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INTRODUCTION

The stability of food systems was determined by the
capacity of the agricultural sector to adapt to climatic
shifts that caused changes in temperature regimes, a
redistribution of precipitation, and an increase in the
frequency of extreme weather events. The response
of agroecosystems to these shifts became a key factor
shaping the yields of cereal crops, which were funda-
mental for national food security. Regions with signif-
icant agricultural potential, particularly the Polissia
and Forest-Steppe of Ukraine, demonstrated increasing
sensitivity to hydrothermal stress, which necessitated
an in-depth analysis of climatic predictors of crop pro-
ductivity. Consideration of shifts in the intensity and
structure of climatic factors made it possible to iden-
tify risks in a timely manner and to improve adaptation
strategies in agricultural management.

Numerous studies highlighted the significance of
climatic influence on the productivity of agroecosys-
tems. According to the findings of K. Abbass et al. (2022),
global climate change caused an intensification of
temperature extremes that disrupted the physiological
processes of major field crops and shortened the peri-
od of optimal development. Similar conclusions were
presented by V.S. Bihun (2024), who emphasised that
an increase in the duration of heatwaves created risks
for crops sensitive to disturbances in water balance.
An analysis of long-term data sequences conducted by
I.E. Hansen et al. (2023) demonstrated the cumulative
effect of global warming, which shaped inertial shifts
in the hydrothermal regime, particularly in regions with
unstable moisture availability.

At the regional level,researchers focused on assess-
ing spatially differentiated climatic impacts. The study
by M.0. Baranovskyi and O.V. Baranovska (2023) showed
that grain yields in the northern regions of Ukraine
responded significantly to temperature variations and
precipitation deficits during active growth phases,
which indicated increasing climatic vulnerability in tra-
ditionally humid territories. O. Kryvokhyzha et al. (2024)
established that changes in the hydrothermal state dur-
ing key developmental phases of crops became the main
factor of interannual yield variability and influenced
deviations from historical trends. The works of L. Mol-
davan et al. (2023) emphasised that changes in pre-
cipitation structure, as well as the increasing frequency
of summer drought periods, had already been forming
a new configuration of agroclimatic risks in Ukraine.

Another important aspect of contemporary re-
search was the use of reanalysis datasets for assessing
the climatic characteristics of territories. In the work
of H. Hersbach et al. (2020), the global ERA5 system
was presented, providing a detailed set of meteoro-
logical parameters for modelling climatic conditions
at the regional level. Its further development, de-
scribed in the study by J. Munoz-Sabater et al. (2021),
enabled the acquisition of more accurate data on soil
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moisture, temperature extremes, and other indicators,
which was critically important for agroclimatic assess-
ments. The tendencies towards aridisation in certain
zones of Ukraine were also confirmed in the work of
0. Shevchenko (2023), where a transition of regions
from stable moisture conditions to categories with
increased drought risk was identified, transforming
land-use structure and crop productivity. Similarly, the
findings of M. Romashchenko et al. (2020) indicated a
systemic reconfiguration of the water regime and an in-
crease in the deficit of available moisture against the
background of rising temperatures, which reduced the
efficiency of traditional agricultural technologies and
required adaptive solutions.

In the context of agrometeorological modelling,
the study of yield forecasting methods remained rele-
vant. In the work of V.H. Hnatiienko et al. (2024), it was
shown that the use of multifactor analysis and intel-
ligent models, particularly neural networks, enhanced
forecast accuracy owing to their capacity to account
for nonlinear and threshold dependencies between
climatic indices and yields. The results of T. van Klom-
penburg et al. (2020) demonstrated the advantage of
machine-learning methods over classical statistical
models in cases of complex data structures typical of
agroclimatic systems. The study by B.Yang et al. (2022)
confirmed that spatiotemporal models made it possi-
ble to consider the heterogeneity of climatic impacts,
which was especially important for territories with con-
trasting agroclimatic conditions, such as the Polissia
and Forest-Steppe regions.

Therefore, contemporary scientific sources indicat-
ed the necessity of a comprehensive analysis of agro-
climatic predictors, oriented towards the specific phe-
nological phases of crops and variables characterising
extreme events rather than averaged meteorological
parameters. In the light of the identified tendencies, the
purpose of this study was to ensure a comprehensive
identification and quantitative assessment of the influ-
ence of a set of phenologically specific climatic predic-
tors on the interannual variability of winter wheat and
maize yields in the contrasting agroclimatic conditions
of the Polissia and Forest-Steppe regions of Ukraine.

MATERIALS AND METHODS

The study encompassed two agroclimatic zones of
Ukraine, which differed significantly in moisture avail-
ability, soil conditions, and the nature of climatic risks.
The Polissia zone included the Volyn, Rivne, Zhytomyr,
and Chernihiv regions, characterised by sod-podzolic
soils and comparatively higher moisture levels, which
had become unstable over recent decades. The For-
est-Steppe zone comprised the Khmelnytskyi, Vinnytsia,
Cherkasy, Poltava, and Kyiv regions, representing terri-
tories with chernozem soils and an increasing frequen-
cy of summer droughts. This spatial selection ensured
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the possibility of comparing agroecosystem responses
to climatic changes under contrasting conditions.

The study objects were two major cereal crops.
Winter wheat (Triticum aestivum L.) was sensitive to
overwintering conditions and moisture availability dur-
ing the period of spring vegetation recovery. Maize for
grain (Zea mays L.) depended on the temperature-mois-
ture regime of July-August, when flowering, pollina-
tion, and grain filling occurred. The database was con-
structed from two types of information for the period
1991-2023. Data on actual yields of winter wheat and
maize were obtained from the State Statistics Service
of Ukraine (2024), which provided annual mean yield
values at the level of administrative regions. Climat-
ic parameters were obtained from the ERA5-Land re-
analysis, which contained daily values of the main
meteorological indicators with a spatial resolution of
approximately 9 km (Munoz-Sabater et al., 2021). Data
on mean, minimum, and maximum air temperature, soil
temperature at a depth of 7 cm, daily precipitation to-
tals, solar radiation, and wind speed were used. To en-
sure consistency of spatial scales, daily gridded data
were averaged within each region.

The actual time series of yields contained two com-
ponents: a technological trend (Y_tech), driven by the
introduction of new varieties, technologies, and agro-
nomic practices, and climatic variability (Y_clim), deter-
mined by the weather conditions of a given year (Ev-
ans, 1993). To correctly isolate the climatic component,
detrending was performed. For each crop and each re-
gion, the technological trend was approximated using
a second-degree polynomial model as a function of the
year. The climatic component Y_clim was calculated as
the relative deviation of actual yield from the estimat-
ed trend and expressed as a percentage:

Y _clim (%)= (Y_observed - Y_tech)/Y_techx100. (1)

Based on the daily ERA5-Land data, more than 40
agroclimatic indices were calculated, defined separate-
ly for the biologically significant developmental phases
of the crops. The calculations were performed not for
entire seasons but for clearly delineated phenologi-
cal intervals. For winter wheat, the April-June period
was considered, corresponding to the phases of spring
vegetation recovery and grain formation. For maize, the
July-August period was analysed, during which flower-
ing, pollination, and grain filling occurred. The range of
calculated indices included:

1. Temperature indicators - sums of active temper-
atures (>5°C), sums of effective temperatures (>10°C),
the number of days with Tmax > 30°C and Tmax >32°C
in the corresponding months;

2. Moisture indicators - precipitation totals for key
phases and the 3-month Standardised Precipitation In-
dex (SPI);

3. Combined indicators - the hydrothermal coeffi-
cient (HTC), calculated as the ratio of total precipitation
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to the sum of temperatures above 10°C multiplied by
a coefficient of 0.1. HTC was determined separately for
May-June (wheat) and July-August (maize).

Before modelling, all predictors were tested for
multicollinearity. Variables with a correlation coeffi-
cient above 0.85 were removed or aggregated, ensuring
the correct performance of the multiple linear regres-
sion (MLR) model. Indices of solar radiation, wind speed,
and SPI were included in the initial set of variables but
were excluded from the final model due to low varia-
bility and the absence of a substantial contribution to
yield prediction. Two methods were applied to model
the “climate-yield” relationship. Multiple linear regres-
sion (MLR) served as the baseline model for assessing
linear dependencies. The Random Forest (RF) algorithm
was used as the main method for capturing nonlinear,
threshold, and synergistic relationships between pre-
dictors and yields. RF parameters were selected using
random search. The model consisted of 500 trees, the
mtry parameter ranged between 3 and 8 depending on
the crop, and the minimum number of observations per
terminal node was 5.

To avoid overfitting, the data were divided into
a training set (75%) and a test set (25%). The perfor-
mance of the models was evaluated using the coeffi-
cient of determination (R?) and the root mean square
error (RMSE). Since the target variable represented rel-
ative anomalies of Y_clim (%), RMSE was expressed as
a percentage, ensuring correct comparability of results
between crops and zones. All computations were per-
formed in the R programming environment using the
randomForest package (Breiman, 2001). The concentra-
tion of atmospheric CO, was not included as a separate
predictor, which was a standard approach for regional
models of climate-yield relationships and did not affect
the accuracy of the climatic index analysis.

RESULTS AND DISCUSSION

The application of polynomial detrending to the time
series of winter wheat and maize yields for the period
1991-2023 made it possible to isolate the climate-driv-
en component Y_clim and to assess the degree of in-
terannual variability for the two agroclimatic zones.
The resulting anomaly series revealed substantial
fluctuations in yields, which confirmed the significant
influence of weather conditions on crop productivity.
The highest variability was characteristic of maize in
the Forest-Steppe zone, where the standard deviation
amounted to 18.5% of the technological trend. For win-
ter wheat in the Polissia zone, the corresponding value
reached 14.2%, indicating lower sensitivity of this crop
to short-term climatic stressors, particularly in regions
with comparatively higher moisture availability. This
difference between the crops was consistent with their
biological characteristics: the critical developmental
phases of maize occurred during periods of peak sum-
mer temperatures and moisture deficit, whereas winter




wheat passed most of its defining phases before the
onset of the hottest months. Based on the obtained
time series, a set of phenologically specific agrocli-
matic indices was generated, calculated for key devel-
opmental periods of the crops in accordance with the
methodology. This enabled the assessment of which
indices determined the largest share of yield varia-
bility. For this purpose, the Random Forest algorithm
was applied, within which the predictors were ranked
according to the decrease in model accuracy (Mean De-
crease in Accuracy).

For winter wheat in both agroclimatic zones, the top
predictors included indicators describing the thermal
and moisture conditions of early summer and spring:
the number of days with temperatures above 30°C in
June, precipitation totals for May and April, the hydro-
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thermal coefficient for May-June, and the minimum soil
temperature in winter. For maize, the decisive role be-
longed to the conditions of the second half of summer
during flowering and grain filling: the hydrothermal
indices for July and August, the number of days with
Tmax above 35°C in July, precipitation totals for July,
and the mean July temperature. The obtained results
were fully consistent with the biological nature of the
crops: for winter wheat, spring vegetation conditions
were critical, whereas for maize, the temperature-mois-
ture balance during the formation of generative organs
was decisive. The evaluation of model performance was
conducted on an independent test sample (25% of the
data), using the coefficient of determination (R?) and
the root mean square error (RMSE), as required by the
methodology. The indicators are presented in Table 1.

Table 1. Performance indicators of MLR and RF models on the test sample

Model Crop Crop R? (test) RMSE (%, test)
MLR Winter wheat Polissia 0.52 125
RF Winter wheat Polissia 0.71 8.9
MLR Winter wheat Forest-Steppe 0.55 14.1
RF Winter wheat Forest-Steppe 0.74 10.2
MLR Maize Polissia 0.49 15.0
RF Maize Polissia 0.68 11.5
MLR Maize Forest-Steppe 0.60 16.2
RF Maize Forest-Steppe 0.81 9.8

Source: developed by the authors

The analysis of the presented indicators demon-
strated a consistent advantage of the Random Forest
models over the linear models. For all crops and zones,
the R? values of the RF models exceeded the corre-
sponding MLR values by 0.16-0.21, while the RMSE
was lower by 20-35%. The highest predictive accuracy
(R2=0.81) was provided by the models for maize in the
Forest-Steppe zone, where the variability of yield was
almost entirely determined by the climatic conditions
of July-August. The superiority of the RF approach was
methodologically expected: most agroclimatic indices
had a nonlinear nature of influence, complex inter-
actions and numerous threshold values (for example,
sharp changes in productivity after exceeding tempera-
ture thresholds of 30-35°C), which could not be correct-
ly represented by linear regression.

The obtained results confirmed that the decisive
contribution to yield formation was made by the con-
ditions during the reproductive phases of the crops.
The presence of hydrothermal balance indices, extreme
temperature indicators and cumulative precipitation
values among the top predictors reflected the synergis-
tic character of plant responses to the combination of
thermal and moisture-related stresses. It was the ability
of the RF algorithm to account for these interactions
that ensured the high accuracy of the modelling.

The identified limitations of this study logically fol-
lowed from the methodological choices applied. The
spatial aggregation of ERA5-Land data to the region-
al level smoothed local microclimatic differences, and
the use of a polynomial trend might not have captured
abrupt changes in agricultural technologies in specif-
ic years. Furthermore, the models did not incorporate
short-term adaptive actions by farmers or the potential
effect of increasing atmospheric CO, concentration on
the photosynthetic activity of the crops.

The identified patterns were consistent with global
tendencies regarding the impact of climate change on
agricultural crops, as outlined in the IPCC reports. In the
document Climate Change and Land (2019), it was em-
phasised that the increasing frequency of heatwaves,
the alteration of moisture regimes and the rise in the
amplitude of climatic variability constituted key threats
to agricultural systems. A similar dependence was con-
firmed by the obtained results: indices that character-
ised the combination of heat and moisture possessed
the highest predictive weight, whereas extreme tem-
peratures during critical developmental phases caused
sharp productivity losses. The high sensitivity of yields
to temperature thresholds aligned with the findings of
R. Guntukula (2020), where it was demonstrated that
major field crops in India responded more strongly to
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short-term thermal anomalies than to average season-
al changes in temperature. A comparable pattern in the
present results was exhibited by temperatures of 30-
35°C, which caused the most pronounced deviations
from trend-based values. The differences concerned
the structure of climatic influence: in India, the decisive
factor was the seasonal dynamics of monsoons, where-
as in Polissia and the Forest-Steppe, short but intense
episodes of heatwaves were the determining elements.

The sensitivity of maize to the hydrothermal re-
gime of July and August was consistent with the find-
ings of H. Gurkan et al. (2020), where it was established
that similar periods of heat and precipitation deficit
substantially reduced sunflower yield in Turkey. The
common element was the phase-specific nature of crop
responses: the most prominent influence occurred dur-
ing the generative phases of development. At the same
time, in Turkish conditions, the dominant factor was soil
moisture deficit, while the influence of temperature
was mitigated by the different climatic structure, which
represented a key distinction from the situation in
the Ukrainian Forest-Steppe. The patterns established
for winter wheat corresponded with the findings of
K. Heil et al. (2020). The authors noted that rising sum-
mer temperatures combined with alterations in the wa-
ter balance led to significant yield fluctuations on loess
soils in Central Europe. In their long-term experiment,
the prominence of the soil factor was higher; however,
atmospheric conditions remained the principal drivers
of productivity, which fully corresponded to the direc-
tions of change identified in the present analysis.

The advantage of the Random Forest models con-
firmed the patterns described by V. Konduri et al. (2020),
where machine learning models were shown to cap-
ture complex nonlinear and threshold relationships
between climatic variables and crop yields with consid-
erably higher accuracy. The high accuracy of the models
for the Forest-Steppe reflected precisely the nonlinear
structure of interactions characteristic of maize during
periods of thermal stress. The use of phenological-
ly specific indices was consistent with the approach-
es outlined by N. Kussul et al. (2020), who emphasised
the need for high-temporal monitoring of vegetation
states based on satellite imagery. The correlation with
the conclusions of M. Yemelyanov et al. (2022) was also
evident: the authors demonstrated that shifts in climat-
ic regimes directly affected the spatial structure of crop
distribution in Ukraine.

Additional confirmation was identified in the re-
sults of O. Zhygailo et al. (2021), where a decline in
sunflower productivity under elevated temperatures in
the Northern Steppe of Ukraine was described. Similar
mechanisms of heat stress were evident in the estab-
lished patterns for maize, which may have indicated a
gradual shift of climatic zones. The synthesis of results
demonstrated their clear consistency with contem-
porary scientific principles presented in the study by
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V. Pepeliaev et al. (2023). In that work, the authors
modelled the responses of various crops to changes in
mean annual temperatures and established that even
minor deviations from optimal thermal regimes were
capable of causing abrupt changes in productivity. A
comparable threshold-type influence of temperature
was also detected in the present analysis: yield indi-
cators decreased sharply after exceeding critical limits
during the phase of active biomass accumulation. The
distinction lay in the climatic context: in the modelling
conducted by V. Pepeliaev et al., the dominant factor
was long-term warming, whereas in the regions exam-
ined in Ukraine, short and intensive heatwaves were
more decisive.

Significant attention was drawn to the findings re-
ported by T. Telo da Gama (2023), where the systemic
significance of soil characteristics in either amplifying
or mitigating climatic stressors was highlighted. The
author substantiated that soil degradation, reductions
in organic matter and deterioration of soil structure in-
tensified the negative impact of thermal and moisture
anomalies on crop productivity. A comparison of the es-
tablished results with these principles indicated that
within Polissia, soil properties partially compensated
for moisture deficits, whereas in the Forest-Steppe they
amplified the effect of heat stress. The common feature
in both cases was the decisive role of the hydrothermal
balance as a fundamental regulator of crop performance.

The study by N. Brannigan et al. (2022) focused
on modelling erosion processes under future climate
change and showed that the instability of temperature
and precipitation was capable of transforming not only
yield levels but also the structure of agro-landscapes.
It was particularly emphasised that the increasing in-
tensity of rainfall combined with summer heatwaves
produced a spatially uneven distribution of productiv-
ity. A similar pattern of heterogeneity was identified in
the analysis of Ukrainian regions, where intensifying
climatic variability led to increased spatial contrasts in
crop yields. At the same time, the mechanism of these
disparities differed: in the work of N. Brannigan et
al., water erosion played the dominant role, whereas in
Polissia and the Forest-Steppe, thermal and moisture
deviations during the generative development of crops
were the prevailing drivers.

Overall, the synthesis of findings indicated that the
obtained patterns were fully aligned with the contem-
porary scientific consensus: the productivity of cereal
crops was determined by the combination of temper-
ature extremes, water regime and their synergy, while
machine learning methods provided the most relevant
tools for forecasting these complex interactions.

CONCLUSIONS

A comprehensive analysis of the climatic predictors of
winter wheat and maize yields under the conditions
of Polissia and the Forest-Steppe made it possible to




identify the patterns that determined crop responses to
key weather factors. The application of statistical and
machine-learning modelling methods demonstrated
that the yields of both crops were formed mainly under
the influence of integrated thermal and moisture indi-
cators and extreme temperature regimes characteristic
of critical phenological phases. The greatest contribu-
tion to the variability of winter wheat yields was pro-
vided by the number of days with temperatures above
30°C in June, the amount of precipitation in April-May
and the hydrothermal coefficient in May-June. For
maize, the decisive factors were the hydrothermal indi-
cators of July-August, the frequency of temperature ex-
tremes above 35°C and the precipitation regime during
the period of intensive grain filling.

The comparative evaluation of models demonstrat-
ed a substantial advantage of the Random Forest algo-
rithm over multiple linear regression. Models construct-
ed using Random Forest explained between 68-81% of
yield variability, which confirmed the nonlinear nature
of the relationships within the ‘climate-yield” system
and the presence of critical sensitivity thresholds. The
high predictive accuracy for maize in the Forest-Steppe
indicated that yields in this region were largely de-
termined by weather conditions in the second half of
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summer. At the same time, the increasing importance
of drought indices for Polissia served as evidence of cli-
matic shifts that brought the conditions of the region
closer to those of more southern climatic zones.

The obtained results emphasised the importance of
using combined and extreme indices rather than mean
seasonal meteorological parameters for yield forecast-
ing. The applied methodology confirmed the effective-
ness of machine-learning approaches in identifying
key climatic dependencies and detecting nonlinear re-
sponses of agricultural crops. Prospects for further re-
search lay in the transition from regional to pixel-level
yield models, the integration of satellite data, the anal-
ysis of soil characteristics, the study of agronomic adap-
tation measures and the development of early-season
risk-forecasting systems for agricultural production.
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AHoTauis. MeToto pob0oTn Byno BU3HAYEHHS KIKOYOBUX KNiIMAaTUYHUX NPEAUKTOPIB, SKi hOpMyHOTb BapiabenbHicTb
YPOXAMHOCTI 03MMOI MWEHULI Ta KYKYpyA3u B arpokniMaTuyHmux ymosax [loniccs # Jlicocteny. MeTtogonoris
FPYHTYBanacs Ha BMKOPWUCTAHHI 0araTopiyHMX MEeTEOpONONiYHMUX AAHUX Y MOEAHAHHI 3i CTAaTUCTUYHMMM Ta
MALWMHHUMK aNropUTMaMM MOAENIOBAHHS, cepen SKUX 3aCTOCOBYBAIMCA MHOXMHHA NiHiIMHA perpecia Ta Random
Forest ong nopiBHAMbHOI OLiHKM MPOrHO3HOI edeKkTMBHOCTI. TakoxX Oyno peanizoBaHO MeXaHi3M BU3HAYEHHS
BXXJIMBOCTI 3MiHHMX i3 METOK BCTAHOB/IEHHA HaMbiNbW iHOOPMATUBHUX KNIMATUUYHMX iHAMKATOPiB. Y Xo4i
pocnigxeHHs 6yno NnpoaHanizoBaHo BM/MB TEMMNEPATYPHUX EKCTPEMYMIB, CyMapHOro peXXnMy aTMoCPepHMX ONaais
Ta rigpoTepMivHUX iHAEKCIB Yy KN4oBi (a3oBi nepiogn po3BUTKY KynbTyp. byno BCTaHOBMEHO, WO ANS 03UMOI
MNweHMLi AOMiHYYY pofb BiAirpaBany yMOBM KBIiTHA-YepPBHS, TOAI AK AN KYKYPYA3WM Hanbinblie 3HaYEHHS Manu
TEnn0BO-BO/IOTiCHI MapaMeTpu IMNHA-ceprHs. byno BUSBNEHO, WO iHTerpanbHi MOKa3HMKKW,30KpeMa rigpoTepMivHKiA
KoediLieHT, 3abe3neyyoTb 3HAYHO BULLY MPOTHOCTMYHY Bary MOPIBHSHO 3 OKPEMMMMK TEMMEPATYPHUMU YK
0MnagoBUMKU MeTpuKamu. byno niaTBepaXeHO HANABHICTb MOPOrOBUX PEAKLLiM KYNbTYp Ha eKCTpPeMarnbHi KNiMaTUYHI
dakTopu, WO 3yMOBJIOBANO BIAMIHHOCTI MiX perioHaMu 3a piBHEM YYTAMBOCTI A0 TENNOBUX XBWUAb i NOCyX. byno
y3aranbHeHo, o anroput™ Random Forest 3abe3neynB HanbinbLy TOYHICTb NPOrHO3YBaHHS, NosSCHOKYM A0 81 %
BapiabenbHOCTi BpOXaMHOCTI KyKypyAsu B Jlicocteny Ta A0 74 % — 03uMoi nweHuui. [pakTMyHa LiHHiCTb poboTK
NONAra€ y MOX/AMBOCTI BUKOPUCTAHHS OTPUMAHMX PE3YyNbTaTiB aHaNTUMHUMKU LIEHTPaMK, arpOMEeTeopONoriYHUMU
cny>x6amu Ta arpoBMPO6HMKAMKM AN NAAHYBAHHA NMOCIBHUX M/IOLL, OLiHIOBAaHHS PU3MKiB CE30HHOT YPOXAMHOCTI Ta
$opMyBaHHS afanTaliMHKUX CTpaTerin B yMOBaX KAIMAaTUYHUX 3MiH

KniouoBi cnoBa: arpokniMaTMyHi iHOEKCH; TeMMepaTypHi eKCTPEMYMU; TiApPOTEPMIYHUI pexuM; BapiabenbHicTb
NPOAYKTUBHOCTI; MallMHHe MoaentoBaHHS; Random Forest; kniMatuuHi pusuku; hasosi ctpecopu
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