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Abstract. Introduction. The effective use of agricultural land is a key factor in ensuring sustainable
agricultural development and food security. In the context of increasing anthropogenic pressure and climate
variability, there is a growing need for modern tools to assess land-use efficiency. Geoinformation technologies
and remote sensing provide reliable methods for monitoring vegetation cover and analyzing spatial patterns
of land productivity. Materials and methods. This study is based on the use of Geographic Information
Systems (GIS) and satellite imagery (Landsat) for the years 2015, 2020, and 2025. The Normalized Difference
Vegetation Index (NDVI) was calculated to assess vegetation condition and land productivity. Spatial analysis
was carried out using ArcGIS Pro, including classification and comparative analysis of NDVI maps. Results
and discussion. The analysis revealed significant spatial differentiation of vegetation cover across the Almaty
region. High NDVI values are observed in mountainous and foothill areas, while low values dominate in arid
and semi-arid zones. The comparison of NDVI data showed an increase in vegetation density in 2020 compared
to 2015, followed by a more heterogeneous pattern in 2025, indicating both improvement and degradation
processes. Conclusion. The results confirm that NDVI is an effective indicator for assessing agricultural land
use. The integration of GIS and remote sensing technologies allows for objective monitoring of vegetation
dynamics and provides a scientific basis for improving land-use efficiency and sustainable land management.
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AnHoTauus. Kipicne. Aybul mapyalibUIbIFbl KepJepid THIMII MaijalaHy aybll IapyalblIbIFbIHBIH
TYPaKThl JaMybl MEH a3bIK-TYJIK KaylCi3/iriH KaMTaMachl3 €TyIiH Heri3ri (hakTopiaapbIHbIH Oipi O0bIN Ta-
ObuTabl. AHTPOIIOTEH/IIK )KYKTEMEHIH apTybl XKoHE KIMMATTBhIH ©3repyl JKaFJaiibiHaa sKepAl naijananyabH
TUIMAUTITIH Oarajay/iblH 3aMaHayd KypajjapblHa KaXETTUIIK apThill OThIp. ['eoaknmapaTThIK TEXHOJIOTHS-
nmap MeH JKepal KamIbIKTBIKTAH 30HATAY SICTEPi OCIMAIK KAMBUIFBICHIH OAaKbLIAy JKOHE Kep OHIMAUIITIHIH
KEHICTIKTIK 3aHJbUIBIKTapbIH TajJay YILIiH CEHIMJI MYMKIHAIKTEp YChIHaAbl. Mamepuanoap men adicmep.
3eprrey 2015, 2020 sxone 2025 xpuijapra apHaiFaH CIyTHUKTIK aepekrepai (Landsat) s»oHe reoaknaparThik
xkyienepai (GIS) konmanyra HerizneiareH. OCiMIIK KaMbUIFBICHIHBIH JKaFdaiibl MEH JKep OHIMIUIriH Oara-
Jay YILIiH KaJbllKa KentipiireH Beretauusuiblk uaaeke (NDVI) ecentenai. Kenicrikrik Tangay ArcGIS Pro
OarapiaamachIHa XYpri3uiai, oubiy iminae NDVI kapranapbiH jKiKTey jKOHE CallbICThIPMaJbl TalAay OpbIH-
nanasl. Homuorcenep srcone mankwinay. Tannay Aamatsl 00IbICH ayMaFbIHIa ©CIMIIK )KaMbUIFbICBIHBIH aKbIH
KEHICTIKTIK JuddepeHuanusaceii kepceTti. NDVI sxorapbl MoHAEp1 Taylibl XKOHE Tay OOKTEpiHJEr! ayaaH-
JlapFa ToH, aJl TOMEH MOHEp KYpFaK KoHe XKapTbulail Kyprak aitmakTapaa Oaiikanaasl. NDVI kepceTkimTepin
casbicThIpy 2020 biabl 2015 XKbUIMEH calIbICTBIPFaHa 6CIMIIIK )KaMBUIFBICBIHBIH apTybIH KopceTTi, an 2025
JKBUTBI OCIMIIK KaFJalbIHBIH OPKEJIKIIIrt OalKalbll, )akcapy MEH Aerpaaalus ypAicTepi Karap >KypreHiH
KepceTTi. Kopvimuinowl. 3eprrey HoTikenepli NDVI aybun mapyaibulbIFbl KepliepiH OaranayablH THIMIL
KepceTKilll ekeHiH aanenaeiai. GIS xoHe KallbIKTBIKTaH 30H/ATay TEXHOJIOTUSIAPBIH O1pIKTIPY ©CIMIIK jKa-
MBUIFBICBIHBIH TUHAMUKACBIH OOBbEKTUBTI OaKbliayFa sKoHE Kep pecypcTapblH THIMII 9pi TYpaKThl Oackapyra
FBUIBIMM HET13 KAJIBIITACThIPAIbI.
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AHHoOTauMs. Beeoenue. DPdekTuBHOE HUCIOIB30BaHUE CEBCKOXO3SMCTBEHHBIX 3EMEIb SIBIISETCS
KJIIOUEBBIM (DaKTOPOM OOECIeUeHUsI YCTOWYMBOIO Pa3BUTHS CEIBCKOTO XO3MHCTBA M MPOJIOBOJIBCTBEHHOM
6e3onacHOCTH. B ycioBusX BO3pacTarolleil aHTPONOTeHHOM Harpy3Kd W KIMMAaTHYE€CKOW HM3MEHYMBOCTH
BO3pacTaeT HeoOXOAUMOCTb IPUMEHEHHS COBPEMEHHBIX HHCTPYMEHTOB JIJIsl OLIEHKH 3(h(h)eKTUBHOCTH 3eMiIe-
noJb30BaHus. [eonHpOpMaMOHHbIE TEXHOIOTUN U TUCTAHLIMOHHOE 30HIUPOBaHNUE 3€MJIN MPETOCTABISAIOT
HaJEXKHBIE METOIBI MOHUTOPUHIA PACTUTEIBLHOTO IIOKPOBA U aHAJIN3a IPOCTPAHCTBEHHBIX 3aKOHOMEPHOCTEN
IPOYKTUBHOCTH 3eMelb. Mamepuanst u memooul. JJaHHOE UCClleJ0BaHHE OCHOBAHO HA MCIIOJIb30BAHUU Te-
ounpopmannonusix cuctem (I'MC) u cnytHukoBbix cHuMKOB (Landsat) 3a 2015, 2020 u 2025 roasl. [ns
OLIEHKU COCTOSIHUSI PACTUTEJIBHOCTH U NMPOAYKTUBHOCTH 3€Melb OblT pacCUUTAaH HOPMAJIM30BaHHBIN Berera-
rmoHHbIN uHeke (NDVI). IIpocTpaHcTBeHHBIN aHATN3 BBINOIHEH ¢ Ucnonb3oBaHueM ArcGIS Pro, Bkitouas
KJIaccU(UKAIUIO U CpaBHUTENbHBIN aHau3 kapT NDVI. Pesyremamut u 0bcyscoenue. AHanu3 BbISIBII 3Ha-
YUTEIBbHYIO IPOCTPAHCTBEHHYIO U PEpEeHINALNI0 PACTUTEIBHOTO IOKPOBA HA TEPPUTOPHH AJIMATUHCKON
obnactu. Beicokue 3Hauenust NDVI xapakTepHbl Ui TOPHBIX U MPEArOPHBIX PAaHOHOB, TOTNA KaK HU3KHUE
3HaueHMs MpeolagaroT B apuIHBIX U MoayapuIHbIX 30Hax. CpaBHeHue naHHbIX NDVI nokaszano ysenuue-
HUE TUIOTHOCTU pacTutenbHocT B 2020 roxy no cpaBHeHuto ¢ 2015 rogom, a Taxke 6oj1ee HEOTHOPOAHYIO
kapTuHy B 2025 rofgy, 4To CBUAETEIBCTBYET O HAJIMUUM KaK IOJIOKUTEIBHBIX U3MEHEHHM, TaK U MPOLIECCOB
aerpaganuu. Boigoowl. [lonmyuenHsle pe3yabTraTsl HoATBepkaatoT, uTo NDVI apnsercs 3¢ dhekTuBHBIM HHIU-
KaTOpOM OLIEHKH MCIIOJIb30BAHUS CEIbCKOXO3AMCTBEHHBIX 3eMenb. MHTerpanus 'MC u naHHBIX AUCTaHIU-
OHHOTO 30H/IMPOBaHMs 00ecreunBaeT OObEKTUBHBI MOHUTOPHHT AMHAMUKHU PACTUTEIBLHOCTH U GOPMUPYET
HAay4YHYI0 OCHOBY JUIs MOBBIIIEHUS 3(P(PEKTUBHOCTH 3eMJIETIONB30BAHUS U YCTOWYMBOTO YIPABIECHUS 3€Mellb-
HBIMHU PECYPCAMH.

KuroueBsble cioBa: reoundopmaimonssie cuctemsl (I'MC), nuctanimonnoe 3ouaupoBanue, NDVI,
CEIbCKOXO3SICTBEHHBIE 3€MIIHM, IMHAMHMKA PACTUTEIBHOCTH, MPOCTPAHCTBEHHBIN aHANIU3, AErpajanus 3e-
Melb, ATMaTuHCKast 001acTh

Jast uutupoBanusi: OuimMxad H.M., Urembaesa A K., XKunguk6aesa A.H., [Ty3uene P. (2026). Ana-
13 cucteMbl 3(h(HEKTUBHOTO MCIIOIB30BAHUS 3€MENb CEITbCKOXO3IHCTBEHHOTO Ha3HAUeHHs B AJIMATHHCKON
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Kaszaxcrkozo HayuonanbHozo azpaproeo ucciedo8amenbcko2o yYHueepcumenad.

Introduction.

In the context of increasing anthropogenic pressure and climate change, the effective use of agricultural
land is becoming increasingly relevant. Land resources are a key component of sustainable agricultural
development and also ensure food security and regional economic stability [FAO, 2021; Pettorelli et al.,
2005:503-510].

This issue is of particular importance under conditions of growing pressure on agroecosystems,
which is accompanied by soil cover degradation, declining fertility, and disruption of natural biogeochemical
processes. In this regard, there is an increasing need to shift towards scientifically grounded and resource-
saving land-use models aimed at long-term sustainability.

Geographic Information Systems (GIS) and remote sensing technologies are powerful tools that enable
comprehensive spatial analysis. Modern geoinformation approaches make it possible to create digital models
of territories, take into account the spatial heterogeneity of natural conditions, and identify hidden patterns in
the distribution of agricultural resources. This significantly increases the validity of management decisions
and contributes to the optimization of land-use structure.

The use of the NDVI index makes it possible to assess the condition of vegetation cover and the
efficiency of land use [Dubovyk, 2017: 603—607]. This indicator is widely used in agricultural research as one
of the key indicators characterizing ecosystem productivity, since it reflects the intensity of photosynthetic
activity of vegetation. Its application in dynamic analysis enables the monitoring of seasonal and interannual
changes, the identification of degradation processes, and the assessment of the effectiveness of implemented
agrotechnical measures.

Almaty Region is one of the important agricultural regions of Kazakhstan, characterized by diverse
natural conditions and significant land-resource potential. The region includes mountainous, foothill, and
plain areas, which determine the diversity of land use and agricultural specialization. Favorable climatic
conditions in the foothill zones contribute to the development of irrigated agriculture, while dry and semi-
arid areas are dominated by pasture lands. Such natural and territorial differentiation determines the need for
a differentiated approach to land-resource management, taking into account the specific features of relief,
climate, and hydrological conditions.

In addition, the region plays an important role in ensuring food security through the development of
crop production, livestock farming, and horticulture. However, the efficiency of land use varies considerably
across the territory depending on natural conditions and the level of anthropogenic impact. This creates a
need to apply modern geoinformation approaches for spatial analysis and monitoring of land resources. The
observed spatial heterogeneity of land-use efficiency indicates the presence of both highly productive and
problematic areas, which require the application of modern methods for their monitoring and assessment. In
this regard, the use of geoinformation technologies is of particular relevance for the comprehensive analysis
of land-resource conditions and the development of recommendations for their rational use.

In order to provide a general description of the study area, the main indicators of land resources and
the administrative structure of Almaty Region are presented in Table 1.

Table 1. General Characteristics of Land Resources

Indicator Value

Total land area 10 509 thousand ha
Administrative districts 9

Cities and settlements 5-9

Rural settlements 368-384

Rural districts 126-136

Dominant type of land use Agricultural land
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As shown in Table I, Almaty Region covers approximately 10.5 million hectares and is characterized
by a relatively complex administrative structure. The presence of numerous rural settlements and rural districts
indicates the predominantly agricultural orientation of the region. Agricultural lands, including arable land and
pastures, constitute the dominant category of land use, which emphasizes the importance of their continuous
monitoring [Shokparova et al., 2025; Rafikov et al., 2024: 183—191]. Special attention should be paid to the
foothill and plain areas, where the intensity of agricultural production reaches its highest level. In these areas,
the cultivation of moisture-demanding crops and intensive livestock grazing exert considerable anthropogenic
pressure on the soil cover, which may eventually lead to land degradation and deterioration.

The combination of diverse natural conditions and intensive agricultural activity results in spatial
variability in land productivity and vegetation cover. This creates a need for objective and spatially accurate
assessment methods. In this context, remote sensing data and vegetation indices, particularly NDVI, serve as
effective and fundamental tools for analyzing the condition and dynamics of agricultural lands [ Ashimkhan et
al., 2025: 470-480; Wulder et al., 2012: 2-10]. The use of open multispectral satellite data, such as Landsat
and Sentinel missions, makes it possible to obtain up-to-date information with high spatial resolution. The
integration of such data into geographic information systems enables the automation of geoprocessing
procedures and the identification of hidden patterns in vegetation development over large areas without the
need for costly field surveys.

Despite the growing potential of geoinformation technologies, their application for assessing the
efficiency of agricultural land use in Almaty Region, particularly in terms of analyzing the spatial dynamics
of vegetation cover, remains insufficiently studied [Foley et al., 2005: 570-574]. Existing studies are
often fragmented or limited to short time intervals, which does not allow long-term trends to be traced. A
comprehensive approach covering a ten-year period is therefore essential for identifying the cumulative effects
of climatic fluctuations and changes in land-resource management practices.

In this regard, the object of the study is the system of agricultural land use in Almaty Region, while
the subject of the study is the spatial distribution and temporal dynamics of vegetation cover as an indicator of
land-use efficiency [Fensholt et al., 2012: 131-147]. This choice is justified by the fact that the condition and
density of vegetation cover are among the main objective indicators of the ecological well-being and agro-
industrial potential of the region. Vegetation cover represents an integrated reflection of soil fertility, moisture
availability, and anthropogenic pressure. Thus, by studying the dynamics of vegetation processes, it is possible
to assess not only the productivity of individual fields, but also the resilience of entire agroecosystems to
drought, soil erosion, and secondary salinization. This approach minimizes subjective factors in decision-
making related to land-resource management and allows decisions to be based on reliable objective data.

The aim of the study is to analyze the efficiency of agricultural land use in Almaty Region based on
geoinformation technologies and remote sensing data.

To achieve this aim, the following objectives were set:

to analyze the natural and geographical conditions of the study area;

to calculate NDVI and produce NDVI maps for 2015, 2020, and 2025;

to assess the spatial and temporal changes in vegetation cover.

Materials and Methods.

The methodological basis of this study is the integrated application of geoinformation technologies,
remote sensing data, and spatial analysis methods aimed at assessing the efficiency of agricultural land use
in Almaty Region. In particular, the capabilities of modern software packages such as ArcGIS and QGIS are
used for the processing and interpretation of multispectral satellite images. The application of automated
geoprocessing models makes it possible to significantly accelerate the calculation of vegetation indices and
reduce the probability of errors when integrating large-scale spatiotemporal datasets.

The study area is Almaty Region, which is characterized by high natural and geographical diversity
and includes mountainous, foothill, and plain territories. The presence of several altitudinal belts contributes
to the formation of different microclimatic zones, which in turn determine the specialization of the agricultural
sector in different districts, ranging from intensive irrigated farming in the plains to seasonal pasture-based
livestock farming in the foothills. Such diversity determines the spatial differentiation of natural conditions,
land-use structure, and vegetation cover within the region. Therefore, in order to obtain objective results,
a differentiated monitoring approach is required, with strict consideration of local soil types, hydrological
regime, and the seasonal dynamics of temperature. The physical and geographical features of the study area



AKAﬂEMVIﬂCI'f:
are shown in Figure 1. This cartographic model clearly represents elevation differences, the river network,
and the main relief elements, serving as a basic framework for subsequent spatial analysis and geographic
referencing of satellite data.
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Fig. 1. Physical Map of Almaty Region

The physical map shows the main natural components of the region, including relief, the hydrographic
network, and landscape classification. This cartographic model serves as a basic framework for analyzing the
spatial heterogeneity of the territory, since slope inclination and aspect directly affect soil moisture and the
distribution of solar radiation. The southern part of the region is dominated by the mountainous areas of the
Northern Tien Shan, while the central and northern parts are characterized by foothill and plain territories.
Such pronounced altitudinal zonation leads to the formation of various microclimatic zones, ranging from
high-mountain alpine meadows to foothill forest-steppe areas and semi-desert zones in the north.

This natural diversity determines the specialization of crop distribution and the seasonal use of livestock
pastures, including summer pastures, spring pastures, autumn pastures, and winter pastures. The distribution
of rivers and water bodies plays an important role in the formation of irrigated agricultural areas and in the
characteristics of vegetation cover [Reynolds, 2007: 847—851; Sablji¢ et al., 2024: 5-9]. In particular, the
system of mountain rivers originating from glaciers is considered the only reliable source of stable water
supply for croplands during the summer drought period.

In this context, the basins of major water arteries, such as the Ili River, which serve as the main sources
of moisture under arid climatic conditions, are of particular importance. By forming a large delta and feeding
the Kapshagai Reservoir, the Ili River creates a unique hydrological regime that sustains not only natural tugai
forests and reed beds, but also large areas of irrigated agriculture. The condition of these hydrological systems
directly determines the boundary between sustainable farming areas and pasture lands in the plain zone.

Any fluctuations in river runoff, whether caused by the melting of mountain glaciers due to global
climate change or by the inefficient use of water resources in the upper reaches, are immediately reflected
in groundwater levels. This, in turn, leads to changes in vegetation cover, an increased risk of secondary
soil salinization, and a decline in the overall bioproductivity of agroecosystems. Therefore, hydrological
monitoring is an integral component of a comprehensive assessment of land-use efficiency.

Assessing the condition of such extensive and heterogeneous territories requires the use of modern
multispectral satellite systems. Spaceborne sensors record electromagnetic radiation simultaneously in
several spectral ranges, or bands, from visible light to thermal infrared. For agricultural and environmental
monitoring, the red and near-infrared bands are of particular importance. The red spectrum is actively absorbed
by chlorophyll pigments during photosynthesis, whereas near-infrared radiation, on the contrary, is strongly
reflected by the loose mesophyll tissue of healthy leaves. It is precisely this physical difference in reflectance
between these bands that forms the scientific basis for accurately distinguishing vegetation from bare soil
surfaces.

The analysis was based on medium-spatial-resolution satellite images from the Landsat programme,
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namely Landsat /, Landsat 8, and Landsat 9, tor the years 2015, 2020, and 2025. This dataset provides
consistent and comparable information for long-term monitoring of vegetation-cover dynamics. To avoid
seasonal errors, image selection was mainly carried out for the period of peak vegetation activity, July—August,
with priority given to cloud-free scenes. The use of Landsat multispectral data archives is justified by their
high spectral reliability and open accessibility, which are particularly important for retrospective analysis of
territories of this scale.

To assess the condition of vegetation cover, the Normalized Difference Vegetation Index (NDVI) was
calculated. This index is widely used to determine vegetation density and land productivity [Tucker, 1979:
129-131]. NDVI is a key biophysical parameter that indirectly characterizes the photosynthetic activity of
vegetation. It has a strong correlation with total above-ground biomass, leaf area index (LAI), and the potential
productivity of agricultural crops.

5
o=

__ (NIR—RED)

NDVI = ,
(NIR+RED)

2

where NIR denotes the near-infrared spectral range, and RED denotes the red spectral range. The
physical meaning of this formula is based on the optical properties of plant cells: chlorophyll pigments in
leaves actively absorb visible red radiation (RED) during photosynthesis, while the internal structure of
the leaf, particularly the spongy mesophyll, strongly reflects near-infrared radiation (NIR). The greater the
difference between these two indicators, the greater the amount of active green biomass in the studied area.
NDVI values always vary within the mathematical range from -1 to +1. For bare soil or highly degraded
pastures with sparse vegetation, this indicator usually ranges from 0.1 to 0.2, whereas dense and healthy
croplands show values above 0.6. Negative values are generally characteristic of water bodies, snow cover,
or clouds. Thus, the calculation of this index makes it possible to automatically classify land-cover types,
accurately identify drought-affected areas, and provide an objective quantitative assessment of the ecological
condition of agricultural lands.

The physical meaning of this index is based on the ability of chlorophyll in plant leaves to actively
absorb red radiation during photosynthesis, while the cellular structure of the leaf strongly reflects near-
infrared radiation. The higher the difference between these two indicators, the greater the amount of active
green biomass in the studied area.

Pre-processing of satellite images included radiometric and geometric corrections, as well as reprojection
into a unified coordinate system to ensure the spatial consistency of the data. The obtained NDVI maps were
classified into value ranges corresponding to different levels of vegetation-cover density, from low values
representing dry areas with sparse vegetation to high values representing dense vegetation and intensively used
agricultural lands [D’Acunto et al., 2024: 14-18]. One of the important stages was atmospheric correction,
which reduces the effect of light scattering and minimizes distortions in the spectral values of pixels. The
threshold intervals used during classification made it possible to clearly distinguish bare soils and degraded
areas from healthy croplands.

Spatial analysis and cartographic visualization were carried out using ArcGIS Pro software. The
analysis included overlay operations, classification, and interpretation of the spatial distribution patterns of
vegetation cover. To improve the accuracy of spatial analysis, additional vector layers containing administrative
boundaries and the hydrographic network were used. ModelBuilder visual programming tools and the ArcPy
library in Python were applied to automate repetitive processes involved in the processing of multi-year raster
datasets. This made it possible to create a unified model for batch processing of satellite images and to reduce
the probability of errors during calculations.

A comparative analysis of NDVI maps for 2015, 2020, and 2025 was conducted to identify spatial and
temporal changes in vegetation cover. This approach made it possible to assess trends in agricultural land use
and to determine areas where vegetation productivity was increasing or decreasing [Zhu, Woodcock, 2014:
158-162]. The identification of degradation hotspots, as well as areas showing positive vegetation dynamics,
forms an objective evidence base for the obtained results. The resulting spatial data can be used to adjust crop
rotation plans and to design targeted land reclamation measures in the most vulnerable areas.

Results and Discussion.
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To assess the spatial and temporal dynamics of vegetation cover in Almaty Region, a large-scale
analysis of satellite images for 2015, 2020, and 2025 was carried out. The selected ten-year interval, with
a five-year step, makes it possible to objectively identify both short-term seasonal fluctuations and long-
term trends associated with macroclimatic changes and systemic transformations in the agricultural sector.
The analysis was based on the calculation and interpretation of the Normalized Difference Vegetation Index
(NDVI), which is a reliable indicator of vegetation condition and land-use intensity [Tucker, 1979: 129-131].
This quantitative indicator responds sensitively not only to the total amount of above-ground biomass, but also
to stress conditions such as moisture deficit, salinization, or declining soil fertility.

The use of multi-year satellite data made it possible to identify patterns of vegetation-cover change and
assess differences in land productivity within the study area. The integration of the obtained raster data into
a unified geoinformation database enabled automated pixel-level comparison of images from different years
and eliminated the subjective factor. Particular attention was paid to comparing NDVI values across different
natural zones, including mountainous, foothill, and plain areas. Such zoning is particularly important for the
correct interpretation of results, since the natural background values of vegetation cover in mountain forest
areas and plain dry steppe pastures differ fundamentally. These areas clearly differ from one another in terms of
climatic conditions and the level of anthropogenic impact [Zhumataeva et al., 2024: 360-369]. For example, in
the foothill zone, the main ecological risks are often associated with uncontrolled livestock grazing and water
erosion, whereas in the plains the main threat is secondary salinization of intensively irrigated croplands.

The conducted analysis revealed pronounced spatial heterogeneity of vegetation cover in the region.
This clear heterogeneity demonstrates that the application of uniform management approaches across the
entire region is ineffective and confirms the need for adaptive, locally oriented strategies in land-resource
management. High NDVI values are generally observed in mountainous and foothill areas with better moisture
availability, while low values prevail in the dry and semi-arid territories of the northern and western parts of
the region [D’Acunto et al., 2024: 14—18]. These arid areas require continuous monitoring, as their ecological
stability is low and they are the most vulnerable to desertification processes under irrational economic pressure.

The results of the NDVI analysis for 2015 are presented in Figure 2, which shows the initial distribution
of vegetation cover in Almaty Region. This cartographic visualization is considered a baseline spatial reference
for comparison with data from subsequent years, namely 2020 and 2025, in order to calculate the areas of
degraded agricultural lands or, conversely, areas that have undergone vegetation recovery.

NDVI Index Map of Almaty Region for 2015 |

Fig. 2. NDVI Index Map of Almaty Region for 2015

Figure 2 presents the distribution of NDVI values for 2015, which characterizes the initial condition
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of vegetafion cover in Almaty Region. The spatial patiern demonstrates a clear dilierentiation ol vegetation
density depending on natural conditions. High NDVI values are concentrated in the southern mountainous
and foothill areas, where favorable climatic conditions, such as higher precipitation and lower evaporation,
contribute to the formation of dense vegetation cover. These areas include forest stands, as well as highly
productive subalpine and alpine meadows used as summer pastures. The consistently high vegetation values
within this altitudinal belt indicate significant natural-resource potential; however, this ecosystem requires
strict regulation of grazing pressure in order to prevent erosion processes.

In contrast, the central and especially northern parts of the region are characterized by low NDVI
values, indicating sparse vegetation cover typical of dry and semi-arid areas. In these territories, vegetation is
mainly concentrated along river valleys and irrigated agricultural lands, forming linear structures associated
with the hydrographic network. This oasis-type pattern of vegetation distribution clearly demonstrates that
the agro-industrial complex of the plain zone is highly dependent on the functioning of irrigation canals and
the runoff volume of transboundary and internal rivers, such as the Ili River basin. Any shortage of water
resources during the vegetation period is immediately reflected in satellite imagery as a sharp local decrease
in NDVI values.

The observed distribution clearly indicates the dependence of vegetation cover on relief and moisture
availability. These factors are the main determinants that directly affect the productivity of agricultural
lands in the region. The identified spatial heterogeneity justifies the need to move away from generalized
assessments towards a site-specific approach to cadastral land accounting, in which the economic efficiency
of land plots should be calculated with mandatory consideration of the limiting environmental factors of each
microlandscape.

In addition, the 2015 NDVI map serves as a baseline indicator for further analysis of vegetation-
cover dynamics. Comparison with subsequent years makes it possible to identify changes in vegetation
cover associated with climatic changes and land-use practices. The selection of 2015 as a reference point
is methodologically justified, since this approach allows the systematic assessment of the effects of global
climatic cycles and transformations in the structure of croplands observed in the region over the last decade.

In order to assess these changes, NDVI maps for 2020 and 2025 were analyzed and are presented in
Figure 3.

T ="

Aasgavs Rogan. ¥ A WOV inchex Wag of Almaty Begion for M0 |
; ' I

] |

A

)
- ", MW Lsides Map of Alsay
p"f: . L ¥ N

b - .. b Wr

Fig. 3. NDVI Index Map of Almaty Region for 2020 and 2025

The cartographic schemes presented in Figure 3 make it possible to identify not only the general
pattern of biomass distribution, but also specific areas with anomalous deviations in vegetation index values.

A comparative analysis of the NDVI maps for 2015, 2020, and 2025 revealed significant spatial and
temporal variability of vegetation cover in Almaty Region. To quantify this variability, the map algebra
method was applied in the GIS environment, enabling the calculation of differences in pixel values between
the studied years and the classification of territories according to the degree of change. The results confirm
that vegetation dynamics are closely related to natural conditions, particularly relief, moisture availability,
and climatic changes. In particular, interannual fluctuations in temperature regime and the uneven spatial
distribution of spring and summer precipitation are among the key factors determining the productivity of
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rainted agricultural lands 1n the region.

In 2020, an increase in NDVI values compared with 2015 indicates an improvement in vegetation
cover, which may be associated with favorable climatic conditions and the expansion of irrigated agricultural
areas. Mathematical and statistical analysis shows that the histogram of index distribution shifted towards
higher values across a considerable part of croplands. However, the data for 2025 reveal a more uneven
pattern, characterized by the simultaneous presence of both positive and negative changes in vegetation cover.
At the same time, some of the positive trends during this period may be explained by the introduction of water-
saving technologies, modernization of irrigation infrastructure, and optimization of crop rotation systems in a
number of farms.

The decrease in NDVI values in the northern and western parts of the region indicates the intensification
of land degradation processes and increasing aridity. This mosaic pattern reflects growing climatic instability
and a differentiated increase in anthropogenic pressure on vulnerable ecosystems. In these areas, a pronounced
thinning of the grass cover is observed, which creates a direct risk of wind erosion and accelerated desertification
processes. Therefore, urgent revision of grazing norms and the implementation of phytomeliorative measures
are required in these territories.

At the same time, consistently high NDVI values in mountainous and foothill areas throughout the
study period indicate their ecological stability and high biological productivity. The complex relief structure
and thick snow cover during the winter period form a specific hydrological buffer that mitigates the destructive
effects of summer drought in these areas. This highlights the important role of natural and landscape conditions
in the effective use of agricultural lands. Accordingly, the strategy for the development of the agro-industrial
complex should be based on the principles of landscape-adaptive agriculture, which specifies the agricultural
specialization of each territory in accordance with its bioclimatic potential.

Overall, the obtained results demonstrate that the NDVI index is an effective tool for assessing the
condition of vegetation cover and identifying spatial patterns of land-use efficiency. The integration of
remote sensing data and geoinformation technologies forms a reliable basis for monitoring agricultural lands
and ensuring sustainable land-resource management. Based on such studies, the creation of a centralized
specialized geoportal would allow automated collection of spatial data and provide government authorities
with an effective analytical tool for making scientifically grounded management decisions.

Conclusion.

The conducted study demonstrated the effectiveness of using geoinformation technologies and remote
sensing data for assessing agricultural lands in Almaty Region. Traditional methods of ground-based land
inventory and agrochemical surveys often require considerable time and financial resources and, at the same
time, do not allow such large territories to be covered with the necessary frequency. In this context, satellite
monitoring can be regarded as an indispensable tool for collecting primary spatial data.

The application of the NDVI index based on multitemporal satellite images made it possible to identify
spatial patterns and temporal dynamics of vegetation cover. Due to the high spectral sensitivity of multispectral
sensors to chlorophyll content in biomass, it became possible not only to assess the current condition of
croplands, but also to reconstruct a retrospective picture of agroecosystem development. This indicator is an
important measure of land productivity and land-use efficiency, as it is directly related to crop yields and the
volume of forage resources in pasture lands.

The research results revealed a pronounced spatial differentiation of vegetation cover across the region.
This differentiation is explained by the complex geomorphological structure of the territory, where elevation
differences form a clearly expressed zonal pattern, ranging from the nival-glacial zone of the Tien Shan
Mountains to the semi-desert plains near Lake Balkhash. High NDVI values are associated with mountainous
and foothill areas with favorable natural conditions, whereas low values prevail in the dry and semi-arid zones
of the northern and western parts of the region. In the plain zone, productive biomass is formed mainly along
transit river valleys and in areas equipped with engineering irrigation systems, creating specific agro-industrial
oases. These patterns indicate that the use of agricultural lands depends on relief, climatic conditions, and
the level of water-resource availability. Accordingly, agricultural planning strategies should strictly take into
account the limiting environmental factors of each specific microlandscape, while extensive expansion of
agricultural land should be avoided in high-risk farming areas.

Comparison of NDVI maps for 2015, 2020, and 2025 showed that the dynamics of vegetation cover
are variable in nature. This variability is associated with the influence of global climatic processes on the




moisture regime and with the transtormation of management approaches in the agro-industrial complex. The
increase in vegetation cover in 2020 may indicate an improvement in ecological conditions or higher land-use
efficiency, whereas the uneven pattern observed in 2025 reflects the simultaneous occurrence of positive trends
and degradation processes. One of these degradation phenomena is pasture degradation, or pasture digression,
which refers to trampling and destruction of grass cover as a result of excessive livestock grazing, especially
near rural settlements. The decrease in NDVI values in some districts indicates increasing drought conditions
and growing anthropogenic pressure on land resources. In addition, secondary salinization hotspots and humus
loss are observed in irrigated areas, which highlights the need to develop intra-farm land management projects
and introduce adaptive-landscape farming systems.

The obtained results confirm that the NDVI index is a reliable and informative indicator for monitoring
vegetation cover and assessing the efficiency of agricultural land use. The mathematical formalization of
this index makes it possible to transform qualitative visual assessments into precise quantitative parameters
suitable for statistical modeling and forecasting. The integration of geographic information systems and
remote sensing technologies enables objective analysis with high spatial accuracy and supports scientifically
grounded decision-making in land-resource management. The transition from one-time assessment to
continuous monitoring requires the creation of specialized sectoral geoportals with centralized databases.
The use of automated scripts for batch processing of raster data reduces the influence of the human factor and
makes it possible to provide government authorities with operational analytics for adjusting cadastral land
values and allocating agricultural subsidies.

Overall, the proposed approach can be applied to the systematic monitoring of agricultural lands and
may serve as a methodological basis for improving the system of rational land use at both regional and national
levels. The structural and functional model tested within the framework of this study has a high potential for
scalability. In the future, the developed geoprocessing algorithms may be successfully implemented in other
agro-industrial regions facing similar problems and may contribute to the formation of a unified national
digital ecosystem for monitoring the condition of land resources under global climate change.
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