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Background. Understanding how environmental factors influence the spatial suita-
bility of wheat is critical for sustaining productivity under climate change. In regions
like Ukrainian Polissia and the Forest-Steppe, where climatic and soil gradients are
strong, changes in agroecological conditions may substantially affect cultivation poten-
tial. While global studies exist, regional assessments that integrate both climate and soil
data remain limited. Identifying key environmental drivers and their response patterns
supports targeted adaptation and land use planning, helping ensure food security in
a changing climate.

Materials and Methods. The spatial suitability of wheat cultivation in the Polissia
and Forest-Steppe regions of Ukraine was assessed using agroecological modelling. We
compiled a dataset of observed wheat cover from official agricultural statistics. The envi-
ronmental predictors included 19 bioclimatic variables (WorldClim), soil properties (texture,
pH, and organic matter content), and topographic factors. Multicollinearity was reduced
via principal component analysis and correlation filtering. Four modelling approaches:
ordinary least squares (OLS), ridge regression, generalised additive models (GAM), and
random forest (RF), were applied to identify key predictors and response patterns.

Results and Discussion. Among the tested models, random forest provided the
highest accuracy, followed by GAM and ridge regression, while OLS lagged behind. Key
predictors of wheat suitability included warm-quarter temperature (bio10), growing sea-
sonal precipitation, and soil factors, such as pH, clay content, and bulk density. Wheat
showed clear sensitivity to high summer temperatures, with response curves revealing
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nonlinear, bell-shaped patterns indicative of ecological optima. Climate projections sug-
gest a northward shift and fragmentation of suitable areas, especially under SSP3-7.0
and SSP5-8.5 scenarios. While marginal gains are possible short-term, long-term suita-
bility is likely to decline in the southern and central zones. These findings underscore
the need to integrate climatic and soil data in regional planning and to support adapta-
tion through targeted crop relocation and variety selection.

Conclusion. This study demonstrates that the spatial suitability of wheat in
Ukraine’s Polissia and Forest-Steppe regions is strongly influenced by both bioclimatic
and edaphic factors. Random forest modelling proved the most effective for capturing
complex environmental responses. Climate change projections indicate a northward
shift and reduction of suitable areas, emphasising the need for adaptive land-use strate-
gies. Integrating climate and soil data into agroecological assessments is critical for
anticipating risks, guiding crop management decisions, and ensuring long-term food
security in vulnerable agricultural landscapes.

Keywords: crop suitability modelling, edaphic limitations, temperature—precipita-
tion interactions, spatial regression, agroecological zoning, Shared
Socioeconomic Pathways, Eastern European agriculture, land-use
adaptation

INTRODUCTION

The utilisation of predictive models to anticipate the repercussions of climate change
on agricultural productivity is progressively recognised as a strategic instrument for safe-
guarding food security at both regional and global scales (Sable et al., 2025). There
is a pressing need for timely analysis and adaptation of agricultural systems to new
environmental conditions, given the increasing climate risks, which include rising tem-
peratures, irregular precipitation patterns, more frequent droughts, and extreme weather
events (Datta et al., 2022). Spatio-temporal forecasting facilitates the identification of
regions where both a decrease and a potential increase in crop productivity are possible
(Marino, 2023; Mykhailyuk et al., 2023b). This is particularly pertinent to wheat, one of
the key crops for achieving food self-sufficiency (Kettlewell et al., 2023; Stefanovska
et al., 2024). Climate modelling provides a toolkit for assessing the favourability of crop
cultivation in different future scenarios that consider greenhouse gas emissions, socio-
economic development, and adaptive potential (Semenov & Porter, 1995). Such fore-
casts identify threats and opportunities for expanding agricultural production in regions
that were not previously considered optimal (Tamasiga et al., 2023; Kunakh et al., 2024).
This provides a foundation for building regionally specific adaptation strategies, encom-
passing the modification of crop structure, the introduction of new varieties, the optimisa-
tion of agricultural techniques, the enhancement of irrigation systems, and the integration
of agroforestry practices (Sanjaya et al., 2024; Panchenko et al., 2024).

The effectiveness of a forecast largely depends on the accuracy of the input
data and the models' ability to adequately capture the complex relationships between
abiotic factors and agricultural productivity (Lisovets et al., 2024; Collins et al., 2024).
The non-linear nature of crop response to climate and soil factors requires flexible
approaches such as generalised additive models, random forests, and other machine
learning algorithms (Ruane et al., 2024). These methods allow for taking into account
threshold effects, saturation of the impact, and compensatory mechanisms, such as

ISSN 1996-4536 (print) e ISSN 2311-0783 (on-line) e Bionoriyni Ctyaji / Studia Biologica e 2025 ¢ Tom 19/ Ne 4 e C. 137-156



BIOCLIMATIC CONSTRAINTS AND EDAPHIC PREFERENCES OF WHEAT: IMPLICATIONS FOR ENVIRONMENTAL SUITABILITY... 1 39

the ability of crops to adapt to new conditions through plasticity or targeted selection
(Yin et al., 1995). Forecasting makes it possible to assess how the area of cultivation of
a particular crop will change and identify high-risk areas where preventive measures
are needed (Ganesan et al., 2021; Molozhon et al., 2023). Identifying areas of deg-
radation or loss of agroclimatic potential is a prerequisite for formulating public policy.
Such a policy must prioritise investment in irrigation systems, support for small farmers,
and land management reform (Stefanovska et al., 2025). The necessary preconditions
have been established to expand production, enhance export potential, and stabilise
market prices in regions where favourable conditions are expected to increase. Climate
forecasting is becoming a scientific tool for formulating national food security strategies
(Westerveld et al., 2021). It facilitates a transition from reactive to proactive agricultural
management, where decisions are made not in hindsight, but based on scenario analy-
ses of potential changes (Klemm & McPherson, 2017). A flexible and spatially sensitive
forecasting system is essential for timely responses and the long-term sustainability of
the agricultural sector in the face of climate uncertainty (An-Vo et al., 2021).

In the Polissia and Forest-Steppe zone of Ukraine, the productive potential of
crops is shaped by both environmental and agronomic factors (Zymaroieva et al.,
2019). Spatial variability in yields is primarily driven by climatic and soil conditions,
while long-term trends depend on the level of agricultural technology and management
(Romashchenko et al., 2023). Environmental factors account for up to 60 per cent of
yield variability, emphasising the need to consider them in adaptive land management
(Kunah et al., 2018; Zymaroieva et al., 2019). On this territory, there are zones with
specific types of temporal dynamics of crop yields, which are homogeneous within each
zone but differ significantly from each other (Zymaroieva et al., 2019). Changes in the
hydrological regime, in particular the lowering of the groundwater level and reduction
of spring flooding, disrupt the seasonal dynamics of biocenoses and reduce the water-
regulating capacity of landscapes (Mykhailyuk et al., 2023). Peatland drainage caused
by land reclamation further increases the region's vulnerability (Trifanova et al., 2023;
Tutova et al., 2025).

The study aims to identify the most suitable regression model for assessing spatial
patterns of favourable environmental conditions for wheat cultivation in the Forest-Steppe
and Polissia regions of Ukraine, to identify key ecological predictors, build models of
favourability response in the gradient of soil and bioclimatic factors, and to model the
spatial distribution of wheat suitability for specific future time intervals under different
climate change strategies.

MATERIALS AND METHODS

The study area encompasses a substantial part of Ukraine, exhibiting significant
spatial heterogeneity in natural conditions. It comprises northern Polissia, central and
southern regions of the Forest-Steppe zone, as well as transitional zones (Nykytiuk
et al., 2025). To model the spatial distribution of areas under crops, we used the global
geospatial dataset CROPGRIDS v1.08 (Tang et al., 2024 )at a resolution of 0.05° (about
5.6 km at the equator, which contains maps of the regions under 173 crops with a spatial
resolution of 0.05° (~5.5 km) in the WGS-84 coordinate system. Bioclimatic variables
from the global WorldClim v2.1 dataset, which contains 19 derived climate indicators
(BIO1-Bl0O19) describing average, extreme and seasonal aspects of temperature and
precipitation, were used to characterise climate conditions. To describe soil conditions,
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we used the global SoilGrids v2.0 array (ISRIC — World Soil Information), which pro-
vides digital soil maps with a spatial resolution of 250 m for several physicochemical
parameters in standard depth intervals.

To address the problem of multicollinearity in constructing a linear regression model
using the least squares method, stepwise filtering of variables based on their mutual
correlation was applied (Kayode Ayinde & Nwosu, 2021).

The linear regression in this study was based on the standard ordinary least squares
(OLS) model. The model formula was as follows:

Y =By +Bixy + BXy .+ B, tE,

where Y'is the transformed response variable (crop area); B,) is the free term; x;, x,, ...,
X, are the selected independent variables; B,, B, ... B, are the regression coefficients
reflecting the effect of each predictor; € is the random error that covers unmodelled
factors. The model was built using the Im() function in R, and its parameters were esti-
mated by minimising the sum of squared residuals.

Ridge regression was used in this study to build a stable linear model in the pres-
ence of a large number of potentially correlated predictors. Ridge regression minimises
the following loss function:

n p 2 P
min, {Z(y, —Bo _ZBJXUJ +7‘ZBJZ}
i=1 j=1 j=1
where y; is the value of the dependent variable (area under crop after Box-Cox), x;) is
the value of the j-th predictor in the i-th observation (all standardised), 3; are the model
coefficients, and A is the regularisation parameter controlling the strength of the penalty.
To account for the potentially nonlinear effect of environmental predictors on the
transformed value of the crop area, a generalised additive model (GAM) was built using
the mgcv package in R. In this model, the response variable is modelled as a sum of
smooth functions from each of the predictors. Formally, the model has the form:

Y=Bo+ 8i(x) + 85(%) + ..+ 5,(x) + g,

where Yis the transformed response variable (crop area); B) is the free term; s x) is
a smooth function (spline) of the j-th predictor; € is the random error covering unmodel-
led factors.

To model the spatial patterns of crop area distribution, a random forest (RF) model
was built, which implements an ensemble regression approach by aggregating many
independent tree solutions.

RESULTS

The regression models analysed revealed that the most significant predictor of
spatial variability in the proportion of wheat area is the average daily temperature ampli-
tude, which accounts for 28.9 % of the explained variance in both ordinary least squares
(OLS) and generalized additive models (GAM), 14.3 % in ridge regression, and 5.9 %
in random forest (RF) models (Table 1). The second most influential factor in the linear
OLS, ridge, and GAM models is soil organic carbon, contributing 16.4 % in OLS, 10.7 %
in ridge, and 16.8 % in GAM. In contrast, pH is the second most significant factor in the
random forest model, explaining 6.1 % of the variance. In the OLS model, the third most
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Table 1. Contribution of predictors to the explained variability in wheat cultivation area
across different regression models (OLS, Ridge, GAM, RF)

Contribution of variables by
regression models (%)

Variables Linear

Ridge Random
gl regression forest
(oLs) "9
Water index of soil reaction (pH) 1.2 4.7 4.5 6.1
Average daily temperature amplitude 28.9 14.3 28.9 5.9
Organic carbon content in the soil 16.4 10.7 16.8 4.8

Residual component of the maximum temperature of

the warmest month - 0.8 1.6 4.6

Annual precipitation - 2.2 0.3 4.5
Average temperature of the coldest quarter 4.9 4.8 0.5 44
Share of sand in the soll 1.5 3.4 3.6 41
Residual component of the average temperature of the 14 15 21 4.0
wettest quarter

Residual isothermal component - 2.3 54 3.7
Residual component of the average temperature of the 6.5 31 06 37

warmest quarter
Share of silt in the soil - 0.9 1.2 3.6

Residual component of the minimum temperature of the

coldest month - 12 1.3 3.6

Residual component of the annual temperature range - 5.0 2.0 385
Residual component of precipitation in the wettest quarter - S5 0.8 8.5
Residual component of precipitation in the coldest quarter - 0.5 1.1 3.4
Residual component of temperature seasonality - 5.3 2.2 38
Average temperature of the driest quarter 5.6 0.1 25 3.2
Soil bulk density - 1.2 2.7 3.0
Volume fraction of coarse impurities in the soil - 6.2 3.0 3.0
Residual component of precipitation in the driest quarter - 1.6 2.3 3.0
Residual component of precipitation in the wettest month - 1.7 0.9 2.9
Share of clay in the soil 5.5 1.8 3.0 2.9
Residual component of precipitation in the driest month - 4.6 4.8 2.8
Density of organic carbon in the soil 7.2 3.8 24 2.7
Residual component of mean annual temperature 11.4 6.3 0.5 2.7
Total nitrogen content in the soil - 3.9 0.7 2.5
cl?l:a:::ieural component of precipitation in the warmest 97 57 11 24
Residual component of precipitation seasonality - 1.9 8.5 2.2
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crucial variable is the residual component of annual mean temperature, accounting for
11.4 %. In ridge regression, the residual component of temperature seasonality is the
third most significant factor at 5.3 %. In GAM, the residual component of isothermality
contributes 5.4 %, while in RF, the residual component of the maximum temperature
of the warmest month accounts for 4.6 %. The contribution of pH in OLS is relatively
low, explaining only 1.2 % of the variance, while it accounts for 4.7 % in ridge, 4.5 % in
GAM, and 6.1 % in RF. Other soil properties, such as sand content (1.5-4.1 %), clay
content (1.8-2.9 %), and bulk density (1.2—-3.0 %), along with residual climate compo-
nents (0.1-5.6 %), have smaller individual contributions. Overall, the findings suggest
that the spatial distribution of wheat is primarily influenced by the integration of daily
temperature fluctuations and fundamental soil properties, with detailed climate adjust-
ments playing a lesser role.

The application of different regression models revealed significant differences
in their ability to reproduce the spatial variation in the share of wheat area. The most
straightforward approach was the ordinary linear model (OLS), which demonstrated lim-
ited accuracy. Although the proportion of variance explained was 73 %, the model made
significant prediction errors, including a root mean square error (RMSE) of over 1200
(Table 2). The use of ridge regression significantly improved the accuracy. Both the
coefficient of determination and the errors increased, indicating a specific reduction in
overfitting due to the inclusion of multicollinearity. An even more pronounced increase in
accuracy was demonstrated by the generalised additive model (GAM), which, due to the
inclusion of nonlinear relationships, reduced errors by almost half compared to OLS. The
most reliable approach was the random forest approach, which almost entirely repro-
duced the observed variance (R? = 0.99) and provided minimal error values, indicating
this model’'s exceptional efficiency for this type of spatial data. Visualisation of the cor-
respondence between the observed and predicted values reinforces these conclusions.

Table 2. Comparison of the efficiency of regression models in terms of explained variation
(R?, RMSE and MAE

. Explained variation Root mean square error Mean absolute error
Regression models

(R?) (RMSE) (MAE)
Linear model (OLS) 0.73 1270.75 898.70
Ridge regression 0.83 43.69 33.74
GAM 0.90 33.04 24.64
Random forest 0.99 10.28 7.25

The favourability of wheat cultivation depends on the physical and chemical prop-
erties of the soil, and the nature of these dependencies is predominantly non-linear
(Fig. 1). An increase in the bulk density of the fine earth fraction to a value of approxima-
tely 1.3 kg/dm? is accompanied by a marked improvement in conditions, indicating an
optimal combination of aeration and water-holding capacity. Further compaction above
1.4 kg/dm? no longer brings additional benefits, and the favourability levels off or even
decreases. A gradual increase in the volume fraction of coarse impurities (particles
larger than 2 mm) leads to a steady decline in the area suitable for cultivation, likely
due to mechanical limitations on the development of the root system. A similar adverse
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Fig. 1. Partial dependence plots of the GAM model showing the response of wheat cultivation area to soil
factors: a (bdod) is the bulk density of the fine soil fraction (kg dm); b (cfvo) is the volume fraction of
coarse debris (> 2 mm) in the fine soil fraction (%); ¢ (clay) is the fraction of clay (< 0.002 mm) in the
fine soil fraction (%); d nitrogen is the total nitrogen content (g/kg); e (ocd) is the density of organic
carbon (kg/m?3); f (phh20) is the pH of the soil in the water extract; g (sand) is the proportion of sand
(> 0.05 mm) in the fine soil fraction (%); h (silt) is the proportion of dust (0.002—0.05 mm) in the fine
soil fraction (%); i (soc) is the organic carbon content in the fine soil fraction (g/kg)

effect is observed with an excess of clay particles: although the proportion of clay within
15-30 % is optimal for the water-air regime, exceeding this level, especially above 40 %,
significantly worsens conditions due to reduced drainage and aeration. In contrast, the
total nitrogen content in the fine soil fraction shows a positive linear relationship. With the
growth of this factor, agronomic properties improve, which underlines the importance of
nitrogen nutrition. The density of organic carbon in the soil shows a pronounced satura-
tion curve. The favourability increases up to a value of about 30-35 kg/m?3, after which
a plateau is reached. This dynamic is consistent with improving structure and water
retention up to a certain threshold level of organic content. The acid-base reaction of
the soil also plays a significant role. The most favourable is the pH range of 6.0-7.5. An
acidic environment (below 5.5) sharply worsens the suitability due to toxicity to plants
and reduced availability of nutrients, while an alkaline environment (above 8.0) is likely to
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reduce the bioavailability of trace elements. Among the textural characteristics, the best
conditions are provided by a sandy particle content of 30—40 %, which supports good
drainage and aeration. Still, excessive lightness of the soil impairs the ability to retain
moisture. Dusty particles in the range of 25-35 % ensure a balanced water-air regime,
while excessive and insufficient amounts reduce productivity. An increase in the organic
carbon content in the fine-earth fraction to 30 g/kg improves conditions, after which the
effect stabilises, consistent with the agronomic saturation of the soil with organic matter.

Moderate deviations from the average annual temperature, in either direction,
create favourable conditions for wheat cultivation. However, a significant increase in
temperature reduces suitability (Fig. 2a). A daily range of approximately 7-10 °C was
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Fig. 2. Partial dependence plots of the GAM model showing the response of wheat cultivation area to soil
factors: a (bio1_resid) is the residual of the mean annual temperature from the linear trend (°C);
b (bio2_resid) is the residual of the mean daily temperature range from the trend (°C); ¢ (bio3_resid)
is the residual of the isothermicity (ratio of daily to annual temperature range x 100) from the trend;
d (bio4_resid) is the seasonality of temperature (standard deviation x 100) (-); e (bio5_resid) is the
residual of the maximum temperature of the warmest month from the trend (°C); f (bio6_resid) is
the residual of the minimum temperature of the coldest month from the trend (°C); g (bio7_resid) is
the annual amplitude range of temperatures (°C); h (bio8) is the average temperature of the wettest
quarter (°C); i (bio9) is the average temperature of the driest quarter (°C)
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found to be optimal: at lower temperatures, the crop does not receive enough heat for
photosynthesis, while at higher temperatures, it loses excessive moisture and experi-
ences heat stress (Fig. 2b). The best results are observed with an average ratio of daily
and annual temperature fluctuations: both too uniform and too contrasting temperature
conditions lead to a drop in yield (Fig. 2¢). The pronounced seasonality, with a clear
difference between winter and summer conditions, positively correlates with crop yields
due to the combination of cold hardening and thermal growth acceleration (Fig. 2d).
All four SSP climate scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5)
show a similar overall pattern of spatial and temporal shifts in wheat cultivation favoura-
bility compared to the historical background (Fig. 3). The local maximums of the area

SSP 126, 2021-2040 SSP 126, 2041-2060 SSP 126, 2061-2080
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Fig. 3. Projected changes in wheat cultivation area relative to the historical baseline (delta), under differ-
ent SSP scenarios for the period 2021-2080. Values represent the difference between projected
and baseline cultivation areas. Positive values (lighter shades) indicate an expansion of buckwheat
cultivation, while negative values (darker shades) reflect a reduction. The boundaries of the study
region are marked in red: a is the SSP1-2.6 scenario for 2021-2040; b is the SSP1-2.6 scenario for
2041-2060; c is the SSP1-2.6 scenario for 2061-2080; d is the SSP2-4.5 scenario for 2021-2040;
e is the SSP2-4.5 scenario for 2041-2060; fis the SSP2-4.5 scenario for 2061-2080; g is the SSP3-
7.0 scenario for 2021-2040; h is the SSP3-7.0 scenario for 2041-2060; i is the SSP3-7.0 scenario
for 2061-2080; j is the SSP5-8.5 scenario for 2021-2040; k is the SSP5-8.5 scenario for 2041-2060;
lis the SSP5-8.5 scenario for 2061-2080
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under the crop remain stable or slightly increase in most scenarios (to about 100-111
conventional units of growth), while the main changes concern the minimum values
that reflect the greatest losses. The deepest decline is recorded under the SSP2-4.5
scenario in 2021-2040 (-169), while for other scenarios, the initial losses range from
-121 to -144 conventional units. In the medium term (2041-2060), all scenarios except
SSP2-4.5 show some mitigation of extreme losses, but in the long term (2061-2080),
most scenarios show a new exacerbation of negative changes or fluctuations with
a predominance of the loss zone (minimum values reach -135...-148 conventional
units). Spatially, the largest negative deviations are consistently concentrated in the
central and southern parts of the study area, while the north and northeast retain rela-
tively stable or even positive delta values. The maximum values gradually increase by
the end of the 21st century in all scenarios, indicating the presence of compensatory
potential in certain locations. Such a spatial and temporal structure of changes may
indicate both climate fluctuations that compensate for local extremes and the prospects
for adapting agricultural practices in the future.

Climate modelling in all four SSP scenarios predicts an overall increase in the
average area under wheat compared to the historical background. In the SSP1-2.6
and SSP2-4.5 scenarios, an increase is clearly visible already in 2021-2040, after
which the figures remain at a consistently high level in the next two time intervals. In the
SSP3-7.0 scenario, the growth rate is somewhat lower in the short term, but the average
area peaks in 2041-2060, followed by a partial decline in 2061-2080, which does not fall
to historical levels. The SSP5-8.5 scenario also shows a marked expansion of the area
under crops in the first interval, followed by a further increase until the middle of the cen-
tury, and a slight decrease in the last period. Despite these differences, in all cases, the
average area in the future remains statistically higher than historical values, indicating
a potential expansion of wheat area under climate change.

DISCUSSION

Our study demonstrates that climate—soil interactions govern wheat suitability in
Ukraine. Under future climate scenarios, optimal cultivation zones are projected to
shift. These changes pose both challenges and opportunities for regional food secu-
rity. Integrating these insights into land use planning is essential for adaptive manage-
ment. Several regression approaches have been used to model the spatial variability
of favourable conditions for wheat production, including linear regression (OLS), ridge
regression, generalised additive model (GAM) and random forest model (RF). Each of
them has its advantages depending on the nature of the input data and the complexity
of the system under study. Linear regression (OLS) provides a simple and transpa-
rent interpretation of the results, allowing for a direct assessment of the direction and
strength of the relationship between bioclimatic or soil variables and wheat production
areas (Roustaei, 2024). At the same time, it has a limited capacity to capture non-linear
or interactive effects that are frequently observed in environmental data. Ridge regres-
sion as a regularised form of OLS demonstrates better robustness to multicollinearity,
which is especially important when modelling based on a large number of interdepen-
dent bioclimatic predictors (Pavlou et al., 2016). This avoids over-calculation of coef-
ficients and stabilises estimates in conditions of high correlation between variables.
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The generalised additive model (GAM) significantly expands the modelling capabilities
by flexibly accounting for the nonlinear nature of the relationships (Lai et al., 2024). It
allows the identification of non-parametric dependencies, which is particularly impor-
tant when describing crop responses to abiotic factors with optimal or threshold lev-
els. The random forest (RF) model proved to be the most powerful in terms of predic-
tion accuracy (Breiman, 2001; Ponomarenko et al., 2024). This approach enables the
incorporation of complex interactions and nonlinearities without the necessity of making
preliminary assumptions regarding the functional form. RF enables the assessment of
the relative importance of variables, which is instrumental in the interpretation of the
role of individual environmental factors. Nevertheless, the limitations of this approach
pertain to the less transparent interpretation of the model structure and the difficulty of
reproducing the analytical formula. The selection of the model is contingent upon the
objectives that have been delineated. OLS or GAM should be preferred for describing
mechanisms, while for spatial forecasting and assessing the role of factors, the random
forest model demonstrates the best results. The models were selected based primarily
on forecasting accuracy and the ability to detect non-linear relationships between wheat
growing conditions and environmental factors. The random forest model (RF) was cho-
sen as the main tool for forecasting because it provided the highest forecasting accu-
racy and allowed adequate accounting of complex and nonlinear interactions of factors.
In contrast, the generalised additive model (GAM) was used as an additional tool for
interpreting the responses of culture to individual variables, thanks to the possibility of
constructing partial dependence curves. This approach strikes a balance between the
reliability of the forecast and the ecological interpretability of the results.

Based on regression approaches, it was found that both climatic and soil factors
have the most significant impact on the favourable conditions for wheat cultivation.
Among the bioclimatic variables, annual precipitation plays the key role, determining
the level of water supply to crops throughout the growing season (Thapa et al., 2019).
Another important factor is the seasonality of temperature, which reflects the con-
trast between warm and cold seasons and affects the synchronisation of crop growth
phases. The temperature of the coldest quarter and the minimum temperature of the
coldest month are particularly critical for winter wheat overwintering, while precipita-
tion in the driest month and quarter indicates the likelihood of stressful conditions dur-
ing the growing season. Soil characteristics enhance this understanding. In particular,
organic matter content is a crucial factor in nutrient availability and water stabilization.
Textural properties, such as the proportions of loam and sand, influence water retention
and aeration, while soil acidity (pH) regulates nutrient availability and microbial activity
(Yakovenko & Zhukov, 2021). These factors are consistently recognized as significant
across all models, although their relative importance varies depending on the method-
ology employed. In random forest models, climate variables play a predominant role,
whereas in the generalized additive model (GAM), soil indicators exhibit distinct nonlin-
ear effects, facilitating a more nuanced interpretation of their contributions to conditions
favourable for wheat growth.

The results show an almost monotonous deterioration in wheat growing condi-
tions with increasing soil density. This pattern has a clear agrophysiological basis (Liu
et al., 2024). As soil bulk density increases, its porosity decreases, especially macro-
porosity, which leads to a deterioration in the aeration regime and reduces infiltration
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capacity (Fu et al., 2019). The compacted soil is less permeable to water, which, on the
one hand, makes it difficult for it to reach the root zone, and on the other hand, causes
moisture stagnation, especially in the lower layers (van Verseveld & Gebert, 2020).
High soil density creates mechanical resistance to root growth, limiting their develop-
ment in both vertical and lateral directions (Veen & Boone, 1990). This diminishes the
efficiency of water and nutrient uptake, particularly during the intensive growth phases
of wheat. Consequently, plants undergo physiological stress, leading to slowed growth
rates, reduced leaf area, suppressed photosynthesis, and, as a result, decreased
biomass accumulation and impaired formation of reproductive organs (Chawla &
Balasaheb, 2023). The combination of these factors leads to a steady decline in crop
productivity. The observed deterioration of conditions with the increasing density is the
result of a complex effect of negative factors, among which the main ones are deterio-
ration of the water-air regime, restriction of root system development and disturbance
of metabolic balance in plants. Such dynamics is consistent with previous studies that
set critical soil density limits for wheat at 1.3-1.5 g/cm?, above which yields are signifi-
cantly reduced.

A non-linear relationship was found between the area harvested with wheat and the
level of nitrogen supply. At low levels of nitrogen content, there is a certain increase in
the area under crops, which is likely due to the transition from a limiting deficit to a mini-
mum sufficient level of supply that allows maintaining productivity at an acceptable level.
Within the average nitrogen supply, the area stabilises, which may reflect the achieve-
ment of the agro-economic optimum, when fertilisation provides maximum returns
without stimulating further expansion of crops. At high nitrogen levels, there is a gradual
decline in the area under wheat. These results are consistent with findings indicating
that excessive nitrogen may have a negative impact on the total area under the crop,
despite increasing yield per unit area (Wang et al., 2024). Nitrogen over-saturation can
have a negative impact on crop growth and quality, especially in conditions of disturbed
water regime or soil degradation. Higher fertiliser doses are more commonly used in
specialised intensive systems, which involve a reduction in area while increasing invest-
ment per unit area. The resulting pattern may reflect the physiological response of the
crop to nitrogen levels and the specifics of agronomic strategies and economic decisions
regarding the spatial structure of crop rotations.

The positive correlation between average annual temperature and the area har-
vested for wheat suggests that, when other agro-environmental factors (such as mois-
ture supply, soil fertility, and acidity) are maintained at satisfactory levels, increases in
temperature alone have a beneficial effect on wheat production. This pattern suggests
that wheat, unlike some other crops, can adapt to climate change by maintaining or even
expanding its cultivation area under warming scenarios. This explains the relatively stable
or even positive projected productivity situation for wheat in the medium and long term,
even under conditions of significant climate stress. The negative correlation between
the temperature of the warmest quarter and the area under wheat cultivation indicates
a high crop sensitivity to heat stress during the active growing season. Increasing tem-
peratures at this time, especially under moisture deficit conditions, can disrupt repro-
ductive processes and reduce yields. This response explains the projected reduction
in favourable wheat-growing areas in regions where climate scenarios predict intense
summer warming. This underscores the need for adaptation strategies to reduce the
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impact of high temperatures during key phases of crop development. These findings are
consistent with results confirming that temperature variables, particularly the tempera-
ture of the warmest quarter, significantly influence the spatial distribution of species. The
negative correlation between the temperature of the warmest quarter and the area under
wheat cultivation indicates the crop’s high sensitivity to heat stress during the active
growing season, corroborating the idea that climatic extremes constrain agricultural dis-
tribution (Zelenova et al., 2024; Chetvertak et al., 2025).

Although the total area under wheat cultivation in Polissia and the Forest-Steppe
zone remains generally stable regardless of the climate change scenario, the spatial
distribution of this crop is undergoing significant transformations. Forecast maps of the
deltas show a significant restructuring of the spatial organisation of wheat production:
there is a redistribution of suitable areas within the regions, which changes the configu-
ration and location of the main wheat growing zones. There has been a gradual shift in
areas of high suitability towards the northern Forest-Steppe and the southern Polissia.
This indicates the expansion of the wheat area to territories that were previously consid-
ered to be marginal in terms of thermal conditions. The warming provides an increase in
heat availability in these areas without a critical moisture deficit, which creates favoura-
ble conditions for wheat. In the southern part of the Forest-Steppe and border areas
with an increased probability of summer droughts, a decrease in suitable areas is fore-
cast, which manifests itself in the reduction or fragmentation of former continuous cul-
tivation areas. Another significant trend is the emergence of spatial micromosaicism;
even within individual administrative districts, there is a variation of areas exhibiting both
improved and deteriorated predicted suitability. This is due to the interaction of local soil
and climatic factors, which react differently to changes in temperature, precipitation, and
seasonal dynamics.

It can be concluded that the results obtained provide a robust and practical frame-
work for the planning of agriculture that is spatial in nature. The framework is capable
of providing guidance on adjustments to crop rotation, optimisation of fertilisation and
irrigation; the aforementioned can be directly integrated into the strategies employed at
both regional and national levels for climate adaptation. It is recommended that future
research efforts concentrate on the refinement of these projections in the context of
evolving farming practices. This refinement should incorporate socio-economic dri-
vers of adaptation, and extend the modelling approach to include additional crops and
regions across Ukraine.

CONCLUSION

The key environmental predictors of favourable wheat-growing conditions in the
Forest-Steppe and Polissia regions of Ukraine include the temperature of the warmest
quarter, precipitation during the growing season, and soil physical properties, particu-
larly density and acidity (pH). Wheat responds positively to a moderate increase in
average annual temperatures under satisfactory water conditions; however, it is sensi-
tive to excessive temperature increases during the warmest period of the year, which
can significantly reduce productivity in southern areas. Even under favourable climatic
conditions, high soil density and low pH also limit agricultural production potential. The
results of the study demonstrated a high stability of the total area suitable for wheat
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cultivation within the Polissia and Forest-Steppe regions of Ukraine under various cli-
mate scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5). Concurrently, significant
transformations in the spatial structure of production have been identified. It is possible
to predict the emergence of a new configuration of favourable zones for crop cultivation,
with a clear tendency for optimal conditions to shift northward within the Forest-Steppe
zone and increase crop diversity. This indicates an adaptive response of agricultural
landscapes to climate change and presents new opportunities for rethinking the spatial
organization of wheat production. It is important to note that the potential for expanding
areas favourable for wheat cultivation, driven by bioclimatic factors, can only be realised
if soil quality is adequate and the level of agrotechnical support is sufficient. Without
proper land reclamation, compaction reduction, pH optimisation, and the implemen-
tation of adaptive technologies, the anticipated climate benefits may not materialise.
Ensuring the sustainability of wheat production in the face of climate change neces-
sitates spatially adapted management that considers local soil and climatic conditions,
crop sensitivity, and the application of modern precision farming technologies. This
approach will help minimise risks associated with global climate change and effectively
address the spatial and temporal variability of environmental conditions.
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BIOKNMIMATUYHI YAHHWUKW TA I'PYHTOBI MPE®EPEHLIT MWEHWULI:
3HAYEHHS Onsi NPOrHO3YBAHHA EKONOIYHOI MPUOATHOCTI
B YMOBAX 3MIHU KNIMATY

KOpiti Hukumrok, OkcaHa KpaeyeHko, [JMumpo BucKyuieHKo,
AHOpit lMiyinb, OkcaHa KomopHa, lzop bezeepwyk

lMonicbkuli HayjioHanbHUU yHigepcumem
6ynbeap Cmapud, 7, )Kumomup 10008, YkpaiHa

MepenymoBu. B ymoBax rnob6anbHMX KNiMATUYHUX 3MiH PO3YMiHHSA TOrO, 1K €KO-
NOTiYHi YNHHUKN BNNUBAKOTbL Ha MPOCTOPOBY MPUAATHICTb CiNbCbKOroCnog4apCbKux
KynbTyp, € Hag3BUYaWHO BaXXNMBUM AN 30epexeHHs NPOAYKTUBHOCTI CiflbCbKOro
rocnogapcTsa. lNweHnus, oaHa 3 HaBaXKNUBILLMX 3€PHOBUX KYrNbTYp Y CBITi, € AyXe
YYTNMBOI A0 3MiH TeMnepaTypw, KifbkKOCTi onaiB i BNAaCTUBOCTEN I'PYHTY. Y Takux
perioHax gk YkpaiHcbke [Monicca n Jlicocten, ge kniMaTu4Hi Ta I'pyHTOBI rpadieHTu
€ BUPaXEHUMU, 3MiHN arpoOEeKOSIONiYHNX YMOB MOXYTb MaTu 3HAYHWUI BNJIMB HA MOTEH-
Lian cTtanoro BUPOLLYBaHHSA MLUEHNLI.

MaTepianu Ta Metoau. [lpocTOpoOBY NPMAATHICTb BUPOLLYBAHHSA MLIEHUL
B lNonicci Ta nicoctenoBux perioHax YkpaiHu Gyno ouiHeHO 3a LOMOMOrow arpo-
€KOmoriyHoro mMogentoBaHHA. Mu cknanu 6a3y gaHuX CNocTepexeHb 3a nocisamu
NeHuLi Ha OCHOBI OMILIIMHOT CiNbCbKOrocnogapCbkol cTaTUCTUKN. EKonoridHi npe-
ankTopm Bkntovanu 19 GioknimatuyHmx 3miHHux (WorldClim), BnacTmBoCTi I'pyHTY
(TekcTypa, pH Ta BMIiCT opraHiyHOi peyoBuHW) i TonorpadiyHi daktopu. na suas-
NEHHS KIMYOBUX MPEaUKTOpIB i Mogenen peakuii byno 3actocoBaHO 4oTupW Nia-
X04u OO MoAentoBaHHA: MeTo HanmeHwmnx keagpaTis (OLS), perpecito Pigxa, y3a-
ranbHeHi agutmeHi mogeni (GAM) ta Bunagkosui nic (RF).

Pe3ynbtaTtu 1 o6roBopeHHs. Cepea YoTUPbOX NPOTECTOBAHUX MOAENen anro-
putm Random Forest nokasas HaviBuLLy NPOrHO3HY €PEKTUBHICTb, 3a HUM iwnu GAM
i perpecisa Pigxa, Togi sk OLS nokasaB MeHL TOYHI pe3ynbratn. Hansnnueosiwmmun
npegukTopamMmm NpUMAATHOCTI MweHuui Bynyu TemnepaTtypa HanWTenniworo KkeapTany
(bio10), kinbkicTb ONagiB NPOTAroM BereTauiiHoOro nepioay (i Taki napameTpu rpyHTy
AK pH, BMICT rMuHm Ta 06’€MHa LWiNbHiCTb). BUABNEHO CUNbHY HEeraTUBHY 3anexHicTb
MDK BUCOKMMMW NITHIMKU TeMnepaTypamMu Ta NOKPUTTAM MLLEHNWL, Lo BKa3ye Ha Bpas-
NMBICTb KyNbTYpW A0 TennoBoro ctpecy. Kpusi peakuii nokasanu HeniHinHi, yacto
A3BOHOMNOAiOHI 3aKOHOMIPHOCTI, LLO NiAKPECIOE HASBHICTb €KOMOriYHOro ONTUMYMY,
a He NiHINHNX TeHAeHuin. NporHo3n Ha OCHOBI CLieHapiiB NpoAeMOHCTpyBanu NocTy-
noBe 3MilLEHHS Ha NiBHIY i oparMeHTauilo NpuaaTHNUX TEPUTOPIN 3a ManbyTHIxX Kni-
MaTUYHMX YMOB, 0cobnmBo 3a cueHapismmn SSP3-7.0 Ta SSP5-8.5.

BucHoBoK. Bucoki TemnepaTtypu nig yac BeretauiiHOro nepiogy Ta HecnpusT-
NUBI I'PYHTOBI YMOBMU, Taki SIK HU3bkKI pH i BUCOKa 06’'€MHa LWiNbHICTb, 3HAYHO 3HMU-
XYITb noTeHuian BupollyBaHHA. MogenioBaHHSA MeTOAOM BUMagKoOBOro nicy BuUs-
BUITOCSA HanedEeKTUBHILLMM ANS BigobpaxeHHsA CknagHuX peakuii HaBKONMULIHbOIO
cepeposula. NporHo3n 3miHW KnimaTy BKa3ytoTb Ha 3CYB Ha MiBHIY i CKOPOYEHHS
npuaaTHUX TEPUTOPINA, WO MNiAKPEeCroe HeobXigHICTbL aganTUBHMX cTpaTerin 3em-
NneKopucTyBaHHSA. IHTerpauis gaHux Npo KniMart i rpyHTU B arpOeKOmnorivyHi OuiHKK
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Mae BupillanbHe 3Ha4YeHHS ANS NPOrHO3yBaHHA PU3UKIB, NPURHATTSA pilleHb Woa0
ynpaBniHHA KynbTypamu Ta 3abesneyeHHs1 LOBrOCTPOKOBOI MPOAOBOSBHOI Gesneku
B ypasnuBUX CiflbCbKOrocnogapcbkux naHawadrax.

Kniro4oei crioga: moperntoBaHHS NPUAATHOCTI KymnbTyp, efadivyHi obmexeHHs,
B3aEMofisi TemnepaTtypu 1 onafis, MNpoOCTOpoBa perpecis,
arpoekonoriyHe 30HyBaHHSl, CnifbHi  coLianbHO-eKOHOMIYHI
LWNAXU PO3BUTKY, CinbCbke rocnogapctBo CxigHoi €sponu,
ajanTauis 3eMneKkopucTyBaHHS
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