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Abstract. The study of Spirulina platensis biomass enriched with sulphur is of particular relevance
due to its potential as a valuable feed supplement for livestock. This study aimed to assess the safety
and acute toxicity of sulphur-enriched spirulina biomass. Linear mice were used for the experiment. To
evaluate the safety, the mice were administered 0.35 cm® of physiological saline (control) and 25% and
50% suspensions of sulphur-enriched spirulina biomass (experimental groups | and Il) via intragastric
administration. The animals were observed for 12 days,and protein metabolism indicators were examined.
For acute toxicity assessment, laboratory animals received intragastric doses of spirulina biomass ranging
from 5 to 6,000 mg/kg body weight. The observation period lasted 14 days. It was established that during
the 12-day observation period following the administration of spirulina biomass suspensions, no lethal
cases were recorded in the mice. No pathological or anatomical changes in the internal organs were
observed in the experimental animals. No statistically significant increase or decrease in total protein
levels or aminotransferase activity was detected in mice from experimental groups | and Il compared
with the control group. Assessment of acute toxicity indicated that spirulina biomass belongs to toxicity
class 4, categorising it as a low-toxicity substance. No significant behavioural changes or notable effects
on metabolic processes were observed, suggesting the potential safety of this biomass for use in animal
husbandry. The findings of this study may be applied in livestock production to introduce innovative
approaches to feed enrichment with beneficial elements that enhance animal productivity and health
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Assessment of the safety and toxicity...

Introduction

Spirulina platensis, a multicellular blue-green mi-
croalga, is widely used as a valuable feed addi-
tive and bioactive ingredient in the food industry.
Assessing safety parameters is essential for de-
termining whether sulphur-enriched spirulina is
safe for consumption at various doses and by dif-
ferent consumer groups, including children, preg-
nant women, individuals with allergies, and those
with chronic conditions. Additionally, the toxici-
ty of supplements, particularly those containing
sulphur, must be thoroughly investigated, as ex-
cessive sulphur consumption can lead to harmful
effects, such as poisoning or impaired organ func-
tion. Scientific research in this area is crucial for
understanding how sulphur enrichment alters the
properties of spirulina and what potential risks
may arise from its consumption, thereby contrib-
uting to public health protection. Furthermore, it
will enable the development of safe dosage rec-
ommendations and guidelines for the use of this
supplement, as well as establish clear regulations
for the production and sale of such products on
the market, considering the specific characteris-
tics of sulphur-enriched spirulina.

According to O.M. Tytariova & O.A. Kuzmen-
ko (2021), Spirulina platensis contains a significant
amount of essential amino acids, polyunsaturat-
ed fatty acids, B vitamins, iron, magnesium, and
other micronutrients, making it a promising feed
for animals and poultry. It contains between 55%
and 70% protein by dry weight, significantly ex-
ceeding similar indicators of traditional protein
products such as soybeans. The biomass of this
microalga can also be used as a dietary and ther-
apeutic supplement.

Significant attention is paid to the adaptive
capabilities of Spirulina platensis in response to
changing cultivation conditions. One of the im-
portant features of this microalga is its ability to
accumulate certain mineral elements in its bio-
mass, allowing for the adjustment of its chemical
composition depending on the needs of the end
consumer. With an increased content of a particu-
lar mineral element in the cultivation medium,

its active accumulation in the biomass of the mi-
croalga occurs (Abbas et al., 2024). Of particular
interest is the ability of spirulina to accumulate
sulphur - a vital element involved in the synthesis
of proteins, enzymes, antioxidants (glutathione),
as well as in the metabolism of vitamins (biotin,
thiamine) and coenzymes. This is confirmed by
the research of E. Henao et al. (2020), who found
that sulphur-enriched Spirulina platensis biomass
can acquire unique properties, including influ-
encing the bioavailability of other micronutrients
and potentially enhancing the immune status of
animals. It was established that they can modu-
late the Nrf2 factor or other regulatory pathways
that determine the body’s resistance to oxidative
stress.

Research by T. Clifford et al. (2021) has
shown that sulphur is involved in the synthesis of
Sadenosylmethionine (SAM), y-glutamylcysteine
glycine, and a range of hormones, enzymes, and
vitamins. Sulphur-containing compounds are key
components of many antioxidants that influence
physiological processes in the body. This opens up
possibilities for the use of sulphur-enriched spir-
ulina biomass as a means of improving immune
status and antioxidant protection in animals.

Studies on the effects of spirulina on farm
animals demonstrate its positive impact. For in-
stance, O. Tytariova et al. (2022) found that adding
spirulina to rabbit feed reduced the accumulation
of heavy metals in meat. This confirms its ability
to influence mineral metabolism and improve the
quality of the final product. Meanwhile, G. Kol-
luri et al. (2022) investigated the effects of spiruli-
na added to the drinking water of broilers during
cyclic chronic heat stress and found improve-
ments in productivity, physiological status, and
immunobiochemical parameters of the poultry.

The study of M. Marino et al. (2021) con-
firmed that sulphur-containing compounds influ-
ence biochemical processes in the body and can
have a positive effect in the context of animal
feed. Specifically, they participate in the synthesis
of amino acids (methionine, cysteine), coenzymes,
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and vitamins, which are essential for the normal
growth and development of animals. Additional-
ly, these compounds can positively influence the
absorption of other micronutrients such as iron,
magnesium, and calcium (Francioso et al., 2020).
This highlights the importance of controlling the
level of sulphur-containing compounds in feed
and their potential impact on the metabolism of
other beneficial substances.

Despite numerous studies dedicated to the
nutritional value and biological activity of spir-
ulina, the question of its toxicological safety,
when enriched with sulphur, remains insuffi-
ciently studied. In particular, there is a lack of
comprehensive toxicological studies that would
assess the impact of such biomass on the mam-
malian organism when used as a feed additive.
This creates a need for an expanded study of the
safety and acute toxicity of sulphur-enriched
spirulina. Thus, the aim of this study is to ex-
perimentally assess the safety and toxicity of
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sulphurenriched Spirulina platensis biomass us-
ing a white mouse model.

Materials and Methods

Building on the known ability of Spirulina platen-
sis to accumulate mineral elements, the biomass
of the blue-green alga with increased sulphur
content was obtained in 2024 at the Institute of
Animal Husbandry and Food Technologies of the
Bila Tserkva National Agrarian University. To eval-
uate the safety of sulphur-enriched spirulina bio-
mass, three groups of linear mice (four individuals
in each) of the same age (55 days), sex, size, and
body weight (19.5-20.5 g) were formed using a
random assignment. The saline solution and the
tested spirulina suspensions were administered
intragastrically to the animals using a metal
probe. The distribution of animals into groups is
presented in Table 1. This approach allowed for a
standardised study with a clear consideration of
the influencing factors being studied.

Table 2. Basic physical and chemical parameters of raw materials (n=4)

Group Number of animals Investigated factor

Control 4 Physiological saline at a dose of 0.35 cm?® per animal
Experimental | 4 25% spirulina biomass suspension at a dose of 0.35 cm?® per animal
Experimental Il 4 50% spirulina biomass suspension at a dose of 0.35 cm? per animal

Source: developed by the authors

After intragastric administration of the ex-
perimental samples to the mice, they were ob-
served for 12 days. At the end of the experiment,
the mice were anaesthetized and euthanised for
pathological and anatomical studies of the inter-
nal organs and sampling for biochemical anal-
ysis. A homogenate was prepared from the col-
lected liver, in which certain indicators of protein
metabolism were determined. The total protein
content was determined using the method of
O.H. Lowry et al. (1951), and the activity of ami-
notransferases was determined using the method
of S. Reitman & S. Frankel (1957).

In addition to assessing safety parameters
such as total protein levels in the liver,aminotrans-
ferase activity (aspartate aminotransferase and

alanine aminotransferase), and the pathological
condition of internal organs, the acute toxicity of
sulfur-enriched spirulina biomass in white mice
was determined. The experiments consisted of
two stages: preliminary and expanded. The sus-
pension was administered to the experimental
animals once and twice (depending on the dose)
intragastrically. For 6 hours before the adminis-
tration of the spirulina suspension prepared in a
1% starch solution, the mice were kept on a fast-
ing diet with free access to water. Each group of
mice consisted of five individuals.

In the preliminary study, doses of 5, 500, and
5,000 mg of spirulina per kg of body weight were
administered intragastrically to mice. In the ex-
panded study, doses of 3,000, 4,000, 5,000, and
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6,000 mg/kg body weight were investigated. Ob-
servations of the mice were carried out for 14
days. Doses of 4,000-6,000 mg/kg body weight
were divided in half and administered twice. All
experimental studies were conducted following
modern methodological approaches and in com-
pliance with relevant requirements and stand-
ards, in particular, meeting the requirements of
DSTU ISO/IEC 17025:2005 (2006). Animal main-
tenance and all manipulations were carried out
by the provisions of the Procedure for Conduct-
ing Scientific Research and Experiments on An-
imals by Research Institutions (Law of Ukraine
No. 249, 2012) and the European Convention for
the Protection of Vertebrate Animals Used for Ex-
perimental and Other Scientific Purposes (1986).

Results
In assessing the safety of spirulina, it was es-
tablished that no fatalities occurred among the
experimental or control groups of white mice
over the twelve-day experiment. It was found
that within the first 2.5-3.5 hours after the ad-
ministration of 0.35 c¢cm® of a 50% suspension
of sulphurenriched spirulina biomass, animals
from the second experimental group exhibited

lethargy. Over time, the mice regained mobility
and responded to created noise, turning lights on
and off, and touching. In 50% of mice, gastrointes-
tinal disturbances were observed during the first
day. Consumption of food and water resumed af-
ter 16-24 hours. Animals periodically approached
feeders and drinkers.

According to observations of mice that were
administered 0.35 cm® of a 25% suspension of
spirulina biomass, no behavioural disturbanc-
es were detected during the twelve-day exper-
iment. Upon dissection of the mouse carcasses
and conducting pathological and anatomical
studies, it was found that the condition of the
internal organs of animals from the first and sec-
ond experimental groups did not differ from the
condition of the internal organs of control mice.
When studying certain indicators of protein me-
tabolism in the liver of mice during the estab-
lishment of the safety of sulphur-enriched spir-
ulina biomass, it was established that on the 12t
day after administration, the activity of aspartate
aminotransferase in animals from the first exper-
imental group was not significantly lower com-
pared to the control. The difference was within
the margin of error (Table 2).

Table 2. Protein content and aminotransferase activity
in the liver of mice exposed to Spirulina, M+m, n=4

Group Activity of AST, pmol/h/g Activity of ALT, pmol/h/g  Content of total protein, g/kg

Control 10.3+0.36 13.2+0.68 44.7+2.32
Experimental | 9.9+0.47 12.9+0.82 43.8+3.56
Experimental || 10.5+0.43 13.6+0.76 45.5+1.97

Note: AST — aspartate aminotransferase; ALT — alanine aminotransferase

Source: developed by the authors

Analysing the activity of aspartate ami-
notransferase in the liver of mice from the sec-
ond experimental group, it was found that the
increase in the indicator was also not statistically
significant. Similarly, it was established that the
activity of alanine aminotransferase in the liv-
er of animals from the experimental groups did
not statistically differ from the indicator in ani-
mals from the control group. The content of total

protein in the liver of mice from the control group
was at the level of 44.7 g/kg. Deviations from
the control in the first and second experimental
groups were 2% and 1.7%, respectively, which did
not exceed the limits of statistical error. Thus, it
was established that with a single administration
of 0.35 cm? of 25% and 50% suspensions of spir-
ulina biomass, no disturbances in protein metab-
olism were observed in the liver of mice.
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Along with determining safety, the acute tox-
icity of sulphur-enriched spirulina biomass was in-
vestigated.According to the results of a preliminary
study on the administration of Spirulina platensis
biomass, enriched with sulphur, at doses from 5
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to 5,000 mg/kg of body weight, it was established
that over 14 days, no changes in the behaviour of
animals were observed. Mice responded to stimuli,
moved freely, and periodically consumed food and
water.Also, no lethal cases were recorded (Table 3).

Table 3. Results of observation of mice during the determination of the toxicity
of sulphur-enriched Spirulina platensis biomass (preliminary study)

Number Dose of Number Changes . .
.. o X . . Gastrointestinal
of micein  spirulina, of animals Behavioural changes in body disorders
the group mg/kg that died weight (g)
5 5 0 None None None
5 500 0 None None None
Temporary refusal of food and
5 5,000 0 water for 1.5-2 hours after Slight weight None

administration; normal behaviour loss (up to 5%)

restored within 4-10 hours

Source: developed by the authors

For a dose of 5,000 mg/kg, mice refused food
and water for 1.5-2 hours after the administra-
tion of Spirulina. After 4-10 hours, the behaviour
of mice in this group was within physiological
norms. Under the conditions of the expanded
study, no deviations in the behaviour of mice were

noted. After the administration of the second part
of the dose of 5,000 mg/kg of body weight to 4
animals, temporary lethargy was observed (2-3
hours), and the mice did not eat or drink. By the
6™ hour of observation, the ethological indicators
of mice in this group were normal (Table 4)

Table 4. Results of observation of mice during the determination of the toxicity
of sulphur-enriched Spirulina platensis biomass (expanded study)

Number of Dose of feed = Number

. o N Ethological Ethological Body weight Gastrointestinal
mice inthe additive, mg/ of animals indicators  changes changes (g) disturbances
group kg that died 9 ges 9
Within . .
5 3,000 0 normal None Slight We@T None
limi loss (up to 3%)
imits
Within . .
5 4,000 0 normal None Slight We'gT None
limi loss (up to 3%)
imits
Disturbances observed
Within Sliaht weight for 16-18 hours
5 5,000 0 normal None 9 g N after administration;
o loss (up to 5%) X
limits recovery of functions
within 48 hours
Disturbances observed
Within Sliaht weight for 16-18 hours
5 6,000 0 normal None 9 g o after administration;
A loss (up to 5%) .
limits recovery of functions

within 48 hours

Source: developed by the authors
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When studying a dose of sulphur-enriched
Spirulina platensis of 6,000 mg/kg in mice, gastro-
intestinal disorders were detected. The intensity
of the movements of animals from this group was
reduced. 16-18 hours after the administration of
spirulina biomass, the consumption of food and
water by mice resumed. By the 48™ hour of the
study, the functioning of the gastrointestinal tract
of animals was normal. Ethological changes in
mice that were administered Spirulina in amounts
of 5,000 and 6,000 mg/kg are associated with the
administration of a large amount of feed additive
to the animals. It was proved that in an expanded
study when administering sulphurenriched spir-
ulina biomass to white mice at a dose of 3,000 to
6,000 mg/kg of body weight for a 14 day observa-
tion, no animal deaths were detected.

Discussion

The results of this study on the safety and acute
toxicity of sulphur-enriched Spirulina platensis
biomass are of significant importance for the
further development of feed additives and the
enrichment of animal diets with microelements.
In particular, it was established that even at high
doses (3,000-6,000 mg/kg body weight), spirulina
biomass does not cause lethal cases in white mice.
This is consistent with the findings of H.V. Merzlo-
va (2015), according to which, when 5,000 mg/kg
body weight of zinc-enriched spirulina biomass
was administered to laboratory animals, no lethal
cases were observed during the experimental pe-
riod. It is important to note that, unlike studies
with zinc biomass, the current study shows that
sulphur-containing spirulina may be safer for in-
tragastric administration.

The absence of changes in protein metabo-
lism indicators in the liver of mice that were ad-
ministered a single dose of 0.35 cm? per head of a
50% suspension of sulphur-enriched spirulina bi-
omass (safety assessment) is confirmed by studies
by authors G. Merzlova & O. Melnichenko (2012),
which indicate that when laboratory animals
were administered spirulina biomass enriched
with Cobalt, no statistically significant increase

or decrease in aminotransferase activity and to-
tal protein was observed. Therefore, it has been
experimentally proven that Spirulina platensis bi-
omass enriched with sulphur belongs to low-tox-
icity substances - class 4. The lethal dose (LD,) of
spirulina biomass for intragastric administration
to laboratory animals (white mice) is greater than
5,000 mg/kg (Khan et al., 2005).

Researchers M.B. Colovic et al. (2018) high-
lighted the crucial role of sulphur-containing
amino acids in protecting cells from oxidative
stress and the toxic effects of heavy metals.
These amino acids have been shown to reduce
damage to cellular structures by neutralising free
radicals, playing a critical role in maintaining the
antioxidant balance in the body. Spirulina plat-
ensis biomass, enriched with sulphur, contains a
significant amount of these amino acids, which
can contribute to increasing the body’s resistance
to the effects of exogenous toxicants. Studies
of the toxicological profile of this biomass have
not revealed a significant increase in the level
of aminotransferases in animals receiving high
doses of sulphur-enriched spirulina, confirming
the absence of a negative impact on the liver
and potential antioxidant effects. Given this, the
application of such biomass may be promising
in veterinary medicine and animal husbandry as
an effective means of preventing oxidative stress,
which can occur as a result of intensive animal
farming, exposure to environmental pollutants,
and metabolic stress.

C.A. Houghton (2019) highlighted sulfora-
phane as a promising nutraceutical with potent
antioxidant properties. Although the mechanism
of action of individual compounds was not an-
alysed in this study, the results demonstrate
a similar positive effect of sulphur-containing
spirulina biomass on the physiological state of
animals. Unlike sulforaphane, which activates
specific antioxidant pathways, the sulphur con-
tained in spirulina biomass is involved in general
metabolic processes and provides a more pro-
longed effect on cellular metabolism. This could
make it an effective component in animal feed, as
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sulphur-enriched biomass can contribute to a
stable increase in the antioxidant status of the
organism and improve its overall resistance to
negative external factors.

Researchers Y. Ingenbleek & H. Kimu-
ra (2013) indicated that a sulphur deficiency can
significantly disrupt protein metabolism and lead
to a decrease in the efficiency of energy metab-
olism processes. In this regard, the introduction
of sulphur-containing additives to the diet is of
great importance for maintaining the normal
physiological state of animals. According to the
obtained results, the level of total protein in the
liver of animals that received Spirulina platensis
biomass, enriched with sulphur, remained within
the physiological norm. This indicates the ab-
sence of a negative impact on protein metabo-
lism and confirms the possibility of using such
biomass to support metabolic homeostasis.

K. Jankowski et al. (2014) studied the impact
of sulphur fertilisers on the concentration of mi-
croelements in rapeseed and found that increas-
ing the sulphur content in the soil contributes to
an increase in the concentration of zinc and man-
ganese in plant tissues. Similarly, the process of
enriching Spirulina platensis biomass with sulphur
can influence the improvement of the bioavaila-
bility of microelements for animals, contributing
to a more efficient absorption of nutrients. In ad-
dition, there may be a synergistic interaction be-
tween sulphur-containing compounds and other
microelements, which may have a positive impact
on the overall level of mineral metabolism. Fur-
ther research can help clarify how sulphur-con-
taining biomass affects the metabolism of micro-
elements and what concentrations of sulphur are
optimal for enriching feed.

In the research of A. Maruyama-Nakashi-
ta (2017), it was established that plants can adapt
their metabolism to sulphur deficiency through
the activation of enzymatic pathways. The ob-
tained results confirm that Spirulina platensis has
a high ability to accumulate sulphur, which opens
up possibilities for its use as a source of this mi-
croelement in animal feed. The variability of the
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chemical composition of spirulina biomass de-
pending on cultivation methods can have a sig-
nificant impact on its biological activity. [.D. Nwa-
chukwu et al. (2012) emphasised the significance
of sulphur-containing natural compounds in the
formation of plant defence mechanisms against
pathogens. Since the role of sulphur-enriched
Spirulina platensis biomass in modulating the im-
mune response of animals remains insufficiently
studied, this aspect is a promising direction for
further research. In particular, it is necessary to
assess the possible impact of such biomass on
the state of the animal immune system, its ability
to regulate inflammatory processes and increase
resistance to infectious agents.

Y. Yagishita et al. (2019) emphasised the im-
portance of the form in which sulphur-containing
compounds are consumed to achieve maximum
efficiency. The introduction of sulphur-contain-
ing spirulina biomass in the form of a suspension
ensures a uniform distribution of microelements
in the animal’s body, which may be an advantage
compared to other sources of sulphur. This con-
firms the need for further research on optimal
dosages and administration methods to achieve
maximum efficiency.

Thus, the results of the study confirm the sig-
nificant role of sulphur in supporting metabolic
processes, particularly in protein and energy
metabolism, as well as in regulating the antiox-
idant status of the organism. The absence of le-
thal cases in white mice when administered Spir-
ulina platensis biomass enriched with sulphur
at high doses (up to 6,000 mg/kg body weight)
indicates its low toxicity and safety for intragas-
tric administration. Analysis of biochemical indi-
cators showed that the level of total protein in
the liver of mice from the experimental groups
did not differ from the control values, confirming
the absence of a negative impact on metabolic
homeostasis. The results also demonstrated the
stability of aminotransferase activity, indicat-
ing the absence of a toxic effect of sulphur-en-
riched spirulina on liver function. Temporary
behavioural changes and minor disturbances of
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gastrointestinal tract functions, recorded in
groups with the highest doses, were short-term
and completely disappeared within 48 hours,
confirming the adaptive capabilities of the or-
ganism to such dosages.

The results obtained demonstrate not only
the safety of sulphur-enriched Spirulina platen-
sis biomass but also its potential usefulness for
feed enrichment. Spirulina’s ability to accumulate
sulphur can contribute to improving the bioavail-
ability of microelements in animal diets, which
is consistent with previous research on the role
of sulphur in the absorption of zinc, manganese,
and other important elements. Additionally, the
antioxidant properties of sulphur-containing
compounds can help protect cells from oxidative
stress, which is particularly important in the con-
text of intensive animal farming.

The practical significance of the obtained
results includes the possibility of using sul-
phurenriched spirulina biomass in veterinary
dietetics to increase animal productivity and as
a prophylactic agent against stress factors. How-
ever, further research should be aimed at deter-
mining the optimal dosages for long-term use,
assessing its impact on the performance indica-
tors of different animal species, and the mech-
anisms of interaction between sulphur-contain-
ing compounds and other biologically active
components of the feed ration.

Conclusions
The conducted study assessed the safety and
acute toxicity of sulphur-enriched Spirulina plat-
ensis biomass using a white mouse model. The
experimental results confirmed that spirulina bi-
omass belongs to low-toxicity substances (safety
class 4) and can be used in veterinary practice
and animal husbandry as a feed additive. Under
conditions of a single intragastric administration
of 0.35 cm? of a 50% suspension of spirulina bi-
omass, no lethal cases were recorded among
white mice. In the first hours after administration,
animals exhibited short-term signs of lethargy
and gastrointestinal disturbances, expressed in

reduced activity and temporary refusal of food.
However, within 24 hours, the condition of the
animals normalised, indicating the absence of a
long-term toxic effect.

The study of biochemical parameters re-
vealed that the administration of 0.35 cm® of 25%
and 50% suspensions of spirulina biomass did not
cause significant changes in protein metabolism
indicators in the liver of mice. The activity of AST
and ALT remained within the physiological norm
and did not differ from the indicators of the con-
trol group. The content of total protein also did
not undergo significant changes, confirming the
absence of a negative impact of sulphurenriched
spirulina biomass on the functional state of the
liver of laboratory animals. Studies of the acute
toxicity of sulphur-enriched spirulina biomass
showed that it is characterised by a high safety
margin. The administration of doses ranging from
5 to 5,000 mg/kg body weight to mice did not
result in lethal outcomes, and the observed be-
havioural changes were temporary. Even when
the maximum dose of 6,000 mg/kg body weight
was administered, no serious pathological chang-
es were observed in the animals.Aslight decrease
in mouse activity, short-term gastrointestinal dis-
turbances, and a minor loss of body weight were
reversible and completely disappeared within 48
hours after administration. It was determined that
the LD, of spirulina biomass exceeds 5,000 mg/
kg, confirming its safety for use.

A promising direction for further research
is the evaluation of the effectiveness of using
sulphur-enriched spirulina biomass in the feed-
ing of young dogs. An important task is to de-
termine the optimal dosages, long-term effects
on the animal’s body, and possible mechanisms
of the positive effect on physiological indicators.
Further experimental studies can provide new
data on the bioavailability of sulphur-containing
compounds, their impact on metabolic process-
es,and the overall physiological state of animals,
which will allow for a more effective application
of spirulina biomass in veterinary practice and
animal husbandry.
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MepeBipka NOKa3HUKIB HELLKiANMBOCTI
Ta TOKCUMYHOCTI cnipyniHu 36aravyeHoi cynbgypom Ha 6inmx Mmuwiax
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Cepriit Mep3nos

[loKTOp CinbCbKOrocnoaapcbknx Hayk, npodecop
binouepkiBCbKMI HALLIOHAaNbHUI arpapHUiA YHiBepcuTeT
09117, CobopHa nnowa, 8/1, M. bina Llepksa, YkpaiHa
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AHoTauifa. BuueHHs Giomacu Spirulina platensis, 36arayeHoi cynbdypoMm, € akTyanbHUM uvepes ii
noTeHLian gK LiHHOI KOpMOBOiI f00aBKM AN CiNbCbKOrocnoAapcbkux TBapuH. MeTok pobotn byno
BMBYEHHS HELKiAMBOCTI Ta roCTpoi TOKCMYHOCTI Biomacu cnipyniHm 36araveHoi cynbdypom. [ns
DOCNiAXEHHS BUKOPUCTOBYBANM NiHIMHMX MULLeN. BuBYatoumn Hewwkignmeicte 6ioMacu cnipyniHu Muwam
BHYTPILUHbOLINYHKOBO BBOAMAM No 0,35 cm® disionoriuHoro posunHy (KoHTposb) Ta 25 % i 50 % po3unHy
cycneHsii 6iomacu cnipyniHm 36aradeHoi cynbdypom (1 i Il gocnigHi rpynum). CnoctepexkeHHs 3a TBApMHAMK
npoBoaMaM nNpoaosxX 12 ai6. Y opraHiami muwen BuB4anun nokasHuku 6inkoBoro 06MiHy. 3a BUBYEHHS
roCTPOi TOKCMYHOCTI NnabopaTopHMM TBapMHAM BOAMAM BHYTPILUHbOWAYHKOBO 6Giomacy chipyniHu y
KinbkocTi Big 5 no 6000 mr/kr Macu Tina. CnocTtepexkeHHs 3a Muwamm TpuBano 14 ai6. BctaHoBneHo,
L0, AOCNIAXKYUYM HELWKiANUBICTb, NpoTaroM 12-0060BOro CnocTepeXxeHHs Nicns BBEAEHHS CYCNeH3ii
6iomMacu cnipyniHu neTanbHUX BUMAAKIB Y MULLER He 6yno BUABNEHO. Y [OCNIAHUX TBAPUH HE BUSBNEHO
MaToN0ro-aHaTOMIYHUX 3MiH BHYTPIiWHiX opraHis. CTaTUCTUUYHO 3HAYYLLOrO 36iNblUeHHS 360 3MEHLLIEHHS
BMICTy 3aranbHoro 6inka, akTMBHOCTI amiHoTpaHcdepas y muwelt i3 | i [l gocniaHux rpyn y nopiBHSHHI
i3 TBApMHAMM KOHTPObHOI rpynu He 6yno BCTaHOBNEHO. BM3Hauaoum rocTpy TOKCMYHICTb, BUSIBNEHO,
wo 6ioMaca cnipyniHM BiZHOCUTBLCS OO MANOTOKCMYHMX PEYOBMH — 4 KNac. 3HAYHMX MOBEAIHKOBUX
3MiH Ta CYTTEBOro BM/IMBY Ha MeTaboniuyHi mpouecu y TBapuH He 3adiKCOBAHO, WO CBiAYMTb NpPO
noTeHLinHy 6e3neyHicTb Li€i 6ioMacK Ans BUKOPUCTAHHS Yy TBAapWMHHMUTBI. Pe3ynbTaTu LOCNiAXKEHHS
MOYXHa BUKOPUCTATU Y TBAPUHHULITBI A1 BNPOBAMKEHHS iIHHOBALiMHMX MiAX0AiB A0 36arayeHHs KOpMiB
KOPUCHUMU eNeMEHTaMMU, L0 NOKPALLYHOTb MPOAYKTUBHICTb | 340pOB’S TBAPUH

KniouoBi cnoBa: Spirulina platensis; nevinka; nabopaTopHi TBapMHK; KOPMOBA L06aBKa; KNiHIYHMI CTaH
TBapuWH
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Abstract. The purpose of the study was to investigate the effect of feeding complete mixed feeds with
different levels of lysine and methionine on the growth of young turkeys. Experimental studies were
performed on young meat turkeys of the BIG 6 cross. Based on the method of balanced groups, five
experimental groups of day-old poultry were established. The experiment lasted 126 days and was
divided into two periods: equalising (7 days) and main (119 days). During the equalising period, the
experimental young animals consumed mixed feed of the control group. During the main period of the
experiment, the amount of lysine and methionine relative to the mixed feed of poultry of the control
group for the rearing periods decreased or increased proportionally by 5% and 10%. It was found that
different levels of lysine and methionine in mixed feeds for young turkeys affect their productivity
in different ways. At the age of 126 days, turkeys that received mixed feed with an increase in the
amount of lysine and methionine by 5% and 10% had the highest live weight - they outnumbered
the analogues of the control group by 5.9% (p <0.01) and 3.6%, respectively. Young animals that
consumed mixed feed with a reduced amount of lysine and methionine in this indicator were inferior
to their control peers by 5.6% (p <0.05) and 2.7%, respectively. An increase in the level of lysine and
methionine by 5% and 10% in mixed feed of turkeys at all stages of their growth helps to reduce feed
costs per 1 kg of live weight gain by 4.3% and 2.1%, respectively. It is proved that the relationship

Suggested Citation:

Tymoshchuk, O., & Hryshchenko, S. (2024). Efficiency of using mixed feeds with different levels of lysine and
methionine for growing turkeys. Scientific Reports of the National University of Life and Environmental Sciences
of Ukraine, 20(6), 20-32. doi: 10.31548/dopovidi/6.2024.20.

‘Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
v Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0009-0002-4209-7835
https://orcid.org/0000-0003-2286-0776
https://scireports.com.ua/en

Tymoshchuk & Hryshchenko

between the levels of lysine and methionine in mixed feed for young turkeys and its costs per 1 kg
of live weight gain is described by a polynomial line with a reliable approximation coefficient R2=1.
Correlation analysis shows that there is a significant (p < 0.05) strong inverse relationship between
these two indicators (r, = -0.82). The poultry liveability index in all experimental groups was close
(94-96%), but the probable influence of different levels of lysine and methionine in mixed feed during
poultry rearing on its liveability indicator was not established

Keywords: feeding; poultry; amino acids; feed consumption; liveability

Introduction

In the field of poultry farming, one of the main
tasks is to ensure high productivity through ef-
ficient use of feed. Raising turkeys requires a de-
tailed approach to the development of the diet,
especially in terms of the level of essential amino
acids such as lysine and methionine. Due to the
increased productivity of modern turkey crosses,
producers can get more products in a shorter peri-
od of time, which contributes to increased profita-
bility. However, the high growth rate of birds is not
always accompanied by an improvement in their
health, which requires careful monitoring and
optimisation of growing conditions. In industrial
production at poultry farms, turkeys are exposed
to various technological factors and pathogens
that can be transmitted through feed, water, and
air. Given the limited use of antibiotics in poultry
farming, losses due to this can be minimised by
increasing the immunity of birds and accelerating
the development of the immune system. Amino
acids are components with immune-boosting
functions, and some of them (arginine, lysine,
methionine) also regulate various key metabolic
processes. However, the levels of various amino
acids, in particular, lysine and methionine, in tur-
key feeding are now causing a lot of discussion
and controversy. According to NRC recommenda-
tions (4), they specify lower levels of these amino
acids than those offered by the manufacturer of
modern turkey crosses British United Turkeys Ltd.

Numerous studies by various researchers and
manufacturers have proven that different lev-
els of lysine and methionine for feeding young
turkeys at different stages of growth can signifi-
cantly affect both their productivity and immune

status, and the indicators of economic efficiency
of production. That is why the issues of investi-
gating the efficiency of using mixed feeds with
different levels of lysine and methionine for
growing turkeys of modern crosses in the indus-
trial conditions of farms in Ukraine are relevant
and important.J.Jankowski et al. (2020) evaluated
the effect of different dietary ratios of arginine,
methionine, and lysine on turkey performance,
immune status, and meat quality. The results of
the study showed that the correct ratio of these
amino acids not only increases the growth rate
and quality of meat, but also has a positive effect
on the immune system, which helps to improve
the overall health of birds. A.O. Oso et al. (2017)
determined the effect of different levels of argi-
nine and methionine in the diet of turkeys with
high lysine content. They found that changes in
the levels of these amino acids significantly im-
proved the birds’ performance, particularly mus-
cle growth and bone development. Improved im-
munity and bird health were important additional
results of this study.

P.Konieczka et al. (2022) attempted to assess
the effect of elevated levels of arginine, lysine,
and methionine in the diet of turkeys on their
performance, intestinal integrity, and immune
status under various conditions. The purpose of
their study was to determine how increasing the
levels of these amino acids in compound feeds
can improve the health and productivity of birds,
especially in conditions of stress or disease. The
results of the study showed that increasing the
levels of arginine, lysine, and methionine in the
diet of turkeys has a positive effect on their
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performance, in particular, on the growth rate and
development of muscle mass. In addition, these
amino acids help to improve intestinal integrity,
which is important for the normal absorption of
nutrients and maintaining the overall health of
birds. D. Murawska et al. (2018) investigated the
effect of various sources of methionine in the diet
of turkeys on their productivity and meat quality.
The purpose of their study was to determine how
different sources of methionine affect the growth
rate and quality of meat, in particular, its texture
and taste properties. The results showed that me-
thionine sources have a significant impact on the
quality of meat, improving its taste characteristics
and the overall productivity of birds.

N. Dyshliuk & N. Mazur (2024) evaluated the
effect of different levels of lysine and methionine
in mixed feed on the productivity and quality of
turkey meat. The results showed that optimis-
ing the levels of these amino acids in the diet of
turkeys improves their growth rate, muscle mass
development, and meat quality. In particular, the
study pointed to the importance of the balance
between lysine and methionine in achieving high
productivity and improving the physiological
parameters of birds, which is crucial for poultry
farming. V.S. Bomko et al. (2023) in their study
drew attention to the efficiency of the use of feed
and feed additives for animal feeding. The pur-
pose of their study was to investigate the effect of
various feed additives on animal productivity. The
results showed that the use of specialised feed
additives can significantly increase the efficiency
of feed use, improve the growth rate and overall
health of animals. The study highlighted the need
for a proper selection of feed additives to ensure
optimal development of farm animals. The pur-
pose of the study by C. Chang et al. (2024) was to
investigate the effect of total protein and lysine
levels in the diet on meat quality and myofibrile
characteristics in slow-growing chickens. The re-
sults showed that correction of protein and lysine
levels in the diet of chickens affects the quality of
meat, in particular, the texture and taste charac-
teristics. The study also pointed to the importance

of providing appropriate levels of these nutrients
to improve meat quality in slow-growing birds.

However, previous studies have not fully
addressed the effect of different levels of these
amino acids on specific economic indicators, such
as feed costs per unit of live weight gain and pro-
duction efficiency at different stages of growth. In
addition, there is no data on the impact of chang-
es in lysine and methionine levels on the liveabil-
ity of birds in industrial conditions. This paper fills
in these gaps by investigating the relationship
between lysine and methionine levels in mixed
feed for young turkeys and feed costs per 1 kg of
live weight gain.

The purpose of the study was to determine
the efficiency of rearing young meat turkeys of
the BIG 6 cross at different levels of lysine and
methionine in mixed feeds.

Materials and Methods
Scientific and economic experiment was carried
out according to the method of balanced groups
at the Limited Liability Company “Industrial Ex-
position Company Adventure” of the Polonsky
district of Khmelnitsky Oblast in 2024. All exper-
imental studies were conducted in accordance
with modern methodological approaches and in
compliance with the relevant requirements and
standards, in particular, they meet the require-
ments of DSTU ISO/IEC 17025:2005 (2006). The
animals were kept and all manipulations were
carried out in accordance with the provisions of
the Procedure for conducting experiments and
experiments on animals by scientific institutions
(Law of Ukraine No. 249, 2012), the European
Convention for the Protection of Vertebrate Ani-
mals Used for Experimental and Other Scientific
Purposes (1986).

According to the experiment scheme (Ta-
ble 1) at the day-old age, 500 turkeys were select-
ed, of which 5 groups were formed according to
the principle of analogues - control and 4 experi-
mental, 100 animals each. The experiment lasting
126 days was divided into two periods: equalising
(age of the bird - 1-7 days) and main (8-126 days).
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Table 1. Scheme of the scientific and economic experiment

Age, weeks Content in 100 g of Group
(days) mixed feed, % 1 2 3 4 5
Equalising period
1 Lysine 1.76 1.76 1.76 1.76 1.76
(1-7) Methionine 0.63 0.63 0.63 0.63 0.63
Main period

2.3 Lysine 1.76 1.58 1.67 1.85 1.94
(8-21) Methionine 0.63 0.57 0.60 0.66 0.69
46 Lysine 1.57 1.41 1.49 1.65 173
(22-42) Methionine 0.56 0.51 0.54 0.59 0.62
7-10 Lysine 1.33 1.2 1.27 1.39 1.46
(43-70) Methionine 0.49 0.44 0.47 0.51 0.54
11-12 Lysine 1.09 0.98 1.03 1.14 1.19
(71-84) Methionine 0.42 0.38 0.40 0.44 0.46
13-14 Lysine 0.97 0.87 0.92 1.02 1.07
(85-98) Methionine 0.40 0.36 0.38 0.42 0.44
15-18 Lysine 0.86 0.77 0.82 0.90 0.95
(99-126) Methionine 0.37 0.33 0.35 0.39 0.41

Source: compiled by the authors

During the scientific and economic exper-
iment, rations were used that ensured normal
viability and high productivity of poultry, in ac-
cordance with the established norms and recom-
mendations of the producer (Nutrient Require-
ments of Poultry..., 1994; Feeding guidelines
for..., 2015; Management guidelines for..., 2022).
In the experiment, the free-range feeding was
used, meaning that the bird requlated its total
feed intake. Multiplicity of feed distribution -
twice a day (morning and evening) with simulta-
neous accounting of the remaining feed. The ratio
of lysine to methionine in mixed feeds was regu-
lated by the introduction of synthetic amino acids.

Experimental livestock was kept indoors on
the floor with a density of 5 turkeys per 1 m2. The
bedding was made of peat. Access to water was
free. Starting from Week 7, young turkeys were re-
leased from the premises during the day to pad-
docks, the area of which was at the rate of 7 m?
per animal. The live weight of turkeys was deter-
mined by individual weighing. The liveability of
the livestock was determined daily by the number
of culled and dead birds.

Feed consumption was accounted daily, for
each period of growth and for the entire period of

experiment. At the end of each period and exper-
iment, the total consumption of mixed feed per
1 kg of live weight gain was calculated using the
equation:

cr=%, )

where C, - feed consumption per 1 kg of live
weight gain, kg; A, - amount of feed fed for the
accounting period, kg; / = gross increase in live
weight for the accounting period, kg. Data process-
ing was carried out using MS Excel and STATIS-
TICA software using built-in statistical functions.

Results and Discussion
During the scientific and economic experiment
young turkeys were fed complete mixed feeds
(Table 2), with the following nutritional value
(Table 3). The level of lysine and methionine in
mixed feeds at all stages of growth was differ-
ent and this was regulated by the introduction of
synthetic amino acids. It was found that different
levels of lysine and methionine in mixed feeds
for young turkeys during rearing affect their
growth indicators in different ways. Thus, at the
end of the experiment at the age of 126 days,
turkeys of the Group 4 (13.45 kg) and the Group 5
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(13.15 kg) had the highest live weight, which ex-
ceeded the analogues of the control Group by
753 (p<0.01) and 455.5 g, respectively. Turkeys

of Group 2 and Group 3 had a lower live weight
compared to the control Group by 706.3 (p<0.05)
and 337.2 g, respectively.

Table 2. Composition of complete mixed feeds for young turkeys of the control group, % by weight

Period, weeks

Component 13 46 7-10 11-12 13-14 15-18
Wheat 29.30 25.66 24.59 24.00 24.99 24.00
Corn 13.00 20.01 26.00 29.94 38.00 45.12
Soybean oilcake 45.82 41.40 37.46 29.89 24.30 15.22
Sunflower oilcake - 3.88 4.91 9.64 6.00 9.23
Fish meal 6.80 4.29 1.63 - - -
Soybean oil - 0.50 1.41 2.81 3.02 3.55
Lysine monochlorohydrate 0.26 0.25 0.26 0.18 0.21 0.29
DL-methionine 0.22 0.15 0.17 0.10 0.15 0.11
L-threonine 0.04 0.05 0.04 0.03 - -
Table salt 0.3 0.13 0.21 0.24 0.25 0.24
Monocalcium phosphate 1.26 1.22 1.29 1.31 1.08 0.82
Lime flour 2.30 1.76 1.36 1.21 1.36 0.78
Sodium bicarbonate 0.10 0.10 0.10 0.10 0.10 0.10
Mycosorb A+ 0.10 0.10 0.07 0.05 0.04 0.04
Natuzyme (enzyme+phytase) 0.005 0.005 0.005 0.005 0.005 0.005
Premix 0.495 0.495 0.495 0.495 0.495 0.495
Source: compiled by the authors
Table 3. Content of essential nutrients and energy in 100 g of mixed feed, %
indicator Period, weeks
1-3 4-6 7-10 11-12 13-14 15-18
Exchange energy, MJ 11.91 12.21 12.74 13.19 13.45 13.83
Crude protein 27.43 26.00 23.30 20.98 18.02 16.00
Crude fat 5.60 7.00 717 7.82 7.58 8.47
Crude fibre 3.11 4.21 3.80 4.50 4.60 4.73
Calcium 1.45 1.29 1.14 0.96 0.86 0.77
Phosphorus 0.74 0.65 0.51 0.47 0.43 0.39
Lysine* 1.76 1.57 1.33 1.09 0.97 0.86
Methionine* 0.63 0.56 0.49 0.42 0.40 0.37

Note: * content of lysine and methionine in poultry feed of experimental groups varied according to the

experiment scheme
Source: compiled by the authors

During the entire growth period, there is a
change in the feed composition depending on
the age of the birds. For example, the content of
wheat decreases, while corn, on the contrary, in-
creases, which indicates a shift in focus on more
energy components, as the energy needs for tur-
key growth increase over time. Soybean oilcake
decreases in the feed composition, while sun-
flower oilcake appears only at later stages, which

allows meeting protein needs. Fish meal, which
is an important source of protein, is gradually
reduced and eliminated from the diet in the last
stages, which is normal, since birds can get pro-
tein from other sources.

The levels of amino acids, in particular lysine
and methionine, are adjusted depending on the
age of birds. In the early stages of rearing, the
content of lysine and methionine in feed is higher,
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and with the age of birds, this level decreases,
as the needs for these amino acids change. This
allows optimising the feed, providing birds with
the necessary amount of amino acids at each
stage of their development. Changes in the con-
tent of additives such as table salt, monocalcium
phosphate, and lime flour are also adjusted de-
pending on the needs of birds for calcium and
phosphorous substances, which is important for
bone development, especially during periods of
active growth. Microelements and premix used

Tymoshchuk & Hryshchenko

throughout the entire period support the stability
of physiological processes and the health of birds.

The cost of mixed feed for the production of
any product, including in turkey growing, signifi-
cantly affects its cost and significantly depends on
the level of poultry productivity and the amount
of mixed feed consumed (Kidd & Kerr, 1998). The
data provided (Table 4) showed that with an in-
crease in the content of lysine and methionine in
mixed feed, its consumption decreases by 1 kg of
live weight gain.

Table 4. Feed consumption per 1 kg of live weight gain of turkeys, kg, n =100

. . Group

Experiment period, days 3 2 3 2 5
1-7 1.605 1.644 1.593 1.674 1.589
8-14 1.279 1.319 1.318 1.245 1.291
15-21 1.488 1.555 1.508 1.440 1.466
22-28 1.414 1.440 1.429 1.383 1.404
29-35 1.499 1.588 1.568 1.446 1.481
36-42 1.628 1.581 1.551 1.557 1.643
43-49 1.456 1.476 1.484 1.403 1.437
50-56 1.758 1.813 1.801 1.650 1.682
57-63 1.773 1.932 1.868 1.782 1.706
64-70 2.317 2.195 2.132 1.913 2.057
71-77 2.461 2.648 2.540 2.392 2.504
78-84 3.023 3.239 3.104 3.054 2.968
85-91 3.067 3.157 3.033 2.650 2.741
92-98 3.531 4.022 3.902 3.449 3.685
99-105 3.462 3.757 3.696 3.461 3.350
106-112 4.718 5.902 5.111 4.418 4.487
113-119 4.926 5.897 5.539 4.553 4.696
120-126 5.392 5.656 5.600 4.536 4.833
For the entire period of experiment 2.691 2.850 2.765 2.537 2.597

Source: compiled by the authors

Analysis of Table 4, which provides data on
the consumption of mixed feed per 1 kg of live
weight gain of turkeys for different groups during
the entire experiment period, shows an interest-
ing trend in the relationship between the level of
lysine and methionine in mixed feed and the effi-
ciency of bird feeding. The costs of mixed feed per
1 kg of live weight gain for five groups of turkeys
that were at different feeding levels are presented.
The most noticeable trend is a decrease in feed

costs with an increase in the level of lysine and
methionine in mixed feeds, which indicates an im-
provement in the efficiency of feed use when op-
timising these amino acids. For example, Group 4,
which probably had the most optimised lysine-me-
thionine ratio, had the lowest feed consumption
per 1 kg of live weight gain during all experiment
periods. This confirms the conclusion that the cor-
rect balance of amino acids allows reducing feed
costs, which directly affects the cost of production.
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During the entire experiment period, feed
costs per 1 kg of live weight gain were lowest in
Group 4,which is 6.1%,12.3%,9.0%, and 2.4% less
than in groups 1,2, 3 and 5, respectively. This indi-
cates that Group 4 had the best results in terms of
feed efficiency, which can be attributed to prop-
er correction of lysine and methionine levels in
the diet. Groups with lower levels of these amino
acids had higher feed costs for live weight gain.
In general, the table confirms that increasing the
lysine and methionine content in mixed feed is

29
2.8
2.7
2.6
2.5
24

Feed consumption per 1
kg of weight gain, kg

2.3
1 2

an effective strategy for reducing feed costs and
increasing the economic efficiency of turkey rear-
ing, as they provide more efficient use of feed for
poultry growth. The high feed costs observed in
some groups indicate the need to optimise amino
acid levels to achieve better results.

The efficiency of using mixed feed is sup-
plemented by determining the relationship
between the level of lysine and methionine in
mixed feed and its consumption per 1 kg of live
weight gain (Fig. 1).

y=0.0138x* = 0.1207x3 + 0.2583x2 + 0.0227x + 2.517

RZ=1

3 4 5  Group

Figure 1. Relationship between lysine and methionine levels
in mixed feed and feed costs in young turkeys

Source: compiled by the authors

From the data in Figure 1, it can be seen that
there is a significant inverse relationship between
the level of these amino acids in mixed feed and
feed costs. In particular, correlation analysis in-
dicates a strong inverse relationship (rs =-0.82),
which is statistically significant (p < 0.05). This
means that with an increase in the level of ly-
sine and methionine in mixed feed, the amount
of feed required to achieve an increase of 1 kg of
live weight in young turkeys decreases. In other
words, the higher the level of lysine and methio-
nine in the diet of birds, the more efficiently they
use food for growth. This confirms the efficiency

of increasing the content of these amino acids in
mixed feeds to achieve more economical rearing
of turkeys. This inverse relationship is a useful
indicator for poultry farming, as it reduces the
cost of mixed feed, which helps to reduce pro-
duction costs and increase production efficiency
(Kogut, 2009). The figure highlights the impor-
tance of optimising lysine and methionine levels
to achieve maximum results with minimal feed
costs.

Notably, the liveability of experimental young
turkeys during the entire experiment period was
quite high and ranged from 94-96% (Table 5).

| Table 5. Liveability of young turkeys, % of the number at the beginning of the experiment, n=100

. . Group
Experiment period, days 1 2 3 2 5
1-7 98 99 99 98 98
8-14 98 98 97 98 98
15-21 97 97 97 97 97
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Table 5. Continued

. . Group
Experiment period, days 1 2 3 2 5
22-28 96 97 97 97 97
29-35 96 96 97 97 97
36-42 96 96 96 97 96
43-49 96 96 96 96 96
50-56 96 95 96 96 96
57-63 96 95 95 96 96
64-70 95 95 95 96 96
71-77 95 94 95 96 96
78-84 95 94 95 95 96
85-91 95 94 95 95 96
92-98 95 94 95 95 96
99-105 95 94 95 95 96
106-112 95 94 95 95 96
113-119 95 94 95 95 96
120-126 95 94 95 95 96
For the entire period of experiment 95 94 95 95 96

Source: compiled by the authors

The liveability of young turkeys remained quite
high over time, which indicates the overall stabil-
ity and good condition of the birds in the rearing
process, regardless of the group. Throughout the
experiment, Group 5 showed the highest bird live-
ability, retaining 96% at the final stage. Group 2
had the lowest liveability rate, which was 94% by
the end of the experiment. Other groups (1, 3,and
4) had intermediate results, which also indicates
fairly stable bird survival rates in these groups.
Despite these differences in liveability among the
groups, the study did not reveal a significant ef-
fect of lysine and methionine levels in mixed feed
on this indicator. That is, changes in the levels of
these amino acids did not have a significant ef-
fect on the level of bird survival, which indicates
their irreplaceable role in improving other aspects
of productivity, such as growth and development,
but does not affect the survival of birds as much.

Discussion of the results shows that the re-
sults of the current study are in the context of
scientific advances in poultry farming and feed
efficiency, in particular, regarding the effects of
amino acids such as lysine and methionine on
poultry productivity. Research by C-C. Fang et

al. (2021) demonstrated a positive effect of in-
creased methionine levels on the growth and
development of muscle mass in fish, which corre-
lates with the results of the current study, where
an increase in lysine and methionine levels in
compound feeds had a positive effect on live
weight gain in young turkeys. Both studies point
to the importance of optimising amino acids in
animal diets to achieve better growth outcomes.
The study by N. Yousefi & S. Abbasi (2022), which
focuses on improving the solubility and thermal
stability of feed proteins, can also be consistent
with the results of the current study in the con-
text of the importance of feed quality to ensure
high productivity. Although the focus of this study
on protein stability was not part of the current
analysis, high feed quality is an integral part of
successful animal rearing, which is supported by
the results of both studies.

The study by M. Li et al. (2022), who investi-
gated the relationship between collagen charac-
teristics and meat tenderness, is also important
for comparison, although the main focus of the
current study was on performance indicators.
However, both studies highlight the importance
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of feed additives to improve final products, in this
case, to achieve high poultry productivity, and in
the case of these researchers - to improve meat
quality. The relationship between lysine and me-
thionine levels and product quality is an impor-
tant aspect for further research in both directions.
The study by M. Hastie et al. (2022), which focused
on consumers’ perception of meat and the impact
of ageing methods on its quality, has a different
focus and is more concerned with consumer pref-
erences than the production aspects explored in
the current paper. The results of the current study,
which focuses on productivity and cost-effective-
ness, can help in further work that considers the
perception of final products by consumers.

The effect of quercetin on meat tenderness
and apoptosis and autophagy signalling pathways
described by T. Wang et al. (2022) and Y. Wang et
al. (2022), supplemented the understanding of
the efficiency of feed additives. Although the
study focused on antioxidant properties and ef-
fects on autophagy in chickens, its results may be
consistent with the results of the current study
in the context of overall feeding efficiency, which
includes not only amino acids, but also other sup-
plements that affect the health and productivity
of animals. The researchers noted that quercetin
can improve meat tenderness due to its effect on
metabolic processes in muscle tissue, in particu-
lar, by regulating apoptosis and autophagy, which
are important for maintaining muscle health and
overall health in birds. This study also highlights
the importance of an integrated approach to the
selection of feed additives, which includes not
only amino acids, but also antioxidants and other
bioactive components that can positively affect
the productivity and quality of meat. In the cur-
rent study, increased levels of lysine and methio-
nine in turkey feed have shown a positive effect
on live weight gain and feed consumption, but
it is also important to consider additional addi-
tives, such as antioxidants or other biologically
active components, which may have an addition-
al impact on improving meat quality and overall
health of birds.

According to C. Werner et al. (2008), feed ad-
ditives are important for improving the efficiency
of animal feeding, which is consistent with the
results of the current study, which showed a pos-
itive effect of increased levels of lysine and me-
thionine on the productivity of turkeys. The study
bythese researchers confirms the need to optimise
feed to improve animal productivity, which is the
main goal of the current study, where the effect of
different levels of amino acids on live weight gain
and feed consumption are investigated. According
to the results of the current study, increasing the
level of lysine and methionine in mixed feeds con-
tributes not only to better growth of poultry, but
also to optimisation of feed costs, which directly
affects the reduction of production costs. These
factors are critical for improving the economic
efficiency of production and ensuring sustain-
able growth of turkeys in industrial conditions.

C. Chang et al. (2024) investigated the effect
of protein and lysine levels on meat quality and
myofibrile characteristics in slow-growing chick-
ens. Although their study focused on the meat
qualities of poultry rather than its performance,
the results confirmed the importance of adjust-
ing lysine levels in the diet to achieve the desired
results. This is consistent with the current study,
where it was demonstrated that an increase in
lysine levels in mixed feed has a positive effect
on live weight gain in turkeys. Although the study
focuses on aspects of meat quality, these results
can be useful for improving turkey feeding to im-
prove the quality of meat products and feed effi-
ciency, which ensures optimal results at different
stages of growth.

The study by |I|. Cherevko (2023) and
T. Vahsen et al. (2021) examined the effects of
increased arginine, lysine, and methionine lev-
els on turkey performance, health, and immunity.
Both studies demonstrated a positive effect of
increased amino acid levels on improving bird
growth, which is consistent with the results of
the current study. Increasing the level of lysine
and methionine in mixed feeds really helps to
improve live weight gain and feed efficiency,
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which is confirmed by research results. However,
the studies note that the effect of increasing ami-
no acids may depend on the keeping conditions,
which is an important aspect for further research.

P.Glatz & B.Rodda (2013) addressed the wel-
fare and maintenance of turkeys, in particular fo-
cusing on the conditions of keeping, feeding, and
the impact of these factors on bird productivity.
The importance of creating comfortable condi-
tions for turkeys, including appropriate temper-
ature conditions, sufficient space for movement,
and a balanced diet, was emphasised. It was noted
that physical and psychological stress can signif-
icantly affect the health and productivity of birds,
so special attention should be paid to the well-be-
ing in the process of raising them. This study is
related to the current research, as it also exam-
ines feeding and its impact on turkey productivity.

The current study focuses on the effect of ly-
sine and methionine in mixed feed on live weight
gain and feed consumption, whereas P. Glatz &
B. Rodda (2013) focuses more on an integrated
approach to keeping conditions and feed efficien-
cy in terms of animal welfare. Both studies high-
light the importance of a balanced approach to
keeping and feeding turkeys to achieve high pro-
ductivity.An important aspect is that although the
researcher focuses on creating comfortable con-
ditions for birds, the current study focuses more
on optimising feed composition and the effect of
specific amino acids, such as lysine and methio-
nine, on physiological growth and productivity in-
dicators. The results of both studies are consistent
with the need to provide turkeys with a balanced
diet to achieve the best growth and health results.

The results of the current study are con-
sistent with other papers confirming the impor-
tance of optimising lysine and methionine levels
in mixed feeds to achieve high productivity and
cost-effectiveness. In particular, the data provided
confirm that changes in the levels of these amino
acids can positively affect live weight gain and
reduce feed costs. Comparison with other stud-
ies allows expanding the understanding of the
impact of feed additives on various aspects of
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cultivation and product quality, which can be-
come the basis for further research in this area.

As a result of the scientific and economic ex-
periment, the effect of various levels of lysine and
methionine in mixed feed on the productivity and
health of young turkeys was investigated. An in-
crease in the content of lysine and methionine in
mixed feed contributed to an improvement in the
growth rate of birds, in particular,turkeys of groups
4 and 5 reached the highest live weight at the end
of the experiment. Optimisation of the levels of
these amino acids helped to reduce feed costs by
1 kg of live weight gain, which increases the eco-
nomic efficiency of cultivation. The most cost-ef-
fective feed was Group 4, where the optimised
lysine-methionine ratio showed the best results.

The liveability of birds throughout the exper-
iment remained high (94-96%), which indicates
stable keeping conditions. However, lysine and
methionine levels did not significantly affect this
indicator, confirming that these amino acids do
not directly affect the survival of birds, but signifi-
cantly improve other aspects of their performance.
The results of the study highlight the importance
of adjusting the levels of lysine and methionine
in mixed feeds to achieve high growth rates and
reduce feed costs, which contributes to improving
the efficiency of poultry farming.

Conclusions

The results of the study confirmed that an in-
crease in lysine and methionine levels by 5% and
10% in mixed feed for young turkeys leads to a
significant increase in their live weight at 126-
day age. In particular, an increase in lysine lev-
els by 5% provided an increase in live weight by
5.9%, and an increase in methionine by 10% - by
3.6% (p<0.01). A decrease in these amino acids in
mixed feed by 10% and 5% led to a decrease in
the live weight of birds by 5.6% and 2.7 %, respec-
tively (p < 0.05). This demonstrates the impor-
tance of a balanced approach to adjusting dietary
amino acid levels for optimal bird growth.

The study also indicates that an increase in
lysine and methionine levels in mixed feeds by
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5% and 10% at all stages of cultivation con-
tributed to a reduction in feed costs per 1 kg of
live weight gain by 4.3% and 2.1%, respectively.
Analysis of the relationship between the level of
lysine and methionine in mixed feed and feed
costs per 1 kg of growth showed a strong inverse
relationship (rs =-0.82), confirming that with an
increase in the content of these amino acids, the
amount of feed required to achieve bird growth
decreases. However, correlation analysis
vealed a significant inverse relationship between
the level of amino acids and feed costs for live
weight gain, which demonstrates the importance
of the right balance for reducing feed costs and
improving economic efficiency. As for the livea-
bility indicators, the study did not reveal a sig-

re-

a positive effect on bird productivity, but their ef-
fect on survival is not significant.

Prospects for further research may focus on
investigating the effects of different levels of ly-
sine and methionine in mixed feed on the yield
and quality of slaughter products, and on the pos-
sibilities of optimising the levels of these amino
acids to improve the quality of meat and other
indicators important for poultry farming. In ad-
dition, it is necessary to investigate the effect of
various methods of introducing synthetic amino
acids into mixed feeds on their efficiency and on
the possibility of integrating such approaches
into industrial production to reduce costs and in-
crease the overall productivity of birds.

nificant effect of different levels of lysine and Acknowledgements
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liveability of birds remained consistently high
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MOJIOAHSKY iHAMKIB M'ICHOTO HanpsiMy NPoAyKTUBHOCTI kpocy BIG 6. 3a MeTonoM 36anaHcoBaHUX rpyn y
nobosomy BiLi 6yno chopmoBaHo M'ATb NigaocniaHux rpyn ntuui. Jocnig Tpusae 126 4i6 Ta noginsscs
Ha ABa nepioau: 3piBHANbHWI (7 Aib) Ta ocHoBHMIA (119 Ai6). Y 3piBHANBHMI nepion NiaLoCNiAHWIA
MONIOAHSK CMOXMBAB KOMOIKOPMUM KOHTPONbHOI rpynu. B OCHOBHMIM nepiof [OCNiQy KinbKicTb
Ni3WHY | METIOHIHY BiZHOCHO KOMOIKOPMY NTULi KOHTPOJbHOI rpynu 3a nepiofamMu BUPOLLYBAHHS
3MeHLWYBanacb abo 36inblyBanacb nponopuinHo Ha 5 i 10 %. BcTaHOBNEHO, WO pi3Hi PiBHI Ni3KHY i
MEeTIOHiHY y KOMBiKOpMax AN MONOAHSKY iHAMKIB NO3HAYalTbCs HA Or0 NPOAYKTUBHOCTI MO-pPi3HOMY.
Y 126-p060BOMY BiLi HAaMBULLY XMBY Macy Manu iHAWMKK, SKi OTpUMYBaNM KOMDIKOPM i3 36ibLIeHHSIM
KiNbKOCTI Ni3uHY i MeTioHiHy Ha 51 10 % — BOHM NepeBaXanu aHanoriB KOHTPOIbHOI rpynu BiANOBIAHO HA
5,9 (p<0,01) i 3,6 %. MonogHAK, KU CNOXMBAB KOMBIKOPM i3 3MEHLLEHOI KiIbKiCTHO Ni3UHY | METIOHIHY
3a 3ragaHu1M NOKa3HMKOM MOCTynanacs nepes KOHTPONbHUMM POBECHMKAMM BiaNoBiAHO Ha 5,6 (p<0,05)
i 2,7 %. 36inblueHHs piBHS Ni3uHY i MeTioHiHy HAa 5 i 10 % y kombikopMi iHAMKIB Ha yCiX eTamax ix
BMPOLLYBAHHS CMPUSE 3HMKEHHIO BUTPAT KOPMY Ha 1 KI NpMpOCTY XXMBOI MacK BiaANoBigHO Ha 4,3 i 2,1 %.
[loBeneHo, WO 3aNexXHiCTb MiXX PIBHAMM Ni3UHY M METIOHIHY Y KOMBIKOPMi Ans MONOAHSAKY iHAWKIB Ta
Moro BuTpataMu Ha 1 Kr NpMpPOCTY XXMBOi MacKu OMUCYETLCS MOAIHOMIaNbHOI NiHIEID 3 KoediLiEHTOM
[OCTOBipHOI anpokcuMauii R? = 1. KopensauiHuit aHanis CeifuuThb, WO MiX UMMM ABOMA NMOKa3HMKaMu
icHye pocToBipHuit (p < 0,05) cunbHMiA 3BOPOTHIN 3B'A30K (r, =-0,82). MokasHMK 36epexeHoCcTi nTuui y
BCiX nmignocnifgHux rpynax 6ys 6ausbkum (94-96 %), npoTte BiporifLHOro BMAMBY Pi3HUX PIBHIB Ni3UHY i
METIOHIHY Y KOMBiKOpMax 3a BMPOLLYBAHHS MTULI HA NOKA3HMK ii 36epeXeHOoCTi He BCTAHOB/IEHO
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Abstract. The study aimed to analyse the foreign experience of forestry management and to address the
latest strategies for managing forest resources. The positive experience of foreign countries in managing
the forestry sector in the context of increasing forest pollution is highlighted. The possibilities of using
this experience to improve legislation in the relevant field are considered. The study established that
in the developed countries of the world forest resources are among the most important national values
that have significant economic and socio-cultural significance. To effectively conserve and restore
these resources, multilevel governmental mechanisms for managing forest resources in the face of
increasing forest pollution have been introduced abroad. The study indicated that many developed
countries use forest management strategies through an integrated approach to address this issue, the
main essence of which is based on control measures carried out by both public authorities specialising
in forestry and environmental safety authorities and services. The study noted that forest management
in the world is becoming an increasingly urgent task due to the growth of pollution, climate change
and other environmental challenges. Several international approaches and strategies used to preserve
and restore forests are considered, namely: Sustainable Forest Management (SFM); forest certification;
international treaties and initiatives; rehabilitation and restoration of forests; involvement of local
communities; and technological innovations. Several important points of foreign experience in forest
management that should be used and implemented in Ukraine are highlighted: the development of an
agroforestry approach, the introduction of biodiversity conservation programs, the European Union's
forestry development strategy, and others. The results obtained can be used to develop national and
local forest management strategies, implement eco-standards, adapt pollution control plans, and raise
awareness and education among citizens and government officials
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International experience and strategies for forest management...

Introduction

The management of Ukrainian forest resources is
an urgent issue of state regulatory policy, as they
are an exhaustive and limited natural resource
of the national economy. Furthermore, forest is
an important component of the natural ecosys-
tem of territorial communities, as it provides an
opportunity to develop the economic and social
sphere of many territories and sectors of the
country, contributes to the conservation of bio-
diversity and provides a unique environmental
microclimate (Ozkaya & Erdin, 2020). In the mod-
ern world, where technological and technical de-
velopment is growing every day, forest resources
are actively used for industrial purposes, which
causes excessive deforestation, a decrease in the
species composition of flora and fauna, pollution,
and disruption of the natural balance of ecosys-
tems. Incompetent management of forest re-
sources leads to several negative consequences:
soil depletion, reduced water retention function
of territories, air and environmental pollution,
and other negative factors for ecosystems and
humanity in general.

Notably, state forest management strategies
significantly impact the entire national economy,
as these resources are the raw material base for
many industries, such as forestry, fuel and energy,
medical, cosmetics, pharmaceutical, food and oth-
er industries, which provides job creation in lo-
cal communities, and a significant share of forest
resources form a large part of Ukrainian exports
(Shi et al.,2022). The Ukrainian forestry sector re-
mains in a critical situation. Forest resources do
not meet economic and environmental require-
ments. Over the past 1000 years, the forest area
has decreased by more than three times, forest
landscapes have been subjected to anthropogen-
ic changes, natural productivity has declined, and
biodiversity has been reduced. Forest plantations
have been destroyed by excessive deforestation
in the past, so their natural protective functions
are lower. Due to a lack of investment, reforest-
ation and afforestation rates remain low, and
the mismatch between the forest resource base,

forest development opportunities, and forest con-
sumption is deepening (Torres et al., 2021).

The study of the newest component of the
strategy for the rational use of forest resourc-
es has been a part of research at the foreign
and national legislative levels, as well as in the
works of many scientists. There are many views
among researchers on the strategy of the mod-
ern development of the forest industry, as well as
the experience of their implementation abroad.
O.V. Boyko (2021) believed that the creation of a
modern, innovative forestry complex is possible
only when the right legislative framework is cre-
ated, a wide range of various subsidies is used,
long-term programmes for the careful use of for-
est resources are created, and modern innovations
in the forestry complex are monitored on an ongo-
ing basis. M. Dyachenko et al. (2021) indicate that
for the optimal functioning of the forestry sector,
it is necessary to create free access to timber, but
only if fair competitive conditions are created, a
favourable climate for investment in innovative
development is created, and positive dynamics of
change is introduced, guided by the experience of
European countries. YV. Muravyov et al. (2023) rec-
ommend changing the plan for creating strategies
for the development of forestry institutions. This
plan has a regional overtone, addressing the main
features of the forestry sector in the Zakarpattia
region.As a result of the study,a scheme of a mod-
ern strategy for the development of the forestry
sector in the Zakarpattia region was proposed. The
researchers also focused on international experi-
ence. O. Oshurkevych-Pankivska et al. (2023) have
similar views, believing that in the process of cre-
ating an innovative policy for the development of
the forest industry, it is necessary to address the
uneven areas of forest plantations in different
regions of Ukraine, which determines the neces-
sity of keeping the focus on the regional levels.

D. Wuepper et al. (2023) argue that it is ad-
visable to use a variety of approaches to the de-
velopment of the forestry sector, accounting for
the experience of foreign countries. They believe
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that their implementation is justified in the face
of risks and uncertainty of modern realities. The
scientists believe that the following schemes for
the development of this industry would be ap-
propriate: export orientation, import substitution,
and organisational and legal regulation. Similar
views are shared by Y. Polishchuk et al. (2020).
They believe that regional policy should be based
on the experience of European partners, taking
into account the following points: human capi-
tal development; subsidies for small and medi-
um-sized businesses; modernisation of research
by increasing investment; and forestry is seen as
an object of modern smart specialisation. L. Maly-
uta & Y. Spyrydonova (2011) insist on the special
importance of the forest, so it is necessary to use
the latest methods in the forestry industry, which
will have a positive impact on the production of
fixed assets, money in circulation, increase pro-
ductivity, reduce existing costs, and, of course, in-
crease the estimated amounts. Scientists advise
simulation, modelling, optimisation and digitisa-
tion of forest data, all of which will allow for the
modelling of the latest forest systems.

Thus, the literature review shows that for-
est management issues have been considered
by many researchers, but over time, forest man-
agement approaches and strategies have become
outdated and need to be modernised. The study
aims to analyse international experience in im-
proving the forestry sector and to study modern
forest management strategies, which will im-
prove the forestry complex of Ukraine.

Materials and Methods
The study of international experience and strat-
egies of forest management was based on natu-
ral materials and methods: a comparative anal-
ysis - to investigate investment and regulation
of forestry opportunities in a market economy;
analysis and synthesis of statistical information
collected and processed to illustrate the current
situation and trends in forestry in Ukraine; eco-
nomic and statistical - to assess the current sit-
uation with forestry in Ukraine and its regions;
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cause and effect - to create and analyse tools
related to the creation of strategies for the de-
velopment of forest potential and the effective
reproduction and use of forest resources; graphs
for displaying the results of scientific research;
assessment of the effectiveness of organisation-
al and economic instruments of state regulation
of forestry activities in the region.

Geographic Information Systems (GIS)
technologies were used in the course of this
study. Notably, the main purpose of GIS was to
produce and maintain databases with spatially
coordinated information. Among the databas-
es of this type were digital atlases created for
different countries and published by Delorme
Mapping Systems as part of the Domesday pro-
ject (Lausch et al.,, 2017), including the Digital
World Atlas and the Digital Atlas of the Unit-
ed Kingdom. These databases also contained a
digital format of the National Atlas of Ukraine,
developed by the Institute of Geography of the
National Academy of Sciences of Ukraine in co-
operation with “intelligent geographic systems”
(Massey et al., 2023). The second important com-
ponent of such a database is an observational
system, such as the UNESCO-led Global Re-
source Information Data Bank (GRID) or the Eu-
ropean Community Geographic Information Sys-
tem CORINE (Carvalho et al., 2021). GIS functions
also included the production and operation of
cadastre systems integrating various fields: mu-
nicipal automated information systems (MAIS),
automated land information systems (ALIS), and
spatially distributed automated information sys-
tems for cadastres (water, forestry, real estate).
The spatial data software included GIS packag-
es such as MGElIntergraph, ILWIS (Netherlands),
Mapinfo (USA), Arc/INFO, SICAD (Germany),
ArcView GIS, and QGIS (USA).

Modern approaches, methods and materials
based on the latest scientific studies were used to
obtain the available results on the analysis of for-
eign experience and the most recent forest man-
agement strategies to use the positive experience
gained in the forestry sector of Ukraine (Table 1).
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Table 1. Regulations and forest management strategies of leading countries

Country Primary regulatory acts Primary forest management strategies
Forest Stewardship Council (FSC) (2024), Sustainable forest management, forest
Canada Canadian Standards Association (2024) certification, investment in new technologies,
cooperation with indigenous peoples
“Cut down one tree — plant two”, bioenergy
Finland Progrgrer;%ecgczirot:?;gg&r?ze&ir;t %gorest investments, local community participation,
! environmental legislation.
Sustainable forest management, investments
Sweden Forest Stewardship Council, PEFC in the latest technologies, environmental
legislation, reforestation
B Sustainable forest management, research,
Germany Natlscigsvl aFrgrSehsEt A(‘:C;u(:]gi?‘?g;%reﬁ certification, forest rehabilitation, stakeholder
P ’ engagement
. - Sustainable forest management, certification,
France Code Forestier (2024, November), National community engagement, research, climate

Wood Production Strategy (2024)

change adaptation

Great Britain

The Forestry Commission (2024), UK
Government'’s England Tree Strategy
Consultation (2024)

Sustainable forest management, certification,
community participation, education, climate
change adaptation

USA

National Forest Management Act (NFMA)
(1976), Forest Legacy Program (FLP) (1990),
Forest Stewardship Program (2024)

National forest management, certification,
fire management strategies, climate change
adaptation

Source: compiled by the author

Acts of the Cabinet of Ministers of Ukraine
and the Verkhovna Rada of Ukraine were used in
the study, namely Forest Code of Ukraine (1994);
the Law of Ukraine No. 1264-XII “On Environmen-
tal Protection”(1991); Resolution of the Cabinet of
Ministers of Ukraine No. 303-2007-p “On Approv-
al of the Rules for Forest Reproduction” (2007);
Resolution of the Cabinet of Ministers of Ukraine
No. 976-2009-p “On Approval of the Regulation
on State Forest Protection, Forest Protection of
Other Forest Users and Forest Owners” (2009)
were employed in the study. Moreover, Statistical
information from the State Committee of Forest-
ry of Ukraine and regional forestry management
institutions were used in this paper, namely the
Public Report of the Head of the State Agency of
Forest Resources of Ukraine for 2023 (2023) and
reports of the State Statistics Service of Ukraine
were employed in this research.

Results
The development of the forestry industry is an im-
portant component of many economies,and some
of them have achieved significant success in this
area thanks to effective strategies. Here are some

examples of the most successful countries and
their strategies. Canada, which has some of the
largest forest resources in the world, has several
leading strategies for managing these resources
(Yousefpour et al., 2020). Canada is actively im-
plementing sustainable forest management prac-
tices. Many Canadian forests are certified accord-
ing to the Forest Stewardship Council (2024) and
Canadian Standards Association (2024) standards,
which guarantee environmentally responsible,
socially beneficial and economically sound forest
management. Canada is making significant efforts
to preserve biodiversity. Government agencies
are creating national parks, protected areas, and
protected areas where deforestation is limited or
prohibited. Canada is investing in research and
development of new technologies for sustainable
forest management, such as bioenergy projects,
development of new wood materials and innova-
tive methods of logging and forest management.
Canada actively cooperates with indigenous peo-
ples, involving them in the management of for-
est resources. Indigenous communities have the
right to participate in decision-making on forest
use, as well as to benefit economically from forest
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resources. The country supports a policy of plant-
ing new trees in areas where deforestation has
taken place to ensure forest regeneration. The
country is conducting genetic research to grow
more resilient and productive forest stands.
Through these strategies, Canada not only con-
serves its forest resources but also provides eco-
nomic benefits to its citizens.

Finland is a role model for forest manage-
ment. The country contributes significantly to
green forest preservation. The main aspect of
forest management in Finland is deforestation,
which is always accompanied by planting new
trees. The “Cut down one tree, plant two” is the
basic principle that Finland follows in managing
forest resources. Most Finnish forests are certified
according to PEFC or FSC standards. This ensures
that forest management meets environmental
requirements, and social principles and is eco-
nomically viable. To improve the forestry industry,
financial institutions are actively investing in new
technologies and research. The main areas of in-
vestment include bioenergy, the creation of new
materials from wood waste,and much more. Local
communities are actively involved in the propos-
al and decision-making processes for forest man-
agement. They can express their opinions and
participate in various activities, which improves
their understanding of the value of forests. Fin-
land has developed strong environmental legisla-
tion that has played a major role in shaping forest
management strategies. High standards and strict
laws regulate logging and forest management.
This contributes to biodiversity conservation
and ecosystem protection. Finland’s forest man-
agement strategies include biodiversity protec-
tion, i.e., they create protected areas and operate
various environmental programmes to preserve
endangered and rare species of flora and fauna.
Finland is indeed a role model for forest manage-
ment (Dufour-Kowalski et al., 2011).

Sweden is one of the countries that pioneered
the principles of sustainable forest management.
The basic principle is that deforestation should
be compensated by reforestation. This ensures a
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balance between deforestation and reforestation
and preserves ecological systems and biodiversity.
This principle is similar to the Finnish example of
forest management. Most Swedish forests are cer-
tified according to the Forest Stewardship Coun-
cil (2024) and the Programme for the Endorsement
of Forest Certification standards. This guarantees
that forest management is carried out responsi-
bly, respecting environmental and social aspects,
as in many European Union countries. One of the
areas of sustainable forest management in Swe-
den is investment in research and development of
the latest technologies in the forest industry. The
country is developing new wood products, such
as bioplastics and textile fibres, and is research-
ing new wood processing methods to improve
quality and reduce waste. The national environ-
mental laws are strict, controlling deforestation,
protecting water resources and monitoring bi-
odiversity. The laws set strict limits and require-
ments for forest users to ensure the sustainability
and longevity of forest ecosystems. The Swedish
reforestation programme is quite robust and in-
cludes planning for the planting of new trees in
the areas where deforestation has occurred. These
measures preserve forest areas and contribute to
balancing the carbon cycle. Sweden uses the lat-
est technologies to monitor the state of forest re-
sources, involves non-governmental organisations
and ordinary citizens in making management de-
cisions, and promotes the development of small
and medium-sized forestry enterprises, which sup-
ports regional economic development and creates
additional jobs. Sweden’s forest management
strategies are export-oriented, which brings large
revenues to the country. Adaptation of forestry to
climate change and strategies to reduce emissions
of harmful gases are important ideas in Swedish
forestry legislation. Large areas of forests absorb
carbon, which means that Sweden uses forests
as a tool to combat its large carbon footprint in
the atmosphere. Sweden’s forest management
strategies are quite effective, helping to conserve
forest resources and ensure their sustainabili-
ty and economic efficiency (Jourdan et al,, 2021).
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The development of the forestry industry is
an important component of the economy of many
countries, and some of them have achieved sig-
nificant success in this area due to effective forest
management strategies. Analysis of international
experience highlighted an example of the suc-
cessful implementation of forest policy and its
successful implementation at the external and
internal levels in the European Union. It is worth
noting that the basic principles of forest manage-
ment in Europe were created several centuries
ago by German experts, which is why Germany is
called the “trendsetter” among the European Un-
ion countries.

Germany is one of the world’s leading coun-
tries in the field of sustainable forest manage-
ment. Its approach and strategies are extremely
systematic and include measures and approaches.
Here are some of the main aspects of the German
forest management strategy:

1. Sustainable forest management: Germany
is boldly implementing the principle of sustain-
able forest management, which means that it
strikes a balance in the environmental, social and
economic spheres when managing forest resourc-
es. The country regularly monitors the state of its
forests, plans deforestation and reforestation,and
takes measures to protect flora and fauna.

2. Legislative framework: forest management
is regulated at both the federal and state levels.
The main laws of sustainable management are
enshrined in the National Forest Act (1975).

3. Forest certification: many forestry en-
terprises in Germany are certified by the Forest
Stewardship Council and the Programme for the
Endorsement of Forest Certification. This ensures
compliance with high environmental, social and
economic requirements.

4. Rehabilitation and restoration of forests:
degraded forests in Germany are being actively
restored. Much attention is devoted to the use
of local tree species to preserve biodiversity and
make ecosystems more sustainable.

5. Research and innovation: the develop-
ment of technological innovation and scientific

research is a priority for Germany as it contributes
to effective forest management, and Germany
is investing heavily in the scientific sector. This
includes the use of satellite imagery, drones and
geographic information systems for forest moni-
toring.

6. Stakeholder engagement: an important
part of the strategy is to involve various stake-
holders, from local communities to private forest
owners, environmental organisations and busi-
nesses. This contributes to a more integrated and
harmonious approach to forest management.

7. Education and awareness-raising: a major
role is played in education and awareness-raising
about the importance of forest conservation and
restoration. This includes training programmes,
educational campaigns and cooperation with
schools and universities.

8. Economic incentives: to support sustain-
able forest management, Germany uses various
economic incentives, such as additional benefits
for forest owners and subsidies, as a sustaina-
ble management practice. The country has also
always been actively involved in international
cooperation in forest management, exchanging
experience and knowledge with other coun-
tries (Schneider et al., 2021).

It is worth noting the positive experience of
managing the forestry complex in France. Accord-
ing to French law, the environment, landscapes,
flora and fauna, their varieties and bio-balance are
part of the national heritage, and the protection,
restoration and management of natural resources
is a task aimed at protecting and preserving the
environment from possible threats of destruction.

France has a wealth of experience and a
comprehensive approach to forest management
that combines all the above principles. France
is actively implementing the principles of sus-
tainable forest management, which are aimed at
preserving flora and fauna, productivity and envi-
ronmental sustainability of forests. This includes
regulating deforestation, reforestation and pro-
tection against soil erosion. The National Wood
Production Strategy (2024) defines the main
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priorities of forest management policy until 2026.
The main goals include the conservation of for-
ests, increasing their productivity, strengthening
the links between forests and the economy, and
enhancing adaptation to climate change. The le-
gal framework and regulation of forestry in France
is carried out through laws and regulations, in-
cluding the Code Forestier (2024). This provides
a legal framework for sustainable forest manage-
ment and the protection of forest resources. As
in Germany, many forests in France are certified
by the Forest Stewardship Council (2024) and the
Programme for the Endorsement of Forest Cer-
tification, meaning that France is also actively
pursuing a forest certification policy. This helps
ensure compliance with high standards of sus-
tainable management.

The country actively involves local com-
munities, private forest owners, environmental
organisations and businesses in the forest man-
agement process. This contributes to a more
harmonious approach and consideration of all
interests. Public awareness and education are
an important part of the strategy, and France in-
vests in training programmes for foresters, public
education campaigns and cooperation with ed-
ucational institutions. It also actively supports
scientific research in forestry and introduces
technological innovations for forest monitoring
and management. This includes the use of satel-
lite imagery, drones and geographic information
systems. There are various economic incentives
to support sustainable forest management, in-
cluding financial support for reforestation, subsi-
dies and tax breaks for forest owners. It is worth
noting that France is developing and imple-
menting measures to adapt its forests to climate
change, including the selection of drought- and
pest-resistant tree species and the introduction
of new management practices, which will help
forests adapt to new conditions. France is also
actively involved in international initiatives on
forest governance, knowledge sharing and co-
operation with other countries to support global
forest resilience (Griinig et al., 2024).
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The UK has its unique forest management
strategy based on the principles of sustainable
development, biodiversity conservation and con-
sideration of environmental challenges such as
climate change. The UK is actively implementing
the principles of sustainable forest management,
which are aimed at maintaining an ecological,
social and economic balance in forest manage-
ment. This includes regular monitoring of forest
conditions, control of deforestation and reforest-
ation measures. Forest policy and strategy are
coordinated by the Forestry Commission (2024),
which is responsible for developing and imple-
menting forest management strategies. It also
provides advice to the government and private
forest owners. The UK actively supports certifica-
tion programmes, such as the Forest Stewardship
Council (2024) and the Programme for the En-
dorsement of Forest Certification, which promote
sustainable forest management and ensure com-
pliance with high standards. The UK government
has also developed the UK Government’s England
Tree Strategy Consultation (2024), which includes
measures to increase the area of forests, conserve
existing forest resources and increase their resil-
ience to climate change. The UK actively engag-
es local communities, private forest owners and
various stakeholders in the forest management
process. This includes consultations, joint projects
and support programmes for local initiatives. The
UK raises awareness of the issue and invests in
educational programmes to help raise awareness
of the importance of sustainable forest manage-
ment. This includes training courses, online re-
sources and cooperation with educational insti-
tutions, as well as supporting research in forestry
and introducing the latest technologies for forest
monitoring and management. Satellite imagery,
drones and geographic information systems are
used to detect changes in forests and plan con-
servation measures. The UK is developing and
implementing measures to adapt forests to cli-
mate change. This includes the selection of resil-
ient tree species, changes in forest management
practices, and measures to increase the resilience
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of forests to extreme weather. There are a varie-
ty of economic incentives to support sustainable
forest management, including grants, subsidies
and tax breaks for forest owners who adopt sus-
tainable practices. The UK actively participates
in international initiatives on forest governance,
sharing knowledge and best practices with other
countries. This contributes to the global sustain-
ability of forests and the maintenance of interna-
tional environmental standards. These measures
and strategies help the UK to effectively man-
age its forest resources, preserve them for future

20 28

24 24

generations, and adapt to new environmental
challenges (Ligot et al., 2023).

Analysis of the development of the forestry
sector in the United States of America demon-
strated a significant emphasis on the national
economy, contrary to Ukraine. This conclusion is
based on the fact that the country is one of the
largest timber producers in the world. The Unit-
ed States of America (USA) has a variety of forest
management strategies that include public, pri-
vate and local initiatives, as forests are owned by
different entities, as shown in Figure 1.

State forests
Corporate forests
Private forests
Partly private forests

m Tribal forests

H | ocal government forests

Figure 1. Ownership structure of US forests, %

Source: compiled by the author

These strategies aim to conserve wildlife and
plants, use resources sustainably, and adapt to
climate change. The US Forest Service is the pri-
mary agency responsible for managing 193 mil-
lion acres of national forests and rangelands. It
develops long-term forest management plans
that consider environmental and societal con-
siderations. The National Forest Management Act
(NFMA) (1976) controls the management of public
forests, dictates requirements for forest resource
planning, and ensures public participation in de-
cision-making. The National Park Service manag-
es a system of national parks and wildlife refuges
that include large areas of forests, which helps to
preserve natural landscapes and biodiversity. The
Forest Legacy Programme (FLP) (1990) is unique
in that it aims to preserve private forest lands that
have high ecological, recreational or historical
potential. The programme provides financial sup-
port to protect forests from deforestation. There
is also the Forest Stewardship Programme (2024),
which provides technical and financial assistance

to private forest owners to develop and imple-
ment sustainable forest management plans. Like
other countries, the US actively uses forest certi-
fication systems such as the Forest Stewardship
Council (2024) and the Sustainable Forestry Ini-
tiative. This helps to ensure that forest resourc-
es are used appropriately. As fires are a serious
threat to US forests, the National Forest Service
and local governments are actively working to
develop fire management strategies that include
fire prevention, controlled burns and emergency
response, as this is a national concern. The United
States is developing and implementing measures
to adapt forests to climate change, including the
selection of drought- and pest-resistant tree spe-
cies,as well as the introduction of forest manage-
ment practices that increase their resilience to
atypical weather conditions. Forest management
in the United States also involves cooperation be-
tween various federal, state and local agencies.
This ensures that efforts are directed towards
the conservation and sustainable use of forests
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(Guignabert et al., 2024). These countries demon-
strate how effective strategies can contribute to
the sustainable development of the forest indus-
try, providing economic benefits and conserving
natural resources.

As for Ukraine, the national forestry policy
places greater emphasis on direct government
intervention and the use of economic incentives
for sustainable forestry. The main components of
the forestry industry are woodworking, forestry,
furniture, forest chemicals, and pulp and paper.
The economic crisis of 1990 significantly re-
duced the production capacity of these industries.
Therefore, to restore the sustainable potential of
the processing units of the forestry complex, it
is necessary to create a modern design of state
regulation of institutional changes. The nature
of state control over the use of natural resources
and environmental protection is determined by
the state environmental policy. In the context of
attracting foreign experience, this system should
be aimed at restructuring relations in the hu-
man-society-environment system. Today, there is
a need to restructure administrative institutions
with a methodology for implementing the prin-
ciples of integrated environmental management.
The state policy in the field of environmental
management should be based on a stable system
of regulations, but in the context of martial law
and constant changes in the domestic and foreign
policy situation, this system should be resistant to
changes in environmental components and avoid
potential crises. This is an effective way to over-
come economic and environmental problems and
regulate environmental management.

Forest resources are a set of resources that
includes timber, fruits, berries, medicinal plants,
mushrooms, honey, firewood and other useful for-
est products, as well as the natural conditions in
which forests grow, such as water, soils, climatic
conditions, air and water pollution, and biodi-
versity. Forest resources are of great importance
for the economy, as they are important sources
of food, materials for construction and manufac-
turing, and energy resources, and they provide
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other useful functions, such as biodiversity con-
servation, water and air purification, climate reg-
ulation, and others. A huge part of the global for-
est resources is used to produce timber, which is
widely used in construction, furniture and paper
industries. In addition, forests provide habitats for
more than 80% of the global species. Forest eco-
systems also have the potential to reduce emis-
sions and contribute to the fight against global
warming (Marfina, 2011).

Ensuring sustainable forest management
has a significant impact on creating a sustaina-
ble economy and preserving the environment.
Efficient use of forest resources and protection of
forests from careless use is a key challenge for
the sustainable development of our planet. A spe-
cific feature of forest and ecosystem management
in Europe is the concept of integration, which
implies the need for different approaches to the
potential for intensive timber production from
forests designated for nature protection or rec-
reation. In the European Union, forests are multi-
functional, thus, when managing forest potential,
ecological, economic and social functions of for-
ests are addressed, all factors are analysed and
management decisions are made to identify and
achieve the specified goal (Fournier et al., 2022).
Analysis of the experience of the world’s lead-
ing countries identified main principles of forest
management, as shown in Figure 2. A detailed de-
scription of each principle is provided below.

Conservation of forests and biodiversity: this
principle involves the preservation of natural
ecosystems, protection from pollution, protection
from human interference and other negative im-
pacts on the ecosystem. Biodiversity conservation
is important because forests are home to a large
number of different species of animals and plants.
Conservation of natural processes is also relevant
as they contribute to soil fertility, water balance
and other ecological processes. Ensuring the con-
servation of forests and biodiversity is important
for sustainable development and securing the
natural resource potential for future generations
(Karas et al., 2021).
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Figure 2. Basic principles of forest management
Source: compiled by the author

Use of forests according to their potential:
this principle calls for the use of forests accord-
ing to their purpose and capabilities. For instance,
a forest can be used as a source of wood for fur-
niture, paper and other materials, or as a recrea-
tional resource. This principle also requires con-
sideration of the specifics of a particular area and
forest. For instance, forests with more oak may be
more profitable for furniture production, while
forests with more pine may be better for paper
and other materials. Analysis of the potential of
forests allows to maximise the efficiency of their
use and ensure the sustainable development of
forest resources.

Sustainability: this principle implies that for-
ests should be used at a rate that allows them
to regenerate and maintain their ecological func-
tions, including water and air purification, climate
control, and biodiversity conservation. This prin-
ciple is very important in forest management. En-
suring sustainable development means preserv-
ing natural resources for the long term, ensuring
their use at a rate that does not exceed their
natural ability to regenerate (Janova et al., 2024).
This helps to maintain ecological balance and
ensure access to forest resources not only for
current generations but also for future genera-
tions. To achieve this goal, it is necessary to apply

scientifically sound forest management methods
that ensure their restoration and conservation. In
addition, consideration of the impact of forestry
on the environment and adherence to the princi-
ple of environmental safety are essential.

Management for economic efficiency: this
principle implies ensuring maximum efficien-
cy of forest resources use at minimum cost and
maximum profit. The principle of management
for economic efficiency implies that forest re-
sources management should be aimed at ensur-
ing maximum efficiency of their use with mini-
mum costs and maximum profit. This implies the
rational use of forest resources, optimisation of
their extraction and processing, and increasing
the competitiveness of the forest sector of the
national economy. To achieve this goal, it is nec-
essary to develop and implement effective forest
management strategies, accounting for econom-
ic, social and environmental factors. It is essen-
tial to ensure effective control over the use of
forest resources and the fulfilment of contracts
for their extraction and processing, as well as to
ensure transparency and openness in the process
of resource allocation and control. Managing for-
est resources in an economically efficient man-
ner can contribute to increasing forest revenues
and developing the forest sector of the national
economy. However, it is necessary to consider and
consider environmental and social aspects, en-
sure the sustainability and conservation of forest
ecosystems, and protect the rights and interests
of local communities and forest users (Muys &
Messier, 2023).

Public participation: this principle is essen-
tial to forest governance and involves the public
in decision-making on forest management. This
ensures that a wide range of diverse interests
and perspectives,including economic, social, cul-
tural and environmental, are represented, which
are important for sustainable development. Pub-
lic participation can take place through various
forms of consultation, discussion and cooper-
ation with stakeholders, including residents,
representatives of civil society organisations,
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academia and research institutions, industry
and other interested parties. Public involvement
helps to ensure broad support for decisions and
builds trust in forest management processes.
It also contributes to more effective and sus-
tainable solutions that consider the needs and
interests of different stakeholders and ensure
the conservation and sustainable use of forest
resources (Girma et al., 2023).

Ukraine has several forestry management
problems that affect the quality of the forest in-
dustry. The main problems of forest management
are Illegal deforestation, one of the biggest prob-
lems of forest management in many countries,
including Ukraine. It leads to loss of biodiversity,
disruption of ecological balance and reduction
of CO, absorbed by forests. A major problem is
insufficient protection of forests, which leads to
a decrease in their natural value and deteriora-
tion of biodiversity. It also reduces the opportu-
nities for sustainable use of forest resources and
reduces the economic efficiency of forestry. Cli-
mate change is also a significant issue that has a
negative impact on forests, in particular on their
ability to store carbon and biodiversity.As a result,
the risks of forest fires and diseases may increase,
which can lead to increased forest loss. Unauthor-
ised development of forest areas is quite popu-
lar in Ukraine, leading to a deterioration in the
quality of forest resources and a decrease in their
quantity, which leads to a decrease in the profits
of forestry enterprises. Unauthorised develop-
ment of forest areas is one of the most serious
problems of forest management. This includes
illegal deforestation, timber extraction without
the necessary permits, the use of forests for ille-
gal mining and other violations not provided for
by law. The lack of alternatives to forest use can
lead to unauthorised deforestation, which can be
a barrier to sustainable development. For exam-
ple, in certain regions of Ukraine, forests are the
only source of firewood needed to heat domestic
buildings in winter. In such cases, it is necessary
to find alternative energy and fuel sources to re-
duce pressure on forest resources.

Moroz

Discussion

The study demonstrated that international expe-
rience in managing forest resources against the
backdrop of increasing pollution includes sever-
al effective strategies. Key outcomes include the
introduction of air and water quality monitoring
technologies, the use of innovative reforestation
methods, and the integration of environmental
standards into management policies.

The research showed that effective forest
management strategies in the face of pollution
often combined technological innovation with
an integrated approach to resource management.
For instance, the use of satellite data to monitor
forest health has helped reduce pollution in the
United States. NASA satellites such as Landsat
have helped to reduce the percentage of pollu-
tion caused by deforestation and degradation,and
in the state of California, Landsat data revealed a
20% reduction in pollution due to the control of
forest fires and illegal logging. Sentinel-2 project
in Australia is based on the use of the European
Space Agency’s Sentinel-2 satellites to help Aus-
tralian researchers assess the condition of forests
after forest fires. The data from these satellites
allowed for a rapid assessment of the extent of
damage and the implementation of restoration
measures, which contributed to the restoration of
60% of the affected areas within the first year af-
ter the fires. Indonesia, in turn, uses satellite data
to monitor forest changes and combat deforest-
ation, so since 2015, thanks to satellite monitor-
ing, the level of illegal logging in the country has
decreased by 50%. Brazil has an Amazon forest
monitoring programme, which uses satellite data
to track deforestation, and thanks to data col-
lected from satellites, deforestation in the Ama-
zon decreased by 70% between 2004 and 2012
(Storch et al., 2023).

The use of satellite data for forest monitor-
ing is gaining popularity in Ukraine, and there are
several notable examples: The National Forest
Monitoring Project, launched in 2020, uses satel-
lite data to track changes in forest cover. Accord-
ing to the project, from 2020 to 2023, more than
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30,000 hectares of illegal logging and spontane-
ous deforestation were identified and document-
ed. The Forest Map system, implemented as part
of an initiative to improve forest governance, is
also operating on our territory, and it is worth
noting that satellite imagery helped to identi-
fy and assess a 15% reduction in forest area in
Ukraine in 2022 due to military operations and
illegal activities. Thanks to satellite data from
the Copernicus project, 35 large forest fires were
quickly detected and extinguished in 2021, help-
ing to prevent further damage to over 5,000
hectares. These examples demonstrate that in-
novative satellite data technologies are helping
to manage forests and respond to environmental
challenges in Ukraine as well. This supports the
hypothesis that monitoring technologies are key
to effective forest management (European Forest
Institute, 2024).

The conclusions are consistent with the re-
search of modern scientists, both foreign and
domestic. TV. Vu et al. (2019), paid attention to
the impact of air pollution on various aspects of
forest ecosystems, including tree health and bio-
diversity. I.Z. Gitas et al. (2014) explored the lat-
est remote sensing technologies for forest health
monitoring and pollution assessment. In turn,
S. Cunningham et al. (2015) analysed successful
cases of forest restoration as a means of pollution
control and environmental quality improvement.
E. Muller (2024) compared environmental norms
and standards in forest management in different
countries. Also, D. Karnosky et al. (2003) reviewed
the impact of pollution on the biodiversity of
forest ecosystems at the global level. They also
emphasised the importance of monitoring tech-
nologies in forest management.

D. Zadykhailo et al. (2023) addressing the
impact of military operations on the state of for-
ests and the possibility of satellite monitoring for
damage assessment. R. Elijah (2023) analysing
the role of satellite data in the processes of forest
restoration after natural disasters and pollution.
In turn, O.I. Bandurka et al. (2021), investigating
the effectiveness of satellite technologies for

detecting and responding to forest fires.
O.H. Chaskovskyy & H.H. Hrynyk (2020) exam-
ined the capabilities of Sentinel-2 satellites to
assess the state of forests and their changes in
recent years.Also, Y.S. Rajabova (2024) focused on
the use of satellite imagery to monitor changes
in forest cover and detect illegal logging. These
studies show how Ukrainian scientists are using
satellite technology to monitor and manage for-
ests and assess environmental impacts. However,
the study found that today, the war has a major
impact on forest pollution. In Ukraine in particu-
lar, it has a significant impact on forests, causing
physical damage through bombing and shelling,
soil degradation and pollution, as well as increas-
ing illegal logging and pressure on resources due
to population displacement. The hostilities also
reduce the capacity to manage and protect for-
ests, leading to long-term environmental prob-
lems and requiring comprehensive efforts to re-
store forest ecosystems.

Despite the high relevance of this study, it is
worth noting that certain limitations may affect
its generality and applicability: first, the analysis
was focused primarily on Ukraine and the Euro-
pean Union, which may limit the transferability of
the findings to other regions of the world. Con-
sequently, the results may not be fully reflective
of the situation in other countries or continents
where environmental, social and economic con-
ditions may differ significantly. Secondly, data on
forest pollution in some regions may have been
incomplete or outdated, which may affect the
accuracy and reliability of our findings. Future
research should focus on the effectiveness of
integrating different monitoring technologies in
real-world settings, as this can significantly im-
prove the quality of data collection and analysis,
and it is important to investigate the impact of
specific political and economic contexts on the
success of forest management strategies in the
face of pollution, which would allow for a bet-
ter understanding of how different factors can
interact and influence management decision
outcomes. In summary, this study confirms that
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effective forest management strategies in the
face of increasing pollution can be achieved
through the integration of technological innova-
tions and a holistic approach. This is important
for the development of new policies and practices
that can be adapted to the specific conditions of
different regions, which will not only contribute
to the conservation of forest ecosystems but also
increase their resilience to climate change and
anthropogenic impacts.

Conclusions

Forest management is an important aspect of the
national economy, as forests are a source of many
resources, including timber used in construc-
tion and furniture production, as well as berries,
mushrooms and other forest products used in the
food industry. However, illegal deforestation and
negligent management of forest resources can
lead to environmental problems, such as reduced
biodiversity, disturbance of ecological balance
and reduced CO, absorption by forests, which in
turn affects the climate.

In the process of analysing the international
experience of forest management, the strategies
of several countries were considered, namely:
Canada, Finland, Sweden, Germany, France, the
United Kingdom and the United States. Therefore,
the following conclusions can be drawn: Cana-
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tree - plant two’, active involvement of local com-
munities and high environmental standards; Swe-
den implements the principle of compensating
deforestation with new plantations and invest-
ments in innovation, emphasising the importance
of environmental legislation; Germany demon-
strates a systematic approach to sustainable for-
est management, including monitoring, certifica-
tion, reforestation and stakeholder engagement;
France is noted for its comprehensive policy, in-
cluding forest conservation, climate change ad-
aptation and active education and research; The
UK focuses on biodiversity conservation, invest-
ment in research and international initiatives; the
US focuses on a combination of public, private
and local forest management initiatives.

For Ukraine, these strategies can serve as
useful examples for improving national forestry
policy, especially in terms of sustainable forest
management, certification, environmental mon-
itoring and local community engagement. The
prospect of further research is a detailed analy-
sis of the possibilities of adapting international
experience to Ukrainian conditions, to develop
specific recommendations for the implementa-
tion of effective forest management strategies
in Ukraine.
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Mi>xHapoaHuin foCBiA Ta cTpaTeril ynpaB/iHHA N1iCOBUMM pecypcamu
B YMOBaX 3pOCTaHHSA 3abpyfiHeHHS niciB

Bipa Mopo3

KaHanAaaT cinbCbKorocnoaapcbKmnx Hayk
3axigHOYKPaiHCbKMIA HaLiOHANbHWUIA YHIBEPCUTET
460009, Byn. JlbBiBCbKA, 11, M. TepHoninb, YkpaiHa
https://orcid.org/0000-0002-1457-4641

AHoTauifl. MeTol [aHOro HAyKOBOro AOC/IAXKEHHS Oyno O03HaMOMIEHHS 3 3aKOPAOHHWM [OCBILOM
yNpaBniHHA NiCOBUM rOCMOAAPCTBOM Ta BMBYEHHS HOBITHIX CTpaTerii ynpaBniHHA NiCOBUMU pecypcamMm.
BuokpemneHo MO3WUTUMBHWMI [0CBIA, IHO3EMHMX KpaiH LLOAO YNPaBfiHHA NiCOBOIO rany3sid B yMOBax
3pOCTaHHA 3a6pyAHeHHs niciB. PO3rnsSHYTO MOXAMBOCTI BUKOPUCTAHHS LbOrO AOCBIAY ANS NMOKPALLEHHS
3aKOHOAABCTBA Y BiANoOBiAHIM cdepi. BctaHOBNEHO, WO Yy pO3BMHEHMX KpaiHax CBIiTy NicoBi pecypcu
BiIHOCATbCA [0 HaMBaXNMBILUMX HaALiOHaNbHMX LiHHOCTEM, WO MalTb 3HAYHE EKOHOMiYHE Ta
COLLiOKYNbTYpHE 3HayeHHs. [Ins edeKkTMBHOro 36epexxeHHs Ta BiAHOBNEHHS LMX pecypciB 3aKOpAOHOM
3anpoBagykeHi 6araTopiBHeBi BnagHi MexaHi3MM ynpaBniHHA NiCOBUMM pecypCcaMu B yMOBaX 3pPOCTaHHS
3abpyAHeHHs niciB. Y HayKOBOMY AOCNIIKEHHI BKa3yeTbCsl, WO B 6aratboX PO3BMHEHWMX KpaiHax
BMKOPWUCTOBYIOTb CTpaTerii ynpaBniHHA NiCOBUMM pecypcaMu 3a paxyHOK KOMMNEKCHOro miaxoay L0
BMPiLLEHHS AAHOI0 NUTAHHS, OCHOBHA CYTb IKOTO, PPYHTYETLCS HAa 3aX0AaX KOHTPOJI, SIKi 3A4IMCHIOKTHCS 9K
OpraHamu AepXKaBHOI BNaau, WO CNewuianisyTbCa Ha NMUTaHHAX ICOBOro rocnoAapcTBa, Tak i opraHamu Ta
cnyx6aMu 3 NUTaHb €KONOTiYHOT Be3nekn. Y AOCNiAKEHHI 3a3HAYEHO, L0 YNPaBJiHHS NICOBUMU pecypcaMm
Yy CBITi CTa€ Bce Binbll aKTyanbHUM 3aBAAHHAM Yepe3 3pOCTaHHS 3abpyaHEHHS, 3MiHM KNiMaTy Ta iHLWKMX
€KOJOTiIYHUX BUKIIUKIB. PO3rNSIHYTO Kinbka MiXkKHapOAHUX NiAXOAIB Ta CTPATerii, IKi BUKOPUCTOBYHOTLCS AJ1st
36epexeHHs Ta BiHOB/IEHHS NiCiB,a came: CTanuii NicoBui MeHemkMeHT (Sustainable Forest Management,
SFM); nicoBa ceptudikauig; MixHapoaHi fOroBopu Ta iHiuiaTieu; peabinitauia Ta BiZHOBNEHHS JicCiB;
3a/7ly4eHHs MiCLEeBMX TPOMaj,; TEXHONOriYHi iHHOBaLii. BUOKpemMneHo p[ekinbka BaXIMBUX MOMEHTIB
3apybixXHOro AOCBIAY YNPaBniHHA NiCOBUMM pecypcamu, sKi BapTO BUKOPUCTATH Ta peanisyBaTtu B YKpaiHi:
PO3BMUTOK arpofliCOMUCNEHOrO MiAXo4y, 3aMpOBamKEHHS nporpam 3b6epexeHHs 6iopi3HOMAHITHOCTI,
CTparteris po3BUTKY NlicoBOro rocnogapcraa €sponeicbkoro Coto3y Ta iHwWi. OTpUMaHi pe3ynbTaTtu MOXyTb
6yTV 3aCTOCOBaHI AN po3po6KM HaLLiOHANBbHUX | IOKANbHUX CTPATEriv yNpaBniHHA NicaMu, BNPOBaIKEHHS
€KOCTaHAapTIiB, afanTauii nnaHis 60poTbbM 3i 3a6PYAHEHHAM, @ TAKOX AN NiABULLEHHS 00i3HaHOCTI Ta
OCBITM Cepef, rpOMasH i NpeacTaBHUKIB BNaau

Knio4oBi cnoBa: ekonoriyHa CTilikicTb; NicoBi ekocucTeMu; ekononiTuka; €C; oxopoHa foBKinns
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Abstract. The purpose of the study was to determine the effectiveness of the use of biostimulants for
improving growth processes and increasing soybean yields in the region. The studies were conducted
on chernozem soils of medium fertility, optimal for growing legumes. The sites were divided into four
groups: a control group, a group with the introduction of Bioglobin, a group with Rizohumin, and a
group with the combined use of both drugs. The main parameters for evaluating the effectiveness
of drugs were the number of beans per plant, the number of seeds in the bean, the weight of 1,000
seeds, and the protein and oil content in the seeds. It was found that a separate application of
Bioglobin improves the photosynthetic activity of plants, contributing to intensive growth and
development of leaf mass, while Rizohumin actively stimulates the development of root nodules,
increasing the efficiency of nitrogen fixation and providing the plant with nitrogen. The combined
use of Bioglobin and Rizohumin gave the best results, significantly increasing the overall yield and
quality of soybean seeds. The synergistic effect of the drugs contributed to an increase in the weight
of 1,000 seeds, the number of beans per plant, and the protein and oil content in the seeds. This
showed that the use of Bioglobin and Rizohumin in a complex is an effective strategy for improving
soybean productivity, reducing the need for chemical fertilisers and improving the environmental
sustainability of agricultural production. The results obtained indicate a significant potential of
biologics to increase soybean yields in the region and are valuable for agricultural producers who
seek to optimise growing conditions without additional costs for mineral fertilisers
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Introduction

Soy is one of the most important crops in glob-
al agriculture, as it provides a high content of
protein and oil, which makes it valuable for the
food, feed, and industrial sectors. The demand for
soybeans is constantly growing, and, according-
ly, there is a need to increase its yield. However,
conventional methods of increasing productivity
through the use of mineral fertilisers have a num-
ber of negative consequences, in particular, en-
vironmental pollution, reduced soil fertility and
increased production costs. In the conditions of
modern agriculture, there is a need for efficient,
ecological, and cost-effective methods of increas-
ing crop productivity, which contributes to the
search for alternative solutions. The relevance of
the study is conditioned by the need to increase
soybean yields in the northern forest-steppe of
Ukraine using biological methods that are envi-
ronmentally safe and cost-effective. Despite the
growing popularity of biologics, the impact on
soybean productivity in specific climatic condi-
tions has not been sufficiently explored, which
makes this study important for developing practi-
cal recommendations for farmers.

The problem of growing soybeans is related
to the need to increase the yield and quality of
products in conditions of limited resources and
growing requirements for the environmental
friendliness of agricultural technologies. Con-
ventional methods of production intensification,
which involve the active use of mineral fertilisers,
cause a number of negative consequences: soil
depletion, water pollution, increased acidity and
reduced biological activity of the soil. This prac-
tice reduces the long-term productivity of agroe-
cosystems and requires alternative approaches to
maintain sustainable soybean production. Analy-
sis of previous studies confirms the importance of
biologics and other organic methods for improv-
ing soybean productivity.

For instance, G. Jat et al. (2021) investigated
the effect of zinc application on soybean yield and
quality in haplustepts-type soils. The researcher
found that zinc supplementation improves the

Kyselov

protein content of seeds, which increases their
nutritional value and profitability. This highlights
the importance of trace elements in soy nutrition
systems, which contributes to its optimal develop-
ment. M.D. Orozco-Mosqueda et al. (2021) pointed
to the role of bacteria that stimulate plant growth
and the benefits of increasing crop yields and
stress resistance. The researchers note that these
bacteria activate physiological processes, which
contributes to better absorption of nutrients by
plants and increases their resistance to adverse
conditions, such as drought or lack of nutrients.
B. Ramakrishnan et al. (2021) examined the role
of organic farming in improving the quality of ag-
ricultural products and environmental safety. The
researchers showed that organic farming meth-
ods contribute to increasing soil biodiversity, and
reducing environmental pollution, which makes
this approach beneficial for sustainable agricul-
tural production. S. Bhunia et al. (2021) reviewed
the effectiveness of animal-based organic fer-
tilisers that improve biological activity and soil
fertility. The researchers note that such fertilisers
can significantly increase the organic matter con-
tent in the soil, ensuring a sustainable increase
in plant productivity and reducing the need for
chemical fertilisers. The study by H. Elhalis et
al. (2024) was devoted to the fermentation pro-
cesses of soy products that affect the quality of
final products. The researchers emphasised that
the high quality of soy seeds is the basis for ob-
taining products with improved nutritional prop-
erties and increased protein content.

M. Ghoroghi et al. (2024) investigated the
properties of soybean oil-based bioplastics and
their significance for the food industry. The re-
searchers note that high-quality soybean oil
contributes to the production of plastics for food
packaging, which emphasises the importance of
high-quality raw materials. J. Suman et al. (2022)
reviewed the role of the soil microbiome in en-
suring sustainable agricultural development. The
researchers emphasise that the soil microbiome
plays an important role in plant nutrition and
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increases resistance to stress factors, which is key
to improving yield and product quality. A. Raimi et
al.(2021) considered the problems and prospects
of biofertiliser production in Africa, noting that
the use of biologics contributes to increasing
crop yields and ensures the sustainable develop-
ment of agricultural production. The researchers
note that effective strategies for implementing
biofertilisers can significantly improve yields
while reducing environmental risks.

H. AbdElgawad et al. (2020) studied the ef-
fect of actinomycetes on improving soil quality
and legume productivity. The researchers found
that these microorganisms significantly increase
the level of available nitrogen, which contributes
to optimal nutrition of plants and an increase
in the protein content in seeds. W. Elhaissoufi et
al. (2022) focused on phosphate-soluble bacteria
that increase the efficiency of phosphorus use by
plants, which primarily improves vyields. The re-
searchers note that the increased availability of
phosphorus stimulates the development of the
root system and the overall productivity of crops.
Previous studies confirm that the use of biologics
and organic methods in soybean cultivation helps
to increase yield and quality, improve soil com-
position and reduce environmental stress. The
effectiveness of biologics is manifested in acti-
vating plant growth, improving stress resistance,
and increasing the availability of essential nutri-
ents such as nitrogen and phosphorus. Organic
methods also contribute to the preservation of
soil biological activity and ensure the stability of
agroecosystems in the long term.

The purpose of this study was to investigate
the effectiveness of the combined use of bio-
logics Bioglobin and Rizohumin to increase the
productivity and quality of soybeans in the agro-
climatic conditions of the northern forest-steppe
of Ukraine. The objectives of the study were: to
determine the effect of combined use of Bioglo-
bin and Rizohumin on soybean growth, develop-
ment, and yield; to assess the effect of biologics
on seed quality indicators, such as protein and
oil content.

Materials and Methods

Study of the influence of biologics Bioglobin and
Rizohumin on soybean productivity, which cor-
responded to the agroclimatic conditions of the
northern forest-steppe of Ukraine characterised
by a temperate continental climate with suffi-
cient precipitation and favourable temperatures
for growing legumes. The study was in line with
the ethical standards set out in the Convention
on Biological Diversity (1992) and the Conven-
tion on the Trade in Endangered Species of Wild
Fauna and Flora (1973). Bioglobin is a biological
preparation used in agriculture to stimulate plant
growth and development. The main function of
Bioglobin is to increase the resistance of plants
to stressful conditions, improve productivity and
crop quality. It belongs to the group of biostim-
ulants that help to optimise the physiological
processes of plants, such as photosynthesis, min-
eral nutrition, protein synthesis, and substances
necessary for growth. Rizohumin is a biological
preparation that stimulates the development of
root nodules on the roots of legumes, such as soy,
which helps to increase the efficiency of nitrogen
fixation. The study area was located in a region
where the average annual temperature is about
8-10°C, and the annual precipitation varies from
500 to 700 mm, which provides acceptable con-
ditions for plant development. The long growing
season under these conditions allowed investi-
gating the effectiveness of growth stimulants,
Bioglobin and Rizohumin, at different stages of
soybean development.

Areas with typical chernozems of medium
fertility for this zone, rich in humus and well-sup-
plied with trace elements necessary for normal
plant development were selected for the study.
The soils had a good structure, which contributes
to the development of the root system, and a high
level of organic matter, which increases the water
retention capacity. The soil pH was 6.5-7, which
is optimal for legumes, since it ensures the effec-
tive activity of nitrogen-fixing bacteria. Climatic
conditions during the study period were stable,
with an average daily temperature of about 20°C
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during the active growing season and moder-
ate fluctuations in precipitation, which ensured
uniform plant growth throughout the cycle. The
study was conducted using several treatment
options: a control group without adding drugs; a
group with Bioglobin treatment in concentrations
of 0.5 l/ha, 1 l/ha, and 1.5 l/ha; a group with Ri-
zohumin in the same concentration; and a group
where both drugs were used in concentrations of
0.5 l/ha, 1 l/ha, and 1.5 l/ha. Treatment of seeds
and seedlings was carried out according to the
instructions for the preparations, which ensured
a uniform effect of each variant on all prototypes.
Variants with Bioglobin were aimed at improving
photosynthetic activity and overall plant growth,
while variants with Rizohumin focused on stimu-
lating nitrogen fixation, which is key to providing
the crop with nitrogen without the additional use
of chemical fertilisers.

Several basic parameters that were meas-
ured during the study were used to determine
performance. The number of beans per plant
was determined by counting all formed beans on
each plant after the end of the growing season.
The number of seeds in beans was measured by
counting the average number of seeds for each
bean, which allowed assessing the effectiveness
of generative organ development under the in-
fluence of biologics. In addition, an important in-
dicator of yield was the weight of 1,000 seeds,
which was measured based on weighing a sample
of seeds from each treatment option. This indica-
tor allowed assessing not only the quantitative,
but also the qualitative characteristics of the
crop, since a larger seed mass indicates the best
development of each seed sample.

To determine the nutritional value of the
seeds, a protein and oil content analysis was per-
formed for Bioglobin. In particular, Rizohumin fo-
cused on the impact on root nodule development
and increased nitrogen fixation efficiency, which
are key indicators for assessing the effectiveness
of soybean application. With the combined use
of Bioglobin and Rizohumin, the study focused
on combining indicators that allow assessing
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the complex effect of both drugs. In this case,
such indicators as the total number of beans per
plant, the number of seeds per bean, the weight
of 1,000 seeds, and the nutritional value of seeds
(protein and oil content) were considered. These
parameters are critical for determining product
quality, as the high protein and oil content in-
creases the economic value of soybeans, which
is of great importance for the production of feed
and food products.

The general approach to the study helped to
comprehensively assess the effect of each biolog-
ical product on all aspects of soybean productiv-
ity, which enabled a comparison of the effective-
ness of Bioglobin and Rizohumin both separately
and in combined use.

Results

The northern forest-steppe of Ukraine is charac-
terised by various types of soils that have specific
properties that affect the cultivation of soybeans.
Among them, there are grey forest soils with a
low humus content (1.5-3%), which have an av-
erage fertility and require additional fertilisation
to maintain soybean productivity, and also have a
limited ability to retain moisture, which becomes
critical in dry periods. Leached chernozems are
among the most fertile soils in the region due to
their high humus content (3-6%), retain moisture
well and provide plants with nutrients, so they are
favourable for growing soybeans, although they
need to maintain biological activity to preserve
fertility. Podzolic chernozems with a humus con-
tent of 2-5% are less productive due to podzoli-
sation processes, which reduce fertility and re-
quire organic fertilisers to restore the balance of
nutrients (AgroStory, 2024). Meadow-chernozem
soils that are formed in low-lying areas with high
groundwater levels have good fertility and mois-
ture capacity, but sometimes require regulation of
the water regime due to possible waterlogging.
Meadow soils formed in floodplains are rich in
organic matter and moisture, but require drain-
age to grow soybeans, as excessive humidity can
negatively affect growth.
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Each of these soil types requires a special
approach in agricultural technologies adapted to
specific conditions. The use of biologics is becom-
ing an effective tool for improving soil quality
and soybean growing conditions in these diverse
soil types. Biologics stimulate microbiological
activity, improve soil structure, and increase the
availability of nutrients, which is especially useful
for soils with a low humus content or limited abil-
ity to retain moisture.

All indicators were studied in different dos-
age options of the drug. Studies have shown
that the use of Bioglobin significantly improves
key indicators of soybean productivity, including
the number of beans per plant, seed weight, and
protein and oil content in seeds. Table 1 provides
detailed data on these indicators and shows the
percentage increase for each dose of the drug.
The main results of the effect of Bioglobin on
these parameters are shown in Table 1.

Table 1. Effect of Bioglobin on soybean growth and productivity

Indicator Control Sy Gma (sie
Number of beans per plant 24 30 34 32
Seed weight, g/plant 12.5 14.8 16.5 15.7
Protein content in seeds, % 32 34.5 35.7 35
Oil content in seeds, % 18 19 19.5 19.2
Increase in the number of beans, % - 25 41.7 333
Increase in seed weight, % - 18.4 32 25.6
Increase in protein content, % - 7.8 11.6 9.4
Increase in oil content, % - 5.6 8.3 6.7

Source: compiled by the author

Analysis of the table shows that at a dosage
of Bioglobin of 1 l/ha, the maximum positive ef-
fect on all productivity indicators was observed.
The number of beans per plant at this dosage in-
creased by 41.7% compared to the control, reach-
ing 34 beans per plant. This indicates a significant
increase in the efficiency of photosynthetic pro-
cesses and nutrient absorption, which contribut-
ed to more active plant development.

Seed weight, which is an important indicator
of overall yield, also increased significantly when
using Bioglobin. The highest rate - 16.5 g per
plant - was achieved at a dosage of 1 l/ha, which
is 32% more compared to the control option. This
suggests that Bioglobin effectively stimulates the
metabolic processes of plants, which leads to im-
proved growth and greater accumulation of bio-
mass in seeds.

The protein content, as one of the most im-
portant indicators of soy quality, also increased
when using the drug. The control group had
a protein content of 32%, while Bioglobin at

a dose of 1 l/ha increased this figure to 35.7%,
which is 11.6% more. This increase in protein
is conditioned by the activation of nitrogen fix-
ation, which helps to improve the absorption of
nitrogen, which is necessary for protein synthesis
in plants. The oil content of seeds has also un-
dergone positive changes due to the use of Bi-
oglobin. The highest oil content - 19.5% - was
observed at a dose of 1 |/ha, which is 8.3% more
compared to the control.

A general analysis of the data shows that the
optimal dose of Bioglobin for achieving the high-
est soybean productivity is 1 l/ha. This dose pro-
vides the best results in all indicators, including
the number of beans, seed weight,and protein and
oil content, which increases both yield and seed
quality.The use of Bioglobin is an effective method
for increasing soybean productivity, making this
drug profitable and promising for use in the con-
ditions of the northern forest-steppe of Ukraine.

Nitrogen fixation is a key process for plants,
as it allows them to obtain nitrogen in a form
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suitable for assimilation. Nitrogen is one of the
most important elements for plant growth and
development, as it is a part of proteins, nucleic
acids, and chlorophyll. Efficient nitrogen fixation
improves nitrogen uptake from the air, reduc-
ing the need for chemical fertilisers, making the
growing process more environmentally friendly
and cost-effective (Komok & Pirig, 2014; Didur &
Tsyhanskyi, 2023).

The use of Rizohumin led to a significant in-
crease in the number and activity of root nodules.

Kyselov

In control plants,an average of 10-12 nodules per
plant were observed, while in plants treated with
Rizohumin, the number of nodules increased to
18-25, depending on the dosage of the drug. Nod-
ules formed under the influence of Rizohumin had
a larger diameter and a denser structure, which is
an indicator of high activity of the nitrogen fixa-
tion process. Observations showed that the opti-
mal dosage of Rizohumin for the development of
nodules is 1 l/ha, at which the number of nodules
on the roots was the highest (Table 2).

Table 2. Effect of Rizohumin on root nodule development
and nitrogen fixation efficiency in soybeans

Indicator Control '}bzosh";;::)r' Riaolr}r‘g';in '?1205'1";;::)“
Number of nodules, units/plant 11 18 25 23
Average nodule diameter, mm 1.2 1.5 1.8 1.6
Nitrogen content in tissues, % 2.3 2.7 3.1 3
Leaf mass gain, % - 15 25 20
Chlorophyll content, mg/g 1.8 2 2.3 2.2
Efficiency of nitrogen fixation, % - +20 +40 +35

Source: compiled by the author

Along with an increase in the number of
nodules, an improvement in nitrogen-fixing ac-
tivity was also observed. Plants treated with Ri-
zohumin had significantly higher levels of avail-
able nitrogen in their tissues compared to the
control group. This is conditioned by the activa-
tion of symbiotic bacteria, such as Rhizobium,
which multiply in nodules and convert atmos-
pheric nitrogen into forms suitable for assimila-
tion by the plant. An increase in the amount of
nitrogen in plants contributed to more intensive
growth of the aboveground part, in particular,
the development of leaf mass, which improved
the process of photosynthesis. It also contrib-
uted to increased plant productivity and higher
yields, as plants had access to more nitrogen,
which is necessary for the synthesis of proteins
and other important components.

It was also noted that plants treated with
Rizohumin showed higher resistance to stress-
ful conditions, such as drought and nitrogen

deficiency in the soil. Due to effective nitrogen
fixation, plants could provide nitrogen even under
adverse conditions. This is especially important
for growing soybeans in regions with variable cli-
mates and uneven supply of nutrients to the soil.

The use of Rizohumin also reduced the use
of chemical nitrogen fertilisers in experimental
sites. This has led to lower fertiliser costs and
reduced the negative impact on the environ-
ment. The study showed that under conditions
of adequate use of Rizohumin, optimal nitrogen
fixation indicators can be achieved, which pro-
vides plants with the necessary nitrogen without
additional sources. This is a cost-effective solu-
tion for farmers, as it allows reducing the cost of
mineral fertilisers and maintaining high yields.

Table 3 shows the effect of Bioglobin and
Rizohumin on key indicators of soybean growth
and productivity at different stages of its de-
velopment, and the results of combined use of
both drugs.
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Table 3. Comparative analysis of the effect of Bioglobin
and Rizohumin on soybean productivity in different growth phases

. Bioglobin  Bioglobin  Bioglobin Rizohumin Rizohumin
Growthphase Indicators  Control 4 &y/hay  “(11/ha)  (1.51ha) (0.51/ha) (1.0 I/ha)
Leaf surface,
o cm?/plant 250 280 300 310 260 255
Germination Number of
nodules, units 4 45 5 5.5 6 7
Number of
Root system nodules, units 10 10.5 11 11.5 16 17
development Nitrogen
content, % 1.8 1.9 2.0 2.1 2.4 2.6
Protein content
Budding and in tissues, % 28 29 30 31 32 33
flowering Number of
flowers, units 15 16 18 19 16 17
Number of
beans, units/ 18 20 22 24 21 23
Bean plant
development  Average weight
of 1,000 seeds, 150 155 160 165 158 162
g
- Nitrogen
Filling and content in 2.2 23 25 2.6 2.7 2.8
rlpte;nlng of seeds, %
eans Yield, t/ha 2.5 2.6 2.8 3 2.9 3
Rizohumin Bioglobin + Bioglobin + Bioglobin + Rizohumin
Growth phase Indicators Control (1.5 I/ha) Rizohumin Rizohumin (1.5 I/ha)
. (0.51/ha) (1 I/ha) :
Leaf surface,
o cm?/plant 250 270 300 320 330
Germination Number of
nodules, units 4 75 8 9 9.5
Number of
Root system nodules, units 10 18 18 20 21
development Nitrogen
content, % 1.8 2.7 2.7 2.8 2.9
Protein content
Budding and in tissues, % 28 33 34 35 36
flowering Number of
flowers, units 15 18 19 20 21
Number of
beans, units/ 18 24 24 25 26
Bean lant
plan
development Average weight
01,000 seeds, g 150 165 168 170 172
- Nitrogen
Filling and content in 2.2 2.9 2.9 3 3.1
ripening of seeds. %
b 3
eans Yield, t/ha 25 3.2 32 3.3 3.4

Source: compiled by the author

In the germination phase, it was recorded
that Bioglobin contributes to an increase in the

leaf surface, which has increased from 250 cm?
in the control group up to 300 cm?. Rizohumin at

this stage had a minimal effect on the leaf surface
(255 cm?),but affected the number of root nodules,
increasing their number to 7, while in the control
it was only 4. The combined use of Bioglobin and
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Rizohumin showed the highest results, reach-
ing 320 cm? of leaf surface and 9 root nodules.

In the phase of active root system develop-
ment, Rizohumin demonstrated its greatest effec-
tiveness, ensuring the formation of 17 nodules,
which is 70% more than in the control group. Bi-
oglobin also improved this indicator (11 nodules),
but the effectiveness at this stage was inferior to
Rizohumin.The combination of both drugs reached
the highest rate - 20 nodules per plant and an in-
crease in nitrogen content in tissues up to 2.8%,
which is 55.6% more compared to the control.

During budding and flowering, both drugs
showed a positive effect on the protein content
and number of flowers. Bioglobin increased the
number of flowers by 3 units (up to 18), and Ri-
zohumin increased this indicator to 17 flowers,
which also had a positive effect on yield. However,
the combination of drugs showed the maximum
number of flowers - 20 units,and the highest pro-
tein content in tissues (35%), which is 25% more
than in the control group. In the bean develop-
ment phase, the effect of Rizohumin on nitrogen
fixation contributed to the appearance of more
beans (23 units), which was slightly higher than
in plants treated with Bioglobin alone (22 units).
The combined use of drugs provided the maxi-
mum number of beans - 25 units per plant, and
the largest weight of 1,000 seeds, which was 170
g, which is 13.3% more compared to the control.
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At the stage of filling and ripening of beans,
the combined use of Bioglobin and Rizohumin
gave the best result: the nitrogen content in
seeds reached 3.0%, which is an important indi-
cator for the final quality of seeds. This provided
a yield of 3.3 t/ha, which is 32% higher than in
the control group. Bioglobin and Rizohumin used
separately also increased yields, reaching 2.8 t/ha
and 3.0 t/ha, respectively, but did not exceed the
result of combined use.

The general analysis of Table 3 confirms that
the combined use of Bioglobin and Rizohumin
provides a synergistic effect in all phases of soy-
bean growth, increasing its productivity at all lev-
els - from the development of the root system
and leaf surface to the formation of more beans
and increased yield.

One of the most important indicators that
characterise the quality of the crop is the aver-
age number of seeds in a bean. Since seed de-
velopment directly affects the productivity and
market value of the crop, it is important to con-
sider the effect of these drugs on this indicator
(Murach et al., 2020; Berdin et al., 2024). Figure 1
shows the effect of Bioglobin, Rizohumin, and
their combination on seed development in beans.
This helped to assess how effective these drugs
are in improving crop quality, which is important
for increasing yields and economic benefits when
growing soybeans.

Control

Bioglobin (0.5 1/ha)
m Bioglobin (1.01/ha)

Bioglobin (1.51/ha)

Rizohumin (0.5 I/ha)
® Rizohumin (1.0 I/ha)

Rizohumin (1.5 I/ha)
m Bioglobin + Rizohumin (0.5 I/ha)
m Bioglobin + Rizohumin (1.0 I/ha)
= Bioglobin + Rizohumin (1.5 I/ha)

Figure 1. Influence of biologics on the development
of the number of seeds in beans in soybean plants

Source: compiled by the author
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The Figure 1 shows that the use of Bioglobin
and Rizohumin significantly improves seed devel-
opment in soybean beans. In the control group
that was not treated with biologics, the average
number of seeds per bean was only 2. The intro-
duction of Bioglobin led to a noticeable increase
in this indicator to 2.3 seeds per bean, which in-
dicates the stimulating effect of the drug on seed
development and overall productivity. The use of
Rizohumin showed even greater effectiveness,
increasing the average number of seeds to 2.4,
which may be due to its effect on nitrogen fixa-
tion and providing the plant with available nitro-
gen, critical for seed development.

The combined use of both drugs - Bioglobin
and Rizohumin - gave the greatest result, provid-
ing an average number of seeds in the bean at the
level of 2.6. This confirms the synergistic effect
of drugs, when the combined effect significantly
exceeds the effect of each individual (Chaika et
al., 2023; Krutilo & Volkohon, 2024). This effect
creates optimal conditions for the development
of more seeds, which as a result has a positive
effect on the yield of soybeans.

In general, the use of biologics, especially in
combination, significantly increases the efficien-
cy of seed development in soybean beans, which
is an important factor for increasing the overall
yield of the crop. The results obtained indicate
the high efficiency of biological stimulants that
can be recommended for use in agricultural pro-
duction to increase the productivity and quality of
the soybean crop, and to reduce dependence on
chemical fertilisers.

Discussion
The results obtained demonstrate significant
advantages of using microbial inoculants in in-
creasing the productivity of crops, in particular
soybeans, in modern agricultural production.
These data indicate an annual increase in yield
by 15-20% due to active nitrogen fixation, which
reduces the need for chemical fertilisers and
contributes to an increase in the biological ac-
tivity of the soil. It was also found that the use of

inoculants in combination with organic ap-
proaches provides long-term maintenance of soil
fertility by reducing erosion and improving water
retention properties. This is significantly different
from conventional approaches based on chemical
fertilisers, which can negatively affect the ecosys-
tem (Fedoruk, 2021).

The results of this study confirm the effec-
tiveness of inoculants, but they differ from the
data obtained by L. Liu et al. (2022), who focused
on fermented soy products and their biological
activities. L. Liu et al. (2022) investigated the ef-
fect of traditional fermentation processes on the
nutritional value and biological activity of soy-
bean products, while this study is more focused
on the agronomic aspect - the effect of inocu-
lants on soil yield and environmental indicators.
This suggests that this approach is more environ-
mentally oriented and aimed at the sustainable
development of agricultural systems.

A.A. Tammam et al. (2023) focused on ver-
micompost to reduce salt stress and improved
nutrient absorption, which helped plants under
stressful conditions. However, this study does not
cover the productivity of a particular crop or the
impact on yield. Unlike A.A. Tammam et al. (2023),
this study directly concerns soybeans and shows
that the use of biologics Bioglobin and Rizo-
humin improves yields by 25-30% and increases
the protein and oil content in seeds. These results
also show that these biologics reduce the need
for chemical fertilisers, while maintaining the
ecological stability of the soil. This makes this
study more valuable for the agricultural sector
due to its direct impact on soybean productivity
in specific agroclimatic conditions.

Regarding the physiological processes as-
sociated with seed formation, the results of this
study coincide with the conclusions of J.T.Vogel et
al. (2021), which emphasise the importance of
stimulating photosynthetic processes to increase
yields. However, this study goes further, proving
that the combination of Bioglobin and Rizohumin
provides more intensive seed development in
beans, which has been confirmed at different
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stages of growth. This combined approach con-
tributes to a synergistic effect on soybean growth
and development, which was less emphasised
in the study by J.T. Vogel et al. (2021). The results
obtained for increasing the number of seeds in
the bean are also consistent with the results of
J-S.Cai et al.(2021), who investigated the benefits
of various biological methods for improving the
nutritional value of soybeans. This study demon-
strated that the use of Bioglobin and Rizohumin
not only increases the number of seeds, but also
increases the content of protein and other nutri-
ents. This allows obtaining high-quality products,
which is an additional advantage of the authors’
approach in comparison with the study by J-
S.Cai et al. (2021).

The results of this study show a significant
increase in soybean productivity due to the use
of biologics Bioglobin and Rizohumin, especial-
ly when used in combination. Both drugs have a
positive effect on the development of root nod-
ules and overall yield, but the combined action
has a synergistic effect, which improves the re-
sults compared to previous studies. To better
understand the effectiveness of the authors’ ap-
proach, it is useful to compare it with previous
studies that used other methods to increase soy-
bean yields, such as fertiliser treatment and the
use of growth stimulants.

The data obtained indicate a significant
increase in the number of root nodules and an
increase in the level of nitrogen fixation in soy-
bean plants treated with Rizohumin. These re-
sults are consistent with the conclusions drawn
in the study by M.A. Khan et al. (2021), which
also notes an improvement in soybean produc-
tivity under the influence of beneficial bacteria.
However, this study is more complex, since not
only activated symbiotic bacteria, but also addi-
tionally used Bioglobin to stimulate photosyn-
thetic activity, which helped to achieve higher
yield indicators. The combined use of both drugs
provided improvements in photosynthesis and
nitrogen nutrition, which was less discussed in
detail by M.A.Khan et al. (2021).

Kyselov

For example, in the study P. Tripathi et
al.(2021) examined the effect of silicon fertilisers
on nodule formation and soybean yield. The re-
searchers emphasise that silicon fertilisers stim-
ulate the development of nodules and increase
the efficiency of nitrogen fixation, which has a
positive effect on yield. However, in this study, the
use of Rizohumin was found to be more effective
in stimulating nodules due to its direct effect on
the activity of Rhizobium bacteria. In addition,
the additional use of Bioglobin contributed to an
increase in the photosynthetic activity of plants,
which was not achieved with silicon fertilisers in
the study by P. Tripathi et al. (2021). This suggests
that the authors’ approach provides better com-
prehensive stimulation of soybean growth.

I.B. Laskar et al. (2020) paid attention to the
efficiency of soybean oil transesterification for
biodiesel production using bio-waste as a cata-
lyst. Although this study is not directly related to
soybean cultivation, the results highlight the im-
portance of optimising processes that contribute
to improving the profitability of soybean produc-
tion. This study focuses on increasing the yield
and quality of soybean seeds, which can have a
positive impact on the economic feasibility of
biodiesel production, since increasing the num-
ber of seeds and increasing the protein and oil
content of seeds contribute to improving the final
quality of products for processing.

G.Y. Rahimova (2023) focused on the agro-
biological properties of bentonite and its impact
on crop growth. The use of bentonite improves
the structure of the soil and provides better
conditions for the development of the root sys-
tem. However, this study focused on the effects
of biologics, such as Rizohumin, which not only
promote the development of the root system, but
also provide a direct increase in the number of
nodules responsible for nitrogen fixation. Unlike
bentonite, Rizohumin provides the plant with ni-
trogen, which reduces the need for external nitro-
gen fertilisers and increases nutritional efficiency.
The combined use of Rizohumin and Bioglobin
in this study allows for higher yields without the
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need for additional soil additives such as benton-
ite, making this method more cost-effective and
environmentally friendly.

The study by N.E. Korres et al. (2020) ex-
amined the impact of soybean crop density and
emergence time of Amaranthus palmeri on weed
biology, soybean yield, and economic profitability.
The researchers emphasise that the high densi-
ty of soybean crops can significantly reduce the
competitiveness of weeds, such as Amaranthus
palmeri, which is one of the most aggressive
weeds in the United States. This study showed
that regulating crop density can be an effective
means of reducing the number of weeds and min-
imising crop losses. However, while this increase
in crop density can reduce the negative impact of
weeds, its effectiveness depends on the growing
conditions and time of weed emergence. In com-
parison with the results of this study, where bio-
logics were used to increase soybean productivity,
the paper by N.E. Korres et al. (2020) shows an al-
ternative approach to crop optimisation through
agronomic practices. This study complements the
conclusions of N.E. Korres et al. (2020), showing
that the use of biologics can also help in weed
control, since a healthy and powerful plant that
is actively developing due to the use of Bioglo-
bin and Rizohumin has a better competitive abil-
ity against weeds. In addition, biologics increase
the resistance of soybeans to stressful conditions,
creating favourable conditions for high yields
even in the presence of weeds. This highlights the
added benefit of this approach, which not only
provides a direct increase in yields, but also helps
to reduce the need for mechanical and chemical
weed control, which can have a positive economic
and environmental impact.

B. Guo et al. (2022) focused on soy’s genetic
resources that contribute to sustainable protein
production. The researchers emphasise the im-
portance of genetic diversity in improving soy-
bean productivity, in particular, in adapting to cli-
mate change, increasing disease resistance, and
improving protein quality. B. Guo et al. also noted
that genetic resources can help solve problems

with reducing the nitrogen content in the soil and
adapting plants to changing growing conditions.
This study is particularly useful for long-term
planning of soy protein production, as it shows
that the use of genetic resources can increase
soy’s resistance to various stresses. The use of
biologics Bioglobin and Rizohumin in this ex-
periment showed that biological stimulants can
significantly increase the resistance of soybeans
to stress and improve its performance in difficult
conditions. In contrast to the genetic approach by
B. Guo et al. (2022), this method achieves faster
results without the need for long-term breeding
and genetic testing processes. In addition, the use
of biologics can increase the content of protein
and other nutrients in seeds, which is useful for
the food industry, similar to B. Guo et al. (2022),
who proposed to improve the protein content
through genetic modifications.

Unlike agronomic practices and genetic mod-
ifications, this method demonstrates effectiveness
in increasing the yield and quality of soybeans by
stimulating photosynthesis and nitrogen fixation,
creating a synergistic effect. This provides stable
results regardless of growing conditions, reduc-
ing the need for chemical fertilisers and weed
control, which makes this approach cost-effective
and environmentally friendly.

Conclusions
The study showed that Bioglobin and Rizohumin
have a significant positive effect on soy produc-
tivity, especially when used in combination. Bi-
oglobin, as a growth stimulator, increases pho-
tosynthetic activity, leaf mass and total plant
biomass, which contributes to the active devel-
opment of plants in the early stages of vegeta-
tion. This ensures rapid accumulation of energy
necessary for the development of generative or-
gans,and improves productivity by increasing the
number and weight of seeds. Rizohumin, in turn,
actively stimulates the development of root nod-
ules, which provides effective nitrogen fixation.
This allows plants to use nitrogen from the air,
reducing the need for chemical fertilisers, which
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reduces costs and improves the environmental
friendliness of cultivation.

For farmers working in the northern for-
est-steppe of Ukraine, it is recommended to use
Bioglobin at a dose of 1.0 I/ha in the early stages
of soybean development, which will ensure active
growth and strengthening of plants. Rizohumin
should also be used in the early stages, but the
main effect of the drug is manifested in the phase
of nodule formation and subsequent nitrogen
nutrition. The combined use of both drugs allows
achieving the best results, since it provides the
plant with both energy support and the necessary
nitrogen throughout the growing season. This ap-
proach improves the yield and quality of seeds,
which makes it an effective and cost-effective
method for agricultural producers in this region.

Further research may focus on optimising
dosages and developing comprehensive schemes
for using different biologics for different soybean
varieties and growing conditions. Because differ-
ent varieties may respond differently to biological

Kyselov

or bioinoculants, which can increase effective-
ness. Studying the long-term effects of biologics
on soil quality and microbiota can also provide
useful results for the development of sustainable
agricultural technologies.

One of the limitations of the study is that
it was conducted in specific agroclimatic condi-
tions of the northern forest-steppe of Ukraine,
which may limit the generalisation of results for
other regions with different climatic conditions.
In addition, the study covered only certain doses
of Bioglobin and Rizohumin, so additional ex-
periments with different concentrations and ap-
plication schemes may be required to optimise
the use.

In general, the results of the study confirm
the effectiveness of Bioglobin and Rizohumin as
stimulants that not only increase soybean pro-
ductivity, but also reduce dependence on chem-
ical fertilisers, which is a significant advantage
for modern agriculture.
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Bnnue 6ionpenapartiB Ha ¢ OpMyBaHHS €leMeHTiB NPOAYKTUBHOCTI COl
B YMoOBax niBHi4yHoro Jlicocteny YKpaiHu

OnekcaHgp Kucenbos
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AHoTauis. MeToto po60TH 6yNn0 BU3HAUMTU, HACKINbKM ePEKTUBHMUM € 3aCTOCYBAHHS LIMX BioCTUMYNATOpPIB
ANS MOKPALLEHHS POCTOBMX MNPOLECiB i MiABULWEHHS BPOXAWHOCTI coi B perioHi. [JocnimkeHHs
NPOBOAMIMCS HA YOPHO3EMHUX FPYHTaX CEPefHbOT POAYOCTi, ONTUMANbHUX A5 BUPOLLYBaHHS 6060BUX
KynbTyp. [insgHku 6yno nopineHo Ha 4OTMPWM Fpynu: KOHTPOJSbHY, FPyny 3 BHeCeHHsM GionpenapaTty
biorno6iH, rpyny 3 PusorymiHom Ta rpyny 3 Kom6iHOBaHUM 3acTocyBaHHAM 060x npenapaTis. OCHOBHUMM
napaMeTpaMu Ans OUiHKM edeKTMBHOCTI npenapatiB 6ynu Kinbkictb 606iB Ha pOCAMHY, KinbKicTb
HaciHHA y 606i, Mmaca 1000 HaciHMH, a TakoX BMICT 6ifka Ta onii B HaCiHHI. BctaHoBneHo, Wwo okpeme
3actocyBaHHs biornobiHy nokpallye GOTOCUMHTETUYHY aKTUBHICTb POC/IUH, CMPUSIKOUYM iIHTEHCUBHILLIOMY
poCTy Ta PO3BWTKY JIMCTKOBOI Macu, TOAI K PWU30rymMiH akTMBHO CTUMY/IIOE YTBOPEHHS KOpeHeBUX
6ynb60oYOoK, NiaBULLYIOUYM ePeKTUBHICTb a3oTdikcauii Ta 3abe3neyyoym pocamHy azotoM. KombiHoBaHe
3actocyBaHHs biornobiHy Ta Pu30rymiHy nano Hankpauii pesynsTaT, 3HaYHO MiABULUMBLUM 3arafnbHy
BPOXAMHICTb Ta AKiCTb HaCiHHA coi. CMHepriyHnit edekT npenapaTis cnpusas 36inbweHHo Macu 1000
HaCiHWH, KiNbKOCTi 606iB Ha poC/IMHY Ta BMICTy Binka 1 onii y HaciHHi. Lle 03B0MN0 3p06UTM BUCHOBOK,
o BUKOpUCTaHHS biornobiHy Ta Pu3oryMiHy B KoMnnekci € epekTUBHOK CTpaTeriel Ans NoKpalleHHs
NPOAYKTUBHOCTI COi, 3HMXYHOUM MOTpeby B XiMiuHMX f0OpMBAX Ta MOKPALLYOUYM EKONOTiYHY CTiMKiCTb
arpoBupobHuuTBa. OTpuMaHi pesynsTaTv CBigYaTb MpO 3HAYHWIM noTeHuian Gionpenapatis Ang
NiABULLEHHS BPOXAWHOCTI COi B PEriOHi Ta € LiHHUMK ANS arpoBUPOBHMKIB, SKi NparHyTb ONTUMi3yBaTK
YMOBM BMPOLLYBaHHS 6e3 08aTKOBUX BUTPAT HA MiHepanbHi nobpuea

KniouoBi cnoa: asotdikcalis; poayicTb; iHOKYNSALIA; YPOXKANHICTb; XMBJEHHS POC/IMH
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Abstract. The study aimed to assess changes in the intensity of spruce drying in different forest types
and at different altitudes, addressing the time factor. The research was conducted in the central part
of the Gorgan Mountain range in its foothills (the Bystrytsia Solotvynska river basin) on an altitude-
typological profile. The degrees of decomposition of dead wood were characterised to determine the
following types of trends in the spruce drying process in different types of forests and tree species
composition: fading with a decrease in intensity over time; weakly expressed with significant
fluctuations in drying out in individual years; intense with an annual increase in the phenomenon.
The duration and dynamics of these trends for different forest vegetation conditions were noted. On
the example of three forestries, the annual dynamics of spruce drying areas in the period from 2016
to 2024 for the spectrum of vertical vegetation belts available in the Gorgany was presented in the
following sequence: foothill fir-oak, mountain beech-fir, beech-fir-spruce and pure spruce forests. The
results of the statistical analysis indicate that spruce drying processes are multidirectional, depending
on the gypsometric levels of the relief and the associated altitudinal zonation. The study determined
that in foothill fir-oak forests, the intensity of spruce drying decreases. This pattern was somewhat less
pronounced in the lower mountainous zone of beech and fir forests (500-600 m). In the altitudinal
range of 650-1000 m (the upper part of the beech-fir belt and the lower part of beech-fir-spruce
forests), the intensification of spruce drying is notable. The study demonstrated that at altitudes above
1000 m, patterns in the drying of spruce forests are not pronounced, as this phenomenon is sporadic.
The practical significance of the research results is reduced to their use in differentiated measures to
enhance the sustainability of stands in different altitudinal zones
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Introduction

One of the biggest challenges for forestry in the
Ukrainian Carpathians is the intensification of
spruce drying out due to climate warming. The
widespread occurrence of this phenomenon cre-
ates critical situations regarding the loss of val-
uable timber and a decrease in the sustainability
and protective role of forests in the ecologically
unstable mountainous and foothill conditions of
the region. The drying out of spruce forests in
the Ukrainian Carpathians has been considered
a natural disaster, with the main causes being
a decrease in its resilience and weakening of
stands as a result of increasing above-zero tem-
peratures and past forestry activities. This pro-
cess is especially relevant for the Gorgan Moun-
tain range, where European spruce (Picea abies
(L.) H. Karst.) accounts for approximately 70% of
the forest stock. The decline covers approximate-
ly 13% of the forest area and 39% of the spruce
forests, and in some forestries with a significant
distribution of this species, 12-18% and 53-85%,
respectively (Zeinalian, 2021). According to the
research by Y.S. Shparyk & TV. Parpan (2020), in
wet conditions of Ukrainian Carpathian spruce
forest, the average drying rate of medieval and
medium-sized stands with a spruce proportion of
6-7 units was 3%, for wet beech-fir forest - 1%,
and for wet beech-spruce forest — 2% per year.
The identified drying trends were used to com-
pile a calculation framework for the area and
stock of spruce for the next 20 years. The fore-
cast until 2040 showed that the average loss of
spruce area in spruce forest types of the Ukrain-
ian Carpathians will be 28%, with a decrease in
the number of trees in the first tier and the ac-
cumulation of significant reserves of dead spruce
wood - up to 300 m3/ha.

Given the widespread distribution of
spruce stands in Central Europe, the research by
J.Krejza et al. (2021), which assessed their growth
under climate change, is noteworthy. This publi-
cation presents data demonstrating that the most
intensive drying was observed in the experimen-
tal plots located at an altitude of = 600 m above

sea level. E. Bowditch et al. (2021) and R. Bace et
al. (2023) provided evidence that the existing cli-
matic conditions in the Central European region
are not suitable for growing European spruce at
lower and middle altitudes, which should be ac-
counted for when developing a new spruce for-
est growth management programme. The impact
of forestry measures on the condition of spruce
forests and the growth characteristics of natural
spruce stands without forestry activities were
studied by T. Hilmers et al. (2019).

The literature indicates that the processes
of spruce forests drying out and their area are
not the same for different forest vegetation con-
ditions (Kramarets et al., 2024), forest types and
stands (Matusevych, 2022). However, the quantita-
tive assessment of these changes is largely unex-
plored. First, this concerns their spatial and tem-
poral dynamics due to the inherent variability of
climate, relief and forest cover in the mountains.

The drying out of the Carpathian spruce for-
ests, which started in the mid-1990s under the
influence of global climate warming, continues to
this day. Several scientific publications have been
devoted to this problem, covering the factors,
causes and spread of the phenomenon, the role
of abiotic and silvicultural factors in its forma-
tion, forestry and environmental consequences,
and proposals for strengthening forest resilience
(Brodovych & Brodovych, 2023).

V.S. Oliinyk & A.M. Zeinalian (2020) studied
the effect of thermal conditions on the drying of
woody species, which was associated with the
height of mountain slopes. The authors deter-
mined that with increasing altitude, the tempera-
ture regime changed, which directly affected the
physiological state of trees. Altitude zonation af-
fected microclimatic conditions that determined
the spread and intensity of drying out. The results
of the study showed that the height of the slopes
was a factor that modified the manifestation of
the harmful phenomenon since thermal stress in
the highlands was significantly different from the
conditions of the lowlands.
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|. Shyshkanynets et al. (2021) addressed
the change in the intensity of spruce drying de-
pending on the time factor in different forest
conditions. The authors noted that the dynamics
of drying processes demonstrated a gradual de-
terioration of the trees due to the impact of cli-
mate change and biotic factors. Forest vegetation
conditions, such as soil type, humidity and site
exposure, were central in determining spruce re-
silience to adverse factors. The study highlighted
the importance of long-term monitoring to un-
derstand these processes and develop adaptation
measures for forest ecosystems.

Y. Shparyk et al. (2020) covered dead wood
as an indicator of wood drying processes. The au-
thors proved that the state of decomposition of
dead wood can be used for a retrospective assess-
ment of the time and nature of drying processes in
the past. This approach was effective for making
predictions on the state of forests, as information
on wood decomposition could be integrated into
models of forest ecosystem development. The
study emphasised the importance of accounting
for dead wood not only for analysing ecosystem
processes but also for predicting their evolution.

In general, the current distribution and
growth characteristics of spruce stands in differ-
ent forest vegetation conditions of the Gorgan on
a typological basis remain understudied. Factor-
ing in the time factor when assessing changes in
the intensity of spruce drying will make it possi-
ble to develop silvicultural programmes for the
reproduction of native stands in the most com-
mon types of spruce forests in the study area.

The study was aimed at assessing changes
in the intensity of spruce drying in different for-
est types and altitudinal zones depending on the
time factor.

To achieve the research objective, the fol-
lowing tasks were defined: to analyse dead wood
stocks and the degree of its decomposition in
the main forest types; to assess the dynamics
of annual areas of spruce forests in the altitudi-
nal zones of foothill fir oaks, mountain beech-fir,
beech-fir-spruce and spruce forests.

Tkachuk

Materials and Methods

The study was conducted in three forestries of
the Osmolodske Forestry branch in 2016-2024.
The object of the study was spruce forests lo-
cated in foothill fir-oak and mountain beech-fir,
beech-fir-spruce and spruce forests at altitudes
from 300 to 1400 metres above sea level. The
study analysed the drying processes of spruce
forests in different forest vegetation conditions
typical for the Gorgan Mountains and their foot-
hills. The study was conducted following the
ethical standards set out in the Convention on
Biological Diversity (1992) and the Convention
on Trade in Endangered Species of Wild Fauna
and Flora (1973).

The processes of spruce forests drying out
were studied in two ways of retrospective anal-
ysis: 1) by the degree of decomposition of dead
wood in five test plots in different forest types;
2) by the dynamics of annual allocation of spruce
drying areas for sanitary felling in different alti-
tude forest zones. These approaches were used to
comprehensively assess the condition of spruce
forests and establish the temporal patterns of
their degradation.

The trial areas were laid out at relief heights
of 300-900 m (SOU 02.02-37-476:2006, 2007),
where spruce drying processes are most pro-
nounced in mountainous conditions (Hudyma et
al., 2014; Oliinyk & Zeinalian, 2020). They are
confined to the main forest types of the Gor-
gan; their stands are similar in age but differ in
the proportion of spruce and wood stock. The
deadwood and lying deadwood in the sample
plots were counted according to generally ac-
cepted forest inventory methods. At the same
time, A. Schuck et al. (2004) distinguished the
stages of its decomposition - from fresh unde-
composed to decayed state. Each of these stag-
es allowed to establish the time limits of wood
death: for Gorgan spruce forests, dead wood in
the first stage of decomposition indicates that
it was formed 2-3 years ago, the second - 5-10
years, the third - 10-15 and the fourth - 15-20
years ago (Shparyk & Parpan, 2020).
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The annual dynamics of drying areas and
their trend over time were studied on an altitudi-
nal forestry profile in the Bystrytsia Solotvynska
river basin, which covered three forestry units of
the Osmolodske Forestry branch - Bohorodcha-
ny, Manyava and Hutyany - following the vertical
differentiation of vegetation in the Ukrainian Car-
pathians (Stoyko, 2012; Zeinalian, 2021). These
processes are consistently associated with foot-
hill fir-oak forests, mountain beech-fir, beech-fir-
spruce and partially spruce forests. Data on the
drying out of spruce forests were collected and
analysed based on departmental materials on the
allocation of drying out areas for sanitary felling
with their distribution by altitude zones and for-
est strips. The data on relief indicators and silvi-
cultural and taxonomic features of the stands in

the drying areas were borrowed from forest man-
agement materials. In total, more than 300 sites in
the altitude range of 300-1400 m were analysed.
For high-altitude forest vegetation zones,
the proportion of spruce forests, the coefficients
of variation in drying out of the species over the
years, and the regression equation for the de-
pendence of its drying out on time were deter-
mined. The empirical formulas were calculated
with pairwise correlation coefficients greater than
0.6 and a confidence level of more than three.

Results and Discussion
The analysis of materials on the accumulation
and dynamics of dead wood on the experimental
objects of high-altitude forestry profile (Table 1)
shows the following features of this process.

Table 1. Stocks and degrees of decomposition of dead wood in different forest conditions

Characteristics
of the research

Height above sea, m

facilities 300 600 680 850 900
Silvicultural and taxation indicators stands
Forest type C,-FirCo D_-Fb-FirSpr C_-Fb-FirSpr C,-Fb-FirSpr C,-Fb-FirSpr
Composition oo as 1B+FirCo  SFiIr3SpriScTB  8Fir2Spr+Fb  6SpraFiriFb+B  6SpraFir1B+Fb
of the stand !
Age, years 64 62 54 57 60
Completeness 0.7 1.0 0.7 0.9 1.1
Reserves, 160 560 290 450 560
m?3-ha
Stock of dead wood (dead and dead wood) *
Total, m®-ha? 144/134 83/70 73/29 144/92 104/101
By degree of
decomposition:
1 4/3 5/0 48/11 59/17 6/6
2 19/19 18/12 17/11 39/32 30/27
3 48/48 34/32 8/7 43/40 28/26
4 73/64 26/26 0/0 3/3 40/40
Trend weak intensive intensive
drying pronounced weak 15-year growth growth
spruces 20-year decay 20-year decay increase 5-15yearsago 15-20 years ago

Note: Spr — European spruce; Fir — white fir; Sc — Scots pine; Cp — cedar pine; Fb — forest beech; Sy — sycamore;
Co - common oak; B = hanging birch; * in the numerator - for the entire plantation, in the denominator - for

spruce
Source: developed by the author

Firstly, reserves of dead wood depend on the
proportion of spruce in the composition of stands.
Thus, its increase from 2-3 units to 6 units con-
tributes to a 2-4-fold increase in the volume of

dead wood reserves. In mountainous conditions,
they increase with the increase in gypsometric
relief levels caused by an increase in the propor-
tion of spruce forests (r=0.83) and a slowdown in
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wood decomposition due to a vertical decrease in
the maximum temperatures of the growing sea-
son (r=0.96).

The dynamics of dead wood accumulation
are different in certain forest vegetation condi-
tions. Judging by the presence of the 3™ and 4
stages of its decomposition, which respectively
characterise the age of its formation over 10-15
and 15-20 years, it is possible to assume that the
impetus for the drying of the species was the ex-
treme weather conditions of the late twentieth
and early twenty-first centuries, namely the hot
and extremely dry periods of active vegetation in
1995-2003. According to forest meteorological
studies in the Gorgan spruce forests (Oliinyk &
Zeinalian, 2020), these periods were character-
ised by minimal precipitation, which amounted
to only 55% of the norm, and in some summer
months even dropped to 9.5-18% of the norm.

In general, the analysis of the dead wood
condition shows that in different forest vegeta-
tion of the foothill and mountainous conditions
of the Gorgan during 2016-2024, the trend of
spruce forests drying out is different. Its direc-

Tkachuk

tions are as follows: 1) fading with a decrease in
intensity; 2) weak expression with fluctuations
over the years; 3) increase with an increase in the
area of drying.

In the foothill subboreal forests, where inten-
sive drying of spruce stands began in the second
half of the 1990s, there was a downward trend
in this process (Tkachuk & Zeynalian, 2023). This
is related to the small proportion of spruce de-
rivatives and intensive sanitary felling. To a cer-
tain extent, a similar drying trend is characteristic
of the neighbouring lowland spruce forests. At
higher hypsometric levels (700-900 m) in mixed
fir and spruce forest types, the drying of the spe-
cies intensified after 2003. It is characterised by
growth with slope height and maximum develop-
ment 5-20 years ago.

The above-mentioned dynamics of spruce
forests drying out over time is confirmed by the
data on the allocation for sanitary felling of 326
forest plots affected by this phenomenon in dif-
ferent altitude forest zones of the three forestries
of the Osmolodske Forestry branch in 2016-2024
(Table 2).

Table 2. Dynamics of spruce drying areas in different altitudinal zones

Mountainous conditions

@ % T beech and fir forests beech-fir-spruce forests c
D = ‘®
o ] g ) =
Years ° = uop € € = E £ = s *3
= £2 2 8 G = S =] G = e
T 3§ 9 g 28 2 g 28 8
O — o o 5 ' - 5 P
L =) 0 = =4 A = 4
2016 156 82 25 7 32 39 4 43 75
2017 112 39 22 19 41 27 5 32 73
2018 100 44 12 15 25 28 2 30 55
2019 145 58 6 21 27 45 15 60 87
2020 91 34 34 36 21 0 21 57
2021 52 12 0 12 12 27 0 27 39
2022 205 36 45 52 98 62 10 72 170
2023 215 29 19 35 54 114 17 131 185
2024 187 34 36 54 90 64 0 64 154
Total 1263 368 167 248 415 427 53 480 895
° 100 29.1 13.2 19.7 32.9 33.8 4.2 38.0 70.9

Source: developed by the author
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For the foothill spruce forests of the foothills,
the decrease in drying areas in the specified time
interval is notable. In the range of mountain alti-
tudes of 650-1000 m (upper zone of the beech-fir
belt and lower zone of the beech-fir-spruce belt),
the opposite trends are expressed — an increase
in the intensity of drying out of the rock. In the
transitional, lower-mountainous zone of beech-
fir forests (500-650 m) and at high hypsometric
levels of mixed and pure spruce forests (above
1000 m), no clearly defined patterns of drying
changes are observed. Despite the vertical var-
iability of these processes, the phenomenon of
spruce drying intensification prevails in mountain
forests in general.

Dominant partial drying increases from foot-
hill fir-beech forests (300-500 m) to mountain
beech-fir forests (500-800 m), and then decreases
in beech-fir-spruce forests (800-1200 m) and be-
comes non-existent in the upper spruce belt (at
1300 m). Continuous drying is characterised by
a small proportion and a slight increase in the
average area with increasing altitude. These pat-
terns are caused by two factors:

1) the growth from the foothills to the up-
per boundary of the lower mountain belt of areas
of spruce forests that are intensively exposed to
drying out;

2) the slowdown of these processes from 800
m above sea level is caused by changes in mete-
orological conditions. At this level, the temperate
climate zone with July temperatures of +17, +19°
moves to the lower temperature zone, where they
are 2-3° lower, and even higher, in the cold zone
with pure natural spruce forests, temperatures
drop to 12° or less.

The area of partial drying increases from 1.8-
2.8 ha at 300 m to 4 ha at 600-800 m and then
decreases, disappearing at 1200-1300 m. Areas
of continuous drying increase evenly from 300 m
(0.6 ha) to 1300 m (1.9 ha). In general, plantations
at altitudes of 400-900 m are most vulnerable to
drying out. In this altitude range, 87% of the cen-
tres and 84% of the area of this harmful phenom-
enon are concentrated.

In quantitative terms, the dynamics of spruce
drying are characterised by the following results
of statistical processing of materials in the con-
text of the altitudinal zonation of mountain for-
ests. In the foothill fir-oak forests, the proportion
of spruce derivatives and the coefficient of varia-
tion of their drying areas over the analysed years
are the lowest in Gorgan and amount to 20% and
45%, respectively. Changes in annual drying (S,
ha) in Bohorodchany forestry over time (A, annual
indices; 11-19 years of the 21st century) are char-
acterised by a reliable inverse regression equa-
tion of the following type:

S=112-471-A atr=-0.66+0.18, (1)

which shows that in 2016-2024, the area of
spruce drying out decreased by three times. The
data on the area of spruce forests in the Boho-
rodchany forestry and the annual regression co-
efficients show that, if current climatic conditions
remain unchanged, in 2022-2032, the main areas
of spruce forests will be covered by sanitary fell-
ing, minimising the area of this derivative species.

Specific trends in the drying out of spruce de-
rivatives are observed in the lower mountain belt
of beech-fir forests in the Maniava and Hutia fore-
stries, which is adjacent to the foothill conditions.
The proportion of spruce plantations varies with
altitude from 18 to 38%, and the coefficient of
variation of the drying area of the species ranges
from 61-100%. In the strip of beech spruce forests
(500-600 m) adjacent to the foothill conditions,
the spruce stands in the analysed years had a cer-
tain tendency to decrease in drying out (r=-0.50).
The dependence of the species drying on the time
factor is weak (r=0.28) for the entire lower part of
this belt at altitudes of 500-650 m.Only in the up-
per part of the belt (650-800 m) with 38 % spruce,
there is a clear dependence of the intensification
of rock drying on changes in the time factor:

$=6.9-A-50 atr=0.80%0.12. (2)
Such patterns of drying out of spruce de-

rivatives in different altitudinal bands of beech
spruce forests determine a positive trend towards
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a general belt-wide increase in this process, the
empirical formula of which is as follows:

S=6.7-A-54 atr=0.62%0.21. (3)

It indicates that the area of drying out quad-
rupled between 2016 and 2024. The patterns of
drying of derivative and native spruce forests are
different in the high-altitude zones of beech-fir-
spruce and pure spruce forests (800-1400 m). In
these two forestries, the share is 57 and 85%, re-
spectively. The belt of mixed spruce forests (800-
1000 m) is characterised by a relatively small co-
efficient of variation of drying areas - about 59
% and their reliable positive dependence on the
time factor:

$S=69-A-56 atr=0.64%0.19. (4

In this altitudinal range, the growth of spruce
drying areas is similar to that of the beech spruce
belt. At higher hypsometric levels (>1000 m asl),
the coefficient of variation of drying areas by year
is quite variable (= 104%), and their relationship
with time is extremely low (r=0.15). In certain
years, this process is insignificant or even ab-
sent (Table 2). This is caused by significant relief
heights with a corresponding decrease in air tem-
perature and an increase in precipitation, which
prevents the rock from drying out. In general,
natural spruce forests at altitudes of 800-1400 m
are characterised by a general tendency to dry out
over time (r=0.58+0.22), but it is not sufficiently
expressed in quantitative terms due to the influ-
ence of relief and meteorological factors.

In mountainous conditions, the current in-
tensification of spruce drying is most clearly man-
ifested at altitudes of 650-1000 m (upper strip
of beech spruce forests and lower part of mixed
spruce forests). This pattern is reinforced by dry-
ing tendencies at other altitudes, and therefore
the dependence of increased drying of the spe-
cies dominates in mountain spruce forests (500-
1400 m) at the present stage of climate warming.
It is expressed by the following equation:

S=139-A-109 atr=070*0.17.  (5)

Tkachuk

Due to the different vectors of spruce drying
in foothills and mountainous conditions, there is
no general picture of this process in the region
over time (r=0.45%0.27). The analysis of the for-
est fund of the Manyava and Hutia forestries and
the empirical dependence (5) suggests that un-
der current climatic conditions, the main areas of
spruce forests may be covered by sanitary felling
in the next 7-8 years due to the drying out process.

Numerous studies revealed the influence
of various environmental factors that can cause
spruce forest degradation and drying out, par-
ticularly in mountainous conditions. Climatic and
edaphic conditions have an impact on the speci-
ficity and intensity of spruce drying processes. To
prevent spruce dieback, it is necessary to develop
systems of forest protection measures that con-
sider natural conditions and regional peculiarities
of forest management.

According to European scientists, namely
E. Gordeeva et al. (2022), the processes of spruce
drying are observed in both native and deriva-
tive stands, but the situation in derivative spruce
stands is currently more critical. Other research-
ers H. Spiecker & H-P. Kahle (2023) noted that
dieback processes are present in spruce stands of
different ages but are most pronounced in pure
medieval monocultures and older stands, as well
as in sparse stands that have emerged on the site
of natural oak and rock oak groves. V. Lavnyy &
0. Pelyukh (2019) determined that the largest
areas of spruce forests are concentrated in lva-
no-Frankivsk region - 47.8% of the total area of
spruce forests. Among the forest types, spruce-fir
forests are most often found in wet spruce-beech
successional forests. The authors also noted a de-
crease in the biotic and abiotic stability of spruce
derivative stands.

The relationship between silvicultural and
climatic factors and their impact on the sanitary
condition of spruce stands was studied by H. Hry-
nyk et al. (2010). The analysis of the impact of cli-
mate change on the sanitary condition of spruce
stands in the Ukrainian Carpathians was studied
by H. Hrynyk & O.Hrynyk (2022). Due to changing
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climatic conditions in European countries, spruce
forests are weakening, their sanitary condition is
deteriorating, and plantations are drying out over
large areas (Vyshnevskyi & Donich, 2021).

As spruce forests decline, the carbon storage
of wood decreases and the amount of carbon re-
leased into the atmosphere during the decompo-
sition of dead wood increases. Climate change has
affected the condition and productivity of forest
ecosystems, including mountain spruce monocul-
tures,which were created in the 19" century in Eu-
rope and the Carpathians to produce ripe timber
quickly - as a result of climate change, they began
to dry out en masse. The most intense drying af-
fected the spruce forests created on the site of
fir and beech forests (Tkachuk & Zeynalian, 2023).

C.Yue et al. (2023) believe that in the second
half of the twenty-first century, forest conditions
will deteriorate further. It is expected that there
will be even less precipitation during the growing
season, and droughts will be more frequent and
longer. Such climate change will contribute to an
even greater spread of forest drying.This will result
in significant changes in the species composition
of forests. A. Taccoen et al. (2019, 2022) investi-
gated the impact of climate stresses and dry peri-
ods on spruce drying in the Vosges and Ardennes,
using remote sensing to monitor forest change.

The intensive die-off of spruce forests can be
influenced by their age. According to L.M. Beley et
al. (2022), the massive decline of mono-dominant
dark coniferous forests is a normal phenomenon
in the process of their age development. First of
all, these processes are manifested in stands that
have reached the age of old age for this species
under certain conditions (Synek et al., 2020).

The dominant feature of the distribution
of forest vegetation in mountainous conditions
is the altitude zonation, according to which the
plantations are divided into zones: foothill oak
forests (100-220 m asl, pure oak, beech-oak
stands), beech forests (300-1450 m asl, pure
beech, fir-beech, fir-fir-beech stands), spruce for-
ests (700-1450 m asl, pure spruce, beech-fir, fir-
spruce, beech-fir-spruce-spruce stands), subalpine

belt (1300-1500 (1800) m asl, coniferous and de-
ciduous shrubs), alpine belt (above 1800 m asl),
which is primarily due to the climatic conditions
of the mountainous terrain (Matusevych, 2022).
In the context of modern climate change, which
is accompanied by a global increase in air tem-
perature, forest plantations are forced to adapt to
new conditions. Therefore, identifying the current
Llimits of spruce plantations and comparing them
with the previously established ones will be used
to assess the dynamics of the high-altitude dis-
tribution of European spruce stands. Therefore,
spruce stands were grouped by altitude within
the study area, the main silvicultural and taxation
indicators, and dead wood stock.

To prevent the drying out of spruce forests
and the formation of stable indigenous stands,
a set of forest health measures (various types of
felling, monitoring and protection of the forest,
and reforestation) should be conducted, primarily
in a timely manner: in mountainous conditions -
up to the altitude range of 450-900 m above sea
level, mainly on the southern slopes, as well as
on all steep slopes with stony soils, regardless
of their exposure; in foothill conditions - in for-
est areas adjacent to treeless lands. To prevent
spruce stands from drying out, attention should
be devoted to plantations with a spruce propor-
tion of more than 3-5 units, 35-60 years old and
with a fullness of 0.6-0.8, as they are most prone
to drying out. Foothill sub-alpine conditions are
not suitable for growing spruce derivatives, while
lower mountain spruce forests are more prom-
ising. The best conditions for the formation of
spruce forests are observed in spruce forest types,
regardless of forest management systems.

Conclusions
Based on comprehensive silvicultural studies for
different forest vegetation conditions, the stabil-
ity of spruce forests in the Gorgan Mountains is
assessed. The altitude-belt and silvicultural-tax-
ation features of spruce forests drying out, their
influence on structural changes in plantations
and the dynamics of dead wood formation in
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them are revealed. The silvicultural condition
of such stands and the processes of natural re-
generation are highlighted. The leading abiotic
factor of spruce drying is the relief height, which
determines the dependence of these processes
on mixed oak, fir and beech forest types in the
altitude range of 350-1150 m above sea level.
Plantations at altitudes up to 900 m are most
vulnerable. At higher levels (spruce forest belt),
these phenomena are insignificant. A retrospec-
tive analysis of the accumulation of dead wood
in drying spruce forests shows that its reserves
depend on the proportion of spruce in the stand
composition and the height of the mountainous
terrain, and the state of its decomposition indi-
cates the subsequent trends in the drying of the
species: 1) attenuation; 2) weak expression; 3) in-
tensification. They have altitude-belt patterns.

In the fir subboreal forests of the foothills,
the intensive drying of spruce derivatives that oc-
curred at the turn of the twentieth and twenty-first
centuries has been replaced by processes of slow-
ing down this phenomenon. To a lesser extent,
similar changes in spruce drying are characteris-
tic of the neighbouring lowland strip of beech-
fir forests. In the altitude range of 650-1000 m
(the upper band of beech-fir forests and the lower
part of the belt of beech-fir-spruce forests), pro-
cesses of intensification of the species drying are
observed. At altitudes above 1000 m, the depend-
ence of spruce drying on time is insignificant.

Estimates show that if current climatic con-

Tkachuk

Spruce cultivation is not very promising in
foothill spruce sub-forests. In lowland fir forests,
silvicultural measures can control spruce drying
out, reducing the high competitiveness of fir. In
mountain-mixed spruce forests, properly imple-
mented silvicultural measures contribute to the
formation of indigenous highly productive spruce
stands. In the absence of harvesting, spruce re-
tains its position in the upper tier, while fir and
beech spread in the subordinate tiers. In sub-arid
conditions, native spruce stands of low produc-
tivity are formed. In general, spruce retains its
viability in spruce forest types under different
management systems.

In different forest vegetation conditions, the
drying out of spruce forests in time is ambigu-
ous. In foothill subboreal forests, it was highest
in 2000-2010, after which it gradually decreased.
Similar dynamics are typical for spruce in lowland
fir forests. In mountain spruce forests, there are
no clear patterns of spruce drying out over time.
In spruce forests, this phenomenon intensified in
2005-2010 and continues to this day on steep
slopes of southern exposures with gravelly soils.
In sub-boreal conditions, spruce drying is similar
to the process in birch forests.

Further research could identify the key fac-
tors that influenced the change in the intensity
of the process, including climatic conditions, an-
thropogenic impact, changes in soil properties
and stand structure.

ditions remain unchanged, with the inherent dry- Acknowledgements
ing out of spruce forests, in the next 8-10 years,  None.
sanitary felling will have to cover the main areas
of spruce forests in the altitude range of 300- Conflict of Interest
1000 m above sea level. None.
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Retrospective analysis of the dynamics of spruce drying...

PeTpocneKTUBHMIN aHani3 AUHaAMiKU BCMXaHHA SIMHHUKIB
y pisHUX nicopocnuHHMX ymosax l'opraH

OkcaHa Tkauyk

KaHanAaaT cinbCbKorocnoaapcbKmnx Hayk

YKpaiHCbKMI HAYKOBO-A0CNIAHUIA IHCTUTYT ripcbkoro nicisHuuTBa imeHi . C. MNactepHaka
76018, Byn. Muxaina lpywescbkoro, 31, M. IBaHo-PpaHKiBCbK, YKpaiHa
https://orcid.org/0000-0002-7569-0523

AHoTauif. MeToto po6oT 6yno OUIHUTU 3MiHU B IHTEHCMBHOCTI BCUXAHHSI SUIMHHMKIB Y Pi3HMX TMRaX
nicy Ta Ha pi3HUX BMCOTax 3 ypaxyBaHHAM (aktopa vacy. [JocnigkeHHS NPOBOAMAUCS Y LEHTPanbHil
yacTuHi ripcbkoro Macusy foprad i3 ioro nepearipam (6aceitH piuku Buctpuus ConoTBMHCbKA) Ha
BMCOTHO-TUNONOrYHOMY npodini. OxapakTepnsoBaHO CTyneHi po3knagy MepTBOi AepeBUHM, 33 AKMMU
BM3HAYEHO HACTYMHi BUAM TPEHAIB NPOLLECY BCUXAHHA ASTMHU Y Pi3HMX TUNAX Nicy Ta NOPOLHUM CKNIALOM
[LepEeBOCTaHIB: 3aTyXaluMi i3 3MEHLWEHHSM IHTEHCMBHOCTI MO Mipi NAMHY Yacy; cnabko BUpPaXKeHWH i3
3HAaYHUM KOJIMBAHHSAM BCMXaHHS MO OKPEMUX POKaX; iHTEHCUMBHWI i3 WOPIYHUM 30iNblUEHHSM Mol
sBMLA. BigsHauyeHo TpMBanicTb Ta AMHAMIKY LUMX TPEHAIB ANS Pi3HUX NiCOPOCMHHMX YMOB. Ha npuknagi
TPbOX NTICHULTB BUCBITIEHA piYHA AMHAMiKa NIOL, BCUXaHHS aauHK y nepiog 3 2016 no 2024 poku ans
HasBHOro y fopraHax CreKkTpy BEpPTMKa/IbHUX POC/MHHMX MOACIB Yy Takil MOCNIAOBHOCTI: nepearipHmx
ANULEeBO-AY60BUX, TipCbKMX GYKOBO-ANMLEBUX, DYKOBO-SNULEBO-SNIMHOBUX | YUCTUX SZIMHOBWUX JiCiB.
Pe3ynbrat CTaTUCTMYHOrO aHanisy CBig4aTb NPO Pi3HOBEKTOPHICTb NPOLLECIB BCUXAHHS SUTMHU 3aNEXHO
Bif, riNCOMETPUYHUX PiBHIB penbedy i MOBA3aHOI 3 HUM BMCOTHOI NOSICHOCTI. BusiBneHo, Wo y nepearipHux
AnMLEeBo-ay60BUX Nicax IHTEHCUBHICTb BCMXaHHS AnMHM 3aTyxae€. [ewo cnabwe U9 33aKOHOMIpPHICTb
BMPaXXEHA Y HWXHbOTIPCbKit cMy3i 6ykoBo-anmueBmx niciB (500-600 M H. p. M.). Y BUCOTHOMY Ajiana3oHi
650-1000 ™ (BepxHs cMyra 6yKOBO-MLEBOrO NOSCY i HWKHS YacTUHA BYKOBO-S1MLLEBO-SNMHOBUX NiCiB)
[LOCUTb YiTKO BUPaXeHa iHTeHCUPiKaLif BCUXaHHS snuMHW. HaBeneHo aaHi, Wwo Ha BucoTi 6inbwe 1000 M H.
p. M. 3aKOHOMIiPHOCTi Y BCUXaHHI SIMHHKKIB HE BUPAXKEHi, OCKIIbKM Lie BULLLE TYT crnopaamnyHe. MpakTuuHa
3HaYYLLICTb Pe3ynbTaTiB AOCNIAKEHD 3BOAUTLCS [0 iX BUKOPUCTAHHS Y AudepeHLiMOBaHNX 3aX04axX Woao0
NOCUNIEHHS CTIMKOCTi LlepeBOCTaHIB Y Pi3HUX BUCOTHUX MOsiCaxX

KniouoBi cnoBa: BUCOTHI NOSICU; TUMK NiCy; CKNaj, LePEBOCTaHIB; MEPTBA AEPEBUHA; EMMNiPUYHI 3aN1IEXKHOCTI
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Efficient winter wheat cultivation...

validated measures for effectively cultivating winter wheat in high-productivity five-field and ten-field
crop rotations with varying levels of cereal saturation under unstable moisture conditions in the Left-
Bank Forest-Steppe zone of Ukraine. To achieve this goal,a comprehensive system of general scientific
and specialised research methods was employed, including field, laboratory-field, comparative-
calculation, mathematical-statistical, and abstract-logical approaches. It was established that, on
average, during the research period of 2021-2023, the highest winter wheat yield of 6.64 t/ha was
achieved following peas in a five-field crop rotation with 60% cereal saturation and the application
of mineral fertilisers at a rate of N, P, K,, per hectare of arable land. In five-field crop rotations, the
yield of winter wheat following peas increased by 7.1-18.1% compared with perennial grasses, spring
barley, and spring wheat. A high winter wheat yield of 6.44 t/ha was achieved following peas in a
ten-field crop rotation with 80% cereal saturation and the application of mineral fertilisers at a rate
of NP, K, per hectare of arable land. In ten-field crop rotations, the yield increase of winter wheat
following peas compared with annual grasses (vetchoat), soybean, perennial grasses, spring barley,
oilseed radish, and silage maize ranged from 7.5% to 24.4%. The yield increase attributable to mineral
fertiliser application at a rate of N, P, K, per hectare of arable land was 39-60% after peas, 43% after
perennial grasses, and 36-42% after silage maize. The most economically viable option was identified

as the five-field crop rotation with 60% cereal saturation and mineral fertiliser application at a rate

of NP, K

60" 64 64

a profitability level of 151%

per hectare of arable land, yielding the highest net profit of 26.93 thousand UAH/ha and

Keywords: five-field and ten-field crop rotations; cereal saturation; predecessors; mineral fertilisation;

productivity; economic efficiency

Introduction
Winter wheat plays a crucial role in addressing the
grain production challenge, serving as one of the
best predecessors in crop rotations for key agri-
cultural crops such as sugar beet, maize, sunflow-
er, peas, soybean, rapeseed, and potatoes. Conse-
quently, significant attention is directed towards
employing modern cultivation technologies for
winter wheat within scientifically validated crop
rotations. These efforts aim to enhance its yield
and production volumes, increase overall food
reserves and seed security stocks, and meet the
demands of the domestic market while support-

ing the stable export of Ukrainian grain products.

Comprehensive research into an integrated
scientific and technological approach - combin-
ing scientifically grounded measures for culti-
vating high-productivity winter wheat varieties
within different-field crop rotations under un-
stable moisture conditions - has not yet been
fully undertaken. At the same time, individual

agronomic practices highlighted in scientific pub-
lications require optimal coordination. Notably, a
series of studies by Ukrainian researchers provide
valuable insights into the effective cultivation
of cereal crops within short-field crop rotations,
which merits further attention.

For instance, Ye. Yurkevych et al. (2021) in-
vestigated the impact of organic and mineral fer-
tilisers on the yield and quality of cereal crops,
including under the conditions of unstable mois-
ture in Ukraine. The authors highlighted the ef-
fectiveness of combining organic fertilisers (such
as compost and manure) with mineral fertilisers
(nitrogen, phosphorus, and potassium), which en-
hances crop productivity amidst climate change
and supports the sustainable development of agri-
culture. Similarly, V. Ivanina & T. Prokopiuk (2024)
underscored the significance of mineral fertilisers
and micronutrients (manganese and silicon) in
improving soil fertility and increasing grain yield
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and quality, emphasising their advantages for
the sustainable management of soil resources.

The research conducted by B. Mazurenko et
al. (2021) focused on the post-sowing application
of compound fertilisers in the cultivation technol-
ogies of soft winter wheat. Compound fertilisers,
which contain essential macro- and microele-
ments, were shown to improve yields, grain quali-
ty,and disease resistance, demonstrating their ef-
ficacy in enhancing winter wheat productivity.In a
monograph, O. Demydenko et al. (2019) analysed
the effects of crop rotations systems and the use of
plant residues on the fertility of chernozem soils
in the Left-Bank Forest-Steppe zone of Ukraine.
The use of crop residues and green manure crops,
such as alfalfa and peas, was found to enrich the
soil with nutrients, promoting its sustainable de-
velopment and maintaining high productivity.

In her study, N. Kovalenko (2024) examined
innovative technologies for the effective cultiva-
tion of cereal crops,focusing on green manure and
the use of plant residues. The author emphasised
the importance of incorporating green manure
crops, which improve soil structure and enrich it
with nutrients, thereby enhancing crop yields un-
der diverse climatic conditions in Ukraine.

These findings underscore that the use of
organic, mineral,and compound fertilisers, along-
side the utilisation of plant residues and green
manure crops, represents effective strategies for
improving soil fertility and crop productivity in
contemporary agricultural systems.

Romanianresearchers |.Sulea & F.Sala (2022)
highlighted the significance of combined applica-
tions of biodynamic preparations for improving
the physiological parameters and productivity
of winter wheat. Their study demonstrated the
effectiveness of such approaches in alternative
cultivation systems, enhancing plant growth and
yield under challenging agro-climatic conditions.
Similarly, C. lordan et al. (2022) investigated plant
protection systems against diseases and pests in
Romania and other European countries. They con-
firmed that the integrated application of protec-
tion measures is essential for maintaining high
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yields, particularly in the context of increasing
pathogen pressure. Soil tillage methods are an-
other critical aspect for improving winter wheat
cultivation efficiency. Research by I. Prymak et
al. (2023) in Ukraine and M. Nankova & S. Done-
va (2024) in Bulgaria demonstrated the effective-
ness of both conventional and no-till systems in
preserving soil structure and enhancing produc-
tivity. These methods ensure better soil prepara-
tion for sowing and contribute to higher yields by
reducing the adverse effects of erosion and im-
proving conditions for plant root systems.

However, the specific features of integrat-
ing fertilisation systems and crop predecessors
for the efficient cultivation of winter wheat in
high-productivity different-field crop rotations
under the unstable moisture conditions of the
Left-Bank Forest-Steppe zone of Ukraine require
further investigation and analysis.

The study aimed to identify, synthesise, and
systematise scientifically grounded measures
for the efficient cultivation of winter wheat in
high-productivity five-field and ten-field crop
rotations with varying levels of cereal saturation
under the unstable moisture conditions of the
Left-Bank ForestSteppe zone of Ukraine.

Materials and Methods
The research was conducted as part of long-
term stationary experiments at the Cherkasy
State Agricultural Research Station of the Na-
tional Scientific Centre “Institute of Agriculture
of the National Academy of Agrarian Sciences
of Ukraine”. This station is located in the Left-
Bank Forest-Steppe zone of Ukraine, charac-
terised by unstable moisture conditions, and is
situated on typical low-humus, medium loamy
chernozem soils. The study adhered to ethical
standards outlined in the Convention on the
Trade in Endangered Species of Wild Fauna and
Flora (1973) and the Convention on Biologi-
cal Diversity (1992). Between 2021 and 2023,
the research evaluated the efficiency of culti-
vating winter wheat in high-productivity five-
field and ten-field crop rotations with 60-100%
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cereal saturation, including 20-40% winter  application of mineral fertilisers (Table 1, 2). The
wheat and 10-20% spring wheat, depending on  total research area was 27 hectares, with a plot
their arrangement and proportion. This analy-  size of 230 m? for sowing and 100 m? for account-
sis incorporated various predecessors and the ing, and each trial was conducted in triplicate.

Table 1. Structure of sown areas of five-field crop rotations
Structure of sown areas, %

S = Including: = Including: g § =
2 S - > ° [ T 0 [
- 5 g S 5. 8 & &§& ¥
£ 2 55 5§ g & E & 3% 3 £ Tz 3
s ¢ gg g S8 §85 g % 5% % 2 EE &
8§ 53 & =" ¥ gz 2" 3 & <% 3
o n -4 7] g
Application of mineral fertilisers at a rate of N_P_K_ per hectare of arable land
1 80 40 20 - - 20 - - - 20
2 80 40 - 20 - 20 - - - 20 - -
3 80 20 - - 20 40 - - - 20 - -
4 80 20 - - 40 20 - - - - - 20
5 60 60 - - - - - - - - 20 20
6 60 40 - - 20 - - - - - 20 20
Application of mineral fertilisers at a rate of N, P K., per hectare of arable land
7 100 40 - - 20 40 - - - - - -
8 100 40 20 - 20 20 - - - - - -
9 60 40 - - - 20 40 20 20 - - -
10 80 40 - - 20 20 - - - - 20 -
11 100 40 - - - 60 - - - - - -
12 80 20 20 - 20 20 40 20 - - 20 -
Source: developed by the authors
Table 2. Structure of sown areas of ten-field crop rotations
Structure of sown areas, %
g :-_g; Including o Including: s g
= o = . — . ° = <
§ 3 £i£ 5% §85 & 3% &5 3 ¢ EES 3
§ =7 "7 =" I3 & =" g 3 = 5
Without fertiliser application
1 70 30 10 10 20 20 10 10 - 10 -
Application of mineral fertilisers at a rate of N, P, K., per hectare of arable land
2 80 30 - 20 30 20 10 - 10 -
3 60 30 20 - 10 20 10 - 10 10 10
4 90 40 - 20 30 10 - - 10 - -
5 70 20 - 30 20 10 - - 10 - 10
6 70 30 10 10 20 20 10 10 - 10 -
7 60 20 10 10 20 10 10 - - 20 10
8 100 30 10 30 30 - - - - - -
9 70 30 - 10 30 30 10 - 20 - -

Source: developed by the authors
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The weather conditions during the years
of the study were generally favourable for the
growth and development of winter wheat plants.
However, the 2020/2021 and 2021/2022 growing
seasons were characterised by uneven precipi-
tation distribution and excessive drought, which
adversely affected winter wheat yield formation.

The study utilised regionally adapted vari-
eties and hybrids of agricultural crops listed in
the State Register of Plant Varieties Suitable for
Distribution in Ukraine (2024). To achieve the re-
search objectives, a combination of general sci-
entific and specialised methods was employed:
field and laboratory-field methods were applied
to obtain experimental data on the impact of
scientifically justified measures on the efficiency
of cultivating winter wheat in high-productivity
fivefield and ten-field crop rotations with vary-
ing cereal saturation; comparative and compu-
tational methods were used to determine winter
wheat yield, as well as the quantitative indica-
tors of productivity and the economic efficiency
of five-field and ten-field crop rotations; mathe-
matical and statistical methods were employed
to assess the reliability of the research results;
the abstractlogical method facilitated the for-
mulation of conclusions and the development of
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a series of scientifically substantiated measures
for the efficient cultivation of winter wheat in
high-productivity crop rotations under condi-
tions of unstable moisture to ensure Ukraine’s
food security.

Results and Discussion

Over the 2021-2023 study period, it was de-
termined that in five-field crop rotations, pea
was the most effective preceding crop for win-
ter wheat, yielding the highest productivity of
this key strategic crop (Table 3). Specifically, the
maximum vyield of 6.64 t/ha was observed with
the application of mineral fertilisers at a rate of
N,,P..K,, per hectare of arable land in crop rota-
tions with 60% cereal saturation, including 20%
winter wheat and 20% spring wheat (Variant 9).
The application of mineral fertilisers at a rate of
N,,P. K, per hectare of arable land in crop rota-
tions with 80% cereal saturation, also with 20%
winter wheat and 20% spring wheat, resulted in
high yields of 6.33-6.43 t/ha (Variants 2, 4). Oth-
er preceding crops ranked in descending order
of effectiveness were annual grasses (vetch-oat
mixture), spring barley, and spring wheat. Winter
wheat yields following pea cultivation were 7.1-
18.1% higher compared to these alternatives.

Table 3. Winter wheat yield in five-field crop rotations depending
on preceding crops, t/ha, average for 2021-2023

Variant Preceding crop Yield, t/ha
No. 2021 2022 2023 Average
Application of mineral fertilisers at a rate of N ,P_ K., per hectare of arable land
1 Pea 6.52 5.22 6.80 6.18
Spring barley 6.48 424 6.42 5.71
2 Pea 6.64 5.60 6.76 6.33
3 Pea 6.19 5.43 6.62 6.08
4 Pea 6.28 5.24 7.78 6.43
5 Annual grasses (vetch-oat) 6.00 5.10 6.74 5.95
Spring wheat 5.97 4.70 5.64 5.44
6 Annual grasses (vetch-oat) 5.80 4.90 6.30 5.67
Application of mineral fertilisers at a rate of N, P, K, per hectare of arable land
7 Pea 6.42 5.38 6.65 6.15
8 Pea 6.38 5.30 8.11 6.59
9 Pea 6.63 5.30 8.00 6.64
10 Annual grasses (vetch-oat) 6.09 5.02 7.40 6.17
11 Spring wheat 6.70 5.58 712 6.47
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Table 3. Continued

Variant . Yleld, t/ha
Preceding crop
No. 2021 2022 2023 Average
12 Annual grasses (vetch-oat) 5.90 4.67 6.03 5.53
LSD, 0.16 0.15 0.17 -

05

Source: compiled by the authors based on research findings

On average, from 2021 to 2023, the highest
yield of winter wheat in ten-field crop rotations
was obtained following pea cultivation with
the application of mineral fertilisers at a rate
Of N60P60K60
Specifically, the maximum vyield of 6.44 t/ha was

recorded in a crop rotation with 80% cereal sat-

uration, including 30% winter wheat (Variant 2).

Other preceding crops can be ranked in descending

per hectare of arable land (Table 4).

order of effectiveness as follows: annual grasses
(vetch-oat), soybeans, perennial grasses, spring
barley, oilseed radish, and silage maize. Winter
wheat yields following pea cultivation were 7.5-
24.4% higher compared to these alternatives. The
yield increase for winter wheat resulting from the
application of mineral fertilisers was as follows:
after pea — 39-60%, after perennial grasses — 43%,
and after maize for silage - 36-42% (Variants 1, 6).

Table 4. Winter wheat yield in ten-field crop rotations depending
on preceding crops, t/ha, average for 2021-2023

Variant Preceding crop Yield, Vha
No. 2021 2022 2023 2021
Without fertiliser application
Perennial grasses 3.60 3.44 4.63 3.89
1 Pea 3.70 3.56 4.80 4.02
Maize for silage 3.48 3.29 3.96 3.58
Application of mineral fertilisers at a rate of N, P, K. per hectare of arable land

Pea 5.80 5.67 7.86 6.44
2 Pea 5.68 5.13 5.95 5.59
Maize for silage 5.00 4.60 5.51 5.04
Maize for silage 4.90 4.34 5.62 4.95
3 Annual grasses (vetch-oat) 5.40 5.56 6.27 574
Oilseed radish 5.50 4.78 5.48 5.25
Soybeans 5.73 5.29 6.34 5.77
4 Pea 6.20 5.40 6.86 6.15
Maize for silage 4.88 4.45 5.90 5.08
5 Annual grasses (vetch-oat) 5.75 5.20 6.94 5.96
Soybeans 5.87 4.66 6.20 5.58
Perennial grasses 5.49 5.00 6.21 5.57
6 Pea 5.90 5.34 7.04 5.79
Maize for silage 4.80 4.28 5.52 4.87
7 Pea 6.40 5.80 7.02 6.41
Maize for silage 5.10 4.30 5.46 4.95
8 Spring barley 5.54 4.90 5.80 5.41
Pea 6.60 5.48 6.46 6.18
Pea 6.70 5.50 7.03 6.41
9 Pea 6.38 5.20 7.02 6.20
Maize for silage 4.97 4.64 5.40 5.01

LSD 0.15 0.14 0.16 -

05

Source: compiled by the authors based on research findings
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The differences in weather conditions dur-
ing the growing season of winter wheat in the
years of the study influenced its yield, both in
five-field and ten-field crop rotations. The impact
of uneven precipitation distribution and drought
conditions in 2021 and 2022 led to a decrease in
the yield of winter wheat following all preceding
crops. The most unstable data were observed in
2022, when, in the five-field crop rotations, the
lowest winter wheat yield was recorded with
the application of mineral fertilisers at a rate of
N,,P.K,, per hectare of arable land following
spring barley - 4.24 t/ha. In the ten-field crop
rotations, the lowest yield was observed with
the application of mineral fertilisers at a rate of
N,,P¢oKqo PEr hectare of arable land following si-
lage maize - 4.284.64 t/ha. Due to the lack of
moisture in 2021, the combined effect of agro-
nomic measures was generally significant, lead-
ing to an increase in the yield of winter wheat
compared to 2022. In the favourable weather
conditions of 2023, the yield of winter wheat
was significantly higher compared to 2021. The
greatest increase in yield was observed in all
variants where peas were used as the preceding
crop. Specifically, the highest yield of 8.11 t/ha
was achieved by increasing the mineral fertiliser
application rate to NP, K,, per hectare of ara-
ble land in a five-field crop rotation with 100%
saturation of cereal crops, including 20% winter
and spring wheat. With the application of min-
eral fertilisers at a rate of NP, K., per hectare
of arable land in a ten-field crop rotation with
80% cereal crop saturation, including 30% winter
wheat, the maximum yield of 7.86 t/ha was ob-
tained. Therefore, the impact of preceding crops,
the placement and ratio of cereal crops, and fer-
tilisation in five-field and ten-field crop rotations
with 60-100% cereal crop saturation, including
20-40% winter wheat and 10-20% spring wheat,
on the yield of winter wheat is limited by both
temperature and moisture conditions.

On average, from 2021 to 2023, the applica-
tion of mineral fertilisers at a rate of N_,P_ K, per

52" 56 56
hectare of arable land in a five-field crop rotation
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with 80% cereal crop saturation, including 40%
maize for grain, 20% winter wheat, 20% peas,
and 20% oilseed radish (Variant 4), contributed
to the highest productivity indicators: grain yield
of 7.22 t/ha; grain harvest of 5.78 t/ha, includ-
ing 4.49 t/ha of fodder; 10.47 t/ha of feed units;
0.77 t/ha of digestible protein, alongside high
winter wheat yield of 6.43 t/ha (Fig. 1). This crop
rotation resulted in a reduction of grain produc-
tion costs to 3.36 thousand UAH/t; feed unit costs
to 1.85 thousand UAH/t, while achieving a high
net profit of 22.82 thousand UAH/ha and a profit-
ability level of 123% (Fig. 2).

With the application of mineral fertilisers
at a rate of N, P, K,, per hectare of arable land,
the best results were observed in a five-field crop
rotation with 80% cereal crop saturation, includ-
ing 20% winter wheat, 20% spring wheat, 20%
soybeans, 20% maize for grain, and 20% annual
grasses (Variant 10). This crop rotation achieved
the highest productivity indicators: grain yield of
6.69 t/ha; feed units of 8.71 t/ha; digestible pro-
tein of 0.75 t/ha, alongside a high winter wheat
yield of 6.17 t/ha; grain harvest of 4.20 t/ha,
including 2.13 t/ha of food-grade grain and
2.07 t/ha of fodder. This crop rotation ensured
a high net profit of 21.92 thousand UAH/ha and
a profitability level of 125%. The most econom-
ically advantageous crop rotation was one with
60% cereal crop saturation, including 20% win-
ter wheat, 20% spring wheat, 20% peas, and 20%
sunflowers and maize for silage, which resulted in
the highest net profit of 26.93 thousand UAH/ha
and a profitability level of 151% (Variant 9).

On average, between 2021 and 2023, the
application of mineral fertilisers at a rate of
NoPeoKe, PEr hectare of arable land in a ten-
field crop rotation with 70% cereal crop sat-
uration, including 30% maize for grain, 20%
winter wheat, 20% soybeans, and 10% sun-
flowers, oilseed radish, and annual grass-
es (Variant 5), contributed to achieving the
highest productivity indicators: grain yield
of 7.44 t/ha; digestible protein of 0.77 t/ha
with a high winter wheat yield of 5.77 t/ha;
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feed units of 8.54 t/ha; grain harvest of 3.92 t/ha, to 4.99 thousand UAH/t; cost of feed unit to
including 1.15 t/ha of food-gradegrainand 2.77t/  2.29 thousand UAH/t, while ensuring a high net
ha of fodder (Fig. 3). This crop rotation resulted  profit of 22.97 thousand UAH/ha and a profita-
in a reduction in the cost of grain production  bility level of 124% (Fig. 4).

12 10.47 Grain
10 . 819 854 8.42 871 8.3 harvest
g 669 g3 57 6.54 . 6.51 5.86 u Feed
6 40 38 : 4. units
A 3.7 3, 31 . 3. 29 9 3. o
m Digestible
2 57 0l62 1 78 59 2 9 4 Ole4 0175 0471 72 protein
0
1 2 3 4 9 10 11 12

Variant of five-field crop rotation

Figure 1. Productivity of five-field crop rotations depending

on cereal crop saturation, t/ha, average for 2021-2023
Source: compiled by the authors based on research findings
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40 14.98) 15.51] 1938 22.82] 18.64§ 205 19.8 | 16, 26934 21.921 17 gall 21.
2
1 2 3 4 9 10 11 12

Variant of five-field crop rotation
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Figure 2. Economic efficiency of five-field crop rotations depending

on cereal crop saturation, average for 2021-2023
Source: compiled by the authors based on research findings
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Figure 3. Productivity of ten-field crop rotations depending

on cereal crop saturation, t/ha, average for 2021-2023
Source: compiled by the authors based on research findings
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Figure 4. Economic efficiency of ten-field crop rotations depending

on cereal crop saturation, average for 2021-2023
Source: compiled by the authors based on research findings

In a ten-field crop rotation with 60% cereal
crop saturation, including 20% winter wheat, the
use of two fields of perennial grasses and maize
for silage resulted in the lowest cost of feed
units - 2.01 thousand UAH/t, which provided the
highest net profit of 24.11 thousand UAH/ha and
a profitability level of 145% (Variant 7).

The increase in productivity and economic
efficiency due to the application of mineral fer-
tilisers was as follows: cereal crop yield - 26%;
grain harvest - 27%, including food-grade grain -
30%, fodder — 23%; feed units - 49%; digestible
protein - 29%; net profit - 39%; and profitability
level - 26% (Variants 1, 6).

Based on the conducted research, it has been
proven that the application of mineral fertilisers
at rates of N, . P., . K. ., per hectare of arable
land in five-field and ten-field crop rotations with
6080% cereal crop saturation ensures the highest
winter wheat yield, productivity, and economic
efficiency when using a leguminous predecessor.

Other researchers have also conduct-
ed similar studies. For instance, according to
S. Kudria (2020), the effectiveness of using legu-
minous predecessors for winter wheat is fully con-
firmed, resulting in increased yields and produc-
tivity indicators in short-rotation four-field crop
rotations. The results of the current research also
align with the findings of I. Prymak et al. (2022),
highlight the high productivity, economic, and en-
ergy efficiency of using organo-mineral fertilisers
and differentiated soil cultivation when growing
winter wheat after leguminous predecessors in
short-field crop rotations. Specifically, the high-
est economic and energy efficiency indicators

were achieved with the annual application of 12
tonnes of manure and N,P, K., per hectare of
arable land. To improve biodiversity, the authors
recommend including 20% white mustard as a
green manure crop in five-field crop rotations.

Researchers M. Tkachenko et al. (2023) con-
firm the effectiveness of using leguminous pre-
decessors for winter wheat in long-field crop
rotations and the application of green manures
and post-harvest residues alongside mineral fer-
tilisers, as well as liming. They have demonstrat-
ed that the use of these technological practices
contributes to an increase in productivity indi-
cators of seven-field crop rotations by 1.2-2.5 t/
ha annually. The effectiveness of growing winter
wheat after leguminous crops in crop rotations
with the application of mineral fertilisers and mi-
cronutrients (manganese and silicon) is examined
by V. lvanina & T. Prokopiuk (2024). The authors
found that the highest yields and grain quality of
winter wheat were achieved with the application
of P, K., before ploughing, ammonium sulphate
N,, on frozen soil, and two foliar applications of
urea in the phases of formation of the tube and
earing (N, +N, ), combined with manganese and
silicon micronutrients.

Significant attention is devoted to the de-
velopment and use of modern winter wheat va-
rieties with high genetic productivity potential
and resistance to adverse factors. These varieties,
which have been obtained through genetic im-
provement and the implementation of innovative
breeding methods, possess enhanced character-
istics that enable them to be effectively cultivat-
ed under changing climatic conditions, ensuring
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stability and high-quality yields. For example, re-
search conducted in Ukraine (Morhun et al., 2022;
Vakulenko et al., 2024) confirms that modern
Ukrainian varieties exhibit increased drought
resistance and can withstand significant temper-
ature fluctuations, which is particularly impor-
tant in the context of climate change. They also
demonstrate good resistance to diseases, particu-
larly brown rust and fusarium head blight, which
significantly reduces the need for chemical pro-
tection measures.

In Bulgaria, the research by E. Dimitrov et
al. (2022) focuses on the adaptation of local vari-
eties to the specific regional climate, particularly
the drought conditions observed in recent years.
The authors found that the new varieties demon-
strate stable productivity, maintaining high grain
quality even under reduced moisture conditions,
making them attractive for dissemination in other
regions with similar climatic conditions.

Egyptian scientists H. Elsayed et al. (2022)
also studied the productivity of winter wheat va-
rieties, taking into account the challenges posed
by high temperatures and limited water resourc-
es. They noted that new varieties, characterised
by increased drought tolerance and the ability
to efficiently utilise moisture, show promise for
large-scale implementation. This is particularly
important for countries with arid climates, where
the rational use of water resources is a key factor
in ensuring food security.

Thus, modern winter wheat varieties that
have been adapted to extreme weather condi-
tions show great potential for further dissem-
ination in global agriculture. Their use not only
enhances productivity and grain quality but also
reduces dependence on agrochemicals, contribut-
ing to the development of resilient and environ-
mentally sustainable agroecosystems. These vari-
eties are strategically important for ensuring food
security in the context of climate change and the
growing demand for food.

Overall, the findings of current research
align with those of O. Tonkha et al. (2024), who
established the effectiveness of mineral fertiliser

application in winter wheat cultivation with-
in short-rotation five-field crop rotations. Their
study revealed that the highest winter wheat
yield was achieved with optimal mineral fertiliser
application at a rate of Ny, P, K, per hectare of ar-
able land, which, alongside the residual effects of
organic fertilisers, helped preserve soil resources
and prevent potential soil contamination. Specifi-
cally, this organo-mineral fertilisation system en-
sured the maximum content of available phospho-
rus, which ranged from 4.8 to 8.5 mg/100 g of soil.

Key aspects of the issue, particularly the
pre-sowing application of complex fertilisers to
optimise the parameters for wheat yield and grain
quality in winter wheat cultivated in a short-field
crop rotation after a legume predecessor, were
discussed by B. Mazurenko et al. (2021). The cur-
rent study established the optimal parameters
and patterns for the formation of yield structure
components of winter wheat depending on the
fertiliser formulation DuraSOP: the number of
productive stems, grains per ear, grain weight per
ear, and the 1,000-grain weight.

M. Nankova & S. Doneva (2024) determined
that the yield and grain quality of winter wheat
in short-field crop rotations are most influenced
by the application of soil cultivation systems.
Specifically, the highest yield of winter wheat
in a four-field crop rotation was achieved with
the implementation of a soil tillage system that
included conventional deep ploughing at 24-
26 cm for spring crops and disking at 10-12 cm
for winter wheat, which showed a 6.4% increase
compared to the continuous use of conventional
deep ploughing. The current study revealed that
interrupting annual conventional deep ploughing
with disking or a No-till system for winter wheat
in a four-field crop rotation resulted in the high-
est output of crude protein.

Thus, addressing the issue of effectively cul-
tivating winter wheat in high-productivity crop
rotations with varying cycles is both highly rele-
vant and complex. The role of predecessors, fertil-
isation systems, and soil cultivation in increasing
winter wheat yield is indisputable, but it is also
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crucial to establish the effectiveness of different
placement and ratios of cereal crops in crop rota-
tions concerning climate change. The conducted
research revealed the impact of various prede-
cessors and fertilisation systems on the yield of
winter wheat, productivity,and economic efficien-
cy in five-field and ten-field crop rotations with
different levels of cereal crop saturation under
conditions of unstable moisture.

Conclusions
It was found that, on average, from 2021 to 2023,
the highest winter wheat yield was achieved af-
ter peas: in a five-field crop rotation with 60%
cereal crop saturation, including 20% winter and
spring wheat, and the application of mineral fer-
tilisers at a rate of N, P, K., per hectare of arable
land - 6.64 t/ha; in a ten-field crop rotation with
80% cereal crop saturation, including 30% winter
wheat, and the application of mineral fertilisers
at a rate of N, P, K, per hectare of arable land -
6.44 t/ha. The increase in winter wheat yield was:
after peas, compared to other predecessors, in
five-field crop rotations - 7.1-18.1%, in ten-field
crop rotations - 7.5-24.4%; from the application
of mineral fertilisers at a rate of N, P, K, per hec-
tare of arable land in ten-field crop rotations after
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wheat and peas, and 20% oilseed radish, with
the application of mineral fertilisers at a rate of
N,,P.K., per hectare of arable land; 20% winter
and spring wheat, soybeans, and maize for grain,
as well as 20% annual grasses, with the applica-
tion of mineral fertilisers at a rate of N, P, K., per
hectare of arable land. In a ten-field crop rotation
with 70% cereal crop saturation, including 30%
maize for grain, 20% winter wheat and soybeans,
and 10% sunflowers, oilseed radish, and annual
grasses, the application of mineral fertilisers at
a rate of N, P, K, per hectare of arable land was
optimal. The highest net profit - 26.93 thousand
UAH/ha, and a profitability level of 151% were
achieved in a five-field crop rotation with 60% ce-
real crop saturation, including 20% winter wheat,
spring wheat, and peas, as well as 20% sunflow-
ers and maize for silage, with the application of
mineral fertilisers at a rate of N, P, K, per hec-
tare of arable land.

Further research should focus on determin-
ing the effectiveness of growing cereal crops in
high-productivity different-field crop rotations,
depending on fertilisation systems, soil treat-
ment, and predecessors, based on the assessment

of productivity, economic, and energy efficiency.

peas - 39-60%, after perennial grasses — 43%, af- Acknowledgements

ter maize for silage - 36-42%. None.
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AHoTaUif. Y 383Ky 3i 3MiHaMM KNniMaTy BaroMoro 3HayeHHs HabyBa€ 3aCTOCYBaHHS Cy4YaCHUX TEXHOJOTi i
BMPOLLYBAHHS MWEHWL| 03MMOI Yy HAYKOBO OBIPYHTOBAHMX CiBO3MiHaX, WO CNPUATUME MiABULLEHHIO i
YypOXanHOCTi Ta 06cariB BUpoOHMLTBA Ta 3abe3neyyBaTiMe NoTpebu BHYTPILLHBOrO PUHKY i CTabinbHOro
€KCMOopTy YKPaiHCbKOi 3epHOBOI NpoayKLii. MeTolo AocnifixeHHs 6yno BCTaHOBNEHHS, y3araibHeHHs Ta
cMcTeMaTM3auia HaykoBO OBrPYHTOBAHMX 3ax0AiB ANs edheKTMBHOIO BMUPOLLYBAHHS MWEHULi 03UMOi Y
BMCOKOMPOAYKTUBHUX MATUMINIBHUX Ta AECATUNINbHUX CiBO3MiHax 3 Pi3HUM HACMYEHHSM 3EepPHOBUMMU
KyNbTypaMu B yMOBaX HeCTiMKOro 3BosioxkeHHs JliBobepexHoro Jlicocteny YkpaiHu. [0ng LOCATHEHHS
MEeTU BUKOPUCTOBYBANIM CUCTEMY 3araflbHOHAYKOBMX Ta CreLiaNbHUX METOAIB AOCNIAKEHHS: NOMbOBUA,
NabopaTopHO-MO/bOBUIA, MOPIBHSIbHO-PO3PaXYHKOBMUIA, MaTEMaTUYHO-CTaTUCTUYHUI Ta abCTPaKTHO-
noriyHmit. BctaHoBneHo, wo y cepenHboMy 3a 2021-2023 pp. BMKOHaHHA AOCNIOKEHb, HaMBULLY
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Efficient winter wheat cultivation...

YPOXAMHICTb NWEHULi 03UMOI, IKa CTaHoBWUNA 6,64 T/ra, OTpUManu Nicnsa ropoxy y MaTUNiNbHiN CiBO3MiHi
3 60 % HacMYeHHAM 3epHOBUMM Ky/IbTYpaMu Ta BHECEHHAM MiHepaibHux Ao6pwme y HopMi N, P, K., Ha 1
ra pinni. Y maTuninbHMX CiBO3MiHaxX NpUpICT YpOXKaiHOCTI NWeHML 03MMOI Nics ropoxy Y NOPIBHSHHI 3
TpaBaMu 6araTopiyHUMK, SYMEHEM SpUM Ta MNLIEHULEI apoto cTaHoBUB 7,1-18,1 %. Bucoky ypoxalHictb
MweHnLi 03MMOi, fiKa cTaHoBuna 6,44 T/ra, oTpUManu nicns ropoxy B AeCSTUNINbHIN ciBo3MiHi 3 80 %
coPsoleo Ha 1 ra
pinni. Y AecatMninbHUX CiBO3MiHaxX MpUPICT YPOXKAMHOCTI MLWEHMUL 03UMMOI NiCS ropoxy Y NOPIBHAHHI 3
TpaBaMM OLHOPIYHUMM (BUKO-OBEC), COEID, TPaBaMM HAraTopiyHMMmU, SUMEHEM SPUM, PEALKOLO ONiHOI,
KYKYPYA30H Ha CMNOC CTAaHOBWMB 7,5-24,4 %; npupicT ypOXaWHOCTI MIWEHMLi 03MMOI Bif, BHECEHHS
MiHepanbHux Aobpue y HopMi N, P, K, Ha 1 ra pinni cknas: nicna ropoxy - 39-60 %, nicns Tpas
6aratopiyHunx — 43 %, nicns Kykypyasu Ha cunoc - 36-42 %. Haibinblu eKOHOMIYHO BUTiAHO BiA3HaYeHO

HAaCMYEHHAM 3EPHOBMMU KYNbTYPaMu Ta BHECEHHSIM MiHepanbHUX [06puB y HopMi N

MATUNINbHY CiBO3MiHY i3 60 % HacMYeHHAM 3epHOBMMM Ky/IbTYypaMu Ta BHECEHHSM MiHepanbHWX f0OpuB
y HopMi N, P, K, Ha 1 ra pinni, ie oTpMManu HaiBULWMIA YMOBHO YMCTUI NPUBYTOK — 26,93 TUC. FPH/Ta |
piBeHb peHTabenbHocTi — 151 %

KnioyoBi cnoea: matuninbHi Ta [OecATMNiNbHI  CiIBO3MiHM; HACMYEHHS 3€PHOBMMM  KYNbTypaMu;
ronepeaHUKK; MiHepanbHe yA0OPEHHS; MPOAYKTUBHICTb; EKOHOMIYHA e(DEKTUBHICTD
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Abstract. Glycerol is a natural polyol formed as a major by-product during biodiesel production. The
use of glycerol, which is uniquely utilised by Clostridium pasteurianum, for butanol production is highly
promising but requires a thorough understanding and optimisation of the process. This study aimed
to determine the composition of crude glycerol and evaluate its suitability as a substrate for butanol
accumulation by Clostridium sp. UCM B-7570. During the research, a chromatographic method was
used to determine the composition of crude glycerol and the solvent content in the culture liquid. An
experimental approach was employed according to a developed scheme, incorporating microbiological
methods (microorganism cultivation), biotechnological methods (strain cultivation under conditions
resembling industrial settings, investigation of the solvent accumulation), and statistical methods for
the mathematical processing of research results. A detailed study of the composition of different crude
glycerol fractions showed that the initial glycerol layer contained a relatively low proportion of glycerol
itself. The identified components accounted for more than half of the mass of the glycerol layer (51.6%).
It was shown that the glycerol layer was found to contain only up to 20% glycerol and approximately
17% methanol, which is an inhibitor of microbial growth and development. It was determined that the
highest butanol accumulation (9 g/L) occurred at a crude glycerol concentration of 35 g/L, while culture
development was inhibited at 45 g/L. During the initial phase of fedbatch cultivation of Clostridium sp.
UCM B-7570, butanol accumulation remained unchanged. However, the subsequent fermentation of
crude glycerol led to a twofold reduction in solvent by accumulation, ultimately resulting in complete
inhibition of production by the eighth period, possibly due to the presence of methyl esters in the
medium. To enhance butanol production technology, the use of sorbents such as activated carbon
during fermentation is recommended. This study provides practical insights for biotechnologists and
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Suitability of crude glycerol as a substrate for biobutanol production

the demonstrated ability of Clostridium sp.UCM B-7570 to ferment crude glycerol for butanol production
presents numerous research opportunities. These findings contribute to improving the feasibility of
biobutanol production and advancing biomass-based industrial processes as viable alternatives to

petroleum-derived products

Keywords: biofuel; waste; producer strains; fermentation; Clostridium

Introduction

In the modern context of increasing demand for
alternative energy sources, special attention is
paid to bioresources as a promising foundation
for renewable fuel production. The development
of biological, ecological, and biotechnological
approaches to the extraction and rational use of
bioresources is becoming crucial, given the need
to preserve ecosystems and support sustainable
natural resource use. The utilisation of industri-
al by-products, such as crude glycerol, for biofuel
synthesis, exemplifies an innovative technology
that combines biotechnology, ecology, and eco-
nomic efficiency, addressing pollution reduction
while generating additional resources.

Biobutanol, produced through the fermenta-
tion of glycerol, is an environmentally friendly bi-
ofuel capable of competing with traditional fuels.
The use of Clostridium sp. cultures in biobutanol
production not only enables efficient recycling
of industrial by-products but also results in an
energy-efficient product with minimal environ-
mental impact. Evaluating the suitability of crude
glycerol as a substrate for biobutanol synthesis is
highly relevant, as it reveals the potential of this
by-product from biodiesel production as a viable
biofuel feedstock, as noted in the study by T. At-
tarbachietal. (2023).Research in this area expands
knowledge of bioresource processing and con-
tributes to improving their utilisation efficiency.

In the process of biodiesel production from
renewable biomass, glycerol is generated in sig-
nificant amounts as a by-product of the transes-
terification of vegetable oils, as highlighted by
Z. Pirzadi & F. Meshkani (2022). T. Attarbachi et
al. (2024) observed that with the expansion of
biodiesel production, the cost and availability of

glycerol have noticeably changed due to varia-
tions in output across typical biodiesel and eth-
anol production processes. According to Y. Ban-
sod et al. (2024), this crude glycerol is generally
regarded as waste. A key challenge in using crude
glycerol for industrial fermentation is the in-
hibitory effect caused by impurities, as noted by
S. Mehariya et al. (2023). After transesterification,
glycerol typically contains varying concentrations
of methanol (a residue from the methylation pro-
cess in biodiesel production), sulphate or chloride
salts, residual free fatty acids, fatty acid methyl
esters, and soap - by-products of the hydroxide
catalyst used in transesterification, as described
by M. Tomatis et al. (2024). One approach to mit-
igating this inhibitory effect, as demonstrated by
Y. Wang et al. (2024), is the purification of crude
glycerol, though this significantly increases sub-
strate cost.

Butanol production from glycerol derived
from biodiesel aims not only to utilise it as waste
but also to enable large-scale chemical produc-
tion for use in the chemical industry. J. Kazimi-
erowicz et al. (2024) reviewed the biosynthesis
of liquid fuels and other value-added products
from waste glycerol, emphasising its potential
as a feedstock for biobutanol and other biofuels.
They highlighted technological advancements
and identified future research needs to enhance
glycerol conversion efficiency, contributing to a
more sustainable circular economy. M.H. Mok-
lis et al. (2022) investigated methods for upgrad-
ing crude glycerol into high-value products. Their
study explored approaches to improve the eco-
nomic feasibility of glycerol conversion, including
fermentation and catalytic upgrading techniques.
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They suggested that process optimisation could
enhance biobutanol yields and other bio-based
chemicals, positioning glycerol as a viable alter-
native to petrochemical products while lowering
production costs and promoting sustainability in
the chemical industry.

Studies such as P. Arbter et al. (2021) have
demonstrated the potential of using crude glycer-
ol as a substrate for fermentative butanol produc-
tion by Clostridium pasteurianum. However, the ex-
tremely slow growth of the culture and the high
toxicity of unrefined glycerol have limited its di-
rect industrial application. Although experiments
conducted by Y. Liu et al. (2022) showed promising
results for butanol production from crude glycer-
ol, impurities - including methanol, ash, free fat-
ty acids, and triglycerides - likely interfered with
solvent production. This was particularly evident
with residual methanol and sodium or potassium
salts, which are known to inhibit cell growth, as
highlighted by S. Silva et al. (2023). M. Elsayed et
al. (2024) emphasised that high yield and pro-
ductivity are essential requirements for develop-
ing an industrial process for butanol production
based on crude glycerol obtained from biodiesel.

The aim of this study was to evaluate the
composition of crude glycerol from industrial
biodiesel production to determine possible nutri-
ent limitations and the influence of crude glyc-
erol concentration on butanol accumulation by
Clostridium sp. UCM B-7570.

Materials and Methods
The butanol-producing strain Clostridium sp. UCM
B-7570, from the “Collection of Strains of Micro-
organisms and Plant Lines for Agricultural and In-
dustrial Biotechnology” (Tigunova et al., 2023) at
the Institute of Food Biotechnology and Genomics
of the National Academy of Sciences of Ukraine
(IFBG), was used for this study. Determination
of residual methanol in crude glycerol (Pharma,
Belgium) was performed by gas chromatography
using an Agilent 7890A gas chromatograph (USA)
with a flame ionisation detector, following the
international standard ASTM D7716-11a (2020).

Tigunova

Free glycerol content was determined accord-
ing to the international standard SN/T 3344-
2012 (2013), while the overall composition of
crude glycerol was analysed using the interna-
tional standard SN/T 2995-2011 (2011).

To determine butanol accumulation using
glycerol, the following medium composition
(g/L) was used: crude glycerol (10.0-20.0), yeast
extract - 1.0, (NH,),SO, - 0.6, (NH,),HPO, - 1.6;
pH 6.5. The medium was sterilised for 30 min-
utes under a pressure of 1 atm. Cultivation of
the butanol-producing strain Clostridium sp. UCM
B-7570 was carried out in flasks containing liquid
medium or on Petri dishes in a Crystal anaero-
stat (Germany) at a temperature of 35°Cin a ni-
trogen atmosphere. After 120 hours of fermen-
tation, the cells were pelleted using a Labofuge
400R ultracentrifuge (Germany) for 30 minutes
at 13,000 rpm. Fermentation was conducted in
100 mL flasks containing 60 mL of medium. The
flasks were weighed and incubated at 35°C.

Ethanol, butanol, and acetone were deter-
mined in the culture liquid using a gas chroma-
tograph with a flame ionisation detector and a
2.4 mx3 mm column packed with Chromsorb Car-
bovax 6000 (Merck, Germany). The column tem-
perature was 80 5°C, while the evaporator tem-
perature was 140 = 10°C. The ratio of nitrogen,
hydrogen, and air flows was 1:1:10. To determine
the concentration of butanol in the culture liquid,
a calibration curve was constructed using known
butanol concentrations in distilled water. ALl ex-
periments were performed in triplicate. Statistical
analysis of the experimental data was conduct-
ed using Microsoft Excel 12.0, applying Student’s
t-test. A difference between the two mean values
was considered significant at P<0.05.

Results
The use of crude glycerol plays a key role in the
efficient use of bioresources by promoting the re-
cycling and valorisation of a by-product from bio-
diesel production. Crude glycerol, which accounts
for 10% of the total volume of biodiesel produced,
has traditionally been considered an unwanted
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byproduct. However, with the growing focus on
sustainability and resource optimisation, its con-
version into valuable biofuels and chemicals has
emerged as a practical solution for improving the
overall efficiency of bioresource utilisation.

By using crude glycerol as a substrate for
microbial fermentation, it can be converted into
highvalue products,such as butanol - a renewable
alternative to petroleum-derived fuels and chem-
icals. This not only reduces dependence on finite
non-renewable resources but also contributes to
the development of a more sustainable chemical
industry. The process of converting crude glycer-
ol into biofuels and other value-added products
helps address environmental concerns by reduc-
ing glycerol waste, which, if left untreated, can
contribute to pollution and environmental deg-
radation. Moreover, crude glycerol serves as an
ideal feedstock for various biotechnological pro-
cesses due to its high organic content, which can
be metabolised by microorganisms to produce
biofuels, bioplastics, and other bio-based chem-
icals. By integrating crude glycerol into industrial
applications, biodiesel producers can generate
additional income streams, making the overall
biodiesel production process more economically
viable. This also allows for a circular production
approach, where waste by-products are reinte-
grated into the value chain, reducing waste and
optimising resource use.

The use of crude glycerol as a renewable re-
source also aligns with the broader goal of de-
veloping a circular economy, where waste from
one process is used as an input for another. In this
context, the efficient utilisation of crude glycerol
reduces the environmental burden of waste dis-
posal, lowers the carbon footprint associated with
fossil fuel consumption, and encourages the use

of renewable bioresources. Furthermore, it sup-
ports innovation in green technologies that foster
sustainable industrial practices, promoting the re-
sponsible use of natural resources and enhancing
the overall sustainability of the bioenergy sector.

Overall, the transformation of crude glycerol
into valuable products not only enhances the eco-
nomic sustainability of biodiesel production but
also supports a broader environmental strategy by
reducing waste, lowering emissions, and promot-
ing the use of renewable bioresources in various
industrial applications. By maximising the poten-
tial of crude glycerol, a more sustainable future
can be achieved, where the efficient use of biore-
sources serves as a cornerstone of both econom-
ic development and environmental stewardship.

The composition of different crude glycerol
fractions was studied in detail using chromato-
graphic analysis. The initial glycerol layer con-
tained a relatively low amount of glycerol itself
(Table 1). In total, the identified components com-
prised more than half of the mass of the glycerol
layer (51.6%). The remaining 48.4% may include
products of incomplete transformation of triglyc-
erides - mono- and diglycerides, alkali metal salts
of fatty acids (soap), alkaline transesterification
catalysts that migrated to the glycerol layer, wa-
ter, or non-Llipid components of the original oil. If
the original oil contained a significant amount of
phosphatides, then the products of their incom-
plete transesterification with methanol-diacylated
phosphatides (esters of phosphoric acid with glyc-
erol and choline/ethanolamine/inositol, etc.) -
could also be present in the glycerol composition.
It was determined that the glycerol layer from
methanol transesterification contained a signifi-
cant amount of an alkaline catalyst; however, the
specific type of catalyst used remains unknown.

Table 1. Component content of the initial glycerol layer

Component Content, %
Glycerol 21.9
Methanol 171
Fatty acid methyl esters 12.6

Source: developed by the author
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Sodium or potassium hydroxides, as well as
sodium or potassium methylates, are most com-
monly used (Meng et al., 2023). Titration with
hydrochloric acid indicated that 100 g of the
glycerol layer contained 0.072 mol of monova-
lent alkali metal. The alkali metal may be present
in its original catalyst form, partially converted
into soaps, or bound in alkali metal glycerate.
This amount corresponds to: 2.81 g K/4.04 g
KOH /5.19 g CH,0K /707 CH,OK or 1.66 g
Na/2.88 g NaOH/4.04 g CH,0Na/5.92 g C;H,0ONa.
If the alkaline catalyst is calculated as soap, its
amount in the glycerol layer is equivalent to
23.1% potassium oleate or 21.9% sodium oleate.
Additionally, during the distillation of methanol,
several unidentified light impurities, likely hydro-
carbons, were removed, producing several small
peaks on the chromatograms of the obtained
methanol-water mixture. In total, 1.2-1.5% of the
glycerol layer mass consisted of unidentified im-
purities that passed into the distillate.

Distillation of methanol from the glycerol
layer of methanol transesterification was compli-
cated by the presence of an alkaline catalyst and
all the components required for the progression
of individual stages in the three-stage equilibri-
um process of triglyceride transesterification. In
addition, the presence of alkali and water in the
system facilitated the saponification of both glyc-
erides and esters, while heating significantly ac-
celerated the process. The chemical equilibrium
of each stage in the transesterification process of
triglycerides can be represented by the following
reaction schemes:

Stage I

TG+ MeOH % DG + FAME
Stage II:

DG+ MeOH *% MG + FAME
Stage lll:

MG+ MeOH %5 G + FAME

In the given scheme, TG, DG, and MG are tri-
glyceride, diglyceride, and monoglyceride, respec-
tively; G is the glycerol, MeOH is the methanol,
and FAME is the fatty acid methyl ester.

Tigunova

During storage of the glycerol layer, the re-
action equilibrium stabilised at a certain level,
corresponding to a constant concentration of in-
dividual components. The removal of methanol
from the system shifted the equilibrium towards
the formation of the starting substances - meth-
anol and glycerides — due to the reverse trans-
esterification of methyl esters with free glycerol.
Consequently, these esters were converted into
glycerides, leading to the additional formation
of methanol. Since the transesterification reac-
tion exhibits a weak exothermic effect at each
stage, heating the mixture during methanol
distillation further shifted the chemical equi-
Llibrium towards the formation of glycerides and
methanol. Reverse transesterification of 100 g of
methyl oleate required 31.1 g of glycerol, yield-
ing 120.3 g of monoolein (monoglyceride) and
10.8 g of methanol. Additionally, saponification
resulted in the formation of free glycerol, pro-
ducing 25.8 g of glycerol and 90 g of potassium
oleate from 100 g of monooleate. Methyl esters
also underwent saponification, leading to the
release of additional methanol - from 100 g of
monooleate, 108.1 g of potassium oleate and
10.8 g of methanol were generated.

Initially, an attempt was made to extract
methanol from the glycerol layer by distillation
under atmospheric pressure without neutralising
the catalyst. However, the complete extraction of
methanol was hindered by intense foaming of the
mixture, caused by the simultaneous presence of
a significant amount of glycerides and soaps. The
distillation process was halted when excessive
foam formation made it impossible to continue.
As a result, a fraction was collected with a distil-
lation temperature range of 70-78°C, which ex-
ceeds the boiling point of pure methanol (65°C).
During condensation, the methanol-rich distillate
exhibited a tendency to separate into two distinct
layers: a transparent upper layer and a cloudy
white lower layer. After settling, the distillate be-
came uniformly transparent and homogeneous.
The overall material balance for distillation is
presented in Table 2.
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Table 2. Material balance of methanol distillation from a glycerol layer without neutralisation

Loaded, % wt.

Obtained, % wt.

Initial glycerol layer 100

Distillation (70-78'C) 20.24

Cubic residue 79.76

Source: developed by the author

It was not possible to provide a fully detailed
material balance for individual components due
to the absence of comprehensive quantitative
data on the mixture’s composition, the potential
for complex transformations during distillation,
and the semi-quantitative nature of glycerol con-
tent determination. The composition of the iden-
tifled components in the original glycerol layers
was provided earlier. The distillate contained
63.4% methanol, 5.9% unidentified organic com-
pounds - which appeared on chromatograms
as numerous peaks of unidentified components,
possibly of hydrocarbon origin = and 30% water.
The cubic residue contained 15.9% glycerol, 3.6%
methanol, 4% fatty acid methyl esters, and the re-
mainder consisted of glycerides and soaps.

During distillation, the concentration of
methanol in the cubic residue decreased signifi-
cantly, but complete extraction was not achieved.
The concentration of free glycerol also declined,
with its absolute amount decreasing even more
noticeably, while the concentration of fatty acid
esters dropped even sharply. This suggests the
occurrence of reverse transesterification of esters
with glycerol. Saponification of esters and glyc-
erides likely also took place, which should have
resulted in the additional formation of methanol
and glycerol. The total mass of methanol in both
the cubic residue and the distillate was found

to be slightly lower than in the original glycerol
layer. This discrepancy suggests that the concen-
tration of methanol in the distillate may be some-
what underestimated. To prevent foaming during
the distillation of transesterification products
containing significant amounts of glycerides and
soaps, these compounds should be decomposed
using a strong acid. Therefore, prior to the next dis-
tillation, the initial glycerol layer was neutralised
with phosphoric acid (as an aqueous solution with
(H,PO,)=85% by mass). The acid was added in the
amount required to bind the alkali metal present
in the glycerol layer, either through neutralisation
of alkali/alcohol or breakdown of soaps, forming
dihydrogen phosphate. Potassium and sodium di-
hydrogen phosphates are insoluble in transester-
ification products. After the addition of acid, the
consistency of the glycerol layer became hetero-
geneous, with the formation of a solid phase. No
foaming occurred during distillation, and meth-
anol was extracted quantitatively. The boiling
range of the volatile fraction was 72.5-100.3°C.

The cubic residue, after settling, separated
into two distinct layers: a lower “salt” layer, where
most of the phosphates accumulated, and an up-
per “salt-free” layer (though a small quantity of
salts remained in the upper layer). The overall
material balance for distillation with neutralisa-
tion is provided in Table 3.

Table 3. Material balance of methanol distillation from a glycerol layer with neutralisation

Loaded, % wt.

Obtained, % wt.

Initial glycerol layer 92.12 Distillation (70-78°C) 28.97

. o Cubic residue 70.76

Phosphate ?C'd (85% by 7.88 Upper layer 41.81
weight Lower layer 28.25

Losses 0.97

Source: developed by the author
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The distillate contained 52.8% methanol,
4.6% unidentified organic compounds (which
appeared on chromatograms as numerous
peaks of unidentified components, possibly of
hydrocarbon origin), and 40% water. The upper
“salt-free” layer of the cubic residue contained
28.7% fatty acid methyl esters, trace amounts of
glycerol (no more than 0.2%), and excess meth-
anol (only in trace amounts). Chromatograms
also displayed additional peaks of unidentified
components, the concentration of which did
not exceed 2-3%. The remaining composition
included glycerides, phosphoric acid esters, and
a smaller fraction of potassium/sodium acid
phosphates. The lower “salt” layer of the cubic
residue contained 44.7% glycerol, 1.9% fatty
acid methyl esters, and no detectable methanol
(only trace amounts, likely in dispersed parti-
cles). The remaining composition consisted of
glycerides, phosphate esters, and the bulk of
potassium/sodium acid salts.

During distillation, methanol was com-
pletely removed. The total mass of methanol in
both the cubic residue and the distillate was
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approximately equal to that in the original glyc-
erol layer, although it was slightly lower. This
discrepancy suggests that the concentration of
methanol in the distillate may be somewhat un-
derestimated. The mass of glycerol after distilla-
tion decreased significantly, likely due to reverse
transesterification via an acid-catalysed mecha-
nism involving acid phosphates. All free glycerol
migrated to the lower “salt” layer, while the me-
thyl esters remained in the upper “salt-free” lay-
er. It can be inferred that the majority of bound
glycerol (in the form of mono- or possibly triglyc-
erides) was concentrated in the upper “salt-free”
layer. The study demonstrated that the glycerol
layer contained a relatively low amount of glyc-
erol up to 20%, and approximately 17% metha-
nol. Distillation without neutralising the glycerol
layer with phosphoric acid enabled the complete
extraction of methanol. However, this process
also led to the formation of acid phosphates of
potassium or sodium. To investigate butanol ac-
cumulation by Clostridium sp. UCM B-7570, ex-
periments were conducted using crude glycerol
at various concentrations (Table 4).

Table 4. Accumulation of solvents at different crude glycerol concentrations

Concentration crude-glycerol, g/L Butanol, g/L Ethanol, g/L
10 6.23+0.39 0.18+0.01
15 6.72+0.07 0.34+0.01
20 7.92+0.22 0.36+0.01
25 8.28+0.39 0.59+0.05
30 8.87+0.4 0.68+0.05
35 9.0+0.08 1.2+0.04
40 8.5+0.03 0.7+0.05
45 7.9+0.22 0.3+0.05

Source: developed by the author

Using crude glycerol at concentrations rang-
ing from 10 to 45 g/L, as shown in the results
presented in Table 4, bioconversion to butanol oc-
curred. The highest butanol accumulation (9 g/L)
was observed at a crude glycerol concentration

of 35 g/L, while culture inhibition occurred at
45 g/L.To increase butanol accumulation at low-
er crude glycerol concentrations, Clostridium sp.
UCM B7570 was cultivated using a fed-batch sys-
tem. The results are presented in Table 5.
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Table 5. Accumulation of solvents using fed-batch culture

Fed-batch period Butanol, g/L Ethanol, g/L
0 9+0.01 0.36+0.01
1 8.8+0.05 0.22+0.05
2 4.5+0.39 0.23+0.03
3 4.3+0.05 0.05+0.01
4 4.2+0.04 0.02+0.01
5 1.2+0.04 0.01+0.01
6 0.5+0.05 -

Source: developed by the author

During cultivation, butanol accumulation in
the culture liquid remained unchanged during the
initial period of extraction and medium replen-
ishment. However, from the second to the fourth
period, butanol accumulation decreased twofold.
With continued use of the negative replenishment
method, butanol accumulation decreased eight-
fold and eventually ceased by the sixth period.

Discussion

Glycerol purification has been identified as an
expensive and energy-intensive process, as con-
cluded by T. Arofai et al. (2024). In their study, they
investigated methods for separating residual
salts from glycerol pitch, a by-product of refined
glycerol production. This process was found to
be crucial for reducing both the cost and energy
consumption associated with glycerol purifica-
tion, which has been a major obstacle to its wide-
spread industrial application.

Similarly, M. Oliveira et al. (2022) highlighted
potential advancements in crude glycerol purifi-
cation through computational modelling. Their
research focused on optimising purification steps
to make glycerol purification more economically
viable. By enhancing process efficiency, their study
indicated that the cost of producing high-quality
glycerol could be significantly reduced, address-
ing the challenges posed by traditional, ener-
gy-intensive methods.

N. Armylisas et al. (2023) demonstrated that
crude glycerol, a by-product of biodiesel produc-
tion, could be effectively utilised in microbial

synthesis. Their research showed that crude glyc-
erol could serve as a substrate for biobutanol pro-
duction, thereby reducing production costs and
increasing the profitability of biofuel manufac-
turing. This approach emphasised the potential
of repurposing glycerol waste into a valuable re-
source for industrial applications, thus enhancing
economic sustainability.

Furthermore, M. Boro et al. (2022) and
M. Zhao et al. (2023) explored the broader use
of crude glycerol in biotechnological processes,
focusing on its role as a cost-effective substrate
for biofuel synthesis. Their studies revealed that
crude glycerol not only reduced the cost of mi-
crobial synthesis but also contributed to the
economic sustainability of biofuel production. By
repurposing glycerol waste from biodiesel pro-
duction, these studies demonstrated how glycerol
could support the development of more environ-
mentally friendly energy sources.

Crude glycerol poses a significant financial
and environmental challenge in terms of glob-
al disposal. E. Almeida et al. (2023) emphasised
that for the sustainable use of this resource, bi-
otechnology must be prioritised. A. Al-Haimi et
al.(2024) noted that glycerol,or propyne-1,2,3-tri-
ol, is a by-product in the production of fatty acid
methyl esters (biodiesel). It is also traditionally
formed as a by-product of oleochemical and
soap production. Depending on the intended ap-
plication, glycerol obtained during the transes-
terification of oils is purified to varying degrees:
crude (30-80% pure), technical-grade distilled
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(50-86%),and glycerol for use as a chemical rea-
gent or in cosmetics and pharmaceuticals (99.0-
99.9%). After transesterification and methanol
removal, the crude glycerol contains various im-
purities, is heavily coloured, and has low com-
mercial value as a commodity. In small-scale
production, it is often discarded, contributing
to environmental pollution. Given these chal-
lenges, industrial biotechnology plays a crucial
role in identifying microbial strains capable of
metabolising waste, including crude glycerol, as
highlighted by Y. Wang et al. (2024). Modern bi-
otechnology presents significant opportunities
for utilising glycerol, traditionally regarded as a
by-product of numerous production processes.
The authors M.U. Faruk et al. (2023) determined
that to facilitate bioconversion, it is first nec-
essary to analyse the composition of residues
from biodiesel production, as they may contain
substances that inhibit microbial growth and
development. The use of waste substrates in-
troduces stress factors due to the accumulation
of toxic agents in the fermentation medium, in
addition to the issue of variable substrate qual-
ity even within the production process. One ap-
proach to mitigating this inhibitory effect is the
purification of crude glycerol, which negatively
impacts the cost of the substrate, as described
in the research by V. Boas & F. Mendes (2022).
A more promising strategy involves the muta-
tion or adaptation of wild-type strains to crude
glycerol, as reported for Clostridium pasteuria-
num, by |. Kushkevych (2023). R.J. Humphreys et
al. (2023) noted that instability and culture
degeneration, leading to the loss of solvent
production capability, has been a significant
challenge in the study of solvent production
through glucose fermentation. On the other
hand, D. Karayannis et al. (2024) investigated
the adaptation of strains to a specific type of
crude glycerol, noting that even well-adapted
strains may still experience toxicity from differ-
ent substrate batches. Similar site-directed mu-
tagenesis techniques could be applied to gener-
ate mutants with improved stability or tolerance

Tigunova

to impurities such as methanol. However, until a
stable culture is developed, it will be difficult to
determine the extent to which parameters such
as pH, substrate concentration, and impurities
influence solvent production.

This study aimed to determine the maximum
concentrations of pure and crude glycerol that
support the growth and efficient metabolism of
Clostridium sp. UCM B-7570. Since glycerol is an
osmotically active substance that significantly
affects the osmotic potential of the fermenta-
tion medium, it can restrict the production ca-
pacity of microorganisms, as demonstrated by
D.T. Jones (2024). Clostridium sp. UCM B-7570
has been shown to grow on crude glycerol and
produce butanol. This is the first report on cell
growth and solvent production by the domesti-
cally isolated strain Clostridium sp. UCM B-7570
using crude glycerol as the sole carbon source,
in comparison with global studies by other re-
searchers. These findings align with the study
of P. Ponsetto ef al. (2024) and indicate that bu-
tanol production via glycerol fermentation is a
promising alternative for biobutanol production
that warrants further investigation. Several ar-
ticles (Koh et al., 2024; Sim et al.,, 2024) have
reported the growth and product formation of
other Clostridium species using crude glycerol
as the sole substrate. The results of this study
demonstrate that Clostridium sp. UCM B-7570
can grow on crude glycerol derived from bio-
diesel at concentrations up to 35 g/L, with the
highest butanol production reaching 9 g/L. Al-
though these experiments yielded promising
results for butanol production from crude glyc-
erol, impurities such as methanol and salts may
interfere with solvent production, as emphasised
by M.U. Faruk et al. (2023). Y. Gan et al. (2023)
noted that while several Clostridium species
can metabolise methanol (producing acetate),
C. pasteurianum has not been identified as one
of the species capable of converting this com-
pound. Although the potential for producing
butanol from crude glycerol derived from bio-
diesel is promising, further research is required
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to fully understand and optimise the process.
As D.T. Jones (2024) previously highlighted, cul-
ture stability is crucial and may be improved
by developing mutant strains. Additionally, it is
important to identify and quantify key parame-
ters of the nutrient medium, such as pH, nutri-
ent concentration and trace metal levels, which
significantly influence solvent formation and
product distribution. Additional research efforts
should evaluate growth and solvent production
using purified glycerol with added methanol to
determine whether the presence of methanol
(or other impurities) affects cell growth, sol-
vent production, and long-term culture stability,
as recommended by Y. Gan et al. (2023). At the
very least, further studies should be conducted
to confirm whether these initial butanol yield
figures can be maintained over extended pe-
riods and with higher concentrations of crude
glycerol (and, consequently, higher impurity lev-
els). Considering that the use of crude glycerol
would eliminate the need for pretreatment, the
associated cost savings may compensate for the
slightly lower yield. Additionally, C. pasteurianum
does not produce acetone, which should simplify
the separation and purification of butanol. Un-
like C. acetobutylicum and C. beijerinckii, C. pas-
teurianum also produces significant amounts of
ethanol, as demonstrated by D.T. Jones (2024).
Although ethanol is far from an ideal fuel, it
can be used alongside butanol for blending
with petroleum fuels. Finally, A. Tyszak & L. Reh-
mann (2024) demonstrated that carbon recovery
during glycerol fermentation by C. pasteurianum
ranges from 75% to 90%, compared with less
than 60% during sugar fermentation. As a result,
less carbon is lost through CO, production. In-
dustrial-scale utilisation of crude glycerol could
open new prospects in the biofuel industry and
reduce production waste, thereby having a pos-
itive impact on the environment and promoting
the rational use of bioresources. Integrating mi-
crobiological butanol production into biodies-
el production could lead to lower raw material
costs.D.T.Jones (2024) noted that in sugar-based

fermentation processes, raw material costs typ-
ically account for 60%-80% of total production
costs and are one of the most significant factors
influencing the cost of butanol production.

The use of crude glycerol enhances the ra-
tional use of bioresources by transforming a
byproduct of biodiesel production into valuable
bio-based products. Biodiesel production gener-
ates large quantities of crude glycerol as a waste
product, which often remains underutilised. How-
ever, by repurposing this by-product for the pro-
duction of high-value chemicals, biofuels, and
other value-added products, both the environ-
mental impact and overall inefficiencies in bio-
diesel production can be mitigated.

Conclusions
These results demonstrate that crude glycerol
derived from biodiesel is a promising, low-cost,
renewable feedstock for butanol production.
Since crude glycerol contains impurities, in-
cluding salts and methanol, the methanol con-
centration in these samples varied significant-
ly. The average methanol concentration in the
fermentation broth samples was 1.78 £2.98 g/L.
No direct correlation was observed between
methanol concentration and glycerol concentra-
tion (i.e., samples with the highest crude glyc-
erol concentrations did not necessarily contain
the highest methanol levels). The fermentation
of glycerol by the related organism Clostridium
pasteurianum can facilitate the reoxidation of
excess NADH produced during glycerol catabo-
lism. The results indicate that Clostridium sp. is
capable of growing and maintaining viability
on crude glycerol obtained from biodiesel at a
rate comparable to that observed during growth
on purified glycerol. Furthermore, Clostridium
sp. can utilise crude glycerol for solvent pro-
duction, primarily yielding significant amounts
of butanol. Different concentrations of crude
glycerol (an unrefined by-product of biodiesel
production) were used to investigate butanol
accumulation. It was shown that at low crude
glycerol concentrations, conversion to butanol
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is feasible. However, as crude glycerol concen-
trations increased, culture growth and develop-
ment were inhibited, possibly due to the pres-
ence of methyl esters in the medium. Given that
the use of crude glycerol eliminates the need for
pretreatment, the associated cost savings could
offset the slightly lower yield. This study clearly
demonstrated that crude glycerol obtained from
biodiesel production can be fermented at high
concentrations and with rates relevant to indus-
trial applications. The findings offer significant
potential for biofuel production technology us-
ing crude glycerol, which supports the rational
use of bioresources, reduces production waste,
and contributes to environmental improvement.
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Suitability of crude glycerol as a substrate for biobutanol production

MpuaaTHicTb rniLepuHy-cuputo, IK cy6cTpaty ans 6io6ytaHony

OneHa TiryHoBa

KaHaunpat 6ionoriyHmx Hayk, CTapLUMii HAYKOBUIA CMiBPOBITHUK
lepxaBHa ycTaHOBa «IHCTUTYT Xap4yoBOi 6ioTEXHONOTiT | reHOMiKM»
HauioHanbHoi akapgeMii Hayk YkpaiHu

04123, Byn. barigu-BuiuHmeeubkoro, 2A, M. Kuis, YkpaiHa
https://orcid.org/0000-0002-1041-5723

AHoTauif. [NiLepyH — NPUPOLHUIA NONiON, AKMIA YTBOPHOETLCS SIK OCHOBHMI NMOBGIYHMI NPOAYKT Nif Yac
BMPO6HMLUTBA Bioam3ens. BukopuctaHHs rninepuHy, ake nputamarHe nuwe ans Clostridium pasteurianum,
NS OTpMMaHHS ByTaHony € 6aratoobiusuMM Ta Mae BUCOKMI NOTeHLian, 04HaK NoTpebye po3yMiHHS
Ta onTMMi3auii npouecy. MeTol AOCHIIKEHHS OYNO BU3HAUMTU CKNAL MNiLEPUHY-CUPLIO Ta OLHUTK
MOro npuAaTHICTb 9K cybcTpaTty Ana HakonuueHHs 6yTtaHony kynbtypoto Clostridium sp. UCM B-7570.
Mg yac npoBefeHHs AoCNiAXeHb ByN0 3aCTOCOBAHO HM3KY METOAIB: XpoMaTorpadiuHui — ons aHanisy
CKnagy CUpOro rnilepuHy Ta BMICTY PO3YMHHUKIB Y KyNbTypasbHii piguHi; Mikpobionoriynun - ans
KYNbTUBYBAHHSI MiKpOOPraHi3MiB; 6iOTEXHONOrIYHI MEeToAM — AN BMPOLLYBAaHHSA LWTAaMy B YMOBAX,
HabnMXeHUX 0O MPOMWUCIOBMX, Ta [AOCNIOXKEHHS HAKOMUYEHHS PO3YMHHMKIB; CTAaTUCTUUHWMIA - Ang
MaTeMaTnyHoi 06pobku pesynbTaTiB. [leTanbHe BMBYEHHS CKNady Pi3HWMX Gpakuii riilepuHy-cupLio
NoKasano, Lo BUXiAHMM MiLEepHOBUI Wap MiCTUB AOCUTb Mano BlacHe raiuepuHy. [poaeMoHCTpoBaHo,
Wo ineHTMdIKOBaHI KOMMOHEHTW CKNafanu y CyMi Binblwe NoNOBMHM MAcu NiLEPOBMHOBOrO LWapy
(51,6 %). MokasaHo, Lo rNiLepUHOBUIA LWAP MICTUB AOCUTb HE3HAYHY KiNbKiCTb BNACHE FiLMpUHY 00
20 % Ta 6nu3bko 17 % MeTaHONy, IKMI € iHTBITOPOM pOCTy Ta PO3BMUTKY MiKpOOpraHi3mis. BusHaueHo,
WO HanbinbLwe HakonuyeHHs ByTaHony (9 r/n) 6yno Npu KOHLEHTpaLii CMpOro rilepuHy B CepefoBuLLi
35 r/n, a NpUrHiYEHHS PO3BUTKY KYNbTypu — NpU KOHUeHTpauii 45 r/n. 3aiiMCHEHO KynbTUBYBAHHS
Clostridium sp. UCM B-7570 Bif’eMHO-A0NMBHUM METOAOM Ta BM3HAYeHO, WO HaKonuyeHHs GyTaHony
NpoTArOM MepLIoro nepioay He 3MiHBaNoCh. MNocnigyya depMeHTauia rniLepuHy-CcUMpLy 3HMXKYyBana
AKOMY/IIOBAHHA PO34YMHHMKA Y ABa pa3u A0 MOBHOrO iHribyBaHHA MPOAYKLiO y BOCbMOMY nepiogi,
L0 MOX/IMBO MOB’S3aHO 3 BMICTOM MeTMNOBKMX edipiB y cepenoBuLli. [Ins yaOCKOHANEHHS TeXHONOTrii
HakoMunyeHHs OyTaHony noTpibHO BMKOPWUCTOBYBATM COPOEHTM nig Yac QepMeHTauito, Hanpuknag
aKTMBOBaHe Byrinng. MaTtepianu CTaTTi CTAaHOBAATb MPAKTUYHY LiHHICTb Ang daxiBuiB-6ioTexHonoris, a
nokasaHa enactusictb Clostridium sp. UCM B-7570 no BupobneHHs ByTaHony Wwnsxom 6pofiHHS crporo
rniuepuHy BiLKpuBaE 6e3/i4 NOTeHUIMHMUX AOCAIAHWULBKMX MOXIIMBOCTEM, AKi MOXYTb MiABULLUTK
XWUTTE3AATHICTb BMPOOHMLUTBA BiobyTaHONY Ta CAPUATM PO3BMUTKY MPOMMCNOBMX MPOLLECiB HA OCHOBI
6iomacu, K anbTepHATUBKU HAPTOMNPOAYKTaM

KniouoBi cnoea: 6ionanveo; Bioxoau; WtamMu-npoayueHTH; depmenTauis; Clostridium
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Abstract. Features of decorative plants within urban ecosystems can be used to create highly decorative
plantings with a long-lasting aesthetic effect that interacts harmoniously with urban systems.The study
aims to determine the degree of decorativeness of dendrosozoexotics of the family Araliaceae Juss.
Represented in the collection plantations of botanical gardens in Kyiv. A comprehensive assessment of
the decorative effect of 8 species of woody plants of the Araliaceae family was conducted. The results of
the assessment of the degree of decorativeness of the studied plant species were presented, noting that
2 species have a high degree of decorativeness (Aralia. elata (Miq.) Seem. and Eleutherococcus lasiogyne
(Harms) S.Y.Hu), 5 species are characterised by a high degree of decorativeness (Kalopanax septemlobus
(Thunb.) Koidz, Eleutherococcus senticosus (Rupr. & Maxim.) Maxim., Eleutherococcus sessiliflorus (Rupr.
& Maxim.) S.Y. Hu, Eleutherococcus trifoliatus (L. f) S.Y. Hu, Eleutherococcus wardii (WW.Sm.) S.Y.Hu.)
Mediocre decorativeness was noted in one species - Eleutherococcus sieboldianus (Makino) Koidz. The
dynamics of seasonal decorativeness of dendrosozoan exotics of the family Araliaceae were analysed,
determining a high degree of decorativeness in 87.5 % of the studied plant species. The peak of the
decorative effect of dendrosozoexotics occurs in summer and lasts approximately 120 days (from 3
decades of May to 2 decades of September), which is associated with biological characteristics and
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phases of the ontogeny of introductions, in particular, long periods of flowering, fruit formation and
ripening. The results obtained are the basis for optimising the species composition of urban and park
plantations in megacities and increasing their decorative effect in an urban environment, accounting
for the resistance of the studied plant species to anthropogenic load

Keywords: seasonal ornamentation; dendrosozoexotics; phytodesign; introductions; medicinal

plants; flowering; fruiting; vegetation

Introduction

In the current conditions of urbanisation and
climate change, the conservation and use of or-
namental woody plants in green areas of cities
is of particular importance. Species of the Aral-
iaceae Juss. family are prominent among orna-
mental plants due to their aesthetic properties,
resistance to adverse environmental conditions
and ecological value. The collection plantings of
botanical gardens are an ideal basis for study-
ing these plants, which can be used to conduct
a comprehensive assessment of their decorative
and adaptive potential, as well as to develop rec-
ommendations for their use in landscaping.

According to V.L. Matviychuk et al. (2021), hu-
man perception of the environment depends on
the features of the terrain and the location of dif-
ferent types of plantations on the territory. Rep-
resentatives of the plant world are characterised
by a wide morphological divergence, featuring
certain decorative effects that can be assessed by
measuring the strength of the emotional impact
on the observer, thus plants are a key component
of phytodesign. The decorativeness of plants is
manifested in their external morphological fea-
tures - the size and habit of the crown, the shape
of leaves, flowers and fruits, the colour of flowers
and leaves, the texture of surfaces,and the aroma.
According to S.F. Nilufer et al. (2013), an equal-
ly important feature of plants is their dynamism
throughout the entire period of life.

The evaluation of the decorative qualities
of dendrosozophytes is relevant in Ukrainian re-
search, especially in terms of their further imple-
mentation in the green space system. Scientists
address the use of comprehensive methods for

assessing decorativeness, which includes aesthet-
ic, ecological and adaptive components. M. Matu-
siak et al. (2021) assessed the decorative proper-
ties of representatives of the Magnolia L. genus in
the Vinnytsia region using a classical scale that
incorporates such indicators as shape, structure,
and colour of the main morphological elements.
This study not only confirmed the high potential
of plants of this genus for landscaping but also
contributed to the development of recommen-
dations for their compositional use in urban en-
vironments. Another study by T.O. Boiko (2024)
addressed representatives of the Rosaceae Juss
family. The results of this study emphasised the
importance of combining species diversity with
practical aspects of landscape design aimed at
preserving biodiversity and improving the eco-
logical state of the region.

The study of complex and seasonal decora-
tiveness of dendrosophytes based on phenologi-
cal observations was carried out by N. Demchen-
ko et al. (2019). The study analysed the decorative
qualities of representatives of the Magnoliaceae
Juss family. The authors assessed the adaptive
capabilities of these plants and their use in land-
scaping. V.P. Shlapak & N.P. Shpak (2018) pre-
sented the results of a study of the complex and
seasonal decorative qualities of introduced plants
in the Right-Bank Forest-Steppe and Steppe of
Ukraine. In particular, the study included an as-
sessment of the adaptation potential and deco-
rative characteristics of the Ailanthus altissima
(Mill.) species, which can determine its prospects
for use in landscaping. The authors analysed the
processes of introduction and acclimatisation of
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this species, analysing the factors that affect its
stability, growth and decorative properties in dif-
ferent seasons of the year.

Turkish scientists B. Mutlu & S. Alp (2023),
studying the aesthetic characteristics of Amyg-
dalus species, evaluated plants according to aes-
thetic components, where harmony, contrast, bal-
ance, and accent affected the perception of the
composition. Y. Hu et al. (2023) studied the deco-
rative characteristics of plants, in particular mor-
phological characteristics (height and branching
of the stem, size and shape of leaves, structure of
flowers and fruits), colour characteristics (colour
of flowers, fruits, leaves, bark), textural character-
istics (bark, leaves, flowers), which are important
in assessing the decorative effect of plants.

The study by K.Wang et al. (2018), which ana-
lysed the complex and seasonal decorative qual-
ities of 12 deciduous representatives of the Aral-
iaceae family, was devoted to the establishment
of the decorative features and seasonal rhythms
of the local flora. Wild ornamental plants of the
South China flora, including representatives of
the Araliaceae family, were evaluated as deco-
rative and capable of covering vertical surfaces
(Cong & Han, 2020).

The growing interest in the use of medici-
nal plants in landscape design is contributing to
the combination of the decorative and practical
value of such plantings. According to L. Ning &
M. Quanfa (2020), out of 11,146 species of medic-
inal plants characteristic of the Chinese flora, 112
representatives of the Araliaceae family demon-
strate high decorative properties and have signif-
icant potential for implementation in landscape
compositions. They can be efficiently used in
landscaping due to the combination of aesthetic
and environmental functions.

A. Hangan et al. (2020) confirmed the po-
tential of integrating medicinal and ornamental
plants into the concept of suburban gardens to
protect the environment. These gardens can cre-
ate harmonious spaces that combine aesthetics
with environmental benefits. Notably, research-
ers primarily focus on the biochemistry and

Morozko & Kolesnichenko

pharmacology of Araliaceae plants, leaving aside
their decorative value. Based on the literature re-
view, most publications address the ornamental
value of native species of the Araliaceae family
in South Asia, while the issues of assessing the
ornamental value of woody species of the Aral-
iaceae family introduced to Ukraine remain poorly
understood.

The study aimed to establish a complex of
decorative qualities of dendrosozoexotics of the
Araliaceae family for their further introduction
into the system of green building in Ukraine, in
particular, in Kyiv.

Materials and Methods

The assessment of the decorative effect of 8 rep-
resentatives of the Araliaceae family was carried
out visually during phenological observations
(vegetation period 2018-2021) on the territory
of collection plantations of unprotected soil in
3 botanical gardens of Kyiv: M.M. Gryshko Na-
tional Botanical Garden of the National Academy
of Sciences of Ukraine (NBG), Botanical Garden
of the National University of Life and Environ-
mental Sciences of Ukraine (NUBIiP), and Fomin
Botanical Garden of Taras Shevchenko Nation-
al University of Kyiv (Fomin Botanical Garden).
The objects of research were dendrosozoexot-
ics of the family Araliaceae, in particular, A. ela-
ta, K. septemlobus, E. senticosus, E. sessiliflorus,
E.lasiogyne,E.trifoliatus,E.wardii,E.sieboldianus.The
study of the complex decorativeness of plants was
conducted based on the results of in-house field
and experimental studies (Morozko et al., 2018).

The seasonal decorativeness of represent-
atives of the Araliaceae family was determined
by the traditional method of N.V. Kotelova &
O.N. Vinogradova (1974), which was adapted for
the representatives of the studied family. To cor-
rectly reflect the indicators of decorativeness of
the studied plant species, use two additional sep-
arate criteria were proposed: flowering and fruit-
ing due to the partial overlap of their terms. Each
of these metrics has been assigned with conver-
sion factor of 2.
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The decorativeness of the crown, leaves, in-
florescences, fruits, colour and texture of the bark
of the trunk, branches and shoots of 8 woody
species of plants of the Araliaceae family was as-
sessed monthly on a 5-point scale and the indica-
tors were calculated using the following formula:

Poverall.=¥3 | AiPi/y> Pi, (1)

where: A, - assessment of the architectonics
of the trunk and crown; A, - assessment of the
decorativeness of leaves; A, - assessment of in-
florescences; A, - assessment of fruits; A, - as-
sessment of the colour and texture of the bark
of the trunk and crown; P, P, P, - conversion
factors that reflect the importance of each trait
based on the strength and duration of emotional
impact, where the coefficient of trunk and crown
architectonics (P)) is 4; for leaves (P,) - 3; inflo-
rescences (P,) - 2; fruits (P,) - 2; texture and col-
our of trunk bark (P,) - 1.

The decorative qualities of the plants were
assessed using a 5-point scale by Kalinichen-
ko (2003):1 - negative decorativeness (the appear-
ance of plants is not attractive); 2 - zero (decora-
tive properties are not expressed or plants do not
have expressiveness on the general background of
plantations); 3 - insignificant (decorative prop-
erties are noticeable, but not too expressive);
4 - sufficient (decorative properties are expres-
sive, plants stand out well against the general
background of plantations); 5 — high (decorative
properties give plants significant attractiveness,
cause a strong emotional feeling, admiration in
the mass observer). Based on the calculations ob-
tained, graphs of the dynamics of seasonal dec-
orativeness of the studied plant species of the
Araliaceaefamily were constructed.

To determine the decorativeness of repre-
sentatives of the Araliaceae family, a complex
methodology by A.S. Vlasenko (2016) developed
for dendrosozoexotics, was used. According to
the methodology proposed by the author, the
assessment of decorative traits of woody plants
was carried out in four main blocks: the first one

is the assessment of the overall decorativeness
of the plant, which includes the period of deco-
rativeness, decorative traits of the crown (shape,
density, texture) and the duration of flowering
and foliage; the second one is the assessment
of the decorativeness of the bark, its texture and
colour; the third one is the assessment of the dec-
orativeness of the leaves in terms of their shape,
size, colour and seasonality of their changes; the
fourth block is the assessment of the decorative-
ness of the generative organs of the plant, which
is based on the results of the study. According
to this methodology, the degree of decorative-
ness of plants ranges from 13 to 90 points with
a gradation into four groups of decorativeness:
IV (13-40 points) - low decorativeness, 1l (41-50
points) - mediocre, Il (51-64 points) - high, | (65-
90 points) - very high (Vlasenko, 2016). The study
was conducted following the Convention on Bi-
ological Diversity (1992) and the Convention on
the Trade in Endangered Species of Wild Fauna
and Flora (1973).

Results and Discussion

One of the most important decorative features of
plants is the architecture of the trunk and crown.
For the most part, the maximum expressiveness
of these traits of deciduous plants is manifested
in the autumn-winter period. Since the studied
representatives of the Araliaceae family are low-
branched plant species, the architectonics of their
trunks and crowns were assessed at 3 points dur-
ing the leafless state. Notably, the use of regular
formative pruning of the crown of E. lasiogyne and
E. trifoliatus in the collection plantations of the
NBS named after M.M. Hryshko and the BS named
after AV. Fomin ensured high decorativeness of
the aboveground part due to its orderliness, den-
sity, texture and compactness: the decorativeness
of crowned specimens in autumn and winter was
estimated at 4 points (Fig. 1).

Leaf decorativeness is a substantial com-
ponent that forms the longest-lasting and most
stable overall decorative effect of plants. In an as-
sessment of leaf decorativeness, such qualitative
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attributes as the shape and size of the leaf blade,
colour and its change in autumn, the venation
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system, surface texture, and the method of at-
tachment to the shoots are central.

Figure 1. Crown and trunk architecture of experimental plants
in a leafless state in autumn and winter

Note: a — E. lasiogyne; b — E. sessiliflorus
Source: photos taken by the authors

With the beginning of the growing season
and budding, the overall decorative effect of Aral-
iaceae increases due to the appearance of leaves.
Large double-pinnate leaves of A. elata reach a
length of more than 1 m and develop on the tops
of branches. At the time of blooming, the leaves
have a crimson hue, which eventually transforms

into a dark green colour. In the 3 decade of Au-
gust - 1t decade of October, the green colour
scheme of A. elata leaves is replaced by autumn
colour with the predominance of warm shades
from yellow to purple-red (Fig. 2). Thus, the leaves
of A. elata are attractive, with a maximum score of
5 points for their decorative effect.

Figure 2. Autumn leaf colour of A. elata
Source: photos taken by the authors

The studied representatives of the genus
Eleutherococcus are characterised by palmate and
ternate leaves of different size ranges, which in
autumn acquire yellow shades. Thus, the deco-
rativeness of the leaves of 3 studied species of
Eleutherococcus (the largest in size) was estimated
at 5 points (E. senticosus, E. sessiliflorus, E. wardii).

In turn, the leaves of E. lasiogyne and E. trifolia-
tus are ternary compounds, and those of E. sie-
boldianus are palmate, small (up to 10 sizes), and
their decorative effect was assessed at 4 points.
In 4 plant species under study, the leaves
retain their decorative effect for more than
6 months (E. trifoliatus, E. wardii, E. lasiogyne,
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E. sieboldianus). The flowers of the studied rep-  yellowish-green in colour, collected in inflores-
resentatives of the Araliaceae family are incon-  cences that differ in size, complexity of structure
spicuous, small (3-4 cm in diameter), white to  and duration of flowering (Fig. 3).

Figure 3. Generative organs of representatives
of the Araliaceae family at different stages of development
Note: a - E. sessiliflorus; b - E. trifoliatus; ¢ - E. wardii; d - E. lasiogyne, e - E. senticosus, f - E. sieboldianuss
Source: photos taken by the authors

It is worth noting the peculiarities of flow-  E.wardii, E. senticosus), which are characterised by
ering and fruiting of plants of the genus Eleuth-  the partial overlap of terms and stages of devel-
erococcus (E. sessiliflorus, E. lasiogyne, E. trifoliatus,  opment of generative organs (Fig. 4).

Figure 4. Generative organs of Eleutherococcus representatives
at different stages of development (from flowering to fruiting)
Note: g - E. sessiliflorus; b - E. trifoliatus; ¢ - E.wardii; d - E. lasiogyne
Source: photos taken by the authors
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Among the representatives studied, the larg-
est inflorescences - panicles - are those of A. ela-
ta (up to 50 cm in diameter, with one individual

Morozko & Kolesnichenko

fruit 3-4 mm in size), its primary axis has 5 to 12
lobes 20-35 c¢cm long (Fig. 5) and K. septemlobus
(up to 30 cm in diameter) with a similar structure.

Figure 5. Inflorescences of A. elata
Note: a — general view of the inflorescence; b — terminal axis of the panicle

Source: photos taken by the authors

In plants of A. elata, flowering begins on
the umbels located at the tops of the terminal
panicle axes, with further records of fruit for-
mation, while the umbels located below the
inflorescence axes begin to enter the flowering
phase. Thus, the timing of flowering and fruit-
ing phases in the above representatives of the

Araliaceae family occur simultaneously. The high
decorativeness of A. elata fruits is observed dur-
ing their ripening (Ill decade of August - Il dec-
ade of September). During this period, the open-
work axes of the inflorescences become pink,and
the small spherical fruits are distinguished by a
purple-black colour (Fig. 6).

Figure 6. Fruiting of A. elata
Note: a — nature of the placement of tassels on the plant; b — single inflorescence; ¢ — secondary axis of the
panicle, showing the nature of fruit ripening
Source: photos taken by the authors

The results of the current study revealed
that plants of all studied species of the Araliaceae
family growing in unprotected soil of Kyiv bloom,
but fruit forming is inherent only in some species.
Given that E. sieboldianus is a monoecious plant
and is represented only by single female speci-

mens in the study areas, the fruit decorative effect
was not assessed.

In the studied species of plants of the Aral-
iaceae family, the fruit is a juicy drupe, which
changes colour from greenish to purple and then
almost black as it ripens (Fig. 7).
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Figure 7. Ripe fruits of plants of the Araliaceae family
Note: a — E. sessiliflorus; b — E. trifoliatus; ¢ — E. wardii; d — E. lasiogyne
Source: photos taken by the authors

In E.wardii and E. senticosus, only those fruits
located on the tops of the main axis of the pani-
cle reach the stage of ripeness. The fruits on the
umbels of the lateral axes mostly do not ripen
and fall off. In plants of E. trifoliatus, E. sessiliflorus,
and E. lasiogyne, successful fruit ripening occurs
on all inflorescence orders. When determining the
decorative effect of plants, the aforementioned
features of the development of generative organs
are expressed in the quantitative assessment of
fruiting abundance.

Members of the Eleutherococcus genus are
characterised by long flowering and fruiting. The
fruits of E. senticosus are the first to ripen, but they
do not remain in the bushes. Fruits of E. sessili-
florus, E. lasiogyne, E. trifoliatus, and E. wardii are
decorative for more than 3 months: dark purple,
almost black - they are visible in winter. Notably,
the plants of the Araliaceae family are zoo species,
their fruits are the food base of some bird species,

§
P
i

which is a positive phenomenon in the context of
biocenosis in the anthropogenic environment.The
colour and texture of the trunk bark of K. septemlo-
bus plants varies with age from grey fine-cracked
to grey-brown longitudinally deeply cracked.
Young shoots are covered with green thorns with
awide base,and old branches become grey-brown
in colour, with sickle-shaped leaf scars visible
on them. The decorative score of the trunk bark
and crown of K. septemlobus plants was 3 points.

The trunk bark of A. elata plants at a young
age is light brown in colour and densely cov-
ered with thorns, later it acquires a grey-brown
hue and becomes finely fissured (Fig. 8). On light
brown branches, wide sickle-shaped leaf scars
with a system of conductive bundles surrounding
the downwardly directed thorns are visible. The
decorative qualities of the colour and texture of
the crown and trunk of A. elata plants in winter
were rated at 4 points.

L L A AT
IR l&, L

Figure 8. Colour and texture of trunks and branches of A. elata
Note: a - trunk bark of a young specimen; b — trunk bark of a mature specimen; ¢ — annual shoot A. elata; d -

four-year-old branch A. elata
Source: photos taken by the authors
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Representatives of the genus Eleutherococcus
have decorative qualities - the colour and texture
of the bark and trunk are not very expressive, and
the surface is covered with emergences of dif-
ferent structures, sizes and densities (except for
E. sessiliflorus).

The bark of the branches of E. senticosus is
light brown and densely covered with spines

Morozko & Kolesnichenko

4-8 mm long. The bark of E. sessiliflorus has a
dark grey colour and single spines 5-10 mm
long. Plants of E. lasiogyne and E. trifoliatus
have light grey bark and single short spines
3-4 mm long. The branches of E. wardii and
E. sieboldianus have light grey bark and a mod-
erate number of spines up to 4 mm and 7 mm
long, respectively (Fig. 9).

Figure 9. Colour and texture of branches of representatives of the genus Eleutherococcus
Note: a - E. senticosus; b — E. wardii; ¢ - E. trifoliatus; d - E. sieboldianus; e - E. sessiliflorus; f - E. lasiogyne

Source: photos taken by the authors

The sequence and duration of the phenolog-
ical phases of seasonal growth and development

of the studied plant species are reflected in the
phenospectrum (Fig. 10).

| 1l 1] [\ \ \ VI

VIl IX X Xl Xl

No., type

1231231231231 231231231231231231237123

- the budding
of the kidneys
- leaf blooming
- leafing of
shoots

- flowering

- fruiting

- the presence
of fruits on the
plant

- autumn
colour of the
leaves

- November

Figure 10. Phenomenology of seasonal growth and development of dendrosozoan exotics of the family
Araliaceae in the territory of botanical gardens of Kyiv (on the example of the vegetation period of 2019)
Note: 7 - A. elata; 2 - K. septemlobus; 3 - E. senticosus; 4 - E. sessiliflorus; 5 - E. lasiogyne; 6 — E. trifoliatus;
7 — E. wardii; 8 - E. sieboldianus

Source: compiled by the authors based on own research
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The results of calculations of the total dec-  family during 12 months by 5 traits for each plant
orativeness of representatives of the Araliaceae  species studied are provided in Table 1.

Table 1. The decorative effect of Araliaceae throughout the year

Species name Month
P | ] 1 [\ \ Vi VI VIl IX X Xl XIl
A. elata 320 320 363 475 475 475 480 480 480 380 320 320

K. septemlobus 2.86 2.86 3.00 350 438 438 430 430 390 286 286 286
E. senticosus 3.00 3.00 300 388 440 460 460 480 480 410 340 3.00
E. sessiliforus  3.00 3.00 3.00 380 425 475 480 480 430 370 358 3.00
E. lasiogyne 380 380 380 388 438 438 438 450 459 392 380 3.86
E. trifoliatus 380 380 380 388 438 438 438 450 459 409 392 3.50
E. wardii 3.00 300 300 350 410 475 480 480 450 410 340 3.00

E. sieboldianus 3.00 3.00 3.50 350 410 430 438 438 438 388 350 3.00

Source: compiled by the authors based on own research

Graphs of the seasonal dynamics of the changes in the scores of each of the studied
overall decorative effect (Figs.11,12) were con-  species of plants of the Araliaceae family during
structed based on the data in Table 1, reflecting  the year.

Score, points

2 Q2 ® 2 [oe} {oe] © oo © ©
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No Nvo o 300«’ “ Pp f\!o:,'m Nvo
moo ™ © Mo ™Mo
™ ™ mmm ~ ~ ™
| Il 1] \% \Y \'l Vi VI IX X Xl Xl
Month
A. elata K. septemlobus  mE. senticosus E. sessiliflorus
Figure 11. Seasonal dynamics of the overall decorative effect of plant species:
A. elata, K. septemlobus, E. senticosus, E. sessiliflorus
Source: compiled by the authors based on own research
Score, points
ﬂ o) ) e
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E. lasiogyne  E. trifoliatus ®mE. wardii = E. sieboldianus

Figure 12. Seasonal dynamics of the total decorative effect of plants of E. lasiogyne, E. trifoliatus,
E. wardii, E. sieboldianus
Source: compiled by the authors based on own research

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 6



Based on the generalised research results,
plants of 8 species of the Araliaceae family grow-
ing in the collection plantations of three botanical

Morozko & Kolesnichenko

gardens in Kyiv have a decorative value of 45-65
points and therefore can be divided into 3 groups
according to these indicators (Table 2).

Table 2. Quantitative assessment of the decorative value of dendrosozoexotics
of the family Araliaceae in the botanical gardens of Kyiv

o2
E =
535
S 2
General decorativeness of So g Assoefslig}ent Assessment of the_ decorative
plants +§ 'E :_5_ decorativeness effect of generative organs
£8°
o3
[%2]
8
R > S~
2 = 28
E crown s g3 fruits
2 £ &5 e
2 o » = 3
£ 1) K= o
.§ %;—-) c c g c o) c @ g 3
g 2 v D o 2 2 5 2 £ 2 2 & 2
o B 2 2 g g 2 £ S 3 S 3 S 3 5 ¢
E g8 E 2 S g g 5 3 o E 3 3 Q 3 S5 E 9 3 S & 9
a 3§ & 8 8 35 & % 8 » & 8 8 % 8 8 & % 3 8 & 4
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
1 3 3 3 5 5 1 3 3 5 5 3 5 5 5 3 3 1 3 1 65 |
2 3 3 3 3 3 1 3 3 5 3 3 3 5 3 1 1 1 3 1 51 1
3 3 3 3.3 3.3 3 5 5 3 5 3 1 3 3 1 3 3 61 1l
4 3 3 3 3 3 3 3 3 5 5 3 3 3 3 1 3 1 3 3 571
5 3 5 3 3 5 5 1 3 3 5 3 3 3 3 5 5 1 3 5 67 |
6 3 3 3 3 5 5 3 3 3 5 3 3 3 5 3 3 1 3 3 63 1
7 3 3 3 3 3 5 3 3 5 5 3 3 3 3 3 3 1 3 1 59
8 3 3 3 3 1 5 3 3 3 5 3 3 3 1 3 0 0 0 0 45 1l

Note: 1 - A. elata; 2 - K. septemlobus; 3 - E. senticosus; 4 - E. sessiliflorus; 5 - E. lasiogyne; 6 - E. trifoliatus; 7 -

E.wardii; 8 - E. sieboldianus

Source: compiled by the authors based on own research

Thus, the study revealed that a mediocre de-
gree of decorativeness (group lll) is inherent in
E.sieboldianus plants, whose low score among the
other studied species is due to the lack of points
for fruiting. Five plant species were classified as
having a high degree of decorativeness (group 1):
K. septemlobus, E. senticosus, E. sessiliflorus, E. trifo-
liatus, and E. wardii. A high degree of decorative-
ness (group l) is observed in plants of 2 species -
A. elata and E. lasiogyne. The high quantitative
indicators of the degree of decorativeness are
due to the unique biological and morphological
features of the studied plant species (large and

complex leaves, as well as their bright autumn
colour, long flowering and fruiting period).

The assessment of the decorative qualities of
the Araliaceae family and their prospects for use
in landscape design is a relevant topic that is re-
flected in numerous scientific studies. Represent-
atives of this family are known for their high dec-
orative qualities, economic value and medicinal
properties, which makes them promising objects
for implementation in the green building system.

Several publications indicate that the dec-
orative characteristics of the Araliaceae depend
on their morphological characteristics, including
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habit, size, colour and texture of leaves, and col-
our of fruits and flowers. The study by A. Abdelna-
by et al. (2021) in Egypt highlighted the aesthetic
value of Araliaceae woody plants, in particular
their use in urban landscapes. The authors noted
that certain species of this family have significant
potential for creating decorative compositions
due to their high adaptability to urban conditions.
C. Thakur & R. Parajuli (2024) investigated the
ornamental qualities of wild plants on the Trib-
huvan Highway in Nepal. The study emphasises
that Araliaceae species growing naturally can be
integrated into urban landscapes as part of sus-
tainable design concepts. In particular, the study
demonstrated that these species are well adapt-
ed to new ecotopes and contribute to biodiversity
in urban environments.

The biological and genetic features of the
Araliaceae family also attracted the attention
of researchers. K. Kim et al. (2017) conducted a
phylogenetic and evolutionary analysis of the
Araliaceae family using complete chloroplast ge-
nomes and 45S nrDNA. The results of the study
showed a significant level of genetic diversity
among species and determined the mechanisms
of speciation and adaptation to different environ-
mental conditions. T.Yi et al. (2004) studied chro-
mosomal evolution within the Araliaceae family,
emphasising its importance for understanding
genetic and morphological divergence that af-
fects decorative properties.

Other publications focus on the practical use
of Araliaceae,in particular in landscaping.V.H. Hey-
wood (2015)andT.Rajendranetal.(2020)described
the cultivation of certain species in container
culture, which in the conditions of Kyiv makes
them promising for use in interior phytodesign.

In general, representatives of the Araliaceae
family demonstrate significant potential for use
in urban landscaping due to their decorative ef-
fect, environmental adaptability and medicinal
properties. Further research in this area will fa-
cilitate the integration of these plants into the
green building system, ensuring their rational use
and biodiversity conservation.

The analysis of the source base has shown
that the principles, approaches and methods for
assessing the decorative effect of plants differ
significantly between researchers from different
countries. V. Kokhanovskyi et al. (2020) developed
a transformed methodology for determining the
decorative value of woody plants of the Pinorhy-
nchia division and tested an integrated assess-
ment of the decorative value of woody plants
of the Magnoliophyta division. V.A. Vitenko et
al. (2019) presented a methodology for a com-
prehensive assessment of the condition of woody
plants Morus alba L., and researchers V.P. Shlapak
& N.P. Shpak (2018) developed a comprehensive
scale for assessing the decorative value of the
species Sorbus torminalis.

To determine the decorative effect of plants,
B. Sulistyantara & N. Mentari (2017) and P. Boy-
cheva et al. (2021) used sociological survey
methods, where visual criteria for plant deco-
rativeness were determined by questioning 50
respondents (students of the course “Landscape
Plants”). Indicators of the external attractiveness
of plants were assessed according to four crite-
ria: colour, shape, texture and scale, and then the
overall score was calculated using the appropri-
ate formulas. When assessing the decorativeness
of 150 plant species, including representatives
of the Araliaceae family, 60 of them scored above
the average level, so, as the authors of the study
emphasise, these species have the potential to
be used in landscape design. The results of the
assessment of 8 species of plants of the Aral-
iaceae family in Kyiv indicate that they are highly
decorative and can be implemented in the sys-
tem of green spaces of urban and park areas.

An increase in ethnobotanical publications
was identified, where the study of aspects of the
use of ornamental plants, in particular in land-
scaping, is a priority (Natchathiram et al., 2023).
Given the economic value of various types of me-
dicinal plants, researchers are studying the possi-
bility of using them as ornamental plants, includ-
ing for creating medicinal gardens. According to
Y. Wang et al. (2020), native plant species of the
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Araliaceae family are characterised by a long flow-
ering period (beginning in the second half of the
year), and the fruiting phase of some members
of the family can last until the following spring,
which significantly increases the potential of their
decorative value. In the conditions of introduction
(Kyiv), species of plants of the Araliaceae family
bloom in the second half of the year until the first
decade of October inclusive (E. sieboldianus).

Notably, the flowering of K. septemlobus
plants does not occur every year, even within the
natural habitat, and they bear fruit only in the
most favourable years (Fujimori et al., 2006). In
the city, the flowering of K. septemlobus plants
was recorded twice during the study period
(2018-2021). K. septemlobus plants form racemes
25-30 cm in diameter, which are localised at the
tops of branches, but some of their fruits remain
until the beginning of the next growing season.
It has been established that representatives of
the Araliaceae family have a high decorative value
and are used to create gardens in southeastern
Tibet (Wang et al., 2018).

Caprophagous birds
dispersers: Zosterops japonicus Temminck &
Schlegel disperse of A. elata seeds locally in cen-
tral Japan (Kamei & Ohkawara, 2022). In the UK,
nine species of birds feed on the fruits of Hedera
helix L. (Morozko et al., 2021), of which Turdus
merula L., Sturnus vulgaris L. and Passer domesti-
cus L. are typical representatives of the avifauna
of Ukraine. During the field surveys, individuals
of T merula and P. domesticus were observed in
the experimental plots with Araliaceae species,
which potentially feed on the fruits of these
plants. Thus, monitoring of carpophagous birds
feeding on the fruits of Araliaceae plant species
is another promising area of research in the fam-
ily’s autecology.

function as seed

Conclusions
The study of decorative qualities and the degree
of decorativeness of representatives of 8 spe-
cies of woody and shrubby plants of the family
Araliaceae growing in the collection plantations
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of three botanical gardens in Kyiv was carried
out, the dynamics of their decorativeness during
the growing season was analysed. The study re-
vealed that plants of A. elata species acquire the
most attractive appearance in the period from
April to September; plants of E. senticosus and
E.wardi - from June to September; high decora-
tiveness of plants of E. lasiogyne, E. sessiliflorus,
E.trifoliatus and E. sieboldianus is observed in the
period from May to September, and of K. septem-
lobus - from May to August. High decorativeness
of plants of woody species of the Araliaceae fam-
ily is noted with the passage of flowering, forma-
tion to fruit ripening.

The results obtained indicate a high degree
of plant decorativeness and the prospects and
feasibility of their further use not only within
the collection plantings of botanical gardens
but also to improve the architectural and artis-
tic appearance of urban and park areas by using
the natural aesthetics of plants. Accounting for
the experience of foreign scientists, the studied
species of plants of the Araliaceae family may be
promising for the creation of medicinal gardens.
Considering the biomorphological features, it is
recommended to involve representatives of the
Araliaceae family in the formation of Kyiv plan-
tations, namely: for ordinary plantings - K. sep-
temlobus; as a tapeworm - A. elata, K. septemlobus,
E. senticosus, E. sessiliflorus, E. lasiogyne, E. trifolia-
tus, E. wardii, E. sieboldianus; formation of hedg-
es — E. sieboldianus; decorative groups - A. elata,
K. septemlobus, E. senticosus, E. sessiliflorus, E. lasi-
ogyne, E. trifoliatus, E. wardii, E. sieboldianus; cur-
tains - A. elata, E. lasiogyne, E. trifoliatus, E. wardii;
for slope stabilisation - E. senticosus.

The prospect of further research is a com-
prehensive assessment of the decorative charac-
teristics of woody species of the family Araliace-
ae Juss., in particular, the study of their adaptive
properties to changing climatic conditions and
urban environments. The assessment of the dec-
orative qualities of these plant species should
include not only the study of their ecological and
biological characteristics but also the study of
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the influence of agronomic conditions on their Acknowledgements
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KomMmnnekcHa ouiHKa BeKOpaTUBHOCTI AepeBHUX BUAIB
poauHu Araliaceae Juss. Ha TEpUTOPIT KONEKLINHNX Hacaa)KeHb
6oTaHiuHMx cagiB M. KueBa

AHacTacis Mopo3bko

3p06yBay

HauioHanbHui yHiBEpCcHTeT BiopecypciB i NpUpOAO0KOPUCTYBaHHS YKpaiHM
03041, Byn. lepois O6oponu 15, M. Kuis, YkpaiHa
https://orcid.org/0000-0002-0304-4450

OneHa KonecHivyeHko

[okTop 6ionoriyHmx Hayk, npodecop

HauioHanbHui yHiBepcuTeT BiopecypciB i NpUpOA0KOPUCTYBaHHS YKpaiHu
03041, syn. lepois O6opoHu 15, M. Kuis, YkpaiHa
https://orcid.org/0000-0003-4767-6844

AHOTauifA. 3HaHHA [OEeKopaTMBHMX OCOBAMBOCTEN POC/IMH Yy Mexax YpboeKoCcUMCTEM [03BOJSIE
CTBOPIOBATU BMCOKOAEKOPATUBHI HACAOXXEHHS! 3 TPUBANMM [OEeKOPATUBHUM edeKTOM, iKi rapMOHINHO
B3aEMO/IOTb i3 MiCbKMMU CMCTEMaMU. MeTor AocniakeHHs 6yno BCTaHOBEHHS CTyMNeHs 4eKOPaTUBHOCTI
AeHApOCo30eK30TiB poanHu Araliaceae Juss., NpeAcTaBNEHUX Ha TepUTOPii KONEKLIMHUX HaCamKeHb
60TaHiyHMX camiB M. Knuesa. 3aiicHEHO KOMMIEKCHY OLiHKY LLeKOpaTUBHOCTI 8 BUAIB LepEBHUX POCIMH
poauHu Araliaceae. HaBeneHO pe3ynbTaTvt OLIHIOBAHHS CTYNeHS AeKOPATUBHOCTI AOCNIAXKYBAaHUX BUAIB
POC/IMH | BCTAaHOBNEHO, WO 2 BUAM MaIOTb AYXe BMCOKMI CTyniHb AekopatuBHocTi (Aralia. elata (Miq.)
Seem. Ta Eleutherococcus lasiogyne (Harms) S.Y.Hu.), 5 BMAiB xapakTepu3yloTbCs BUCOKUM CTyMeHEM
nekopatuBHocTi (Kalopanax septemlobus (Thunb.) Koidz., Eleutherococcus senticosus (Rupr. & Maxim.)
Maxim., Eleutherococcus sessiliflorus (Rupr. & Maxim.) S.Y.Hu, Eleutherococcus trifoliatus (L. f.) S.Y. Hu,
Eleutherococcus wardii (WW.Sm.) S.Y.Hu.). MocepenHo LeKOpaTUBHICTb Bif3HAYeHO B OLHOr0 BUAY —
Eleutherococcus sieboldianus (Makino) Koidz. MpoaHanizoBaHO AMHAMIiKy CE30HHOI AEeKOPaTUBHOCTI
[LLeHApOCO30eK30TiB  poauMHM  Araliaceae Ta BUSIBNEHO, WO BWCOKMM CTYMiHb AEKOPATUBHOCTI
cnoctepiraeteca y 87,5 % pocnimkyBaHux BuAiB pocauH. ik OeKOpaTUBHOCTI AEHAPOCO30eK30TiB
npunagae Ha NiTHi nepion Ta TpuBae 6nm3bko 120 pib (3 3 pekanm TpaBHS No 2 Aekady BepecHs), Wo
noB’a3aHo 3 6ionoriyHMMKM 0cobAMBOCTAMU Ta Pa3aMm OHTOreHe3y iHTPOLYLEHTIB, 30KpeMa TPUBAIMMU Y
yaci nepiofamu KBiTyBaHHS, POpMYBaHHS NIOAIB Ta ix Ao3piBaHHA. OTpMMaHi pe3ynbTaTi € OCHOBO AN
ONTUMI3aLlii BUAOBOro CKNaAy HACaAKeHb MiCbKMX Ta MapKOBUX TEPUTOPIN Meranonicis Ta MiABULLEHHS
iX [NEeKopaTMBHOCTI B yMOBax ypbaHi30BaHOro cepefoBMlla 3a BpaxyBaHHS MOKAa3HWKIB CTiMKOCTI
[0CNiAXXYBAaHWX BMAIB POC/IMH [0 aHTPOMOreHHOr0 HAaBAHTAXEHHS

KniouoBi cnoBa: ce30HHa AEeKOPaTUBHICTb; AEHAPOCO30EK30TH; iTOAM3AMH; IHTPOAYLLEHTU; NiKapCbKi
POCNMHMU; KBITYBAHHS; MJIOLOHOLWIEHHS; BEreTallis

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 6


https://doi.org/10.1016/j.bse.2020.104076
https://doi.org/10.1016/j.bse.2020.104076
https://doi.org/10.2307/4135565
https://doi.org/10.2307/4135565
https://orcid.org/0000-0002-0304-4450
https://orcid.org/0000-0003-4767-6844

Ll Received 12.07.2024 Revised 08.10.2024 Accepted 27.11.2024

| 1T “’
Scientific
R

wore. | Scientific Reports of the National University
—"ﬁfl of Life and Environmental Sciences of Ukraine

Vol. 20, No. 6
2024

Journal homepage: https://scireports.com.ua/en

UDC631.3.02 DOI:10.31548/dopovidi/6.2024.121

Design and analysis of hydraulic systems for automated agricultural machinery

Anatolii Rud*

PhD in Technical Sciences, Associate Professor

Higher Educational Institution “Podillia State University”
32316,12 Shevchenko Str., Kamianets-Podilskyi, Ukraine
https://orcid.org/0000-0002-7206-7103

Abstract. The research was devoted to the design and analysis of hydraulic systems for automated
agricultural machinery to increase their productivity, energy efficiency, and reliability. Tractors, sprayers,
and seed drills were used for testing, which worked in real field conditions in different regions of
Ukraine, considering various soil types and climatic factors. The main research methods were field
experiments, sensor data analysis,and modelling of hydraulic system parameters in the ANSYS software
environment. In the course of tests conducted on modern models of tractors, sprayers, and seeders,
it was determined that automated controllers and pumps of variable volume provide a significant
reduction in energy losses and fuel consumption. For tractors, the reduction in fuel consumption
reached 25-27%, for sprayers and seeders - 24-26%. CO, emissions decreased by an average of 15%,
which was in line with the sustainable development goals. Optimisation of the design of hydraulic lines
using composite materials has reduced energy losses by 15%, compared to conventional steel lines.
This is made possible by reduced friction and better wear resistance. The use of synthetic working fluids
ensured flow stability at high temperatures, reducing the risk of system blockage and sedimentation.
In general, the implemented technologies increased the stability of hydraulic systems by 88% and
reduced the frequency of failures by 40%. The results obtained confirmed the effectiveness of the
implemented solutions in improving productivity, energy efficiency, and environmental friendliness.
Innovative approaches, including automated control systems, have contributed to improving the quality
of agricultural operations and ensure a long service life of components. The results obtained can be
used in the design of modern agricultural machinery, the introduction of automated control systems
in the production processes of the agricultural sector, and in the modernisation of the existing fleet of
equipment to increase its productivity, energy efficiency, and environmental friendliness
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Introduction

The development of automated agricultural
machinery is one of the key areas of innovation
in the agricultural sector. Increasing demands
on productivity, energy efficiency and environ-
mental sustainability encourage the search for
new solutions in the design of hydraulic sys-
tems. Such systems are critical components of
modern agricultural machinery, such as tractors,
combine harvesters, seed drills, and provide a
wide range of tasks - from driving control to
the implementation of complex agricultural
operations. However, they are often character-
ised by high energy losses, insufficient stability,
and significant carbon dioxide emissions. This
makes it necessary to integrate automation
technologies, the latest materials and working
fluids to increase efficiency and reduce the neg-
ative impact on the environment.

One of the main problems in the field under
study is the improvement of control and auto-
mation systems for hydraulic machines in agri-
culture to improve their accuracy and efficiency.
0.A.Yaroshenko & O.I. Hasiuk (2023) showed that
the introduction of artificial intelligence and ma-
chine learning in hydraulic systems can improve
control accuracy and provide predictable mainte-
nance of equipment, and the modularity of struc-
tures makes them adaptive to different working
conditions. However, the study does not cover
the practical effectiveness of these systems in
real-world field conditions and their integration
with existing mechanisms.

Another important problem is improving
the efficiency of running systems of agricultural
machinery through automated control. S. Hrush-
etskyi et al. (2024) demonstrated the benefits of
integrating electronic, hydraulic and pneumatic
systems to improve manoeuvrability, reduce fuel
consumption, and ensure even load distribution.
An important advantage was the integration of
GPS navigation and sensor systems for accurate
task execution. However, the study did not ad-
dress the long-term reliability of such systems in
difficult field conditions.

One of the main problems in the field un-
der study is improving the efficiency of hy-
draulic drives in agricultural machinery.
D. Mozharivskyi et al. (2022) analysed methods
for diagnostics and monitoring of the technical
condition of hydraulic drives, in particular, the
introduction of information technologies and
artificial neural networks to improve the relia-
bility and efficiency of these systems. According
to their conclusions, the use of non-destructive
testing and remote diagnostic systems can sig-
nificantly improve scheduled preventive mainte-
nance of equipment. However, the paper does not
provide practical data on the implementation of
these technologies in real-world operating con-
ditions, which requires further research to assess
their effectiveness and economic feasibility.

Optimisation of automated control systems
to improve the productivity of equipment is an-
other area of research. D. Marcal de Queiroz et
al.(2022) proposed variable rate fertiliser systems
and automatic machine control technologies to
improve the efficiency of field work. However, the
researchers did not provide data on real tests of
these systems in practical conditions, which lim-
its their implementation in large-scale agricul-
tural production. The study by G. An et al. (2024)
developed an electric fuzzy control system for
automatic steering, which ensures the accura-
cy of the dynamic characteristics of the vehicle
during automatic driving and replaces the human
driver. The test results showed a significant im-
provement in vehicle handling, but authors did
not solve the issue of long-term reliability of the
system under heavy load conditions.

To optimise electrohydraulic tractor suspen-
sion systems, L. Wang et al. (2021) summarised
the control methods and characteristics of the
electrohydraulic attachment system that improve
the accuracy of tasks and energy efficiency of the
tractor. The results of their study confirmed the
effectiveness of the proposed solutions, but there
is a lack of data on the operation of these systems
in various climatic and soil conditions. To achieve
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the stability of y hydraulic steering systems, Y. Li
& H.Wang (2022) proposed a fuzzy control sys-
tem using a variable damping PID controller,
which provided high steering stability and speed
of response in dynamic conditions. However, the
researchers do not have data on the impact of
these systems on the overall performance of the
technique in long-term trials. Y. Che et al. (2024)
also presented a fuzzy adaptive PD algorithm for
autonomous control of agricultural machinery,
which provided accurate adjustment of parame-
ters in real time. Tests of the equipment showed a
reduction in errors in unmanned control, but the
study did not consider the effectiveness of sys-
tems in working on large areas and under heavy
load conditions.

The purpose of the study was to design and
analyse hydraulic systems for automated agricul-
tural machinery to increase productivity, energy
efficiency, and environmental sustainability. The
research objectives included testing hydraulic
processes, evaluating the impact of innovative
materials on the weight and durability of systems,
analysing the effectiveness of automation and en-
vironmental feasibility of the proposed solutions.

Materials and Methods

The study was conducted at the Department of
Agricultural Engineering Kharkiv Petro Vasylenko
National Technical University of Agriculture dur-
ing 2024.The sample included modern models of
tractors, sprayers, and seed drills that are active-
ly used in agricultural enterprises in the Centre
and West of Ukraine. The tests were carried out
in cooperation with leading agricultural compa-
nies: MHP, Agroinvest, and Kernel, which provided
access to 30 units of equipment for testing and a
field for conducting experiments. 12 tractors were
involved in the tests, including 4 units of KHTZ-
242K (Ukraine), 3 units of KHTZ-243 (Ukraine),
3 units of New Holland T6020 Delta (USA), and
2 units of CASE IH Maxxum 125 (USA) with a
24x24 transmission.

Field tests were carried out in experimen-
tal fields of Zhytomyr Oblast (Ovruch District),
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Cherkasy Oblast (Kamensk District), Zakarpattia
Oblast (Mukachevo District), provided by Ukrain-
ian agricultural companies MHP Agroinvest and
Kernel, with a total area of 150 hectares, where
the working conditions of hydraulic systems in
real production conditions were investigated. The
analysis data was collected using the Internet of
Things sensors integrated into hydraulic systems
that provided real-time information transmission.
Sensors manufactured by Honeywell Internation-
al Inc. (USA) and Bosch Sensortec GmbH (Germa-
ny) were used to monitor key parameters.

The sprayers were presented in 10 models,
including 3 Amazone UX 5200 Super units (Ger-
many), 3 John Deere R4038 units (USA), 2 Hardi
Navigator 4000 units (Denmark), and 2 Berthoud
Tenor 5700 units (France). 8 units were used for
seed drill analysis, namely: 3 units of Horsch
Pronto 6 DC (Germany), 2 units of Kuhn Espro
6000 RC (France), 2 units of Vaderstad Rapid
a 600s (Sweden), and 1 unit of Amazone Cirrus
6003-2 (Germany). ALl equipment was tested in
real-world conditions, which ensured high ac-
curacy and practical value of the data obtained.
The inclusion of different models of each type
of equipment allowed considering the features
of operation in different conditions and ensuring
the representativeness of the research results.

The level of wear of equipment was deter-
mined based on operational mileage (running
hours) and visual inspection of the condition of
hydraulic lines, sealing elements, pumps, and
valves. For tractors, the average wear rate was
25%, ranging from 20% for the KHTZ-242K mod-
els to 30% for the Case IH Maxxum 125. In spray-
ers, the average wear rate reached 35%, with
the maximum values for Hardi Navigator 4000
models. For seed drills, this figure was the lowest
and amounted to 20%, with minimal wear on the
Horsch Pronto 6 DC.

The main parameters, such as operating
pressure, volume flow, efficiency and energy Loss,
were determined based on various operating
conditions, which included work in regions of
Ukraine with different soil densities, temperature
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conditions and humidity levels, which allowed
considering the specifics of the operation of
equipment. In areas with light sandy soils, such as
the northern regions of Zhytomyr Oblast (Ovruch
District), there was a need for reduced operating
pressure to minimise the risk of damage to crops
and ensure the efficiency of equipment. In the
zone of heavy clay soils represented by the cen-
tral districts of the Cherkasy Oblast (Kamyanskyi
District), the equipment worked with increased
pressure and a large volume flow to maintain
productivity and prevent clogging of the system.
For areas with high humidity, such as the Muk-
achevo District of the Zakarpattia Oblast, the risk
of dirt formation and increased load on hydraulic
units were considered. This required special set-
tings to reduce energy losses, reduce the risk of
damage to equipment, and ensure stable opera-
tion in high humidity conditions.

This approach allowed adapting the opera-
tion of equipment to the characteristics of soils
and climatic conditions, optimising its productiv-
ity and reliability. In low temperatures, the equip-
ment was operated in the temperature range from
-10°C to -15°C, typical for winter periods in the
northern and eastern regions of Ukraine, such as
Sumy and Kharkiv oblasts. To ensure stable opera-
tion of the systems, special low-viscosity hydrau-
lic fluids were used, such as Aral Vitamin VHV 32
(manufacturer: Aral, Germany) and Mobil DTE 10
Excel 32 (manufacturer: ExxonMobil, USA). These
fluids have a low solidification temperature (up
to -20°C), which is 10-15°C lower than standard
mineral hydraulic fluids.

Fluids were replaced seasonally, similar to
the use of winter or summer diesel fuel, to adapt
hydraulic systems to climatic conditions. This
approach helped to avoid planned downtime of
equipment due to the risk of freezing of systems
or increased wear of components. Key compo-
nents of hydraulic systems from leading manu-
facturers are analysed: pumps, valves, hydraulic
cylinders, and lines, since their optimal operation
was the basis for the efficiency and reliability
of systems. Bosch Rexroth A10VSO series axial

piston pumps were used, which are known for
their high efficiency and ability to operate under
variable loads. The valves included DF+R series
flow regulators and NG10 series proportional dis-
tributors from Bosch Rexroth, ensuring precision
in hydraulic fluid distribution.

The hydraulic cylinders were represented by
the Parker Hannifin 2H Series models, charac-
terised by high strength and the ability to with-
stand extreme operating conditions, mechanical
characteristics included the ability to withstand
a maximum operating pressure of up to 350 bar,
which allowed these hydraulic cylinders to be
used in high-load systems, such as heavy agricul-
tural machinery. The lines were made from highly
reliable Parker Hannifin GlobalCore series pipe-
lines. Evaluation of the characteristics of mate-
rials for hydraulic lines was carried out based on
data from the technical documentation of manu-
facturers and laboratory tests, which allowed en-
suring high accuracy and reliability of the results
obtained. The ultimate strength of the materials
was determined by tensile testing using hydraulic
presses of the Instron 5965 model, which allow
accurately measuring the maximum load that the
material can withstand until the moment of de-
struction. To determine the density of materials,
gravimetric analysis was used using high-preci-
sion analytical scales, which provided data on
the weight of the material per unit volume with
minimal error.

The service life of materials was estimated
by combining manufacturer data with the results
of real-world operational tests and simulations
performed in the ANSYS software environment
(USA). Modelling simulated the impact of operat-
ing loads, including mechanical, temperature, and
corrosion factors, which allowed considering all
possible conditions of use and obtaining a com-
prehensive assessment of the durability of mate-
rials. This approach ensured a high level of va-
lidity and practical value of the results obtained.
Honeywell PX3 Series pressure sensors operating
in the range from O to 50 bar with an accura-
cy of 1% were used to measure the operating
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pressure. The volume flow was monitored using
Bosch FLU-SC2 ultrasonic flow meters, which pro-
vided an accuracy of up to 0.5% under high work-
load conditions. Efficiency was calculated based
on energy consumption data collected by Honey-
well WPM-10 power sensors integrated into the
hydraulic system. Energy losses were analysed
using Bosch BMP280 temperature sensors that
measured changes in the working fluid temper-
ature in the system with an accuracy of £0.1°C.

The operation of hydraulic systems was op-
timised by introducing Bosch Rexroth A10VS 60
DR/31R variable volume pumps, which allowed
adjusting the pressure and flow of the working
fluid depending on the needs at a particular time.
These pumps provide a capacity of up to 60 Li-
tres per minute with a maximum operating pres-
sure of 250 bar, making them efficient for vari-
ous types of agricultural machinery. In addition,
an automated control system based on Danfoss
PLUS+1® MCO050-122 electronic controllers were
used to control the hydraulic systems. These con-
trollers have an integrated programming module
and the ability to support multiple sensors and
actuators, which provides precise adjustment of
operating modes.

To test the effectiveness of the proposed
solutions, tests were conducted for 16 hours a day
for 14 days. This approach helped to assess the
stability of the systems, their performance and
adaptability to changing operating conditions.
The methodology for calculating the stability in-
dicator included analysing log files of automated
controllers that recorded cases of lowering oper-
ating parameters (pressure, flow) to critical val-
ues. For each piece of equipment, the frequency of
such events per hour of operation was calculated,
after which data was averaged by type of equip-
ment. CO, emission level was determined using
portable gas analysers Testo 350 and Drager
X-act 7000, which were integrated into the test
system of agricultural machinery. Gas analysers
were placed in the exhaust systems of each piece
of equipment, which helped to record indica-
tors in real time. Prior to the start of testing, all
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instruments were calibrated according to the
technical specifications provided by the manu-
facturers to ensure the accuracy of the data ob-
tained. Energy consumption was calculated based
on fuel consumption data obtained in the field.
For this purpose, standard methods for analysing
energy efficiency were used, based on considering
the type of fuel, its heat capacity, and overall en-
gine efficiency. The tests were carried out on all
types of equipment included in the study, with an
emphasis on investigating energy consumption in
various operating modes.

Data on average operating pressure, volume
flow, and efficiency were used to estimate the en-
ergy losses and performance of hydraulic systems
of each piece of equipment. All these indicators
were measured using digital pressure, flow and
temperature sensors, in particular, the Wika S-10
and KROHNE OPTIFLUX 1300 models integrated
into hydraulic systems. Investigation of measure-
ment of working fluid losses using flow meter
sensors (Siemens SITRANS F) integrated into the
system, and assessment of changes in the liquid
level in the main lines over a 12-hour duty cycle.
Sensors helped to monitor dynamic changes in
real time, which allowed considering the specif-
ics of each type of equipment. Additionally, the
strength of hydraulic lines and high-load compo-
nents was analysed. For this purpose, ANSYS soft-
ware was used to model the stress-strain state of
materials under pressure and mechanical loads.

Results
During field tests, the average working pressure
for tractors was 18 MPa, for seed drills - 15 MPa,
for sprayers — 12 MPa (Table 1). Optimal values
were calculated based on parameters that ensure
maximum efficiency of hydraulic systems under
the condition of uniform load and minimal energy
losses. For tractors, a higher pressure of 22 MPa is
required to perform energy-intensive operations,
such as ploughing or towing heavy equipment.
In the case of seed drills, the optimal pressure of
18 MPa is associated with ensuring accurate dos-
ing and uniform distribution of seeds. Sprayers
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that operate with a lower load have an optimal
pressure index of 14 MPa, which allows ensuring

the accuracy and uniformity of spraying liquids.

Deviation from these optimal values in the field

indicatestheinfluenceoffactorssuchasanincrease
in the viscosity of the working fluid due to temper-
ature fluctuations, wear of the sealing elements
of lines, or insufficient maintenance of systems.

Table 1. Comparison of hydraulic system efficiency in the field

Type of Brand and model  Quantity Working Volume flow, Efficiency. % Energy
equipment of equipment (units)  pressure, MPa I/min Y % losses, %
KHTZ-242K 4 18+0.5 7812 79+3 21+2
KHTZ-243 3 18.5+0.4 82+1.8 802 20+1.5
New Holland
Tractors T6020 Delta 3 18.2+0.6 8142 80+3 20+2
CASE IF Maxxum 2 17.840.5 79415 7843 2242
Amazone UX 5200
Super 3 12.0+0.4 52+1.5 74+3 2612
John Deere R4038 3 12.5+0.3 50+1.2 75+2 25+1.8
Sprayers  Hardi Navigator 2 11.8+0.4 51+1.4 7343 2742
4000
Berthoud Tenor
5700 2 12.2+0.5 53%1.6 7612 24+1.5
HmsghD%rO”m 3 15403 62+1.2 8442 161
Kuhn Espro 6000 2 15.3+0.4 601 8542 1541
Seeders Vaderstad Rapid
A 600S 2 14.8+0.2 61+1.3 8412 16+£1.2
Amazone Cirrus
6003-2 1 15.1+0.3 60+1.1 85+2 15+1

Source: compiled by the author

The volume flow rates varied depending on
the type of equipment: for tractors, they were
80 I/min, for seed drills - 60 L/min, and for spray-
ers — 50 I/min. The lower volume flow in sprayers
is associated with a smaller diameter of hydrau-
lic lines, increased friction of the working fluid
in the system, and uneven load distribution. The
research methods indicate that the average level
of wear of the equipment that participated in the
tests was 28%. Sprayers showed the highest lev-
el of wear among all the studied types of equip-
ment - about 35%, which partly explains the
decrease in the performance of these systems. In
seed drills, this indicator was lower and amount-
ed to only 20%, which had a positive impact on
their energy efficiency.

Uneven load distribution in hydraulic sprayer
systems is conditioned by the complexity of the

design. Sprayers have branched lines for supply-
ing working fluid to different sections of spray-
ers, which creates a pressure difference between
individual sections of the system. In addition,
frequent changes in the direction of fluid flow
through branches and valves increase hydraulic
resistance and distribute loads unevenly. In seed
drills and tractors, load distribution is more stable
due to straight lines, fewer nodes, and a simpler
system layout.

The efficiency was highest for seed drills and
amounted to 85%, which is explained by lower
operating pressure compared to tractors, better
optimisation of the design of hydraulic systems,
and less wear. In tractors, the efficiency was 80%,
and in sprayers - 75%, which is associated with
higher energy losses due to wear of the sealing
elements, increased fluid friction and uneven load
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distribution. Energy losses in sprayers reached
25% due to the aforementioned problems, while
in tractors and seed drills this figure remained at
20% and 15%, respectively.

A more detailed analysis of the design of hy-
draulic systems of seed drills demonstrated their
effectiveness, which consists in an optimised de-
sign of lines and nodes. In particular, seed drills
are equipped with simpler and straight lines that
provide minimal resistance to the working fluid.
Compared to tractors and sprayers, seed drill lines
have fewer joints and bends, which significantly
reduces hydraulic losses. This allows maintaining
a stable pressure and volume flow even in diffi-
cult field conditions.

An important advantage of the design of
seed drills is the use of variable volume pumps,
which provide the ability to adapt the volume
flow to specific operations. Such pumps allow re-
ducing energy consumption when the equipment
operates in less stressful conditions, for example,
during sowing on flat terrain. In contrast, tractors
are dominated by fixed-volume pumps, as they
are better suited for working under high and
constant loads, such as deep ploughing. This is
conditioned by the need of tractors for a stable
flow of working fluid to maintain the operation of
multifunctional hydraulic systems.

Fixed-volume pumps are also used in the
design of sprayers, but the complex configura-
tion of the lines and frequent changes in the
direction of the working fluid create additional
resistance, which reduces their efficiency. Spray-
ers often operate in variable load mode, where it
is necessary to quickly adjust the flow of liquid
depending on the processing conditions. Howev-
er, due to the lack of variable volume pumps and
less optimised line design, these systems show
increased energy losses compared to seed drills.
Synthetic working fluids have proven to be more
efficient in seed drills due to their improved
physical and chemical properties. They have
a lower viscosity at high temperatures, which
minimises pressure losses in the lines and com-
ponents of the hydraulic system. Compared to
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mineral fluids, synthetic fluids provide a more
stable flow of working fluid under long-term
loads, which is important for seed drills that
operate in less extreme conditions than tractors
or sprayers. In addition, synthetic liquids have a
higher level of thermal stability, which prevents
them from decomposing when heated during
long-term operation. This reduces the build-up
of sediment, which can block mains and valves,
causing additional energy loss. Their anti-fric-
tion additives reduce friction between system
components, which is especially important for
seed drills where direct transmission of fluid flow
through main lines requires maximum efficiency.

In tractors and sprayers that operate in more
difficult conditions with high loads, mineral fluids
are used because of their greater efficiency and
ability to withstand short-term extreme loads.
However, their viscosity increases with decreas-
ing temperatures, which increases friction and
pressure loss, especially in conditions of high op-
erational intensity. This makes them less effective
for long-term use compared to synthetic liquids,
which show stable performance even under vari-
able temperature conditions.

In addition, polymer lines in seed drills pro-
vided an additional 5% reduction in losses due
to their anti-friction properties. The metal lines
of tractors and sprayers, although they provided
high strength, caused significant losses due to
increased friction and heat loss. To improve the
efficiency of hydraulic systems, it is recommended
to introduce automated pressure and flow control
systems, which consist of several key components.
The main elements of such systems are electro-
hydraulic proportional valves, for example, Dan-
foss PVG32, which allow precisely adjusting the
pressure and flow of the working fluid depending
on changing conditions. Monitoring is carried out
using pressure sensors such as the Bosch Rex-
roth HM20 and flow sensors such as the FLOMEC
QSE Mag Series, which ensure accurate meas-
urements. The central link of the system is pro-
grammable logic controllers, such as the Siemens
Simatic S7-1200, which provide data processing
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and automatic control of parameters in real-time.

To optimise the design of lines, it is recom-
mended to use modern polymers that provide
low density and high strength. Among them are
polyetherketone, which has high temperature
resistance (up to 260°C) and excellent resist-
ance to mechanical wear, polyamide 12, which
demonstrates a high level of flexibility and chem-
ical resistance, and polypropylene, known for its
cost-effectiveness and reduced weight. The use
of these materials reduces the weight of hydrau-
lic lines by up to 30% compared to their metal
counterparts, while ensuring their tightness and
reducing pressure losses.

Regular maintenance, every 500-700 hours
or every 3-4 months, includes the replacement
of seals made of materials such as viton or san-
toprene, which are characterised by resistance to
high temperatures and corrosive liquids. The use
of such materials ensures a long service life of the
system even during intensive operation, reducing
the risk of emergency failure and energy losses.
The results obtained demonstrate the high po-
tential of optimisation solutions in improving the
energy efficiency, stability of operation, and envi-
ronmental friendliness of agricultural machinery.

The use of automated controllers creates a solid
foundation for further improvement of hydraulic
systems, which can contribute to the growth of
productivity of agricultural enterprises. In addi-
tion, this solution meets the current challenges
of environmental sustainability, helping to reduce
greenhouse gas emissions and reduce the nega-
tive impact of the agricultural sector on the en-
vironment. The integration of such technologies
into agriculture provides not only economic ben-
efits, but also contributes to the implementation
of the principles of sustainable development.

The strength and durability of hydraulic sys-
tem components determine their reliability and
efficiency in long-term use, especially in condi-
tions typical of agricultural activities (Table 2).
Difficult operating conditions of agricultural ma-
chinery include constant exposure to dust, dirt,
and aggressive media, in particular fertilisers,
herbicides and pesticides, which can cause cor-
rosion and accelerated wear of lines. In addition,
the equipment operates under high mechanical
loads, frequent temperature changes (from -20°C
in winter to +40°C in summer) and significant
humidity, which increases the risk of mechanical
damage to components.

Table 2. Assessment of the strength and efficiency
of using materials in hydraulic lines using modelling

Weight

Ultimate . L . Name or
. Density  Service life reduction o
Material strength 3 Usage composition of
(MPa) (g/em?) (years) cosr;\g;r(et;’l)to the material
High-pressure lines,
) components with Alloy steel 20X,
Steel 450 7.85 15 maximum loadin ~ 40KHN2MA
tractors
Light lines in sprayers,
Aluminium 280 2.70 10 35 components with AIIOX?%%OM’
moderate load
Low-pressure .
gen,\::{ion 150 1.40 8 55 systems, anti-friction pcial)?é)yrgr;):%eﬁe
| : coatings of lines, '
polymers sprayers polyethylene
Medium load lines,
. tractor components, Carbon fibres in
Composites 300 1.80 12 45 lines from mixed epoxy resin
material

Source: compiled by the author
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When processing fields in conditions of heavy
precipitation, lines can be subjected to hydrody-
namic impact due to sudden changes in pressure
in the system. In such situations, it is important
that the materials of hydraulic components can
withstand not only constant high loads, but also
remain stable and sealed even during intensive
operation.These factors determine the need to use
the latest materials that have increased strength,
lightness, and resistance to external influences.

New-generation polymers used in hydraulic
system designs include materials based on rein-
forced thermoplastics, such as polythter ketone,
glass fibre reinforced polyamide, polyphenylene
sulphide, and polyeterimide. These polymers have
high anti-friction properties, low density (approx-
imately 1.4 g/cm®) and good chemical resistance,
which makes them optimal for use in light-
weight structures. However, their limited ultimate
strength (about 150 MPa) makes it impossible to
use them in high-load systems such as hydraulic
cylinders, high-pressure working fluid lines (more
than 20 MPa), and other critical components op-
erating in harsh environments. For example, the
new generation of polymers can be effectively
used in light distribution lines to supply liquid
to low-load elements or in flexible sprayer hos-
es. For systems that are subjected to high loads,
such as tractors or seed drills with high-pressure
pumps, it is necessary to use stronger materials,
such as composites or steel, to ensure durability
and reliability in long-term use.

Composites such as carbon fibres provide an
optimal ratio of strength (300 MPa) and lightness
(1.8 g/cm?). Their service life reaches 12 years,
which makes them an ideal choice for agricultural
machines operating under high load conditions.
Aluminium also showed positive results due to
its average strength (280 MPa) and a significant
35% reduction in system weight. This allows im-
proving manoeuvrability and reducing the energy
costs of equipment. However, aluminium shows
limited feasibility in environments with high hu-
midity, high concentrations of aggressive chem-
icals, and in regions with frequent temperature
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changes that cause condensation. For example,
aluminium components of hydraulic lines lose
their effectiveness in sprayer systems that work
with agrochemical solutions, since aluminium
can be subject to rapid corrosion under the in-
fluence of chemical compounds. In conditions of
high humidity, such as the use of machineryinrice
fields or in regions with frequent precipitation,
aluminium parts are prone to the development
of an oxide film, which over time weakens their
mechanical strength. In addition, in environments
with a high salt content in the air or soil, such as
coastal regions, aluminium is subject to galvanic
corrosion upon contact with other metals, which
reduces the durability of systems.

Modelling of the stress-strain state of nodes
using ANSYS software has shown that new-gen-
eration polymers, such as polyetheretherketone
and polycarbonate, demonstrate high flexibility
and resistance to wear in systems with medium
loads. Average loads in the context of hydraulic
systems refer to the operating pressure in the
range of 10-15 MPa, which is typical for fluid
distribution units, valve blocks, and connecting
lines. In high-pressure units such as hydraulic
cylinders, pump chambers, and pressure amplifi-
ers, the operating pressure can exceed 20 MPa,
which creates an increased risk of breaking poly-
mer components. In such cases, polymers require
additional reinforcement in the form of carbon
fibre-based composite materials or glass fibre
reinforcement. For example, for hydraulic cylin-
ders, polyetheretherketone polymers reinforced
with carbon fibres are successfully used, which
increase their tear resistance and endurance.

Composite materials such as
epoxy polymer have also found application in
high-pressure assemblies, ensuring reliability
and long service life. These materials combine
high mechanical strength with lightness, making
them ideal for applications in challenging envi-
ronments such as hydraulic systems of tractors,
sprayers, and seed drills that operate under heavy
loads. During field testing, composite materials
were installed in the hydraulic lines of 6 units of

reinforced
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equipment, in particular, in tractors KHTZ-242k,
KHTZ-243 and sprayers Amazone UX 5200 Super
and John Deere R4038. Steel lines were used in
24 units of equipment, including tractors New
Holland T6020 Delta, CASE IH Maxxum 125,
sprayers Hardi Navigator 4000, Berthoud Tenor
5700, and all models of seed drills (Horsch Pron-
to 6 DC, Kuhn Espro 6000 RC, Vaderstad Rapid a
600s, Amazone Cirrus 6003-2.

The results showed that the loss of working
fluid in composite lines was reduced by 15% com-
pared to conventional steel lines. This is made
possible by less friction of the liquid against the
smooth inner walls of composite materials, and
their greater resistance to temperature chang-
es and mechanical wear. The high efficiency of
composite lines was particularly noticeable in
machinery that operated under high loads, such
as tractors that performed deep ploughing and
sprayers that operated on large farms.

In addition, the use of composite materi-
als significantly increased corrosion resistance,

which is an important factor in environments
with high humidity or harsh chemicals. The inte-
gration of such materials into the design of the
equipment allows ensuring its durability, reduc-
ing the load on engines due to lower weight, and
increasing reliability in the long term. Assess-
ment of the impact of the introduction of variable
volume pumps and automated controllers on the
energy efficiency of agricultural machinery shows
significant positive changes, which are confirmed
by the results of a comprehensive analysis (Ta-
ble 3). The installation of variable volume pumps
provided a significant reduction in energy loss-
es that were previously observed due to a fixed
flow rate, regardless of operating conditions. For
tractors that performed heavy tasks, such as deep
ploughing, energy losses were reduced by 30%.
In sprayers that operated under less stressful
conditions, the reduction reached 35%. For seed
drills, this figure was 25%, which also indicates
the effectiveness of new technologies for less
energy-intensive operations.

Table 3. Changes in key indicators in the field, after installation of the variable volume pump

Type of equipment Tractors Sprayers Seeders
KHTZ- Amazone Hardi Berthoud  Horsch Kuhn
Model 249K KHTZ-243 UX 5200 Navigator Tenor Pronto 6 Espro
Super 4000 5700 DC 6000 RC
Fuel consumption
before (I/h) 16.5 16.2 10.4 10.2 10.5 7.3 7.5
Fuel consgon after 453 12 7.6 7.4 7.7 5.5 5.7
Reduced fuel
consumption (%) 25 26 27 27 26 25 24
CO, emissions before
2 (kg/h) 32 31.5 27 26.8 27.2 21.5 21.8
CO, emissions after
2 (kg/h) 24.2 23.8 19 18.8 19.2 16.2 16.5
Energy consumption
before (kWh) 46 45 29 28.5 29 20.5 20.8
Energy consumption
after (kWh) 34 33 22 21.5 22 15.3 15.5
Reduction of energy
costs (%) 26 27 24 25 24 25 26
Source: compiled by the author
The automated controllers used in the  MC050-010 models. Each of the models per-

study included the Bosch Rexroth BODAS RC12-
10, Parker IQAN-M(C43, and Danfoss PLUS+1

formed specific functions in regulating the pa-
rameters of hydraulic systems in accordance
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with the type of equipment and the specifics of
its operation. In tractors, Bosch Rexroth BODAS
RC12-10 controllers were installed on the central
control unit for variable volume hydraulic pumps.
They were responsible for maintaining a stable
operating pressure (18-20 MPa), regulating the
volume flow depending on the operating mode,
and monitoring pump efficiency. This reduced
fuel consumption by 4 litres per hour by reducing
the excessive load on the system.

Parker IQAN-MC43 controllers were used for
sprayers, which were integrated into the hydrau-
lic lines of the spray system. Their main task was
to ensure a uniform distribution of liquid pres-
sure (12 MPa) throughout the system, regardless
of the speed of the sprayer. The controllers also
controlled valves that regulated fluid flow, which
reduced fuel consumption by 2.5 litres per hour.
The seed drills used Danfoss PLUS+1 MC050-010
controllers, which were installed in the control
units of seed metering devices. They provided the
optimal pressure and flow adjustment (15 MPa)
required to maintain accurate seeding depend-
ing on the type of soil. The controllers also con-
trolled the flow distributors, which reduced the
load on the pump, reducing fuel consumption by
1.8 litres per hour.

This reduction in fuel consumption was ac-
companied by a significant reduction in green-
house gas emissions. For example, carbon diox-
ide emissions (CO,) for tractors decreased by 18
kg/h, while for sprayers and seed drills - by 15
and 12 kg/h, respectively. These results are an
important contribution to reducing the negative
impact of agriculture on the environment, con-
tributing to the sustainable development of the
agricultural sector. In addition, the introduction
of automated systems reduced the load on the
engines, which had a positive impact on their
service life and reduced maintenance costs on
the path towards energy efficiency and environ-
mental friendliness of agricultural processes,
these results demonstrate the promise of auto-
mated technologies to improve productivity and
reduce environmental impact.

Rud

The stability of the systems is significant-
ly improved by evenly distributing the load be-
tween key components, such as variable volume
pumps (Bosch Rexroth A10VSO, Parker Hannifin
PVplus), distribution valves (Danfoss PVG 32), and
hydraulic cylinders (Eaton Vickers C5). Automated
controllers (Siemens S7-1200, Schneider Modicon
M241) provided precise adjustment of pressure
and fluid flow in real time, adapting the operation
of systems to loads. The indicator of reducing the
failure rate by 40% and achieving stability by 88%
is the average value for all types of equipment
involved in testing. For tractors, the stability in-
dicator was 85%, for seed drills - 92%, and for
sprayers — 87%.

Automated control systems have shown high
efficiency in maintaining optimal operating pres-
sure and fluid flow in real time. This helped to
reduce friction and wear of components, extend-
ing the service life of hydraulic systems to 8-10
years compared to 5-7 years in systems without
automated control. In conventional hydraulic
systems, where control is carried out manually
or through mechanical regulators, problems with
excessive wear of seals, hydraulic cylinders and
pumps were much more common, which reduced
their service life.

Automated control systems are character-
ised by a reduction in overloads and an even dis-
tribution of the workload between components,
which additionally helps to extend the service
life. The reduction in maintenance and repair
costs achieved through the use of automated
systems was up to 15-20% compared to con-
ventional systems. This is a significant economic
factor for agricultural enterprises, especially in
conditions of intensive use of equipment during
sowing and harvesting operations.

The introduction of new technologies, in
particular, automated control systems, variable
volume pumps and high-precision controllers,
has significantly improved the productivity of ag-
ricultural operations. For tractors equipped with
automatic pressure and flow control systems,
deep ploughing time has been reduced by 15%.
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This was made possible by faster lifting and low-
ering of the plough, which reduced downtime,
and due to greater manoeuvrability on turns.
Such improvements have made it possible to re-
duce fuel consumption and increase overall op-
erational efficiency.

Sprayers equipped with automated control-
lers provided stable pressure in the system, which
provided uniform spraying of liquids and increase
the efficiency of crop protection by 12%. In con-
ventional systems without controllers, uneven
spraying was often caused by pressure fluctua-
tions that occurred due to changes in the speed
of movement or uneven valve actuation. Based
on automation, these problems were eliminated,
which positively affected the quality of field pro-
cessing and reduced the loss of working fluids.

Seed drills equipped with variable volume
pumps and automatic dispensers demonstrated a
significant improvement in the quality of crops.
This was obtained by precise seed dosing and
uniform distribution over the area, which was
achieved through automated fluid flow control
and constant monitoring of sowing parameters.As
a result, this helped to reduce seed costs, increase
the uniformity of germination, and reduce the
time spent on repeated sowing in problem areas.

Discussion

The results of the study revealed the effective-
ness of upgraded hydraulic systems for agricul-
tural machinery. It is established that pumps with
variable volume provide a reduction in energy
losses by up to 35%, which confirms their feasi-
bility for widespread implementation. Among the
advantages, there is a reduction in fuel consump-
tion by up to 25% and a reduction in CO, emis-
sions up to 30%, which is a significant indicator
for the environmental sustainability of the agri-
cultural sector. These results are consistent with
the findings of R.Jin et al. (2019), who confirmed
the significant potential of upgraded pumps for
energy efficiency.

Composite materials introduced into hy-
draulic systems have demonstrated the ability to

reduce the weight of systems by up to 45%, in-
creasing the efficiency of equipment. These data
are consistent with conclusions of M. Lubecki et
al. (2022), who argued that composites are capa-
ble of reducing the values of bending moments
acting on the booms of working machines, re-
ducing the power consumption of drive systems
and improving the reliability of cylinders in ag-
gressive environments and places with strong
electromagnetic fields. The results of the study
also confirm that composite materials have a suf-
ficient level of wear resistance, which contributes
to their successful use even in high-load units.
Automated controllers have proven to be a
key element in improving the stability of hydrau-
lic systems. Reducing the failure rate by 40% and
increasing stability to 88% confirm the effective-
ness of the technology. Automated systems sim-
plify operation and reduce maintenance costs.
However, G.R. Aby & S.F. Issa (2023) noted that
self-propelled automated agricultural machinery,
on the contrary, poses risks to people and the en-
vironment due to the complexity of developing
reliable service safety systems. In addition, the re-
searchers note the need to involve all specialists
in the development of safer machines without
exception: ergonomists, engineers, doctors, man-
ufacturers, developers of the Internet of Things,
officials, and international organisations.
Environmental indicators also improved sig-
nificantly: fuel consumption was reduced by 25%,
and CO, emissions were reduced by 22-30%, de-
pending on the type of equipment. Results of a
study published by Z. Zhu et al. (2022), showed
that the introduction of a mechanical-electron-
ic-hydraulic power system in tractors can reduce
fuel consumption during various operations, such
as ploughing, harvesting, and transportation. This
confirms the feasibility of using such technolo-
gies to improve energy efficiency in the agricul-
tural sector. The seed drills demonstrated the
highest level of efficiency - up to 85%, which is
explained by the adaptation of variable volume
pumps to specific tasks. These results do not coin-
cide with the conclusions of F. Breidi et al. (2017),
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who experimentally found that most variable dis-
placement pumps (axial piston pumps) have low
efficiency at low volume levels due to constant
losses that do not scale with the power produced,
and only digital variable volume pumps can
minimise this inefficiency. But the results of the
study confirmed the versatility of variable volume
pumps and the ability to provide high efficiency
even in less loaded operating modes.

The use of polymer pipelines in hydraulic
systems can reduce pressure losses due to the
smooth inner surface, which contributes to im-
proved energy efficiency. Antifriction properties
of polymers ensure tightness and reduce wear
of components. This is not consistent with the
results of D. Kraiem & A. Triki (2023), who noted
that polyethylene pipes can be subject to hydrau-
lic cavitation, which can negatively affect their
durability and efficiency. Therefore, the research-
ers proposed to improve the capacity of the steel
line by using polyethylene pipes only in the gate
and in the built-in short section at the outlet.

The study proves that the introduction of
variable volume pumps helps to increase the
productivity of agricultural machinery. This is
consistent with the findings of J. Karnell & A. Er-
icson (2022), and Y.Zhao et al. (2023).). Karnell &
A. Ericson investigated the performance of a digi-
tal pump with a discrete number of displacement
settings and suggested using a shunt to improve
its dynamics during switching. Y. Zhao et al. em-
phasised the importance of using variable volume
pumps to increase the productivity of tractors.
The study supplemented their research, proving
that such pumps are universal for different types
of equipment. Several other solutions for opti-
mising the operation of variable volume hydrau-
lic pumps were offered by P. Casoli et al. (2020).
The researchers noted the feasibility of using al-
ternative architectures to reduce energy costs, in
particular, a separate electric steering pump and
a Load Sensing Signal Combiner.

Upgraded pumps and automated controllers
proved effective not only for tractors, but also for
sprayers. Reducing energy losses by 35% allows
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the equipment to work more stably even in diffi-
cult conditions. X. Tian et al. (2024) also upgrad-
ed the hydraulic control system for agricultural
machinery and its tools. Their proposed methods
of reducing fuel consumption in different ways
eliminated conflicts that exist between the con-
trol valves of the tractor and the tool, which cause
an excessive increase in the pressure of the supply
pumps and, consequently, high throttling losses.

Y. Li et al. (2022) highlighted the benefits
of using composites to reduce the weight of hy-
draulic lines, which is confirmed by the results
of this study. Composite materials not only re-
duce weight, but also provide the high strength
required for field conditions. X. Sun et al. (2022)
also upgraded tractor hydraulics to automatically
adjust the depth of cultivation depending on soil
conditions. The integration of automated control-
lers proposed by them made it possible to reduce
fuel consumption and noise levels, and therefore,
ensure comfortable operation of operators.

The uniqueness of the study lies in the com-
bination of environmental, economic and techni-
cal aspects of improving the efficiency of hydrau-
lic systems. These data provide a solid foundation
for the development of new technologies aimed
at developing sustainable agriculture. The main
achievement was to reduce energy losses by
up to 35% and reduce fuel consumption by up
to 30%. The use of composite materials for hy-
draulic lines allowed significantly reducing the
weight of systems by up to 45%, which increased
their manoeuvrability and reduced energy costs.
However, L. Solazzi (2020) noted limitations
in the use of composites due to their instabili-
ty in the field. The researcher proposed to use
composites to avoid the variability of the stress
state in the hydraulic cylinder, for which to use a
multi-layer structure, in which the inner layer is
made using a thin aluminium tubular part, and
the coating is made of composite material. This
is not consistent with the results of the study on
sufficient stability of composite materials even
under high loads and reducing pressure losses
by up to 10%.
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Environmental sustainability of technolo-
gies was achieved due to automated controllers,
which allowed reducing CO, emissions up to 30%
depending on the type of equipment. F. Mocera
& A. Soma (2020) also proposed a solution that
contributed to improving the environment. The
researchers modelled a hybrid mechanism for
efficient tractor power consumption using an
energy storage system based on lithium-ion bat-
teries. This contributed to a more efficient pow-
er distribution of the hybrid power plant under
variable loads. This conclusion of F. Mocera &
A. Soma (2020) is consistent with the results of
the study to optimise work processes, speed up
operations, and reduce energy losses through au-
tomation. Upgraded variable-volume pumps have
reduced energy losses for tractors, seed drills, and
sprayers. Even in less energy-intensive systems,
such as seed drills, efficiency has increased to
85%. N. Kamthe et al. (2016) also noted the effi-
ciency of axial piston pumps with constant pres-
sure and variable volume, but did not consider it
appropriate to use them in systems with mod-
erate loads due to the high cost (5 times higher
than radial piston pumps).

Reducing noise pollution was an addition-
al achievement that provided more comfortable
conditions for equipment operators. R. Zewdie &
P.Kic (2017) also noted that agricultural machin-
ery is characterised by high noise levels, especial-
ly during the start and deceleration of traffic, and
when driving uphill. The authors recommended
sealing the driver’s cab with rubber seals, and
when working on outdated equipment, since the
noise level is higher than 80 dB, using individual
hearing aids. Innovative solutions have demon-
strated the resistance of equipment to tempera-
ture changes, and therefore, reliability in difficult
operating conditions. This result is consistent
with the findings of S. Pedersen et al. (2019), who
also proposed the introduction of smart farming
technologies and environmental solutions to re-
duce resource consumption. The stability of the
systems has increased to 88% due to the uni-
form load distribution between the components.

This is consistent with the findings of X. Guo et
al. (2022), who noted that the hydraulic control
system causes excessive throttling losses, result-
ing in low overall energy efficiency. The research-
ers designed an 89.8% more efficient hydraulic
system with a multi-pressure rail for agricultural
machinery.

The advantages of modernisation of hydrau-
lic systems of agricultural machinery identified
in the study are confirmed by conclusions of
V. Ghodke et al. (2015), who have proven that in
hydraulic systems, variable displacement pumps
save electricity, increase productivity, or control
movement more accurately, safely, and efficiently.
The mechanism of changing the working volume
and the power-to-weight ratio of the variable
working volume piston pump makes these pumps
most suitable for high power levels. P. He et
al. (2019) noted that reducing fuel consumption
is a key factor in improving the economic efficien-
cy of agricultural production. Thus, the results of
the study combine the analysis of energy efficien-
¢y, environmental friendliness and stability of
hydraulic systems. The integration of such tech-
nologies contributes not only to increasing the
productivity of the agricultural sector, but also to
ensuring sustainable development.

Conclusions

The results of the study confirmed the high effi-
ciency of implementing modern technologies in
hydraulic systems of agricultural machinery. The
use of variable volume pumps has significantly re-
duced the energy losses that occur in convention-
al systems due to a fixed flow rate, regardless of
operating conditions. For tractors that performed
heavy operations, such as deep ploughing, ener-
gy losses were reduced by 30%, and for sprayers
and seed drills - by 25-35%. This decreased fuel
consumption by up to 30% and reduced CO, emis-
sions by 12-18 kg/h.

Automated control systems equipped with
pressure and flow sensors have ensured the
stability of hydraulic systems. In sprayers, a uni-
form pressure distribution helped to increase the
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efficiency of crop processing by 12%. In seed
drills, automatic flow control allowed achieving
high accuracy of seed dosing, which reduced
seed consumption and increased the uniformity
of seedlings. In general, automation reduced the
execution time of operations by 12-15%, and the
system stability indicator increased to 88%. The
introduction of composite materials in hydraulic
lines helped to reduce working fluid losses by
15% and decrease the weight of components by
up to 55%, which helped to lower the load on en-
gines and increase the service life of systems up
to 8-10 years. The composites have demonstrat-
ed high corrosion resistance, which is especially
important in aggressive environments where ma-
chinery is used.

Synthetic working fluids reduced viscosity at
high temperatures, minimising energy losses, and

Rud

polymer lines provided additional loss reduction
due to their antifriction properties. All these fac-
tors contributed to a reduction in maintenance
costs by 15-20% and an increase in economic
benefits for agricultural enterprises. Promising ar-
eas of further study are the development of new
automated control systems that can adapt the
operation of hydraulic systems to various operat-
ing conditions in real-time. It is also important to
investigate the impact of innovative materials on
the durability and environmental friendliness of
equipment during long-term use.
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MpoeKkTyBaHHA Ta aHani3 rigpaBniyHMX cucTeM
AN aBTOMaTM30BaHUX Ci/iIbCbKOrocnogapcbKux MaluuH

Anatonii Pygb

KaHanaaT TeXHIYHUX HayK, AOLEHT

Buwmin HaBuanbHui 3aknag, «ModinbCbkuii AepXaBHUIA YHIBEPCUTET»
32316, Byn. LLleBueHka, 12, M. Kam'aHewpb-MoainbCcbkuii, YkpaiHa
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AHoTauifi. [ocnimKeHHs MpUCBSYEHO TMPOEKTYBAHHIO Ta aHanisy rigpaBniyHUX cucTeM  Ans
aBTOMAaTU30BaHUX CiNbCbKOrOCNOAAPCbKMX MALUMH i3 METOK MiABULEHHS [XHbOI NPOAYKTUBHOCTI,
eHeproedeKTUBHOCTI Ta HadiHocTi. [lng BunpobyBaHb 6yno 3anyyeHo TpakTopu, 06npuckyBadi Ta CiBanky,
SIKi MpaLtoBany y peanbHMX NOAbOBUX YMOBAX B Pi3HUX perioHax YKpaiHKM 3 ypaxyBaHHAM Pi3HOMAHITHMX
TUNIB IPYHTIB Ta KNiMaTUYHMX akTopiB. OCHOBHMMM METOAAMM JOCNIIKEHHS BYNIM NONBOBI EKCNEPUMEHTH,
aHani3 AaHMX CEHCOpiB Ta MOAENOBAHHA NMapaMeTpiB riApaBAiYHUX CUCTEM Y MPOrpaMHOMY CepenoBMLLI
ANSYS. Y xopi BunpobyBaHb, NPOBELEHUX HA CYYaCHWX MOAENSAX TpakTopis, 06NpucKyBayiB i CiBanok,
BM3HAYeHO, L0 aBTOMATM30BaHi KOHTPONEPM Ta HACOCK 3MiHHOTO 06€My 3abe3neyyroTb CYTTEBE 3HMKEHHS
€HepreTMYHUX BTPAT i BUTPAT NaNbHOro. 115 TpakTopiB CKOPOYEHHS BUTPAT NanbHOro focsrno 25-27 %, 8
obnpuckyBayax Ta cisankax - 24-26 %. Bukuan CO, 3MeHWMAMCA B cepefiHboMy Ha 15%, Wo Bianosiaae
uingM cranoro po3suTKy. ONTuMI3aLis KOHCTPYKLii rigpaBniyHMX Marictpanen i3 BUKOPUCTAHHAM
KOMMO3UTHMX MaTepianiB AO3BOMMNA 3HM3UTU EHEPreTUYHi BTpaTh Ha 15 %, NOpiBHAHO 3 TpaaMUiiHUMK
CTaneBuMM Mmarictpanamu. Lle ctano MOXAMBMM 3aBASKM 3MEHLLEHHIO TepTd Ta Kpaliii CTiMkocTi Ao
3HOLWYBaHHS. BUKOPUCTAHHS CUHTETUYHMX poBoumx pianH 3abe3neunno crabinbHiCTb MOTOKY B yMOBaX
BMCOKMX TEMMNepaTyp, 3HUXKYIOUM pU3MK BN10KYBaHHSA CUCTEMM Ta YTBOPEHHS OCAAIB. 3arafnoM BNpOBaAXeHi
TEXHOMOTrii NiABULLMAKN CTabiNbHICTb pO6OTU rifpaBRiYHUX cucTeM Ha 88 %, 3HM3UNK YacToTy 360iB Ha 40%.
OTpuMaHi pesynbtat nigTBEpAMAN edeKTUBHICTb BNPOBAAXEHMX PilleHb Y MiABULLEHHI NPOAYKTUBHOCTI,
eHeproedeKTMBHOCTI Ta EKONOrYHOCTI. IHHOBALUIMHI NiAXOAM, BKAKYAKUYM ABTOMATU30BAHI CUCTEMMU
KepyBaHH$, CNpUsAM NiABULLEHHIO SKOCTI arpoTexXHiuHMX onepauiv i 3abe3nevyloTb TpUBanuin TepMiH
cnyk6u KomnoHeHTiB. OTpMMaHi pe3ynbTaT MOXYTb OYyTM BMKOPWUCTaHi Y NPOEKTYBAHHI Cy4yacHoi
CiNbCbKOroCnoAapcbKoi TeXHiKM, BNPOBAMLKEHHI aBTOMATM30BaHMX CUCTEM KEPYBaHHS Y BUPOOHUYMX
npoLiecax arpapHOro CEKTOopY, @ TaKOX NpU MOAEpPHi3aLii iCHYIHOro NapKy TEXHIKM 3 METOI0 MiABULLLEHHS
il NpOAYKTUBHOCTI, eHeproedeKTMBHOCTI Ta €KONOrIYHOCTI

KnioyoBi cnoBa: arpapHa TexHika; onTMMi3aLis arpoTexHOOrii; eHeproedeKkTUBHICTb BUPOOHULTBA;
MofLepHi3aLis; iHHoBaLii
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Abstract. Stress causes changes in the immune, nervous and endocrine systems, which can lead to
diseases and behavioural problems in animals. The study of these changes can be used to develop
effective methods of diagnosis and prevention. The study aims to investigate the effect of stress on
the body of dogs at the anatomical and physiological levels; and methods of diagnosis, treatment
and prevention of stress disorders in these animals. The study analysed scientific publications on the
detection, diagnosis, control and treatment of service dogs under stressful conditions. The main criteria
that helped to differentiate different forms of behavioural reactions in service dogs under the influence
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of stressors were recorded by the methods of comparison, synthesis and analysis. Physiological criteria
that should be used in the diagnosis of stress were established and methods for diagnosing stressful
conditions in service dogs were described. Service dogs are more stress-resistant than other animals,
but they are also exposed to negative environmental factors. This leads to physiological changes in
the body of animals, which affects their performance and behavioural reactions. The physiological and
behavioural markers of acute and chronic stress in dogs were determined. Changes in the immune
system of dogs and the importance of cortisol as a stress-correlated marker were analysed. The study
determined that the content of cortisol in blood plasma, saliva,and hair correlates with stress indicators
in animals, but may also depend on many other factors. This indicates that this indicator alone cannot
be relied upon to diagnose stress in animals. The results of the study can be used in the development of
diagnostic criteria and methods for monitoring and correcting changes in the bodies of animals caused
by stressful phenomena

Keywords: acute stress; chronic stress; diagnosis; behavioural changes; cortisol; post-traumatic

stress disorder

Introduction

Stress is a common occurrence in everyday life, as
all beings have to adapt to environmental insta-
bility to ensure survival and reproduction. At the
same time, animals of different species, includ-
ing dogs, are easily exposed to stressors, which
affect their health, behaviour and functions. For
service dogs that regularly perform complex tasks
in stressful conditions, such as searching for ex-
plosives, participating in search and rescue op-
erations, or ensuring security at mass events, this
impact can be particularly pronounced. Constant
exposure to stress can cause not only temporary
disorders in the body but also chronic changes that
reduce their performance and jeopardise the per-
formance of their professional duties. Physiologi-
cally, stress in dogs is manifested by increased cor-
tisol levels, changes in the cardiovascular system,
and disorders of the immune system and metab-
olism. Behavioural signs of stress, such as aggres-
sion, anxiety or non-cooperation, are also serious
indicators that require immediate intervention.
Failure to identify and correct a stressful condition
in time can lead to the development of somatic
diseases, a decrease in the quality of life of the
animal and even the premature end of its career.

M. Salonen et al. (2020) determined that the
prevalence of fear and anxiety in dogs averages

between 26% and 50%, which corresponds to
millions of animals potentially suffering from
behavioural problems caused by fear and anxiety.
Research conducted by Green Element (USA) in
2022 shows that in the last two years alone, anx-
iety levels in dogs during the COVID-19 pandemic
have increased from 40% to over 70% (Weng &
Ogata, 2023). The fear of strangers and separa-
tion behaviour is particularly acute. However, un-
der martial law, the risks of stress in animals are
much higher and are often associated with loud
noises, lack of food, owners and life safety. At the
same time, service dogs that are actively involved
in search and clearance operations are also ex-
posed to stress, which hinders their effective use.
High levels of noise from cars, explosions, shoot-
ing, shock waves; constantly changing terrain;
high levels of dust and smoke; noisy machinery
and movement are stressful factors for animals.
J. Herbel et al. (2020) noted that transport is also
a stressful factor for dogs.

In addition, animals that have been exposed
to extreme situations, including those caused by
loud explosions or gunfire, may eventually devel-
op post-traumatic stress disorder (PTSD), which
affects the behaviour of a service dog with var-
ious manifestations. As noted by S. Nichiporuk et
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al. (2023), the issue of PTSD in dogs was not suf-
ficiently covered, as it is inappropriate to transfer
the signs of human PTSD to animals. However,
since dogs have a much larger hearing range,
loud sounds of uncertain aetiology are usually
the cause of PTSD in dogs. This was confirmed by
A.S. Mann et al. (2024), who found that 44.4% of
dogs had fear associated with fireworks, thunder,
gunshots, and vehicle noise. Animals may respond
to these with behavioural signs of fear or anxiety,
including depression or agitation, withdrawal or
aggression, chaotic movements, or freezing. Even
animals that are accustomed to gunshots may re-
act inappropriately.

Service dogs often work for many hours in
difficult conditions, in the presence of other an-
imals, with different people who may also have
different stress tolerances. Thanks to their sense
of smell, dogs can easily detect the smell of corti-
sol, adrenaline and norepinephrine in humans in
a calm state and a stressful situation. C. Wilson et
al. (2022) pointed out that during the develop-
ment of stress, physiological processes occur in
the body that cause the release of volatile organic
compounds in breath or sweat. Service dogs can
distinguish these compounds with high accura-
cy. The ability to recognise different compounds
is used for the service characteristics of service
dogs and helps the interaction between a person
and a service dog, which is used for emotional
support and treatment of post-traumatic stress
disorder (PTSD).

K.E. Rodriguez et al. (2018) highlighted that
the engagement of military personnel returning
from combat zones with guide dogs has a positive
impact on recovery and significantly reduced the
severity of post-traumatic stress disorder symp-
toms, as well as reduced anxiety, anger, and sleep
disturbances. These findings were confirmed in a
study by S.C. Leighton et al. (2024) indicating that
military personnel and veterans with post-trau-
matic stress disorder have better psychosocial
outcomes when using specially trained service
dogs compared to conventional treatment. There-
fore, as noted by H. Yatsenko (2022), since 2019,

the SES units in Ukraine have been implementing
canine therapy, allowing employees to recover
from the events experienced through interaction
with specially trained service dogs.

At the same time, such interaction requires
constant control of the service dog. E. De la
Fuente-Moreno et al. (2023) noted that service
dogs used as guides for blind people have higher
levels of cortisol in their blood and saliva, which
is associated with their cognitive and emotional
processes. Elevated levels of cortisol have also
been observed in service dogs used by the military.

Notably, service dogs often hide their stress,
so the signs can be unnoticed, however, changes
at the biological level still occur. L. Lazarowski et
al. (2020) determined that a prominent example
is the behaviour of service dogs, which, being
trained and hardy, suddenly change their behav-
iour towards their owners after service in danger-
ous conditions for a long time.

In view of this, it is necessary to determine
the physiology of stress in service dogs, analyse
the changes they cause in the body of these ani-
mals and understand the approaches to diagnos-
ing and timely correction of pathological condi-
tions of the animal’s body in the event of stress.

The study aims to summarise the existing lit-
erature on the impact of stress on the body of ser-
vice dogs, ways to diagnose stressful conditions
and prevent their development in these animals.

The research material included scientific
data on the impact of stress on the body of ser-
vice dogs and methods of its diagnosis in experi-
mental conditions and veterinary clinics. PubMed
and Elsevier databases and specialised scientific
journals were used as information sources. The
comparison method, analysis and synthesis, and
the descriptive method were used. The method
of comparison was used to compare different
approaches to the diagnosis and treatment of
stressful conditions in dogs described in scientif-
ic sources. This method identified commonalities
and differences between the methods used in
experimental conditions and practical veterinary
medicine. The method of analysis consisted of a
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detailed study of each data source, including the
identification of physiological, behavioural and
biochemical markers of stress. This determined
the mechanisms of stress on the body of service
dogs, as well as assess the effectiveness of exist-
ing approaches to their diagnosis and correction.

Results

Behavioural manifestations of fear and anxiety in
service dogs

Service dogs are specially trained animals that
can perform specific tasks to ensure the safety of
people. The behavioural, physiological and struc-
tural characteristics of the animals selected for
such work are of great importance. In particular,
the developed sense of smell, stress resistance,
the animal’s ability to learn, and the level of basic
excitability of the animal.

L. Lazarowski et al. (2020) distinguish be-
tween negative arousal (stress) and positive
arousal (e.g. excitement) in service dogs. A high
level of arousal in an animal can interfere with
performance. Initially, arousal can improve task
performance up to a certain point, after which the
inhibition stage begins. This effect depends on
the animal’s baseline level of excitability. In addi-
tion, increased arousal in service dogs can impair
learning, memory and decision-making, and lead
to the activation of physiological reactions such
as increased respiration and heart rate, which
reduces olfactory abilities, as dogs cannot smell
and breathe at the same time (Bray et al., 2015).

As noted by L. Townsend & N.R. Gee (2021),
dogs can experience triggered stress accumu-
lation when an animal is exposed to multiple
stressors at the same time. Triggered accumula-
tion can occur over a short or long period, de-
pending on the intensity and duration of the
stressor. This can cause unpredictable behaviour
or a refusal to cooperate.

If a dog is repeatedly exposed to unavoida-
ble stressors, intense fear, anxiety, or phobia can
occur. A fear response is an animal’s behaviour
in response to a real perceived danger. Anxiety
is an emotional state that occurs if animals are
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exposed to threatening situations, such as a
new environment. According to EJ. Blackwell et
al. (2013),the term “phobia”is generally used when
the behavioural response is extreme, long-lasting,
and involves a marked, persistent, and excessive
fear of certain stimuli. However, the differentiation
of these types of reactions in animals is unclear.

The causes of fear and anxiety in dogs are
multifactorial and may include inherited genetic
influences, environmental influences, and expe-
riences during certain work situations. N.J. Roon-
ey et al. (2016) determined that fear-related
behaviour negatively affects the animal’s perfor-
mance or results in a significant number of ser-
vice dogs failing training and becoming unfit for
duty. Prolonged exposure to stressors can lead to
the development of fear and general anxiety in
dogs, which negatively affects their performance.

Fear in an animal can be interpreted as one
of the forms of fulfilling self-preservation. Re-
searchers C. Mariti et al. (2012) demonstrated that
a behavioural response is often the most effec-
tive way to resolve a stressful situation, allowing
the body to restore homeostasis. There are three
main ways to resolve a stressful situation: active
attack, passive defence, and escape.

The literature describes attempts to charac-
terise the ‘coping styles” in dogs based on phys-
iological and behavioural reactions. In particular,
E.J. Blackwell et al. (2013) highlighted a “reactive”
style of animal response to stress or a more “pro-
active” style. Z. Horvath et al. (2007) identified 3
categories of behavioural responses in service
dogs. The usual behavioural response of dogs to
severe stressors is defensive aggression, hiding,
and avoidance of contact with people. Another
group of animals, on the contrary, seek contact
with people or other animals and are charac-
terised by behaviour that attracts attention (e.g.
jumping, pawing at people). The third group of
behavioural reactions is excessive dog activity, in-
creased respiratory rate, salivation, pupil dilation,
vocalisation, lowered posture, flattened ears and
a pinned tail, and anorexia. There are also three
categories of unhealthy behaviour caused by
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stress in dogs: stereotypical animal actions (e.g.
excessive licking, side sucking, circling or spin-
ning); excessive movement (tail chasing, fence
running, excessive barking, polydipsia and poly-
phagia) and so-called “hallucinogenic” behaviour
(e.g. staring and “chasing flies”).

Changes in behavioural responses to chron-
ic stress over a long period are reflected in in-
creased movement, yawning, pawing, and body
tremors, as well as increased coprophagia, low
posture and vocalisation (Bodnariu, 2008). Ser-
vice dogs exhibit a wide range of behavioural
and physiological responses to stress, which can
significantly affect performance, with excitability,
adaptability to stressors and inherited behaviour-
al traits being central.

The effect of stress on the functioning of various an-
imal body systems

Following A.Aleme & A.Negassie (2014), stressor
activates the sympathoadrenal system, which is
associated with the fight-or-flight response and
is characterised by the release of adrenaline and
norepinephrine. These, in turn, cause the release
of glucose, an increase in heart rate and blood
pressure,and an increase in respiratory rate in the
animal. These processes mobilise the body and
increase the capacity of the animal to effectively
fight or escape, i.e. survive the threat.

If the stress is short-term, the manifestation
of the stress response does not cause homeosta-
sis disorders after the stressor ceases. According
to T. Kooriyama & N. Ogata (2021), markers of
the sympathoadrenal system reflect a short-term
response to stressors, when catecholamine se-
cretion peaks after 1 minute and then remains
elevated for about 3 minutes. With prolonged
exposure to a stressor, another mechanism of
the stress response is activated - the hypotha-
lamic-pituitary-adrenal axis, the end product of
which is glucocorticoids secreted by the adrenal
glands under the influence of adrenocorticotropic
hormone (ACTH).

D. Salgirli et al. (2023) noted the adaptive
nature of acute stress in dogs. Species-specific

defence reactions activate to help the animal
cope with stress. The bodily response to endoge-
nous or exogenous stressors is mandatory, which
is manifested by a stress response, i.e.an adaptive
response aimed at restoring homeostasis and vi-
tal activity of the animal’s body. T. Kooriyama &
N. Ogata (2021) noted that since stress responses
are activated by the sympathoadrenal and hypo-
thalamic-pituitary-adrenal axes, the immune sys-
tem is activated at the same time. C. Siracusa et
al. (2008) also highlighted that stress affects the
immune system, which, after short-term exposure
to a stressor, is stimulated for 30 minutes, and in
the case of prolonged stress, it is suppressed, and
its effectiveness is reduced by 40-70%.

As noted by B. Kumar et al. (2012), hormonal
changes in response to stress, including increased
plasma concentrations of adrenaline, cortisol,
growth hormone and prolactin, have immuno-
modulatory effects. At the same time, cortisol can
inhibit the functions of macrophages, neutrophils,
basophils and eosinophils. Glucocorticoids and
adrenocorticotropic hormone affect the prolifer-
ation of B and T cells and the production of cy-
tokines and antibodies.

B.M.G. Gormally et al. (2020) highlighted that
the changes that occur at the cellular level are
characterised by changes in heat shock proteins
(Hsp), DNA damage and changes in telomere
length. In particular, the heat shock proteins
Hsp70 and Hsp90 are significantly reduced with-
in 30 min-2 h after exposure to acute stressors, as
well as under the influence of long-term stress-
ors. In addition, under the influence of short-term
or long-term exposure to adrenaline, cortisol,
and repeated exposure to stressors, DNA damage
occurs in different animal species. The authors
also proved that stressors lead to a significant
reduction in telomere length, which affects the
life span of the animal, but these data still need
further study, especially their correlation with the
effect and intensity of different types of stressors.

N.A. Dreschel (2010) noted that the link be-
tween stress and susceptibility to disease in pets
demonstrates that dogs with manifestations of
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fear and anxiety have a shorter life expectancy
and a higher frequency and severity of diseases.
The suppression of the animal’s immune system
contributes to the development of opportunistic
pathogens. This includes microorganisms that
cause respiratory infectious diseases and infec-
tions caused by Salmonella sp. In response, gluco-
corticoids or catecholamines are released, which
reduce the protective capacity of cellular immune
mechanisms. In addition, they reduce the accumu-
lation of neutrophils at the site of local inflam-
mation, which leads to complications of bacteri-
al infections. This suggests that some disorders
are most likely triggered by the development of
chronic stress in animals.

Diagnostic criteria for stressful conditions in dogs
I.A. Kartashova et al. (2021) stated that the choice
of physiological markers for the development of
stress in animals should address not only phys-
iological parameters, but also the characteris-
tics of the animal, its lifestyle, age, concomitant
diseases, physical activity, anamnesis, and even
the owner’s temperament. B.M.G. Gormally et
al. (2020) combined the indicators that character-
ise the development of stress in vertebrates into
seven large groups, such as changes in glucocor-
ticoids and the excretion of their metabolites in
saliva, faeces, and urine; the influence of the par-
asympathetic nervous system (changes in heart
rate, heart rate variability, and respiratory rate);
impact on the immune system(comparison of the
ratio of leukocyte types, in particular, heterophils/
neutrophils and lymphocytes, assessment of in-
flammation and bacterial killing test); metabolic
disorders (energy mobilisation, metabolic rate,
heat regulation); cellular (membrane) disorders;
delayed tissue development and behavioural
changes (stereotypical behaviour in animals).
Blood chemistry and leukogram indicators can
also be used to characterise stress, along with
physiological indicators such as heart rate and
heart rate variability.

According to N.LB. Corder-Ramos et
al. (2019), dogs exposed to acute stress develop
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a general leukocytosis, the leukogram is charac-
terised by neutrophilia, monocytosis, lymphocy-
topenia and eosinopenia (so-called stress leuko-
grams). B.M.G. Gormally et al. (2020) noted that a
change in the ratio of heterophils/neutrophils to
lymphocytes is recorded in the blood of animals
1-4 hours after exposure to a stressor.

Potential immunological markers in stress re-
sponses include leukocyte responses to antigens,
salivary IgA, neutrophil/lymphocyte ratio, CD4/
CD8 ratio,and plasma cytokines.L.M. Glenk (2017)
highlighted a decrease in secretory immunoglob-
ulin A (IgA) under stress in dogs. In practice, serum
catecholamines and glucocorticoids are the most
used measurements, as they correlate with stress
levels. However, while adrenaline and norepi-
nephrine quickly disappear from the blood after
the stressor stops, cortisol remains in the blood
for 2-6 days. If the body is stressed for a long time,
cortisol becomes constant, which leads to the de-
velopment of chronic stress in animals.

Cortisol is a glucocorticoid hormone pro-
duced by the adrenal cortex under the influence
of adrenocorticotropic hormone. It regulates most
physiological processes in animals and plays an
important role in the body’s response to stress.
Cortisol secretion during acute stress helps mo-
bilize the metabolic energy needed to combat
short-term stressors and restore homeostasis.
At the same time, prolonged cortisol elevation
caused by chronic stress contributes to maladap-
tive changes in the body and the development
of various pathological conditions. B. Beerda et
al. (1996) determined that this leads to immune
suppression, growth retardation and develop-
mental delays in animals.

E. Chmelikova et al. (2020) determined that
cortisol levels in dogs vary according to the cir-
cadian rhythm, with the highest peak occurring
in the morning after waking up and the lowest
at bedtime. In addition to cortisol, scientists have
proposed using other markers to assess acute
stress in dogs, including chromogranin A (CgA),
which is released along with catecholamines
during acute stress but is more stable. For service
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dogs, a blood cortisol test can provide valuable
insight into physiological health and behaviour,
as well as determine of how they adapt to their
environment and tasks.

Physiological and biochemical markers, such
as cortisol, glucocorticoids, immunoglobulins and
other blood parameters, can be used for an effi-
cient assessment of the stressful state of service
dogs, contributing to the determination of their
adaptation to stressors and maintaining their
functional capacity.

Non-invasive methods for studying stress indicators
in animals
Predictable and immediate stress
caused by the blood collection procedure in an-
imals can increase plasma hormone levels, which
makes interpretation of the results difficult.
Therefore, as reported by B. Beerda et al. (1996),
non-invasive sampling methods such as saliva,
urine, or hair samples can be used. Hair cortisol
determination is a promising method for detect-
ing GH axis activity over a longer period. The cor-
tisol content in hair varies depending on the time
of year and the animal’s lifestyle. However, E. van
Houtert et al. (2023), studying Labrador retriever
service dogs, found no difference in hair cortisol
between service dogs and companion dogs.
According to L. Mesarcova et al. (2017), cor-
tisol reaches the hair through diffusion from the
blood during the period of hair shaft growth.
In addition, sebum secreted by the sebaceous
glands also contains cortisol, which can pen-
etrate the hair. Intrafollicular synthesis of cor-
tisol is also possible. As noted by N.L.B. Cord-
er-Ramos et al. (2019), canine hair follicle cells
in vitro can metabolise progesterone to cortisol.
The evaluation and interpretation of hair corti-
sol concentration results should be approached
with caution, as its content can potentially be
influenced by several factors, such as coat colour,
dog age, lifestyle and maintenance, health status,
and seasonality. Salivary cortisol measurement is
also a practical test for assessing stress in dogs.
E. De la Fuente-Moreno et al. (2023) noted that

reactions

cortisol enters saliva as a result of passive diffu-
sion through acinar cells.

L.M. Glenk (2017) emphasised that salivary
cortisol levels reflect plasma cortisol concentra-
tions with a 20-30 min delay. However, it is nec-
essary to address the different cortisol content in
the saliva of dogs under acute and chronic stress.
In particular, the study determined that under
acute stress, cortisol increases significantly. At the
same time, with prolonged exposure to the same
stressors, the level of cortisol in saliva decreas-
es, but it is not fully understood whether these
are adaptive changes or habituation to the en-
vironment. J. Wojtas et al. (2022) confirmed that
the effect of a stressor on dogs entering a shelter
correlates with time and is characterised by an in-
crease in salivary cortisol in dogs of 2.7 ng/ml on
admission, 2.1 ng/ml 24 hours later,and 1.9 ng/ml
48 hours after entry. E. Kang et al. (2023) sug-
gested that alpha-amylase should be measured
in saliva along with cortisol, as it was proven to
correlate with cortisol levels under painful stress.

However,following E.Chmelikovaetal.(2020),
the determination of salivary cortisol as a stress
marker also has certain limitations.The influence
of individual variability in the level of the hor-
mone cortisol in an animal can lead to misinter-
pretation of the data. Therefore, research should
be supplemented with observations of animal
behaviour, although symptoms of behavioural
stress may not always correlate positively with
cortisol production. It is advisable to supple-
ment cortisol measurements with other stress
markers in animals. R. Palme (2019) noted that
the activity of the hypothalamic-pituitary-adre-
nal system can be monitored non-invasively by
measuring faecal cortisol/corticosterone metab-
olites (FCM). However, physiological or biologi-
cal validation of the methods used is mandatory
for objective results.

Regarding the content of cortisol in urine,
its concentration reflects the level of unbound
and biologically active cortisol in the blood
plasma. Measurement of free urinary cortisol is
clinically important in the diagnosis of Cushing’s
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Syndrome. Not only does it measure cortisol lev-
els as a stress marker, but it also analyses the
content of ACTH, prolactin, secretory immuno-
globulin A, catestatin and vasostatin in saliva, as
well as salivary a-amylase activity.

In addition to the physiological parameters
of stress, a visual assessment of the behaviour of
dogs under stress should be considered. Veteri-
narians should keep in mind the factors associ-
ated with stress in service dogs not only at the
diagnostic stage but also during further therapy.

Methods of overcoming stress in dogs
Normalisation of the condition of an animal after
prolonged exposure to stressful factors requires
time and appropriate medical care. Methods of
correcting stressful conditions in dogs are based
on limiting the impact of stress factors and cre-
ating a calm, quiet place for the animal with safe
objects and a familiar smell. Cortisol levels in the
blood decrease most rapidly during the dog’s nat-
ural actions, such as chewing and biting, during
free exploration of the territory and sniffing of the
environment, and sleep. C. Siracusa et al. (2008)
indicated that a dog should not be encouraged
to play after a stressful event, as games and oth-
er intense physical activities exacerbate stress
by stimulating the same mechanisms that are
activated in the body during the stress response.
G. Fallani et al. (2007) noted that playful interac-
tion between the animal and its owner reduces
cortisol levels in dogs. Medication therapy can
help to ease a dog’s stress response and help to
learn new behaviours. Many medications are used
to relieve anxiety symptoms, and behavioural or
sensory disturbances, but not all are registered as
veterinary medicines for dogs.

The drug of choice for acute stress is gab-
apentin. According to S. Nichiporuk et al. (2023),
the use of gabapentin in a dose of 15-30 mg/kg
for dogs every 6-8 hours, if necessary, prevents
the development of a stress reaction in animals.
In addition, alprozolam can be used immediate-
ly after exposure to a stressor at a dose of 0.04-
0.08 mg/kg every 6-8 hours.
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S.A. Kim et al. (2022) indicated that admin-
istration of trazodone at a dose of 9-12 mg/kg
to dogs once before transport reduces signs of
stress and is useful as a means of preventing
anxiety in dogs. M. Brown et al. (2024) also noted
that trazodone significantly reduces plasma cor-
tisol concentrations through alpha-1 adrenergic
activity, and therefore can be used to treat anxie-
ty and stress in service dogs. However, the use of
this drug in dogs with adrenal disease may affect
diagnosis and clinical decision-making. E. Yal-
cin (2010) recommends using the antidepressant
clomipramine in combination with gabapentin or
trazodone at a dose of 0.5-2 mg/kg twice daily.

The effectiveness of clomipramine in the
treatment of noise fear and anxiety in dogs was
reported by K. Seksel & MJ. Lindeman (2001),
who administered the drug at a dose of
1-2 mg/kg body weight and noted a calming ef-
fect. O. Williamson et al. (2024) proved the effec-
tiveness of clomipramine hydrochloride at a dose
of 2 mg/kg and fluoxetine hydrochloride at a dose
of 1 mg/kg per day in relieving anxiety and stereo-
typical behaviour in dogs. A. Erickson et al. (2020)
compared and confirmed the benefits of gabapen-
tin, trazodone, oral dexmedetomidine and alpra-
zolam in dogs with increased anxiety and stress.

The sedative effect of cannabinoids on ani-
mals is crucial. For instance, H.E. Flint et al. (2024)
reported that the use of cannabidiol distillate,
which does not contain tetrahydrocannabinol
(CBD), reduces physiological and behaviour-
al indicators of stress in dogs during transport.
I. Corsato Alvarenga et al. (2023) and C.HJ. Yu &
H.PV. Rupasinghe (2021) also noted the positive
effects of cannabidiol (CBD) for the treatment of
reducing anxiety and aggression in dogs. M. Susol
& A. Vinyarska (2024) noted the potential ben-
efits of CBD in reducing stress, and maintaining
health and immunity in animals, and its use is
considered one of the main elements of an inte-
grated approach to animal care. In addition to the
drugs described above, J. Coates (2023) also used
amitriptyline, buspirone, diazepam, lorazepam,
paroxetine, and sertraline to treat and prevent
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stress disorders in dogs. To prevent stress in dogs,
products containing herbal components such
as KalmVet, Anti-stress, No stress, and synthetic
compounds such as Stop stress, Dolvit calm, An-
tistress and Stressostop can be used. There is also
an anti-stress diffuser called Adaptil, which con-
tains a synthetic pheromone that calms dogs.

Notably, the normalisation of an animal’s
condition under chronic stress requires time. The
primary goal of treatment of animals returning
from the combat zone is to eliminate the associ-
ative links in the animal’s mind that bring it back
to the stressful situation.

Conclusions
Human-animal interaction is becoming increas-
ingly relevant globally. Service dogs are used in
operational and investigative activities, perform
security, transportation, and detection of illegal
substances or explosives, and accompany peo-
ple with various sensory, mental or psychological
disorders. The use of service dogs for the treat-
ment of post-traumatic stress disorder in military
personnel returning from the combat zone has a
positive impact on their mutual emotional health
and well-being. At the same time, service dogs of-
ten react to stressors in the same way as humans.

service environment, or cumulative reactions for
an animal suffering from stress, fatigue, pain or
several other factors. Signs of stress and fear are
manifested in the animal’s body language, pos-
ture and attitude to work tasks.

The main behavioural reactions of stress in
service dogs are aggression, refusal to perform
tasks, increased excitability, rapid fatigue, stereo-
typical behaviour, digestive system disorders, and
depression. Diagnostics of stressful conditions in
animals include a thorough analysis of stress fac-
tors, exclusion of concomitant diseases, analysis
of catecholamines in blood, saliva, hair, immuno-
logical parameters, metabolic disorders and be-
havioural changes.

Methods of correction for stress in service
dogs include drug therapy, elimination of stress
factors, creation of comfortable conditions for the
animal, and correction of negative experiences
through positive training and socialisation. At the
same time, it is necessary to improve the study
of behavioural medicine and develop a method-
ological framework for determining behavioural
and physiological markers of stress in service
dogs during their service tasks in military oper-
ations.

Therefore, it is necessary to study and determine Acknowledgements
the signals that indicate changes in the body of  None.
these animals.
Stress in service dogs, their fear and behav- Conflict of Interest
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Bnnue cTpecy Ha opraHi3m cny)x60Bux co6ak Ta MeToAM Oro KopekLuii:
ornapj nitepatypum

Ceprin Nononypa

[loKTOp BETepUHAPHMX HAYK, AOLEHT

HauioHanbHui yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHK
03041, Byn. lepoie O6opoHu 15, m. Kuis, YkpaiHa
https://orcid.org/0000-0001-9149-0540

Haranis Boiiko

KaHaunaT BeTeprHapHUX Hayk, LOLEHT

HauioHanbHWi1 yHiBepcuTeT BiopecypciB i NpUpoaoKOPUCTYBaHHS YKpaiHu
03041, Byn.Tepois O6opoxu 15, M. Kuis, YkpaiHa
https://orcid.org/0000-0001-9954-4099

TeTtaHa HemoBa

KaHannaT BeTeprHapHUX HayK, JOLEHT

HauioHanbHWi1 yHiBepcuTeT BiopecypciB i NpUpoAOKOPUCTYBaHHS YKpaiHu
03041, Byn.Tepois O6opoxu 15, M. Kuis, YkpaiHa
https://orcid.org/0000-0003-2539-3237

Mukona LBinixoBcbkui

LokTop 6ionoriyHmx Hayk, npodecop

HauioHanbHwuii yHiBepcuTeT BiopecypciB i NpMPOAOKOPUCTYBAHHS YKpaiHu
03041, Byn. lepois O6opoHu 15, m. Kuis, YkpaiHa
https://orcid.org/0000-0002-5663-6644

AHoTauif. CTpec BUKIMKAE 3MiHU B IMYHHI, HEPBOBI Ta EHAOKPUHHIN CUCTEMAX, LLLO MOXE MPU3BOAUTH
[0 3aXBOPIOBaHb i NpobneM 3 MoBeAiHKOW Yy TBAapWH. [loCNiAXeHHS uMX 3MiH O03BONSE PO3POOUTU
edeKTUBHI MeToaM AiarHocTvku Ta npodinakTuku. Metoro pobotn 6yno focniavTi BRAMB CTpecy Ha
opraHiaM cobak Ha aHaTOMiYHOMY Ta i3ioNoriYHOMyY piBHAX; METOAIB AiarHOCTUKM, 3aC0BiB NiKyBaHHS
Ta NPOQiNaKTUKKM CTPECOBMX PO3MaAiB Y UMX TBAPUWH. Y CTaTTi NpOaHani3oBaHO HAayKoBi nybikauii woao
BMSIBNIEHHS, AiarHOCTMKM, KOHTPOKO Ta NiKyBaHHS Cny60BMx cobak 3a CTpecoBuX CTaHiB. MeTogamu
MOPiBHSIHHA, CMHTE3Yy Ta aHanily 3adikCOBaHO OCHOBHI KpwuTepii, ki fomnomaraiTb AudepeHLitoBaTh
pi3Hi GopMK NoBeAiHKOBMX peakLii y cnyx60Bux cobak 3a BNAMBY cTpecopi. BctaHoBneHo disionoriyHi
KpuTepii, Ha fKi BapTo onuMpaTUca nif 4Yac AiarHOCTMKM CTpecy Ta OMWCAHO MeToAM [AiarHOCTUKM
CTPECOBUX CTaHIB y cnyxboBux cobak. CnyxboBi cobaku € Binbll CTPECOCTIMKMMMU, HiX iHWI TBApPUHMU,
npoTe BOHM TaKOX MiAAatoThCs BNAMBY HeraTMBHMX (DaKTOpiB 30BHILUHBOIO cepenosumiua. Lie npussoguts
[0 di3i0NoriYHMX 3MiH B OpraHi3Mi TBapuH, WO BiL0OPAXKAETHCA HA iX pO6OTO34aTHOCTI Ta MOBELIHKOBUX
peakuisx. BusHayeHo disionoriyHi Ta NoBeLiHKOBI Mapkepu rocTporo i XpOHiYHOro ctpecy B cobak.
MpoaHanizoBaHi 3MiHM B iIMyHHIW cucTeMi cobak Ta 3HAYEHHS KOPTU30/Y K KOPensuiAHoro 3i cTpecom
Mapkepa. BusHaueHo, Wo BMICT KOpTM30/1y B MAa3Mi KPOBi, CIMHI, BONOCCI KOPENOE i3 MOKa3HMUKaAMU
CTpecy y TBapuH, TpOTe MOXE 3aNeXaTu TakoX Bif 6araTbox iHWKX dakTopis. Lle Bkasye Ha Te, Wwo nig vac
LiarHOCTUKM CTpecy Y TBApUH HE MOXHA MOKaAaTUCS NULLIE Ha Liei NOKa3HWK. Pe3ynbtatn AoCnioKeHHs
6yoyTb KOPUCHUMM MpU po3pobLi AiarHOCTUYHMX KpUTEpIiiB Ta METOLIB KOHTPOK i KOpekLii 3MiH B
OpraHi3mi TBapUH, BUKJIMKAHUX CTPECOBUMM SBULLAMM

KniouoBi cnoBa: roctpuii CTpec; XpOHiYHMiA CTpec; [AiarHOCTMKA; MOBEAiIHKOBI 3MiHW; KOpPTU30;
NOCTTPaBMATUUYHUI CTPECOBUI po3nas
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