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ABSTRACT

In modern agriculture, the importance of environmentally safe technologies that promote sustainable farming and
minimize negative environmental impact is growing. This study investigates the effectiveness of biological prepa-
rations in soybean (Glycine max L.) cultivation technology, a key crop due to its high protein content and ability to
improve soil fertility through nitrogen fixation. Particular attention was paid to the inoculant Rhizogumin, which
contains effective microorganisms that enhance the physiological state of plants. Field experiments were conducted
from 2022 to 2024 in the field of the North-East Research Institute of Agriculture in the Sumy region of Ukraine.
The experiment was two-factorial, involving the application of inoculation and foliar treatments. The obtained
results demonstrated that pre-sowing seed treatment with Rhizogumin significantly increased the number and mass
of nodules on soybean roots at all developmental stages, indicating successful intensification of symbiotic activity.
The best nodulation indicators were observed in variants with pre-sowing inoculation, especially when combined
with complex foliar treatments. This approach also positively influenced the formation of soybean yield structure
components, particularly increasing the number of pods and seeds per plant, confirming the synergistic effect of the
complex treatment. The study emphasizes that while inoculation and foliar treatments significantly improve key
physiological indicators and soybean productivity components, the effectiveness of their impact on yield can be
negated by abiotic stresses. These findings highlight the need for further research into the interaction of biological
preparations with soybean varietal characteristics under changing climatic conditions, as well as the development
of integrated strategies aimed at minimizing the impact of stress factors to ensure consistently high yields.
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INTRODUCTION

In modern agriculture, sustainability-minded
farmers are increasingly trying to implement envi-
ronmentally friendly technologies in their practice
[Datsko et al., 2025; Butenko et al., 2025a]. Spe-
cifically, they use biofertilizers and plant protec-
tion products containing effective microorganisms.
In addition, zero or minimum tillage is applied to
preserve soil biota, which is necessary for faster de-
composition of organic residues in the field. Such
steps are essential for increasing crop productivity
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by preserving or multiplying organic matter in the
soil if the above-mentioned practices are applied
successfully and correctly [Karpenko et al., 2020;
Toleikiene et al., 2021; Kovalenko et al., 2024;
Butenko et al., 2025c]. One of the most frequently
used methods is inoculation, which involves apply-
ing effective microorganisms to the seed surface.
These microorganisms improve the physiological
state of plants through symbiotic interaction [Lal
et al., 2020; Shelest et al., 2023; Butenko et al.,
2025b]. This method is based on the natural ability
of certain microorganisms, such as nitrogen-fixing
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bacteria or phosphate-solubilizing microorganisms,
to improve nutrient availability for plants or stimu-
late their growth [Oldfield et al., 2019; Dehodiuk et
al., 2024; Kong et al., 2025]. Thanks to inoculation,
the need for mineral fertilizers can be significantly
reduced, lowering the negative environmental im-
pact and optimizing production costs [Litvinov et
al., 2020; Dos Santos Sousa et al., 2022; Karbivska
et al., 2023; Kolisnyk et al., 2024]. Inoculation is
most commonly used on leguminous crops. Nu-
merous studies confirm its effectiveness, including
on soybeans. Specifically, Jabborova et al. [2021]
showed that rhizobacteria significantly affect root
morphology, increase shoot dry matter, and the
number of nodules on the roots. At the same time,
Akley et al. [2022] compared the effectiveness of
biofertilizers containing Bradyrhizobium bacterial
strains. Their research proved a significant impact
on soybean plants, particularly on nodule forma-
tion and yield increase. Furthermore, the results of
Szpunar-Krok et al. [2021] indicate that the Brady-
rhizobium strain used to inoculate seeds can also
increase the fat content in soybean yield.
Therefore, due to the aforementioned advan-
tages of biological approaches in modern agricul-
tural production, the aim of this study was to eval-
uate the impact of using the inoculant Rhizogu-
min on key soybean development indicators. The
primary objective was to establish its influence on
the intensity of nodule formation on plant roots,
which is critically important for nitrogen fixation,
as well as on the formation of yield structure and,
ultimately, on the final yield of the soybean crop.

MATERIAL AND METHODS

Experimental site

The field experiments took place from 2022
to 2024 at the experimental station of the Institute
of Agriculture of the North-East of the National

Academy of Agrarian Sciences of Ukraine, lo-
cated in the Sumy region, Ukraine.

Soil characteristics

The soil on the experimental plots was a
typical deep medium-loamy Chernozem. Its key
agrochemical characteristics included a humus
content of 4.1-4.3% (determined by the Tyurin
method) and a pH (salt) between 6.2 and 6.5. The
average content of essential nutrients was as fol-
lows: nitrogen (Kornfield method) at 128.5 mg
kg-1 of soil, phosphorus (Chirikov method) at
211.6 mg kg-1 of soil, and potassium (Chirikov
method) at 81.1 mg kg-1 of soil.

Climatic conditions during the growing
seasons

Over the three years of the study, the weather
conditions varied significantly. In 2022, the total
precipitation during the spring durum wheat grow-
ing season was 370 mm, which was considerably
higher than the long-term average of 237 mm. The
monthly distribution was as follows: April — 107
mm, May — 26 mm, June — 155 mm, and July — 82
mm. In 2023, the total precipitation was 222 mm,
which was 15 mm below the long-term average.
The highest rainfall was in July (80 mm), while
May recorded only 17 mm. The 2024 growing
season was the driest, with a total of just 150 mm
of precipitation, representing a deficit of 87 mm
compared to the long-term average. The monthly
breakdown included: April — 48 mm, May — 34
mm, June — 51 mm, and July — 17 mm (Figure 1).

Temperature conditions

Throughout the study, average daily temper-
atures during the spring durum wheat growing
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Figure 1. Precipitation during the growing season (2022-2024)
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season showed an increasing trend. In 2022,
the average temperature was 16.0 °C, slightly
above the long-term average of 15.8 °C. The
warmest month was July, with an average of
21.3 °C. The following year, 2023, saw a further
increase, with the average temperature reaching
16.6 °C, exceeding the long-term average by 0.8
°C. The warmest month was again July, at 21.6
°C. The most significant temperature increase
occurred in 2024, when the average daily tem-
perature was a notable 19.2 °C, which was 3.4
°C higher than the long-term average. July of
that year was particularly hot, with an average
of 25.4 °C (Figure 2).

Meteorological conditions analysis

Overall, 2022 and 2023 were the most fa-
vorable years for crop yield development. Con-
versely, 2024 was marked by predominantly dry
conditions, with low precipitation and extreme
air temperatures during the growing season.
These factors likely had a negative impact on
plant development and, consequently, on the fi-
nal yield.
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Experimental design

This study aimed to determine the impact of
eco-friendly approaches on improving the symbi-
otic activity and grain yield of soybeans.

General experimental layout

The study, conducted from 2022 to 2024,
consisted of two two-factor experiments using
the Siverka soybean variety. The research spe-
cifically aimed to evaluate the effectiveness of
seed inoculation and foliar treatment on soybean
cultivation. Rhizogumin was selected as a stan-
dard, commercially available inoculant to serve
as a positive control, and the Siverka soybean
variety was chosen because it is well-adapted
to the local soil and climatic conditions and
is widely cultivated in the region. The core of
the investigation was to analyze the interaction
between two main factors: Factor A, which in-
volved seed treatment, and Factor B, focused on
foliar application during the growing season, all
following the detailed experimental design out-
lined in Table 1.
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Figure 2. Average daily air temperature during the growing season (2022-2024)

Table 1. Field experiment scheme

Seed treatment
(Factor A) plant

Treatment during vegetation (Factor B)

No treatment (control) — NT

Humifield VR-18 (0.4 L ha™) in the budding phase — BS

Control (seeds treated with
water) — C

Fulvigrin bor w. s. (0.5 L ha™) in the flowering phase — FG

flowering phase BS+FG

Humifield VR-18 w. s. (0.4 L ha™") in the budding phase + Fulvigrin bor w. s. (0.5 L ha™') in the

No treatment (control) — NT

Humifield VR-18 (0.4 L ha) in the budding phase — BS

Rhizogumin (2 kg t' seeds)
-R

Fulvigrin bor w. s. (0.5 L ha) in the flowering phase — FG

flowering phase BS+FG

Humifield VR-18 w. s. (0.4 L ha™') in the budding phase + Fulvigrin bor w. s. (0.5 L ha™') in the
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Data collection and measurements

To thoroughly evaluate the field trials, a
series of phenological observations were con-
ducted in accordance with the “Methodology
of State Variety Testing of Agricultural Crops”
and “Methodology for Research in Fodder Pro-
duction.” Plant growth and development stages
were recorded, with the onset of a phase marked
when it appeared in 10% of plants and a full
phase when it was present in 75%. Plant density
was also measured at two key stages: full emer-
gence and before harvest, with three replications
for each measurement. Additionally, to assess
symbiotic activity, soil monoliths (25 x 25 x
30 cm) were collected to determine the num-
ber and mass of rhizobial formations. After the
roots were washed, nodules from five plants per
replication were separated, counted, and then
dried and weighed. Individual plant productiv-
ity was assessed by taking a sample sheaf from
each variant before harvest. At full maturity,
soybean grains were harvested via direct com-
bining at a moisture content of 14—15%, which
was verified using a “Wile 55” moisture meter.
Plot-wise yield accounting was performed, and
samples were collected for further analyses.
The 1000-grain weight, a key indicator of grain
quality, was determined in accordance with the
DSTU — 2949 standard.

Other soil factors were managed by conduct-
ing the experiment on a uniform plot of a typical
deep medium-loamy Chernozem that was charac-
terized by specific agrochemical properties (e.g.,
pH 6.2-6.5, humus 4.1-4.3%). The experimental
design included a control group (seeds treated
with water) to compare the Rhizogumin effect
against the natural soil microflora.

Statistical analysis

Mathematical processing of primary data and
assessment of reliability were performed using
Microsoft Excel. Descriptive statistics were con-
ducted using Statistica 10.0.

RESULTS AND DISCUSSION

The research objectives led to the results de-
scribed below. Overall, the impact of biofertiliz-
ers on the number and mass of nodules on soy-
bean plants, as well as yield structure and, ulti-
mately, crop yield itself, was evaluated.

The first indicator described in Table 2, which
reflects changes in the number of nodules on soy-
bean roots by plant development stage, is pre-
sented. Specifically, ANOVA results indicate that
a significant increase in nodule count is provided
by both pre-sowing seed treatment and foliar ap-
plications at different stages of crop development.
In all variants, a gradual increase in the number
of nodules was observed corresponding to the de-
velopment stage. It’s worth noting that in the vari-
ant where seeds were treated with Rhizogumin,
the number of nodules was significantly higher
compared to the control variant, demonstrating
its effectiveness. Thus, the highest number for
the investigated parameter was observed with
pre-sowing treatment with this preparation and a
combination of foliar treatments during the bud-
ding and grain-filling stages (BS+FQ).

In addition to the number of nodules, their
mass on plant roots was also examined during
accounting, and the obtained data are presented
in Table 3. Across all variants without exception,
the highest nodule mass was recorded during the

Table 2. Dynamics of nodule count (pcs./plant) on soybean roots according to development stage

Treatment of seeds Foliar treatment BS F FG
NT 12.0£3.1 16.9+7.8 23.5+5.8
BS 12.8+3.5 22.4+6.9 26.9+9.5
c FG 12.2+3.8 18.6+7.5 24.0+6.1
BS+FG 13.1£3.9 22.8+7.6 26.3+9.0
NT 25.5+0.9 31.8+4.3 36.0+10.6
BS 27.9+1.3 37.3+2.3 39.1+12.1
R FG 26.2+2.3 33.4+4.8 35.7+9.6
BS+FG 27.3+3.0 36.7+2.9 40.5+12.8
F=8.13 F=19.7 F=5.7
Duncans’ criterion p<0.05 p<0.05 p<0.05
0.064 5.1 10.2
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Table 3. Dynamics of nodule mass on soybean roots according to crop development stages

Treatment of seeds Foliar treatment BS F FG
NT 0.066+0.02 0.172+0.12 0.144+0.06
BS 0.077+0.02 0.208+0.11 0.189+0.09
c FG 0.065+0.02 0.181+0.12 0.158+0.07
BS+FG 0.084+0.01 0.216+0.10 0.426+0.33
NT 0.169+0.05 0.313+0.13 0.248+0.14
BS 0.202+0.03 0.346+0.12 0.285+0.15
R FG 0.178+0.05 0.323+0.13 0.251+0.12
BS+FG 0.193+0.04 0.357+0.12 0.293+0.15
F=8.13 F=1.16 F=0.92
Duncans’ criterion p<0.05 p=0.37 p=0.51
0.064 0.21 0.28

flowering stage of soybean compared to the bud-
ding stage. During the grain-filling stage, their
mass slightly decreased, but not significantly. A
statistically significant difference in nodule mass
was observed only during the budding stage,
where the Rhizogumin seed treatment variant sig-
nificantly exceeded the nodule mass indicators of
the control variant. No significant effect was ob-
served at later developmental stages.

Many scientists have reported similar find-
ings regarding the increase in nodule count and
mass on plant roots in their research. For instance,
Moretti et al. [2018] demonstrated that inoculation
boosts soybean nodulation and yield, with foliar
treatments further enhancing this effect through
additional nitrogen fixation by soybean plants. It’s
also worth noting that the improvement in these
indicators can be caused not only by “artificial”
bacterial colonization of the seed surface but also

by the implementation of soybean monoculture.
While this might negatively affect the phytos-
anitary status of the crop, Halwani et al. [2021]
proved that the studied indicators significantly in-
crease in monoculture. It’s also important to men-
tion that not only bacterial organisms but also ar-
buscular mycorrhiza can positively influence this
indicator. Ngosong et al. [2022] found that soy-
bean inoculation with effective microorganisms,
specifically bacteria and arbuscular mycorrhizal
fungi, both individually and in combination, with
reduced or no NPK fertilizer application, signifi-
cantly improves root nodule formation, acid phos-
phatase activity in the rhizosphere, soybean yield,
and nutrient content in the grain.

As seen from the presented studies, an in-
crease in the number of nodule bacteria also leads
to higher yields. One of the main yield indicators
is the yield structure, which includes the number
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Figure 3. The influence of plant growth regulators on the formation of soybean yield structure components (a —
number of pods per plant; b — number of seeds per plant)
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of pods in the case of soybeans, 1000-seed weight,
and others. Figure 3 shows the dynamics of pod
and seed formation on one plant depending on
pre-sowing grain treatment and foliar treatments
according to growth stages. In the control vari-
ant without pre-sowing seed treatment, a gradual
increase in the median value of the indicator is
observed with the application of foliar treatments,
with the maximum value achieved with combined
treatment during the budding and grain-filling
stages (BS+FG). In contrast, with pre-sowing
seed treatment with Rhizogumin, the values of
the studied indicator are significantly higher in all
foliar treatment variants compared to untreated
seeds, with the upward trend maintained in the
BS+FG variant. This indicates a synergistic effect
of pre-sowing seed treatment and additional foliar
treatments on the formation of soybean produc-
tivity elements.

According to Table 4, it was established that
pre-sowing seed treatment is a critical factor sig-
nificantly influencing the formation of soybean
yield structure components, specifically the num-
ber of pods and seeds per plant, providing a sub-
stantial increase in these indicators. At the same
time, while foliar treatment shows a tendency to
improve certain parameters (as seen from the visu-
alization of nodule count and yield components),

according to the results of the ANOVA, it does
not have a statistically significant independent or
synergistic effect with seed treatment on the num-
ber of pods and seeds.

The results of pairwise comparisons of mean
values for the number of pods and seeds on soy-
bean plants, presented in Table 5 and analyzed
using Duncan’s criterion, demonstrate significant
differences between seed treatment variants. In
particular, all variants where seeds were treated
with Rhizohumin show a significant increase in
the number of seeds and pods compared to the
group without seed treatment (control), regard-
less of foliar feeding. However, within the Ry-
zohumin-treated variants, there are generally no
significant differences in terms of foliar applica-
tion, nor are there significant differences within
the control group. These data confirm the key role
of pre-sowing seed treatment in improving yield
structure, while the impact of individual foliar
treatments is less pronounced or statistically in-
significant within a single seed treatment group.

Analysis of the data presented in Table 6 in-
dicates that neither pre-sowing seed treatment nor
foliar applications had a statistically significant
impact on seed weight per plant or the 1000-seed
weight of soybeans. Although a slight increas-
ing trend was observed in groups treated with

Table 4. Analysis of variance of the impact of different seed treatments and foliar applications on the quantitative

indicators of pods and seeds on soybean plants

Beans Seeds
Treatment
SS MS FF p SS MS FF p
Seed 118.8 118.8 31.2 <0.05 401.6 401.6 271 <0.05
Foliar 12.3 41 1.1 0.4 82.2 27.4 1.6 0.2
Seed+Foliar 1.9 0.7 0.2 0.9 4.1 1.4 0.1 0.9

Table 5. Results of pairwise comparisons of mean values for the number of pods and seeds on soybean plants using

Duncan’s criterion

tresafr“ri:nt treFa(:Irir?;nt (1) (2) (3) ) () (6) (7) 8)
NT(1) 0.448 0.430 0.277 0.034 0.006 0.004 0.001
BS (2) 0.448 0.991 0.694 0.120 0.026 0.018 0.004
¢ FG (3) 0.430 0.991 0.702 0.128 0.028 0.019 0.004
BS+FG (4) 0.277 0.694 0.702 0.204 0.048 0.035 0.007
NT (5) 0.034 0.120 0.128 0.204 0.375 0.290 0.079
R BS (6) 0.006 0.026 0.028 0.048 0.375 0.811 0.308
FG(7) 0.004 0.018 0.019 0.035 0.290 0.811 0.398
BS+FG (8) 0.001 0.004 0.004 0.007 0.079 0.308 0.398
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Table 6. Impact of pre-sowing and foliar treatments on seed weight per plant and 1000-seed weight of soybean

Treatment of seeds Foliar treatment Weight of seeds per plant, g Weight of 1000 seeds, g

NT 3.21+0.29 150.0+27.4
BS 3.41+0.39 153.2+27.7
c FG 3.48+0.36 155.0+28.5
BS+FG 3.59+0.39 156.1+28.6
NT 3.70+£0.48 159.2+30.2
BS 3.81+0.54 159.0+28.9
R FG 3.87+0.53 160.7+£30.7
BS+FG 3.94+0.59 161.9429.8

F=0.88 F=0.05

Duncans’ criterion p=0.54 p=0.99

0.80 50.2

Rhizogumin compared to the control, as well as
some improvement under the influence of foliar
applications, these differences did not reach sta-
tistical significance according to the conducted
analysis of variance. This suggests that under the
experimental conditions, the applied treatment
methods did not significantly affect the formation
of final productivity indicators characterizing
seed size and total seed weight.

Figure 4 illustrates the impact of pre-sowing
seed treatment and various foliar application op-
tions on soybean yield. It clearly shows that
Rhizogumin application increases crop yield

Figure 4. Soybean yield depending on pre-sowing
and foliar treatments

compared to the control (C) across all foliar treat-
ment variants. The highest yield is observed with
the combination of pre-sowing Rhizogumin treat-
ment and foliar application during the budding and
grain-filling stages (BS+FG), which may indicate
an additional positive effect of comprehensive
treatment. However, the results of the Analysis of
variance (Table 7) show no significant difference
in yield. Despite many analyzed studies showing
a clear correlation between the number of nodule
bacteria and crop yield, especially with seed inoc-
ulation, the results of this study do not fully sup-
port this thesis. Although a significant improve-
ment in soybean yield structure indicators, such
as the number of pods per plant or the number
of seeds per pod, was recorded, this improvement
did not lead to a statistically significant increase
in final yield.

This discrepancy can be attributed to several
factors. Firstly, the climatic conditions of 2024
were extremely unfavorable, characterized by a
significant rainfall deficit and elevated tempera-
tures during the growing season, especially dur-
ing critical crop development stages. Even with
optimal nodulation and an improved yield struc-
ture, water stress could have negated the potential
yield increase, as moisture availability is a limit-
ing factor for the realization of soybean’s genetic
potential and photosynthetic efficiency.

The lack of a statistically significant final
yield increase to unfavorable weather conditions
in 2024, characterized by a significant rainfall

Table 7. Analysis of variance of the impact of different seed treatments and foliar applications on soybean yield

Parameter SS MS

FF p Dunkan's criterion

Yield, t ha"! 0.39 0.03

2.15 0.09 0.28

342



Journal of Ecological Engineering 2026, 27(2) 336-344

deficit and elevated temperatures. The water stress
acted as a limiting factor, potentially negating the
productivity gains achieved through improved
nodulation and yield structure components.

Secondly, the interaction of microorganisms
with soil conditions and other agricultural practic-
es should be considered. It’s possible that despite
successful nodule formation, the effectiveness of
nitrogen fixation or other positive impacts of the
Rhizogumin inoculant was limited due to a lack
of other nutrients, the specificity of the soil mi-
crobiome, or unfavorable physicochemical prop-
erties of the soil that could affect the viability of
the introduced microorganisms. Furthermore, the
type of interaction between the inoculant and the
specific soybean variety Siverka may have its own
peculiarities that require further investigation.

The results of this study underscore that while
improving individual yield structure components
is important, it does not always directly and pro-
portionally translate into final yield, especially in
the presence of environmental stress factors. This
indicates the complex nature of yield formation
and the need for an integrated approach, where
inoculation is just one element of optimization.
Future research should focus on studying the in-
teraction of inoculants with different soybean va-
rieties under changing climate conditions, as well
as developing strategies to minimize the negative
impact of abiotic stresses for the full realization
of the potential of biological preparations.

CONCLUSIONS

This study demonstrated that pre-sowing
treatment of soybean seeds with Rhizogumin sig-
nificantly increases the number and mass of nod-
ules on plant roots at all developmental stages,
which is crucial for intensifying symbiotic nitro-
gen fixation. The best nodulation indicators were
observed when Rhizogumin pre-sowing treatment
was combined with foliar applications during the
budding and grain-filling stages. Furthermore,
Rhizogumin application positively impacted the
formation of yield structure components, specifi-
cally by increasing the number of pods and seeds
per plant, showing a synergistic effect between
pre-sowing and some foliar treatments.

However, despite the clear improvement in
root system biological activity and yield struc-
ture, a statistically significant increase in final
soybean yield, 1000-seed weight, or seed weight

per plant was not achieved. The research high-
lights the critical importance of pre-sowing seed
treatment with Rhizogumin for significantly im-
proving symbiotic activity (nodules) and yield
structure components (pods/seeds per plant). This
is likely due to unfavorable weather conditions,
which acted as a limiting factor and negated the
potential productivity increase. The obtained
results underscore the importance of a compre-
hensive approach to soybean cultivation and the
need for further research into the interaction of
biopreparations with different crop varieties un-
der abiotic stress conditions to fully realize their
potential in sustainable agriculture.

REFERENCES

1. Akley E.K., Rice C.W., Adotey N., Ampim P.A.Y.,
Vara Prasad, P.V.,, Owusu Danquah E., Denwar
N.N. (2022). Residual Bradyrhizobium inocula-
tion effects on soybean performance and selected
soil health parameters. Agronomy Journal, 114(3),
1627-1641. https://doi.org/10.1002/agj2.21037

2. Butenko A., Datsko O., Sobko M., Onychko V.,
Turchina S., Dashutina L., Tymchuk N., Volokhova
0., Vechirka V., Shpetnyi V. (2025a). Evaluation
of the effectiveness of leanum biofertilizer in the
management of organic crop rotation and buck-
wheat productivity. Rocznik Ochrona Srodowiska,
27,305-311. https://doi.org/10.54740/r0s.2025.024

3. Butenko A., Datsko O., Shumkova O., Bahorka
M., Musiienko V., Yurchenko N., Nechyporenko
V., Zavhorodnia S., Mikulina M. (2025b). Sustain-
able buckwheat growing: agrotechnical and eco-
nomic assessment of the mineral fertilizers’ role,
Agriculture and Forestry, 71(1), 49-59. https://doi.
org/10.17707/AgricultForest.71.1.04

4. Butenko A., Datsko O., Hotvianska A., Nozdrina
N., Kovalenko V., Rumbakh M., Lemishko S.,
Kozhushko N., Toryanik V., Kriuchko L., Davyden-
ko Gennadiy. (2025c). Assessment of the effective-
ness of biofertilizers in the cultivation of common
buckwheat (Fagopyrum esculentum) in an organic
crop rotation system. International Journal of Eco-
systems and Ecology Science (IJEES), 15(3), 1-8.
https://doi.org/10.31407/ijees15.301.

5. Datsko O., Kovalenko N., Hotvianska A., So-
logub 1., Bondarenko O., Hulenko O., Dubovyk .,
Sakhoshko M., Davydenko G., Radchenko M., Pid-
luzhny E. (2025). Regenerative farming as a tool to
combat climate change. Modern Phytomorpholog,
19, 117-120.

6. Dehodiuk S., Davydiuk H., Klymenko I., Butenko
A., Litvinova O., Tonkha O., Havryliuk O., Litvinov

343



Journal of Ecological Engineering 2026, 27(2), 336344

D. (2024). Agroecological monitoring of water eco-
systems and soils in the basin of a small river under
the influence of anthropogenic factors. Agriculture
and Forestry, 70(4), 109—135. https://doi:10.17707/
AgricultForest.70.4.09

7. Dos Santos Sousa W., Soratto R.P., Peixoto D.S.,
Campos T.S., Da Silva M.B., Souza A.G. V., Teixei-
ra [.R., Gitari H.I. (2022). Effects of Rhizobium in-
oculum compared with mineral nitrogen fertilizer on
nodulation and seed yield of common bean. A meta-
analysis. Agronomy for Sustainable Development,
42(3). https://doi.org/10.1007/s13593-022-00784-6

8. Halwani M., Reckling M., Egamberdieva D., Omari
R.A., Bellingrath-Kimura S.D., Bachinger J., &
Bloch R. (2021). Soybean Nodulation Response
to Cropping Interval and Inoculation in European
Cropping Systems. Frontiers in Plant Science, 12,
638452. https://doi.org/10.3389/fpls.2021.638452

9. Jabborova D., Kannepalli A., Davranov K., Nari-
manov A., Enakiev Y., Syed A., Elgorban A.M.,
Bahkali A.H., Wirth S., Sayyed R.Z., Gafur A.
(2021). Co-inoculation of rhizobacteria promotes
growth, yield, and nutrient contents in soybean and
improves soil enzymes and nutrients under drought
conditions. Scientific Reports, 11(1),22081. https://
doi.org/10.1038/541598-021-01337-9

10. Karpenko O.Yu., Rozhko V.M., Butenko A.O.
(2020). Influence of agricultural systems and basic
tillage on soil microorganisms number under win-
ter wheat crops of the Right-bank Forest-Dteppe
of Ukraine. Ukrainian Journal of Ecology, 10(5),
76-80. https://doi.org/10.15421/2020 209

11. Karbivska Uliana, Butenko Andrii, Kozak Maksym,
Filon Vasyl, Bahorka Mariia, Yurchenko Pshy-
chenko N. O., Kyrylchuk K., Kharchenko S.,
Kovalenko I. (2023). Dynamics of productivity of
leguminous plant groups during long-term use on
different nutritional backgrounds. Journal of Eco-
logical Engineering, 24(6), 190—-196. https://doi.
org/10.12911/22998993/162778.

12.Kolisnyk O., Yakovets L., Amons S., Butenko
A., Onychko V., Tykhonova O., Hotvianska A.,
Kravchenko N., Vereshchahin 1., Yatsenko V.
(2024). Simulation of high—product soy crops
based on the application of foliar fertilization in
the conditions of the right bank of the forest steppe
of Ukraine. Ecological Engineering & Environ-
mental Technology, 25(7), 234-243. https://doi.
org/10.12912/27197050/188638

13.Kong Z., Li T., Glick B.R., Liu H. (2025). Prior-
ity effects of inoculation timing of plant growth-
promoting microbial inoculants: Role, mecha-

nisms and perspectives. Plant and Soil. https://doi.
org/10.1007/s11104-025-07291-z

344

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kovalenko V., Kovalenko N., Gamayunova V., Bu-
tenko A., Kabanets V., Salatenko I., Kandyba N.,
Vandyk M. (2024). Ecological and Technological
Evaluation of the Nutrition of Perennial Legumes
and their Effectiveness for Animals. Journal of
Ecological Engineering, 25(4), 294-304. https://
doi.org/10.12911/22998993/185219

Lal R. (2020). Managing soils for negative feedback
to climate change and positive impact on food and
nutritional security. Soil Science and Plant Nutri-
tion, 66(1), 1-9. https://doi.org/10.1080/00380768
.2020.1718548

Litvinov D., Litvinova O., Borys N., Butenko A.,
Masyk I., Onychko V., Khomenko L., Terokhina N.,
Kharchenko S. (2020). The typicality of hydrother-
mal conditions of the forest steppe and their influ-
ence on the productivity of crops. Environmental
Research, 76(3), 84-95. https://doi.org/10.5755/j01.
erem.76.3.25365

Moretti L.G., Lazarini E., Bossolani J.W., Parente
T.L., Caioni S., Araujo R.S., Hungria M. (2018). Can
additional inoculations increase soybean nodulation
and grain yield? Agronomy Journal, 110(2), 715—
721. https://doi.org/10.2134/agronj2017.09.0540

Ngosong C., Tatah B.N., Olougou M.N.E., Suh
C., Nkongho R.N., Ngone M.A., Achiri D.T.,
Tchakounté G.V.T., Ruppel S. (2022). Inoculat-
ing plant growth-promoting bacteria and arbuscu-
lar mycorrhiza fungi modulates rhizosphere acid
phosphatase and nodulation activities and enhance
the productivity of soybean (Glycine max). Fron-
tiers in Plant Science, 13. https://doi.org/10.3389/
pls.2022.934339

Oldfield E.E., Bradford M.A., Wood S.A. (2019).
Global meta-analysis of the relationship between
soil organic matter and crop yields. SOIL, 5, 15-32.
https://doi.org/10.5194/s0il-5-15-2019

Shelest M., Kalnaguz A., Datsko O., Zakharchenko
E., Zubko V. (2023). System of pre-sowing seed
inoculation. Scientific Horizons, 26(7), https://doi.
org/10.48077/scihor7.2023.140

Szpunar-Krok E., Wondotowska-Grabowska A.,
Bobrecka-Jamro D., Janczak-Pienigzek M., Kotecki
A., Kozak M. (2021). Effect of Nitrogen fertilisa-
tion and inoculation with Bradyrhizobium japoni-
cum on the Fatty acid profile of soybean (Glycine
max L.) seeds. Agronomy, 11(5), 941. https://doi.
org/10.3390/agronomy 11050941

Toleikiene M., Slepetys J., Sarunaite L., Lazauskas
S., Deveikyte I., Kadziuliene Z. (2021). Soybean
development and productivity in response to organic
management above the Northern boundary of soy-
bean distribution in Europe. Agronomy, 11(2), 214.
https://doi.org/10.3390/agronomy11020214



