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ABSTRACT

This study examined the impact of climate change on grain crop yields in Kazakhstan and
Russia between 1991 and 2023, highlighting the urgent need for adaptive agricultural
strategies. The research focused on changes in weather patterns—specifically decreased
precipitation and rising temperatures—in Northern and Central Kazakhstan, as well as in
Russia’s Tula Region. Regression analysis was employed to address the relationship between
these climatic factors and agricultural yields. The findings reveal a notable decline in
precipitation during the growing season, with levels dropping from 158mm to 137mm in
Northern Kazakhstan and from 267mm to 257mm in the Tula Region. Average annual
temperatures have increased by 0.9°C in Kazakhstan and 1.3°C in Russia, intensifying the risk
of droughts. The analysis demonstrates a strong correlation between crop yields and both
precipitation and air temperature, underscoring the adverse effects of aridification on
agriculture. In light of these findings, the study emphasizes the necessity for adaptation
strategies, such as the adoption of drought-resistant crop varieties and the implementation of
optimized water management practices. These measures are essential for strengthening
agricultural resilience to climate change and ensuring sustainable development in the region.
The insights gained from this research can inform effective government policies and
agricultural programs to achieve long-term agricultural sustainability in Kazakhstan and Russia
amid changing climatic conditions.
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INTRODUCTION

weather events, such as droughts and floods, which disrupt
the hydrological cycle and affect both the availability and

The global water crisis is among the most pressing
challenges for sustainable development, driven by
interconnected factors such as climate change, population
growth, intensified agriculture, urbanization, ecosystem
degradation, and inefficient water management (Ventsova
& Safonov, 2021; Wanjari et al., 2024). Global warming
alters climate zones, reduces snow cover, accelerates
glacier melting, and increases the frequency of extreme
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quality of water resources (Mohammadi et al., 2023).
Agriculture, which accounts for over 70% of global
freshwater withdrawals, is particularly vulnerable. Intensive
irrigation, unsustainable land use, and contamination by
agrochemicals contribute to soil salinization, groundwater
depletion, and biodiversity loss (Cheng et al., 2022; Ge et
al., 2023). Water scarcity, especially in arid and semi-arid
regions, leads to desertification, land degradation, reduced
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soil moisture, and declining yields of key crops such as
wheat, while also threatening drinking water quality and
public health (Kirilenko & Sedjo, 2007; Abdrakhimov et
al., 2024).

In Northern Kazakhstan, water deficits result from the
combined effects of climatic changes and anthropogenic
pressures, including overgrazing, removal of windbreaks,
and inefficient irrigation practices using outdated open
canals, with losses exceeding 40% before reaching fields
(Filimonov et al, 2016; Tusupbekov & Ryapolova, 2019;
Vinogradova et al, 2021). Similar trends are observed in
Central Kazakhstan and parts of European Russia, where
declining grain yields threaten regional food security and
cross-border supply chains (Drizhd et al., 2020; Vorobyova
& Smagulov, 2021).

Addressing these challenges requires integrated
adaptation strategies in agriculture. Key approaches
include the development and cultivation of drought-
resistant crop varieties; optimization of irrigation
technologies, such as drip irrigation; precision soil
moisture monitoring; and the use of modern digital tools,
including GIS, satellite monitoring, and climate scenario
modeling (Babkenov et al., 2020). Regional specificity must
be considered, as soil, climate, and socioeconomic
conditions differ across steppe regions of Northern and
Central Kazakhstan and adjacent areas of European Russia.
Implementing these measures can help mitigate the
environmental, economic, and social risks associated with
water  scarcity, ensuring  sustainable  agricultural
production, food security, and resilience in the face of
climate variability.

The global water crisis and climate change pose
significant challenges to sustainable development,
affecting both water availability and agricultural
productivity (Ventsova & Safonov, 2021; Wanjari et al,
2024). Moisture deficits, driven by altered precipitation
patterns, increased evaporation, and extreme weather
events, have particularly severe impacts in arid and semi-
arid regions, such as Northern and Central Kazakhstan, as
well as parts of European Russia (Vorobyova & Smagulov,
2021; Abdrakhimov et al., 2024). These changes disrupt the
hydrological cycle, reduce soil moisture, and compromise
irrigation efficiency, leading to declining yields of key
crops, desertification, and threats to food security (Cheng
et al, 2022; Ge et al., 2023).

The impact of climate change on the environment is
therefore one of the most pressing concerns. Moisture
deficit, as a complex natural phenomenon, directly affects
plant physiology and growth. Changes in weather patterns
have increased the frequency and intensity of extreme
events, such as droughts, floods, and temperature
anomalies (Harris et al.,, 2020; Yurova et al, 2021; Zhong,
2024). Insufficient soil moisture alters the water regime of
plants, reducing photosynthetic efficiency and slowing
growth. Under severe moisture deficiency, root systems fail
to absorb sufficient water, which may ultimately result in
plant stress or mortality. These effects are especially
detrimental for moisture-sensitive crops, including corn,
sunflower, and wheat (Harris et al., 2020; Kashyap &
Agarwal, 2021).
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The impact of climate change on agriculture and
ecosystems is one of the most pressing concerns in
Northern and Central Kazakhstan, as well as in European
Russia. Climate variability has led to moisture deficits,
increased frequency and intensity of droughts, floods, and
temperature anomalies, and altered precipitation patterns,
thereby intensifying aridification and affecting soil
moisture, plant growth, and crop yields (Ding et al., 2021;
Jiao et al, 2021; Yurova et al, 2021). Insufficient soail
moisture reduces photosynthesis, slows plant growth, and
can cause mortality in moisture-sensitive crops such as
corn, sunflower, and wheat (Siddig et al., 2020; Kashyap &
Agarwal, 2021; Zhong, 2024). Rising temperatures and low
humidity further exacerbate water deficits, particularly in
steppe and semi-arid regions, leading to more severe
droughts and negative impacts on agriculture, livestock,
and ecosystems (Usupayev et al., 2020; Ray & Goel, 2021;
Tusupbekov et al., 2022).

In Northern Kazakhstan, climate change is a major
driver of declining soil moisture, reducing water availability
for agriculture and natural vegetation and contributing to
lower yields of key crops such as wheat (Kenenbaev, 2020;
Espolov et al., 2023; Pashkov et al., 2024). Similar patterns
are observed in Central Kazakhstan, particularly in
Karaganda Region, where rising temperatures, declining
precipitation, and soil degradation negatively affect grain
yields, highlighting the urgent need for adaptive
agricultural strategies (Shcherba, 2010; Vorobyova &
Smagulov, 2021).

In European Russia, regions such as Tula are
experiencing comparable challenges. Long-term studies
indicate a temperature rise of approximately 1.5°C and a
10-20% reduction in precipitation, leading to increased
drought frequency and reduced grain yields (Cherenkova
& Zolotokrylin, 2016; Zolotokrylin et al., 2020). Similar
trends have been documented in Central and
Northwestern Russia, where temperature increases of 2—
25°C and significant precipitation declines have
contributed to lower agricultural productivity.

While climatic shifts are the primary driver of moisture
deficits, anthropogenic factors such as overgrazing and
unsustainable land management practices also play an
important role in intensifying aridification and affecting
crop yields (Tokbergenova et al., 2018; Dmitriyev et al,
2023; Toishimanov et al, 2024). Overall, the literature
emphasizes that moisture deficits, driven by both climate
and human activities, are a major threat to agricultural
stability. Developing and implementing adaptive
strategies, including drought-resistant crops, improved
irrigation, and soil management, is therefore crucial to
maintain grain production and ensure food security in
these vulnerable regions.

This study investigated the impact of alterations in
climate conditions on grain yields in Northern and Central
Kazakhstan, as well as in European Russia. The aim was to
analyze how these regions respond to climate shifts and to
identify effective methods for adapting agricultural
practices. The research tasks included analyzing
temperature and precipitation dynamics in Kazakhstan and
European Russia, assessing their effects on grain yields, and
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developing adaptive strategies to mitigate the damage
caused by climate change to agriculture in both regions.

MATERIALS & METHODS

Research Stages

The research was conducted in several stages:

1. Data Collection and Processing: Meteorological data
from selected regions were collected and processed using
a variety of statistical tools. Descriptive statistics (mean
values, standard deviations) were used to assess changes
in temperature and precipitation. Trend analysis was
conducted using linear regression and time-series
methods, including 5-year moving averages, to identify
long-term climate trends (IPCC, 2021; FAO, 2025). The
strength of the relationships between climatic variables
and crop yields was evaluated using determination
coefficients (R?), multiple correlation coefficients (R), and
analysis of variance (ANOVA) (Montgomery, 2017).

2. Analysis of Results: The study assessed the impact of
climate change on water resources, agricultural climate
conditions, and agricultural production in Northern and
Central Kazakhstan and European Russia.

3. Formulation of Adaptation Strategies: The study
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developed strategies for adapting the agricultural sector
and proposed recommendations for improving agricultural
practices in Northern and Central Kazakhstan and
European Russia.

Data

To analyze the impact of changes in weather patterns
on grain yields in Northern and Central Kazakhstan, the
study examined meteorological data from five weather
stations located in grain-producing areas of these regions.
In Northern Kazakhstan, data were collected from stations
in Ruzaevka (Northern Kazakhstan), Kostanay (Kostanay
Region), Esil (Akmola Region), and Irtyshsk (Pavlodar
Region). Central Kazakhstan was represented by data from
Karaganda (Karaganda Region). For European Russia, data
from Tula (Tula Region) were analyzed (Fig. 1).

The analysis of meteorological data included average
air temperatures and precipitation during the growing
season (May-August) for the period 1961-2023. In
addition, extreme air temperatures, daily temperature
variations, and precipitation were assessed both annually
and for specific periods of 2023, including the warm period
(June-October), the cold period (November-March), and
the spring period (April-May).

Fig. 1: Map of the study
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Methods of Analysis

The study employed correlation-regression analysis,
time series analysis, trend assessment based on 63 years of
meteorological station data, variability analysis, and water
balance analysis. These methods were used to assess the
influence of climate on agricultural productivity and
identify long-term trends and cyclical changes.
Additionally, they enabled an assessment of weather
patterns and  their impact on agriculture in
Northern/Central Kazakhstan and European Russia.

The study utilized the hydrological-climatic calculation
(HCC) system of equations (Kusainova et al., 2021). HCC is
regarded as the most comprehensive and versatile
mathematical model for moisture transformation
processes in catchment areas across any territory. This
approach rests on the fundamental conservation laws of
energy and matter and represents a unique genetic
methodology that differs from conventional evaporation
calculation techniques. HCC has been applied for both
static and dynamic moisture descriptions over continuous
time intervals under various physical-geographical
conditions across many regions of Russia and adjacent
territories. The method has demonstrated strong
convergence with field data. To validate the results, the
study compared the calculated soil moisture and runoff
values with the measured data.

Due to the absence or extreme sparsity of the
actinometric station network in many areas, it is necessary
to use empirical formulas to determine the thermal energy
resources of total evaporation based on aggregated
meteorological station data:

Tz =17.6 It + 400 O]

where Xt denotes the sum of positive average monthly air
temperatures for the year;

Tz represents the thermal energy resources for evaporation
in MJ/(m?%year).

The annual sum of the water equivalent for the value Tz
can be determined using Formula 2:

Zm=Tz/L =75t + 160 @

where Xt is the sum of positive average monthly air
temperatures for the year;
Zn denotes the maximum possible evaporation in mm/year.
L = 2.512 MJ/(m2\cdotp) is the latent heat of evaporation.

The structure of the relationships between heat
resources and moisture resources determines the level of
moisture By
Formula 3 represents the moisture index for the region
during any intra-annual period of an average year:

KX

®3)
where KX is the amount of atmospheric precipitation (in
mm), adjusted by a correction factor to compensate for
underestimation by measurement instruments.

The moisture-deficiency indicator for the region (AKX) is
calculated as the difference between atmospheric
precipitation (KX) and the water-equivalent of thermal
energy resources (Zm).

AKX = KX — Z,, @
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Periodization

The study covered two periods: the baseline period
(1961-1990), which served as the reference, and the
contemporary period (1991-2023), which was analyzed for
comparison. The study examined changes in climate
parameters and cereal crop yields to identify long-term
trends and variations. This periodization aligns with global
climate research standards (IPCC, 2021; NASA GISS, 2023).

Analysis of Results

Data processing and statistical analysis were
performed wusing R for regression analysis, trend
visualization, and the construction of correlation matrices,
while Microsoft Excel was employed for primary data entry
and basic statistical operations.

Software
Statistical analysis was conducted using software
programs such as R and Excel.

Limitations

The study relied on data collected from a limited
number of meteorological stations and within a restricted
timeframe. Therefore, the findings may insufficiently
capture the full spectrum of climatic variations and their
associated impacts.

RESULTS

In Northern Kazakhstan, significant shifts in climatic
conditions have occurred over recent decades, marked by
rising air temperatures and seasonal variations in
atmospheric precipitation. These changes have contributed
to moisture deficits in certain areas of the region. In the
forest-steppe zone, the average annual air temperature rises
by 0.3-0.33°C per decade, while the steppe zone experiences
an increase of 0.2-0.43°C during the same timeframe.

In Central Kazakhstan, Karaganda Region has also
seen warming trends, with average annual temperatures
rising by +0.2°C over the last 10 years and by +0.7°C over
the last 30 years. Annual precipitation increased by
approximately 45mm during the same period. These
trends reflect a broader pattern of warming and increased
moisture across the region.

Russia’s Tula Region saw a 0.4°C rise in average annual
temperatures over the past decade, alongside a 30mm
increase in annual precipitation. These developments
suggest a general trend toward warmer and wetter
conditions, potentially linked to ongoing climate change.
Overall, in Northern and Central Kazakhstan and the Tula
Region, weather pattern changes are characterized by
rising air temperatures and variations in atmospheric
precipitation patterns. These changes can contribute to
localized and seasonal moisture deficits (Table 1).

The climate of Karaganda Region in Kazakhstan is
sharply continental and extremely arid. The duration of
sunshine, a primary climatic factor, ranges from 2,300 to
2,500 hours per year, peaking in July. Annual total solar
radiation reaches approximately 110-120kcal/cm? The
region experiences the influence of three main types of air
masses: Arctic, temperate, and tropical.
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Table 1: Dynamics of average annual air temperature and atmospheric precipitation in Kazakhstan and Russia

Zone Meteorological Average Annual Air Average Annual Air  Temperature Average Annual Average Annual Precipitation
Station Temperature (°C)  Temperature (°C) Change (°C) over  Precipitation (mm) Precipitation (mm) Change (mm)
1961-1990 1991-2023 10 Years 1961-1990 1991-2023

Forest-Steppe Zone Ruzaevka 2.1 29 +0.3 336 363 +27mm
Forest-Steppe Zone Kostanay 2.8 38 +0.3 325 353 +28mm
Steppe Zone Esil 2.7 34 +0.2 252 284 +32mm
Steppe Zone Irtyshsk 2.0 3.0 +0.3 288 288 Omm

Steppe Zone Karaganda 33 4.0 +0.2 333 378 +45mm
Forest-Steppe Zone Tula 4.7 6.0 +0.4 586 626 +40mm

In January, average temperatures range from -18°C in
the north to -14°C in the south, with absolute minima
reaching -52°C and -44°C, respectively. The average
temperature in July (the warmest month) varies from
+18°C in the north to +22°C in the south, with maximum
temperatures reaching 40-43°C. Winters are marked by
frequent snowstorms. The number of snowstorm days
ranges from 21 to 38, occasionally exceeding 50 days in
some areas. Thunderstorms in the region are often
accompanied by squalls, heavy rainfall, and hail. A distinct
feature of the region’s climate is its pronounced aridity.
Severe droughts occur approximately once every 10-12
years. Winters in Karaganda Region can be severe, lasting
between 5 and 5.5 months. Stable snow cover typically
forms by mid-November and persists for 110-150 days.
The number of frost days with temperatures falling below -
25°C varies across the region, ranging from 10-15 to 40-50
days per year. In some years, this can increase to 20-25
days in a single month.

The region is divided into four climatic zones based
on moisture and thermal conditions: (1) moderately cool,
arid, small-hill areas (Karaganda and mountainous parts of
Aktogay); (2) moderately warm, arid, small-hill areas
(Bukhar-Zhyrau, Abai, Nurin, northeastern Osakarov, and
northeastern Karaganda); (3) moderately warm, very arid
areas (Osakarov, northern Zhanaarka, and southeastern
Karaganda); and (4) warm, very arid areas (western,
southwestern, and southern regions—semi-desert and
desert plains) (Filimonov et al.,, 2016).

At the Irtyshsk meteorological station, the growing
season (May-August) saw a temperature increase from
17.6°C in 1961-1970 to 18.5°C in 2011-2023, with a
particularly notable rise occurring in the last thirty years.
Concurrently, the amount of precipitation during the
growing season at the Irtyshsk station decreased from
158mm in 1961-1970 to 137mm in 2011-2023. When
combined with rising temperatures, this reduction in
available water resources fosters aridification. The moisture
coefficient for the growing season (May-August)—the ratio
of precipitation to evaporation—decreased from 0.38 to
0.21, further confirming a deterioration in moisture
conditions (Table 2).

An analysis of linear trends in precipitation in
Northern Kazakhstan from 1961 to 2023 revealed a decline
in precipitation during the growing season at the Irtyshsk
meteorological station. In contrast, other stations analyzed
in the study saw a slight increase in precipitation. However,
over the past 30 years, there has been a reduction in total
precipitation during the growing season. This reduction,
along with other hydro-meteorological factors, has
contributed to moisture deficits and subsequent
aridification. Linear trends towards decreased precipitation

over the past decade were identified at the meteorological
stations in Ruzaevka, Kostanay, Irtyshsk, Esil, and
Karaganda. The coefficients of determination (R% range
from 0.01 to 0.28, indicating that these trends moderately
explain the variation in precipitation data.

In Karaganda, Central Kazakhstan, the mean annual
precipitation is 378mm, which corresponds to the normal
precipitation level for the region. The linear trend in
precipitation over the past decade shows a decreasing
tendency, with an average annual reduction of 10mm/year.
The coefficient of determination (R?) is 0.22, demonstrating
a moderate correlation between precipitation patterns and
time. Overall, both regions of Kazakhstan are experiencing
climatic changes characterized by rising air temperatures
and variations in atmospheric precipitation. These
processes lead to moisture deficits in certain areas and
during specific periods of the year.

The mean annual precipitation in the Tula Region is
626mm. The linear trend for precipitation shows an
increase of 30mm per year from 2011 to 2023. The
coefficient of determination (R?) for the region is 0.47,
suggesting a relatively strong relationship between time
and precipitation. Approximately 47% of the variation in
precipitation can be explained by the linear trend (Table 3).

The study found that annual precipitation in Northern
and Central Kazakhstan has been gradually decreasing
over time, falling from 380-400mm in 2011 to 280-370mm
in 2023. This downward trend indicates a reduction in
available water resources, which may adversely affect
agricultural  production and overall environmental
sustainability. European Russia, particularly the Tula
Region, has experienced an increase in precipitation over
the last decade. Additionally, a notable decrease in
average monthly precipitation during July—the wettest
month of the year—was observed at the Kostanay station.
Specifically, precipitation levels dropped from 65mm in
1961-1970 to 47mm in 2001-2010.

According to data from the Esil meteorological station
(1961-2023), the growing season precipitation declined
from 147mm in 1961-1970 to 125mm in 1981-1990,
compared to the seasonal norm of 150mm. This reduction
in precipitation intensifies the problem of water scarcity,
particularly as evaporation rates increase.

Evaporation (Zm) at the Esil meteorological station has
shown an upward trend, increasing from 603mm in 1961-
1970 to 640mm in 2001-2010. This reflects a rise in
moisture loss from soil and vegetation, largely driven by
higher air temperatures. As a result, the region’s water
balance has deteriorated, as indicated by a declining water
balance coefficient (B_kh), which represents the ratio of
precipitation to evaporation. In Esil, this coefficient fell
from 0.24 in 1961-1970 to 0.20 in 1981-1990, pointing to



1733

Int J Agri Biosci, 2026, 15(4): 1728-1737.

Table 2: Time series analysis of climatic factors for the growing season (May-August) at the Irtyshsk meteorological station

Period (years) Average Air Temperature for the Growing

Season (May-August) (°C)

Average Precipitation for the Growing Season

Humidity Coefficient for the

(May-August) (mm) Growing Season (May-August)

1961-1970 17.6
1971-1980 17.2
1981-1990 18.1
1991-2000 18.1
2001-2010 18.2
2011-2023 18.5

158 0.38
166 0.30
131 0.23
159 0.30
169 0.29
137 0.21

Table 3: Assessment of Linear Trends in Precipitation (2011-2023)

Weather Station in Northern Kazakhstan Average Annual Precipitation (mm)

Linear Trend in Precipitation (mm/year)  Coefficient of Determination (R?)

Ruzaevka 363
Kostanay 353
Esil 288
Irtyshsk 284
Karaganda 378
Tula 626

-10 to -11 0.28
-2to-3 0.01
-2to-3 0.06
-2to-3 0.01

-10to -11 0.22

+30 to +31 0.47

Table 4: Water Balance Calculations Using the Hydroclimatic Method (HCM) for the Growing Season (May-August) at the Esil Meteorological Station from

1961 to 2023

Period (years) AKX - Deficit of Moisture (mm) KH — Precipitation (mm)

Zn» — Maximum Possible Evaporation (mm) B« Water Balance Coefficient

Evaporation (mm)

1961-1970 -456 147 603 0.24
1971-1980 -474 140 614 0.23
1981-1990 -497 125 622 0.20
1991-2000 -485 147 632 0.23
2001-2010 -496 144 640 0.23
2010-2023 -474 163 637 0.26
an exacerbation of arid conditions. Between 2010 and a high multiple correlation (R = 0.80) indicates a

2023, the decline in the water balance continued: the
moisture deficit increased to 474mm, evaporation reached
637mm, and the water balance coefficient dropped to 0.26.
These changes confirm the ongoing intensification of
aridity in the region (Table 4).

An analysis of the water balance in Northern and
Central Kazakhstan over the study period revealed
ongoing water regime degradation, characterized by
declining atmospheric precipitation and rising evaporation
rates. The observed moisture decrease poses significant
risks to agricultural production and regional ecological
sustainability. In Karaganda Region, the average annual
precipitation is 380mm. This value is roughly comparable
to that of the more humid areas in Northern Kazakhstan,
largely due to local topographical features. The linear
trend for precipitation in Karaganda indicates a decrease
of 10mm per year, with a moderate correlation between
precipitation and time (R? = 0.22).

In Russia’'s Tula Region, a moderate positive
correlation was observed between average annual
precipitation and the linear precipitation trend (R = 0,67,
R? = 0,47). The relatively high standard errors of R (0,63)
and R? (0,63) indicate considerable uncertainty in the
estimated relationship. The study examined the impact of
climatic factors on crop yields, using data on average
monthly air temperature and precipitation during the
growing season—key indicators of thermal potential and
water availability (Fig. 2).

Data from the Esil meteorological station in the
Akmolinsk region revealed the strongest correlations
between meteorological factors and crop yields. The
model assessment indicated that the coefficient of
determination (R?) is 0.64, suggesting that nearly 64% of
the variability in crop yields can be explained by the
model, which incorporates the effects of air temperature
and precipitation during the growing season. Furthermore,

statistically significant relationship between crop yields and
the two key variables included in the model: average
monthly air temperature and total precipitation during the
plant growth period.

Ruzaevka Kostanay Esil Irtyshsk Tula

Meteorological station

Karaganda

mR mR?

Fig. 2: Regression analysis of crop yield formation in relation to
meteorological factors; Note: R - multiple correlation coefficient; R? -
coefficient of determination (variance).

Crop yields largely depend on two primary climatic
factors: atmospheric precipitation and air temperature
during the growing season (May-August for cereal crops).
During this period, precipitation deficits and elevated
temperatures can lead to drought conditions.
Consequently, crop yield levels serve as an indicator of
climatic aridity in the region.

Recommendations for Adapting Agricultural Practices
to Changing Climatic Conditions

Adapting agricultural practices to changing climatic
conditions requires a combination of strategies aimed at
enhancing resilience, optimizing resources, and
improving productivity. Key measures include selecting
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drought- and heat-resistant crops and varieties, adopting
crop rotation and intercropping systems, and introducing
species better suited to evolving temperature and
precipitation patterns. Efficient water management is
critical, encompassing modern irrigation technologies,
rainwater collection and storage, and programs to
maintain and restore water resources.

Soil management should focus on preserving
moisture, enhancing fertility, and preventing erosion to
maintain productivity under climate stress. Modern
agricultural equipment and automation can further
improve water and soil management, increasing the
adaptability of operations to variable conditions.
Monitoring and forecasting systems are essential for timely
decision-making, while predictive models can support
planning and risk management.

Education, training, and knowledge transfer ensure
that farmers and agronomists are equipped with the skills
and information needed to implement adaptive practices
effectively. Finally, supportive policies and investment in
research create the conditions for sustainable adoption of
climate-resilient strategies.

Overall, implementing these integrated measures will
strengthen the resilience of the agricultural sector, mitigate
risks associated with climate variability, and contribute to
sustainable and stable production.

The implementation of these recommendations is
expected to facilitate the adaptation of the agricultural
sector to variable climate conditions, mitigate risks, and
maintain productivity and stability in agriculture. The
proposed measures will ensure sustainable agricultural
production and strengthen the competitiveness of
agricultural producers in the context of climate change.

DISCUSSION

Analysis of climatic parameters in Northern and
Central Kazakhstan and European Russia demonstrates
significant warming trends and changes in precipitation,
with profound implications for agriculture. Over the past
decades, average annual temperatures in these regions
have increased by 0.9-2°C, exceeding global averages in
some areas (Semenova, 2021; Bissenbayeva et al., 2025). At
the same time, precipitation has generally declined by 20-
22 mm, particularly during critical growth periods, resulting
in increasing aridification, moisture deficits, and reduced
soil moisture. These climatic shifts create conditions
conducive to heat stress and drought, which negatively
affect the yields of key cereal crops such as wheat, barley,
and corn (Cao et al, 2023; Birimbayeva et al, 2024;
Guzueva et al., 2024).

Statistical analyses reveal strong correlations between
climate variables and crop yields. At the Esil meteorological
station, the R? of 0.64 highlights the substantial influence
of temperature and precipitation changes on cereal
production, confirming that climatic variability is a major
driver of vyield fluctuations (Zhichkin et al, 2020;
Semenova, 2021). Similar patterns are observed in Central
Kazakhstan, particularly in Karaganda Region, where rising
temperatures, declining precipitation, and soil degradation
reduce grain yields and threaten regional food security
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(Cherenkova & Zolotokrylin, 2016; Akulov et al., 2024). In
European Russia, the Tula Region has experienced a
temperature rise of 1.2°C over the past century and
reductions in precipitation, leading to more frequent and
severe droughts and floods, which adversely impact
agricultural  productivity (Zolotokrylin et al, 2020;
Grigorieva & Livenets, 2022).

These findings are consistent with broader research
showing that rising temperatures exacerbate drought
propagation and intensify evapotranspiration stress,
affecting water availability for crops and ecosystems
(Sardans et al, 2024; Liu et al, 2025a, 2025b; Yan et al,,
2025). Climate modeling studies predict further shifts in
the hydrological regime of Kazakh rivers, with potential
seasonal flow changes that could worsen water stress in
the future (Kusainova et al, 2020, 2021, 2024; Nurbatsina
et al., 2025; Tursunova et al, 2025). Bissenbayeva et al.
(2025) additionally document the spatiotemporal
intensification of aridity in Central Kazakhstan, which,
combined with anthropogenic pressures, increases
vulnerability of agricultural systems.

Overall, the evidence indicates that climate change is a
primary driver of aridification, moisture deficits, and
declining crop yields in Northern and Central Kazakhstan
and European Russia (Kenetayeva & Kryazheva, 2018;
Kenetayeva et al., 2021, 2022). While regional variations
exist, both areas face significant agricultural risks that
require adaptive strategies. Effective responses include the
cultivation of drought- and heat-resistant crop varieties,
optimization of irrigation technologies, improved sail
management, and integration of climate forecasting tools
(Safonov et al, 2018; Petrova et al., 2024). Coordinated
efforts among government agencies, scientific institutions,
and agricultural producers are essential to mitigate climate
risks, maintain food security, and ensure sustainable
development in the region.

Conclusions

This comparative analysis of weather pattern changes
in Russia and Kazakhstan highlights the substantial impact
of climate change on agriculture and the economy. In
Northern Kazakhstan, the average annual air temperature
has risen by 0.2-0.43°C over the past decade, while
precipitation has decreased, contributing to water scarcity
and increased aridification. Time series data from 1961 to
2023 indicate a temperature increase of 0.9°C and a
reduction in precipitation from 158mm to 137mm during
the growing season (May-August). These changes reflect a
progressive decline in regional water availability and an
increased risk of drought.

Similarly, in Central Kazakhstan, the average annual air
temperature has increased by 0.2°C over the last decade.
Seasonal fluctuations in temperature and precipitation may
result in water shortages in specific locations and time
frames. In Karaganda, the average annual precipitation
reaches 380mm—approximately equivalent to that in the
relatively wetter areas of Northern Kazakhstan—due to the
region’s topographical features. The linear trend in
precipitation in Karaganda shows a consistent decrease of
10mm per year.
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In the Tula Region, the growing season precipitation
(May-August) has also declined (from 267mm to 257mm),
while the average annual air temperature has risen by
1.3°C. These changes suggest an increasing probability of
drought conditions. Regression analysis revealed a
pronounced relationship between crop yields and
climatic variables (precipitation and air temperature)
during the growing season. The strongest correlation was
observed in the Akmolinsk region of Kazakhstan,
emphasizing the critical role of climate in determining
agricultural productivity.

To adapt agriculture to changing climatic conditions, it
is recommended to implement drought-resistant crop
varieties, optimize water management systems, improve
soil processing methods, and modernize agricultural
equipment. Effective agricultural management in arid
climates requires climate monitoring and forecasting
systems. Furthermore, it would be beneficial to provide
training for farmers in the use of modern agricultural
technologies. Additionally, government support plays a
crucial role in mitigating the adverse effects of climate
change on water resources and agriculture.

The findings of this study hold practical relevance for
enhancing the resilience and productivity of agriculture in
arid climates. Future research should prioritize the
development and refinement of climate models to
improve the accuracy of temperature and precipitation
forecasts and to better assess their implications for water
resources and agriculture. Thus, a comprehensive
approach to addressing the challenges posed by climate
change in agriculture should encompass the
development of effective monitoring and forecasting
systems, farmer education, and government support. This
strategy would minimize the negative impacts of climate
change and enhance the resilience and productivity of
the agricultural sector.
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