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Soil organic carbon comprises the majority of the terrestrial soil carbon pool and plays an important role in the global carbon
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on photosynthesis, resulting in a positive soil carbon-climate feedback. Climate warming can significantly affect soil organic matter
stocks, with the magnitude of the effect largely dependent on the initial organic matter stock size. Soil carbon content is a crucial
aspect of terrestrial ecosystems that affects their functional properties and the climate. Conversely, climate also has an impact on soil
organic carbon content. The spatial variability of soil organic carbon content and the predictions made for the west-central European
region are also important considerations. The study identified the spatial variation of soil organic carbon throughout Europe and
forecast its dynamics in the next 50-70 years, considering global climate change. Digital soil mapping enables a more precise repre-
sentation of soil properties in space, including the spatial quantification of prediction etrors. The accuracy of these predictions increas-
es as more local observations, such as soil profiles, are available to construct the prediction model. Digital soil mapping allows flexi-
ble spatial development of soil property maps. Soil properties, such as nutrient concentration and stocks, carbon, heavy metals, pH,
cation exchange capacity, and physical properties like particle size and bulk density, can be modelled at different depths and spatial
resolutions depending on the project's objectives and available input data. The r GSOCmap project used a 1 km grid to model soil
organic matter content. In Europe, the range of soil organic carbon content is from 0 to 750 t/ha, with a mean of 78.1 t/ha and a stan-
dard deviation of 50.1 tha. Climatic factors were found to account for 29% of the variation in soil organic carbon based on regression
analysis. The study revealed that an increase in air temperature leads to a decrease in soil organic carbon content, while an increase in
precipitation results in an increase in this indicator. Additionally, the content of soil organic matter is negatively impacted by an in-
crease in the seasonality of precipitation. According to the forecast, global climate change will cause an increase of 1.0-1.1 tha in the
organic carbon content of 3.6% of the continent’s area over the next 70 years. On 7.6% of the area, the changes will be insignificant.
The soil organic carbon content is expected to decrease on 88.9% of the area. Of this, 35.1% will experience a slight decrease in
carbon content by 0-1 t/ha, 28.4% will experience a moderate decrease in soil organic carbon content by 1.0-1.1 tha, and 25.3% will
experience a significant decrease by 1.1-1.3 tha. The Baltic countries, Belarus, and the Black Earth zone of Russia are at the highest
risk. The risk of Russia becoming highly dependent on food imports is increased by this fact. The prospects for Ukraine are quite
optimistic. Even in the northem Azov region, we can expect an intensification of humus accumulation processes in the near future,
mainly due to increased precipitation. Precipitation in southern Ukraine is a limiting factor that significantly affects agricultural prod-
uctivity. Increased precipitation and organic matter growth in the soil present positive prospects for agriculture in southern Ukraine,
including the northem Azov, Black Sea, and Crimea. It is possible that the occupation of these territories, which are promising for
agricultural production, is one of the goals of Russian armed aggression against Ukraine.
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Introduction

Agriculture is a major contributor to anthropogenic global warming.
Reducing agricultural emissions, mainly methane and nitrous oxide, can
play a crucial role in mitigating climate change (Lynch et al., 2021). Cli-
mate change is caused by both natural factors and human activity, and it
has significant impacts on biodiversity, agricultural production, and food
security (Lovynska et al., 2023). Endemic species that are narrowly adap-

ted are particularly at risk of extinction (Kunakh et al., 2023). The concemn
about species extinction is justified as biodiversity provides food for all
forms of life and primary health care for more than 60-80% of people
worldwide (Muluneh, 2021). Global climate change has affected agroeco-
logical conditions, which in turn has impacted the growth of an important
agricultural indicator (Kunakh et al., 2023), the average temperature of the
growing season (Amell & Freeman, 2021). The impact of climate change
on agriculture has been significant, with hotter summers, changes in preci-
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pitation, and increasingly frequent extreme weather events leading to
losses (Diffenbaugh et al., 2021). Furthermore, as the climate continues to
warm in the coming decades, the risks to agriculture will only increase
(Fick & Hijmans, 2017). Therefore, it is crucial to model the state of agri-
culture under future climate conditions (Fitzgibbon et al., 2022).

Soil is a significant carbon storage and contains about 1505 Pg C in
the topsoil, which is about twice as much as in the atmosphere or three
times as much as in terrestrial vegetation (Dlamini et al., 2016). Soil or-
ganic carbon (SOC) constitutes the majority of the terrestrial soil carbon
pool (accounting for almost 62% of soil carbon) and plays an important
role in the global carbon cycle and balance (Piao et al., 2020). Even small
changes in SOC can have a significant impact not only on climate but also
on ecosystem stability due to its key importance in soil-atmosphere carbon
exchange and plant growth and food production (Crowther et al., 2016).
The assessment of feedbacks between the terrestrial carbon cycle and
climate change, as well as the maintenance of ecosystem functions, requi-
res a critical understanding of spatial and temporal changes in SOC and
their associated drivers (Zhao et al., 2020). The function of soil as a source
or accumulator of atmospheric CO, is largely controlled by the changes in
climate and soil water content (Reyna-Bowen et al., 2020). Climate chan-
ge, especially climate warming, can directly or indirectly affect the decom-
position of organic matter by controlling soil microbes and fauna (Yako-
venko et al,, 2023), enzyme activity and soil respiration (Conant et al.,
2011). The warming climate may stimulate the loss of soil carbon to the
atmosphere due to the stronger effect of warming on respiration than on
photosynthesis, leading to a positive soil carbon-climate feedback (Arora
etal.,, 2013). Climate warming can significantly reduce soil organic matter
stocks, and the effect of warming depends largely on the size of the initial
organic matter stocks (Ziegler et al., 2017).

Soil water content is another important factor determining soil organic
carborme dynamics (Tutova et al., 2023). Moisture plays a crucial role in
the growth of vegetation and the supply of carbon substrate for microor-
ganisms under different climatic conditions (Schindlbacher et al., 2012).
A high moisture content can stimulate carbon sequestration by stimulating
ecosystem productivity or release through soil respiration, but excessive
soil moisture can inhibit them in relatively humid climates (Davidson &
Janssens, 2006). Humidity levels can have varying effects on the carbon
cycle and ecosystem productivity in forests (Shupranova et al., 2022).
In cool forests, high humidity may cause delays in the carbon cycle, while
in warm forests, increased humidity can accelerate the decomposition of
soil organic matter (Kunakh et al., 2022). It is important to note that the
direction and nature of these impacts depend on the temperature of the
forest (Taylor et al., 2017). High humidity in arid steppes can accelerate
the rate of soil respiration, which leads to significant carbon losses from
the soil (Jia et al., 2007). The soil water content also plays a crucial role in
controlling the carbon cycle response to climate warming (Wan et al.,
2007). The effect of warming on soil carbon content changes from positi-
ve to negative as soil goes from wet to dry, demonstrating the key role of
soil moisture in increasing or decreasing warming-induced carbon (Reich
etal., 2018). Warming may stimulate net carbon sequestration in wet con-
ditions but suppress it in very dry conditions (Quan et al., 2019). The car-
bon cycle is closely linked to soil moisture and this relationship may be more
complex in a warming climate. Furthermore, in the context of climate
change, changes in groundwater caused by precipitation will continuousty
have an uncertain impact on future carbon dynamics (Zhao etal., 2021).

Thus, soil carbon content is a key feature of terrestrial ecosystems that
affects their functional properties and climate. Climate, in turn, also affects
soil organic carbon content, the spatial variability of soil organic carbon
content and the prediction made for the area of west-central Europe (Yigi-
ni & Panagos, 2016). Therefore, the aim of our work was to determine the
features of spatial variation of soil organic carbon throughout Europe and
to make a forecast of the dynamics of this indicator in the next 50—
70 years, taking into account global climate change.

Material and methods
Organic carbon content in the soil. Digital soil mapping allows more

accurate representation of soil propetties in space, including spatial quanti-
fication of prediction error (Wadoux et al., 2020). The quality of such

predictions improves with an increase in the number of local observations,
e.g. soil profiles, available to build the prediction model. Whenever possi-
ble, it is recommended to use a digital elevation model (Potapenko et al.,
2019). The development of soil property maps using digital soil mapping
is spatially flexible. Different soil properties (e.g. soil nutrient concentra-
tion and stocks, carbon, heavy metals, pH, cation exchange capacity,
physical soil properties such as particle size and bulk density, etc.) can be
modelled at different depth classes and spatial resolutions depending on
the project and mapping objectives and available input data. To model soil
organic matter content, the r GSOCmap project used a 1 km grid. The
same methodology and input data can also be used to create higher resolu-
tion soil grids. The Global Soil Organic C Stocks (GSOC) mapping is the
first implementation of a series of other soil property grids to be developed
for GLOSIS, based on a country-specific GSP template. The GSOCmap
will demonstrate the capacity of countries around the world to collect and
manage national soil information systems, and to use and evaluate these
data according to agreed international specifications. Information on spa-
tial variation of organic carbon content in the soil layer was obtained from
the service GSOC Map (http://54.229.242.119/GSOCmap) (Brus et al.,
2017).

Bioclimatic variables. Nineteen bioclimatic variables with a spatial
resolution of 2.5 minutes from the global climate database WorldClim
(www.worldclim.org) were used for bioclimatic modeling. These variab-
les are derived from monthly temperature and precipitation values to
obtain more biologically relevant information. They are commonly used
in species distribution and related ecological modeling techniques. Biocli-
matic variables represent annual trends such as mean annual temperature
and annual precipitation, as well as seasonality such as the annual range of
temperature and precipitation, and environmental extremes or limiting
factors such as the temperature of the coldest and warmest month, and
precipitation in wet and dry quarters. A quarter refers to a period of three
months or 1/4 of a year. The variables are coded as follows:

BIOL1 represents the average annual temperature in degrees Celsius,
which approximates the total energy input to the ecosystem.

BIO2 is the average of monthly temperature ranges in degrees Celsi-
us, calculated as the mean monthly tempmax minus tempmin. This index
can provide information on the significance of temperature fluctuations for
different species.

BIO3 quantifies isothermality in %, which measures how large the
day-night temperature variations are relative to the summer-winter (an-
nual) variations (BIO2/BIO7) (x100). Isothermality is generally useful for
tropical, island, and marine environments (Nix, 1986). Isothermicity is a
measure of the difference between day-night temperature fluctuations and
summer-winter (annual) fluctuations. A value of 100 indicates that the
diurnal temperature range is equivalent to the annual temperature range,
while a value less than 100 indicates lower temperature variability during
an average month compared to a year. Temperature variability within a
month compared to a year may influence the distribution of a species. This
predictor can provide valuable information.

BIO4 indicates the variability of temperature throughout the year, cal-
culated as the seasonality of temperature (standard deviation of monthly
mean temperature x100).

BIOS is useful for studying whether species distributions are affected
by warm temperature anomalies during the year, as it represents the maxi-
mum temperature of the warmest month in degrees Celsius.

BIO6 and BIO7 are useful variables for studying the effects of tem-
perature on species distributions. BIO6 represents the minimum tempera-
ture of the coldest month in degrees Celsius, while BIO7 represents the
annual temperature range in degrees Celsius (BIO5-BIO6).

BIOS provides the average temperature during the wettest three months
of the year in degrees Celsius. This can be useful in examining how envi-
ronmental factors may influence the seasonal distribution of species.

BIO9 provides the average temperature during the driest three months
of the year in degrees Celsius. This information is useful for studying how
environmental factors may influence the seasonal distribution of species.

BIO10 provides the average temperature during the warmest three
months of the year in degrees Celsius. This information can be useful for
studying how environmental factors may influence the seasonal distribu-
tion of species.
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BIOI1 provides the average temperature during the coldest three
months of the year in degrees Celsius. This information is useful for stu-
dying how environmental factors may influence the seasonal distribution
of species.

BIO12 approximates the total water supply by providing the annual
precipitation in millimeters of water column. This information is useful in
determining the importance of water availability for species distribution.

BIO13 and BIO14 provide information on extreme precipitation
conditions during the year and their potential impact on the species' range.
BIO13 represents the precipitation of the wettest month in millimeters of
water column, while BIO14 represents the precipitation of the driest
month in millimeters of water column.

BIOL15, on the other hand, indicates the unevenness of precipitation
throughout the year by providing the seasonality of precipitation as a
coefficient of variation.

BIO16 represents the precipitation for the wettest quarter in millime-
ters of water column. This information can be useful for studying how
environmental factors affect the seasonal distribution of species. Similarly,
BIO17 represents the precipitation for the driest quarter in millimeters of
water column, which may be useful for studying how environmental fac-
tors influence the seasonal distribution of species.

BIO18 represents the precipitation of the warmest quarter in millime-
ters of water column. This characteristic can be useful for studying how
environmental factors affect the seasonal distribution of species. Similarly,
BIO19 represents the precipitation of the coldest quarter in millimeters of
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water column, which can be useful for studying how environmental fac-
tors affect the seasonal distribution of species.

Information on bioclimatic variables was downloaded using the get-
Data function of the raster package (Hijmans, R. J. (2022). raster: Geo-
graphic data analysis and modeling. https://cran.r-project.org).

Results

Soil organic carbon content in Europe ranges from 0 to 750 t/ha, with
amean of 78.1 tha and a standard deviation of 50.1 tha (Fig. 1). Accor-
ding to regression analysis, climatic factors explain 29% of the variation in
soil organic carbon content (Table 1). An increase in air temperature is as-
sociated with a decrease in soil organic carbon content, while an increase
in precipitation contributes to an increase in this indicator. Moreover, the
content of soil organic matter is negatively affected by increasing seaso-
nality of precipitation (Fig. 2).

The forecast indicates that as a result of global climate change in the
next 70 years, on 3.6% of the continent's area the content of organic car-
bon in the soil will increase by 1.0-1.1 t/ha, and on 7.6% of the area the
changes will be insignificant (Fig. 3). In turn, on 88.9% of the area there
will be a decrease in soil organic carbon content, among which on 35.1%
there will be a slight decrease in carbon content by 0-1 tha, on 28.4% of
the area there will be a moderate decrease in soil organic carbon content
by 1.0-1.1 t/ha, on 25.3% of the area the decrease will be significant by
1.1-1.3 tha.
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Discussion

The content of organic matter in the soil is the result of opposite pro-
cesses: humification and mineralization (Guggenberger, 2005). As a result
of humification, the organic substances that make up living organisms
(proteins, fats, hydrocarbons, nucleic acids) are transformed into stable or-
ganic compounds of various chemical natures, which are collectively cal-
led "humus substances" or soil organic matter. In general, this process
takes place in anaerobic conditions (Liu et al., 2021). In the presence of
oxygen in the soil air, mineralization of soil organic matter and its transfor-
mation into mineral components, water and carbon monoxide becomes
possible (Neira et al., 2015).

Carbon in the form of oxide leaves the soil layer as a result of minera-
lization of organic matter (Hossain et al., 2017). The rate of chemical reac-
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Fig. 1. Spatizlil variation (tha) olf soil organic carbon content within iEurope at present

tions in the soil depends on the temperature, so the climatic conditions sig-
nificantly affect the progress of soil processes (Gelybo et al., 2018). Also,
the air regime of the soil largely determines the direction and intensity of
the transformation of organic matter (Gavrilescu, 2021). The ratio of aero-
bic and anaerobic soil conditions depends on the ratio of air and liquid soil
phase in the pore space of the soil layer (Kunakh et al., 2021). The quanti-
ty and mode of precipitation, as well as the intensity of evaporation from
the soil surface determine the content of moisture in the soil, which affects
the air regime of the soil (Seneviratne et al., 2010). Also, the ratio of aero-
bic and anaerobic processes depends on the aggregate state of the soil
(Ebrahimi & Or, 2016), which is a function of the mechanical composi-
tion of the soil, the presence of calcium or sodium in the soil absorption
complex and the content of organic matter (Tsvetkova & Saranenko,
2007, 2010; Saranenko, 2011; Tsvetkova et al., 2015; Tutova et al., 2022).
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Fig. 2. Dependence of organic carbon content in soils on bioclimatic variables: the abscissa is the value of the corresponding bioclimatic variable (variables
12-14 and 1619 are presented on a logarithmic scale), the ordinate is the soil organic carbon content (t/ha, on a logarithmic scale); the red line indicates a
linear approximation of the relationship; bioclimatic variables: biol is the mean annual temperature, bio2 is the mean of monthly temperature ranges, bio3
is the isothermality, bio4 is the seasonality of temperature, bio5 is the maximum temperature of the warmest month, bio6 is the minimum temperature of
the coldest month, bio7 is the annual temperature range, bio8 is the mean temperature of the wettest quarter, bio9 is the mean temperature of the driest
quarter, biol0 is the average temperature of the warmest quarter, biol 1 is the average temperature of the coldest quarter, bio12 is the annual precipitation,
bio13 is the precipitation of the wettest month, bio14 is the precipitation of the driest month, bio15 is the seasonality of precipitation, bio16 is the precipita-
tion of the wettest quarter, biol7 is the precipitation of the driest quarter, biol8 is the precipitation of the warmest quarter, biol9 is the precipitation of the
coldest quarter
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Table 1
Regression analysis of soil organic carbon content dependence
on bioclimatic variables (Ry;” =029, F = 1110, P <0.001)

Predictor® Coeficient + st. error t P
Constant 0.2539+0.0085 299 <0.001
biol —0.0097 +0.0006 -152 <0.001
bio2 —0.0090 +0.0004 229 <0.001
bio3 0.0313+0.0010 319 <0.001
bio4 0.0100+0.0002 64.1 <0.001
bio5 0.0020+0.0003 6.2 <0.001
bio6 —-0.0050 +0.0004 —-14.1 <0.001
bio8 0.0001 +0.00004 2.7 0.008
bio9 -0.0006 =+ 0.00004 -16.6 <0.001
biol0 —0.0341 £0.0009 -376 <0.001
bioll 0.0455+0.0009 50.8 <0.001
biol2 -0.0274+0.0101 2.7 0.006
biol3 -0.1053 +0.0066 -159 <0.001
biol4 0.0759+0.0033 233 <0.001
biol5 —0.0002 +0.0001 21 0.040
biol6 0.1348+0.0115 11.7 <0.001
biol7 —0.0547 +£0.0060 9.1 <0.001
biol8 -0.0038 +£0.0037 -1.1 0.293
biol9 0.0352+0.0035 10.0 <0.001

Note: *bioclimatic variables: biol is the mean annual temperature, bio2 is the mean
of monthly temperature ranges, bio3 is the isothermality, bio4 is the seasonality of
temperature, bio5 is the maximum temperature of the warmest month, bio6 is the
minimum temperature of the coldest month, bio7 is the annual temperature range,
bio8 is the mean temperature of the wettest quarter, bio9 is the mean temperature of
the driest quarter, biol0 is the average temperature of the warmest quarter, bioll is
the average temperature of the coldest quarter, bio12 is the annual precipitation, biol3
is the precipitation of the wettest month, biol4 is the precipitation of the driest month,
biol5 is the seasonality of precipitation, biol6 is the precipitation of the wettest
quarter, biol7 is the precipitation of the driest quarter, biol8 is the precipitation of the
warmest quarter, biol9 is the precipitation of the coldest quarter.

The high aggregation of the soil contributes to the appearance of two
opposite regimes in the soil: aerobic and anaerobic (Kunakh et al., 2022).
This feature is the reason of high fertility of aggregated soils. Moisture
accumulates in the pores of the aggregates and anaerobic conditions are
formed there. The presence of moisture is a condition for root nutrition of

plants, as the absorption of nutrients by the roots occurs only in the aquatic
environment. In the interaggregate space of the soil there is usually air,
which ensures the formation of aerobic conditions (Kunakh et al., 2022).
Aerobic conditions ensure the mineralization processes, as a result of
which nutrients are released from organic compounds and they become
able to be absorbed by plants in the next stage of the cycle of substances.
Thus, climatic conditions that affect the thermal, water and air regimes of
the soil largely determine the dynamics of organic carbon content in the
soil (Pakhomov et al., 2019). But climatic factors act against the backgro-
und of the important role of soil properties, which depend on its mineralo-
gical and granulometric composition, as well as on the chemical characte-
ristics of plants and the composition and dynamics of soil microorganisms
and animals (Zhukova et al., 2020). The variety of acting factors explains
that only 29% of soil organic carbon content can be explained by climatic
factors.

The temperature factor can be considered as the predominant driver
of the mineralization regime, or soil respiration. Therefore, the general
spatial trend of this factor is an increase in the intensity of soil respiration
from north to south and, accordingly, a decrease in the content of organic
matter in this direction. This is in line with the results indicating that mean
annual precipitation is the most important predictor variable for explaining
spatial variation in soil organic matter content, followed by land use, litho-
logy, soil type and soil pH (Calvo de Anta et al., 2020). Also, the amount
of heat that reaches the soil surface affects the rate of evaporation of mois-
ture from the soil surface, which also affects the water and air regime of
the soil. Globally, the average depth of recent carbon incorporation into
mineral soils is 10 centimeters. Changes in the relative distribution of car-
bon in the deeper soil layers are better explained by the aridity index than
by the average annual temperature. Land use for crops reduces carbon
sequestration in the surface soil layer, but not in deeper layers. SOC dyna-
mics and its response to climate control or land use strongly depend on
soil depth (Balesdent et al., 2018). The precipitation factor significantly
affects the air regime of the soil. In the north, combined with the heat
deficit, conditions are formed for a significant predominance of the humi-
fication regime, resulting in a large amount of organic matter accumula-
ting in the form of peat reserves. Rising temperatures will stimulate net
losses of soil carbon to the atmosphere, leading to a positive feedback
between soil carbon and climate, which may accelerate climate change
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(Crowther et al., 2016). The forecast is based on the fact that the depen-
dence spaces in a certain period of time can be extended to the dynamics
of processes in time (Koshelev et al., 2020). Such an assumption can be
considered valid if the model is based on the current equilibrium state of
the system, and the system will also reach the equilibrium state by the
projected time (Kunakh & Kovalenko 2019). Of course, the projected
climate change in the next 5070 years is very significant, and the estab-
lishment of dynamic equilibrium during this time is unlikely. There will
be changes in the range of animal and plant species, which will affect the
development of a cascade of transformations at the level of communities
and ecosystems. The unpredictability of the situation increases with the
anthropogenic intensification of the spread of alien species that significant-
ly change the properties and regimes of natural communities. But the
forecast is true in terms of determining the trends of changes in soil organ-
ic carbon content. But the general conclusion is very disappointing: in a
large part of the continent the organic carbon content in the soil will de-
crease. This prediction is consistent with the results that soil organic car-
bon will decrease due to climate warming (Zhao et al., 2020).

The Baltic countries, Belarus and the Black Earth zone of Russia are
at the highest risk. The latter fact increases the risk of Russia turning from
a global food exporter into a country that may become highly dependent
on food imports. Ukraine's prospects are quite optimistic. Even the nor-
thern Azov region forms a zone where we can expect in the near future the
intensification of humus accumulation processes, which are mainly asso-
ciated with increased precipitation. Precipitation in the south of Ukraine is
a limiting factor that significantly affects the productivity of agricultural
production. The increase in precipitation and organic matter growth in the
soil present positive prospects for agriculture in southern Ukraine, inclu-
ding the northern Azov, Black Sea, and Crimea. It is possible that the
occupation of these territories, which are promising for agricultural pro-
duction, is one of the goals of Russian armed aggression against Ukraine.

The Don River drainage basin, whose waters flow into the Sea of Azov,
falls into the ecological disaster zone (Solonenko et al., 2020). This is a very
dangerous trend that will negatively affect the ecological state of the Azov
Sea (Kunakh & Fedyay 2020). This trend may cause significant salinization
of the Sea of Azov waters and an even greater increase in its eutrophication
(Fedonenko et al., 2022; Zhukov et al., 2022). Altermnative sources of fresh
water supply to the Sea of Azov may be the Kuban and small and me-
dium-sized rivers of the northern Azov region. The Kuban may soon take
the first place in terms of the amount of fresh water that enters the sea. But
now it is necessary to consider the need to create measures to increase the
water content of the rivers of the northern Azov region.

Conclusion

Climatic conditions within Europe can explain 29% of the variation
in soil organic carbon content. Increasing temperature generally has a ne-
gative effect on this indicator, while increasing precipitation, on the contra-
1y, contributes to its increase. Based on the prospects of climate change in
the next 5070 years, changes in soil organic carbon content can be pre-
dicted. During this period, a decrease in soil organic carbon content will be
observed on 88.9% of the area. The Baltic countries, Belarus and the
Black Earth zone of Russia are in the zone of the greatest negative
changes. Negative prospects concem the north of Ukraine. In the south of
Ukraine, the tendency to increase in the content of organic matter in the
soil is not excluded.
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