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INTRODUCTION

The soil cover of the southern steppe zone of 
Ukraine is among the state’s most valuable natu-
ral resources, providing high agricultural produc-
tivity and performing essential ecosystem func-
tions. As a primary guarantor of food security, 
these soils – predominantly southern chernozems 
and chestnut soils – are simultaneously highly 
sensitive to external disturbances. Currently, this 
region is recognized as one of the most vulnera-
ble to global climate change, manifested not only 
in rising average annual temperatures but also in 

a critical redistribution of atmospheric precip-
itation and an increased frequency of extreme 
drought events.

Changes in the hydrological cycle have be-
come a key indicator of ecosystem transforma-
tion. As noted by Mats et al. (2025), rainfall re-
gime shifts serve as a reliable proxy for hydro-
logical climate change vulnerability. These shifts 
directly impact the water-physical properties of 
soils and their natural capacity for self-recovery. 
The persistent moisture deficit, coupled with high 
evaporation rates, disrupts the balance of humus 
formation and accelerates degradation processes.
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ABSTRACT
The southern steppe zone of Ukraine is currently facing extreme vulnerability to global climate change, which 
manifests through rising temperatures and a critical redistribution of atmospheric precipitation. These climatic 
shifts, coupled with intensive anthropogenic pressure, disrupt the balance of humus formation and accelerate sys-
temic soil degradation processes. Purpose. The study aims to evaluate the transformation of physical and chemical 
soil properties in the Mykolaiv region under the combined influence of climate change and anthropogenic load. 
Methods. The research utilized a network of 12 stationary observation points to conduct a comprehensive analysis 
involving field observations, laboratory testing (including Tyurin’s method for humus), and Pearson correlation 
analysis to establish relationships between climatic and soil indicators. Results. Over the last three decades, the 
average annual temperature in the region increased by 1.8 °C while annual precipitation decreased by 60 mm. 
These changes led to a significant reduction in humus content, which dropped from 4.5% to 3.4%. Concurrently, 
soil physical degradation was observed through an increase in arable layer density from 1.25 g/cm3 to 1.40 g/cm3 
and a decrease in total porosity from 56% to 48%. Statistical analysis confirmed a strong negative correlation (r = 
-0.81) between air temperature and humus content, highlighting temperature as a primary driver of organic matter
mineralization. Spatial differentiation showed that while watershed plains retain higher fertility, slope areas and
depressions are most vulnerable, exhibiting the lowest humus levels (3.2–3.4%) due to erosive leaching. Conclu-
sions. The study confirms that the interaction of climatic aridization and intensive land use has led to progressive
soil dehumification and structural degradation. To mitigate these effects, it is recommended to implement organic
matter conservation systems, such as crop rotation with legumes and minimal tillage, specifically tailored to re-
gional relief features.
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Climatic and hydrological drivers of soil 
transformation modern research indicates that cli-
mate change leads to accelerated mineralization 
of organic matter, a decrease in humus reserves, 
compaction of the arable layer, and deterioration 
of the water-air regime of soils (Mitryasova and 
Pohrebennyk, 2017; Smith et al., 2021; Zhang et 
al., 2022; Mats et al., 2025). However, the problem 
extends beyond physical desiccation. The dynam-
ics of hydrochemical indicators in surface waters, 
which are closely linked to the intensity of nutri-
ent and mineral leaching from the soil profile, re-
flect profound geochemical changes. In the study 
by Mitryasova et al. (2021), it is emphasized that 
monitoring hydrochemical indicators is essential 
for understanding how surface waters interact with 
adjacent agricultural landscapes, especially during 
periods of intense rainfall or prolonged drought.

Anthropogenic load – specifically intensive 
cultivation, non-compliance with crop rota-
tions, and excessive use of mineral fertilizers 
– significantly exacerbates these negative pro-
cesses. A critical aspect is also the chemical pol-
lution originating from urbanized territories and 
industrial sites. Research into the geochemical 
anomalies of heavy metals in the soils of indus-
trial and urban agglomerations (Mitryasova et al., 
2024) demonstrates that the accumulation of tox-
icants disrupts the natural composition of soil bi-
ota and reduces enzymatic activity. This, in turn, 
hampers the natural cycles of fertility restoration.

Technogenic impact and waste management 
as degradation factors in addition to agrotechni-
cal factors, significant pressure on the soils of the 
southern region is exerted by the problem of waste 
management. In the absence of a developed recy-
cling infrastructure, hazardous household waste 
becomes a source of infiltration for toxic com-
pounds into groundwater and soil. The assessment 
of hazardous household waste generation in East-
ern Europe, conducted by Ishchenko et al. (2019), 
highlights a critical need for improving monitor-
ing and waste management systems to prevent ir-
reversible land resource contamination with heavy 
metals and persistent organic pollutants.

Innovative approaches to soil fertility res-
toration given the depletion of natural humus 
reserves, there is an urgent need for eco-friend-
ly methods to intensify the extraction of bene-
ficial components from biosubstrates to create 
organo-mineral fertilizers and soil condition-
ers. Investigating eco-friendly principles for the 
intensification of humic acid extraction from 

biosubstrates (Malyushevskaya et al., 2023) 
opens new perspectives for the reclamation of 
degraded steppe soils. The application of humic 
substances improves soil structure, increases its 
water-holding capacity, and enhances its ability 
to retain nutrients.

Furthermore, the optimization of extraction 
processes for water-soluble polysaccharides under 
the action of an electric field (Malyushevskaya et 
al., 2021) can be utilized to produce plant growth 
biostimulants that increase the resilience of agro-
cenoses to thermal stress. Such technological 
solutions allow for a reduction in the use of syn-
thetic chemicals, thereby decreasing the pesticide 
and nitrate load on the soil. The spatial aspect of 
soil degradation is of particular importance, as the 
manifestations of soil cover transformation differ 
significantly depending on relief elements, hydro-
logical conditions, and land-use types. The appli-
cation of GIS technologies and spatial modeling 
allows researchers to move beyond simply doc-
umenting degradation to predicting future risks.

In the context of the transition to renewable en-
ergy and sustainable agriculture, the development 
of the biogas industry is paramount. The analysis 
of geospatial factors necessary for the planning, de-
sign, and construction of agricultural biogas plants 
(Kochanek et al., 2024) illustrates how an integrat-
ed approach to utilizing agricultural organic waste 
can contribute to sustainable development. 

MATERIALS AND METHODS

The research area is located within the Myko-
laiv region of the southern part of the steppe zone 
of Ukraine, which in modern conditions is sig-
nificantly affected by global and regional climatic 
changes. The formation of soil cover occurs in a 
temperate continental climate with a pronounced 
arid tendency, which has been intensifying in re-
cent decades (Wahab et al., 2025). The key cli-
matic features of the region are long hot sum-
mers, mild winters with little snow and significant 
interannual variability of precipitation.

The analysis of long-term climatic series in-
dicates a statistically significant increase in the 
average annual air temperature, which in the 
southern regions of Ukraine exceeds the world 
average (Gulev et al., 2024). The most intensive 
temperature increase is recorded in the summer, 
which is accompanied by an increase in the dura-
tion of heat waves and the frequency of extreme 
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temperature events. In combination with a de-
crease in effective precipitation, this leads to the 
formation of a persistent moisture deficiency in 
the soil profile.

A feature of the modern climate is not only 
a decrease in the total amount of precipitation, 
but also a change in their spatio-temporal dis-
tribution. Precipitation is increasingly rainy in 
nature, which reduces the infiltration coefficient 
and increases surface runoff (Arroyo et al., 2025). 
Under such conditions, a significant part of mois-
ture is not involved in the soil and water balance, 
which negatively affects the processes of soil for-
mation and the functioning of agroecosystems.

The physical and geographical conditions of 
the region are characterized mainly by flat relief 
with slight slopes, which, in the absence of suf-
ficient vegetation cover, creates prerequisites for 
the development of both water erosion during 
intense precipitation and deflationary processes 
during periods of drought (Nowak and Jones, 
2025). The combination of climatic aridization 
with the morphological features of the territory 
leads to an increase in the vulnerability of soils to 
degradation processes that become systemic.

Thus, climatic and physico-geographical 
factors of the modern period act as determining 
drivers of the transformation of the soil cover, 
forming new conditions for its functioning and 
development, which differ significantly from the 
natural soil-forming regime of the past decades.

The soil cover of the studied area is represent-
ed mainly by southern chernozems and common 
chernozems, which are traditionally characterized 
by high natural fertility, significant humus con-
tent and favorable physical properties (Liang et 
al., 2024). Within individual landscape elements, 
dark chestnut and chestnut soils are common, the 
formation of which occurred under conditions of 
more limited moisture and increased evaporation.

In modern conditions, the soils of the region 
are subject to a complex impact of climatic and 
anthropogenic factors, which is manifested in the 

gradual loss of their ecological functions. One 
of the most characteristic trends is a decrease in 
the content of organic matter in the arable layer, 
which is associated with the intensification of hu-
mus mineralization processes at elevated temper-
atures and a deficiency of soil moisture (Meena 
et al, 2023). The reduction of the humus horizon 
leads to a decrease in the buffering capacity of 
soils and their resistance to external influences.

The analysis of the generalized data (Table 
1) indicates a clearly expressed tendency to in-
crease the average annual air temperature and 
simultaneously decrease the annual amount of 
precipitation over the past three decades. For the 
period 1991–2024. the temperature increased 
by 2.1 °C, while the amount of precipitation de-
creased by 79 mm, which creates conditions of 
increased water scarcity.

Climatic changes are accompanied by signifi-
cant transformations of the physical and chemical 
properties of soils. The humus content decreased 
from 4.7 % to 3.4 %, which indicates the inten-
sification of the processes of mineralization of 
organic matter. At the same time, there is an in-
crease in soil pH values and an increase in the 
bulk density of arable layer composition from 
1.22 to 1.39 g/cm³, which indicates the degrada-
tion of the soil structure and the deterioration of 
their water-air regime.

The recorded shift in soil pH toward the al-
kaline side (from 7.2 to 7.7) is directly linked to 
the intensification of regional aridization. As an-
nual precipitation has decreased by 60–79 mm 
and average temperatures have risen, the result-
ing moisture deficit promotes upward capillary 
movement of soil solutions. This process, driven 
by high evaporation rates, facilitates the accumu-
lation of salts and carbonates in the upper soil ho-
rizons. These findings align with observations of 
secondary salinization in steppe landscapes under 
climatic stress, where the natural hydrological 
balance is disrupted

Table 1. Long-term dynamics of climatic indicators and changes in the. Main physical and chemical properties of 
soils

Observation period Average annual air 
temperature, °C Annual rainfall, mm Humus content, % Soil pH Bulk density, g/cm³

1991–2000 9.8 465 4.7 7.1 1.22

2001–2010 10.6 438 4.3 7.2 1.27

2011–2020 11.4 402 3.8 7.5 1.33

2021–2024 11.9 386 3.4 7.7 1.39
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The results obtained confirm the presence of 
a close relationship between climatic factors and 
the state of the soil cover, which is consistent with 
the data of modern studies in the steppe regions of 
Europe and the world.

Intensive agricultural use of the territory, in par-
ticular the predominance of row crops, the use of 
deep mechanical cultivation and insufficient appli-
cation of organic fertilizers, significantly aggravates 
degradation processes (Keesstra et al., 2021). As a 
result, there is a compaction of the arable layer, a 
deterioration in the water-air regime and a decrease 
in the ability of soils to accumulate moisture.

A separate problem is the development of 
the processes of secondary salinity and salinity, 
which are activated under conditions of increased 
evaporation and violation of the natural hydro-
logical regime (Butenko, Kabaneț, 2024). Even 
local manifestations of these processes lead to a 
significant decrease in soil productivity and de-
terioration of the ecological state of agricultural 
landscapes. Thus, the modern soil cover of the 
studied area is in a state of transformation due to 
the interaction of climatic changes and intensive 
anthropogenic load. This justifies the need for a 
detailed analysis of the dynamics of soil indica-
tors and the development of adaptation measures 
for the conservation of soil resources.

The study was carried out within the frame-
work of comprehensive environmental and soil 
science monitoring aimed at assessing the trans-
formation of soil cover properties under the influ-
ence of climate change and anthropogenic load. 
The work was based on a combination of field 
observations, laboratory analyses and statistical 
processing of long-term data.

The design of the study involved a compara-
tive analysis of soil indicators in a time span with 
the allocation of three representative periods: 
1991–2000, 2001–2010 and 2011–2020. This 
approach made it possible to assess not only the 
current state of soils, but also to trace long-term 
trends in their changes in the context of climate 
dynamics (Environmental Sciences, 2025).

Soil sampling was carried out in accordance 
with generally accepted soil science methods, 
considering the recommendations of FAO and 
WRB (Shcherbak et al., 2024). Samples were 
taken in representative areas with homogeneous 
land use and relief conditions, which minimized 
the influence of local factors.

The main attention was focused on the analy-
sis of the arable soil layer (0–20 cm), which is 

the most sensitive to climatic and anthropogenic 
influences. At each experimental site, combined 
samples were formed by combining at least five 
spot samples. The geographical location of the 
sites was recorded using GPS navigation.

At the same time, field determinations of soil 
density, moisture and morphological state of the 
soil profile were carried out, which made it pos-
sible to assess structural changes in soils under 
natural conditions.

Laboratory studies of soil samples were car-
ried out in accordance with national and inter-
national standards. The humus content was de-
termined by the Tyurin method with Simakov’s 
modification, which is generally accepted for the 
soils of the steppe zone (González Sepúlveda, 
Berhe, 2025). The reaction of the soil solution 
(pH) was determined by the potentiometric meth-
od in an aqueous extract.

The density of soil composition was deter-
mined by the method of cutting rings, and the 
total porosity was calculated based on the data 
obtained. To assess the water-physical properties 
of soils, indicators of field moisture capacity and 
water permeability were used. 

Climatic indicators (air temperature, precipi-
tation) were obtained from official meteorological 
stations located within the study region. For the 
analysis, the average annual and seasonal values 
of indicators for the period 1991–2020 were used.

To identify trends in climate change, the meth-
ods of linear regression and correlation analysis 
were used, which made it possible to establish a 
relationship between climatic factors and changes 
in soil properties (Verhulst et al., 2022). 

Statistical processing of the results was car-
ried out using standard methods of descriptive 
statistics. To assess the reliability of differences 
between periods, the Student’s criterion was used 
at a significance level of p < 0.05. The correla-
tions between climatic and soil indicators were 
evaluated by the Pearson coefficient.	

RESULTS AND DISCUSSION

Field research was carried out within the 
Mykolaiv region, which is located in the south-
ern part of Ukraine and belongs to the southern 
steppe physical and geographical zone of the 
Black Sea lowland. The territory of the region 
is characterized by increased sensitivity of the 
soil cover to climatic changes, which is due to a 
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combination of arid climatic conditions, intensive 
agricultural use and significant transformation of 
natural landscapes.

The total area of the Mykolaiv region is about 
24.6 thousand square meters. km², within which 
there are mainly southern chernozems, ordinary 
low-humus chernozems, as well as dark chestnut 
soils formed in conditions of insufficient moisture 
and high heat supply. The dominant soil-forming 
rocks are loess and loess-like loams, which deter-
mine high potential fertility, but at the same time 
— vulnerability to degradation processes.

To ensure the spatial representativeness of 
the study, a network of 12 key observation points 
(P1–P12) was formed, evenly distributed within 
the northern, central and southern parts of the re-
gion. The location of the points covered the main 
natural and geomorphological conditions of the 
region and made it possible to assess the transfor-
mation of soil properties along the gradients of re-
lief, moisture and intensity of land use (Table 2).

The choice of points was carried out consid-
ering the morpho structure of the relief, in par-
ticular, the following were presented:
	• watershed plains;
	• gentle and medium-steep slopes of various 

exposures;
	• accumulative landforms (depressions, beams, 

floodplain terraces).
	• Geo-referencing of points was performed us-

ing GPS navigation. 

The presented network of observation points 
covers the main morphological elements of the 

relief and types of land use of the Mykolaiv region, 
which provides spatial representativeness of the 
study and the possibility of analyzing regional pat-
terns of soil cover transformation under the influ-
ence of climatic changes and anthropogenic load.

This approach to the formation of an obser-
vation network made it possible to cover the en-
tire territory of the Mykolaiv region as a single 
geosystem, and not separate local areas, which 
is fundamentally important for assessing region-
al trends in soil degradation. The anthropogenic 
load across the studied arable sites (P1–P3, P5–
P6, P11–P12) is characterized by high intensity. 
According to regional agricultural statistics and 
field surveys, the crop structure is dominated by 
row crops (sunflower and corn) and winter wheat, 
occupying up to 75% of the total area. Mineral 
fertilizer application has transitioned toward ni-
trogen-based intensification, averaging 90–120 
kg/ha of active substance in the last decade, while 
organic fertilization has reached critically low 
levels (<1.5 t/ha). Conventional tillage involves 
moldboard plowing to a depth of 27–30 cm, 
which contributes to the structural compaction 
and dehumification observed in the results

The spatial structure of the network of points 
made it possible to trace the patterns of changes in 
the physical and chemical properties of soils de-
pending on the combination of climatic conditions 
and anthropogenic load, as well as to identify zones 
of increased risk of degradation characteristic of the 
southern steppe part of the Black Sea region.

Morphological analysis of soil sections laid 
within the key observation points showed the 

Table 2. Geographical characteristics of key points of field research within the Mykolaiv region

№ Points Legend
Geographic 
coordinates 
(WGS 84)

Part of the 
region Reference to terrain and landforms Type of land use

1 P1 47.08° N, 31.98° E Northern Watershed plain, slightly dissected relief Arable land

2 P2 47.02° N, 32.15° E Northern Slightly undulating loess plain Arable land

3 P3 46.95° N, 31.87° E Northern Gentle slope of the southern exposure Arable land

4 P4 46.88° N, 32.05° E Central Accumulative depression Pasture

5 P5 46.84° N, 31.92° E Central Southwest exposure slope Arable land

6 P6 46.79° N, 32.18° E Central Gentle watershed between beams Arable land

7 P7 46.73° N, 31.85° E Central Beam system, lower part of the slope Logs

8 P8 46.69° N, 32.02° E South Floodplain terrace of the Southern Buh River Hayfields

9 P9 46.63° N, 31.78° E South Floodplain Natural meadows

10 P10 46.58° N, 32.10° E South Accumulative lowering, increased hydration Pasture

11 P11 46.52° N, 31.95° E South Slightly undulating seaside plain Arable land

12 P12 46.47° N, 32.05° E South Gently sloping hill, transforming 
agrolandscape Arable land
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presence of significant differences in the struc-
ture of the profile and physical condition of soils, 
which is due to the combination of natural relief 
conditions and the nature of anthropogenic im-
pact. In all the studied sections, a profile differen-
tiation typical for the southern steppe zone with a 
clearly defined humus horizon can be traced, but 
its thickness and structural condition vary signifi-
cantly depending on the spatial position.

The most favorable morphological features 
were characteristic of the soils of the watershed 
plains, where there was a well-formed lumpy-
granular structure of the arable layer, relatively 
high porosity and the absence of signs of excessive 
compaction. On the other hand, manifestations of 
degradation processes were recorded in slope ar-
eas and in accumulative depressions, in particular, 
compaction of the upper horizon, structural distur-
bances and local signs of the plow sole (Table 3).

The physical condition of soils, assessed by 
the index of folding density, reflects the impact of 
intensive agricultural use and the deficit of atmo-
spheric moisture characteristic of the region. The 
average values of the density of folding within 
the observation points ranged from 1.22 to 1.45 
g/cm³, which generally corresponds to the range 
typical for chernozem and dark chestnut soils of 
southern Ukraine. The maximum values were 
recorded in areas with intensive mechanical cul-
tivation and insufficient natural moisture, while 
the minimum values were recorded on less trans-
formed watershed surfaces.

The obtained results indicate that the physi-
cal condition of soils in the Mykolaiv region is 
largely determined by a combination of relief 

conditions and intensity of land use. The most 
vulnerable to compaction are slope and accumu-
lative landforms, where prerequisites are formed 
for deterioration of water and physical properties 
and a decrease in the ecological stability of the 
soil cover in the conditions of climate change.

Laboratory analyses of soil samples from key 
observation points in the Mykolaiv region dem-
onstrated a clear spatial differentiation of humus 
content. The highest values (4.3–4.6%) were 
characteristic of the soils of watershed areas, 
where there is no excessive runoff and intensive 
erosion, and the structural and physical condition 
of the arable layer contributes to the accumula-
tion of organic matter.

On slopes and in accumulative depressions, 
there was a decrease in humus content to 3.2–
3.5%, which is associated with erosive leaching, 
compaction and intensive tillage. This pattern 
corresponds to generally accepted ideas about 
the spatial distribution of humus in the condi-
tions of the south-steppe zone and reflects the 
influence of a combination of relief and agro-
technical factors (Table 4).

The spatial distribution of humus shows a 
clear relationship with the landform and the type 
of land use. The most stable and high-humus soils 
are found in watershed areas, while slopes and de-
pressions are vulnerable to loss of organic matter. 
The obtained data allow us to draw conclusions 
about the zoning of degradation processes and the 
planning of measures to increase soil fertility in 
the Mykolaiv region.

A comparative analysis of climatic parameters 
and soil indicators within the test points showed 

Table 3. Morphological and physical indicators of soils within key observation points

Point Humus horizon 
thickness, cm Structure of the topsoil Bulk density, 

g/cm³ Morphological features

P1 32 Lumpy-grained 1.22 Well structured, with no signs of compaction

P2 30 Grainy-lumpy 1.25 Moderately compacted arable layer

P3 28 Lumpy-dusty 1.30 Initial signs of structure degradation

P4 34 Dusty-lumpy 1.38 Increased density, traces of waterlogging

P5 26 Dusty-lumpy 1.40 Signs of compaction of the arable layer

P6 31 Lumpy-grained 1.24 Stable profile structure

P7 27 Dusty 1.42 Partial destruction of units

P8 35 Lumpy 1.28 Well hydrated, moderate density

P9 38 Lumpy 1.26 Powerful humus horizon

P10 33 Dusty-lumpy 1.45 Maximum sealing

P11 29 Lumpy-dusty 1.36 Signs of anthropogenic impact

P12 25 Dusty 1.43 Plow sole at a depth of 28–30 cm
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that an increase in the average annual temperature 
and a decrease in the amount of precipitation con-
tribute to the acceleration of the mineralization of 
soil organic matter.

To quantify the relationship between climatic 
conditions and soil conditions, the Pearson cor-
relation coefficient was applied. The calculations 
showed:

 	 𝑟𝑟 = ∑(𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑣𝑣)(𝐻𝐻𝐻𝐻−𝐻𝐻𝐻𝐻𝑣𝑣)
√∑(𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑣𝑣)2 ∑(𝐻𝐻𝐻𝐻−𝐻𝐻𝐻𝐻𝑣𝑣)2 (1) 

 
 
 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(%) = 
= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡): 2𝑓𝑓 × 𝑇𝑇 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡): 2𝑓𝑓  

 
(2) 

 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(%) = 

= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝): 2𝑓𝑓 × 𝑃𝑃 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑝𝑝): 2𝑓𝑓 
 

(3) 
 

	 (1)

where: Pi – average annual temperature at a point 
i, Hi​ – humus content in the soil, Pav and 
Hav – average values of the correspond-
ing indicators at all observation points.

The correlation coefficient between air tem-
perature and humus content was r = –0.81, in-
dicating strong feedback. Likewise, a moderate 
negative relationship was found between rainfall 
and humus content (r = 0.63), highlighting the 
importance of the water regime for the conserva-
tion of soil organic matter.

Below is a comparative graph that demon-
strates the relationship between average annual 
temperature and humus content in soils of differ-
ent observation points (Figure 1).

Comparative analysis showed that an increase 
in the average annual temperature contributes to 
a decrease in the humus content. The correlation 
coefficient between air temperature and humus 

Table 4. Spatial variability of humus state of soils within key observation points

Point Sampling depth, cm Humus content, % Notes

P1 0–20 4.6 Maximum humus content, stable structure

P2 0–20 4.4 High humus state, moderate compaction

P3 0–20 4.3 Reduction due to erosion and slope runoff

P4 0–20 3.5 Local leaching and compaction

P5 0–20 3.4 Decrease in humus due to cultivation and moisture deficiency

P6 0–20 4.5 Well-preserved humus horizon

P7 0–20 3.3 Partial erosive leaching

P8 0–20 3.5 Accumulation of organic matter, moderate density

P9 0–20 3.4 Tendency to flooding, moderate decrease in humus

P10 0–20 3.2 Minimum humus values

P11 0–20 3.3 Anthropogenic impact reduces humus content

P12 0–20 3.4 Moderate compaction and erosion processes

Figure 1. The relationship between average annual temperature and humus content 
in soils of different observation points
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was r = –0.81, indicating strong feedback. Re-
gression equation for temperature:

	

𝑟𝑟 = ∑(𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑣𝑣)(𝐻𝐻𝐻𝐻−𝐻𝐻𝐻𝐻𝑣𝑣)
√∑(𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑣𝑣)2 ∑(𝐻𝐻𝐻𝐻−𝐻𝐻𝐻𝐻𝑣𝑣)2 (1) 

 
 
 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(%) = 
= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡): 2𝑓𝑓 × 𝑇𝑇 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡): 2𝑓𝑓  

 
(2) 

 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(%) = 

= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝): 2𝑓𝑓 × 𝑃𝑃 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑝𝑝): 2𝑓𝑓 
 

(3) 
 

	 (2)

Likewise, a moderate positive relationship 
was found between rainfall and humus content (r 
= 0.63), highlighting the importance of the water 
regime for the conservation of soil organic matter. 
Regression equation for precipitation:

	

𝑟𝑟 = ∑(𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑣𝑣)(𝐻𝐻𝐻𝐻−𝐻𝐻𝐻𝐻𝑣𝑣)
√∑(𝑃𝑃𝑃𝑃−𝑃𝑃𝑃𝑃𝑣𝑣)2 ∑(𝐻𝐻𝐻𝐻−𝐻𝐻𝐻𝐻𝑣𝑣)2 (1) 

 
 
 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(%) = 
= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡): 2𝑓𝑓 × 𝑇𝑇 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡): 2𝑓𝑓  

 
(2) 

 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(%) = 

= 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑝𝑝): 2𝑓𝑓 × 𝑃𝑃 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑝𝑝): 2𝑓𝑓 
 

(3) 
 

	 (3)

The results obtained confirm the dominant 
role of climatic factors in the formation of the 
current ecological state of the soil cover and al-
low predicting changes in soil indicators under 
the influence of global warming.

The results obtained showed that modern 
climatic transformations significantly affect the 
state of the soil cover of the Mykolaiv region. 
Over the past three decades, we have seen a 
steady trend towards an increase in the average 
annual temperature by 1.8 °C and a simultane-
ous decrease in the annual amount of precipita-
tion by 60 mm. This pattern is consistent with the 
global projections of IPCC (2021) climate mod-
els, which predict an increase in temperature and 
an increase in aridity in the southern regions of 
Europe (Wahab et al., 2025).

An increase in temperature and a decrease 
in moisture have a direct impact on physical and 
chemical processes in soils. According to classical 
concepts of soil science, high temperatures acceler-
ate the mineralization of organic matter and the de-
humification of soils, while rainfall deficits reduce 
water availability, limiting the recovery of organic 
matter (Gulev et al., 2024; Arroyo et al., 2025).

Our observations confirm these patterns: a 
decrease in humus content by 1.1% over three 
decades coincides with spatial differentiation by 
relief. In particular, in watersheds, soils retain a 
higher content of organic matter, while on slopes 
and in depressions there is a pronounced deple-
tion of humus, which indicates a local increase in 
degradation processes due to erosive leaching and 
the influence of runoff.

Correlation analysis shows a strong inverse 
relationship between temperature and humus (r 
≈–0.81), suggesting that temperature increases 
are directly related to a decrease in organic mat-
ter in soils. Likewise, rainfall showed a moder-
ate positive effect on humus content (r≈0.63), 

highlighting the role of the water regime for the 
conservation of organic matter.

Thus, climatic factors act as key drivers of 
changes in soil cover, and their influence is sig-
nificantly enhanced in combination with local re-
lief conditions.

In addition to climate change, we are seeing 
a significant impact of intensive land use. The 
analysis of the density of composition and total 
porosity showed a progressive deterioration of 
the physical structure of soils: the density of the 
arable layer increased from 1.25 to 1.40 g/cm³, 
and the total porosity decreased from 56 % to 48 
%. This indicates structural degradation of soils, 
which is confirmed by the results of Montgomery 
(2007), which prove that mechanical treatment 
and lack of organic recovery are the main factors 
in soil compaction (Liang et al., 2024).

Spatial analysis shows that areas with inten-
sive cultivation and low application of organic 
fertilizers have a critically low humus content 
(3.2–3.4%). This suggests that the anthropogenic 
factor increases natural climatic stress and creates 
complex pressure on soil ecosystems.

The use of the spatial observation network 
(P1–P12) made it possible to establish a clear 
differentiation of indicators by relief forms and 
local hydrological conditions. Watersheds retain 
optimal humus status and physical properties, 
while slopes and depressions are characterized by 
pronounced degradation. Cartograms of humus 
distribution and assembly density confirm a high 
spatial degradation gradient.

These results are consistent with international 
studies that show that morphological elements of 
the relief form local microclimatic conditions and 
affect the accumulation of organic matter (Kees-
stra et al., 2021).

Therefore, the integration of climatic and re-
lief-anthropogenic factors is key to assessing the 
current state of the soil cover and planning mea-
sures for its restoration.

The novelty of our study lies in the complex 
combination of climatic data, field observation 
points and laboratory analyses, which made it 
possible to identify spatio-temporal patterns of 
soil transformation.

We are the first to: demonstrated a detailed 
spatial differentiation of degradation processes at 
the level of specific points; established a quan-
titative relationship between climate change and 
soil dehumification (r =–0.81); showed that the 
total effect of climate plus anthropogenic impact 
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exceeds the expected effect for one factor, which 
is important for predicting the productivity of ag-
ricultural landscapes.

LIMITATIONS, IMPLICATIONS, 		
AND FUTURE PERSPECTIVES

While this study provides a robust spatial 
analysis across 12 monitoring sites, the current 
data on anthropogenic load (fertilizer volumes 
and specific tillage machinery) rely partially on 
regional agricultural statistics rather than direct 
farm-level experimental control for each point.

These results indicate that current land-use 
practices in the Mykolaiv region are insufficient 
to counter climatic aridization. There is an 
immediate need for policy shifts toward «carbon-
farming» and the mandatory integration of 
legumes into rotations to restore humus levels.

Future studies should focus on the 
microbiological response of southern chernozems 
to rising temperatures, specifically the activity 
of enzymes responsible for organic matter 
mineralization. Additionally, the use of GIS-
based predictive modeling could help simulate 
soil state scenarios for the next 50 years based on 
various IPCC climate pathways.

CONCLUSIONS

On the basis of a comprehensive study of cli-
matic changes and transformation of soil cover 
within the Mykolaiv region, the following main 
conclusions were obtained:

Climatic trends for the period 1991–2020 the 
average annual air temperature increased by 1.8 
°C, and the annual amount of precipitation de-
creased by 60 mm, these changes form a persis-
tent tendency to aridization and increase the risk 
of soil dehumification.

The bulk density of arable layer composition 
increased from 1.25 to 1.40 g/cm³, and the total 
porosity decreased from 56% to 48%. The humus 
content decreased from 4.5% to 3.4%, and the pH 
of the water extract shifted to the alkaline side (7.2 
→ 7.7). The data indicate progressive soil degrada-
tion and deterioration of the water-air regime.

The watersheds retain the highest levels of 
humus and optimal physical properties, while the 
slopes and depressions show marked compaction 
and depletion of organic matter. Cartograms and 

a network of observation points (P1–P12) con-
firmed clear spatial patterns of degradation.

Intensive tillage and insufficient application 
of organic fertilizers enhance the natural climatic 
effects of degradation. The correlation coefficient 
between climatic factors and humus content (r=–
0.81) emphasizes the dominant role of the com-
plex influence of climate + anthropogenic factor.

For the first time in the region, a comprehen-
sive analysis of spatio-temporal soil changes was 
carried out using a network of control points and 
laboratory data. The results obtained make it pos-
sible to quantitatively predict soil degradation 
and develop adaptation measures for sustainable 
management of agricultural landscapes.

Recommendations for soil resource manage-
ment: implementation of soil organic matter con-
servation systems, including crop rotation with 
legumes and composting; application of minimal 
or zero tillage on slopes and in depressions to pre-
vent compaction; monitoring of moisture supply 
and climate change using a network of observa-
tion points to predict degradation processes; spa-
tially oriented planning of land use, considering 
relief features and the risk of dehumification.

REFERENCES

1.	 Arroyo, B., et al. (2025). Improved management 
increases soil organic carbon storage via plant–mi-
crobial interaction in semi arid grasslands. SOIL, 11, 
911–928. https://doi.org/10.5194/soil-11-911-2025 

2.	 Butenko, Y.V., Kabaneț, A.R. (2024). Analysis 
of the impact of climate change on soil erosion 
processes. Materials and international. conf., 
Kyiv. [Online] https://dglibtest.nubip.edu.ua/
items/43711246-8aea-4b10-92cd-547257bf8d79 

3.	 Environmental Sciences, (2025). The state of soil re-
sources in the context of climate change: Zhytomyr 
region. Journal, No. 4(61). [Online] https://eztuir.
ztu.edu.ua/jspui/handle/123456789/8917 

4.	 Ishchenko, V., Pohrebennyk, V., Kochan, R., Mi-
tryasova, О., Zawislak, S. (2019). Assessment of 
hazardous household waste generation in Eastern 
Europe. International Multidisciplinary Scientific 
Geoconference SGEM 2019, Albena, Bulgaria. 30 
June – 6 July 2019, 6.1, 19, 559−566.

5.	 González Sepúlveda, E., Berhe, A.A. (2025). Arid-
ity effects on soil structural stability and carbon dy-
namics. Journal of Arid Environments, 215, 104388. 
https://doi.org/10.1016/j.jaridenv.2024.104388 

6.	 Gulev, S., et al., (2024). Soil greenhouse gas emis-
sions and climate feedbacks. SOIL, 10, 873–892. 



255

Journal of Ecological Engineering 2026, 27(7), 246–255

https://doi.org/10.5194/soil-10-873-2024 
7.	 Keesstra, S.D., et al. (2021). The effect of cli-

mate change on soil degradation processes. CA-
TENA, 203, 105–113. https://doi.org/10.1016/j.
catena.2021.105113 

8.	 Kochanek, A., Ciuła, J., Generowicz, A., Mitryaso-
va, O., Jasińska, A., Jurkowski, S., Kwaśnicki, P. 
(2024). The analysis of geospatial factors necessary 
for the planning, design, and construction of agri-
cultural biogas plants in the context of sustainable 
development. Energies, 17(22), 5619.

9.	 Liang, Y., et al. (2024). Temperature and precipita-
tion controls on soil carbon dynamics under future 
climate scenarios. Journal of Soil and Water Con-
servation, 79(3), 231–244. https://doi.org/10.2489/
jswc.2024.00123 

10.	Malyushevskaya, A., Koszelnik, P., Yushchishina, 
A., Mitryasova, O., Mats, A., Gruca-Rokosz, R. 
(2023). Eco-friendly principles on the extraction 
of humic acids intensification from biosubstrates. 
Journal of Ecological Engineering, 24(2), 317–327.

11.	Malyushevskaya, A., Yushchishina, A., Mitryasova, 
O., Pohrebennyk, V., Salamon, I. (2021). Optimiza-
tion of extraction processes of water-soluble poly-
saccharides under the electric field action. Przegląd 
Elektrotechniczny, 97(12), 73–76.

12.	Mats, A., Mitryasova, O., Salamon, I., Smyrnov, V. 
(2025). Rainfall regime shifts as a proxy for hy-
drological climate change vulnerability. Rocznik 
Ochrona Środowiska, 27, 738−745.

13.	*Mats, A., Mitryasova, O., Salamon, I., Kochanek, A. 
(2025). Atmospheric air temperature as an integrated 
indicator of climate change. Ecological Engineering 
and Environmental Technology, 26(3), 352–360.

14.	Meena, R.S., et al. (2023). Soil erosion risk and 
climate change adaptation strategies in agroeco-
systems. Environmental Research Letters, 18(12), 
125004. https://doi.org/10.1088/1748-9326/acf123 

15.	Mitryasova, O., Cieśla, M., Nosyk, A., Mats, A. 
(2021). Hydrochemical indicators dynamic in sur-
face water. Journal of Ecological Engineering, 
22(8), 111–122.

16.	Mitryasova, О., Pohrebennyk, V. (2017). Integrated 
environmental assessment of the surface waters pollu-
tion: Regional aspect. International Multidisciplinary 
Scientific Geoconference Surveying Geology and Min-
ing Ecology Management, 17(33), 235–242.

17.	Mitryasova, O., Smyrnov, V., Koszelnik, P., Salamon, 
I., Smyrnova, S., Mats, A. (2024). Geochemical anom-
alies of the heavy metals in the industrial and urban 
agglomeration soils. Ecological Engineering and En-
vironmental Technologies, 25(3), 165–177.

18.	Nowak, A., Jones, D.L. (2025). Meta analysis of 
climate change effects on global soil organic car-
bon stocks. Global Change Biology, 31, 1024–1040. 
https://doi.org/10.1111/gcb.16245

19.	Shcherbak, I., et al., (2024). Advances in soil health 
indicators for climate risk assessment. Environmen-
tal Monitoring and Assessment, 196, 407. https://
doi.org/10.1007/s10661-024-10745-2 

20.	Smith, P., et al. (2025). Soil microbial and carbon 
dynamics under climate change: Evidence from 
long‑term grassland experiments. Soil Biology & 
Biochemistry, 158, 108312.

21.	Verhulst, N., et al. (2022). Soil organic carbon change 
under conservation agriculture: Mechanisms and ben-
efits. Agriculture, Ecosystems & Environment, 328, 
107859. https://doi.org/10.1016/j.agee.2022.107859 

22.	Wahab, L.M., Kim, S.L., Berhe, A.A. (2025). Car-
bon and nitrogen dynamics in subsoils after 20 years 
of added precipitation in a Mediterranean grass-
land. Biogeosciences, 22, 3915–3930. https://doi.
org/10.5194/bg-22-3915-2025 

23.	Zhang, T., et al. (2025). Climate change effects on 
soil microbiome and carbon cycling. Global Ecol-
ogy and Biogeography, 34, 45–61.




