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Abstract. In the context of climate change and frequent droughts, the study of optimal sowing dates
for grain sorghum as a drought-resistant crop with a C4 type of photosynthesis is highly relevant for
ensuring the stable progression of critical growth stages and crop formation. The aim of the study
was to determine the influence of sowing dates on the formation of morphometric indicators and the
yield performance of grain sorghum plants under the conditions of the Forest-Steppe zone of Ukraine.
The study employed a combination of field, analytical, morphometric, visual-instrumental, recording
and statistical methods. It was established that the recommended sowing date ensured the maximum
values of plant height (at BBCH stages 81-82) and the largest leaf surface area, which resulted in
the highest photosynthetic potential of the crops. A tendency was identified whereby early sowing
led to slower growth at the initial stages, whereas late sowing was accompanied by reduced growth
intensity during the second half of the growing season and more rapid leaf senescence. The following
tendency was observed: between the stage of plant development (BBCH 21-22 and BBCH 81-82) and
both plant height and leaf surface area, there was a positive linear relationship (r>0) with high values
of the coefficient of determination (R2), indicating a consistent increase in morphometric indicators
throughout the growing season and varying intensity of their accumulation depending on the sowing
date. It was established that the highest yield was obtained under the recommended sowing date,
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while the earliest sowing date resulted in the lowest yield, and the late sowing date produced yields at
the level of the recommended one. It was also found that late sowing promoted more uniform seedling
emergence and more rapid initial development and, provided sufficient moisture was available, made it
possible to maintain a yield level close to that of the recommended sowing date. The obtained results
may be used for the scientifically grounded selection of sowing dates for grain sorghum in order to
improve the stability of productivity and the efficiency of its cultivation under the conditions of the

Forest-Steppe zone of Ukraine

Keywords: productivity; leaf surface area; plant height; hybrid; grain sorghum

Introduction
Sorghum (Sorghum bicolor L.) is among the
world’s five most important cereal crops and is
characterised by a strong capacity for growth
under arid and semi-arid climatic conditions
(Choudhary et al., 2025). Sorghum is a major
global crop possessing the C4 type of photo-
synthesis, which makes it highly resistant to
abiotic stresses. Grain sorghum is cultivated
for the production of high-quality feed. It is
also used as a bioenergy crop, with sweet sor-
ghum providing the highest ethanol yield per
unit area among agricultural crops (Anija Hari
Kumar et al., 2025). Sorghum grain occupies
an important place in human nutrition, which
has led to growing interest in ancient cereal
crops and the demand for gluten-free grain.
Sorghum grain is used in food production as
a nutrient-rich baking grain with a lower gly-
caemic index than wheat, high resistant starch
content, and significantly greater antioxidant
levels (McGinnis & Webster, 2024). B. Chen et
al. (2025) note that climate change is increas-
ingly affecting crop yields in various regions of
the world due to rising temperatures, reduced
precipitation, and frequent extreme weather
events. Water deficiency affects plant functions
ranging from transpiration, photosynthesis,
and leaf and root growth to reproduction and
other key physiological processes. At the same
time, increasing sorghum productivity is large-
ly determined by the improvement of cultiva-
tion technology elements (plant density, sow-
ing methods and dates, etc.), as well as crop

management systems, which has been con-
firmed by domestic studies (Pravdyva, 2021;
Titarenko & Karpuk, 2021).

Grain sorghum may serve as a substitute
for fodder maize in arid regions, as it adapts
to changing conditions throughout ontogene-
sis. Its drought stress avoidance mechanism is
based on the specific structure of the root sys-
tem, which exploits the entire soil profile, and
on the efficient use of moisture during photo-
synthesis (Otwani et al., 2024). Due to the accu-
mulation of carbon in the form of organic acids
and their utilisation through the C4 photosyn-
thetic pathway, sorghum is capable of continu-
ing dry matter synthesis even when stomata are
closed, while the stomata themselves can con-
tinue functioning without damage even under
prolonged drought conditions (Fontanet-Man-
zaneque et al., 2025). F. Fardin et al. (2023) em-
phasised that the cultivation of resilient and
stress-tolerant crops is an alternative strategy
for reducing crop yield losses caused by climate
change. In particular, drought stress negatively
affected sorghum plant height, leaf number, bi-
omass, leaf-to-stem ratio, seed yield and yield
components, as well as crude protein and hy-
drocyanic acid content in sorghum. However,
different genotypes did not exhibit the same
response to drought stress. O.P. Kibalnik et
al. (2023) indicate that the biometric indicators
of sorghum plants, including plant height, are
among the principal parameters comprehen-
sively reflecting plant responses to agronomic
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growing conditions, particularly sowing dates,
temperature regime, and moisture availability.
Numerous studies have confirmed that plant
height is the most sensitive indicator to chang-
es during cultivation, and its dynamics are asso-
ciated with the progression of the main devel-
opmental stages.

L. PorCova et al. (2025), in their study, not-
ed that sowing parameters, particularly sowing
dates, determine the initial growth conditions
of plants, which in turn define different inten-
sities of stem growth throughout ontogenesis.
Early sowing dates increase the duration of the
growing season, thereby creating favourable
conditions for the formation of sorghum plant
height, whereas late sowing dates, conversely,
lead to shorter interphase periods and reduced
growth parameters. Sowing dates also influence
the intensity of leaf surface formation and its
values, especially during the tillering and stem
elongation stages. Early sowing creates con-
ditions for a longer period of leaf surface de-
velopment, which in turn increases the photo-
synthetic potential of crops. Late sowing dates
have the opposite effect, reducing the duration
of interphase periods, which consequently de-
creases active leaf formation and results in a
reduction of leaf surface area. Under early sow-
ing dates, sorghum plants experience a longer
period of active photosynthesis, whereas under
late sowing dates accelerated leaf senescence
is observed due to high temperatures and
moisture deficiency during the period of active
functioning. D. Otwani et al. (2024) stated that
the selection of a sorghum hybrid is a key ele-
ment of cultivation technology, since different
genotypes respond differently to sowing dates,
temperature regime, moisture availability, and
the duration of phenological phases; the rel-
evance of this issue is emphasised by contem-
porary reviews on breeding and the develop-
ment of new sorghum hybrids (Lv et al., 2024).
The adaptive properties of hybrids to specific
growing conditions determine the level of re-
alisation of their productive potential, while

sowing dates represent a critical factor that
may either enhance or negate genetic advan-
tages (Takanashi, 2023).

The aim of the study was to determine the
influence of sowing dates on the formation
of morphometric indicators of grain sorghum
plants, particularly plant height, leaf surface
area, and yield. The objectives of the study were
to assess the influence of cultivation technology
elements on the yield of the investigated crop
and on the formation of morphometric indica-
tors and productivity of grain sorghum plants.

Materials and Methods

Field experiments were conducted during 2024-
2025 at the farm enterprise “Promin”, located in
the western part of the Nizhyn district of Cherni-
hiv region. The soil cover of the experimental
site consisted of meadow-chernozem weakly so-
lonetzic soil with a humus content of 2.84%. Soil
nutrient reserves amounted to 107-110 mg/kg
soil of mineral nitrogen, 135-140 mg/kg soil of
available phosphorus, and 90-95 mg/kg soil of
exchangeable potassium. Weather conditions in
the Chernihiv region during the research period
were characterised by elevated average monthly
temperatures during the summer period com-
pared with long-term averages, particularly in
2024 (Fig. 1). Air temperatures were especially
higher in September, which promoted the ripen-
ing of grain sorghum - during this month tem-
peratures were 6.0°C higher than normal, which
is anomalous for this period. The 2024 growing
season was characterised by a shortage of rain-
fall or its uneven distribution relative to long-
term averages. Particularly unfavourable mois-
ture conditions were observed during critical
stages of sorghum development, which limited
the intensity of growth processes and the forma-
tion of reproductive organs (Fig. 2). In contrast
to 2024, in 2025 moisture conditions were more
favourable for the growth and development of
grain sorghum. Precipitation levels during the
growing season were close to or exceeded long-
term averages.

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 3



25.00
23.00
21.00
19.00
17.00
15.00
13.00
11.00

Average monthly
air temperature, °C

=

Honchar & Mazurenko

N

9.00 -
April May

June July August September

2024 year 12.5 16

21.2 24 22.8 20.3

(025 year 10.2 13

17.6 21.7 19.1 15.7

pa — perennial 9.1 15.4

20.1 22.6 20.4 14.3

Figure 1. Average monthly air temperature during the growing season
of grain sorghum (April-September), 2024 and 2025

Note: pa - perennial - perennial value
Source: developed by the authors
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Figure 2. Monthly precipitation during the growing season
of grain sorghum (April-September), 2024 and 2025

Note: pa - perennial - perennial value
Source: developed by the authors

The preceding crop in the experiment was
winter wheat. Field tillage included two stub-
ble cultivations with a disc harrow to a depth
of 10-12 c¢cm at two-week intervals. Following
weed emergence, ploughing was carried out to
a depth of 25-27 cm. The spring fieldwork com-
menced with early spring harrowing of the soil
after reaching physical maturity. Subsequently,
two cultivations were performed - the first to
a depth of 10-12 cm and the second (pre-sow-
ing) to 6-8 cm. Sowing was carried out accord-
ing to the experimental design, with row spacing
of 45 ¢cm and a sowing rate of 170.0 thousand

seeds/ha. The fertilisation system included the
application of a complete mineral fertiliser at a
rate of N,P,,K,.. At BBCH stage 50-51, the crops
were sprayed with the fungicide Impact T (appli-
cation rate 0.8 l/ha) in a tank mixture with the
insecticide Fosorgan Duo (application rate 0.3 l/
ha). Grain sorghum was harvested by direct com-
bining at full maturity.

The experiment was two-factorial: factor A -
grain sorghum hybrids RGT Icebergg and Albanus
(early-maturing); factor B - sowing dates: first
sowing date (soil temperature 8-10°C at a depth
of 10 ¢cm); second sowing date (soil temperature
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12-14°C at a depth of 10 cm); third sowing date
(soil temperature 16-18°C at a depth of 10 cm).
The total experimental plot area was 100 m2,
while the accounting plot area was 80.0 m2. The
experiment was conducted with three replica-
tions. Morphometric assessments were performed
at BBCH stages 21-22, BBCH 36-37, and BBCH
81-82 (according to the experimental scheme),
selecting representative plants from the account-
ing area of each plot in every replication; meas-
urements were taken at the same time of day in
order to minimise the influence of daily fluctua-
tions in turgor and leaf position. Leaf surface area
(S) was calculated using the linear method as the
sum of the areas of all leaves on a single plant:
for each leaf, length (L) and maximum width (B)
were measured, after which leaf area was deter-
mined using the formula:

S=LxBXKk, 1)

where k - the coefficient of leaf blade shape; the
leaf surface area per plant was obtained by sum-
ming the areas of all leaves; the results were ex-
pressed in cm?/plant.

Field experiments were conducted in com-
pliance with the national legislation of Ukraine,
the principles of responsible scientific research,
and the provisions of the Convention on Biolog-
ical Diversity (1992) regarding the responsible
use of plant resources. Grain yield was deter-
mined by the method of complete threshing of
the accounting area of each plot followed by
weighing of the obtained grain; the indicator
was recalculated in t/ha taking into account the

accounting plot area and adjusted to standard
moisture content. Statistical processing was car-
ried out using methods of statistics and compar-
ative analysis; to assess the nature of changes in
morphometric indicators throughout ontogene-
sis, linear regression analysis was applied with
determination of the correlation coefficient (r)
and coefficient of determination (R2). The reli-
ability of the results was evaluated taking into
account the threefold replication of the exper-
iment: primary datasets were formed separately
for each replication, after which mean values of
indicators and their variability were calculated.
For all quantitative indicators (plant height, leaf
surface area, yield, etc.), the mean value and
standard error were presented, calculated using
the R software environment (version 4.4.3) with
the ggplot2 package. Similarity groups were cal-
culated based on the results of Tukey’s HSD,
test. For linear regressions, 95% confidence in-
tervals for model parameters were additionally
calculated, ensuring correct interpretation of
differences between treatments and the level of
data variability.

Results

According to the results of the study conducted
during 2024-2025, it was established that sor-
ghum plant height depended significantly on
both sowing date and plant developmental stage,
as well as on the genetic characteristics of the
hybrids. A clear dynamics of grain sorghum plant
growth throughout the developmental stages was
observed, and different responses of the studied
hybrids to sowing dates were noted (Table 1).

Table 1. Plant height of grain sorghum hybrids depending
on sowing dates and stage of development

. Sowing dates* Developmental stage
Hybrid (factor A) (facgor B) BBCH 21-22 BBCH 36-37 BBCH 81-82
early 20.3+0.1 c* 67.9+0.3¢c 106.9+0.5 bc
Albanus recommended 21.0+0.2 abc 69.8+0.2b 108.0+0.4b
late 20.5+04c 69.31+0.3 bc 105.5+0.5 cd
early 20.8+0.2 bc 69.6+0.3b 111.1+0.7 a
RGT Icebergg recommended 21.5+0.2 ab 7214104 a 112.6+0.4a
late 21.9t0.2a 70.5+0.4b 103.8+0.6d
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Table 1. Continued

Hybrid (factor A) Sowing dates* Developmental stage
(factor B) BBCH 21-22 BBCH 36-37 BBCH 81-82
Mean for factor A 21.0 69.9 108.0
early 20.6 68.8 109.0
Mean for factor B recommended 21.3 71.0 110.3
late 21.2 69.9 104.7

Note: *1. Early sowing date (soil temperature 8-10°C at a depth of 10 cm); 2. Recommended sowing date (soil
temperature 12-14°C at a depth of 10 cm); 3. Late sowing date (soil temperature 16-18°C at a depth of 10 cm).
Values are presented with the standard error of the mean (+SE); letters indicate membership of similarity groups
according to Tukey's HSD, ,; criterion for data within the column

Source: compiled by the authors

At BBCH stage 21-22 (beginning of tillering),
the minimum height of sorghum plants was re-
corded, and only slight variability was observed.
Depending on the studied hybrid and its sowing
date, this indicator ranged from 20.3 to 21.9 cm.
The average plant height was 21.0 cm, indicat-
ing a weak influence of the studied factors on
the growth of grain sorghum plants at the early
developmental stages. At BBCH stages 30-39, in-
tensive growth of grain sorghum plants occurred.
It was established that under the early sowing
date, the average plant height was 68.8 cm, un-
der the recommended sowing date - 71.0 cm,
and under the late sowing date - 69.9 cm. Thus,
the highest values were recorded under the rec-
ommended sowing date. At BBCH stage 81-82,
growth processes were completed, and the differ-
ences between sowing dates became clearly ex-
pressed. The reduction in plant height under the
late sowing date compared with the recommend-
ed sowing date amounted to 5.6 cm or 5.1%. A
similar tendency was observed for the early sow-
ing date, where plant height was 1.3 cm or 1.2%
lower compared with the recommended sowing
date, which was not significant. Among the stud-
ied hybrids, the tallest plants were obtained from
sowing the RGT Icebergg hybrid under the recom-
mended sowing date, where plant height reached
112.6 cm, exceeding the indicator of the Albanus
hybrid by 4.6 cm. The results of the regression
analysis confirmed that sowing dates influenced
not only the absolute values of plant height, but

also the intensity of their linear growth through-
out the growing season (Fig. 3).

72.5
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20 20.5 21

y =1.8478x +31.062
Rz =0.80673
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Figure 3. Linear relationship between the height
of grain sorghum plants and the stage
of development and sowing date
Source: compiled by the authors

The linear regression models were charac-
terised by positive regression coefficients (r > 0),
confirming the natural increase in plant height
during the growth process. Deviations in the val-
ues of the regression lines differed depending on
the sowing dates, indicating unequal intensity of
linear plant growth during the growing season.
The highest values of the regression coefficient
were established under the recommended sow-
ing date, indicating higher rates of plant height
increase at each developmental stage. Under the
early sowing date, a slight reduction in growth
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processes was observed, whereas under late sow-
ing dates the greatest decrease in the intensity
of linear growth was recorded. High values of the
coefficient of determination (R?) indicate a strong
linear relationship between developmental stag-
es, plant height, and sowing dates.

Unlike the linear growth of the stem, leaf sur-
face area responded more sensitively to changes
in growing conditions. Thus, the next stage of the
study involved determining the influence of sow-
ing dates on the formation of leaf surface area

in grain sorghum plants. At BBCH stage 21-22,
the leaf surface area per plant varied within the
range of 89.6-129.4 cm?/plant. On average, the
leaf area per plant was 91.9 cm? under the early
sowing date, 115.4 cm? under the recommended
sowing date,and 121.3 cm? under the late sowing
date (Table 2). Thus, at this developmental stage,
the highest leaf area values were formed under
the late sowing date, which in turn was associ-
ated with a more favourable temperature regime
for leaf growth in grain sorghum plants.

Table 2. Leaf area on grain sorghum plants depending on sowing date and stage of development

. Sowing dates* Developmental stage

Hybrid (factor A) (factor B) BBCH 21-22 BBCH 36-37 BBCH 81-82
early 89.6+1.7d 468.3+1.1d 498.1+26¢
Albanus recommended 101.3+1.8¢c 523.2+1.7c 619.4+29c
late 118.5t29b 518.4t1.6 ¢ 603.4+2.3d
early 94.2+1.0cd 547.6+1.3b 684.3+4.7b
RGT Icebergg recommended 129.4+1.6a 625.2+2.7 a 769.5+2.1a
late 124.1+1.0ab 617.1t3.3a 763.1+1.2a

Mean for factor A 109.5 550.0 656.3

early 91.9 508.0 591.2

Mean for factor B recommended 115.4 574.2 694.5

late 121.3 567.8 683.3

Note: * — values are presented with the standard error of the mean (£SE); letters indicate membership of
similarity groups according to Tukey's HSD,, . criterion for data within the column

Source: compiled by the authors

At BBCH stage 36-37, a rapid increase in leaf
surface area occurred, corresponding to the peri-
od of intensive growth of grain sorghum plants.
The maximum values were obtained under the
recommended sowing date, where the leaf sur-
face area reached 574.2 cm?, exceeding the treat-
ment with the early sowing date by 66.2 cm? and
the late sowing date by 6.4 cm2. This can be ex-
plained by the fact that optimal conditions for the
formation of leaf surface area in grain sorghum
plants were achieved under the recommended
sowing date.

A similar tendency was maintained at BBCH
stage 81-82, where the leaf surface area of sor-
ghum plants increased to 591.2 ¢cm? under the
early sowing date, to 694.5 cm? under the rec-
ommended sowing date, and to 683.3 cm? under

the late sowing date. Thus, the reduction in the
assimilation surface of sorghum plants under the
early sowing date was associated with delayed
plant development at the beginning of the grow-
ing season, whereas under the late sowing date
it was related to rapid leaf senescence caused by
high temperatures and drought during the sec-
ond half of the crop growing season. Among the
studied hybrids, the RGT Icebergg hybrid formed
a greater assimilation surface at all developmen-
tal stages and sowing dates compared with the
Albanus hybrid.

A consistent pattern was established where-
by all sowing dates were characterised by a pos-
itive linear tendency (r > 0), indicating a gradual
increase in leaf surface area from BBCH stage 21-
22 to BBCH stage 81-82. At the same time, the
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slope of the regression lines differed significant-
ly, indicating unequal intensity of leaf apparatus
formation under different sowing dates (Fig. 4).
The greatest deviation of the regression line was
observed under the recommended sowing date,
indicating a rapid increase in leaf surface area
during developmental stages. This was achieved
due to the optimal combination of temperature
and moisture regimes during the period of active
growth of grain sorghum plants, which promoted
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prolonged functioning of the leaf apparatus and
reduced premature leaf senescence. Under the
early sowing date, the intensity of assimilation
surface increase was lower, which was caused
by the temperature regime at the initial stages
of vegetation that slowed the formation of leaf
blades. At the same time, under the late sowing
date, despite the rapid initial growth of leaves, a
subsequent decline in the rate of leaf surface for-
mation was observed.

110 120 130 140

Figure 4. Linear relationship between the leaf area of grain sorghum plants and their stage
of development and sowing date

Source: compiled by the authors

The high values of the coefficient of deter-
mination (R2) for all variants studied indicate a
strong linear relationship between the stage of
plant development and leaf area. Thus, it has been
confirmed that sowing dates have a significant in-
fluence not only on the absolute values of leaf
area but also on the dynamics of its formation
throughout the growing season, and the highest
photosynthetic potential of grain sorghum was
obtained at the recommended sowing date.

Analysis of the data indicates that yield lev-
els varied significantly under the influence of
both cultivation practices (sowing date) and the
genetic characteristics of the hybrids, as well as
the weather conditions during the growing sea-
sons.In 2024, sorghum grain yield was lower com-
pared to 2025 for all variants studied, which was
due to the dry conditions during the growing sea-
son. On average, the yield in 2024 was 6.16 t/ha,
whereas in 2025 it increased to 6.87 t/ha (Table 3).

Table 3. Grain yield of grain sorghum depending on sowing dates, t/ha

Hybrid (factor A) Sowing dates* Year
(factor B) 2024 2025 Average for 2024-2025

I 473+0.07 ¢ 5.20+0.09 ¢ 496+0.12¢

Albanus I 6.12+0.08 b 6.89+0.11b 6.51+0.18 b

n 6.15+0.08 b 6.84+0.08 b 6.49+0.16 b

I 5.88+0.04b 6.53+0.15b 6.20+0.16 b

RGT Icebergg I 6.98+0.21a 7.91+0.13a 7.45+0.24a

n 7.12+0.09a 7.83+0.17 a 7.48+0.18 a

Mean for factor A 6.16 6.87 6.51
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Table 3. Continued

Hybrid (factor A) Sowing dates* vear
(factor B) 2024 2025 Average for 2024-2025
[ 5.30 5.86 5.58
Mean for factor B Il 6.55 7.40 6.98
Il 6.64 7.34 6.99

Note: * — values are presented with the standard error of the mean (+SE); letters indicate membership of
similarity groups according to Tukey's HSD,, . criterion for data within the column

Source: compiled by the authors

Among the sowing dates, the lowest grain
sorghum yield was obtained under the ear-
ly sowing date. On average for 2024-2025, it
amounted to 5.58 t/ha, which was 1.40 t/ha or
20.1% lower compared with the recommended
sowing date. The recommended sowing date
ensured the highest grain yield level of 6.98 t/
ha. Under the late sowing date, the yield was
slightly lower and amounted to 6.99 t/ha; how-
ever, the difference compared with the recom-
mended sowing date was minimal, indicating
sufficient adaptability of the crop to shifts in
sowing dates under favourable weather condi-
tions. The RGT Icebergg hybrid was character-
ised by consistently higher grain yield compared
with the Albanus hybrid across all sowing date
treatments during 2024-2025. On average, the
grain yield of the RGT Icebergg hybrid amount-
ed to 7.04 t/ha, whereas the Albanus hybrid pro-
duced 5.99 t/ha, indicating a better realisation
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y =1.1454x-0.1914
R?=0.996293

5.00 5.50
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potential of the hybrid. The highest grain yield
indicators were obtained when cultivating the
RGT Icebergg hybrid under the recommended
and late sowing dates, reaching 7.45 and 7.48 t/
ha, respectively. This was achieved, in particular,
due to plant height and leaf surface area, which
were maximal under these treatments and en-
sured a high photosynthetic potential of grain
sorghum crops.

It was established that the relationship ex-
hibited a clearly expressed positive trend when
transitioning from the early to the recommend-
ed sowing date, indicating an increase in grain
yield. It was under the recommended sowing
date that maximum yield was achieved, which
in turn was associated with the most favoura-
ble conditions for the progression of critical de-
velopmental stages, particularly the formation
of the leaf apparatus, reproductive organs, and
grain filling (Fig. 5).

6.50 7.00 7.50

Figure 5. Linear relationship between grain sorghum yield
and sowing date

Source: compiled by the authors
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A further shift in sowing dates towards lat-
er periods is accompanied by a slight decrease in
yield, as reflected in the less pronounced slope of
the regression line. At the same time, the negli-
gible difference between the recommended and
late sowing dates indicates sufficient ecologi-
cal plasticity of grain sorghum and its ability to
adapt to climate change. Thus, optimising sowing
dates is one of the key elements of grain sorghum
cultivation technology, ensuring stability and
increased yield. Recommended and late sowing
dates create the most favourable conditions for
the development of high photosynthetic poten-
tial in crops and the maximum realisation of the
crop’s potential.

Discussion

The results obtained confirm that sowing dates
are one of the decisive factors influencing the
morphometric characteristics of grain sorghum,
as they determine the initial temperature con-
ditions and the duration of the interphase peri-
ods. Thus, during 2024-2025, a consistent growth
pattern was observed: at the early stages (BBCH
21-22), the difference in plant height between
treatments was minimal, whereas during the
period of intensive growth (BBCH 36-37) and at
the end of the growing season (BBCH 81-82), the
advantage of the recommended sowing date be-
came evident. A similar pattern of crop response
to sowing dates was also reported by other re-
searchers, such as O.P. Kibalnik et al. (2023) and
L. Por¢ova et al. (2025), who pointed to the rela-
tionship between plant height, temperature re-
gime, moisture availability, and plant response to
agronomic conditions.

The influence of sowing dates on leaf surface
area was even more pronounced, which corre-
sponds to the significant role of the assimilation
apparatus in the formation of sorghum produc-
tivity. In the current experiment, the maximum
leaf surface area values at the assessed develop-
mental stages were predominantly formed under
the recommended sowing date, which ensured a
higher photosynthetic potential of the crops and,
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consequently, better conditions for grain forma-
tion and filling. Similar patterns regarding the
role of assimilation surface in the formation of
sorghum crop productivity were also reported
by other authors (Gyrka et al., 2021; Pravdyva et
al.,2023). Likewise, in the works of O.P.Kibalnik et
al. (2023), devoted to the physiology and adap-
tation of sorghum to abiotic stresses, it is em-
phasised that temperature and moisture regimes
significantly affect the intensity of leaf appara-
tus formation, the duration of leaf functioning,
and the efficiency of photosynthesis (Behera et
al., 2022). In this context, the reduction in assim-
ilation surface recorded under early sowing can
be associated with slower initial growth at lower
temperatures, while under late sowing it was re-
lated to rapid leaf senescence.

It is also important to note that the response
of hybrids to sowing dates was not identical. This
is confirmed by F.C. Gao et al. (2022) and D. Ot-
wani et al. (2024), who state that morphometric
indicators may be regarded as informative traits
of potential productivity, particularly during stag-
es of intensive growth when the basis of the crop
photosynthetic potential is formed. The dynam-
ics of plant height and assimilation surface in
relation to yield indicate that the developmental
stages from BBCH 30-31 to BBCH 82-85 are the
most “sensitive” to sowing dates. PP. Behera et
al. (2022) and H.Y. Wu et al. (2025) note that it
is during this period that the difference in leaf
surface area between treatments is maximal;
thus, treatments that ensure longer functioning
of leaves create better conditions for dry matter
accumulation and the realisation of hybrid po-
tential. From a practical perspective, this means
that assessment of the leaf apparatus condition
at BBCH stage 36-37 may be useful for early fore-
casting of expected crop productivity.

The obtained results confirm that the influ-
ence of sowing date largely affects the progres-
sion of phenological phases and, accordingly, the
differing probability of critical periods occurring
under stress conditions. Under precipitation defi-
cit, the early sowing date led to slower initial
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growth and the formation of a smaller leaf ap-
paratus surface, which limited the compensato-
ry capacity of the crop at later stages (Fardin et
al., 2023; Chen et al., 2025). Under more favour-
able moisture conditions, the late sowing date
did not cause a significant reduction in yield, as
evidenced by the productivity indicators under
the recommended and late sowing dates in the
current experiment. The regression relationships
obtained for plant height and leaf surface area
demonstrate the systematic nature of changes in
morphometric indicators throughout ontogene-
sis and confirm that sowing dates alter not only
the value of the trait itself but also the rate of
its increase. O. Brendel (2021) and P.P. Behera et
al. (2022) note in their studies that higher val-
ues of the coefficients of determination for linear
models indicate the predictability of growth pro-
cesses within each sowing date, whereas differ-
ences in the slopes of the regression lines reflect
variations in the rate of biomass accumulation
and assimilation surface formation. From an ap-
plied perspective, this emphasises the expediency
of selecting sowing dates as a tool for regulating
crop growth rates with consideration of the typi-
cal weather risks of a particular region.

From an agronomic point of view, the early
sowing date, despite the potential extension of
the growing period, increases the risk of uneven
emergence and slow growth under insufficient
soil warming, which may subsequently affect the
development of the leaf apparatus. L. Por¢ova et
al.(2025) and D.Otwani et al.(2025) note that the
late sowing date, on the contrary, shortens the
duration of interphase periods and may increase
the risk of grain filling occurring during peri-
ods of high temperatures and moisture deficit,
thereby promoting premature leaf senescence.
Thus, under the conditions of the Forest-Steppe
zone of Ukraine, it is advisable to consider the
recommended sowing date as the basic option,
while shifting to a later sowing date may be re-
garded as acceptable under sufficient moisture
availability and when using early-maturing and
plastic hybrids.

At the same time, it should be taken into ac-
count that the results were obtained under the
conditions of a specific soil cover and technolog-
ical elements (preceding crop, replication, pro-
duction conditions), while the range of weather
conditions was limited to two years of research.
In their studies, Y. Zhou et al. (2022), V.A. Tsygank-
ova (2023) note that the interaction of sowing
dates with plant density, mineral nutrition level,
and crop protection may potentially alter the in-
tensity of morphometric indicator formation and
their relationship with yield. Thus, further studies
should be aimed at expanding the temperature
range, including years with more contrasting
moisture conditions, and analysing complex tech-
nological combinations in order to refine opti-
mal production decisions. F. Fardin et al. (2023)
note that under drier conditions the yield level
was lower in all treatments, which is consistent
with data on the negative effect of drought on
biomass, morphometry, and yield components of
sorghum. At the same time, the higher average
productivity indicators under the recommended
and late sowing dates indicate the possibility of
partially compensating for weather-related risks
through optimisation of sowing dates and the
selection of adaptive genotypes, as also high-
lighted by other authors analysing the “‘genotype
x environment x sowing date” interaction (Gao et
al.,2022; Otwani et al., 2024).

Overall, the comparison of the obtained
data with literature sources indicates that the
optimal sowing date for the conditions of the
Forest-Steppe zone of Ukraine should be re-
garded as a compromise between ensuring a
sufficient duration of vegetation and avoiding
the occurrence of reproductive stages during
periods of the highest stress load. The record-
ed yield levels under the recommended and late
sowing dates may indicate the high ecological
plasticity of sorghum and its potential for ad-
aptation to changing weather conditions, which
is consistent with current concepts of adaptabil-
ity and yield plasticity in hybrids. Thus, further
refinement of optimal sowing dates should be
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combined with assessment of the duration of
leaf apparatus functioning and the photosyn-
thetic productivity of specific hybrids in years
differing in moisture availability.

Conclusions

Despite certain limitations of the study, particu-
larly the lack of open access to some specialised
scientific sources, the obtained results made
it possible to establish that sowing dates are
among the leading technological factors signif-
icantly affecting the growth, development, for-
mation of morphometric indicators, and yield of
grain sorghum under the conditions of the For-
est-Steppe zone of Ukraine. It was experimental-
ly proven that optimisation of sowing dates with
consideration of the soil temperature regime
contributes to a more complete realisation of
the biological potential of the crop and enhanc-
es the stability of its productivity under variable
agroclimatic conditions. The most favourable
conditions for plant growth and development
were observed under the recommended sowing
date at a soil temperature of 10-14°C and the
late sowing date at a temperature of 16-18°C at
a depth of 10 cm.

It was established that under the recom-
mended sowing date, the maximum indica-
tors of plant height and leaf surface area were
formed during the critical developmental stages
(BBCH 81-82), which ensured the highest pho-
tosynthetic potential of the crops and created
favourable conditions for the formation of high
grain yield. The early sowing date negatively af-
fected the initial stages of plant development,
which was manifested in suppression and de-
lay of growth processes and slower formation
of the assimilation apparatus. The late sow-
ing date was characterised by more uniform
seedling emergence and more intensive initial
growth; however, during the second half of the
growing season, a decrease in growth intensity
and accelerated leaf senescence were observed.
At the same time, under sufficient moisture
availability, grain yield under the late sowing
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date remained at the level of the recommended
sowing date, indicating the ecological plastici-
ty of the crop and the possibility of using this
sowing period as an alternative under certain
weather conditions.

Grain sorghum yield depended significant-
ly on the combination of sowing dates and
the meteorological conditions of the growing
years. The highest productivity indicators were
formed under the recommended sowing date,
whereas the early sowing date provided the
lowest yield. The identified patterns are con-
firmed by positive correlation-regression rela-
tionships between plant developmental stages,
plant height, and leaf surface area, indicating a
consistent increase in morphometric indicators
throughout the growing season and differing
intensities of their formation depending on the
sowing date. Among the studied hybrids, RGT
Icebergg formed greater morphometric indi-
cators and grain yield under all sowing dates,
indicating its higher adaptability and better ca-
pacity for realisation in the Forest-Steppe zone
of Ukraine.

Further research should be directed towards
a more detailed investigation of the adaptive re-
sponses of grain sorghum under variable agro-
climatic growing conditions, particularly the
study of sowing dates in combination with other
technological elements and a deeper analysis of
physiological and biochemical processes (dura-
tion of leaf apparatus functioning and photosyn-
thetic intensity), which would make it possible
to clarify the limits of the ecological plasticity of
the crop and predict its productivity under cli-
mate change conditions.
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MopdomeTpUyHi NOKa3HMKKU COPro 3epPHOBOI0O 3aJ1€)XKHO
Bif, CTPOKIB ciB6M Ta cTafii pO3BUTKY

Jlio6oe MoHYap

KaHauaaT cinbCbkorocnoaapCcbkux HayK, AOLEHT

HauioHanbHwuii yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHu
03041, Byn. lepois O6opoHu, 15, M. Kuis, Ykpaina
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boraaH MasypeHko

HokTtop dinocodii, goueHT

HauioHanbHWi yHiBEpCcHTET BiopecypciB i NpUPOAOKOPUCTYBaHHS YKpaiHM
03041, Byn. lepois O60poH#, 15, M. Kuis, YkpaiHa
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AHoOTaLif. B yMOBax KAiMaTMYHMX 3MiH i Y4acTUX MOCYX AKTYyaNbHUM € AOCAIMKEHHS ONTUMANbHUX
CTPOKiB CiBOM 3€pHOBOrO COPro ik NOCYXOCTiMKOi KynbTypu 3 C4-Tnom GOTOCMHTE3Y Ans 3abe3neveHHs
CTabinbHOro NPOXOMXKEHHS KPUTUYHMX (a3 pocTy Ta GOpMyBaHHS BpoXKato. MeTow AoCnifKeHHs 6yno
BCTAHOBWUTW BM/MB CTPOKIB CiB6M Ha (OPMYBaHHS MOPPOMETPUUHMX MOKA3HMKIB Ta YPOXKAMHOCTI
pOC/IMH copro 3epHoBoro B yMoBax Jlicocteny YkpaiHu. Y [OCNiOXEHHi 33aCTOCOBAHO KOMMAEKC
NONbOBUX, aHANITUYHUX, MOPDOMETPUYHMX, Bi3yanbHO-IHCTPYMEHTANbHUX, OBNIKOBMX i CTAaTUCTUYHMX
MeTofiB. BcTaHOBNEHO, WO pEKOMEHA0BAHUI CTPOK CiB6M 3abe3neyyBaB MaKCMMasibHi 3HAYEHHSI BUCOTH
pociuH (Ha ctapiax BBCH 81-82) i Hanbinblwy naowy AMCTKOBOI NOBEPXHi, Wo GOPMYyBano HamBULLMIA
(DOTOCMHTETUYHMI NOTEeHLian MociBiB. BuABNEHO TeHAEHUit0, WO paHHIM CTPOK CiBbM 3ymMOBNOBAB
YNOBiNbHEHHS! POCTY Ha MOYATKOBMX eTanax, TOAi fK Mi3HilA CTPOK CYMpPOBOMXKYBABCS 3HUXKEHHAM
iHTEHCMBHOCTI pOCTy B APYrii NMOMOBUHI BereTauii Ta WBUALWMWM BiAMUPaHHS NUCTKIB. BusaeneHo Taky
TEHAEHL0 MiX cTagi€lo po3BuTKy pocamH (BBCH 21-22 i BBCH 81-82) Ta ix B1coTOH0, i NN0LLE0 TMCTKOBOI
NMOBEPXHi NPOCTEXYETbCA NO3UTUBHA NiHIMHA 3aneXHICTb (r>0) 3 BUCOKMMU 3HAYEHHAMU KoedilieHTa
AeTtepmiHauii (R?), Wwo cBigyMTb NPO 3aKOHOMipHE 3pOCTaHHS MOPhOMETPUYHMX MOKA3HMKIB YNPOAOBXK
BereTauii Ta pi3HY iHTEHCMBHICTb iX HAapOCTAHHSA 3aNeXHO BiA CTPOKYy ciB6U. byno BcTaHOBNEHO, WO
HaMBMLLY BPOXAMHICTb OTPMMAHO 33 PEKOMEHA0BAHOMO CTPOKY CiBOM, 3@ paHHbOro CTPOKY BOHA Gyna
HaMHMXKYOM, a 33 Ni3HbOrO — Ha piBHi pekoMeHAOBaHoro. byno BCcTaHOBNEHO, WO Mi3HIN CTPOK CiB6M
CNpUsB MOABI APYXHilWMM CXOAAM i WIBMALIOMY CTapTOBOMY PO3BUTKY Ta, 338 HAsBHOCTI AOCTAaTHbOrO
3BOJIOXKEHHS, Ja€ 3Mory 36epiraTu piBeHb ypoXaiHoCTi, 61M3bkuii A0 pekomeHpoBaHoro. OTpuMaHi
pe3ynbTaTM MOXYTb OYyTM BMKOPUCTaHI AN HAaykoBO OOIpYHTOBAHOro BMOOPY CTPOKiB CiB6GM copro
3€pHOBOrO 3 METOK NiABULWEHHS CTabiNbHOCTI NPOAYKTUBHOCTI Ta ePEKTUBHOCTI MOro BMPOLLYBAHHS B
ymoBax Jlicocteny YkpaiHu

KniouoBi cnoBa: npoayKTUBHICTb, TMCTKOBA NOBEPXHS, BUCOTA POC/MH, FiGpua, COpro 3epHoBe
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