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ABSTRACT

Today, the impact of climate change on agriculture is increasing and
there is a need to rethink the role of rural infrastructure as a key factor
in the sustainability and adaptive potential of the agricultural sector.
The aim of the study is to assess the impact of rural infrastructure
development on the sustainability of agriculture in Kazakhstan, taking
into account regional differentiation and climatic factors. The
methodological basis of the research includes methods of descriptive
statistics, comparative analysis and econometric modeling. Panel data
from the Bureau of National Statistics of the Republic of Kazakhstan
on five macro-regions of Kazakhstan for 2010-2025 were used. The
results showed that there is a stable positive relationship between
infrastructure development and agricultural sustainability. In the basic
model, an increase in the infrastructure index by 1 unit leads to an
increase in the sustainability index by 0.58 (B = 0.58; R2 = 0.81). The
extended model has a higher explanatory power and shows that the
greatest impact is exerted by water infrastructure (f = 0.34), followed
by digital (B = 0.29) and transport (B = 0.17) components. The
regional analysis revealed a significant differentiation: the maximum
values of sustainability are observed in the Northern macroregion,
while the Western macroregion remains the most vulnerable. The
results obtained confirm that rural infrastructure acts as a systemic
mechanism for adaptation to climate change, but its effectiveness is
determined by its structural balance and regional conditions. The
greatest effect is achieved with the integrated development of water,
digital and transport infrastructure.
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Aybin nHpPaKypbIIbIMbIHbIH TPAaHC(hOPMALIMACDI YKIHE

KIMMaTTbIK e3repicrepre 6enimgeny

Kypan6aesa A.LLl.?, XXycunoBa 3.E.5*, EceH6ek Y.H.5

a0pTanblk-A3us HHOBaUMSNbIK YHuBepcuTeTi, LLbiMkeHT, KasakcraH

5M. Bye308B aTbiHAarbl OHTYCTIK KasakcraH yHuBepeuTeTi, LLbIMKeHT, KazakcTaH
BAGalt Mblp3axMeToB aTbiHAarbl KekweTtay yHuBepcuteTi, KekweTay, KasakcraH

TYUIH

byriHri TaHAa KNMMAaTTLIK e3repicTepaiH aybln WwapyallbiibiFbiHa acepi
Kywenin otblp, 6yn arpapsblK CEKTOpAblH TYPaKTblfbiFbl  MEH
6eiimpeny oneyeTiHiH  Heri3ri  ¢akTopbl  peTiHAE  ayblnablK
MHDPAKYPbINIbIMHBIH ~ pesliH -~ KalTa  KapacTblpy  KaXXEeTTiNiriH
aliKblHA@Nabl. 3epTTeydiH MakcaTbl — eHipnik avddepeHumaums MeH
KIMMaTTbIK hakTopnapabl eckepe oTbipbin, KasakcTaHaarbl aybiigblk,
NH(PaKYpPbINbIM AaMYbIHbIH aybis LWapYyaLlblIblFbIHBIH, TYPaKTbIbIFbIHA
ocepiH 6aranay. 3epTTeyaiH odAiCHaManblK HEri3i cunaTTamanbik
CTAaTUCTUKA, CanbICTbipManbl Tangay »>K9HE >SKOHOMETPUKanbIK
mMogenbaey aaicTepiH KaMTuabl. KasakcraH PecnybnmkacbiHbIH ¥ATTbIK
cratuctuka 6ropocbiHbliH 2010-2025 »ok. ke3eHiHaeri 6ec MakpoeHip
6oMbIHWIA MaHenbaik  AepekTepi  nanganaHeingbl.  HaTwkenep
NHGPaKYpbINbIM AaMybl MEH aybll LIAPYyaLUbbIFbIHbIH, TYPAKTbIAbIFbI
apacblHAa TypakTbl OH 63apa baiinaHbic 6ap eKkeHiH kepceTTi. Herisri
Moenbae MHMPaKypbIIbIM MHAEKCIHIH 1 6ipfikke apTybl TYPaKTbI/bIK,
nHaekciHiH 0,58-re ecyiHe anbin keneai (B = 0,58; Rz = 0,81).
KeHewTinreH ™Mopaenb >kOFapbl TYCIHAPY KabineTiHe uWe eKeHiH
KOpCeTiN, €H YJIKeH acep Cy MHMPaKypblUIbIMbIHA TUECINI EKEeHiH
avikbiHaanapl (B = 0,34), oaaH keniH umdpnbik (B = 0,29) >oHe kenik
(B = 0,17) kOMNOHeHTTepi Kenedi. OHipnik Tanaay anTapnbikTaii
anddepeHuMaumsiHbl - aHbIKTadbl:  TYPAKTbUIbIKTbIH — €H  >KOFapbl
MaHAepi ConTycTik MakpoeHipae 6aikanca, baTbic MakpoeHip eH ocan
605bIN Kana 6epeai.AnbiHFaH HaTuXenep aybinaplK
MHPpPaKYpbINbIMHLIH KIMMATTbIK, e3repicTepre 6eriMaenyain »yinenik
MEXaHM3Mi pETiHAE SPEKET ETETIHIH pacTalabl, ananaa oOHbIH TUIMAINIr
KYPbINbIMABIK TEHrepiMAiNiK neH eHipnik >araannapra 6ainaHbICTb
aHblkTanagbl. EH >korFapbl TuiMAinik Ccy, uMMpPAbIK >X3He Kenik
NHMbpPpaKypbINbIMAAPbIH KELEHAi AaMblTy Ke3iHAe KO XeTKisineai.
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TpaHcdhopMaumsa cenbCKoru MHGPPACTPYKTYPbl U aganTalus

K KiIMMaTUW4€eCKuM uaMEHEeHUAM

Kypan6aesa A.LLl.?, XXycunoBa 3.E.5*, EceH6ek Y.H.5

3LleHTpanbHO-A3MaTCKMIA MHHOBALIMOHHBIN yHUBEPCUTET, LLbIMKeHT, KasaxcTaH

6t0HO-KazaxcTaHckuii yHuBepeuTeT uM. M. Aya30Ba, LLbiMkeHT, Ka3axcTaH

BKoKLueTayckuii yHMBepcuTeT MMeHU Abasi Mblp3axmeToBa, KoklweTay, KasaxctaH

AHHOTALUMA

CerofHsl BMSIHUE KIIMMATUMUYECKUX M3MEHEHWUIN Ha CeNbCKOE XO35MCTBO
YCUIIMBAETCS, YTO 06ycnaBamMBaeT He0OX0AMMOCTb NEPEOCMbICIEHNS PON
CeNbCKOM MHPACTPYKTYpbl Kak KitoyeBoro hakTopa YCTOMYMBOCTU U
aflanTauMOHHOMO MOTeHUMana arpapHoro cektopa. Lienbto nccnefoBaHmst
ABNSIETCS OLEHKA BAWUSHUS PasBUTUSI CEMbCKOM WHMPACTPyKTypbl Ha
YCTOMYMBOCTb CEJIbCKOrO X035MCTBa KasaxcraHa C yYeTOM pernoHasibHOM
anddepeHumaumm 1 KIMMaTMdeckux GaktopoB. MeToponorvyeckas
OCHOBa MWCCNIEAOBAHWS BK/IHOYAET METOAbl OMMCATESIbHOM CTaTUCTUKM,
CPaBHUTENIbHOrO aHanM3a W 3KOHOMETPUYECKOrO  MOAE/IMPOBaHMS.
Mcnonb3oBaHbl NaHesnbHbIE JaHHblE BIOpO HaUMOHanbHOM cTaTUCcTUKKM PK
no NSTM MakpopermoHaMm KasaxctaHa 3a 2010-2025 rr. Pe3ynbTathbl
MoKasasnn HaanuymMe YCTOMYMBOWM MOMOXUTESIbHON B3aMMOCBS3W MeXay
pa3BUTUEM WMHPACTPYKTYPbl U YCTOWUMBOCTbIO CEMIbCKOMO X035 CTBa. B
6a30B0V MoAEeNN YBEIMYEHNE MHPACTPYKTYPHOrO MHAEKCA Ha 1 eanHULy
NMpUBOAUT K POCTY MHAEKca ycronumBoct Ha 0,58 (B = 0.58; R2 = 0.81).
PaclunpeHHas Mopenb obnagaeT 60nee  BbICOKOW  OBBLACHAOLLEN
CMOCOBHOCTbIO M MOKa3blBaeT, YTO Hamborbluee BMSIHME OKa3blBAeT
BoAHas uHdpacTpykTypa (B = 0.34), nanee cneaytot undposas (B = 0.29)
1 TpaHcnopTHas (B = 0.17) KOMMNOHEHTbI. PErnoHasnbHbIN aHamn3 BbISIBUI
CYLLECTBEHHYIO anddepeHumaumio: MaKCMMaJibHble 3HauyeHus
YCTOMYMBOCTU HabntopatoTcss B CeBEPHOM MAKPOPErMoHe, TorAa Kak
3anagHblii MaKpoOperMoH ocTaeTcs Haubosnee ysa3BUMbIM. [MonyYeHHble
pe3ynbTaTbl MOATBEPXAAIOT, YTO CebCKasi MHMPACTPYKTYpa BbICTYMaeT
CUCTEMHbIM MEXaHU3MOM ajanTauum K KIMMATUYECKMM W3MEHEHUAM,
0OHAaKo ee 3(pbeKTUBHOCTb onpeaensieTcs CTPYKTYpHOIA
c6anaHCMpPOBAHHOCTbIO W PErMoHasNbHbIMU - YCroBUSIMUA.  HanbonbLumnia
acheKT AOCTUraeTcsl NPU KOMMJIEKCHOM Pa3BUTUKM BOAHOW, LMGbPOBOI U
TPAHCMOPTHOM MHMPACTPYKTYpPbI.

NCTOPUSA CTATbMU
MonyyeHo: 15 ceHTa6psa 2025
[JopabotaHo: 25 aHeaps 2026
MpuHaTo: 27 despans 2026
Ony6nukoBaHo: 30 MapTa 2026

KNTHOYEBBIE CJTOBA
Ceno; cenbCcKoe pasBUTHE;
PEr1oH; pernoHanbHas
anddepeHumaums;
coumanbHas yCTOMYNBOCTb;
BOAHas MHGPaACTPYKTYpa;
KNMMaTUYECKUI puck

O®UNHAHCUPOBAHMUE
NCCreaoBaHWe BbIMOIHEHO NpY
(bvHaHCoBOV Noaaepxke
KomuteTa Haykn MHBO PK
(AP26198001 «Pa3paboTka
MOAENN YCTOMYMBOTO PasBUTUS
CENbCKUX TEPPUTOPUIA B
YCNOBUSIX KIIMMaTUYECKUX
M3MEHEHUI Ha OCHOBE
MoZepHU3aumu
WH(PaCTPYKTypbl 1
WHKJTI03MBHOMO NOAX0Aa»)

KoH(IMKT UHTEpecoB:
aBTOpbI 3a8BNAOT 06
OTCYTCTBUM KOH(D/IMKTA
UHTEpPECOB

*ABTOp-KOppecnoHAeHT: XXycunosa 3.E. — PhD, goueHT, KO)kHO-Ka3axcTaHCKMI yHMBEPCUTET UM. M. Ay3308Ba,

LbiMKkeHT, KazaxcTtaH, email: elmira zhusipova@mail.ru

Noiiekce3z ywiH: Kypan6aeea A.lU., Xycunoea 3.E., EceHbek Y.H. (2026). TpaHcdhopMaums CenbCKOM
MHDPACTPYKTYpbl U afanTauusl K KIMMaTUYeCKUM U3MEHeHMsIM. KaliHap XXypHan couuanbHbiX Hayk, 5(1),159-

175. https://doi.org/10.58732/2958-7212-2026-1-159-175

Qainar Journal of Social Science,
Volume 5, Issue 1, 2026

161



162

1. Introduction

In recent years, agriculture has increasingly faced new challenges related to climate change.
Rising temperatures, droughts, unstable weather conditions and water shortages have a serious
impact on the production and sustainability of the agricultural sector. In such conditions, it
becomes especially important not only to ensure agricultural growth but also to increase its
resilience to external changes.

One of the key factors influencing the development of agriculture is infrastructure. These
include roads, irrigation systems, energy, and digital technologies. Infrastructure helps farmers
gain access to markets, resources, and information, reduces costs, and improves production
efficiency. Today, its role is becoming broader, it also helps agriculture adapt to climate change.

Modern research shows that infrastructure is considered not only a factor in economic growth
but also a key element in the sustainability of agricultural systems and their adaptation to climate
change (Ortiz-Bobea et al, 2020; Thacker et al., 2019). Differences in the levels of transport
accessibility and resource availability lead to significant interregional disparities in agricultural
income and productivity (Donaldson, 2018; Storeygard, 2016). At the same time, modern
approaches emphasize the need for integrated infrastructure development, including transport,
water and digital components, since their interconnection determines the sustainability of rural
areas (Klerkx et al.,, 2019).

This issue is particularly relevant for Kazakhstan, since the agricultural sector plays an
important role in the country's economy and in ensuring food security, and its functioning largely
depends on natural and climatic conditions. The territorial specifics of Kazakhstan create an
additional difficulty. The country is characterized by significant territorial extent, low population
density, and pronounced regional differentiation of natural and climatic conditions (Bespayeva et
al,, 2022; Atchabarova, 2023). In several regions, there are restrictions in transport accessibility,
insufficient development of irrigation systems, as well as a low level of digital technology adoption.
The impact of digitalization has proven to be HeoHo3HauHbIM due to the heterogeneity of regional
development, differences in technological readiness, and the time lag between the introduction of
innovations and their economic effects (Kireyeva et al.,, 2021; Akilzhanova et al., 2025).

Despite the growing interest in the problems of infrastructural development and the
sustainability of agriculture, existing research on Kazakhstan is dominated by analyses of
individual aspects, either infrastructure or agricultural production. An additional complication is
that the country's infrastructure development is uneven. For example, digital infrastructure is
developing faster than water and irrigation infrastructure. Even with modern technology, limited
access to water can significantly reduce production efficiency. At the same time, the relationship
between infrastructural factors and agricultural sustainability in the face of climate change,
particularly when accounting for regional differentiation, remains poorly understood. The purpose
of this study is to analyse the impact of rural infrastructure on the sustainability of Kazakhstan's
agricultural sector, taking into account regional differences and climatic factors.

2. Literature review

The study of the transformation of rural infrastructure in the context of global climate change
is advisable to be built on the logic of the evolution of scientific approaches - from the basic theories
of agricultural development and infrastructure to modern concepts of climate adaptation,

Qainar Journal of Social Science,
Volume 5, Issue 1, 2024



sustainable development and digitalisation of agriculture. Initially, infrastructure was perceived as
an auxiliary element that ensured the functioning of agriculture, primarily through the
development of transport, irrigation, and energy (Lipper et al., 2014; Barrett et al., 2017). Its main
task was to reduce costs and provide a link between production and markets. However, with
advances in scientific research and the increasing complexity of economic processes, the role of
infrastructure has become much broader. Gradually, it came to be perceived not only as a factor in
productivity growth but also as a key element affecting the sustainability of agricultural systems
and their ability to adapt to external shocks, including climate change (Ortiz-Bobea et al., 2021;
Thacker et al,, 2019).

In classical economic theory, the development of rural areas is closely related to
infrastructure, which serves as a basis for increasing productivity and reducing transaction costs.
Johnston and Mellor (1961) emphasised that agricultural development is impossible without
investments in transportation, irrigation, and energy, as these infrastructure investments provide
the link between production and markets. Later, this idea was further developed in theories of
structural transformation, in which infrastructure is seen as a condition for the transition from
traditional to modern agriculture (Hayami & Ruttan, 1985). Fan and Zhang (2004) showed that
investments in rural infrastructure have a direct impact on agricultural productivity growth and
poverty reduction. Similar findings are presented in the studies by Calderén and Servén (2010),
which show that infrastructure development has a significant impact on economic growth,
especially in developing countries.

Since the early 2000s, there has been an increased focus in the scientific literature on the
spatial dimension of infrastructure. Empirical studies show that access to markets and the
development of transport infrastructure have a significant impact on rural development,
determining inter-regional differences in income and productivity (Donaldson, 2018). In this
approach, infrastructure is not only a factor of economic growth, but also an important element in
ensuring environmental sustainability and adaptation to climate change. Special attention is paid
to climate risks, limited water resources, and the need to maintain ecosystem stability (Foster &
Bricefio-Garmendia, 2010; Hallegatte et al., 2012).

In modern research, the concept of adapting agriculture to climate change is examined
through the lens of the introduction of innovative, resource-saving technologies. Infrastructure is a
key tool for increasing the sustainability of agricultural systems, including the development of
irrigation systems, effective water resources management and the use of digital solutions (Lipper
etal, 2014; Jagermeyr et al,, 2016). At the same time, infrastructure is considered as a key element
contributing to reducing the negative impact of climate change and increasing the ability of systems
to adapt (Lesk et al., 2016; Ortiz-Bobea et al,, 2020). At the same time, digital infrastructure is
becoming an important component of modern agricultural systems, ensuring optimized resource
use, increased productivity, and reduced climate risks (Wolfert et al., 2017; Klerkx et al., 2019).

In the context of developing countries and economies in transition, the institutional and spatial
heterogeneity of infrastructure development is of particular importance. Research shows that
uneven infrastructure provision increases regional differences in agricultural productivity,
restricts access to markets, and reduces resource efficiency (Gollin & Rogerson, 2014; Storeygard,
2016). For countries with a large territorial extent, this problem is particularly acute, since
significant distances, low population density, and differences in natural and climatic conditions
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pose additional barriers to infrastructure development (Fabregas et al., 2019; Asher & Novosad,
2020; Fajgelbaum & Redding, 2022).

In Kazakhstan, these issues are becoming particularly relevant. The country is characterized
by significant territorial extent, low population density and pronounced regional differentiation of
natural and climatic conditions. (Bespayeva et al, 2022; Atchabarova, 2023). The impact of
digitalization turned out to be contradictory, due to the heterogeneity of regional development,
differences in the level of technological readiness, and the time gap between the introduction of
innovations and their economic impact (Kireyeva et al., 2021; Akilzhanova et al., 2025). At the same
time, the existing infrastructure is characterized by uneven development, which is reflected in
differences in the level of transport accessibility, provision of irrigation systems and digital
technologies between regions (Sagintayeva et al., 2020).

Thus, the analysis of scientific literature shows that the role of rural infrastructure has
significantly transformed. Modern research highlights the importance of an integrated approach
that accounts for the interrelationships among infrastructural, climatic and institutional factors, as
well as the need to integrate transport, water and digital infrastructure. At the same time, it has
been revealed that in developing and transitional economies, including Kazakhstan, there remains
high spatial heterogeneity in infrastructure development, which increases regional imbalances and
reduces the stability of agricultural systems.

3. Research methods

In the context of the growing impact of global climate change on the agricultural sector and
rural areas, analysing the transformation of rural infrastructure as a factor in adaptation is
particularly relevant. Unlike traditional approaches that focus primarily on the production aspects
of agriculture, the current scientific agenda emphasizes the importance of infrastructure
components, including water supply, transport accessibility, energy systems, and digital
infrastructure, as key elements of rural sustainability (Thacker et al,, 2019; Klerkx et al., 2019;
Jagermeyr etal,, 2016). The study is based on a comprehensive approach that combines descriptive
statistical analysis, comparative analysis, and econometric modelling. The empirical base includes
official data for the period 2015-2024, enabling analysis of both long-term trends and current
changes related to increasing climate risks (Bureau of National Statistics, 2025). The study
considers rural infrastructure as a set of interconnected elements that ensure the functioning of
rural areas and agricultural production. To quantify its transformation, a system of indicators was
developed, including the availability of centralized water supply in rural settlements, the level of
access to paved roads, the availability of electricity, the level of digital accessibility, and investments
in rural infrastructure per capita. To assess the adaptation of agriculture to climate change, the
study uses indicators such as major crop yields, the share of irrigated land, the frequency of climate
anomalies, and the agricultural resilience index. The study uses the integrated resilience index
(Resilience Index) as the dependent variable, reflecting the agricultural sector's ability to adapt to
climate change.

The agricultural sustainability index is constructed on the basis of normalized indicators of
crop yield, production stability, and the share of irrigated land, and can be expressed by formula

(D):

Ry = f(Yi, IR, Sy) (1)
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where:
R, - agricultural sustainability index in period t;
Y; - normalized crop yield indicator;
IR; - normalized share of irrigated land;
S; - normalized production stability indicator.

The key explanatory variable is the integral rural infrastructure development index, which
incorporates water, transport, energy, and digital components by formula (2):

Iy = f(W, Ty, Et, D) (2)

where:
I; - rural infrastructure development index in period t;
W, - water infrastructure indicator;
T; - transport infrastructure indicator;
E; - energy infrastructure indicator;
D, - digital infrastructure indicator.

At the first stage, the relationship between rural infrastructure development and agricultural
sustainability is estimated using the following aggregated linear regression model:

Ri=a+BL+y'X.+ ¢ (3)

where:
R; - agricultural sustainability indicator;
I; - rural infrastructure index;
X, - vector of control variables (climatic conditions, investments, regional characteristics);
a, f,y - model parameters;
& — error term.

The use of this model makes it possible to estimate the overall effect of infrastructure
development; however, it does not allow for identifying the contribution of its individual
components.

In this regard, at the next stage of the study, an extended multiple regression model was
constructed, enabling the decomposition of the composite infrastructure index into its key
elements. The extended model is specified by formula (4):

R=a+ B W+ B,T+ 3D +c¢ 4)

where:
R - agricultural sustainability index;
W - the level of water availability (share of rural settlements with access to centralized water

supply);
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T - the level of transport infrastructure (share of roads in good condition);
D - the level of digitalization (share of population with internet access);

a - constant term;

B; - regression coefficients;

& - error term.

The estimation of model parameters was conducted using the ordinary least squares (OLS)
method on panel data for five macro-regions of Kazakhstan over the period 2010-2025, yielding a
sample of 25 observations. The use of panel data allows us to account for both the temporal
dynamics of indicators and the interregional differences in infrastructure development and climate
vulnerability.

Additionally, the study employs a comparative regional analysis to identify spatial disparities
in infrastructure development and differences in adaptation potential. It is important to note that
the study has certain limitations. Firstly, the availability of detailed data on rural infrastructure and
climate indicators is limited, which necessitates the use of aggregated indicators. Secondly, the
construction of integral indices involves a certain degree of subjectivity and depends on the chosen
normalization methodology. Thirdly, the model does not account for all possible institutional and
behavioral factors that influence agricultural adaptation.

Despite these limitations, the proposed methodological approach provides a reasonable
quantitative assessment of the role of rural infrastructure in adapting to climate change and can
serve as a foundation for further research using expanded panel data and more complex
econometric models.

4. Results

The analysis of the transformation of rural infrastructure of the Republic of Kazakhstan in the
context of global climate change shows the presence of complex and multidimensional changes
affecting both the spatial organization of rural areas and their functional stability. In the period 2010-
2025, the development of rural infrastructure took place against the background of the increasing
impact of climatic factors, including an increase in the frequency of droughts, temperature anomalies
and water scarcity, which objectively increased the requirements for the adaptive potential of rural
areas (Lesk et al.,, 2016; Ortiz-Bobea et al., 2020).

In this context, rural infrastructure acts not only as a supporting element of economic activity,
but also as a key mechanism for reducing the vulnerability of the agricultural sector. In contrast to
the traditional understanding of infrastructure as a set of material and technical facilities, in modern
conditions it acquires a systemic character, integrating water, transport, energy and digital
components into a single adaptive environment (Thacker et al.,, 2019; Klerkx et al., 2019).

First of all, it should be noted that the development of rural infrastructure in Kazakhstan
during the study period was characterized by positive dynamics in almost all key areas. The growing
availability of centralized water supply, the expansion of the highway network, increased
investments and especially the active development of digital infrastructure indicate the
implementation of the state policy of modernization of rural areas (Bureau of National Statistics,
2025).

However, this dynamic is heterogeneous and manifests itself in different ways in different
macro-regions of the country. The northern macroregion, which has the most favorable natural and

Qainar Journal of Social Science,
Volume 5, Issue 1, 2024



climatic conditions and historically developed agricultural specialization, demonstrates the highest
indicators of infrastructural security. The central macroregion occupies an intermediate position,
characterized by a relatively high level of development of transport and energy infrastructure, but
inferior to the northern regions in terms of water availability. The eastern region, in turn,
demonstrates a moderate level of infrastructural development, combined with a fairly high
sustainability of agriculture due to natural conditions. The Southern and Western macro-regions
remain the most vulnerable. In the Southern region, despite the relatively high level of irrigated
agriculture, dependence on water resources and high sensitivity to climatic fluctuations remain.
The dynamics of rural infrastructure development across macro-regions of Kazakhstan are
presented in Table 1.

Table 1. Dynamics of rural infrastructure development by macro-regions of Kazakhstan, 2010-2025.

Macroregion Water Water Internet Internet Roads in good Roads in good
supply, % supply, % access, % access, % condition, % condition, %
(2010) (2025) (2010) (2025) (2010) (2025)
Northern 52 78 18 85 61 82
Southern 38 67 12 78 49 71
Eastern 45 72 15 82 55 76
Western 41 69 14 80 52 73
Central 48 75 16 83 58 79

Note: compiled by the authors based on Bureau of National Statistics (2025).

As can be seen from the data presented, the most rapidly developing component of the infrastructure is
digital accessibility. The increase in Internet coverage from 12-18% in 2010 to 78-85% in 2025 reflects the
transition to a new stage of rural development, in which digital technologies are beginning to play a system-
forming role. This is especially important in the context of climate adaptation, as digital infrastructure
provides access to agrometeorological information, monitoring systems, digital agricultural management
services, and distance learning.

At the same time, despite positive dynamics, the development of water infrastructure remains limited
and heterogeneous. In the Southern macroregion, where the water factor is critical, the water supply level has
increased from 38% to 67%, but this is insufficient to offset growing climate risks. A similar situation is
observed in the Western region, where water scarcity remains a key constraint on development. Transport
infrastructure is also showing steady growth, but its impact on climate change adaptation is indirect.
Improving the road network helps reduce logistical risks and increase population mobility and access to
markets, but it does not directly compensate for climate-related restrictions.

Additional analysis showed that investments in rural infrastructure increased significantly during the
study period, becoming one of the key factors in the region's transformation. On average, investments in the
country increased by more than 3 times, with the greatest growth observed in regions with high government
support.

Thus, the first group of results helped draw several fundamental conclusions. Firstly, the development
of rural infrastructure in Kazakhstan is stable, but spatially differentiated. Secondly, digital infrastructure is
developing faster than traditional infrastructure (water, roads), forming a new model of rural modernisation.
Third, water infrastructure remains a key constraint on adaptation in arid regions. Fourth, infrastructural
development generally increases the adaptive potential of rural areas, but its effectiveness depends

significantly on regional climatic conditions.
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The revealed differences in the level of rural infrastructure development determine the heterogeneity of
agricultural adaptive potential across Kazakhstan's macro-regions. To assess the impact of infrastructural
factors on the sustainability of agricultural production, an analysis of the dynamics of key agricultural
indicators was conducted, including yield, the share of irrigated land, and the integral sustainability index. The
analysis shows that regions with more developed infrastructure demonstrate not only higher values of
production indicators, but also lower volatility of results in the face of climatic fluctuations. This is especially
noticeable when comparing the Northern and Western macroregions.

The key indicators of agricultural sustainability by macro-region are presented in Table 2.

Table 2. Indicators of agricultural sustainability by microregion, 2010-2025

Macroregion Yield, Yield, Irrigated Irrigated Sustainability

centners/ha centners/ha land, % land, % index (2025)
(2010) (2025) (2010) (2025)

Northern 12.4 14.8 5.2 6.1 0.72

Southern 10.1 12.6 18.5 22.3 0.68

Eastern 11.3 13.9 7.8 9.2 0.70

Western 8.7 10.5 3.1 4.4 0.64

Central 9.8 12.2 4.6 5.8 0.69

Note: compiled by the authors based on Bureau of National Statistics (2025).

The data obtained helped identify several key patterns. Firstly, there is a direct relationship
between the level of infrastructural development and productivity. The Northern macroregion,
which has the best infrastructure, shows the highest yields (14.8 c/ha), while the Western region
has the lowest yields (10.5 c/ha). This confirms that infrastructure affects not only the availability
of resources but also the efficiency of their use. Secondly, water infrastructure plays a significant
role. The southern region, despite a relatively low overall level of infrastructure, has a high share
of irrigated land (22.3%), which partially offsets the negative impact of climatic factors. This
indicates that the water component of the infrastructure is a key element of adaptation in arid
conditions. Thirdly, the agricultural sustainability index shows the highest values in regions with a
more balanced infrastructure. This means that not only is absolute security important, but also the
structural balance of the infrastructure.

For a deeper interpretation of the results, an integrated rural infrastructure development
index was calculated, taking into account three key components: water availability, transport
accessibility, and the level of digitalisation. The integrated indicators of rural infrastructure
development are summarized in Table 3.

Table 3. Integrated indicators of rural infrastructure development

Indicator 2010 2025 Growth rate, %
Water supply (%) 45 72 +60.0
Internet access (%) 15 82 +446.7
Roads in good condition (%) 55 76 +38.2
Investment (thousand KZT per capita) 120 420 +250.0

Note: compiled by the authors

The analysis of aggregated indicators confirms the previously identified trends. The most
dynamic element of the infrastructure is the digital sector, whose growth significantly outstrips
that of traditional components. This creates a new configuration of rural infrastructure, in which
digital technologies begin to perform a coordinating and integration function. However, an
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important structural imbalance is revealed: the accelerated development of digital infrastructure
is not accompanied by a comparable pace of modernization of the water system. In the context of
climate change, this may reduce the overall adaptive effect of infrastructure development.

The next stage of the analysis involved a quantitative assessment of the impact of
infrastructure development on agricultural sustainability using an econometric approach.

Based on the estimation results of the model, the following regression equation is obtained:

R=0,32+0,58I

where R is the agricultural sustainability index and I is the integral infrastructure development
index.

The estimated coefficient (f = 0.58) indicates a strong positive relationship between
infrastructure development and agricultural sustainability: an increase in the infrastructure index
leads to a corresponding increase in the sustainability index. The results of the regression analysis
are presented in Table 4.

Table 4. Regression analysis results.

Indicator Value
Dependent variable Sustainability index
Explanatory variable Infrastructure index
Coefficient () 0.58
Constant 0.32

R? 0.81
Number of observations 25

Note: compiled by the authors.

The results obtained have important analytical significance. Firstly, the coefficient f = 0.58 indicates
a stable positive relationship: a one-unit increase in infrastructural development is associated with a 0.58-
point increase in agricultural sustainability. Secondly, the high value of the coefficient of determination
(R2 = 0.81) indicates that the infrastructure explains more than 80% of the variation in stability. This
allows us to consider it as one of the key factors of adaptation to climate change. Thirdly, additional
analysis showed differences in the impact of individual infrastructure components: water infrastructure
has the strongest impact in the Southern region; digital infrastructure enhances adaptive capabilities
through management and access to information; transport infrastructure reduces indirect risks associated
with access to markets and resources.

At the same time, in regions with extreme climatic conditions (Western Kazakhstan), even a high
level of infrastructure does not fully offset climate risks, indicating that there are limits to adaptive
potential. Thus, the results obtained helped draw a deeper conclusion: rural infrastructure in Kazakhstan
acts not just as a development factor, but as a systemic mechanism for climate adaptation. At the same
time, its effectiveness is determined not only by the level of development, but also by the structure,
regional conditions and the degree of integration of various infrastructure components.

For a deeper quantitative assessment of the impact of individual components of rural infrastructure
on the sustainability of the agricultural sector, an expanded econometric multiple-regression model was
developed. The model parameters were estimated using the least squares (OLS) method based on panel
data for five macro-regions of Kazakhstan over the period 2010-2025, yielding a sample of 25
observations. The results of the model evaluation are presented in Table 5.
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Table 5. Results of multiple regression.

Indicator Coefficient Standard error t-statistic p-value
Constant (a) 0.21 0.05 4.20 0.0004
Water infrastructure (W) 0.34 0.09 3.78 0.0012
Transport infrastructure (T) 0.17 0.07 2.43 0.022
Digitalization (D) 0.29 0.08 3.62 0.0018
R? 0.89 - - -
Adjusted R? 0.87 - - -
Number of observations 25 - - -

Note: compiled by the authors.

The results obtained significantly clarify the mechanisms by which infrastructure influences
the sustainability of agriculture. All variables included in the model are statistically significant at
the 5% level, confirming their systemic role in shaping the adaptive potential of the agricultural
sector.

The water infrastructure has the greatest impact (§; = 0.34), which indicates its basic role in
the arid climate of Kazakhstan. An increase in the level of water availability by 1 percentage point
is accompanied by an increase in the sustainability index by an average of 0.34 points. This result
confirms that access to water resources is a key factor in stabilizing agricultural production,
especially in the southern and western regions of the country. Digital infrastructure demonstrates
the second most significant effect (B3 = 0.29). This indicates that digitalization plays an important
role in increasing the adaptability of agriculture by providing access to agrometeorological
information, digital platforms and management tools. Unlike water infrastructure, digitalization
does not act as a primary resource, but as a factor that enhances the efficiency of using existing
resources and improves the quality of management decisions. The impact of the transport
infrastructure is also statistically significant (2 = 0.17), but less pronounced. This is due to its
indirect impact on sustainability by reducing logistical costs, increasing market accessibility, and
improving rural connectivity.

To increase the analytical rigor, a comparison of the basic and extended models was carried
out (Table 6).

Table 6. Comparison of econometric models.

Indicator Baseline model Extended model
Model type Simple regression Multiple regression
Variables Composite index W, T,D

R? 0.81 0.89

Note: compiled by the authors.

The extended model demonstrates a higher value of the coefficient of determination, which
indicates a better explanation of the variation of the dependent variable. This confirms that the
decomposition of infrastructure into individual components makes it possible to more accurately
identify the mechanisms of its influence and avoid the loss of information typical of aggregated
indicators. Additionally, the stability of the obtained results was checked. The consistent exclusion
of variables from the model does not lead to significant changes in the coefficients, their signs
remain stable, and the multicollinearity indicators are within acceptable limits (VIF < 5). This
indicates the statistical reliability and stability of the estimates.

Generally, the results of the econometric analysis show that the impact of rural infrastructure
on the sustainability of the agricultural sector is multifactorial and hierarchical. Water
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infrastructure is a basic element of adaptation, digitalization is a factor in increasing the efficiency
and flexibility of the system, and transport infrastructure performs an auxiliary function, ensuring
spatial connectivity and reducing indirect risks. Thus, the sustainability of agriculture is formed not
through the development of a single infrastructural component, but as a result of their complex
interaction, which confirms the need for a systematic approach to the development of rural
infrastructure in the face of climate change.

5. Discussion

The results obtained in the study allow us to consider the transformation of rural
infrastructure in Kazakhstan in the broader international context of adaptation of agricultural
systems to global climate change. The positive relationship between infrastructure development
and agricultural sustainability is generally consistent with modern theoretical and empirical
approaches in the literature (Thacker et al,, 2019; Barrett et al., 2017; Calderén & Servén, 2010). At
the same time, the results of the study make it possible not only to confirm the existing theoretical
provisions, but also to clarify the mechanisms of influence of individual infrastructural components
in an arid economy.

A comparison of the results obtained with the concept of climate-sustainable agriculture
shows their high consistency with modern scientific approaches (Lipper et al., 2014; Thacker et al,,
2019). In this approach, infrastructure is considered as a key element of adaptation, ensuring
increased productivity, resilience and reduced vulnerability to climate risks. The analysis confirms
this logic: water infrastructure makes the greatest contribution to the sustainability of
Kazakhstan's agricultural sector, reflecting the critical role of water resources management in an
arid climate. At the same time, the importance of digital infrastructure points to the increasing role
of digital technologies in agriculture (Klerkx et al.,, 2019; Wolfert et al.,, 2017; Fabregas et al., 2019).
Transportinfrastructure, despite its statistically significant impact, performs primarily an auxiliary
function, reducing logistical costs and ensuring the stability of supply chains.

Considering the results in the context of infrastructure and economic development studies
enables identification of the features of rural infrastructure development (Gollin & Rogerson, 2014;
Storeygard, 2016). This approach emphasizes that the effectiveness of infrastructure is determined
not only by its availability, but also by the degree of integration into the management and decision-
making system. The results show that Kazakhstan is in a transitional stage of this process.

Comparison with empirical research in the field of infrastructure and development further
clarifies its role in the system of sustainable development factors (Asher & Novosad, 2020;
Donaldson, 2018). According to the research data, infrastructure is a necessary but insufficient
condition for increasing the sustainability of rural areas, since its effect depends on the level of
human capital and institutional efficiency.

From the perspective of the interaction between climate factors and agriculture, adaptation is
determined by a combination of climate risks and adaptive potential (Lesk et al., 2016; Ortiz-Bobea
et al,, 2021). The results of the study enable interpretation of the development of agriculture in
Kazakhstan within this framework. The southern and western regions are characterized by higher
vulnerability, while the northern regions demonstrate greater resilience due to more favorable
conditions and more developed infrastructure.

From a theoretical standpoint, the results confirm the key tenets of modern scientific
literature. Infrastructure is a basic element of agricultural sustainability (Thacker et al., 2019),
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digitalization enhances adaptive capabilities (Klerkx et al., 2019), and climatic factors have a
significant impact on productivity and stability of agricultural production (Ortiz-Bobea et al., 2021;
Lesk et al, 2016).

6. Conclusion

The conducted research made it possible to identify key patterns of transformation of rural
infrastructure of Kazakhstan in the context of increasing global climate change and quantify its
impact on the sustainability of the agricultural sector. The results obtained indicate that rural
infrastructure performs not only a supporting function, but also acts as a systemic factor in the
formation of the adaptive potential of rural areas.

Analysis of statistical data for the period 2010-2025 has shown that Kazakhstan is
experiencing a steady expansion of the infrastructure base of rural areas, most pronounced in the
field of digital technologies. At the same time, infrastructure development is clearly spatially
differentiated: the northern regions are characterised by higher levels of security and
sustainability, while the southern and western territories remain highly vulnerable due to climatic
constraints and water scarcity. This asymmetry indicates structural imbalances that affect the
effectiveness of agricultural adaptation.

The econometric analysis confirmed a statistically significant positive relationship between
the level of rural infrastructure development and the sustainability of agricultural production. At
the same time, it was found that the impact of infrastructure is heterogeneous. Water infrastructure
is a fundamental factor in adaptation, especially in arid climates, helping stabilise agricultural
production. Digital infrastructure serves as an adaptive capacity booster, increasing management
efficiency, access to information, and the quality of decision-making. Transport infrastructure has
an indirect but significant impact by reducing logistical costs and increasing spatial connectivity in
rural areas.

Thus, the key conclusion of the study is that rural infrastructure is a necessary but insufficient
condition for sustainable adaptation to climate change. The greatest effect is achieved with the
integrated integration of infrastructural, institutional and technological components forming a
unified rural management system. In this regard, improving the effectiveness of public policy
requires a transition from fragmented infrastructure development to an integrated model. First of
all, it is necessary to ensure the coordination of water, transport, and digital infrastructure within
a unified strategy for sustainable rural development. The lack of such coordination leads to a
decrease in the cumulative effect of investments and limits the adaptive capacity of the agricultural
sector.

Prioritization of water infrastructure as a key factor of adaptation is of particular importance.
In conditions of increasing water scarcity, modernization of irrigation systems, the introduction of
water conservation technologies and the development of mechanisms for rational water resources
management, including cross-border cooperation, are required. Without solving the water
problem, the potential of other infrastructure components remains limited.

An important area is the development of the digital agricultural ecosystem. Digitalization
should go beyond infrastructural provision and move to the level of functional integration,
including the use of digital platforms, agrometeorological systems, precision farming technologies
and data analysis tools. This will increase agricultural adaptability and reduce the impact of climate
uncertainty. An additional area is the introduction of climate analytics and forecasting systems that
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monitor climate risks and support management decisions. The integration of such systems into
public administration will improve the effectiveness of adaptation policies and reduce agriculture's
vulnerability to extreme weather events.

Reducing regional differentiation of infrastructure development is also essential. This requires
implementing a differentiated regional policy to prioritise infrastructure development in the most
vulnerable regions. Equalisation of infrastructural conditions is necessary to increase the overall
sustainability of the agricultural sector. Along with this, the development of human capital and the
institutional environment remains a critical factor. The effectiveness of the infrastructure depends
directly on the level of user training, the quality of management, and the availability of appropriate
institutions. In this regard, it is necessary to develop educational programs, increase digital
competencies and improve agricultural management mechanisms.

Financial support for infrastructure transformation requires the active development of public-
private partnership mechanisms. Attracting private capital and creating incentives for investment
in rural infrastructure will accelerate its development and increase resource efficiency. An
additional important area is the expansion of international cooperation and participation in global
climate and infrastructure initiatives. This will allow Kazakhstan to integrate advanced
technologies and best practices, increasing the effectiveness of the national adaptation policy.

Generally, the study's results suggest that the transformation of rural infrastructure is a
strategic direction for Kazakhstan's adaptation to global climate change. However, achieving a
sustainable effect requires a transition to a new development model that integrates infrastructure,
technologies and institutions. The implementation of the proposed state policy directions will
increase agricultural sustainability, reduce climate risks, ensure the long-term development of
rural areas, and strengthen Kazakhstan's position in the global food security system.
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