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Climate change has become a major challenge for agricultural production, particularly in regions
characterized by high climatic variability and frequent weather extremes. This study investigates the
relationship between climatic factors, wheat yield, and economic performance in the Kostanay Region of
Northern Kazakhstan during 1990-2024. The research combines correlation analysis, regression modeling
and geospatial analysis to identify the key drivers of yield variability and to develop a predictive framework for
agricultural decision-making.

The results demonstrate that precipitation during the growing season, particularly in June and July, has
the strongest positive influence on wheat productivity, whereas increasing summer temperatures negatively
affect yields. The analysis also reveals a strong relationship between yield levels and economic indicators,
including profitability and profit per unit of production. A Random Forest model achieved high forecasting
accuracy (R2 = 0.79), identifying July precipitation, June temperature, precipitation concentration, and drought
duration as the most important predictors.

The findings highlight the importance of climate-informed forecasting tools for improving agricultural
resilience and support the development of adaptive strategies aimed at reducing climate-related risks in
Northern Kazakhstan.
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KnumammbiH e32epyi aybiil wapyalbinbifbl ©HOIPICI yWiH, acipece KnumammblK KyObliMarbibifbl
JKOFapbl XeHe aKkcmpemariobl aya palibi Kybbinibicmapb! xui 6alikaramsiH eHipriepoe, Hezidai cbiH-Kameprep-
OiH 6ipiHe atiHandbl. Ocbi 3epmmeyde 19902024 xbindap apanbifbiHOarbl Conmycmik KazakcmaHHbIH
KocmaHali obribicbiHOarbl KnuMammbik chakmopnap, 6udal eHimaOiniai xeHe aybln wapyaulbliblfbl 6HOIPICIHIH
SKOHOMUKarbIK muimdiniei apackiHOarbl e3apa balinaHbIC KapacmbipblriraH. 3epmmey eHiMOinik eszepaiu-
mieiHiH Hezi3ai ghakmoprnapbiH aHbIKMay XoHe az2papribik cekmopda backapywhblinbiK wewimdep Kabbindayra
apHarnFaH 6omkamObIK Heei3 Kanblinmacmbipy MakcambiHOa Koppensyusnbik manday, pespeccusisibik
moQernibdey XoHe 2eoKeHicmikmik manday adicmepiH 6ipikmipeoi.

3epmmey Homuxernepi secemayusinibiK Ke3eHoezai xayblH-WallbIHHbIH, acipece MaycbiM MeH winde
aunapbiHOarbl XaybIH-WalubIiH MenuwepiHiH, 6udal eHimdinieiHe eH Kywmi OH acep ememiHiH kepcemmi. An
)Ka3fbl aya memrepamypachiHbiH Xorapbinaybl eHiMmOinikke mepic biknan emedi. CoHbiMeH Kkamap, manday
OHIMOinik OeHeelli MeH 3KOHOMUKasIbIK Kepcemkiuimep, COHbIH iwiHOe eHOipic peHmabensoiniei MeH eHiM
GipniciHe wakkaHOarbI natida apacbiHOarbl Mbifbi3 6alinaHbicmbl aHbiIkmadbl. Random Forest moderti xxorapbi
b6omkay 0andieiH kepcemmi (R2=0,79), MyHda winde alibiHdarbl XaybIH-UWallblH MeWepi, MaycbiM alibiHOarbl
aya memrepamypachl, XaybiH-lWauwbIHHbIH WOFbIPIaHy UHOEKCI XXoHe KypraKWbiblK Ke3eHOepiHIiH y3aKmbifbl
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OHIMOinikmiH eH MaHbI30bl npedukmopriapbl pemiHoe alikbiH0anObl. AfbiHFaH HomMuXernep ayblil uapya-
WblbiFbl ©HOIPICIHIH OPHBLIKMbIMbBIFBIH apmmbIpy YWIiH KnumMammblk ¢hakmopnapObl eckepemid 6ormkay
KypandapbiH natidanaHydblH MaHbI30bibiFbiH Ganendelii xoHe Conmycmik KazakcmaHOarbl KnuMammbiK
moayekendepdi memeHOemyze barbimmarnraH 6elimOeny cmpameausinapbiH 83iprneydiH fblibiMU Heai3iH
Karnbinmacmsipaosbi.

TytiHdi ce30ep: knumammsiH e32epyi; budal eHOipici; azpapsiblK 3KOHOMUKa; eHOipic peHmabenboi-
niei; aspoknumammblK ¢hakmopnap, eHIMOINIK e32epaiwumizi; KnumMammblK mayekendep, 3KOHOMUKasbIK
muimOinik; eHiMOinikmi 6ormkay; Conmycmik Kazakcmar.
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Hayp3baee b5.T. — kaHOuOam 3KOHOMUYECKUX HayK, Y4YEHbIU az2poHOM, 2ariasa KpecmbsHCKO20
xossiticmea, Pecnybniuka KazaxcmaH, KocmaHad.

U3meHeHue Knumama cmasio 0OHUM U3 KITH04e8bIX 8bi30808 07151 CEeJIbCKOX035UCMBEHHO20 MpouU3800-
cmea, 0CObeHHO 8 peaUOHaXx, Xapakmepu3yrU,UXCs1 8bICOKOU KITUMamu4yecKol U3MEeHYUBOCMbIO U YacmbIMu
aKcmpemarsbHbIMU M0200HbIMU S18/1eHUSIMU. B Hacmosiwem uccnedosaHuu paccmampusaemcsi 83aUMOC853b
Mex0y KnumMamuyeckumu chakmopamu, ypoxalHOCMbIO MUIeHUUbl U 3KOHOMUYecKoU 3¢hgheKmusHOCMbIO
cernbcKkoxo3slicmeeHHo20 rpou3godcmea e Kocmanalickoli obriacmu CegepHo2o KazaxcmaHa 3a repuod
1990-2024 ee2. UccnedosaHue OCHOBAHO Ha MPUMEHEHUU KOPPESAUUOHHO20 aHanuia, pe2pecCUOHHO20
MoOenupoeaHusi U 2e0MpoCcmpaHCmMeeHHO20 aHarnu3a C Uerbio 8bIsieNeHUs1 OCHOBHbLIX ¢hakmopos, ornpede-
NIFI0WUX 8apuayur ypoxalHocmu, a makxe pa3pabomku poeHOCMUYECKOU OCHO8bI Orisi MOOOepPKKU
MPUHAMUS peweHul 8 agpapHOM CeKmope.

Pe3ynsmamebi nokasasnu, 4mo HauboribLwee rnooXumernsHOe 8UsTHUE Ha PodyKmMUBHOCMb MUEHUUbI
oKasblgarom ocalKku 8 rnepuod sezemauyuu, 0oCOOEHHO 8 UlOHe U utofie, moada Kak rosbllueHUe f1emHuX
memMnepamyp oKasbleaem ompuyameribHoe 8030elicmeue Ha ypoxalHocmb. AHanu3 makxe ebisseur
MEeCHYI0 83aUMOC8sI3b MEXOY YPOBHEM YypOXalHOCMU U 3KOHOMUYECKUMU r1oKa3amerisiMu, eK/lo4dasi peHma-
b6enbHocmb u nNpubblib Ha eduHuluy npouseedéHHol npodykyuu. Modenr Random Forest npodemoHcmpu-
poearia 8bICOKYH MOYHOCMb rpogHo3uposaHus (R2 = 0,79), onpedenue ocadku utornid, memrepamypy UOHS,
UHOEKC KOHUeHmpauuu ocadkos8 U rpodormkumernbHOCMb 3acywiuebix nepuodos e kadecmee Hauboree
3Ha4uMbIX pedukmopoes ypoxaltiHocmu. NonyyeHHbie pe3yribmamabi To0meepxoatom 8aXHOCMb UCMOMb30-
8aHUSI KIIUMamu4yecKu OpUEHMUPOBaHHbIX UHCMPYMEHMO8 Mpo2HOo3uposaHusi O71s M08bILEHUS yCcmouYu-
80CMU CerlbCKOX0351LicMB8EHH020 npou3sodcmea u 06ocHo8bI8aom Heobxodumocms paspabomku adanma-
UUOHHbIX crmpameaudl, HarpaeeHHbIX Ha CHUXEeHUE KumMamu4eckux puckos 8 CesepHom KazaxcmaHe.

Knroyeeble crnioea: usmeHeHue Knumama; npou3eodcmeo rneHUUbl; azpapHasi 3KOHOMUKa, peHma-
benbHoCMb rpou3gsodcmea; aspoKiuMamuyeckue thakmopsbl; eapuabenibHOCMb ypoxalHocmu, Kaumamu-
YyecKue pUCKU, 3KOHOMuYecKas aghghekmueHOCMb,; npoeHo3uposaHue ypoxaliHocmu,; CesepHbili KazaxcmaH.

Introduction.

Climate change has emerged as one of the principal factors influencing the sustainability of agricultural
production worldwide. Its impacts are particularly pronounced in regions characterized by high climatic
variability, where crop productivity depends not only on the total amount of precipitation but also on its seasonal
distribution throughout the growing period. The Kostanay Region of the Republic of Kazakhstan is one of the
country's leading grain-producing areas and is located within the zone of high-risk rainfed agriculture. A
defining climatic characteristic of the region is the uneven seasonal distribution of precipitation. During recent
decades, climate variability has intensified, resulting in excessive rainfall during spring and autumn and
increasing moisture deficits throughout the summer growing season. These changes substantially increase
production risks because spring wheat cultivation depends on a narrow sowing window extending from mid-
May to early June. Deviations from the optimum sowing period adversely affect crop establishment, delay
maturation, and ultimately reduce both yield and economic performance.

Long-term observations indicate that under moderate air temperatures (25-27 °C), wheat yields may
exceed 10 centners per hectare even under relatively limited precipitation. In contrast, combinations of high
temperatures (above 30 °C) and moisture deficits frequently reduce yields to below 7 centners per hectare.
When adequate precipitation occurs during the growing season and dry weather prevails during harvesting,
yields commonly exceed 15 centners per hectare. These observations demonstrate the high sensitivity of
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wheat production to hydrothermal conditions and emphasize the necessity of incorporating climatic factors into
agricultural adaptation strategies.

Increasing climatic instability has also intensified the economic vulnerability of agricultural production by
directly affecting crop yields, production costs, farm income, and profitability. Under these conditions,
guantitative assessment of climatic impacts and the development of reliable yield forecasting models have
become essential components of agricultural decision-making, enabling producers and policymakers to
improve production efficiency and strengthen climate adaptation. Although numerous studies have examined
the effects of climate change on crop productivity, the relationships between climatic factors, wheat yield, and
the economic performance of wheat production in Northern Kazakhstan remain insufficiently investigated. In
particular, relatively few studies integrate long-term climatic observations, yield dynamics, and economic
indicators within a unified analytical framework using modern statistical techniques and machine-learning
methods.

The objective of this study is to identify the agroclimatic factors determining wheat yield and production
profitability in the Kostanay Region and to develop a predictive model for assessing the effects of climate
variability on agricultural production efficiency.

To achieve this objective, the following research tasks were addressed:

- to analyses long-term trends in climatic variables and wheat yield during 1990-2024;

- to evaluate the statistical relationships between climatic factors, wheat yield, and the economic
performance of wheat production;

- to identify the principal climatic predictors affecting yield formation;

- to develop a wheat yield forecasting model using machine-learning techniques;

- to assess the effects of climate variability on production profitability and formulate recommendations
aimed at improving the climate resilience of the regional agricultural sector.

The remainder of the paper is organized as follows. The next section reviews the relevant literature and
presents the theoretical background. This is followed by a description of the research methodology,
presentation and analysis of the empirical results, discussion of their economic implications, and concluding
remarks outlining practical recommendations for climate adaptation in wheat production.

Materials and methods. Climate change and its consequences for the agricultural sector have been
the subject of active scientific discussion around the world over the past two decades — particularly intensifying
in the last five years. Researchers largely agree that while several climatic factors affect the yield of agricultural
crops, the most critical are changes in air temperature and variations in the amount of precipitation during the
plant growing season [1,2,3,4,5].

At the global level, numerous studies have assessed the impact of climate change on wheat yields,
recognizing wheat as one of the most strategically important food crops. According to research groups from
the United States and the European Union, extreme weather events — particularly heatwaves, droughts, and
floods during seasonal rains — cause substantial damage to agricultural production. For instance, the study by
Lobell and Field identified a persistent negative correlation between rising average air temperatures during the
growing season and wheat yields in countries with continental climates [1].

In Kazakhstan, the impact of natural and climatic factors on wheat yield has also been studied across
various grain-producing regions. A team of researchers led by Zhumagulov [6] and Teleubay [7] examined the
effects of atmospheric precipitation on the yield spring wheat and barley in the dry steppe zone of Northern
Kazakhstan. Identifying a strong correlation between precipitation in June-July and crop yield. Suleimenov and
Akshalov evaluated summer following practices negatively in northern Kazakh soils, arguing there are
ineffective for reducing climate-related risks [8]. In contrast, Walet et al., presented an opposing viewpoint,
emphasizing the potential of fallow crop rotations and agroforestry as climate change adaptation strategies
that enhance the economic efficiency of production [9].

Recent publications in MDPI journals (e.g., Agronomy, Agriculture) have contributed to the body of
research on climate change effects on crop productivity, particularly wheat. In particular, the journal Agronomy
published a study that employed the SALTMED model to evaluate the effects of different irrigation levels and
nitrogen fertilizer rates on weak growth under climate change conditions. The results indicated that climate
change poses new threats to wheat growth in the future, thereby requiring the development of technologically
resilient production strategies [10]. In the journal Agriculture, a study was presented assessing the impact of
climate change on winter wheat yields in five major counties in Texas. Using the APEX model and CMIP5
climate projections, the researchers found that despite the expected rise in air temperature, winter wheat yields
may increase in the future due to the accompanying rise in precipitation. This trend is seen as contributing to
the improved efficiency of wheat grain production in northern Texas counties [11].

In addition, a study published in the Agro-Geoinformatics proceedings applied machine learning models
to produce a high-precision forecast of crop yields. The authors utilized remote sensing data, end (NDVI, EVI),
climate indicators and historical statistics. The study assessed the long-term effects of air temperature,
precipitation, fertilizer use, electricity consumption, sown area, and labor input on wheat production in Hubei
Province, China. The results showed that air temperature, precipitation, fertilizer application, electricity
consumption, and labor input all had a strong positive influence on agricultural output, whereas the sown area
was negatively correlated with production [12].
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Researchers in Turkey, using Copernicus (EU) data, examined the influence of climatic variables —
temperature, humidity, and precipitation — on wheat yield dynamics over the period 1990-2024. A neural network
model was developed to assess both the positive and negative effects of climate change on agricultural
productivity [13]. Convolutional neural networks [14]. as well as research conducted under the conditions of
Pakistan, have demonstrated that integrating diverse data sources (NDVI, EVI, ARVI) with climatic variables
and machine learning algorithms (e.g. Random Forest Gradient Boosting) enables effective yield prediction and
adaptation to arid environments [15]. This approach is highly relevant for regions such as Kostanay, were fore-
casting accuracy is essential due to the area’s classification as a risk-prone agricultural zone. In Sweden, Senti-
nel-1 satellite data and meteorological indicators have been incorporated into LGBM and neural network models
to forecast wheat yield with R2 values reaching 0,86 illustrating the effectiveness of this technology under
conditions of climate instability. Similarly, researchers at the University of the Witwatersrand, Johannesburg,
used machine learning algorithms and combined Sentinel-1 and Sentinel-2 imagery to enhance precision in
data acquisition — an essential factor for precision agriculture and resource management [16].

Chinese researchers have developed an ensemble AdaBoost-LSTM model that demonstrates strong
resilience to extreme droughts and climate variability. A key feature of this model is its ability to generate
accurate yield forecasts 1-2 months before the harvest season. The model has shown high performance under
both wet and dry seasonal conditions [17].

A study published in Genes (MDPI) analyzed yield variability in durum wheat in ltaly. It simulated
genotype responses to biotic stressors (such as drought and heat) using field trials and predictive modelling
approaches [18]. These findings underscore the importance of integrating climatic indices and agricultural
technologies for accurate yield forecasting and for improving agronomic and agrotechnological decision-
making. In conclusion, a simple and reproducible wheat yield forecasting method has been proposed at the
national scale, based on the combination of agrometeorological data and the APSIM model (Agricultural
Production Systems Simulator). The model is currently being developed and tested in the United States and
Brazil, encompassing various agroclimatic zones. It relies on basic weather inputs (precipitation and
temperature) and a limited set of agronomic parameters. its main advantage lies in its simplicity and low cost,
enabling accurate yield predictions even in countries with limited computational capacity [19].

The study period covers the years from 1990 to 2023, aligning with the period of Kazakhstan's
independence [20]. Starting from 1990 enables the analysis of trends in the country’s post-Soviet agricultural
policy, the transformation of economic mechanisms, and the intensification of climate-related trends, while also
allowing for the identification of structural patterns and cyclical phases. As previously noted, the geographical
scope follows a general-to-specific principle: global analysis provides a comparative context, while the regional
level focuses on high-risk farming zones that are critically vulnerable to climatic fluctuations yet strategically
important for national food security. The global analysis includes leading wheat-producing countries such as
the United States, Canada, Australia, India, and the European Union. The regional analysis is centered on
data from the Kostanay Region, which, as noted earlier, is located in a high-risk agricultural zone within the
sharply continental climate of Northern Kazakhstan [21].

The methodological strategy follows a stepwise approach: first, the identification of stable relationships
between climate change and wheat yield; second, the construction of predictive forecasting models; and finally,
spatial visualization and the assessment of economic indicators and consequences resulting from the impact
of climate change on the target variable [22, 23, 24].

The main independent variables include:

1. The average seasonal air temperature during the vegetation period May-August;

2. Monthly precipitation levels, with particular emphasis on May, June, August, and September;

3. Indices of precipitation irregularity;

4. Climatic extremes — temperature peaks, drought periods, and heavy rainfall events;

5. Timing of agrotechnological operations, including sowing and harvesting dates.

The dependent variable in this study is wheat yield, measured in centners per hectare (c/ha). In addition,
key economic indicators will be included: the cost of wheat production, selling price, profit, and profitability of
wheat cultivation and processing.

The selection of climatic and environmental variables is based on their direct physiological impact on
wheat growth during key developmental stage: germination, emergence, tillering, stem elongation, heading,
flowering, grain filling, and maturation. The irregular distribution of precipitation affects the timely execution of
agrotechnical operations. We yield — as the region's primary food crop — serves as the central outcome variable
linking climate change to the agricultural sector's economic performance. The inclusion of economic variables
enables the evaluation not only of biological losses but also of their translation into production and financial
consequences, which is critical for ensuring the efficiency, resilience and profitability of the agricultural economy.

As previously noted, the analytical methodology is based on identifying relationships between climatic
and production indicators using correlation analysis methods (Pearson and Spearman) [25], linear and multiple
regression, machine learning techniques, and geospatial analysis.

Analytical Methods:

- Calculation analysis was used to identify dependencies between climatic variables (Independent
features) and wheat yield (dependent variable);
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- Regression analysis was applied to construct predictive models of yields based on climatic and
economic factors.

- Geospatial analysis was conducted using GIS technologies for spatial data analysis and visualization
of the results.

During the study, threshold values of climatic indicators were calculated — those at which wheat yield
exhibited a sharp decline or increase. The impact on the agricultural sector's performance was assessed
through the analysis of yield variability and sensitivity to climate change, particularly in the context of increasing
climatic instability.

Results. Correlation analysis of data from the Kostanay Region for 1990-2023 revealed a strong depen-
dence of wheat yield on climatic conditions, particularly precipitation during the growing season. Stable yields
were associated with a more uniform rainfall distribution in May—July, while moisture deficits in key growth
periods resulted in substantial yield reductions. The strongest correlation was observed between wheat yield
and July precipitation (r = 0.89), highlighting the decisive role of moisture availability during grain formation.
These findings confirm the high climatic sensitivity of wheat production in the region (Figures 1 and 2).
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A similar pattern is demonstrated in Figure 2.

A moderate positive relationship was identified between June precipitation and wheat yield (r = 0.56),
while May precipitation demonstrated a weaker association (r = 0.42). This finding confirms that moisture
availability during the critical stages of crop establishment and vegetative development substantially influences
wheat productivity.
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Thus, as the analysis shows, precipitation during the active growth phase of the vegetation period has
a decisive influence on yield formation.

Weak or negative correlations were observed for precipitation in December and March, which, as
previously noted, have a cumulative effect and influence wheat yield through the total annual precipitation
indicator (Figures 3 and 4).
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Continuing the correlation analysis between wheat yield and precipitation, it is important to highlight a strong
correlation between yield and total annual precipitation, with a correlation coefficient of r= +0,72 (Figures 5).
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This supports the scientific hypothesis that not only specific precipitation during the vegetation period
affects yield, but also the accumulated soil moisture -commonly referred to in agricultural technology as soail
moisture recharge-formed from autumn, winter, and early spring precipitation plays a significant role in determi-
ning wheat and overall cereal crop yields. Stable reserves of soil moisture create favorable conditions for seed
germination and early plant growth, even in the absence of sufficient summer rainfall. This pattern is particularly
relevant for high-risk farming zones, where the amount of soil moisture available at the beginning of the sowing
season is critically important during dry summers. Other influencing factors must also be considered. For
instance, when comparing annual data: in 2011, total precipitation was 513,7 mm and the yield was 18,3 centners
per hectare; in 1991, total precipitation was 233,6 mm with a yield of 3,9 centners per hectare; and in 2020,
despite having the highest annual precipitation during the observation period, the yield was still below average
at 10,2 centners per hectare. To improve forecasting accuracy, precipitation unevenness indices were calculated.

Precipitation unevenness indices and the coefficient of variation revealed that in several years particu-
larly after 2010-there has been a noticeable shift in rainfall distribution toward the spring and autumn months.
For example, in 2012, 2014, 2021, and 2023, May was one of the wettest months, which coincided with delays
in the sowing campaign and reduced yields compared to years in which precipitation was more evenly
distributed. In these cases, the PCI (Precipitation Concentration Index) exceeded 20, which is classified as a
high concentration of rainfall. The increase in precipitation unevenness over the past 10 years has been
reflected in deviations in the timing of the sowing campaign and a decline in yields.

Overall, the correlation matrix constructed to evaluate the strength of the relationship between wheat
yield and seasonal temperatures (Table 1).

Table 1 — Correlation matrix assessing the strength of the relationship between wheat yield and seasonal
temperatures (Lee Rodgers and Nicewander 1988; Benesty, J., et al. 2009; Pearson 1900)

Indicators Wheat | Sum of active Sum of active Sum of active Sum of active
yield, |temperatures °C,|temperatures °C,|temperatures °C,|temperatures °C,
centners Autumn Winter Spring Summer
per

hectare

Wheat yield, centners per

hectare 1 -0,26677 0,866741 0,953385 -0,96048

Sum of active temperatures 56577 1 -0,2154 -0,07911 0,2628

C, Autumn

Sum of active temperatures

°C. Winter 0,866741 -0,2154 1 0,823169 -0,96738

?gmsg‘;i";‘]‘g"’e temperatures| g g53385|  -0,07911 0,823169 1 -0,89576

Sum of active temperatures

°C, Summer -0,96048 0,2628 -0,96738 -0,89576 1

Showed that the sum of active temperatures in the spring months has the most substantial impact on yield
formation (0,49), representing the strongest positive correlation. A warm spring contributes to better germination,
tillering, and, overall, a more favorable start to the vegetation period. In the autumn months, the sum of active
temperatures does not have a strong influence on yield, however, a moderately positive correlation is observed
due to the creation of favorable conditions for harvesting mature crops — higher autumn temperatures increase
the likelihood of a timely and efficient harvest. The effect of summer temperatures on yield previously discussed,
shows a moderately negative relationship. Logically, the sum of active temperatures in winter has little effect on
wheat yield, with a weak, inverse, and statistically insignificant correlation.

These findings are supported by seasonal comparative graphs of wheat yield and air temperature
(Figures 6,7,8, and 9).
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Figure 6 — Graphs illustrating the interaction between wheat yield
and the sum of active temperatures during the autumn period
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Figure 6 demonstrates clear, albeit weak, positive relationship, particularly when autumn precipitation
from the preceding year is considered as a factor in soil moisture accumulation for the upcoming production
cycle. Lower autumn temperatures reduce evaporation intensity, facilitating retention of accumulated
precipitation, deeper soil infiltration, and the formation of a more substantial soil moisture reserve.

A similar relationship is observed between air temperature in the winter months and wheat yield (Figure
7). Low winter temperatures do not contribute to deep soil freezing or to significant evaporation or the freezing
out of soil moisture. The correlation is weak and only slightly discernible. According to agrotechnological data,
it is generally accepted that winter temperatures primarily affect the condition of perennial crops or winter
wheat, rather than spring wheat. However, long term observations and farmer surveys suggest that low snow
cover combined with low winter temperatures often precede a dry spring — summer season.
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Figure 7 — Graphs illustrating the interaction between wheat yield
and the sum of active temperatures during the wither period

The analysis of the graphical relationship between wheat yield and the sum of active temperatures
during the spring period, presented in Figure 8, shows a clear positive trend — yield increases with rising spring
temperatures.
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Figure 8 — Graphs illustrating the interaction between wheat yield
and the sum of active temperatures during the spring period

This on again confirms the significance of temperature during the germination, tillering, and stem
elongated phases. Uniform seedling emergence typically occurs at air temperatures between 12-17 °C, while
intensive wheat growth takes place at 20-25 °C.

The graph of the interaction between wheat yield and the sum of active temperatures during the summer
period (Figure 9) confirms the results of the correlation analysis: as the temperature threshold increases, yield
begins to decline — sometimes reaching critical levels. This is consistent with wheat physiology: overheating
(above 30 °C) during the grain-filling phase shortens the vegetation period and reduces grain weight.
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Figure 9 — Graphs illustrating the interaction between wheat yield
and the sum of active temperatures during the summer period

For predictive modeling, spring temperatures serve as a key factor, while summer temperatures act as
a limiting factor. Thus, temperature is important, but it is neither the primary nor the sole determinant of wheat
yield. Yield fluctuations due to air temperature variation account for up to 38%, while the remaining variation
is explained by other variables.

Based on long-term observation, four conditional agroclimatic scenarios can be identified for the
Kostanay Region (Table 2):

Table 2 — Types of agroclimatic scenarios for the Kostanay Region

Scenarios Precipitation during the| Air temperature, °C |Wheat yield, centners
growing season, mm per hectare

Moderate, moderate temperature 100-140 25-27 12,0-14,0
Low precipitation and moderate 60-90 2597 10,0-11,0
temperature
Drought and heat <30 > 30 <7,0
Heavy precipitation during the
growing season and high > 140 28-34 >15,0
temperatures

These scenarios form the foundation for a structured predictive model that enables the estimation of the
expected yield range under given climatic and environmental conditions. The application of the Random Forest
model for yield forecasting demonstrated high accuracy on the test dataset, with R2=0.79, MAE=1,4 c/ha. The
most significant predictors included July precipitation, average air temperature in June, the PCI index, and the
duration of drought periods.

Correlation analysis also revealed a strong positive relationship between wheat yield and economic
indicators (Table 3).

Table 3 — Correlation analysis between wheat yield and climatic, environmental, and economic variables
based on data from Kostanay Region for the period 1990-2024, highlighting the most significant positive
relationship

Indicators Correlation coefficient Degree of dependence
Profitabilit of  wheat rain
productior?/ and cultivation ) +0,90 Very strong
Precipitation in July +0,89 Very strong
Annual total precipitation +0,72 Very strong
Profit per 1 centner of wheat grain +0,66 Strong
Precipitation in June +0,56 Moderately positive
Precipitation in May +0,42 Moderately positive

A comparative analysis of years characterized by adverse climatic conditions (2012, 2014, and 2021)
and relatively favorable production conditions (2013, 2016, and 2019) revealed that a 30—40% decline in wheat
yield was associated with a 1.5-2.0-fold reduction in production profitability.
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Figure 10 — Graphical relationship between wheat yield and profitability of wheat production

A fundamentally different relationship is observed between yield, production cost, and the selling price

of 1 centner of wheat (Table 4).

Table 4 — Correlation analysis between wheat yield and climatic and economic variables based on data
from Kostanay Region for the period 1990-2024, showing weak negative correlations

Indicators

Correlation coefficient

Degree of dependence

Production cost of 1 centner of wheat grain -0,11

Weak negative

Precipitation in December

-0,48

Moderately negative

This analysis will be the focus of subsequent publications (the impact of macroeconomic indicators on
the efficiency of wheat production in the Kostanay region will be examined in the next article).

The constructed visualization graphs clearly illustrate key correlation relationships. A near-linear positive
dependences is observed: as precipitation increases to 100-120 mm, wheat yield rises to 12-15 centners per
hectare (c/ha). and profitability consistently exceeds 50 %. In contrast, under low precipitation conditions (<30
mm), yield levels drop sharply to 6 -7 c/ha.

The analysis demonstrated a very strong positive correlation between wheat yield and production
profitability (r = 0.90), confirming that economic outcomes in wheat farming are highly sensitive to changes in
productivity. This finding underscores the importance of yield stabilization as a prerequisite for improving the
economic sustainability and climate resilience of the regional agricultural sector (Figure 11, Table 5).
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Figure 11 — Heatmap of Interactions Between Climatic Variables, Wheat Productivity,
and Economic Efficiency Indicators in the Kostanay Region, 1990-2023 [24, 25, 26]
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Figure 11 presents a heatmap of the correlation relationships between climatic and economic indicators
for the Kostanay region over the period 1990-2023. A diagonal scale from -1 to +1, is used, where red indicates
a positive correlation and blue indicates a negative correlation.

To construct a predictive model for forecasting wheat yield in the Kostanay region, the following key
variables were selected (based on correlation values 20.4). [

Table 5 — Variables included in the predictive model for forecasting wheat yield in the Kostanay region.

Indicators Correlation coefficient Degree of dependence

Profitability of wheat production and cultivation, % +0,90 Very strong
Precipitation in July, mm +0,89 Very strong
Annual total precipitation +0,72 Very strong
Profit per 1 centner of wheat grain, tenge +0,66 Strong
Precipitation in June, mm +0,56 Moderately positive
Precipitation in May, mm +0,42 Moderately positive
Precipitation in December, mm -0,48 Moderately negative

Algorithm for applying the proposed model in the agricultural sector of the economy.

1. Collection of required data:

- long term forecasts of precipitation and temperature;

- data on actual soil moisture recharge prior to the start of the sewing campaign.;

- expected scenario of precipitation distribution;

- selection of agricultural technology (traditional water saving or intensive selection of crop varieties and
configuration of machinery and equipment);

2. Calculation of variables: based on climate models and current data the values are calculated as
fO”OWS, Pjuly- Tsumme‘ri Ip‘recipi C.

3. Yield forecasting: based on the calculated values, the model equation is constructed and solved to
obtain a yield forecast with an accuracy of +1-2 centners per hectare.

4. Forecasting economic indicators:

- based on the generated yield forecast, agricultural producers can estimate the expected profitability of
production;

- formulate an optimal procurement plan for fuels and lubricants, fertilizers, equipment and machinery;

- developed logistics for sowing and harvesting operations;

- assess market related risks;

- mitigate risks associated with farming in a risk prone agricultural zone.

Based on data collected for the period 1990-2024, the predictive model takes the following form:

Y =14,81+ 0,114 Py — 0,471 Toppmmer — 2,22 Lypecip + 1,75 C 1)

Where:

+0,114 c/ha for each additional mm of precipitation in July;

-0,471 c/ha free extra degree of summer temperature, indicating that overheating reduces yields by
suppressing plant growth.;

-2,22 c/ha with an increase in the precipitation irregularity index, emphasizing the importance of stable
precipitation.

+1,75 centners/ha when applying more productive in climate-resilient agricultural technology.

Discussion and Conclusion The results of the correlation analysis confirm the central hypothesis of
this study: climatic parameters — particularly precipitation and air temperature during the summer period — have
a significant impact on wheat yield in the Kostanay Region, which is classified as a high-risk farming zone. The
high-risk farming zone of Northern Kazakhstan has been the focus of close scientific attention, primarily due
to persistent fluctuations in weather conditions. The scientific and practical significance of these findings
increases in the context of global climate change, which has led to more pronounced fluctuations in weather
conditions. The study established a strong positive correlation between July precipitation and wheat yield
(r=0,889), indicating a critical dependence of the vegetation period on adequate moisture availability. It was
also found that the amount of accumulated moisture during the autumn-winter period (r=0,724) is an important
parameter affecting yield, particularly during the germination and early sprouting phases. In addition,
precipitation in June showed a moderate positive correlation with yield. As the study revealed, the uneven
temporal distribution of precipitation — for example, excessive rainfall during the sowing campaign (which
hampers agrotechnical operations scheduled within fixed timeframes) and drought in July during the grain
formation phase — ultimately has a negative impact on wheat yield.

Summer air temperature exhibition a negative correlation with wheat yield (r=-0,61), which can be
attributed to temperature stress on plants. When air temperatures consistently exceed +30°C and precipitation
levels are minimal, wheat yield declines to as low as 7 centners per hectare. These findings are consistent
with long-term agroclimatic observations and are highly relevant for developing adaptation strategies under
climate chance conditions aimed at increasing the resilience of agricultural production.
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From an economic perspective, a strong positive relationship was identified between wheat yield and
production profitability (r= 0,90). This indicates that yield function not only as an agrotechnical and
agrotechnological indicator, but also as a key economic indicator of the performance efficiency of agricultural
enterprises. High yields contribute to lowering the unit cost of production by spreading fixed costs over a larger
output volume, while simultaneously increasing profit per unit of output. At the same time, an inverse
relationship was found between yield and market price at the intra-seasonal level, reflecting the price formation
mechanism under conditions of increased or surplus supply.

However, an analysis of trends over the period from 1990 to 2024 reveals distortions in these
relationships. This can be attributed to the influence of macroeconomic factors such as inflation, currency
devaluation, shifts in agricultural policy, structural changes in agricultural production, and the broader transition
from a centrally planned Soviet economy to a market-based model. Therefore, adequate predictive modeling
must account not only for climatic and environment variables, but also for economic indicators — particularly
profitability — as a direct measure of production efficiency.

A more in-depth, long-term analysis incorporating macroeconomic indicators will be undertaken and
presented in a subsequent scientific publication. In summary, the findings confirm the feasibility and relevance
of developing a predictive model for wheat yield (as the region’s principal grain crop), with climate parameters
serving as key predictors. Such a model may be useful both for long-term planning in the agricultural sector
and for adapting production processes to climate-related risks. Moreover, the model demonstrates high
predictive capacity, enabling a shift prom retrospective statistical analysis to the strategic decision-making
level. This is particularly important in the context of climate change, volatile market prices, and fluctuating
production costs in high-risk farming zones.

Funding: This research is funded by the Ministry of Science and Higher Education of the Republic of
Kazakhstan within the framework of the following project: AP25794477 Development and scientific
justification of adaptive strategies using predictive models to increase agricultural resilience under climate
change conditions. Priority: Sustainable development of the agro-industrial complex, agreement No. 56>Kf -
25-27, dated 27 February 2025, within the framework of grant funding for research by young scientists under
the "Zhas Galym" project for 2025-2027.
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