

In Ukrainian studies, I. Trushev & R. Yako-
venko (2023) investigated methods of rational
use of fertilisers and foliar feeding in intensive
apple orchards, confirming similar results. It
was shown that the application of such ap-
proaches contributes to improved tree growth,
accumulation of nutrients in leaves, and in-
creased overall yield. Additionally, O. Tkachuk
§ A. Mizeriy (2024) demonstrated that the use
of biofertilisers and foliar applications in apple
orchards improves the physiological condition
of the plants, increases yield, and enhances
fruit quality characteristics, including flesh
firmness, content of vitamin C and soluble
solids. Their results confirm that integrating
biofertilisers and foliar feeding is an effective
method for improving apple resilience to stress
factors and fruit quality.

Phosphite fertilisers attract particular in-
terest in contemporary research as a promising
element of the foliar feeding system. X. Han et
al. (2021) substantiated that phosphite com-
pounds are characterised by systemic mobility
and the ability to induce plant defence responses
in response to abiotic stresses. The researchers
noted that phosphites influence the regulation
of metabolic processes associated with plant
adaptation to adverse conditions, improving
physiological and biochemical reactions, which
can contribute to increased yield and product
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quality under stressful conditions. Further stud-
ies show that phosphite compounds can en-
hance antioxidant protection of plants, improve
their water status, and increase resistance to
temperature and water stresses. In particular,
M. Nyoni et al. (2021) demonstrated in apple trees
that foliar application of phosphonates contrib-
utes to the accumulation of phosphite residues
in plant tissues and increases their resistance
to abiotic factors. Thus, Z. Li et al. (2025) argued
that the application of phosphite fertilisers as
foliar feeding not only provides effective plant
nutrition but also acts as a powerful stimulator
of physiological processes that increase plant
resistance to abiotic stress. Researchers noted
that foliar application of phosphites promotes
the regulation of processes of soluble sugar ac-
cumulation and reduction of titratable acidity
of fruits, which directly affects their market and
consumer properties.

The purpose of the study was to evaluate the
effect of foliar application of phosphite fertil-
isers on the development of biochemical indica-
tors of apple fruit quality during their ripening
period.

MATERIALS AND METHODS
The study on the effectiveness of foliar applica-
tion of fertilisers by LLC “Ecoorganic” in apple
plantations was conducted in 2022 at the exper-
imental orchards of Uman National University
of Horticulture, located in the Mankivka natu-
ral-agriculturalregionofthe Middle Dnipro-Bug
district of the Right-Bank Forest-Steppe of
Ukraine. The object of the study was the ‘Fuji’
apple cultivar, included in the “Register of Plant
Varieties Suitable for Distribution in Ukraine”
(UIPVE, n.d.). ‘Fuji’ apple (Fuji) is an au-
tumn-winter cultivar, selected by Japanese
breeders in the Fujisaki region (from which its
name originates) by crossing the ‘Rolls Janet’
and ‘Red Delicious’ cultivars (Fig. 1). The ‘Fuji’
apple tree is of medium size, 3.0-3.5 m tall,
with a compact crown. It begins fruiting in the
3rd year. Flowering occurs in mid-late periods,
which reduces the risk of fruit set damage by
spring frosts. Fruiting is periodic, and yield is
high. The fruits are round, large, with an aver-
age weight of approximately 200 g, red-pink in
colour with yellow spots beneath the skin. The
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Figure 1. Fruits of the ‘Fuji’ apple cultivar
Source: authors' photo

flesh is creamy, crisp, with a sweet-sour taste
and high sugar content. Harvesting is carried
out in mid to late October, and the fruits reach
consumer ripeness 3-4 weeks after picking.
The cultivar is characterised by good winter
hardiness, high transportability, and a long
storage period. Resistance to diseases is aver-
age. The fruits have universal use - suitable for
fresh consumption and processing. The exper-
imental design of the study included a control
(treated with water) and three variants in which
phosphite fertilisers were applied: Poliaktiv
Twinfos, Poliaktiv Twinfos Amino, and Ecoline
Phosphite K-Amino at a rate of 1.5 L/ha (Table 1).

Table 1. Experimental design

Application phase Control

Variant 1 — Polyactive
Twinphos

Variant 3 — Ecoline
Phosphite K-Amino

Variant 2 — Polyactive
Twinphos Amino

Fruit ripening period | Water treatment

1.5L/ha

1.5L/ha 1.5L/ha

Source: the research scheme was approved by Ecoorganic (n.d.)

Fertilisers were applied on August 6, 15, and
25, 2022, during the fruit ripening period of the
‘Fuji’ cultivar (Fig. 2).

Figure 2. Images of trees
of the experimental variants
Note: 1 - Polyactive Twinphos, 2 - Polyactive Twinphos
Amino, 3 - Ecoline Phosphite K-Amino
Source: authors' photo

)

During the development of the experimen-
tal design and methodology, the main meth-
odological recommendations of Ukrainian re-
searchers G. Karpenchuk § A. Melnyk (1987) and
V. Moiseychenko § V. Eshchenko (1994), and the
authors’ original methods, were used. For all ex-
perimental variants, the control was foliar treat-
ment of the trees with water. During the fruit
formation period on the tree, the content of the
main organic substances was determined: dry
soluble substances - by refractometric method
according to DSTU ISO 2173-2007 (2009); sug-
ars - by spectrophotometric method according
to DSTU 4954-2008 (2009), organic titratable
acids - by titration with 0.IN NaOH solution.
The study was conducted in accordance with
ethical standards of the Convention on Biolog-
ical Diversity (1992) and the Convention on the
Trade in Endangered Species of Wild Fauna and
Flora (1973).

RESULTS AND DISCUSSION
The investigation of the effect of foliar fertilis-
ation of ‘Fuji’ apple trees on the development
of biochemical indicators of fruits showed that
the accumulation of main soluble dry substanc-
es (SDS) largely depended on the type of fertil-
isers and the time of application. A. Hernan-
dez-Rodriguez et al. (2021) emphasised that
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foliar nutrition significantly affects fruit quality,
including the content of soluble dry substances
and sugars, which confirms the relevance of the
study. The results indicate that during fruit rip-
ening there was a gradual accumulation of SDS.
The maximum SDS values were recorded in the
variants treated with phosphite fertilisers, par-
ticularly Poliactiv Twinfos, which indicates the
effectiveness of this preparation in increasing
the biochemical value of fruits. Notably, direct
studies on the effect of phosphite fertilisers on
the accumulation of SDS and sugars in ‘Fuji’ ap-
ples are currently absent, therefore, the current
findings are the first to demonstrate the positive
effect of phosphite foliar applications on the bi-
ochemical composition of fruits of this cultivar.
Similar tendencies were observed in stud-
ies of foliar fertilisation with microelements
and complex fertilisers. Thus, F Mirzavan-
di et al. (2025) noted that foliar application of

microelements, including phosphorus, con-
tributes to the increase in the content of solu-
ble dry substances and sugars in apple fruits.
D. Ljavi¢ et al. (2023) showed that foliar fertil-
isation changes the concentration of nutrients
in leaves and affects the development of the
biochemical composition of fruits. Thus, the
increase of SDS in the variants with Poliactiv
Twinfos corresponds to the general tendency of
improving fruit quality due to foliar nutrition. At
the beginning of September, SDS ranged from
11.0% in the control to 12.4% in the variant with
Poliactiv Twinfos. At the end of the second ten
days of September, the SDS level slightly de-
creased due to about 100 mm of precipitation,
which led to the dilution of soluble substances
in fruits. During the entire observation period,
the lowest SDS content (11.2%) was recorded in
the control, and the highest (12.8%) - with the
treatment of Poliactiv Twinfos (Fig. 3).

Control Option 1

Option 2

< 130

g 12.5

2 ﬁg ~ September 12
£ 110 - ~ September 20
S 105 — September 26
(%]

> 10.0 - —

Z 95 =

Option 3

Figure 3. Dynamics of dry soluble substances (DSS) accumulation
in ‘Fuji’ apple fruits during ripening depending on foliar treatment of plantations

Source: developed by the authors

Thus, the results indicate the effectiveness
of foliar application of phosphite fertilisers in
increasing the biochemical value of fruits of the
‘Fuji’ apple and confirm the importance of foliar
nutrition for optimising fruit quality under con-
ditions of summer heat and water stress. The

same tendencies were observed in the assess-
mentofthe soluble sugar content, whichwas also
the highest in the variant with Poliactiv Twinfos
(9.6%), while the application of Poliactiv Twinfos
Amino and Ecoline Phosphite K-Amino provid-
ed 8.85% and 8.7% of sugars, respectively (Fig. 4).

10.00

9.50
§ 9.00- September 12
g 8.50 ~ September 20
a 8001 ~ September 26

7.50- —

7.00-

Control Option 1

Option 2 Option 37

Figure 4. Dynamics of sugar accumulation
in ‘Fuji’ apple fruits during ripening depending on foliar treatment of plantations

Source: developed by the authors
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H.-F Xu et al. (2025) in their paper noted that
the application of amino acid and mineral foliar
fertiliser contributes to an increase in soluble
sugars in the ‘Snick’ apple cultivar, simultane-
ously improving Brix values and the accumula-
tion of soluble dry substances. In addition, they
noted that amino acid fertilisation stimulates
fruit metabolism and contributes to increased
sweetness while maintaining optimal acidity.
Similar results were described by S. Mousavi et
al. (2024), who showed that the use of seaweed
extract in ‘Golden Delicious’ not only increased
the content of soluble sugars by 1.2-1.5% com-
pared to the control, but also improved the
sugar-to-acid ratio, which positively affects the
taste quality of fruits. The researchers also noted

Option 1

0.31

0.3
0.29
0.28
0.27
0.26
0.25

Acidity, %

Control

that foliar treatments increased the activity of
enzymes involved in sugar synthesis, which fully
correspondstoobservationsregarding the effec-
tiveness of Poliactiv Twinfos in the current study.

Regarding organic acids, the present data
showed their decrease with the application of
phosphite preparations. In September, the acid
content in fruits ranged from 0.304% in the
control variant (water treatment) to 0.272% in
the variant with Poliactiv Twinfos, 0.278% - in
the variant with Poliactiv Twinfos Amino, and
0.288% - with the treatment of Ecoline Phos-
phite K-Amino (Fig. 5). The use of Poliactiv
Twinfos during the fruit ripening period led to
a reduction in organic acid content by 0.033%
compared to the control.

September 12
September 20
September 26

Option 2 Option 3

Figure 5. Dynamics of organic acid accumulation
in ‘Fuji’ apple fruits during ripening depending on foliar treatment of plantations

Source: developed by the authors

Similar tendencies are observed in other
studies. S. Yang et al. (2023) noted that foliar
fertiliser based on seaweed extract contributes
to a moderate decrease in acidity and a simul-
taneous increase in the sugar content of ‘Fuji’
fruits. F. Mirzavandi et al. (2025) showed that
the combined application of phosphorus with
nitrogen and iron increases the concentra-
tion of soluble sugars in fruits and moderate-
ly reduces acidity. In addition, S. Banyal (2021)
noted that foliar application of mineral fertil-
isers during the fruit filling period increases
sweetness and SDS, while acidity decreases
within 0.02-0.04%, which corresponds well to
the observations regarding the effect of Poli-
activ Twinfos. Thus, the results indicate that
phosphite fertilisation not only stimulates the
accumulation of soluble dry substances and
sugars in fruits, but also provides a moderate
reduction in organic acidity, which contributes
to the optimal combination of sweetness and
taste properties of ‘Fuji’ apples.

©)

CONCLUSIONS
As aresult of the conducted studies, it was estab-
lished that foliar feeding of ‘Fuji’ apple trees with
the phosphite fertilisers Polyactive Twinphos,
Polyactive Twinphos Amino, and Ecoline Phos-
phite K-Amino has a significant positive effect
on the development of fruit quality indicators. In
particular, an increase in soluble sugar content
and a simultaneous decrease in titratable acid-
ity were noted compared to the control variant,
which directly affects the taste properties of the
fruits and their consumer attractiveness. The
improvement of the chemical composition of
fruits is conditioned by the activation of key bio-
chemical processes during the ripening period,
in particular, the optimisation of carbohydrate
metabolism, transformation of organic acids,
increased activity of enzymes responsible for
the synthesis of biologically active compounds,
and improvement of the antioxidant potential
of the fruits. This indicates a systemic effect of
phosphite fertilisers on the physiological and
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biochemical processes of the plant, ensuring
more uniform fruit development and increasing
their market value.

Based on the obtained results, for commer-
cial plantings of ‘Fuji’ apple trees, it is advisable
to carry out foliar feeding during the fruit ripen-
ing phase using the Polyactive Twinphos fertil-
iser at a rate of 1.5 L/ha, which will contribute to
anincrease in the consumer quality of the fruits
and improvement of their taste characteris-
tics. The use of other phosphite preparations,
such as Polyactive Twinphos Amino and Ecoline
Phosphite K-Amino, is also effective; however,
it is advisable to carry out comparative testing
to determine the optimal rate and frequency
of application. Prospects for further research
lie in a comprehensive study of the effect of
phosphite fertilisers on morpho-physiological
and biochemical indicators of apple trees of
different varieties at various phases of vegeta-
tion, and in combination with other adaptive
agrotechnical measures (irrigation, mulching,
biostimulant application). Particularly relevant

is the study of the mechanisms of phosphite
action under conditions of summer heat and
water stress, and their impact on the storage
duration of fruits and the development of re-
sistance to physiological disorders. In addition,
it is advisable to investigate the economic effi-
ciency of their use in commercial plantings by
evaluating the ratio of fertiliser costs to product
quality improvement.
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Oocnip)xeHHa BnnuBy Aii pochiTHUX oobpus
Ha AKiCcTb NnopAiB A6nyHi B HAacapg)XeHHAaxX copTty ‘Oymxi’

AHoTauifa. Metoo poboTu 6y70 BCTAHOBIEHHA edEeKTHBHOCTI 3aCTOCYBaHHS I103aKOPEHEBOIO
migRUBIeHH ¢QochiTHUMU mob6puBaMu KommaHii TOB «EKOOpraHik» B HaCaIKeHHSX A6JIyHi
copty ‘Oymki’ Ta BU3HAYEHHSA IX BIUIMBY Ha AVMHAMIKy HAKOIIMYEHHA CyXUX PO3UMHHUX PEUOBUH,
LIyKpiB i opra”iyHux KUCJIOT Y IIofax. JOoCIiIRKeHH IIpoBoAwIn y 2022 polli B yMOBaX JOCTITHNX
HacaJykeHb YMAaHCHKOTO HAI[iOHAJBHOTO VHiBepcuTeTy camiBHuuTBa (YRpaiHa). V mociimi
MOpiBHIOBAJIM KOHTPOJIBHUI BapiaHT 6e3 BHeceHHsS Io6puB i BapiaHTH 3 06po6KOI0 TphOMa
Bumamu no6pus («ITomiaktuB TBiHdOC», «IlomiakTue TBiHGOC AMiHO», «EROMaiH ®ocoiTHUI
K-AwmiHo»), y mosi 1,5 5i/ra y $asy mospiBaHHA IUIOMIB. [ OIHKY 6i0XiMIYHOTO CKiafy IIJIOAIB
BUKODHCTOBYBaJIM pedpaKTOMETPUYHI, CIIeKTPOGOTOMETpUYHi Ta TUTPOMETPUYHI MeTomu
aHaJti3y. Pe3ynbTaTyl IOCIIiIKeHb 3aCBiIYUIIY, 110 [I03aKOpeHeBe MMiJIKUBJIeHHS iCTOTHO BIUIMBAJIO
Ha 6ioxiMiuHi ITOKA3HUKU SIKOCTi IUIOAIB A6JyHI. VIIPOZOBXK Iepiomy mo3piBaHHA IUIOAIB y BCiX
IOCIiZHUX BapiaHTax CIIOCTepirajsiocs 3pOCTaHHS BMICTY CyxMX PO3YMHHUX PEYOBUH, OIHAK
HaVBUII ix 3HAaYeHHS 3adikcoBaHO MpU 3acTocyBaHHI mobpuBa «[lomiakTuB TBiHGOC», Ie lieh
TIOKAa3HUK JOCTOBIPHO I1epeBUIyBaB KOHTPOJIb. AHAJIOTTYHY 3aKOHOMIPHICTD YCTAaHOBJIEHO LIOZI0
HaKOIMMYEHHSA I[YKpiB: MaKCUMaJbHUM iX BMICT BifjsHaueHO y Iuiomax 3a 06pobru m06puUBOM
«IlomiakTuB TBiHOC», TOAI K 3acToCcyBaHHS Ho6puB «IlomakTuB TBiHGOC AMiHO» Ta «EKOJIAMH
docohiTHUN K-AMiHO» TaKoK 3abesrneuyBajo MMiJBUIIEHHSA I[OT0 I[TOKA3HWKA ITOPiBHAHO 3
KOHTposneM. BomHodac y Bcix BapiaHTax i3 II03aKOpeHEeBUM IiJKUBJIEHHAM CIIOCTepirasocs
3HWKEHHSA BMICTY OpraHiYHUX KMCJIOT Y TUIOZAX, 10 CITPHSIIO GOpMyBaHHIO 6iJbIl 362J1aHCOBAHOTO
cMaKy. Haubinpin BUpa)keHu epekT 3MeHIIeHHS KUCIOTHOCTI BCTAHOBJIEHO MPY BUKOPUCTAHHI
mobpuBa «IloiakTuB TBiHOC». [I[paKTUYHA LiHHICTh pO6OTH ITOJIATAaE B HAYKOBOMY OOI'PYHTYBaHHI
JIOLIIBHOCTI 3aCTOCYBaHHS [T03aKOPEHEBOTO TiIKUBIIEHHS A6/1yHi copTy ‘®ymki'y dasy nospiBaHHS
IUIOZIB 3 METOIO IMiABUIIEHHS LIYKPUCTOCTI, 3HVKEHHS KHCJIOTHOCTI Ta MOKpallleHHS TOBapHUX i
CTIOKVBUUX KOCTEH IUIOZIB B YMOBaX 3pOCTAaHHA KIIiIMaTUYHUX CTPeCiB

KniouoBi cnoBa: Mo3aKopeHeBe IMIKUBIEHHS; 6i0XIMIYHWN CKIaf IUIOAIB; CyXi pPO3YMHHI
PEYOBHHY; BMICT LIyKpiB; OpraHiuHi KUCJIOTU
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Effect of foliar nutrition on the content of organic
compounds in apple fruits (Malus domestica Borkh.)

Abstract. The article presents the results of a study on the effect of foliar application of calcium-
containing products HelpRost Ca, Brexil Ca and Avangard Ca on the accumulation of soluble solids,
sugars, titratable acids and total phenolics in the fruits of apple cultivars ‘Ligol, Jonagold Early
Queen'’ and ‘Fuji'. The cultivar ‘Fuji’ showed the highest responsiveness to treatments, where the
application of Brexil Ca (2.0 kg/ha) and Avangard (6.0 L/ha) increased the soluble solids content to
16.5-16.7% (compared with 14.6% in the control) and sugars to 13.6-13.7%. In the ‘Ligol’ cultivar, the
highest sugar content (9.7-9.8%) was recorded following the application of HelpRost Ca (3.0 L/ha)
and Brexil Ca (2.0 kg/ha). The ‘Jonagold’ cultivar responded positively to HelpRost Ca (3.0 L/ha), with
an increase in sugar content of 0.4%. A cultivar-specific dynamics of titratable acids was identified.
In ‘Ligol, all treatments increased the content of titratable acids, whereas in ‘Fuji’ a decrease to
0.42% was observed. The highest sugar-acid ratio (32) was recorded in ‘Fuji’ under the maximum
rates of Brexil Ca and Avangard. The highest antioxidant activity was also observed in ‘Fuji, where
the maximum total phenolic content reached 227 mg/100 g following treatment with Avangard
(6.0 L/ha). For ‘Ligol’, Brexil Ca proved to be the most effective (155 mg/100 g), whereas in ‘Jonagold’
no statistically significant difference from the control was found for this parameter. The practical
value of the results lies in enabling a scientifically grounded selection of calcium foliar treatments
and application rates for different apple cultivars
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INTRODUCTION

Apple (Malus domestica Borkh.) occupies a lead-
ing position in global fruit production, owing to
the outstanding biochemical composition and
excellent storage potential of its fruits. As of
2025, world apple production stood at 817 mil-
lion tonnes, with plantations covering 4.7 mil-
lion ha (OECD & FAOQ, 2025). According to O. Shu-
bravska et al. (2025), apple orchards in Ukraine
occupy 76,000 ha, total production amounts
to 11 million tonnes, and yields on commercial
farms reach 45-65 t/ha. S. Yang et al. (2021) em-
phasised that sugars account for 85-90% of the
soluble solids content in apple fruits, with fruc-
tose being the dominant sugar, making apples
animportant component of dietary nutrition. As
noted by H. Nybom et al. (2020), the sugar-acid
ratio — a key determinant of dessert quality and
flavour - depends not only on sugar content but
also on the concentration of titratable acids. The
accumulation of sugars and other biochemi-
cal constituents in apple fruits is governed by a
combination of factors, among which cultivar
characteristics, climatic conditions, ripening
stage, as well as the mineral nutrition system
and orchard management practices play an im-
portant role. In particular, according to I. Ahmad
§ M. Sajid (2025), agronomic practices, including
balanced application of macro- and micronu-
trients, substantially influence the intensity of
synthesis and accumulation of sugars, organic
acids, and biologically active compounds, which
is directly reflected in fruit quality and nutri-
tional value.

L. Ali et al. (2021) demonstrated that foliar
application of boron and zinc to trees of the
‘Royal Gala’' cultivar facilitated improved sugar
transport from leaves to fruits. Specifically, the
soluble solids content in apples from treatments
with foliar feeding was 10-15% higher than in the
control. O. Stirticti § Z. Kticlikyumuk (2023) not-
ed that treatment of apple orchards with man-
ganese and zinc compounds contributes to the
stability of titratable acids even under drought
conditions, preventing their excessive degra-
dation. X. Yang et al. (2024) demonstrated that
the contents of fructose and glucose in apples
increase following treatment with amino ac-
id-chelated iron; the researchers attributed this
to enhanced photosynthetic activity of leaves
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and accelerated transport of sugars to fruits via
the phloem, whilst the quantity of organic acids
remained unchanged. According to S. Soppel-
sa et al. (2020), treatment of apple trees with
seaweed as a biostimulant promotes an increase
in titratable acids in the fruits, which, as the au-
thors note, is beneficial for cultivars intended
for prolonged storage, given that titratable acids
serve as a natural preservative and respiratory
substrate in apples. Foliar application of mac-
ro- and micronutrient complexes to apple trees
promotes improvement of the biochemical
composition of fruits, in particular an increase
in soluble sugars and soluble solids, and also ex-
erts a positive influence on fruit quality and stor-
ability (Swierczynski et al., 2022; Xu et al., 2025).
A.Hassan et al. (2024) reported that the applica-
tion of nano-potassium and phenylalanine 30
days before harvest increased the concentration
of pigment-forming compounds (anthocyanins)
and sugars, whilst not causing excessive reduc-
tion in organic acid levels, thereby preserving
their optimal ratio with sugars - a key indicator
of harmonious flavour and high fruit quality.
Giventhe data obtained by various research-
ers across different regions and for different ap-
ple cultivars, studying the effect of calcium-con-
taining products is necessary for developing a
nutritional programme that will ensure not only
high contents of organic and biologically active
substances, but also optimal storability of fruits
during the post-harvest period. The objective of
the study was to determine the effect of foliar
treatments with calcium-containing products
(HelpRost Ca, Brexil Ca, and Avangard) applied at
different rates on the contents of soluble solids,
sugars, titratable acids, and total phenolics in
the fruits of apple cultivars ‘Ligol’, Jonagold Early
Queen (Jonagold'), and ‘Fuji’ at harvest maturity.

MATERIALS AND METHODS
Fruits for the study were sampled in the edu-
cational and research laboratory orchard “Pli-
doovochevyi Sad” (Fruit and Vegetable Garden)
of the National University of Life and Envi-
ronmental Sciences of Ukraine (Kyiv, latitude
50.3838° N, longitude 30.5042° E; altitude
188 m a.sl), located in the Polissia natural cli-
matic zone of Ukraine. The regional climate is
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moderately continental, with mild winters and
warm summers. According to long-term aver-
age data (2015-2025), the mean annual temper-
ature in the region was 10.4°C, the absolute min-
imum was -20.2°C, the maximum +32.2°C, and
mean annual precipitation was 598 mm. The
experimental apple orchards of cultivars ‘Ligol’,
‘Tonagold’, and ‘Fuji’ were established in 2019; the
planting scheme for the first two cultivars was
4 x1m (rootstock M.9), and for ‘Fuji’ - 4x2.5 m
(rootstock 54-118). The orchards were managed
under rainfed conditions. The soils of the experi-
mental plot are sod-medium podzolised soils on
fluvioglacial deposits, suitable for horticultural
production. Humus content was 1.8%, pH - 6.5,
phosphorus supply - 8 mg/100 g, and potas-
sium - 10 mg/100 g. To raise nutrient levels to
their optimum (phosphorus - 10 mg/100 g and
potassium - 12 mg/100 g), double superphos-
phate (60 g/tree) and potassium chloride (125 g/
tree) were applied in autumn during 2022-2024.
Nitrogen fertilisation was carried out annually

in three stages: the first at bud burst, the second
two weeks after flowering, and the third after
the second wave of fruit drop. Fertilisers were
applied to the root zone at a rate of 200 g ammo-
nium nitrate per tree.

Pest and disease management in the ap-
ple orchards was conducted in accordance
with the standard spray programme for apple
orchards developed by Syngenta. In addition,
the orchards of the abovementioned cultivars
were treated with calcium-containing products
throughout the growing season: the first appli-
cation was carried out at the end of June after
fruit drop, subsequent applications at 20-day
intervals, and the final application 14 days be-
fore harvest. The study was conducted in three
separate experiments, with cultivar as the factor;
each experiment comprised six treatment vari-
ants (including a control) in three replicates of
five trees each; the duration of the study was two
years. The products used, their application rates,
and compositions are presented in Table 1.

Table 1. Products for foliar fertilisation of apple cultivars
‘Ligol, Tonagold’, and ‘Fuji, application rates, and composition

Product (variant) Application rate Composition
Control 600 L/ha H,0 - 100%
HelpRost Ca 1.0L/ha Ca0 - 150 g/L; N — 40-60 g/L; amino acids
HelpRost Ca 3.0 L/ha (more than 16 types) — 50 g/L; vitamins; polysaccharides
Brexil Ca 1.8 kg/ha
Ca—20%; B—0.5%
Brexil Ca 2.0 kg/ha
Avangard Calcium+M/E (Avangard) 3.0L/ha N —100g/L; Ca0O-180g/L; MgO—-10g/L; B—0.25g/L;
Fe—-0.25g/L; Mn—-0.1g/L; Cu—0.4g/L; Zn-0.4 g/L;
Avangard Calcium+M/E (Avangard) 6.0 L/ha Mo —-0.02 g/L; Co—0.01 g/L

Source: developed by the authors

Analytical examination of apple fruits grown
under the different foliar fertilisation variants
was carried out at the Institute of Horticulture
of the National Academy of Agrarian Sciences of
Ukraine. Fruits were sampled at harvest maturi-
ty, determined by the degree of starch degrada-
tion. For the studied cultivars, this indicator cor-
responded to a score of 6. Soluble solids content
was determined using a portable refractometer
ATAGO PAL-1 (Japan). Fruit quality parameters
were assessed using the standard methods de-
scribed by PV. Kondratenko et al. (2008). For

<)

the preparation of analytical samples, fruits
(5-7 specimens) were homogenised, after which
a drop of juice was expressed through muslin
onto the refractometer prism; temperature cor-
rection was applied when recording readings.
Data were expressed as a percentage on a fresh
weight basis. Sugar content was determined by
a spectrophotometric method. For this purpose,
a ground sample of apples was washed with hot
distilled water. The resulting extract was puri-
fied from proteins and pigments by precipita-
tion with lead acetate. Sucrose was hydrolysed to
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glucose and fructose by heating in the presence
of 10% hydrochloric acid. The hydrolysis prod-
ucts were oxidised with Fehling’s solution. The
optical density of the resulting solutions was
measured on a ULAB 102UV spectrophotometer
at a wavelength of 640 nm. The sugar content
in the sample was calculated using the calibra-
tion curve equation. To construct the calibration
curve relating optical density (absorbance units)
to glucose concentration (mg/mL), standard glu-
cose solutions of varying concentrations were
used. Data were expressed as a percentage on a
fresh weight basis. Titratable acid content was
determined by alkalimetric titration to a colour
endpoint. Foracid extraction, a 25 g ground sam-
ple was transferred without losses - by rinsing
with hot distilled water in a volume not exceed-
ing 150 mL - into a 250 mL volumetric flask. The
flask was held in a water bath at 80°C for 30 min
and then cooled. The contents were brought to
volume with distilled water and filtered through
afilter paperinto a 250 mL conical flask. A20 mL
aliquot of the extract was transferred by pipette
into a 250 mL conical flask, 3-4 drops of phe-
nolphthalein were added, and the mixture was
titrated with 01 N sodium hydroxide solution
until the appearance of a pale pink colour cor-
responding to pH 70. The titratable acid content
in the sample was calculated from the formula,
taking into account the titre of the 0.1 N sodium
hydroxide solution and the conversion factor for
citric acid. Data were expressed as a percentage
on a fresh weight basis. The sugar-acid ratio was
calculated as the ratio of total sugar content to
titratable acid content in apple fruits.

For polyphenol extraction, a weighed sam-
ple was ground in a porcelain mortar with the
addition of a small quantity of ethanol and fil-
tered under vacuum through a Biichner funnel
using a blue-ribbon filter paper into a Bliichner
flask. The residue on the filter was washed with
small portions of ethanol until complete decol-
orisation of the sample. The volume of ethanol
used (mL) was recorded. Into a test tube, 79 mL
of distilled water, 0.1 mL of the extract, and 1 mL
of Folin-Denis reagent were introduced, mixed,
and after 3 minutes 1 mL of saturated sodi-
um carbonate solution was added and mixed
again. After one hour, the optical density of the
tube contents was measured on a ULAB 102UV
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spectrophotometer at a wavelength of 640 nm.
The blank was prepared as follows: 8 mL of dis-
tilled water and 1 mL of Folin-Denis reagent
were placed in a test tube, mixed, after 3 min-
utes 1 mL of saturated sodium carbonate solu-
tion was added and mixed again. No fewer than
three replicate measurements were taken and
the mean optical density value was calculated.
The polyphenol content in the sample was cal-
culated using the calibration curve equation. To
construct the calibration curve relating optical
density (absorbance units) to chlorogenic acid
concentration (pg/mL), standard chlorogenic
acid solutions of varying concentrations were
used. Data were expressed as mg/100 g fresh
weight. All research involving plant material
was conducted in compliance with internation-
al ethical requirements for the use of biological
resources in accordance with the provisions of
the Convention on Biological Diversity (1992).
Meteorological data for the study years were ob-
tained from a Vantage Pro2 Plus weather station
located at the educational and research orchard
laboratory of the National University of Life and
Environmental Sciences of Ukraine. Statistical
assessment of the effect of foliar treatments on
the biochemical parameters of apple fruits was
performed using one-way analysis of variance
(ANOVA). The analysis was conducted separate-
ly for each cultivar, with ‘Treatment variant’ (in-
cluding the untreated control) as the independ-
ent factor. Prior to analysis, data were tested for
normality of distribution (Shapiro-Wilk test)
and homogeneity of group variances (Levene’s
test). Assessment of the significance of differ-
ences between means within each cultivar was
carried out using Tukey's test.

RESULTS AND DISCUSSION
The soluble solids content in fruits of the ‘Li-
gol’ cultivar ranged from 11.7% (control and the
Avangard variant at 3.0 L/ha) to 124% in the
variant with Brexil Ca (1.8 kg/ha). A significantly
higher soluble solids content compared with the
control was recorded, in addition to the above-
mentioned variant, in fruits grown with the ap-
plication of HelpRost Ca (3.0 L/ha). In the vari-
ants with Brexil Ca (2.0 kg/ha) and both Avangard
variants, the soluble solids content was within
the margin of statistical error (Table 2).
€
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Table 2. Soluble solids and sugar contents in apple fruits depending
on foliar treatment with calcium-containing products, % per 100 g fresh weight

. Soluble solids Sugars

Variant P p 5 p— P ; 5 p—

Ligol Jonagold Fuji Ligol Jonagold Fuji
Control 11.7+0.1 13.5+0.1 14.6+0.2 8.7+0.2 9.4+0.1 11.7+0.2
HelpRost Ca (1.0 L/ha) 11.8+0.2 13.8+0.3 14.5+0.2 8.6+0.3 9.6+0.3 12.9+0.22
HelpRost Ca (3.0 L/ha) 12.1+0.22 14.1+0.22 14.6+0.2 9.7+0.12 9.8+0.2° 13.5+0.22
Brexil Ca (1.8 kg/ha) 12.4+0.1° 13.8+0.2 16.0£0.2° 9.8+0.12 9.4+0.2 13.0+0.2?
Brexil Ca (2.0 kg/ha) 11.8+0.2 13.6+0.2 16.5+0.22 9.0+0.2 9.4%0.2 13.6+0.22
Avangard (3.0 L/ha) 11.7+0.3 14.2+0.12 16.6+0.22 9.0+0.2 9.8%+0.12 12.6+0.32
Avangard (6.0 L/ha) 11.8+0.2 14.2+0.12 16.7+0.22 9.2+0.2° 9.4+0.1 13.7+0.22

Note: = indicates values that differ significantly from the control variant

Source: developed by the authors

In the Jonagold’ cultivar, the soluble solids
content was significantly higher than in the
control (13.5%) in the variants where HelpRost
Ca (3.0 L/ha) and Avangard (at both rates) were
applied foliarly. When HelpRost Ca (1.0 L/ha) and
Brexil Ca at rates of 1.8 and 2.0 kg/ha were used
for foliar feeding, no significant difference from
the control was established. Fruits of the ‘Fuji’
cultivar grown in orchards treated with Hel-
pRost Ca atrates of 1.0 and 3.0 L/ha were charac-
terised by a soluble solids content at the level of
the control, namely 14.5 and 14.6% respectively,
compared with 14.6% in the control. However,
‘Fuji’ fruits grown with the foliar application of
Brexil Ca (1.8 and 2.0 kg/ha) and Avangard (3.0
and 6.0 L/ha) accumulated significantly more
soluble solids than those grown in the control.
The sugar content in ‘Ligol’ fruits in the control
was 8.7%. Values at the level of the control (with-
in the margin of statistical error) were record-
ed in the variants with HelpRost Ca (1.0 L/ha),
Brexil Ca (2.0 kg/ha), and Avangard (3.0 L/ha),
namely 8.6 and 9.0% in the latter two variants
respectively. A higher sugar content than in the
control was found in apples from trees treated
with HelpRost Ca at 3.0 L/ha (9.7%), Brexil Ca at

2.0 kg/ha (9.8%), and Avangard at 6.0 L/ha (9.2%).
‘Jonagold' apples harvested from the variants
with HelpRost Ca (3.0 L/ha) and Avangard (3.0 L/
ha) contained 04% more sugar than the un-
treated control. No significant increase in sugar
content was established in the other ‘Jonagold’
variants; in particular, apples from trees treat-
ed with Brexil Ca at both studied rates and with
Avangard (6.0 L/ha) had a sugar content at the
level of the control - 9.4%. In the ‘Fuji’ cultivar,
the sugar content in all treatment variants with
calcium-containing products was significant-
ly higher than in the control, where it stood at
117%. A sugar content exceeding 13.5% was re-
corded in apples grown with Avangard (6.0 L/
ha) and Brexil Ca (2.0 kg/ha), at 13.7 and 13.6%
respectively (Table 2).

In the variants with calcium-containing
product treatments of ‘Ligol’ apple orchards, the
titratable acid content was higher than in the
water control. The greatest difference from the
control (by 0.20%) was observed with Avangard
atboth rates (3.0 and 6.0 L/ha), where the titrata-
ble acid content was 0.80%. The smallest differ-
ence from the control was recorded with Brexil
Ca (2.0 kg/ha), at 0.95% (Table 3).

Table 3. Titratable acid content in apple fruits
and sugar-acid ratio depending on foliar treatment with calcium-containing products

Variant Titratable acids, % per 100 g fresh weight Sugar-acid ratio
‘Ligol’ ‘Jonagold’ ‘Fuji’ ‘Ligol’ ‘Jonagold’ ‘Fuji’
Control 0.60+0.03 0.66+0.01 0.50+0.2 15 14 24
HelpRost Ca (1.0 L/ha) | 0.76+0.01= 0.62+0.01° 0.52+0.2 11 16 25
HelpRost Ca (3.0 L/ha) | 0.80+0.07= 0.65+0.02 0.48+0.2 12 15 28
Brexil Ca (1.8 kg/ha) 0.75%0.05° 0.64+0.02 0.42+0.3° 13 15 31
Brexil Ca (2.0 kg/ha) 0.69+0.072 0.74+0.01° 0.42+0.3° 13 13 32

%)
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Table 3, Continued

Variant Titratable acids, % per 100 g fresh weight Sugar-acid ratio
‘Ligol’ ‘Jonagold’ ‘Fuji’ ‘Ligol’ ‘Jonagold’ ‘Fuji’
Avangard (3.0 L/ha) 0.80+0.052 0.57+0.01° 0.43+0.3° 11 17 29
Avangard (6.0 L/ha) 0.80+0.052 0.73+0.022 0.42+0.3° 12 13 32

Note:® indicates values that differ significantly from the control variant

Source: developed by the authors

In the TJonagold -cultivar, the titratable
acid content in the variants with HelpRost Ca
(3.0 L/ha) and Brexil Ca (2.0 kg/ha) was within the
margin of the control error, at 0.65 and 0.64% re-
spectively. The most significantly elevated acid-
ity was recorded in Jonagold’ fruits grown in the
variants with Brexil Ca at 2.0 kg/ha (0.74%) and
Avangard at 6.0 L/ha (0.73%). The titratable acid
content in ‘Fuji’ fruits in the variants with Hel-
pRost Ca (1.0 and 3.0 L/ha) was within the margin
of the control error, at 0.52 and 048% respec-
tively. In the remaining treatment variants, the
titratable acid content in ‘Fuji’ fruits was signif-
icantly lower than in the untreated control and
ranged from 0.42% in the variants with Brexil Ca
at both rates and Avangard (3.0 L/ha) to 043% in
the Avangard (6.0 L/ha) variant. The sugar-ac-
id ratio in ‘Ligol’ fruits ranged from 15 (control)
to 11 in the Avangard variant at 3.0 L/ha. In the

‘TJonagold’ cultivar, the sugar-acid ratio was
higher than in the control (14) in the HelpRost Ca
variants at both rates - 16 and 15 respectively -
and also in the variant with Brexil Ca (1.8 kg/ha).
In the ‘Fuji’ cultivar, the sugar-acid ratio reached
its maximum value (32) in two treatment vari-
ants: Brexil Ca (2.0 kg/ha) and Avangard (6.0 L/
ha). Values below 30 for this flavour indicator
were recorded in the control and in the variant
with HelpRost Ca at 1.0 L/ha (Table 3).

The total phenolic content in ‘Ligol' apple
fruits in the control was 123 mg/100 g; signifi-
cantly higher values were recorded in the variant
with Brexil Ca at 2.0 kg/ha (155 mg/100 g), as well
as with HelpRost Ca at 1.0 L/ha (149 mg/100 g)
and Avangard at 3.0 L/ha (141 mg/100 g). In the
remaining variants, the total phenolic content in
‘Ligol’ apple fruits was within the margin of the
control error (Table 4).

Table 4. Total phenolic content in apple fruits depending
on foliar treatment with calcium-containing products, mg/100 g fresh weight

Variant ‘Ligol’ ‘Jonagold’ ‘Fuji’
Control 1237 148+17 190+6
HelpRost Ca (1.0 L/ha) 149+ 122 152+12 213+72
HelpRost Ca (3.0 L/ha) 139+72 150+16 212+82
Brexil Ca (1.8 kg/ha) 119+8 162+11 209450
Brexil Ca (2.0 kg/ha) 155+11: 144+5 218+8:
Avangard (3.0 L/ha) 14118 138+14 215+ 72
Avangard (6.0 L/ha) 14012 134+15 22772

Source: developed by the authors

The total phenolic content in Jonagold’ ap-
ple fruits ranged from 134 to 162 mg/100 g. The
maximum value was recorded in the variant
with Brexil Ca (1.8 kg/ha), whilst the minimum
was observed with Avangard (6.0 L/ha). It should
be noted that no statistically significant differ-
ence from the control was found in any of the
experimental variants for total phenolic con-
tent. In ‘Fuji’ fruits, the maximum total phenolic
content was recorded in the Avangard variant at
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6.0 L/ha, amounting to 227 mg/100 g, which sig-
nificantly exceeded the control by 37 mg/100 g.
Application of the same product at a lower
rate also yielded a value above the control, at
215 mg/100 g. The use of HelpRost Ca at 1.0 and
3.0 L/ha increased total phenolic content by 23
and 22 mg/100 g respectively compared with
the control. In the Brexil Ca variants, the control
values were exceeded by 19 mg/100 g (at 1.8 kg/
ha) and by 28 mg/100 g (at 2.0 kg/ha).
c
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The study established that foliar treatment
of ‘Ligol’, Tonagold’,and ‘Fuji'apple orchards with
calcium-containing products affects the soluble
solids content in fruits differently, which can be
explained by the genetic response of each culti-
var to the products applied. In particular, a weak
response to most products was established for
‘Ligol. Researchers ]. Lanauskas et al. (2012)
noted that ‘Ligol’ possesses a genetically deter-
mined threshold for sugar accumulation that is
difficult to alter through exogenous interven-
tion. The increase in sugar content in fruits of
‘Ligol’ (up to 9.8%) and ‘Fuji’ (up to 13.7%) under
the influence of Brexil Ca and Avangard is con-
sistent with the findings of S. Murti¢ et al. (2017),
who established that foliar treatments with cal-
cium-containing products promote an increase
in soluble solids content in fruits. This is asso-
ciated with the role of calcium as a signalling
element that activates carbohydrate metabo-
lism enzymes, in particular sucrose phosphate
synthase, which is responsible for sucrose syn-
thesis. The most effective variants for Jonagold’
were those with Avangard (3.0 and 6.0 L/ha) and
HelpRost Ca (3.0 L/ha), where an increase in sol-
uble solids content compared with the control
of 0.7 and 0.6% respectively was observed.

The absence of a significant sugar incre-
ment in Jonagold’ with certain rates of Brexil
Ca(9.4%, at the level of the control) is consistent
with the data of L.C. Argenta et al. (2022), who
established that excessive or untimely calcium
application may sometimes lead to antagonism
with other elements - namely potassium: when
the Ca/K balance shifts too strongly towards cal-
cium, this can slow the rate of carbohydrate ac-
cumulation. A. Asgharzade et al. (2012) demon-
strated that the effect of calcium fertilisers on
the biochemical composition of apples is sub-
stantially dependent on the weather conditions
of the growing year; in particular, in dry years
calcium may retain moisture, thereby reducing
sugar content. Of all the cultivars studied, ‘Fuji’
showed the best soluble solids response to fo-
liar feeding. The soluble solids content of 16.0-
16.7% achieved with Brexil Ca and Avangard
is high, which is consistent with the results of
A.G. Shewa et al. (2022), who noted that ‘Fuji’
has a tendency towards high accumulation of
sorbitol and sugars, and that additional feeding

o)

with calcium and micronutrient products en-
hances this potential by improving the osmotic
balance of cells. The significant increase in sug-
ar content in ‘Fuji’ across all treatment variants
may be related to the genetic characteristic of
this cultivar for late fruit ripening. As noted by
I. Ahmad § M. Sajid (2025), late-maturing culti-
vars have a longer period of carbohydrate com-
plex formation, and calcium protection of cell
membranes during this period prevents pre-
mature starch degradation, allowing sugars to
accumulate gradually and consistently.

For the ‘Ligol cultivar, application of Avan-
gard and Brexil Ca contributed to the mainte-
nance of a higher acid content compared with
the control. The increase in acidity by 0.20%
with Avangard indicates effective penetration
of Ca2*ions into the fruit mesocarp. This is con-
sistent with the data of M. Serrano et al. (2004),
who noted that exogenous calcium inhibits
the activity of enzymes responsible for the
degradation of malic acid, which is the princi-
pal substrate for respiratory processes during
ripening. Similar data were obtained by P. Wé-
jcik (2023), who established that calcium con-
tributes to the maintenance of a higher level of
acidity, which is critical for cultivars with mod-
erate acidity, of which ‘Ligol’ is one. In the Jona-
gold’ cultivar, the greatest increase in acidity
was observed in the Brexil Ca variants (0.74%).
As stated by M. Serrano et al. (2004), this allows
for the maintenance of the metabolic status of
the cell at a higher level. In the ‘Fuji’ cultivar,
in contrast to ‘Ligol’ and ‘Jonagold’, a tendency
towards a reduction in acidity under the influ-
ence of the studied calcium-containing prod-
ucts was established (to 0.42-043%). Accord-
ing to the findings of PR. Ernani et al. (2008), in
certain cultivars - particularly those with late
ripening - an excess of calcium may stimulate
specific enzymatic pathways that accelerate
the conversion of organic acids to sugars, espe-
cially under conditions of high insolation char-
acteristic of the ripening period of ‘Fuji. The
highest sugar-acid ratio values (up to 32) were
recorded in ‘Fuji’, which indicates the genetic
predisposition of this cultivar towards inten-
sive sugar accumulation against a background
of low acidity. The ‘Fuji’ cultivar is character-
ised by intensive carbohydrate accumulation,
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and the application of exogenous calcium (in
particular in the form of foliar treatments)
promotes an increase in soluble solids content
through the activation of sugar metabolism
enzymes, notably sucrose phosphate synthase
(Murtié et al., 2017).

The increase in total phenolic content in ‘Li-
gol'and ‘Fuji'inthetreatmentvariantsis consist-
ent with the findings of N. Ahmed et al. (2024),
who noted the important role of micronutrients
in the regulation of secondary metabolite bi-
osynthesis, particularly phenolic compounds.
Moreover, phenylalanine ammonia-lyase is the
key enzyme of the phenylpropanoid pathway,
and calcium may indirectly influence its ac-
tivity through signalling mechanisms, there-
by promoting phenolic accumulation (Lang et
al., 2025). Exogenous calcium is capable of en-
hancing the activity of antioxidant enzymes
and promoting the accumulation of phenolic
compounds and flavonoids in plant tissues, as
confirmed by a number of studies, as noted by
Y. Gao et al. (2024). Similar patterns were estab-
lished by Y. Xi et al. (2016) for apple, where treat-
ment with bioactive compounds stimulates the
antioxidant system and accumulation of phe-
nolic compounds. The effectiveness of Brexil Ca
in promoting phenolic accumulation is attrib-
uted to the presence of lignosulphonate in its
composition, which facilitates better penetra-
tion of calcium through the leaf cuticle, thereby
activating phenylpropanoid metabolism (Val et
al., 2018). The results obtained confirmed that
the optimisation of calcium nutrition should be
based on the genetic characteristics of the cul-
tivar and growing conditions in order to achieve
the maximum quality effect in fruits.

soluble solids result was obtained in the Brexil
Ca (1.8 kg/ha) variant; for Jonagold' - with Hel-
pRost Ca (3.0 L/ha) and Avangard at both rates. In
the ‘Fuji’ cultivar, all treatment variants ensured
a significant increase in sugar content (reach-
ing a maximum of 13.7%), whilst in ‘Ligol’ and
‘Jonagold' the positive effect was selective and
dependent on the specific product rate. Foliar
feeding affected acidity differently depending
on the cultivar. In ‘Ligol’, treatments contributed
to acid accumulation (up to 0.80-0.95%), which
is important for prolonged storage. In contrast,
in ‘Fuji’ a decrease in acid content was observed
(to 042%). The highest flavour quality indices
(sugar-acid ratio - 32) were recorded in ‘Fuji’
with the application of high rates of Brexil Ca
(2.0 kg/ha) and Avangard (6.0 L/ha). For ‘Jona-
gold’, the best variant was HelpRost Ca. The ‘Fuji’
cultivar demonstrated the greatest capacity for
phenoliccompound accumulation under thein-
fluence of calcium fertilisers, reaching a maxi-
mum of 227 mg/100 g (Avangard, 6.0 L/ha), which
is 19.5% above the control. The most universally
positive effect on the biochemical composition
of fruits (particularly in ‘Fuji’) was demonstrated
by Avangard at 6.0 L/ha and Brexil Caat 2.0 kg/ha.
It was established that foliar calcium applica-
tion is an effective tool not only for improving
storability but also for enhancing the nutrition-
al and flavour characteristics of apples. Further
research should focus on optimising the timing
and rates of foliar calcium application, taking
into account cultivar characteristics, weather
conditions, and interactions with other nutri-
tional elements, in order to improve fruit quali-
ty and storability.
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Bn/IMB NO3aKOPEHEeBOro XUBMEHHS Ha BMICT opraHiuHuUx
pe4YoBMH y nnopax a6nyHi (Malus domestica Borkh.)

AHoTauiga. V crTarTi IMpeNCTaBleHO pe3ynabTaTU MAOCHi)KeHb BIUIUBY I1032aKOPEHEBOTO
migKUBIeHHA IpernapaTaMu HelpRost Ca, Brexil Ca Ta ABaHraph Ca Ha HaKOIIMYEHHS CYXUX
PO3UMHHUX PEUOBUH, LIYKPiB, TUTPOBAHUX KUCJIOT Ta 3araJbHUX GEHOJIB y Ttofax S61yHi copTis
‘Jliror’, ‘OyxoHarong Epii KBiH' Ta ‘®ymki’. Hanbinbelry 4y TIUBiCTb £0 06p060K BUSBUB COPT ‘@ymKi’,
Ile 3acTocyBaHHA Brexil Ca (2,0 Kr/ra) Ta ABanrapzy (6,0 j/ra) 3a6e3meunsio 3poCTaHHA BMICTY
CYX¥X PO3UYMHHUX PEYOBUH 10 16,5-16,7 % (HpOTI/I 146 %y KOHTponi) Ta LyKpiB 1o 13,6-13,7 %. V
copry ‘Jliros’ MaKCMMaJIbHUI BMICT 1yKpiB (9,7-9,8 %) 3adikcoBaHo mpu 3acTocyBaHHi HelpRost
Ca (3,0 n/ra) Ta Brexil Ca (2,0 kr/ra). Copt ‘[[KoHaronn MIO3UTUBHO 3pearyBaB Ha HelpRost Ca
(3,0 n/ra), 36iMPIIMBIIM LYKPUCTICTh HA 0,4 %. BCTAHOBJIEHO COPTOBY CIIELMOIKYy OUHAMIKU
TUTPOBAHUX KUCJOT. Y copty ‘Jliron Bci BapiaHTu 06po60K MifBUIIyBamy BMICT TUTPOBAaHUX
KUCJIOT, TOA1 K y copTy ‘@ymsxi’ crioctepiranocs ix 3HUkeHHA 10 0,42 %. HalBUIIUY IIyKPOBO-
KUCJIOTHUM iHAeKRC (32) 3adikcoBaHO ¥ copTy ‘®yIKi’ [P 3aCTOCYBAaHHI MaKCMMasbHOI HOPMHU
Brexil CaTa ABaHrapay. HalBUIIy aHTHOKCUAHTHY aKTUBHICTb IIPOZIEMOHCTPYBaB copT ‘Dyski', e
3adiKcOBaHO MaKCUMaIbHUIM BMICT 3arajbHuxX GeHoiB — 227 Mr/100 r (ripu 06pobi1ii ABaHrapaoM
6,0 n/ra). Ina copry Jliron’ eperTuBHUM BUSBUBCA Brexil Ca (155 mr/100 r), TOAi AK ¥ COpPTY
‘P>KOHATrOoJZI CTAaTUCTUYHO 3HAUYIIOl pi3HUIN 3 KOHTpOJIEM 3a I[UM IIOKAa3HUKOM He BUSBJIEHO.
[TpaKTUYHA IL[iHHICTh OTPUMAaHUX Pe3y/IbTaTiB MOJIATaE B MOKIMBOCTI HAYKOBO O6IPyHTOBAHOTO
Iobopy IpenapariB i HOpM M03aKOPEeHEeBOTO IiAKUBIEHHS KaJIbIIi€M MIJIA Pi3HUX COPTIB A6JIyHi
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Abstract. The aim of the study was to evaluate the theoretical foundations of the phenomenon
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embryonic development in sugar beet breeding materials with cytoplasmic male sterility (CMS)
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development during apozygoty over 34 days after flowering fixation, and a cytophotometric method
for assessing genome-level ploidy variability in materials with different terms of apozygotic seed
reproduction. The methodology for studying embryonic development during apozygoty in materials
of different CMS source origins was improved, incorporating flowering marking, shoot isolation,
and embryo fixation from 5 to 34 days until complete embryo development. It was established that
apozygoty in sugar beet is characterised by delayed genetically determined development of 4, 8,
or 10 days within the 28-day developmental cycle, depending on the origin of the material, as well
as by polyembryony and a high percentage of degenerated embryos. Adventitious embryogenesis,
apospory, and simultaneous embryo development from integuments and nucellus in both
micropylar and chalazal regions were characteristic of male-sterile lines of different genetic
origins. It was found that substituted lines based on new CMS sources derived from wild species
of the genus Beta L. exhibit the phenomenon of high seed self-reproduction under pollen-free
conditions. The methodology for studying embryo development synchrony was developed to
investigate the nature of apozygoty (generative and somatic embryogenesis) in substituted lines
with introduced sterile cytoplasms, compared with monoecious male-sterile lines carrying
the F. Owen S-vulgaris cytoplasm. The type of apozygoty manifested through gametophytic and
sporophytic embryogenesis and determined the genetic heterogeneity (variability in quality) of
apozygotic seeds. Apomixis using substituted lines and new sterile cytoplasms derived from wild
species of the genus Beta L., combined with a high percentage of apomictic seed reproduction, may
provide significant advantages for the production of new crop hybrids, particularly through the
fixation of heterosis and preservation of the maternal plant genotype

Keywords: adventitious embryogenesis; apospory; new sources of cytoplasmic male sterility; Beta

maritima; Beta patula; cytoplasmic male sterility phenotypes

INTRODUCTION

Apomixis is a process of asexual plant reproduc-
tion that yields seeds in the absence of meiosis
and fertilisation. Since apomictic plants can
produce clonal offspring, preserving the gen-
otype of the maternal plant through seeds, this
process offers numerous agronomic advantag-
es for crop production, namely the fixation of
heterosis, the introduction of new germplasm
from wild species into the breeding process, the
simplification of hybrid seed production, and
positive variation in vegetatively propagated va-
rieties. In sugar beet breeding, the application
of apomixis using substituted lines with new
sources of sterile cytoplasms from wild species
of the genus Beta L., Beta maritima and Beta pat-
ula, consolidates the positive characteristics of
the maternal component controlled by the cy-
toplasmic genome, such as disease resistance,
early carbohydrate accumulation, high adaptive
potential for the development of stubble-free
seed production, the creation of energy hybrids
with a high monosaccharide content, and the
simplification of sterility maintainer breeding.

<)

F. Krahulec et al. (2020) indicated the exist-
ence of various modes of seed reproduction as
intra-population polymorphism of reproduc-
tive traits. Y. Xu et al. (2022) note that apomixis
can duplicate genotypes corresponding to the
maternal plant, and that it has important ap-
plications for genotype fixation and acceler-
ation of the breeding process. D. Li et al. (2021)
concluded that apomixis occurs in more than
400 plant species but remains insufficiently
studied among major agricultural crops. How-
ever, A. Schmidt (2020) indicates that achieving
practical application of apomixis in breeding
requires in-depth theoretical investigation of
the epigenetic regulation of genes using meth-
ods for analysing the genetic basis of their ex-
pression. P. van Dijk et al. (2020) investigated
the dominance of the parthenogenesis allele in
dandelions and the complex nature of auton-
omous perisperm formation. Based on experi-
mental results, K. Wang et al. (2021) concluded
that the developmental characteristics of em-
bryos during apozygoty remain insufficiently
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studied, as in some cases they may clone the
genotype, or have a recombinant basis and de-
velop from embryo sac cells. Based on the re-
search of M. Roik et al. (2024), high economic
interest and prospects for profit are already
determining competition among the world’s
leading agricultural corporations (Syngen-
ta, Pioneer Hi-Bred International, Rijk Zwaan
Zaadteelt B.V, Partec GmbH, and others). Em-
bryological investigations play a primary role
in establishing the nature of embryos - spe-
cifically gametophytic reduced and unreduced
parthenogenesis - but require the refinement
of methodologies for studying the synchrony
of apomictic and hybrid embryo development
using genetic selective markers. Using embry-
ological investigations, the authors established
that, depending on the mode of embryo sac for-
mation, the nature of apozygotic embryo devel-
opment is determined by the type of apomixis:
diplospory, apospory, adventitious embryogen-
esis, and parthenogenesis. In diplospory, the
embryo sac develops from an unreduced me-
gasporocyte. In some cases, meiosis may be
replaced by mitosis or the second division may
be absent. Cytoembryological investigations
showed that in aposporous embryo sacs of this
type, parthenogenetic embryos form and de-
velop to the globular stage, after which further
development does not occur due to the absence
of endosperm.

D. Li et al. (2021) and K. Wang et al. (2021)
demonstrated that haploid parthenogenesis oc-
curs in reduced embryo sacs whose cells were
formed as a result of meiotic division. They
showed that haploid embryos, if diploidisation
does not occur, are not viable; their proportion
amounts to only 1-2%, and this phenomenon
has been described in a range of species (Datu-
ra, Nicotiana, Triticum, Oryza, Hordeum, Bras-
sica, Crepis, Solanum, Zea, Gossypium, and oth-
ers). The proportion of haploid parthenogenesis
and haploid embryos in certain species, such
as the alloplasmic line of Triticum aestivum,
can reach 90%. It has been established that
seeds of sugar beet breeding materials formed
without pollination, by virtue of polyembryo-
ny, are characterised by genetic heterogenei-
ty and the presence of two or three seedlings
in certain schizocarpic fruits. B. Heidemann et
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al. (2025) concluded that low seed productivity is
characteristic of many other cultivated plant
species, including sugar beet, regardless of the
type of apozygoty, and represents one of the un-
resolved challenges for the broad application of
this new mode of seed reproduction in breed-
ing. Y. Xu et al. (2022) note that in most species,
nucellar and integumental embryogenesis is
combined with generative parthenogenesis and
with embryos that penetrate the embryo sac
from outside. The simultaneous presence of a
haploid embryo derived from reduced cells and
an adventitious embryo derived from somatic
cells is entirely possible. Among their principal
differences are: differing ploidy levels of embryo
sac cells (aposporous and meiotic); differences
in embryo genome structure (with the maternal
genome, as in adventitious embryogenesis, or
recombinant, derived from reduced and unre-
duced embryo sac cells). The majority of studies
on apozygoty in sugar beet are ambiguous and
contradictory, and require additional experi-
mental data using methods of genetics, embry-
ology, and cytogenetics.

The aim of this article was to investigate the
characteristics of embryonic development of
embryos under pollen-free conditions in sugar
beets with different sources of sterility derived
from wild species of the genus Beta L., Beta mar-
itima, and Beta patula, and to refine the meth-
odology for analysing the synchrony of embry-
ogenesis stages in maternal components with
sterile cytoplasms of different genetic origins,
with a view to identifying breeding accessions
with a high rate of apozygotic seed set.

MATERIALS AND METHODS
The investigations were conducted during the
period 2016-2023. Experimental material for
embryological studies was selected on the ba-
sis of phenotypic traits: monoecism, sterili-
ty under apozygoty, and genome ploidy level.
The following source material was used: the
best apozygotic progenies A, of sugar beet for
embryogenesis analysis and characterisation
of apozygoty types - 12-136MS, 12-157MS, 12-
222MS, 12-138MS, 12-153MS; substituted sugar
beet lines based on sterile cytoplasms of wild
species Beta maritima and Beta patula with
apozygotic seed reproduction and high seed
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productivity, comprising the following breeding
accessions: No. 15/1BC,S (Greece), No. 15/2BC,S
(Greece), No. 15/3BC,S (Greece), No. 16/1BC,S
(Greece), No. 16/2BC,S (Greece), No. 16/3BC,S
(Greece), No. 3/1 dihaploid, F,S clones (Turkey)
in vitro, No. 3/2 dihaploid, F,S clones (Turkey)
in vitro, No. 1/17BC,S patula, No. 2/7BC,S patu-
la; substituted lines of the third, fourth, fifth,
and sixth backcross cycles were studied under
pollen-free conditions in comparison with the
development of hybrid embryos of Beta vulgar-
is cmS O-type; breeding accessions: BC,S mar-
itima (Turkey) - c.2/1, c.4/1, c.5/1; BC,S patula
(Portugal, Madeira Island) - c.1/4, c.3/4, c.4/4,
¢.3/7; BC,S maritima (Turkey) - ¢.5/1, c7/2, c.6/3,
c.7/5, for studying the seed productivity of new
plasmotypes.

The characteristics of apozygotic seed re-
production in substituted lines were deter-
mined using a modified methodology for eval-
uating embryogenesis in sugar beet, adjusted
with respect to flowering timing (Kovalchuk et
al., 2019). Selection based on sterility and mo-
noecism traits was carried out in group iso-
lators and in the plant-breeding glasshouse
complex at Yaltushkivska Research Breeding
Station, in accordance with the classification
of E Owen (1945). Monoecism was determined
by characterising fruits on central shoots. Mi-
croscopic examination of preparations was
performed using Carl Zeiss (Germany) and Pol-
am (Poland) microscopes at a magnification
of 5x12.5, and MBS-11 stereomicroscopes. The
ploidy level of experimental apomictic materials
was stabilised using the flow cytophotometry
method and a Partec ploidy analyser.

The efficacy of embryo staining on embry-
ological preparations was assessed on days 16
and 28 after flowering marking. Stains applied
included: 0.03% methylene blue, iodine solu-
tion, and bromophenol orange. Seed set under
pollen-free conditions in substituted lines was
studied over a 10 cm segment in 5 replications
per seed-bearing plant. Breeding accessions
were evaluated in relation to one another by or-
igin. Data were processed according to statisti-
cal analysis methods (Prysiazhniuk et al., 2016).
For each seed-bearing plant, the mean value of
embryo development per 10 cm segment was
determined using formula (1):

o)

x = ZMox (1)
n
where X is the mean number of developed seeds
per 10 cm segment under apozygoty; x is the
number of seeds per 10 cm segment for each
breeding accession; M is the mean number of
developed seeds for each seed-bearing plant
across 5 replications per 10 cm segment; n is the
total number of seeds from each seed-bearing
plant across all 5 replications.
The standard error of the arithmetic mean is
determined by formula (2):

-0
m=_, )

where 6 is the standard deviation of the arithme-
tic mean for each measurement variant, namely
the number of fruits per 10 cm segment; n is the
total number of fruits for each breeding acces-
sion (seed-bearing plant).

The investigations were conducted in ac-
cordance with the ethical standards of the Con-
vention on Biological Diversity (1992) and the
Convention on the Trade in Endangered Species
of wild Fauna and Flora (1973).

RESULTS AND DISCUSSION

To refine the methodology for differentiating
early stages of embryogenesis during apozy-
goty, fixation of ovules in Carnoy’s solution (3:1)
was applied, along with various maceration and
staining techniques for studying embryo sacs.
Embryo development in sugar beet is geneti-
cally determined (Kovalchuk et al., 2019). The
characteristics of embryonic development of
apomictic embryos in male-sterile lines of sugar
beet at Yaltushkivska Research Breeding Station
were studied. Thus, in apomictic embryos of the
second cycle of apomictic reproduction (4,), de-
generation on day 28 after fixation occurred in
16.3% of cases. By day 28, a normal hybrid em-
bryo should have been fully developed. Such de-
velopment was observed in only 3.3% of ovules.
Instead, ovules with embryo development at the
1/2 ES stage accounted for 23.3%, and at the 1/4
ES stage for 24.3%. This indicates a developmen-
tal delay of 8-10 days. The phenomenon of poly-
embryony - the development of two embryos -
was also observed; the proportion of such plants
was high and amounted to 32.7% (Fig. 1).
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Complete embryo development 3.3%

Degenerated
embryos
16.3%

83.7% with
developed
embryos

1/2 embryo sac
stage 24.3%

3/4 embryo sac
stage 23.3%

Polyembryony
32.7%

Figure 1. Embryogenesis of embryos from apozygotic progenies, day 28, A,
Note: A, - apomictic pollen-free development of the second reproduction cycle

Source: compiled by the authors

The results of apomictic embryo devel-
opment in the best A, progenies of sugar beet

obtained under pollen-free conditions are pre-
sented in Table 1.

Table 1. Analysis of embryogenesis and characterisation of apozygoty types

in the best apozygotic progenies A, of sugar beet

Number of Anomalous embryo
Breeding Embryos .. . | embryos with position, %
accession examined, n | Unfertilised, % | 4o elopmental ETo From Type of apozygoty
delay, % nucellus | integuments

12-136MS 67 4.5 55.2 40.3 _ adventitious
embryogenesis

12-157MS 75 6.7 66.7 26.6 _ adventitious
embryogenesis

12-222MS 80 12.5 43.8 - 43.7 apospory

12-4652-12-12-

2-4MS ¢.52 69 11.6 404 - 48.0 apospory

12-138MS 70 8.6 48.4 43.0 _ adventitious
embryogenesis

12-153MS 72 12.5 45.8 41.7 _ adventltlous'
embryogenesis

Note: A, - apozygotic progeny of the fourth reproduction cycle

Source: compiled by the authors

According to Table 1, the materials under
study were characterised by a high proportion
of embryos with anomalous positioning (up to
48.0%). The anomalies observed were repre-
sented by embryos of integumental (26.6% to
43.0%) and nucellar (up to 48.0%) origin. The
number of underdeveloped embryos varied
between accessions in this group from 40.4%
to 66.7%. Unfertilised embryos ranged from
45% to 12.5%. Embryos with polyembryony
were not observed in A,, which may be associ-
ated with the stabilisation of monoecism over
four cycles of reproduction. Optimisation of the

Plant and Soil Science 17(2)

embryogenesis methodology under apozygo-
ty was carried out using substituted lines with
a high apozygotic seed set rate, with new cmS
sources derived from the wild species Beta mar-
itima and Beta patula L., propagated as clones
under an in vitro system. Ovules were fixed on
day 10. Using the modified methodology, em-
bryo sacs were studied from day 10 to day 16,
and cytological investigations of embryo devel-
opment in the micropylar, chalazal, and central
regions, as well as perisperm development, were
conducted from day 16 to day 38 after flowering
marking. Data are presented in Table 2.
(>
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Table 2. Indicators of embryonic development of apomictic embryos
under pollen-free conditions on day 16 after flowering marking in backcross progenies
with new sterile cytoplasms from wild species Beta maritima and Beta patula

Developmental stages, fixation date, % ;:::;l:;r‘;vgt:y
B Szl e Degenerated | club stage | sphere stage | heart stage faL
globular
n % n % % n % n % n %
1 2 3 4 5 6 8 9 10 11 12 15 16
1 No. 15/1B,CS (Greece) | 5 16.7 4 |13.2| 10 334 16 20 5 16.7 5 16.7
2 No. 15/2B,CS (Greece) | 7 23.3 2 6.7 233 11 36.7 3 10.0 4 13.2
3 | No.15/3B,CS (Greece) 10| 33.4 1 |32 30.0 10 | 334 - - 3 10.0
4 No. 16/1B,CS (Greece) | 6 20.0 - - 10 334 10 33.4 4 13.2 5 16.7
5 No. 16/2B,CS (Greece) | 9 30.0 2 6.6 9 30.0 5 16.7 5 16.7 4 13.2
6 No. 16/3B,CS (Greece) 16.7 5 |16.7| 10 33.4 10 33.4 - - 3 10.0
7 dosnanenaars 1o 2 | | |2 s | w mo| - | - -
N 835/ %Tﬂmslﬁi:'v IF;; 4 132 | - | - | - | - | 26 |88| - | - | 6 | 200
9 No. 1/17B,CS patula 4 13.2 2 6.7 14 46.7 10 33.4 - - 12 40.0
10 No. 2/7B,CS patula 2 6.7 4 [13.2| 19 53.4 5 16.7 - - 10 33.4

Note: degenerated embryos as a proportion of 30 analysed per breeding accession

Source: compiled by the authors

Male-sterile seed-bearing clones obtained
by in vitro deposition and rooted under pot con-
ditions differed from one another in various
anomalies of apomictic embryo development
compared with hybrid embryos. Thus, for breed-
ing accessions No. 15/1, No. 15/3, and No. 16/3 on
the Beta maritima L. cytoplasmic background,
originating from Greece, on day 16 the devel-
opment of embryos at the “sphere” and “heart”
stages was predominant, reaching a combined
value of 53.4-60%, compared with 16.7-33.4% of
degenerated embryos. For some breeding ac-
cessions, developmental delay on day 16 was
considerable: embryo development at the “club”
stage was observed in 16.7% of cases, and at the
“sphere” stage in 33.4%. For dihaploid line No. 3
(Turkey), embryos were delayed in development
by 8 days and were characterised by relative-
ly stable values of 80% to 86.8% at the “heart”
stage. The proportion of degenerated embryos
differed between breeding accessions and sub-
stantially exceeded the values recorded for hy-
brid embryos. In certain backcross progenies on
the sterile Beta patula cytoplasmic background,
a particularly high proportion of embryos with

)

polyembryony and developmental delay in the
micropylar region compared with the chalazal
and central regions were observed.

On days 10-12 from the onset of flowering,
following maceration, washing, and staining,
embryo sacs were obtained showing embryo
development from synergids at the “club” stage,
degeneration of the egg cell, and two unfused
polar nuclei. Only by means of a methodolo-
gy that involves shifting the embryo fixation
date by 8-10 days under apozygoty is it possi-
ble to assess polyembryony and its progression
throughout embryogenesis. The efficacy of em-
bryo staining on days 16 and 28 after flowering
marking is illustrated in Figure 2 (a, b, c). Based
on embryological investigation results, polyem-
bryony in the apomictic line No. 2/7 BC,S patula
A, was observed in the experimental material at
a proportion of 33.4%.

Simultaneous embryo development in both
the micropylar and chalazal regions is shown
in Figure 2 (d). During the course of investiga-
tions, degeneration of one of the embryos was
frequently observed - more often that of the
adventitious one (Fig. 2 (e)). Within the embryo
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sac, alongside the development of an apomictic
embryo from the egg cell, an embryo from the
synergids develops, lagging behind the hybrid
by 8 days (Fig. 2 (f)). In line 1-16 BC,S (Greece)
A, alongside normal embryo development cor-
responding to the hybrid pattern, ovules were
present with embryo development in both the

micropylar and chalazal regions (Fig. 2 (g)). A
developmental delay of embryos from genera-
tive cells of 8-10 days relative to the zygotic em-
bryo is shown in Figure 2 (h). Complete develop-
ment of the apomictic embryo in lines 1/16 BC,S
(Greece), corresponding to the zygotic pattern,
lags by 10 days (Fig. 2 (i)).

Figure 2. Study of embryonic development of apozygotic embryos using lines
with high apozygotic seed self-reproduction. Magnification: 5x12.5
Note: a) embryo staining with 0.3% iodine solution; b) staining of apomictic embryos with bromophenol orange;
c) response of apomictic embryos to methylene blue staining; d) development of apomictic embryos with
polyembryony in line BC,S patula; e) degeneration of one of the embryos in line BC,S patula; f) developmental
delay of embryos on days 16-20 after flowering marking; g) development of haploid embryos at the “club” stage
from synergids; h) developmental delay of an embryo in line 1/15 BC,S (Greece) A,; i) normal embryo development
in line 1/16 BC,S (Greece) A,, corresponding to the zygotic pattern on day 32 after flowering fixation

Source: photo by the authors

The characteristics of embryonic develop-
ment during apozygoty were studied in substitut-
ed lines BC,, BC,, BC,, and BC, under pollen-free
conditions, in comparison with the development
of hybrid embryos of Beta vulgaris cmS O-type
(Table 3). The analysis of embryo development
presented in Table 3 was conducted taking into
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account the previously established developmen-
tal delay in sugar beet, with the fixation period ex-
tended to 10 days. Based on the results of cytolog-
ical analysis, polyembryony in the majority of the
lines under study was observed both on day 24
after flowering marking and on day 38, depend-
ing on the genetic origin of the breeding material.
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Table 3. Embryonic development of embryos in breeding materials
with apomixis of different genetic structure in substituted lines

) Developmental stages =
% § X i Q Q Q g.\° § g
-~ @ ° o >
] g | B 3 2 S8 2 B _‘g 2 |85
= S ® @ 2 oR| or o R ‘S
No. | Breeding accessions g ° s 8 S § |82 25| 25| o8 > g x
o 2> s 2 wo B oY 2 & L5 |9 =
S = [ £ 2 " Ecg| Ea Ewm @20 (228
d £ T o = rof| of oY =S |E2
g8 2 |8 | = ¢ g% |8 | I Eg 22
£ s | = |85 (% |F 8373
1 2 3 4 5 6 8 9 10 11 12 13
16 | 30 - - - - 30 - - -
20 | 30 - - - - - 30 - -
2 | Bet Igaris CMS-0302
eta vulgaris 4 30 - - - — 30 -
28 | 30 - - - - - - 30 -
3 B,CS No. 3 (Greece) 16 44 2.27 22.73 - 56.81 | 18.19 - - 36.4
4 B,CS No. 5 (Greece) 38 58 12.07 | 20.69 - - 8.62 58.62 - 22.4
5 B.CS No. 7 (Greece) 38 43 4.65 - - - 30.23 - 65.12 69.7
6 B,CS No. 4 patula 20 40 10 - - 60 - 30 - 40
7 B,S No. 5 patula 28 41 26.83 - - 43.90 | 29.27 - - 48.7
8 B,CS No. 11 (Turkey) 24 45 20 - - 17.78 40 22.22 - 51.1
9 B,CS No. 13 (Turkey) 28 50 28 - - 32 - 40 - 40
10 B,CS No. 1 (Turkey) 38 29 41.38 - - - 24.14 | 13.79 | 20.69 -
11 B,CS No. 2 (Turkey) 38 30 56.67 - 16.67 - - 10 16.66 -
12 B,CS No. 5 (Turkey) 38 32 31.26 9.37 - - 9.37 - 50 9.4

Note: BC,S No. 7 (Greece) - polyembryony was observed in all studied ovules with complete embryo development
in the chalazal region and a 1/2 embryo sac developmental delay in the micropylar region on day 38 after the onset

of flowering
Source: compiled by the authors

A distinctive characteristic of breeding ma-
terial with apozygoty, in comparison with hybrid
embryos, is the high proportion of degeneration,
amounting to 41.38% and 56.65%, at a fixation
period of 38 days across all breeding accessions
studied. However, low degeneration values of
4.65% and 12.07% were observed in backcross
progenies at different embryo developmental

stages in material on the Beta maritima (Greece)
cytoplasmic background. The percentage values
for complete embryo development at the adjust-
ed fixation period of 38 days ranged from 16.60%
to 65.12%, depending on the genetic origin of the
material. The seed productivity of breeding ac-
cessions in substituted lines under apozygoty is
presented in Table 4.

Table 4. Seed productivity of new plasmotypes under apozygoty A,, based on introduced sterile
cytoplasm of Beta patula and Beta maritima under pollen-free conditions

. . .. Number of fruits per Of these, %
Breeding accession Origin
10 cm segment, Xtm | Developed | Degenerated
1 2 4 5 6

BC,S** maritima (Turkey), c.4/1 Amb. No. 17224 36+0.22 92.5 7.5

BC,S maritima (Turkey), c.5/1 Amb. No. 17224 32+0.1 46.2 53.8

B,CS maritima (Turkey), c.2/1 Amb. No. 17224 21+0.2 39.1 60.9

BC,S patula (Portugal, Madeira Island), c.1/4 | Amb. No. 17222 32+0.3 45.7 54.3
BC,S patula (Portugal, Madeira Island), c.3/4 | Amb. No. 17222 38+0.42 51.3 48.7
BC,S patula (Portugal, Madeira Island), c.3/4 | Amb. No. 17226 37+0.21 50.5 50.0
BC,S patula (Portugal, Madeira Island), ¢.3/7 | Amb. No. 17226 37+0.29 68.8 31.2
BC,S maritima (Turkey), c.5/1 Amb. No. 17224 28+0 79.3 20.7
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Table 4, Continued

o n .. Number of fruits per Of these, %
Breeding accession Origin
10 cm segment, Xtm | Developed | Degenerated
BC,S maritima (Turkey), c.7/2 Amb. No. 17224 27+0.32 96.4 3.6
BC,S maritima (Turkey), c.6/3 Amb. No. 17224 24+0.27 95.7 4.3
BC,S maritima (Turkey), c.7/5 Amb. No. 17224 24+0.29 88.5 11.5

Note: pollen-free conditions ensured by spatial isolation and the use of parchment isolators; BC,S** - substituted

lines of the sixth backcross cycle
Source: compiled by the authors

According to Table 4, on day 28 from the
onset of flowering, the highest and most sta-
ble seed set values under spatial isolation con-
ditions were characteristic of seed-bearing
plants of substituted lines with breeding ac-
cessions BC.,S maritima (Turkey) c.7/2, c.6/3.
Seed set values in substituted lines per 10 cm
segment ranged from 39.1% to 96.4%. Fruit set
values varied from 21+ 0.2 to 38 £ 042, depend-
ing on the origin of the breeding accessions. In
the BC,S patula Line, the number of apozygotic
seeds set was characterised by stable values of
32+0.3 to 38 + 042, whilst the proportion of de-
generated embryos ranged from 31.2% to 54.3%.
For the BC,S patula L. line, the number of fruits
per 10 cm segment substantially exceeded the
values recorded for seed-bearing plants on the
sterile Beta maritima L. (Turkey) cytoplasmic
background. Seed-bearing plants with high seed
self-reproduction were identified, notably BC.S
maritima (Turkey) c.4/1and c.5/1, as well as those
on the Beta patula L. (Madeira Island) cytoplas-
mic background under breeding accessions
BC,S patula c.3/4 and c.3/7.

Embryo sacs formed from the archespore
belong to the Polygonum type. The sugar beet
seed reproduction system encompasses all
types of reproduction. The frequency of apozy-
goty in free-pollinating sugar beet popula-
tions is unknown. According to D. Hojsgaard et
al. (2014), the development of diploid plants
under pollen-free conditions proceeds through
adventitious embryogenesis or apospory. T. Sz-
kutnik (2010) established that the appearance
of tetraploid cells in apomictic progenies is con-
ditioned by the formation of an embryo from
an egg cell with an unreduced chromosome set
and by tissue differentiation during ontogenesis
through the phenomenon of endopolyploidi-
sation. Based on embryological investigations
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by L. Seilova § A. Sedlovskiy (2000), apomictic
embryos differ from sexual ones in their mode
of formation and position within the embryo
sac. Additional embryos arise from synergid or
antipodal cells - apogamy. M. Roik et al. (2024)
indicate that embryo formation via adventitious
embryogenesis proceeds from cells of the in-
teguments and nucellus. It was noted that some
apomictic embryos perish during embryogene-
sis. Selection for ploidy level and apozygotic seed
set contributes to enhanced apozygotic tenden-
cy and the identification of apomixis donors.
The influence of polyploidy on trait varia-
tion in Amelanchier (Rosaceae) was described by
M.Burgessetal.(2014). M. Hand et al. (2015) inves-
tigated the evolution of apomixis loci in Pilosella
and Hieracium (Asteraceae) using marker analy-
sis in natural and experimental populations. Re-
search by D. Rodriguez-Leal & J.-P. Vielle-Calza-
da (2012) emphasises that apomixis may be
considered a spatiotemporal deregulation of the
sexual process rather than a wholly independent
mechanism. The authors analyse new evidence
that the regulation of apomixis - particularly
female gametogenesis and seed formation - is
governed by the same epigenetic mechanisms
as sexual reproduction. Similar approaches to
interpreting the molecular regulation of apo-
mixis are presented in the work of T. Nicco-
16 et al. (2023). G. Gerashchenkov et al. (2015)
identified fragments of genes controlling en-
dosperm development without fertilisation in
Arabidopsis using molecular genetics methods.
On cytological preparations, the genetic
heterogeneity of seeds under apozygoty is de-
termined by the development of embryos from
embryo sac cells or from somatic cells of the
ovule. In addition to cytoembryological charac-
terisation, morphological marker traits — such
as recessive hypocotyl colouration - are capable
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of identifying embryos developed via genera-
tive reduced parthenogenesis from heterozy-
gous apomictic plants. Using the embryo culture
method, N. Kovalchuk et al. (2019) isolated hap-
loid and dihaploid lines from apomictic proge-
nies of male-sterile sugar beet lines. Embryo-
logical investigations of apozygoty across cmS
sources of different origins highlighted several
problematic issues: variability in phenotypic
traits of monoecism and sterility in apozygotic
progenies does not conform to Mendel's laws of
genetics, but is determined by the genetic heter-
ogeneity of seeds, which is linked to the differing
nature of embryos developed from both somatic
and generative cells (Matzk et al,, 2000). It was
established that apozygotic lines from different
genetic sources of sterile cytoplasms differed
from one another in their embryonic develop-
ment characteristics. Breeding materials based
on Beta patula germplasm were characterised
by greater capacity for polyembryony. The use
of apomictic lines with a high apozygotic seed
set requires the identification of source material
using genetic markers for the differentiation of
generative and somatic embryogenesis, which
in one case leads to new genetic variability, and
in another to the cloning of breeding materi-
al and the preservation of its principal traits in
subsequent generations.

CONCLUSIONS
Experimental investigations of embryological
development based on different cmS sources
revealed several characteristics of uniparen-
tal seed reproduction in sugar beet. It was es-
tablished that the embryonic development of
apomictic progenies is characterised by various
types of anomalies, a developmental delay of
8-10 days, simultaneous embryo developmentin
both the micropylar and chalazal regions, adven-
titious embryogenesis, and apospory. Embryon-
ic development under pollen-free conditions
was studied in substituted lines BC,, BC,, BC,,
and BC,, in comparison with the development
of hybrid embryos of Beta vulgaris cmS O-type.
Polyembryony was observed both on day 24 af-
ter flowering marking and on day 38, and was
dependent on the genetic origin of the breeding
material. In the course of the cytological exper-
iment, the synchrony of developmental stages

)

of apomixis and sexual plant reproduction was
compared, and the possibility of differentiat-
ing apozygotic progenies by apomixis type was
demonstrated. In the BC,S patula Line, the num-
ber of apozygotic seeds set was characterised by
stable values of 32 + 0.3 to 38 + 042, whilst the
proportion of degenerated embryos ranged from
31.2% to 54.3%. For substituted lines based on the
Beta patula sterility source, the number of fruits
per 10 cm segment substantially exceeded the
values of seed-bearing plants on the sterile Beta
maritima L. (Turkey) cytoplasmic background.
Breeding accessions with high apozygotic seed
reproduction values were identified, notably
BC,S maritima (Turkey) c.4/1and c.5/1, as well as
those on the Beta patula L. (Madeira Island) cyto-
plasmic background under breeding accessions
BC,S patula c.3/4 and c.3/7. Notwithstanding that
polyembryony frequently determines the genet-
ic heterogeneity of apozygotic seeds, generative
reduced parthenogenesis in sugar beet may be
identified in future investigations using mor-
phological marker traits and ploidy stabilisa-
tion techniques. The cytoembryological method,
employed for the first time for the detection of
adventitious embryogenesis, remains to this day
one of the most reliable approaches for studying
both the type of apomixis and the characteristics
of embryonic structure development. Prospects
for furtherresearch lie in the investigation of the
molecular-genetic mechanisms of apomixis, the
identification of genetic markers of generative
and somatic embryogenesis, and the develop-
ment of methods for stabilising apozygotic prog-
enies for practical application in the breeding of
high-yielding sugar beet hybrids.
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[IUTOJIOTTYHUIN aHaJIi3 PO3BUTKY 3aPOJIKiB ITPY arl03UTOTil BIPOIOBIK 34 mi6 micsis dircartii 1BiTiHHS,
IUTOGOTOMETPUYHUM MEeTOH, MIHJIUBOCTI piBHA IeHOMy 3a IUIOIZHICTIO y MarepiasyiB 3 pi3sHUM
TepMiHOM penpoAyKLil allo3SUTOTUYHOIO HACiHHA. Bys0o BIOCKOHAJIEHO METOAMWKY [OCIiIKeHHA
eM6pioHaTIPHOTO PO3BUTKY IIPHU all0O3UTOTi] y MaTepiasiiB pi3sHOTo MMoxomsKeHHs mkepen LIUC, a caMme
BiZMiTKa LIBiTiHHS, i3071411ig TTAaroHiB, ¢pikcallis 3apofKiB 3a TepMiHOM Bif 5 10 34 Ai6, 10 TTOBHOTO
PO3BUTKY 3apofKa. Byyio mpoaHasizoBaHo, IO TP alT03UTOTii ¥ LIyKPOBUX O6YPSIKiB CIIOCTEPIraeThCs
BiZlcTaBaHH reHETUYHO-IeTePMiHOBaHOT'O PO3BUTKY 28 1i6 Ha 4, 8,10 16 3aJ1€KHO Bifl TOXOIKEHHS
Martepiay, monieM6pioHier0, BUCOKVM BiICOTKOM [lereHepOBaHUX 3aPO/IKiB. AIBEHTHBHA eMOPioHid,
aroCIopis Ta pO3BUTOK 3aPOJKIB 3 iIHTUT'YMEHTIB i HylleJyCy B MiKpOIIIIAPHil i Xxana3anbHil 4aCTUHI
OIHOYACHO 6y/IM XapaKTEPHUMU JJIS ITUIKOCTEPMJIBHUX JIiHIM Pi3HOTO reHETUYHOTO ITOXOAKEHHS.
Byso BCTaHOBJIEHO, IO Y 3aMillleHUX JIiHiM Ha OCHOBI HOBUX mykepes LIUC Bif OVKUX BUZIB pOOy
Beta L. criocTepiraeTbcs GeHOMEH BHCOKOI CaMOpPENpoAyKIlii HACIHHA y 6e3MUIKOBOIO PEKUMY.
MeTozVKa BUBYEHHS CHHXPOHHOCTI PO3BUTKY 3aPOJKIB PO3p0o6JIeHa I JOCTiIPREHHS IPUPOLU
aro3uroTii (reHepaTUBHUI, COMAaTUYHUN eMbpioreHes) y 3aMillleHUX JIiHiM 3 IHTPOAYKLIMHUMU
CTepUJIBHMMU LIUTOITJIa3MaMU, B 3piBHAHHI 3 PO3A1/IbBHOKBITKOBUMU ITWJIKOCTEpUIBHHUMMU JIiHIAMU 3
S-vulgaris nuTomnasmor ®. OyeHa. THII alT03UTOTIii TPOABIABCA B raMeTOITHOMY Ta ClIOPOQITHOMY
embpiorenesi i BUSHaUaB reHETUYHY HEOTHOPIAHICTD (PI3HOAKICHICTD) arTO3UTOTUYHOTO HACIHHA.
ATIOMIKCHC 3 BUROPUCTaHHAM 3aMillleHUX JIiHiM i HOBUMU CTEPWIBHUMU LIMTOIJIa3MaMU BiZl TUKUX
BUIIB pofy Betd L. Ta BUCOKMM BiZICOTKOM aITOMiKTUYHOI PEeMpOAyKLIii HacCiHHS, MoyKe 3a6e3MeunTn
faraTto repesar A1 BUPOOHUIITBA HOBUX TiOPHZIB CITBCBKOTOCIOZAPCBKUX KyJIBTYp, & caMe
dircatiito reTeposucy i 36epeskeHHS TeHOTUITY MaTePUHCHKOI pOCIUHU

KniouoBi cnosa: amBeHTHBHA eM6PiOHif; artocopis; HOBi AyRepesa HUTOIIa3MaTUYHOI Y0JI0BIiU0l
CTEPUJIBHOCTI; Beta maritima; Beta patula; deHOTUIIY IMTOIIA3MaTUYHOI Y0JIOBIYOI CTEPUIIBHOCTI
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The effect of agronomic practices on belowground biomass
formation in Miscanthus x giganteus

Abstract. The aim of this study was to experimentally determine the effect of different systems
of mineral and organic fertilisation on the dynamics of belowground biomass accumulation
in giant miscanthus (Miscanthus x giganteus), the intensity of soil respiration, and the carbon
sequestration potential under the conditions of the Forest-Steppe of Ukraine. The study was
conducted during 2021-2025 in a two-factor field experiment, in which Factor A comprised a
control treatment, leonardite application (100 kg/ha), and complete mineral fertiliser N P, K,
whilst Factor B comprised foliar feeding with potassium humate at the tillering stage, at the
stem elongation stage, and at both stages combined. Belowground biomass was determined by
the monolith method in the 0-30 cm soil layer, and the biological activity of the rhizosphere was
assessed using the closed static chamber method. It was established that the root system mass
of miscanthus increased consistently throughout the first five years of vegetation, reaching
10.76 t/ha in 2025 under the optimal combination of N, P,(K,, with double foliar feeding with
potassium humate, compared with 6.14 t/ha in the control treatment. Carbon input into the
soil via root mass in this treatment amounted to 4.52 t C/ha, and the maximum soil respiration
intensity (432 mg CO,/m2h) was recorded in the leonardite + double potassium humate application
treatment. A strong positive correlation was found between root mass and soil respiration intensity
(r=074), and the constructed second-degree polynomial regression model (r = 0.96) adequately
describes the dynamics of belowground biomass accumulation and enables projection of its
further increase. The practical significance of this study lies in the substantiation of the combined
use of mineral fertilisers and humic preparations to enhance the productivity of miscanthus
plantations, strengthen the carbon sequestration function of the agrocoenosis, and stabilise the
biological activity of the soil

Keywords: carbon sequestration; soil respiration; leonardite; potassium humate; regression model

INTRODUCTION
The cultivation of perennial energy crops is a tool for enhancing the ecological resilience of
currently considered not only as a means of ob-  agricultural landscapes. For Ukraine, where soil
taining a stable biofeedstock supply, but also as  degradation, organic matter deficit, climatic
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variability, and the need for energy diversifica-
tion are all intensifying simultaneously, crops
capable of combining high productivity with
long-term positive effects on the soil are of par-
ticular significance. In this context, Miscanthus x
giganteus represents a promising research
subject, as it forms substantial belowground
biomass, supports long-term plantation func-
tioning without annual tillage, and potentially
enhances the accumulation of soil organic car-
bon. At the same time, for the Forest-Steppe
conditions of Ukraine, the precise effects of
combining mineral fertilisation, humic prepa-
rations, and organic amendments on the devel-
opment of the miscanthus root system and the
associated biological soil processes have yet to
be fully elucidated.

S.Lietal. (2022) demonstrated that the pro-
ductivity of Miscanthus x giganteus is closely
linked to the morphophysiological characteris-
tics of the leaf apparatus: tetraploid forms de-
velop thicker leaves, higher leaf mass per unit
area, and greater photosynthetic productivity
than triploid genotypes. This finding is impor-
tant for understanding that biomass formation
in this crop is determined not only by nutrition-
al supply but also by intrinsic genotypic charac-
teristics, which may alter the plant’s response
to agronomic practices. C. Zheng et al. (2022)
note that miscanthus is a promising lignocel-
lulosic feedstock crop for bioenergy produc-
tion, as it can be cultivated on low-productivity
lands, thereby avoiding competition with food
crops. V. Ivanina et al. (2021) note that a defin-
ing characteristic of miscanthus physiology is
the seasonal redistribution of nutrients: at the
end of the growing season, 50-60% of nitrogen,
phosphorus, and potassium in the shoots is re-
mobilised to the belowground rhizomes. These
accumulated reserves are mobilised in spring
to support new shoot growth, making the crop
partially independent of the immediate availa-
bility of soil nutrients. H. Burdova et al. (2023),
studying the resilience of Miscanthus x gigan-
teus on petroleum-contaminated soils, con-
cluded that the crop exhibits high tolerance to
stress conditions, but its growth is substan-
tially limited by nutrient deficiency. According
to these authors, nutrient availability is one of
the critical factors determining the adaptability
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and productivity of miscanthus on problem
soils. Thus, the optimisation of crop nutrition
is of not only productive but also ecological im-
portance. L. Wechtler et al. (2024), investigat-
ing miscanthus on technosols contaminated
with polycyclic aromatic hydrocarbons, found
that combining Miscanthus x giganteus with a
biologically active companion component en-
hanced microbial activity, microbial biomass,
and the abundance of contaminant-degrading
organisms. Their findings have broader impli-
cations: they confirm that the miscanthus rhiz-
osphere responds actively to changes in the nu-
tritional system and is capable of modifying the
intensity of biological soil processes.

G. Aslan-Sungur et al. (2025) demonstrat-
ed that advances in stand establishment tech-
niques and increased planting density can
substantially increase carbon uptake in the es-
tablishment year. The authors attribute this to
more intensive vegetation cover formation and
a faster transition of the stand into active func-
tioning. Thus, agronomic practices in the early
stages of crop development have a direct impact
onits carbon potential. N. Namoi et al. (2026), in
a study of ageing Miscanthus x giganteus stands,
demonstrated that the effect of nitrogen fertil-
isation manifests primarily through increased
stem mass and maintenance of stand productiv-
ity, which tends to decline with age. The authors
emphasised that soil fertility management re-
mains a key condition for the stable functioning
of even perennial plantations, which are tradi-
tionally considered low-input with respect to
fertilisation. J. Nelson et al. (2025) established
that after three years of cultivation, miscanthus
increased the maximum water-holding capaci-
ty of the soil by an average of 14.7% compared to
maize, and this effect was associated primarily
with changes in soil structure. The study con-
firms that the development of miscanthus be-
lowground biomass has not only biometric but
also soil-ameliorating significance. S. Yildiz et
al. (2025) demonstrated that the application
of humic acid reduced growth losses in mis-
canthus under drought conditions and im-
proved the morphometric parameters of plants
compared with treatments without humic sub-
stances. The authors recorded that at differ-
ent water supply levels, humic acid mitigated
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the negative effects of stress. V. Pidlisnyuk et
al. (2026) investigated the feasibility of using
ash from miscanthus biomass as a secondary
resource for improving soil properties, and not-
ed that low doses of this material promote the
restoration of plant growth and increase soil
phosphorus and potassium availability, whilst
excessive doses may induce salt stress. This
finding is important from the perspective of or-
ganic and organo-mineral nutritional systems,
as it highlights the necessity of precise dosing of
soil amendments and biostimulants.

Thus, contemporary research convincingly
confirms the high bioenergetic and ecological
value of Miscanthus x giganteus; however, the
question of how, under the specific soil-climat-
ic conditions of the Forest-Steppe of Ukraine,
the combination of mineral fertilisation, leon-
ardite, and foliar application of potassium hu-
mate affects belowground biomass formation
and soil respiration intensity as an indicator
of rhizosphere functioning remains open. The
aim of this study was to establish the patterns
of belowground biomass formation in giant
miscanthus and the associated biological soil
processes depending on the base fertilisation
system and the timing of foliar potassium hu-
mate application under the conditions of the
Forest-Steppe of Ukraine. The objective of this
paper was to experimentally determine the ef-
fect of different systems of mineral and organ-
ic fertilisation on the dynamics of root system
mass accumulation and soil respiration pro-
cesses, and to develop mathematical models of
the key factors influencing plant formation in
miscanthus (Miscanthus x giganteus) cultivar
‘Osinnii Zoretsvit'.

MATERIALS AND METHODS
Field studies were conducted during 2021-2025
at the Educational and Production Unit of the
National University of Life and Environmental
Sciences of Ukraine, “Velykosnytynske named
after O.V. Muzychenko”, Fastiv district, Kyiv re-
gion. The soil of the experimental site is strongly
eroded, light loamy podzolised chernozem on
loess-like loam. The agrochemical characteris-
tics of the plough layer (0-30 cm) at the time of
experiment establishment were as follows: hu-
mus content — 1.43%,; bulk density - 1.17 g/cm3,

»)

pH, — 576; available phosphorus - 105 mg/kg;
exchangeable potassium - 78 mg/kg. The cli-
matic conditions of the region are characterised
by a mean annual temperature of +7.8°C and an
annual precipitation total of 540-620 mm. The
experiment was two-factorial with three rep-
lications; treatments were arranged in a ran-
domised complete block design. The area of the
sown plot was 50 m?, and of the harvest plot -
35 m2 The study crop was giant miscanthus
(Miscanthus x giganteus), cultivar ‘Osinnii
Zoretsvit'. Planting was carried out in April 2021
using rhizomes weighing 25-35 g at a density of
10,000 plants/ha (1.0 x 1.0 m spacing). Factor A
(fertilisation system): A1 - control (no fertiliser);
A2 - leonardite (fraction 0-2 mm, humic acid
content >75%), 100 kg/ha (applied once under
spring tillage in the plantation establishment
year); A3 - mineral fertilisation Ny P,;Kg, (am-
monium nitrate + ammonium phosphate + po-
tassium chloride, banded application, annually).
Factor B (foliar feeding with potassium humate
at 2 L/ha, solution concentration 1%): B1 - no fo-
liar feeding (control); B2 - at the tillering stage;
B3 - at the stem elongation stage; B4 — at both
stages (double application). The experimental
design comprised 12 treatments x 3 replica-
tions =36 plots in total. In this paper, the analysis
is conducted on the extreme variants of Factor B
(B1 - no foliar feeding; B4 - double foliar feed-
ing), since this contrasting comparison enables
the most clearly defined characterisation of the
influence of potassium humate foliar feeding
on carbon sequestration indicators within each
fertilisation system of Factor A.

Root system mass was determined by the
monolith method (0-30 cm layer) annually in
autumn following the completion of the growing
season. Carbon accumulation was calculated on
the basis of dry root biomass mass, with a sta-
ble carbon content of 42%. Soil respiration was
measured using the closed chamber method in
July (active growth phase). Analysis of variance
(ANOVA) was used to determine the proportion
of the effect of each factor on the response varia-
bles. Regression analysis was conducted by con-
structing second-degree polynomial equations
of the form:

y=ax?+bx+c, (1)

Plant and Soil Science 17(2)
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where y is the root system mass (t/ha) and x is
the year of vegetation.

This approach allowed for the biological de-
celeration of root growth rates in mature plan-
tations to be accounted for. Calculations were
performed using the Statistica 13.0 software
package and the Python NumPy library. The
generative Al tool Gemini was used as an auxil-
iary tool for language editing and preparation of
technical descriptions. All results were verified
and manually edited by the author. The study
was conducted in accordance with the ethical
standards of the Convention on Biological Diver-
sity (1992) and the Convention on International
Trade in Endangered Species of Wild Fauna and
Flora (1973).

RESULTS AND DISCUSSION

The formation of belowground biomass in mis-
canthus is an integral indicator of the crop’s
response to the nutritional system, as it is the
rhizomes and roots that determine the longevity
of the plantation, its resilience under stress con-
ditions, and its carbon sequestration potential.
The results obtained indicate that already dur-
ing the first five years of vegetation, fertilisation
and foliar feeding significantly altered the rates
of root mass accumulation and the biological ac-
tivity of the rhizosphere. S. Fosu & S. Davis (2024)
demonstrated that over a decade of miscanthus
cultivation on abandoned agricultural land, soil
carbon and nitrogen stocks changed slowly, and
nitrogen deficiency was not always the limiting
factor. At the same time, the authors empha-
sised that the crop’s response to fertilisation and
changes in the carbon pool depend on stand age
and the initial state of the soil. This underscores
the necessity of region-specific research, as re-
sults obtained from mature plantations in the
United States cannot be directly extrapolated to
young stands under the conditions of the For-
est-Steppe of Ukraine.

The highest rates of belowground phy-
tomass accumulation were recorded in the
treatment with N, P,.K,, application combined
with double foliar feeding with potassium hu-
mate: the value increased from 1.50 t/ha in 2021
to 10.76 t/ha in 2025. As noted in the study by
F. Dohleman & S. Long (2009), under conditions
in the midwestern United States this crop can
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surpass maize in productivity, whilst the work of
M. Roik et al. (2019) draws attention to the pros-
pects of using miscanthus as a perennial energy
crop, which is particularly relevant in the con-
text of Ukraine’s biofeedstock deficit for energy
purposes. Certain aspects of the introduction
of bioenergy crops, including miscanthus, in
Ukraine, also highlighting the exceptional pros-
pects of this crop under Ukrainian conditions,
were examined in the study by O. Melnychuk et
al. (2019). The combination of mineral fertil-
isers and humates produced a synergistic effect
through improved nutrient supply to plants,
stimulation of root formation, and enhanced
accumulation of reserve substances in the rhi-
zomes. I. LewandowsKi et al. (2000) established
that perennial miscanthus plantations in Eu-
rope are capable of accumulating 1.1-2.4 t C/ha/
year in the soil.

These results are consistent with the find-
ings of other researchers. In particular, O. Pry-
siazhniuk et al. (2026), analysing the nutrition
of Miscanthus x giganteus on chernozems in
Ukraine, concluded that complete NPK fertil-
isation ensures higher productivity and better
meets the nutritional requirements of the crop
than nitrogen application alone. The authors
also demonstrated that assessment of the nu-
tritional status of stands is an effective tool for
adjusting cultivation technology. For Ukrainian
conditions, this is particularly valuable, as it con-
firms the expediency of combining agrochemi-
cal monitoring with technological decisions re-
garding fertilisation. J. Finnan & B. Burke (2014)
established that in mature miscanthus stands,
nitrogen fertilisation increased nitrogen con-
centration in the rhizome network in proportion
to the application rate. Soil respiration intensi-
ty under miscanthus stands increased in par-
allel with the development of the root system.
The maximum value - 432 mg CO,/m2h - was
recorded in 2025 in the leonardite + potassium
humate (both stages) treatment, confirming the
pronounced effect of humic substances on the
activation of the rhizosphere microbiocoenosis.
Based on the experimental data for 2021-2025, a
consistently positive growth dynamic of the Mis-
canthus x giganteus root system was established
across all fertilisation and foliar feeding treat-

ments (Table 1).
g
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Table 1. Root system mass of giant miscanthus in the 0-30 cm soil layer, t/ha (2021-2025)

Increment Increment
Mean relative to relative to
No.| FactorA Factor B 2021 | 2022 | 2023 | 2024 | 2025 t/ha’ unfertilised | no-feeding
control treatment
(Factor A) (Factor B)
1 No foliar feeding 085 | 262 | 423 | 535 | 6.14 | 3.84 - -
2 Potassium humate, | 5/ | )91 | 469 | 503 | 6.81 | 4.26 - 0.42
Control (no tillering stage
3 | fertiliser) Potassium humate, | o) | g4 | 457 | 579 | 6.64 | 4.15 - 0.31
stem elongation stage
4 Potassium humate, | 1 ) | 314 | 506 | 6.40 | 7.35 | 4.59 - 0.75
both stages
5 No foliar feeding 1.07 | 3.25 | 5.26 | 6.66 | 7.65 | 4.78 0.94 -
6 Potassium humate, | 1 1o | 350 | 583 | 738 | 8.48 | 5.29 1.03 0.51
Leonardite tillering stage
7 | 100kg/ha | Potassiumhumate, 1, o) 5oy | o0 | 703 | 830 | 518 1.03 0.40
stem elongation stage
8 Potassium humate, | 1 o | 385 | 629 | 7.96 | 9.15 | 5.71 1.12 0.93
both stages
9 No foliar feeding 1.25 | 3.80 | 6.18 | 7.82 | 8.98 | 5.61 177 -
10 Potassium humate, | 4 30| /51 | 684 | 867 | 9.94 | 6.21 1.95 0.60
tillering stage
N, P,.K i
11 | e Potassium humate, | 4 5 | 15 | 671 | 848 | 9.74 | 6.08 1.93 0.47
stem elongation stage
12 Potassium humate, | 1 o4 | 451 | 740 | 937 | 10.76| 6.71 2.12 1.10
both stages

Note: N, P,.K,, - the subscript indicates the dose of the active nutrient element in kg per hectare

Source: compiled by the author

At the same time, the degree to which the
biological potential of the crop was realised de-
pended substantially on the intensity of nutri-
tion and the nature of the agrochemical practic-
es applied. In the control treatment, the mean
root mass over 2021-2025 was 3.84-4.59 t/ha,
whilst under leonardite application it was 4.78-
571 t/ha, and under mineral fertilisation 5.61-
6.71 t/ha. Thus, the base fertilisation treatment
established the baseline level of belowground
phytomass development, whilst potassium hu-
mate functioned as an amplifier of the nutri-
tional background. The greatest effect within
all nutritional backgrounds was achieved with
double foliar feeding: the increment relative to
the no-feeding treatment was 075 t/ha in the
control, 0.93 t/ha under leonardite application,
and 110 t/ha against the N, P,.K,, background.
Root system mass demonstrates a strong pos-
itive correlation with the intensity of nutrition.

The greatest stimulating effect is achieved when
complete mineral fertiliser is combined with
double foliar feeding with potassium humate.
The studies of M. Rose et al. (2014) and F. Agos-
tini et al. (2015) confirm that humic substances
positively affect the root system development
of perennial crops. Specifically, according to
D. Pribyl (2010), the application of humic sub-
stances can increase the dry mass of shoots and
roots by approximately 20%, improving nutrient
uptake. This explains the higher increment in
belowground biomass (0.75-1.10 t/ha) in the dou-
ble potassium humate application treatments
compared with the no-feeding background,
observed across all three fertilisation systems.
The development of the root system has a direct
effect on the ecological indicators of the soil. In
the treatment with maximum root mass (NPK +
potassium humate at both stages), an average of
2.82 t C/hais input into the soil (Table 2).

Plant and Soil Science 17(2)
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Table 2. Carbon input into the soil via the root mass of giant miscanthus, t C/ha (2021-2025)

No. | FactorA Factor B 2021 | 2022 | 2023 | 2024 | 2025 'tv':/ah"a'
1 No foliar feeding 0.36 1.10 1.78 2.25 2.58 1.61
2 Control (no Potassium humate, tillering stage 0.39 1.22 1.97 2.49 2.86 1.79
3 fertiliser) | Potassium humate, stem elongation stage | 0.39 | 1.19 | 1.92 | 2.43 | 2.79 1.74
4 Potassium humate, both stages 0.43 1.32 2.13 2.69 3.09 1.93
5 No foliar feeding 0.45 136 | 2.21 2.80 | 3.21 2.01
6 | Leonardite, Potassium humate, tillering stage 0.50 1.51 2.45 3.10 3.56 2.22
7 | 100kg/ha | Potassium humate, stem elongation stage | 0.48 | 1.48 | 2.39 | 3.04 | 3.49 2.18
8 Potassium humate, both stages 0.54 1.62 2.64 3.34 3.84 2.40
9 No foliar feeding 0.53 1.60 2.60 3.28 3.77 2.36
10 NeoPreKeo Potassium humate, tillering stage 0.58 1.77 2.87 3.64 4.17 2.61
11 Potassium humate, stem elongation stage | 0.57 1.73 2.82 3.56 4.09 2.55
12 Potassium humate, both stages 0.63 1.89 3.11 3.94 4.52 2.82

Note: N P,.K,, — the subscript indicates the dose of the active nutrient element in kg per hectare; carbon content

inroot mass - 42%
Source: compiled by the author

Soil respiration indicators increased syn-
chronously with root system development,
indicating enhanced biological activity of
the rhizosphere as the plantation matured
(Table 3). Physiological studies by H. Zub §
M. Brancourt-Hulmel (2010) demonstrate
that Miscantus x giganteus can attain peak
CO; assimilation rates of approximately 39-
40 pymol m=2 s+, indicating high photosynthetic
capacity even after a decade of growth. At the
same time, different mechanisms of influence
were identified according to fertilisation type:

mineral nutrition ensured the highest root
system mass, whilst leonardite more active-
ly stimulated soil microbiological processes,
resulting in mean respiration values in the
A,B-A,B, treatments of 368-387 mg CO,/m2h,
which exceeded the corresponding values un-
der the NP, K, background (346-363 mg CO,/
m2h). This provides grounds for considering
leonardite as an effective agent for biological
activation of the rhizosphere, even where the
parameters of belowground mass accumula-
tion are somewhat lower.

Table 3. Soil respiration intensity under giant miscanthus, mg CO,/m2h (2021-2025)

No. | FactorA Factor B 2021 | 2022 | 2023 | 2024 | 2025 | Meam M8

CO,/ mzh
1 No foliar feeding 285 312 338 356 368 332
2 | Control (no Potassium humate, tillering stage 292 320 347 365 377 340
3 fertiliser) | Potassium humate, stem elongation stage | 289 317 343 362 374 337
4 Potassium humate, both stages 298 327 354 373 386 348
5 No foliar feeding 310 345 378 398 411 368
6 | Leonardite, Potassium humate, tillering stage 318 354 388 409 422 378
7 | 100kg/ha | Potassium humate, stem elongation stage | 315 350 384 405 418 374
8 Potassium humate, both stages 325 362 397 418 432 387
9 No foliar feeding 295 325 354 373 385 346
10 NeoPrKeo Potassium humate, tillering stage 303 334 363 383 395 356
11 Potassium humate, stem elongation stage | 300 330 359 379 391 352
|12 | Potassium humate, both stages 309 | 341 | 371 | 391 | 404 363

Note: determined by the closed chamber method during the active growth phase (July); N,,P,.Ky, — the subscript
indicates the dose of the active nutrient element in kg per hectare

Source: compiled by the author

Plant and Soil Science 17(2)
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Factor analysis of the data presented in Ta-
bles 1-3 enables the grouping of variables and
the identification of which factors most strongly
influence the variability of the results obtained.
The first component combines the year of veg-
etation and the natural capacity of perennial
miscanthus plants for growth (proportion of ef-
fect - 65%). This explains why even in the unfer-
tilised control, root mass increased from 0.85 to
6.14 t/ha over the five years of the study (Table 1).
The second component comprises mineral fer-
tilisers, leonardite, and humates (proportion of
effect - 25%); it is owing to this component that
the difference between 6.14 t/ha (control) and
1076 t/ha (NPK + humate) in 2025 was obtained
(Table 1). The third factor is metabolic activity
(proportion of effect - 10%), which integrates
the indicators of soil respiration and carbon ac-
cumulation (Tables 2-3). It should be noted that
leonardite carries the greatest weight in this
factor, as it activates the microbiota more inten-
sively than mineral fertilisation.

Pearson correlation coefficients (r) were
calculated using mean values for the five-year
period. The relationship between the agronom-
ic treatment variant and mean root system
mass was evaluated. It was established that
the correlation coefficient between Factor A
(base fertiliser) and mean root system mass
was r=+0.82, indicating a strong positive rela-
tionship (according to the Chaddock scale); the
correlation coefficient between Factor B (fo-
liar feeding) and mean root system mass was
r =+0.41 (moderate positive relationship); and
the correlation between root mass and soil res-
piration was r=+0.74 (strong positive relation-
ship). Thus, mineral fertilisation and leonardite
serve as the principal ‘architects’ of root mass,
whilst humates exert a moderate influence as
an independent factor; however, their role lies
not so much in generating mass ‘from scratch’
as in synergistically amplifying the effect of
fertilisers. To project the further development
of Miscanthus x giganteus in the experiment,
second-degree polynomial regression equa-
tions were calculated on the basis of the experi-
mental data for 2021-2025, which best describe
the biological deceleration of growth rates in
subsequent years of vegetation. For the fertil-
isation and foliar feeding treatment (N, P,;Kg, +

w)

potassium humate at both stages), the equation
takes the following form:

y=0.30x2+4.12x-2.39.

According to the calculations, the projected
root system mass in 2026 will be 11.64 t/ha. For
the mean value across all treatments, the equa-
tion takes the following form:

y=-0.23x2+310x-178.

The projected value for 2026 is 873 t/ha.
This enables agricultural enterprises to under-
take long-term carbon balance planning and
to assess the efficiency of miscanthus stands
in terms of prospective biofeedstock provision
and its marketing. Thus, on the basis of the re-
sults of the study conducted, it can be conclud-
ed that belowground phytomass formation and
rhizosphere biological activity in miscanthus
(Miscanthus x giganteus) under the conditions
of the Forest-Steppe of Ukraine are deter-
mined by the combination of the crop’s natural
growth potential and the agrochemical prac-
tices applied. In this context, complete miner-
al fertilisation NP, K, combined with double
foliar feeding with potassium humate ensures
maximum root system mass accumulation
and intensification of carbon sequestration. At
the same time, leonardite application demon-
strates a specific mechanism of action, more
actively stimulating the soil microbiocoeno-
sis and soil respiration indicators even where
the parameters of belowground organ devel-
opment are somewhat lower. The constructed
polynomial regression models enable projec-
tion of the further dynamics of plant productiv-
ity, which is of strategic significance for long-
term carbon balance planning and assessment
of biofeedstock yield.

CONCLUSIONS
The results of the study established that during
2021-2025, the root system mass of miscanthus
in the 0-30 cm soil layer increased consist-
ently across all experimental treatments, with
the highest value of 10.76 t/ha recorded in the
fifth year of vegetation under the combina-
tion of N¢,P,.Kg, with double foliar feeding with

Plant and Soil Science 17(2)
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potassium humate. The base fertilisation treat-
ment proved to be the determining factor in
belowground biomass formation: leonardite
provided a mean increment of 0.94-112 t/ha, and
mineral fertilisation of 177-2.12 t/ha relative to
the control, depending on the foliar feeding re-
gime. The maximum carbon input into the soil
via root mass was 4.52 t C/ha in the NP, K, +
potassium humate (both stages) treatment, in-
dicating the high carbon sequestration potential
of the optimised miscanthus nutritional system.
The highest soil respiration intensity (432 mg
CO,/m>h) was recorded under leonardite ap-
plication combined with double foliar feeding
with potassium humate, indicating pronounced
stimulation of rhizosphere biological activity by
the organic factor. The second-degree polyno-
mial regression model with a high coefficient
of approximation (r=0.96) adequately describes
the dynamics of belowground biomass accu-
mulation and projects its further increase to
11.64 t/ha in 2026 under the optimal nutritional
system. The combined use of mineral fertilisers
with humic preparations is practically advisable
for enhancing the productivity of miscanthus
plantations, stabilising the biological activity
of the soil, and increasing the carbon seques-
tration potential; for biological activation of the

rhizosphere, the inclusion of leonardite in the
fertilisation system is recommended. Thus, the
optimisation of the miscanthus fertilisation
system contributes not only to increased below-
ground biomass productivity, but also creates
the prerequisites for the ecologically balanced
use of agricultural landscapes through the ac-
tivation of biological soil processes and the en-
hancement of the soil's carbon accumulation
function. Among the priorities for further re-
search, the continued validation of the devel-
oped predictive models directly under field con-
ditions during subsequent years of miscanthus
vegetation is of particular importance. Another
significant direction is the in-depth study of
qualitative changes in the structure of the rhiz-
osphere microbiocoenosis under the influence
of leonardite, and the assessment of the long-
term carbon sequestration potential.
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KaHamaaT cinbCbKOrocnoAapCbKMX HayK, AOLEHT
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BnnmB arpoTrexHiyHMx 3axoaiB Ha GopMyBaHHSA
nip3emMHoi 6iomacu pocnuHamu Miscanthus * giganteus

AHoTauif. Meror po6oTH 6ysI0 EKCIIEPMMEHTATIBHO BU3HAYWUTU BIUIMB DIi3HUX CHCTEM
MiHepaJbHOTO Ta OpPraHiyHOro yZOo6peHHA Ha AWHAMIKy HAKOMMYeHHS Mif3eMHOi Hiomacu
MicKaHTycy riraHTchroro (Miscanthus x giganteus), iHTEHCHBHICTh I'PYHTOBOTO OUXAHHA Ta
TIOTeHIliaJl [eIIOHYBaHHA BYIVIELl0 B YMOBaxX JiCOCTeINly VKpalHU. [JOCHiJ}RKeHHS I[IPOBOIUIIU
BIPoZoBX 2021-2025 pokiB y ABOGAKTOPHOMY IIOJBOBOMY JOCHiAi, me dakTop A BKIIOYaB
KOHTPOJIb, BHECEHH leoHapauTy (100 Kr/ra) Ta moBHe MiHepasbHe 1o6puBo N P, K, ., a artop B -
103aKOpeHeBe MiKUBJIEHHSA 'YMaToM KaJliio y $asy KyLiHHS, BUXOAY B TPYOKY Ta B 06UABi dasu.
[Tiz3eMHy 6ioMacy BU3HaYaIX METOLOM MOHOJITIB y mapi rpyHTy 0-30 cM, a 6i0710TiYHY aKTUBHICTb
pusocdepu — METOLOM 3aKPUTUX CTaTUYHUX KaMep. BcTaHOBIIEHO, 1110 Maca KOpeHeBOI CUCTeMU
MiCKaHTyCy CTabiIbHO 3poCTajia MPOTIAroM IEpIINX ITATU POKIB Bererauii i 3a OIMTHUMAaJIBHOTO
noegHaHHA N P, K., 3 IBOpa30BUM ITiJJKUBJIEHHAM IyMaroM Kajiio mocarna 10,76 t/ra y 2025
POIIi, TOAi IK Y KOHTPOJIi — 6,14 T/ra. Hagxo)KeHHS BYIJIELIO B PYHT 3 KOPEHEBOIO MacoI0 Y IIbOMY
BapiauTi craHOBWIO 4,52 T C/Ta, @ MaKCUMaJIbHA IHTEHCUBHICTh I'PYHTOBOTO AuxaHHs (432 mr CO,/
M2ro[) 3adikcoBaHA y BapiaHTi 3 JIEOHAPAUTOM i ABOPa30BMM 3aCTOCYBaHHAM TyMaTy KaJlilo.
BUABIIEHO BUCOKUY IIPSIMUM 3B'I30K MK MacO0 KOPeHiB Ta iHTeHCHBHICTIO I'PYHTOBOI'O IUXaHHS
(r=0,74), a mobymoBaHa moiiHOMiabHa perpeciiiia Mofiesb Apyroro ctymeHs (r=0,96) ajeKBaTHO
OIIMCY€E OVUHaMiKy HaKOIIMYEeHHs ITi3eMHOi 6ioMacy Ta Ja€ 3MOry IIPOTHO3YBaTH Ii MOZAJIbIIe
3pocTaHHA. [IpakTUYHe 3HaYeHHA POOOTH IT0JIATaE B OOIPYHTYBAHHI [I0€IHAHOTO BUKOPUCTAHHS
MiHepaJpHOrO yOO6peHHS Ta TyMiHOBUX IIpelapaTriB MAjid [igBUIIEHHS IIPOAYKTUBHOCTI
IUTaHTali¥ MiCKaHTYCY, IIOCUIEHHS BYIJIELIe[eTIOHYBaIbHOI GYHKIIII arpolieHo3y Ta crabimizarii
6i0y10TiYHOI aKTUBHOCTI I'PYHTY

Knto4oBi cnoBa: Ier0HyBaHHS BYIJIEli0; 'PYHTOBE AUXaHHS, IEOHAPIUT, I'yMar KaJlio; perpeciiza
MoOJienb
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