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properties,while these indicators stayed lower in the control plots with cereals.The study also recorded a significant
increase in the number of nitrogen-fixing (Bradyrhizobium, Azotobacter) and phosphorus-mobilising (Pseudomonas,
Bacillus) bacteria in the plots with leguminous crops, which indicated an increase in biological processes in the
soil.Yields of wheat and barley were dependent on the level of mineral nutrition, while leguminous crops provided
a stable level of productivity without additional nitrogen fertilisation. The findings confirmed the feasibility of
integrating leguminous crops into crop rotations to maintain soil fertility, improve microbiological balance, and
reduce dependence on mineral fertilisers. It was found that biological nitrogen fixation by peas, lentils, and beans
increases the level of available nitrogen in the soil, which positively influences the productivity of agroecosystems

compared to conventional cereals

Keywords: fertility; nitrogen fixation; organic recovery; environmental sustainability; microbiological activity

INTRODUCTION

The relevance of the present study was driven by the
growing need for sustainable development of the agri-
cultural sector and rational use of natural resources.The
intensification of agriculture is accompanied by gradual
soil depletion, decreasing humus levels, degradation of
agroecosystems, and increased dependence on mineral
fertilisers. Leguminous crops such as peas (Pisum sa-
tivum), lentils (Lens culinaris), and beans (Phaseolus vul-
garis) play an essential role in maintaining soil fertility
due to their ability to biologically fix nitrogen, improve
soil structure, increase water retention capacity, and
enhance microbiological processes. The cultivation of
these crops helps to reduce the use of mineral nitrogen
fertilisers, which reduces the environmental burden on
agroecosystems (Tereshchenko & Tarabrina, 2025).

The research problem is related to the need to de-
velop effective agricultural technologies that will re-
duce the negative impact of intensive farming on the
environment. Conventional farming methods cause ex-
cessive use of mineral fertilisers, which leads to soil
acidification, nutrient imbalances, and a decrease in bi-
odiversity. One solution to this problem is to integrate
leguminous crops into crop rotations, which will con-
tribute to the natural enrichment of soil with nitrogen,
improve its structural properties, and reduce the need
for synthetic fertilisers. The study of the impact of peas,
lentils, and beans on agroecosystems allows assessing
their contribution to maintaining ecological balance,
increasing the yield of subsequent crops,and improving
soil biological activity (Panfilova et al., 2023). According
to V.A. Mazur et al. (2021), modern cultivation technol-
ogies for leguminous crops contribute to an increase
in the level of humus and biological activity of the soil,
which improves its water-holding capacity and reduc-
es the risk of degradation. According to A. Movchani-
uk (2021),the integration of leguminous crops into crop
rotations can reduce the need for nitrogen fertilisers
by up to 40%, which reduces the financial burden on
agricultural producers. According to I.V. Tomashuk and
R.O. Horobchuk (2024), the use of leguminous crops in
crop rotations increases the yield of subsequent crops
by 15%-20%, which is explained by the improvement
of soil structure and its enrichment with nitrogen. As

proven by R.D. Semba et al. (2021), leguminous crops
contain 20%-28% protein and a significant amount of
micronutrients, making them a valuable element of
food security.

As confirmed by the findings of M.M. Rahman et
al. (2022), growing leguminous crops helps reduce
greenhouse gas emissions and improves the water
balance of agroecosystems, which is a crucial factor in
climate change adaptation. According to L. Ditzler et
al. (2021), leguminous crops help to increase the num-
ber of beneficial soil microorganisms and reduce ero-
sion by 15%-20%, which positive influences soil fer-
tility. According to H. Ferreira et al. (2021), lequminous
crops are a key element of sustainable agriculture, as
biological nitrogen fixation reduces the need for miner-
al fertilisers and reduces the environmental burden of
the agricultural sector. As K.R. Ramya et al. (2022) em-
phasised, pigeon pea (Lathyrus sativus) has a particular
potential, as it is characterised by high nutritional value
and resistance to drought conditions.

According to M.A. Uebersax et al. (2023), dry beans
(Phaseolus vulgaris L.) are an essential element of sus-
tainable agricultural production due to their high pro-
tein content and ability to improve soil characteristics.
As confirmed by the findings of E. Kebede (2021), bio-
logical nitrogen fixation by leguminous crops reduces
the need for fertilisers and improves soil quality. Ac-
cording to J. Jena et al. (2022), leguminous crops in-
crease biodiversity, water balance, and prevent the deg-
radation of arable land, making them a vital component
of sustainable agricultural technologies. According to
G. Cusworth et al. (2021a), the massive adoption of le-
guminous crops in Europe will help reduce the impact
of the agricultural sector on climate change and de-
velop sustainable food systems. The analysis of studies
confirmed that lequminous crops play an essential role
in maintaining soil fertility, improving environmental
sustainability and food security. The purpose of this
study was to assess the influence of growing peas, len-
tils, and beans on soil physicochemical properties, bio-
logical nitrogen fixation, soil microbiological composi-
tion, yields, and stability of agroecosystems in the arid
conditions of southern Ukraine. The principal objectives
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of the study were to determine the impact of peas, len-
tils, and beans on soil physicochemical properties and
microbiological composition, to assess the efficiency of
biological nitrogen fixation and its contribution to soil
fertility, and to analyse the yield of these crops in com-
parison with wheat and barley.

MATERIALS AND METHODS

The study was conducted in April-October 2024 at the
National Research and Production Centre of Mykolaiv
National Agrarian University in Mykolaiv region, south-
ern Ukraine. The experimental plots were located in
the steppe zone on ordinary black soil with a total area
of 2 ha. The climatic conditions of the study area were
characterised by high average annual temperatures,
precipitation deficit, and frequent dry periods, which
allowed assessing the resistance of leguminous crops
to stress factors and their influence on the stability of
agroecosystems. The object of the study was legumi-
nous crops, namely peas (Pisum sativum), lentils (Lens
culinaris), and beans (Phaseolus vulgaris), which were
grown from May to August, as well as control crops -
wheat (Triticum aestivum) and barley (Hordeum vulgare),
which were sown in April. The key aspects of the study
included soil physicochemical parameters, the impact
of biological nitrogen fixation, changes in soil microbi-
ological composition, yield, and agronomic characteris-
tics of leguminous and cereal crops, and the impact of
leguminous crops on agroecosystem stability.

The study was conducted on two plots: a control
plot and an experimental plot. The control plot was
sown with wheat and barley grown in a convention-
al way without biostimulants. The experimental plot
included peas, lentils, and beans, which were actively
biologically fixed with nitrogen. To increase productiv-
ity, mineral fertilisers were applied to the control plot:
ammonium nitrate (N,,) at a dose of 90 kg/ha and su-
perphosphate (P,O,,,) at a dose of 60 kg/ha. No min-
eral fertilisers were applied on the experimental plot,
which allowed assessing the effectiveness of biolog-
ical nitrogen fixation and improvement of soil char-
acteristics under the influence of leguminous crops.
The physicochemical parameters of the soil were an-
alysed according to the following parameters: acidity
(pH), humus content, macro- and microelements, soil
density, moisture, capillary porosity, water permeabili-
ty, and nitrate and ammonium nitrogen content. Acid-
ity was measured using a Hanna HI 98130 pH meter.
The humus content was estimated by the Turin method,
while macro- and microelements were determined by
spectrophotometric method (Shimadzu UV-1800). The
content of total nitrogen was estimated by the Kjeldahl
method, while nitrate and ammonium nitrogen - by
ion-selective electrodes (Bremner, 1960). Soil density
was determined by the ring sample method, moisture
content - by the gravimetric drying method, capillary
porosity — by the laboratory permeability method, and
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soil erosion resistance — by the Savvinov method (DSTU
No.4138-2002, 2002).

The effect of biological nitrogen fixation was de-
termined by analysing the activity of nodule bacteria
(Rhizobium leguminosarum), the number of which was
estimated by the method of serial dilutions. The level
of accumulation of available nitrogen in the soil was
studied, specifically, the content of mineral, organic,
and available nitrogen in the soil solution. The deter-
mination was carried out using the spectrophotometric
method and the Kjeldahl method. The study also ana-
lysed the activity of nitrogenase, which is a key indi-
cator of the efficiency of biological nitrogen fixation,
using the acetylene reduction method. The ammonium
nitrogen content was determined by the colorimetric
method, and the nitrate nitrogen content was deter-
mined by ion-selective electrodes. The nitrogen bal-
ance in the plant-soil system was also assessed by de-
termining the nitrogen utilisation factor. Changes in the
microbiological composition of the soil were assessed
according to the number of nitrogen-fixing bacteria
(Bradyrhizobium, Azotobacter), phosphorus-mobilising
bacteria (Pseudomonas, Bacillus), and the total number
of soil microorganisms. The analysis was performed us-
ing the colony forming units (CFU/g soil) method. The
detection of changes in the microbiological composi-
tion helped to assess the impact of leguminous crops
on the activation of beneficial microflora and the im-
provement of soil biological activity.

Yields and agronomic characteristics of leguminous
and cereal crops were assessed by measuring average
yield (t/ha), thousand-kernel-weight, protein content in
grain, starch content, germination energy and field ger-
mination, plant height, leaf area, number of productive
stems, and plant biomass. The yield was determined
by direct weighing of the grain after harvest. Protein
content was analysed by the Kjeldahl method. Starch
content was determined by the polarimetric method.
The thousand-kernel-weight was measured on a RAD-
WAG AS 220.R2 analytical balance. Field germination
was evaluated according to the standard methods of
DSTU No.4138-2002 (2002). Morphological parameters
of plants, such as height, leaf area, and number of pro-
ductive stems, were determined using a Mitutoyo IP54
calliper and an electronic leaf area meter. The biomass
was determined by weighing the dry matter after drying
in a thermostat at 105°C. Drought tolerance was as-
sessed on a 10-point scale, where 1 point correspond-
ed to very low tolerance and 10 points - to complete
tolerance to drought conditions. The evaluation was
carried out by determining the relative water loss in
the leaves, as well as by visual criteria - the degree of
wilting and inhibition of plant growth during drought.
Disease resistance was also determined on a 10-point
scale, where 1 point indicated complete instability of
the crop,and 10 points - high resistance to major path-
ogens. Disease diagnostics was carried out by visual




monitoring of plants and identification of lesions ac-
cording to the method of phytopathological analysis.

The impact of pulses on the stability of the agro-
ecosystem was assessed by analysing soil erosion
resistance, capillary porosity, biological activity, and
the overall balance of organic matter. Erosion resist-
ance was determined by the level of water resist-
ance of soil aggregates using the Savvinov method
(DSTU No.4744:2007,2007), and capillary porosity was
determined by the laboratory permeability method
(Richards, 1954). The biological activity of the soil was
assessed by the level of respiratory activity of microor-
ganisms using the Bazir method, and the total balance
of organic matter was determined by the content of
humus and total nitrogen (Anderson & Domsch, 1978).
Statistical processing of the data was performed using
Statistica 12 software (StatSoft, Inc.). To determine the
reliability of the differences between the control and
experimental parameters, the methods of analysis of
variance (ANOVA) and Student’s t-test (p < 0.05) were
used. The statistical analysis helped to assess the ef-
ficiency of biological nitrogen fixation by leguminous
crops, their influence on changes in physical, chemical,
and microbiological parameters of the soil, as well as
the significance of these changes for the stability of the
agroecosystem and improvement of crop yields. The au-
thors adhered to the standards of the Convention on
Biological Diversity (1992).

RESULTS

Physical and chemical characteristics of the soil. The
soil pH analysis showed that in the control plots (wheat,
barley) the acidity stayed within 5.5-6 pH, while in the
experimental plots sown with peas (Pisum sativum),
lentils (Lens culinaris), and beans (Phaseolus vulgaris), it
increased to pH 6.2-6.8. This indicated a decrease in
soil acidity during the cultivation of lequminous crops.
The key factor that influenced this indicator was the bi-
ological fixation of nitrogen by nodule bacteria, which
reduced the need for mineral fertilisers that cause acid-
ification. The humus content in the experimental plots
with peas, lentils, and beans increased by 0.4%-0.6%,
while in the control plots it stayed stable (2.4%-2.8%).
This increase was explained by the high biomass of le-
guminous crop root residues, which contributed to the
accumulation of organic matter and its transformation
into stable humus compounds. The assessment of the
soil structure showed that the share of agronomically
valuable aggregates (0.25-10 mm) in the control plots
was 65%-70%, while in the experimental plots with
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peas, lentils, and beans this figure increased to 77%-
83%. This indicated an improvement in the aggregate
structure of the soil, which contributed to a reduction
in soil compaction, improved water permeability, and
increased erosion resistance.

The study of soil water permeability showed that in
the control plots this indicator fluctuated between 10-
15 mm/h, while in the experimental plots it increased
to 13-20 mm/h (an increase of 25%-30%). This indicates
a decrease in surface water runoff, which is a significant
factor for preserving soil moisture and preventing ero-
sion processes. Soil density indicators confirmed that
the cultivation of peas, lentils, and beans contributed
to a reduction in soil compaction. In the control plots,
the soil density was 1.3-1.45 g/cm3, while in the ex-
perimental plots it was 1.1-1.3 g/cm?®. This meant that
leguminous crops improved soil aeration and water
permeability, which is critical for the development of
the plant root system. The analysis of nitrogen content
showed that in the control plots its concentration was
0.12%-0.16%, while in the experimental plots sown
with peas, lentils, and beans it was 0.18%-0.22%, which
meant an increase of 30%-40%. This proved the effec-
tiveness of symbiotic nitrogen fixation, which accumu-
lated available nitrogen in the soil, reducing the need
for nitrogen fertilisers.

The phosphorus content in the control plots was
18-25 mg/kg, while in the plots with peas, lentils, and
beans it was 24-32 mg/kg, an increase of 20%-28%.
The potassium content increased by 10%-20% (180-
220 mg/kg in the control plots versus 220-260 mg/kg
in the experimental plots). The increased concentra-
tion of phosphorus and potassium in the experimental
samples indicated the activation of microbiological
processes that contributed to the mobilisation of these
elements from soil reserves and improved their availa-
bility to plants. The study of the organic carbon content
showed that its concentration in the control plots was
1.8%-2.2%, while in the plots with peas, lentils, and
beans it increased to 2.4%-2.8% (an increase of 30%-
35%). This indicated an improved accumulation of or-
ganic matter and higher biological activity of the soil,
which contributed to the stabilisation of its fertility.
The assessment of soil capillary porosity showed that
its level in the control plots was 42%-48%, while in the
plots with peas, lentils, and beans this figure reached
50%-57% (an increase of 8%-12%). This meant that
the experimental plots retained moisture better, which
positively influenced the water balance and ensured
stable conditions for plant growth (Table 1).

Table 1. Physical and chemical characteristics of the soil

Indicator Control Leguminous crops Change (%) Months
(grain crops, 2024) (experimental plots, 2024) ge (. of research
soil pH (hydrogen index, characterises 5.5-6 6.2-6.8 +0.5-0.8 May-August

the acidity or alkalinity of the soil) (wheat, barley)

(peas, lentils, beans)
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Table 1. Continued

. Control Leguminous crops o Months
Indicator rain crops, 2024 experimental plots, 2024 Change (%) of research
9
24-28 2.8-3.4
O, - -
Humus content (%) (wheat, barley) (peas, lentils, beans) +0.4-0.6 May-August
. 65-70 77-83
0, - -
Agronomically valuable aggregates (%) (wheat, barley) (peas, lentils, beans) +12-18 May-August
. 10-15 13-20
Water permeability (mm/h) (wheat, barley) (peas, lentils, beans) +25-30 May-August
. . 1.3-1.45 1.1-13
Soil density (g/cm3) (wheat, barley) (peas, lentils, beans) -0.1-0.2 May-August
0.12-0.16 0.18-0.22
. o ) )
Nitrogen content (%) (wheat, barley) (peas, lentils, beans) +30-40 May-August
18-25 24-32
Phosphorus content (mg/kg) (wheat, barley) (peas, lentils, beans) +20-28 May-August
. 180-220 220-260
Potassium content (mg/kg) (wheat, barley) (peas, lentils, beans) +10-20 May-August
. 1.8-2.2 24-2.8
o, - -
Total organic carbon content (%) (wheat, barley) (peas, lentils, beans) +30-35 May-August
Capillary soil porosity (%) 42-48 >0-57 +8-12 May-August

(wheat, barley)

(peas, lentils, beans)

Source: developed by the authors of this study

Thus, the results of the 2024 study confirmed that
peas (Pisum sativum), lentils (Lens culinaris), and beans
(Phaseolus vulgaris) helped to reduce soil acidity, increase
humus content, improve its structural stability, increase
the concentration of macronutrients (nitrogen, phos-
phorus, potassium), and improve water holding capacity.

Impact of biological nitrogen fixation. The content
of available nitrogen in the soil in the experimental
plots was 30%-40% higher than in the control samples,
which confirmed the effectiveness of symbiotic nitrogen
fixation. In the control plots, its level was 0.12%-0.16%,
while in the experimental plots it was 0.18%-0.22%.
The high efficiency of biological nitrogen fixation was
conditioned by the vigorous activity of nodule bacteria
of the genus Rhizobium, which formed symbiotic rela-
tionships with leguminous crops, providing them with
nitrogen without mineral fertilisers. Assessment of root
system morphology showed a significant difference in
the number of nodules between control and experi-
mental plants. In wheat and barley, this figure did not
exceed 5-10 nodules per plant, indicating low nitrogen
fixation activity. At the same time, 60-100 nodules per
plant were formed on the roots of peas, lentils, and
beans, which confirmed their high ability to fix atmos-
pheric nitrogen.An increase in the number of nodules by
900-1,100% compared to the control samples indicated
the effectiveness of using lequminous crops to improve
the nitrogen balance of the soil. The weight of nodules
on the control crops was only 0.1-0.3 g/plant, suggest-
ing their low activity in nitrogen fixation processes.
However, in the experimental plots, the nodule weight
varied between 1.2-2.5 g/plant, which meant an in-
crease of 400-700%. This emphasised the value of peas,
lentils, and beans as effective nitrogen fixers that can
substantially increase the level of nitrogen in the soil.

Scientific Horizons, 2025, Vol. 28, No. 6

Thanks to biological nitrogen fixation, the need for
nitrogen fertilisers was reduced by up to 40%. This not
only reduces the financial cost of nitrogen fertilisation,
but also helps to reduce the environmental burden,
as excess mineral nitrogen can cause water pollution.
Increased nitrogen levels directly affected the yield of
subsequent crops in the rotation. Control plots with
wheat or barley as a predecessor yielded 4.5-5 t/ha of
wheat and 3.8-4.2 t/ha of barley. At the same time, in
the experimental plots, wheat yields increased to 5.2-
6 t/ha and barley yields to 4.2-5 t/ha, which indicated
a 15%-20% increase in productivity. Another signifi-
cant consequence of effective nitrogen fixation was a
reduction in nitrogen leaching into groundwater. On
the control plots, the leaching level was 2.5-3 mg/L,
which is an indicator of extensive nitrogen losses due
to leaching. In the experimental plots, where nitrogen
fixation occurred naturally, this figure dropped to 1.2-
1.5 mg/L (a 40%-50% reduction). This means that nitro-
gen fixed in a biological form is better retained in the
soil and continues to be available to plants for a long
time. The number of beneficial microflorae, including
nitrogen-fixing bacteria and microorganisms involved
in the transformation of organic nitrogen, also in-
creased pronouncedly. In the control plots, the number
of soil microorganisms was 1.8x10° CFU/g soil, while in
the experimental plots it was 3.5x10° CFU/g soil, which
indicated an increase in microbiological activity by 90-
100%. This contributed to more intensive decomposi-
tion of organic matter and increased overall soil fertility.

The increase in nitrogen levels also positively influ-
enced humus content. In the control plots, the humus
content stayed at 0.2%-0.3%, while in the experimental
plots it increased to 0.4%-0.6% (an increase of 100-
200%). This indicated an improvement in the structure




of organic matter in the soil and an increase in its sta-
bility, which contributed to the long-term preservation
of fertility. The physical characteristics of the soil also
changed as a result of biological nitrogen fixation. The
cultivation of leguminous crops contributed to a de-
crease in soil density from 1.3-1.45 g/cm?® in the control

Drobitko et al.

plots to 1.1-1.3 g/cm? in the experimental plots, which
indicated a 10-12% reduction in compaction. This im-
proved water permeability and air permeability, which
contributed to the development of the root system of
plants and increased the efficiency of nutrient absorp-
tion (Table 2).

Table 2. Impact of biological nitrogen fixation

Indicator (whg.f::tl;"a):ley) (peaf,lefll;liE?S:ans) Change (%)
Available nitrogen in the soil (%) 0.12-0.16 0.18-0.22 +30-40
Number of nodules on the roots (pcs./plant) 5-10 60-100 +900-1,100
Total nodule weight (g/plant) 0.1-0.3 1.2-25 +400-700
Reduced demand for nitrogen fertilisers (%) 0 Up to 40 Reduced costs
Post-crop wheat yield (t/ha) 4.5-5 5.2-6 +15-20
Post-crop barley yield (t/ha) 3.8-4.2 4.2-5 +12-18
Nitrogen leaching into groundwater (mg/l) 2.5-3 1.2-15 -40-50
Number of soil microorganisms (CFU/g soil) 1.8x10° 3.5x10°¢ +90-100
Increase in humus level (%) 0.2-0.3 0.4-0.6 +100-200
Reduced soil compaction (g/cm?) 1.3-1.45 1.1-13 -10-12

Source: developed by the authors of this study

The obtained results confirmed the high efficien-
cy of biological nitrogen fixation with peas, lentils, and
beans. Not only does it increase the level of available
nitrogen in the soil, but it also improves its microbio-
logical properties, reduces the need for mineral fertil-
isers, and contributes to the environmental sustaina-
bility of agricultural systems. The use of these crops in
crop rotation is an effective measure to preserve and
improve soil fertility, optimise agricultural technolo-
gies, and increase yields of subsequent crops.

Changes in the microbiological composition of the
soil. On the control plots, the number of nitrogen-fix-
ing bacteria (Rhizobium leguminosarum, Bradyrhizobium
japonicum, Sinorhizobium meliloti) was 2.1x10° CFU/g
soil, which indicated a low natural activity of symbi-
otic processes. In the experimental plots, the number
of these bacteria reached 4.8x10° CFU/g soil, which
meant a 128% increase. Such a pronounced difference
was explained by the fact that the root system of peas,
lentils, and beans actively attracted nodule bacteria,
which entered into symbiosis with plants and contrib-
uted to the biological fixation of atmospheric nitrogen.
The number of phosphate-mobilising bacteria (Pseu-
domonas fluorescens, Bacillus megaterium, Penicillium
bilaii) involved in the conversion of insoluble forms of
phosphorus into those available to plants in the control
plots was 1.5x10% CFU/g soil. In the experimental plots,
this figure reached 3.2x10° CFU/g soil, which was an
increase of 113%. This indicated that lequminous crops
contributed to the activation of microorganisms ca-
pable of decomposing organophosphorus compounds
and increasing the availability of phosphorus to plants,
which is a vital factor for increasing yields.

The number of actinomycetes (Streptomyces spp.,
Micromonospora spp.), which play a major role in the
decomposition of organic matter and the synthesis of
biologically active compounds, was 0.8x10° CFU/g soil
in the control plots. In the experimental plots, this fig-
ure doubled and reached 1.6x10° CFU/g soil, which
confirmed a considerable improvement in the decom-
position of organic matter. The high number of actin-
omycetes indicated the active formation of stable hu-
mus compounds in the soil. The study of the dynamics
of fungi-reducers (Trichoderma spp., Aspergillus spp.,
Fusarium oxysporum) involved in the decomposition
of complex organic matter and transformation of nu-
trients showed that in the control plots their number
was 0.6x10° CFU/g soil. In the experimental plots, this
figure increased to 1.2x10° CFU/g soil, indicating a dou-
bling of the fungal biota activity. The total number of
microorganisms in the soil also changed substantially.
In the control plots, it was 4.5x10% CFU/g soil, while
in the experimental plots it was 9.8x10° CFU/g soil,
which was a 118% increase. This indicator confirmed
that plant residues of peas, lentils, and beans stimulat-
ed the activation of microorganisms responsible for the
decomposition of organic matter, which directly affect-
ed the increase in soil fertility (Fig. 1).

The results showed that the cultivation of peas,
lentils, and beans contributed to the stabilisation of
the soil microbial composition, an increase in the num-
ber of nitrogen-fixing and phosphate-solubilising bac-
teria,and an increase in overall biological activity. This
ensured better availability of nutrients for plants and
contributed to greater yields of subsequent crops in
the rotation.
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g Total number of microorganisms (CFU/g) 4.500,000 9,800,000
c
) Reducer fungi (CFU 600,000
s 91 (CFU/9) ™1 200,000
S . 800,000
= Actinomycetes (CFU/9) pummn’
E Y ( 9 1,600,000 Control (wheat, barley)
> Phosphate-solubilising bacteria (CFU/ 1,500,000 B CFU/g Experiment
g phate-solubilising bacteria ( o)) 3,200,000 g
@ (peas, lentils, beans) CFU/g
S Nitrogen-fixing bacteria (CFU/g) 2.100.000 4,800,000
0 2,000,000 4,000,000 6,000,000 8,000,000 10,000,000 12,000,000

Number (CFU/g soil)

Figure 1. Changes in the microbiological composition of the soil

Source: developed by the authors of this study

Yields and agronomic characteristics of legumi-
nous and grain crops. Average yields of grain crops
were greater compared to leguminous crops. Wheat
demonstrated the greatest yields (4-5.5 t/ha), while
barley had yields within 3.5-4.8 t/ha. This was ex-
plained by the greater adaptability of cereals to differ-
ent climatic conditions and their intensive selection.
Among the leguminous crops, peas showed the great-
est yields (2.8-3.5 t/ha), while lentils had the lowest
yields (1.8-2.5 t/ha), which was explained by their sen-
sitivity to moisture deficit and slow development in
the early stages of the growing season. Plant height
varied considerably between the crops under study.
Wheat had the greatest height (80-110 cm), which
contributed to its high competitiveness in closed crops.
Barley had a height of 70-100 cm, which made it less
vulnerable to lodging. Peas and beans were 60-85 cm
and 50-70 cm tall, respectively, which allowed them to
produce stable yields even under unfavourable condi-
tions. Lentils were the shortest crop (40-55 cm), which
limited their ability to compete effectively for light.
The thousand-kernel-weight (TKW) was the highest
for beans (250-350 g), which indicated the high energy
value of its seeds. Peas had average TKW values (200-
250 g), while lentils had the lowest TKW (30-45 g),
making them a less energy-intensive crop. By compar-
ison, wheat and barley had TKW values of 40-55 g and
45-60 g, respectively, which reflected their compact
seed structure, which contributed to uniform matura-
tion and reduced losses during harvesting.

The protein content of leguminous crops was
significantly higher than that of grain crops. Lentils

contained 24%-28% protein, making them a valuable
crop for the production of vegetable protein concen-
trates. Peas had 22%-25% protein, while beans had
20%-23%, which also indicated their high nutritional
value. In comparison, wheat and barley had 10%-14%
and 9%-13% protein, respectively, confirming their
primary function as a source of carbohydrates in the
food industry. The vegetation period was the longest
for wheat (210-230 days) and barley (180-200 days),
which indicated that they needed a long development
period to form a stable harvest. Among pulses, peas
had the shortest growing season (85-100 days), mak-
ing them the best crop for short-term crop rotations.
Lentils had a vegetation period of 90-110 days, while
beans had a vegetation period of 95-120 days, making
them less adaptable to the conditions of a short vege-
tation period. Drought tolerance was highest in beans
(9 points out of 10), which confirmed their ability to
effectively use soil moisture. Peas had a strong level
of resistance (8 points), while lentils showed 7 points,
indicating their greater sensitivity to moisture deficit.
Wheat and barley had scores of 6 and 7, respectively,
indicating their relative resistance to drought, but less-
er adaptability compared to leguminous crops. Disease
resistance varied between crops. Lentils demonstrated
the highest resistance (8 points), which confirmed their
lower vulnerability to fungal and bacterial infections.
Peas and wheat had analogous scores (7 points), mak-
ing them relatively resistant crops. Beans and barley
demonstrated the lowest level of resistance (6 points),
which was explained by their tendency to develop bac-
terial and fungal diseases (Table 3).

Table 3. Yields and agronomic characteristics of leguminous and grain crops

Parameter Peas Lentils Beans (Pha-seolus - Wheat ) Barley
(Pisum sativum) (Lens culinaris) vulgaris) (Triticum aestivum) (Hordeum vulgare)
Average yield (t/ha) 2.8-3.5 1.8-2.5 2.2-3 4-5.5 3.5-4.8
Plant height (cm) 60-85 40-55 50-70 80-110 70-100
Thousand-kernel 200-250 30-45 250-350 40-55 45-60
weight (g)
Protein in seeds (%) 22-25 24-28 20-23 10-14 9-13
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Table 3. Continued

Parameter Peas Lentils Beans (Phaseolus Wheat Barley
(Pisum sativum) (Lens culinaris) vulgaris) (Triticum aestivum) (Hordeum vulgare)
Vegetation period 85-100 90-100 95-120 210-230 180-200
(days)
Resistance to drought
(points, 1-10) 8 7 9 6 7
Disease resistance 7 8 6 7 6

(points, 1-10)

Source: developed by the authors of this study

The results showed that leguminous crops are val-
uable elements of agricultural systems, as they not only
provide high-quality protein products, but also contrib-
ute to soil fertility and crop stability in crop rotation.
Compared to grain crops, they have lower yields but
higher biological value due to their high protein con-
tent and ability to fix atmospheric nitrogen.

Impact of leguminous crops on agroecosystem sta-
bility. Improvement of soil structure accounted for 25%
of the total impact, which confirmed the effectiveness
of leguminous crops in improving the mechanical com-
position of the soil. This was explained by the high bio-
mass of the root systems and an increase in the number
of stable soil aggregates. Compared to the control plots,
the content of agronomically valuable aggregates in the
soil increased by 12%-18%, which reduced its tendency
to compaction and improved water permeability. A 15%
reduction in erosion was another prominent result of
the use of leguminous crops. Improved soil structure
and increased organic matter content contributed to a
reduction in water and wind erosion. Better retention of
moisture and organic material in the topsoil markedly
reduced the risk of soil degradation. Moisture retention
accounted for 20% of the overall impact of leguminous
crops on the agroecosystem. The high porosity of the
soil and the increased water-holding capacity contrib-
uted to reduced evaporation and better moisture ac-
cumulation in the topsoil. As a result, the capillary po-
rosity in the experimental plots increased by 8%-12%
compared to the control plots.

The increase in organic matter accounted for 18%
of the total impact. The humus content in the experi-
mental plots increased by 0.4%-0.6%, which confirmed
the effectiveness of leguminous crops in improving the
organic balance of the soil. The introduction of a sig-
nificant amount of root and plant residues contributed
to the improvement of humification processes, which
positively influenced the biological activity and pro-
ductivity of agroecosystems. The 12% increase in bi-
odiversity was caused by improved conditions for the
development of microbiota, beneficial insects, and soil
fauna. The study of the number of microorganisms in
the soil confirmed that their total number in the exper-
imental plots increased by 118% compared to the con-
trol samples. Specifically, the number of nitrogen-fix-
ing bacteria (Rhizobium leguminosarum, Bradyrhizobium

japonicum) and phosphate-solubilising bacteria (Pseu-
domonas fluorescens, Bacillus megaterium) increased
by 128% and 113%, respectively. Reduced fertiliser
requirements accounted for 10% of the total impact.
Thanks to the active biological nitrogen fixation, the
need for mineral nitrogen fertilisers was reduced by up
to 40%, which contributed to environmental safety and
reduced financial costs for agricultural production. The
improved absorption of phosphorus and potassium by
microorganisms also reduced the need for phosphorus
and potassium fertilisers (Fig. 2).

W Soil structure improvement
Erosion reduction
Moisture retention

m Organic matter increase

M Biodiversity increase

M Reduced need for fertilisers

Figure 2. Impact of lequminous crops
on agroecosystem stability
Source: developed by the authors of this study

The obtained results confirmed that the cultivation
of leguminous crops contributed to increasing the sus-
tainability of agroecosystems, reducing the negative
impact of agricultural production on the environment
and optimising biological processes in the soil. This
demonstrated the valuable role of peas, lentils, and
beans in maintaining ecological balance and increasing
agricultural efficiency.

DISCUSSION

The results of the study confirmed the positive influ-
ence of leguminous crops on the agroecosystem. Com-
pared to the control plots sown with wheat and barley,
the experimental pea, lentil, and bean crops contribut-
ed to an increase in soil nitrogen content, which was
explained by active biological nitrogen fixation by nod-
ule bacteria. There was an improvement in the phys-
ical and chemical properties of the soil, including an
increase in humus content and capillary porosity, which
contributed to the improvement of water retention ca-
pacity. Microbiological analysis revealed an increase in
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the number of nitrogen-fixing and phosphorus-solubi-
lising bacteria, which indicated the activation of ben-
eficial microflora under the influence of leguminous
crops. The yields of lequminous crops were stable, and
their impact on the agroecosystem was manifested in
the reduction of erosion processes and improvement
of soil biological activity. These findings confirmed the
effectiveness of growing leguminous crops to improve
soil fertility and agroecosystem sustainability.

M.V. Conti et al. (2021) and U. Sahoo et al. (2023)
confirmed that leguminous crops contributed to the
improvement of the physical and chemical properties
of the soil through the accumulation of organic com-
pounds and increased activity of soil microflora. Biolog-
ical nitrogen fixation by leguminous crops was shown
to reduce the use of mineral fertilisers, which positively
influenced soil structure and fertility. Another signifi-
cant factor is the improvement of the soil’'s water-hold-
ing capacity, which is crucial in arid regions (Lapos-
ha et al., 2020; Zymaroieva et al., 2021). The findings
obtained are consistent with the present study, which
observed an increase in humus content and activation
of nitrogen fixation processes. However, unlike these
studies, the present study assessed the direct influence
of individual leguminous crops without intercropping,
which allowed for more accurate data on soil changes.
G. Cusworth et al. (2021b) and A. Raihan et al. (2024)
confirmed that the inclusion of leguminous crops in
crop rotation improves the sustainability of the agro-
ecosystem by increasing the microbiological activity
of the soil and reducing dependence on chemical fer-
tilisers. These studies showed that leguminous crops
increase the number of nitrogen-fixing and phospho-
rus-solubilising bacteria, which improves plant nutrient
uptake. These findings were confirmed by the present
study, which also recorded an increase in the activity of
microbial groups in the soil in experimental plots with
peas, lentils, and beans. However, unlike the cited stud-
ies, the present study analysed not only the impact of
leguminous crops on microbiological parameters, but
also the relationship between these changes and crop
productivity, which allows for a comprehensive assess-
ment of their agroecological effect.

According to S. Kuyah et al. (2021) and M. Ahmed et
al. (2022), the use of leguminous crops in agriculture
contributed to the improvement of soil quality by in-
creasing the level of organic matter and improving its
physical and chemical properties. Leguminous crops
were shown to markedly reduce the dependence on
mineral fertilisers due to their high nitrogen fixing ca-
pacity, which contributed to improved soil quality. Fur-
thermore, the study confirmed that in the context of
climate change, the use of leguminous crops in crop ro-
tations reduced the risk of soil degradation and helped
to maintain soil fertility in the long term. The present
study was consistent with these findings, as it was
found that the cultivation of peas, lentils, and beans
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positively influenced humus levels, soil capillary poros-
ity, and biological activity. However, unlike the study by
M. Ahmed et al., the present study focused on concrete
regional characteristics, which enabled more applied
conclusions on the effectiveness of leguminous crops in
southern Ukraine.As shown by K. Singh et al. (2021) and
K.Jones et al. (2023), the active interaction of legumi-
nous crops with symbiotic bacteria helped to improve
the nitrogen balance of the soil and ensured more ef-
ficient absorption of macro- and microelements. It was
found that an increase in the number of nitrogen-fixing
bacteria of the genus Rhizobium and phosphorus-sol-
ubilising microorganisms contributed not only to the
improvement of the physical and chemical properties
of the soil, but also to an increase in the yield of lequ-
minous crops. This study also recorded an analogous
trend - the number of beneficial microorganisms in-
creased in the experimental plots with peas, lentils and
beans, which positively impacted the agroecosystem.
However, unlike these studies, the present study con-
sidered not only the overall impact of microorganisms,
but also the concrete effects of certain types of legumi-
nous crops on the microbiological composition of the
soil, which helped to obtain practical recommendations
for their use in regions with an arid climate.

According to the findings of S. Kumar et al. (2022)
and A. Nord et al. (2022), the cultivation of leguminous
crops greatly affected food security and nutrition, while
also contributing to improved soil fertility through
biological nitrogen fixation. Leguminous crops were
found to improve diets through their high protein, vita-
min, and micronutrient content, and to positively influ-
ence soil fertility through biological nitrogen fixation.
However, in some regions, insufficient adoption of ag-
ricultural technologies and low adaptation to specific
climatic conditions continued to be limiting factors (Ki-
urchev et al.,2020; Didur et al., 2023). The present study
confirmed the positive impact of leguminous crops on
improving soil characteristics and yields but focused
on assessing the effectiveness of distinct types of le-
guminous crops in a regional perspective. This allowed
drawing conclusions on their adaptation to the arid
conditions of southern Ukraine and identifying the most
effective crops for restoring soil fertility. As emphasised
by B. Balazs et al. (2021) and K.Y. Belachew et al. (2022),
the use of leguminous crops in agricultural systems
contributed to increasing the productivity of agri-food
complexes and reducing the yield gap between differ-
ent regions. It was found that the integration of legumi-
nous crops into modern agricultural technologies could
substantially increase production efficiency by improv-
ing soil structure and reducing dependence on mineral
fertilisers. The study also confirmed that different legu-
minous crops showed uneven yields depending on local
climatic and agronomic conditions. The present study
also found pronounced differences between pea, lentil,
and bean yields depending on soil type and moisture




levels. However, unlike the above studies, the present
study assessed not only the yield potential of crops, but
also their impact on the stability of the agroecosystem,
which enabled a comprehensive assessment of their
environmental performance.

According to S.K. Upa- dhyay et al. (2023) and
K. Dave et al. (2024), climate change considerably af-
fected the growth and productivity of leguminous
crops, which required the use of adaptive technolo-
gies to maintain their yields. It was proved that rising
temperatures and changes in precipitation patterns
considerably affected the growth and productivity of
leguminous crops, which required adaptive approaches
to their cultivation. The use of rhizobacteria, which can
stimulate plant growth, proved to be an effective way
to maintain the productivity of leguminous crops un-
der climate change (Kyselov, 2024). The present study
confirmed that leguminous crops helped improve the
microbiological composition of the soil by activating
nitrogen-fixing and phosphorus-solubilising bacteria,
which positively influenced soil fertility. However, in
contrast to these studies, the present study focused on
the direct impact of various leguminous crops on soil
indicators and their potential for use in arid regions.
According to M.F. Desire et al. (2021) and S. Kumari
and S.K. Maiti (2022), cultivation of leguminous crops
played a valuable role in improving soil fertility and
ensuring food security. The researchers found that bi-
ological nitrogen fixation not only contributed to soil
enrichment with nutrients but also provided the pos-
sibility of reclaiming degraded land. Additionally, these
studies proved that leguminous crops can be an effec-
tive source of micronutrients and protein, which made
them promising for food fortification in nutrient-poor
regions. The results obtained in the present study gen-
erally supported these findings, as they also revealed
positive effects of leguminous crops on humus content
and soil structure. At the same time, unlike S. Kumari et
al. and M.F. Desire et al., the present study focused on
determining the concrete influence of each leguminous
crop on individual soil parameters, which helped to ob-
tain a more detailed picture of their effectiveness in the
conditions of southern Ukraine.

As confirmed by K. Kumara et al. (2023) and J.R. Lam-
ichhane et al. (2023), the introduction of leguminous
crops into crop rotations contributed to a marked in-
crease in the carbon balance of agroecosystems and
improved the overall environmental sustainability of
agricultural land. The use of leguminous crops in farm-
ing systems was shown to increase the organic carbon
content of the soil, which reduced degradation and
improved its water-retaining properties. Furthermore,
studies showed that the use of relay-cropping methods
with leguminous crops improved the use of soil resourc-
es and increased the efficiency of agroecosystems. The
findings of the present study were consistent with these
conclusions, as it was confirmed that the physical and
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chemical characteristics of the soil improved, the lev-
el of microbiological activity increased, and yields in-
creased. However, unlike these studies, the present study
analysed distinct types of leguminous crops in greater
detail, which allowed assessing their adaptive efficiency
in the face of climate change and draw practical conclu-
sions regarding their use to restore soil fertility in arid
regions. The findings confirmed the general conclusions
of previous studies on the positive impact of legumi-
nous crops on soil fertility, yields, and the stability of
agroecosystems, specifically through biological nitrogen
fixation and improved soil microbiological composition.

CONCLUSIONS

The study analysed the impact of growing leguminous
crops on the key agroecological indicators of the soil
and the productivity of agroecosystems in arid condi-
tions. Peas, lentils, and beans were found to not only
improve the physical and chemical properties of the
soil, but also activate microbiological processes, which
ensures their role in maintaining the stability of agri-
cultural landscapes. Changes in the physical and chem-
ical parameters of the soil confirmed the improvement
of its structure in the experimental plots. Increased
humus levels and improved capillary porosity contrib-
uted to effective moisture retention, which is a key
factor in arid regions. This suggested that leguminous
crops can play a valuable role in improving soil wa-
ter management and preventing soil degradation. The
study revealed a marked increase in the number of ni-
trogen-fixing and phosphorus-solubilising bacteria in
the soil, which confirmed its biological activation under
the influence of lequminous crops. Nitrogen uptake im-
proved, reducing the need for mineral fertilisers. This is
an essential environmental and economic factor that
can help reduce the cost of agrochemicals and increase
the environmental sustainability of agroecosystems. A
comparative analysis of yields revealed that legumi-
nous crops demonstrated a stable level of productivity
regardless of moisture supply, while wheat and barley
were significantly dependent on mineral nutrition. This
indicated a greater adaptability of leguminous crops
to stressful conditions, which can be a crucial factor
in planning crop rotations in regions with a changing
climate. The findings confirmed the prospects of legu-
minous crops for maintaining soil fertility, increasing its
biological activity, and reducing dependence on miner-
al fertilisers. The cultivation of peas, lentils, and beans
can play a key role in sustainable farming strategies,
contributing to the long-term conservation of soil re-
sources and increasing the environmental sustainabili-
ty of agro-systems in arid conditions. A limitation of the
study was that it was conducted within a single region
with an arid climate, which may affect the generalisa-
bility of the findings to other agroclimatic zones. Fur-
ther research should be aimed at assessing the long-
term impact of lequminous crops on soil characteristics
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and their efficiency in different crop rotation systems FUNDING
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AHoTauif. MeToo focnigpKeHHs 6yn0 BU3HAYMTM arpoeKkosoriyHi nepeBarn BUpPOLLYBAHHS 3epHOHO060BUX KynbTyp
y MOPIBHAHHI 3 TPaAMLUIMHUMKM 3€pHOBMMMU, 30KpEMA iXHili BMIMB HAa SKiCTb IPYHTY, BioNOriYHy aKTMBHICTb Ta
NPOAYKTUBHICTb arpoekocucTeM. Y CTaTTi AOCNIIKEHO BNAMB 3epHOB060BUX KynbTyp — ropoxy (Pisum sativum),
couesuLi (Lens culinaris) Ta kBaconi (Phaseolus vulgaris) — Ha Gi3nKo-XiMiYHi BRACTUBOCTI IPYHTY, MiKpobionoriyHui
cknag, 6ionoriyHy dikcauito a3oTy, YpOoXaMHiICTb Ta CTAbiNbHICTb arpoOeKOCUCTEM Yy MOCYWAMBUX yMoBax [liBoHS
Ykpainun. [JocnifxeHHs NpoBOAMNOCS Y MOPIBHAHHI 3 KOHTPONbHUMU LiNSIHKaMW, 3acisHUMu nwexuueto (Triticum
aestivum) Ta sumeHeM (Hordeum vulgare), Wwo [O3BOMUAO OLIHUTU ePEKTUBHICTb 3epHOB0O0BMX Yy MOKPALLEHHI
POAKYOCTI IPYHTY Ta IXHiA BHECOK Yy NiATPUMKY CTIMKOCTI arpocucTeM. Pe3ynbTatv MokKasanu, WO BMPOLLYBAHHS
3epH06060BMX CNPUSANO 36iNbLIEHHIO BMICTY yMycCy, MiABULLEHHIO KanispHOi MOPUCTOCTI FPYHTY Ta MOKPALLEHHIO
MOro BOJOYTPUMYBANIbHUX BNACTUBOCTEN, TOAT SIK HA KOHTPONbHUX AiNSIHKAX 31 31aKOBUMM KYNbTYPaMM Lii MOKA3HUKM
3anMwanuncs HUx4YMmMu. Takoxx Byno 3adikcoBaHO 3HaYHE 3pOCTaHHS YMcenbHOCTI a3oTdikcyBanbHux (Bradyrhizobium,
Azotobacter) Ta dochopmobinisytoumx (Pseudomonas, Bacillus) 6akTepit Ha AinsHkax i3 3epHo6060BMMM, LLO
CBIAYMIO NPO aKTMBI3aLit0 Bi0NOriYHUX NMPOLECIB Y IPYHTI. YPOXKAMHICTb MWEHUL Ta SUMEHIO BUSIBUIACS 3a/IEXKHO0
Bif PiBHS MiHEpanbHOro XMBNEHHS, TOAI gK 3epHOb6060Bi 3abe3nevyBanu CTabinNbHUIA piBEHb NPOAYKTUBHOCTI
6e3 [0AATKOBOr0 BHECEHHS! a30THMX Ao06puB. OTpuMMaHi pe3ynbTaTv NiATBEPOXKYOTb AOLINbHICT iHTerpauii
3epHO06060BMX Yy CiBO3MiHM [AnS MIATPUMKM POLIKYOCTI FPYHTIB, MOKPAWEHHs MikpobionoriyHoro 6GanaHcy Ta
3HWXKEHHS 3aN1eXHOCTI Bif, MiHepanbHUX fo6pumB. BcTaHoBNEHO, WO HionoriyHa dikcalis a3oTy ropoxoMm, COUYEeBULEHD
Ta KBacoseto 3abesneyye NiABULEHHSA PIBHSA LOCTYNHOrO a30Ty B FPYHTI, LLO NO3UTUBHO BMNAMBAE HA NPOAYKTUBHICTb
arpoeKoCUCTEM Y NOPIBHSHHI 3 TPAAULIMHUMK 3€PHOBUMU KYNbTYpamu

KniouoBi cnoBa: poftouictb; a3oTdikcalig, opraHiuyHe BiZLHOBNEHHS; €KONOoriYHa CTilKicTb; MikpobionoriyHa
AKTUBHICTb
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