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Abstract

This paper presents a comprehensive methodology for assessing the resilience of landscapes
to human impact in western Kazakhstan. The approach developed is based on integrating
remote sensing data (MODIS, SMAP, NDVI and NDSI), the results of field surveys, and
multi-criteria analysis methods in a GIS environment. The assessment covered over 50 land-
scape types and subtypes using ten key indicators reflecting climatic, geomorphological,
soil, hydrological, and biotic characteristics. These indicators were normalised, aggregated
and summarised to create an integral index of landscape resilience, which allowed four
resilience classes to be identified, ranging from highly vulnerable to relatively resilient.
The spatial analysis revealed that over 60% of the region’s territory is classified as high-
vulnerability, predominantly within semi-desert and desert zones, which are vulnerable
to climatic risks, degradation of vegetation cover and human activity. Verification of the
results based on remote monitoring data for the period 2000–2024 and field observations
confirmed the reliability of the developed methodology. The results obtained allow the
identification of areas prioritised for environmental monitoring, restoration and sustainable
land use in arid climate conditions. A plan of measures for regulation and restoration of
ecosystems and spatial planning tools are proposed. The obtained data can be used for the
development of regional environmental policy and sustainable land use strategies.

Keywords: landscape resilience; anthropogenic impact; remote sensing; Western Kazakhstan
region; ecological vulnerability; sustainable land use

1. Introduction
The scientific debate on the nature of landscape resilience began in the 1970s and

remains relevant to this day. It is far from over, particularly in regions where natural ecosys-
tems undergo intensive change due to agriculture, industry, and climate change [1]. There
are significant differences in approaches to interpreting the concept of “sustainability”.
Ecosystem stability is defined as its ability to preserve its structure and functions under the
influence of external factors [2]. It can also be considered as a combination of normal func-
tioning, the ability to recover, and irreversible transformations [3]. Another interpretation
highlights the return of natural systems to a normal state after the removal of anthropogenic
pressure [4]. Two types of stability are distinguished: resistance to impact and restoration of
functioning [5]. Sustainability is also associated with homeostasis, defined as the capacity
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of a system to revert to its original state [6]. At the same time, it is interpreted as the
ability of ecosystems to adapt to changes and move to a new equilibrium [7], while another
definition emphasizes the preservation of the structure and functions of geosystems within
one invariant [8]. In the field of Western ecological science, sustainability is increasingly
being interpreted as the capacity of the landscape to provide ecosystem services in a stable
manner, thereby ensuring the maintenance and enhancement of human well-being [9].

Particular attention is drawn to studies on sustainability in arid and semi-desert
zones, where the combination of limited water resources and climatic risks increases the
vulnerability of natural systems [10–13]. In Kazakhstan, similar research has been carried
out mainly in specific areas, particularly in the assessment of the resilience of steppe
and desert ecosystems [14–17]. However, comprehensive studies that integrate data on
climate, topography, soils, and anthropogenic pressures have not yet been conducted for the
territory of the Western region. As Geldiyeva notes, in regions of oil production, processing,
and transportation, priority should be given to defining sustainability assessment criteria
for natural-technogenic systems and mapping territorial structures in accordance with
zonal patterns. This underscores the need for an integrated approach that combines natural
feature analysis with evaluations of anthropogenic impact to inform effective natural
resource management [18].

Assessing landscape stability is challenging due to the absence of a direct mea-
surement method or a universal indicator. Consequently, most researchers adopt in-
tegrated approaches based on point- or index-based systems [19]. These methods ac-
count for the complex interactions between natural and anthropogenic factors influencing
landscape resilience.

In Western Kazakhstan, key vulnerability factors include climatic aridity, pronounced
temperature variability, terrain characteristics, and the degradation of soil and vegetation
cover resulting from industrial and economic activities. This combination generates spatial
heterogeneity in landscape stability, delineating zones with varying capacities for natural
regeneration and ecological resilience [20].

In this study, special attention is paid to determining the spatial differentiation of the re-
sistance of landscapes in the West Kazakhstan region to anthropogenic impact, and to iden-
tifying the natural and anthropogenic factors that determine this resistance most effectively.

Based on the identified trends, it is reasonable to assume that the semi-desert and
desert landscapes of the region have the lowest potential stability when subjected to
the combined effects of natural factors (such as an arid climate and high temperature
fluctuations) and anthropogenic factors.

The study aimed to comprehensively assess and map the sustainability of landscapes
in West Kazakhstan based on an integral indicator incorporating climatic, morphometric,
soil, and biotic factors.

The novelty of the study lies in the fact that, for the first time, a spatial assessment of
landscape stability was performed for the territory of Western Kazakhstan using a compre-
hensive set of indicators that integrated remote sensing data and field survey results. This
approach enabled the creation of a sustainability map providing an objective ranking of
territories according to their vulnerability, which can serve as a basis for the subsequent
monitoring of landscapes and the planning of protection and restoration measures. Ap-
proval of the technique using a large arid region as an example demonstrated its scientific
and practical significance, confirming its potential application in other regions with similar
natural conditions.



Sustainability 2025, 17, 8584 3 of 20

2. Materials and Methods
2.1. Study Area

The West Kazakhstan region, which includes the Aktobe, Atyrau, West Kazakh-stan,
and Mangystau regions, covers an area of 736,000 square kilometers, or 27% of Kazakhstan’s
total territory. It is located between 41◦21′08′′ to 51◦43′15′′ N latitude and 46◦29′22′′ to
64◦08′57′′ E longitude (Figure 1). Its remoteness from the ocean plays a key role in shaping
its arid climate [21].

Figure 1. Study Area of the Western Kazakhstan Region. Geographical location and administrative
boundaries of the study area. Source: compiled by the authors using ArcGIS Map 10.8.2 and regional
base maps.

The region stretches over 1000 km from north to south and more than 1200 km
from west to east. Its terrain is primarily flat, with the Mugalzhary and southern Ural
Mountains in the east, and low mountains in the southern part of the Mangystau region.
The southwestern part features the Naryn sand massif with Aeolian relief forms. The areas
adjacent to the Caspian Sea, the lower left bank of the Ural River, northern Mangystau,
southeastern Atyrau, and southern Aktobe are marked by widespread litter deposits. The
southern and southeastern parts are elevated plains, including the Ustyurt and Mangyshlak
plateaus. Due to the vast area and varied relief, the region experiences diverse climatic
conditions that influence its soil and vegetation cover.

Western Kazakhstan lies within the steppe, dry-steppe, semi-desert, and desert zones
of the temperate zone, characterized by specific soil and vegetation types. Rising average
annual temperatures, extended periods of heat and cold, and a decreasing trend in annual
precipitation—from 300 mm in the north to 100 mm in the south—negatively impact soil
formation and vegetation. The climatic factor, including precipitation variability over
recent decades, plays a key role in the dynamics and development of the region’s soil and
vegetation cover.
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Anthropogenic modifications of soils are widespread throughout the region, with
the highest concentration in the northern half and the lowest in the southern half. The
northern part has been extensively plowed, and this process has been ongoing dynamically
for the past century. Nearly the entire territory, except for areas occupied by settlements
and industrial enterprises, is used as pasture.

Over the past 50–70 years, numerous mineral deposits have been explored in the region,
with most being extracted through open-pit methods, which leads to the degradation of
soil as a natural component. Oil spills, dirt roads, waste, and dumps associated with
mining activities contribute to the near-total destruction of the soil cover by disrupting soil
structure and introducing toxic substances into the environment.

2.2. Data Sources

The sustainability map was compiled using a range of data sources, including thematic
maps, the authors’ previously developed map of anthropogenic landscape disturbance [22],
satellite imagery (remote sensing), field survey data, and the OpenStreetMap database,
which was employed to verify and refine the spatial accuracy of mapped features.

Remote Sensing Data Processing Methods

Remote sensing and ancillary data underwent both preliminary and final processing
to ensure consistency, accuracy, and suitability for integration into the final sustainability
map (Figure 2). Processing included standard corrections, classification, and alignment
with field observations.

Figure 2. Methodological Workflow for Landscape Resilience Mapping. Processing sequence of
geospatial and field data including satellite imagery (MODIS, SMAP), climatic parameters, and land
use data.

Natural parameters within the study area were extracted and processed using ArcGIS
Pro 3.0.1. Terrain and slope analyses utilized a 30 m resolution SRTM digital elevation
model. Other spatial datasets, originally at 250 m resolution and differing coordinate
systems, were standardized by resampling and reprojection to a unified spatial reference
and resolution. In addition, the Google Earth Engine cloud platform was used to analyze



Sustainability 2025, 17, 8584 5 of 20

climate variables (air temperature and precipitation), as well as MODIS and SMAP data,
providing efficient processing and visualization of geospatial information. The resulting
output data underwent quality control (noise, defects, mosaic quality, and data structure)
and post-processing steps, including projection transformation and time interval aggrega-
tion. Basic statistical parameters (mean, maximum, and minimum) were derived from the
multi-year raster datasets and classified into five classes based on predefined threshold
values. Subsequently, the classified rasters were converted to vector format, with attribute
data assigned to include class identifiers and corresponding statistical values. In the final
stage of the sustainability mapping process, each vector feature was assigned a score from
1 to 5, indicating the degree of landscape resilience to anthropogenic impact in the West
Kazakhstan region.

2.3. Method for Calculating the Integral Index

The integral index in this study is considered as a quantitative assessment of the
system-forming factor that determines the overall condition and sustainability potential of
landscapes. System-forming factors, by definition, are properties of an object that are key
to its functioning as part of a larger natural system [23].

An integral assessment of landscape stability to anthropogenic impact was conducted
using a normalization and aggregation approach [24–27]. This method involves convert-
ing diverse indicators to a unified point scale, followed by their summation, enabling a
comprehensive evaluation of geosystem stability and comparative analysis of territorial
vulnerability [14,28].

The calculation of the integral indicator was carried out in several stages. Initially,
each surveyed site was assigned a score from 1 to 5 for each indicator (Table 1), based on
the intensity of the characteristic and its influence on landscape stability. Subsequently, the
scores across all indicators were summed. The resulting total was then normalized as a
percentage of the maximum possible score using the formula provided below [3].

C =
∑n

g=1 Cg

Q
× 100

where:
C—landscape stability score (%) with respect to anthropogenic impact; Cg—score

assigned for each individual indicator; Q—maximum possible total score; g—ordinal
number of the indicator; n—total number of indicators.

Such a point-index system enables landscapes to be classified by their level of stability
(from very weak to relatively stable) and the results to be visualised in cartographic form.
This method is widely used in domestic research and has proven to be an effective tool for
analysing and comparing the stability of natural systems.

We propose dividing the total points obtained into four categories depending on the
percentage of the maximum possible: the first category comprises very weakly stable land-
scapes (0–25%), the second category comprises weakly resistant landscapes (26–50%), the
third category comprises moderately stable landscapes (51–75%), and the fourth category
comprises relatively stable landscapes (76–100%).

Landscapes that are absolutely unstable, which would score zero points, do not exist,
as do landscapes that are absolutely stable and would score the maximum amount of points.



Sustainability 2025, 17, 8584 6 of 20

Table 1. Scale of scoring of landscape resilience potential to anthropogenic impacts.

№ Indicator
Sustainability Scores

1 2 3 4 5

1 Relief type Hilly Hilly valley Gentle-hilly Flat and slightly
undulating Flat

2
Sum of active
temperatures

(>10 ◦C)
Very low Low Moderate High Very high

3
Annual

precipitation
(mm)

Very low Low Moderate High Very high

4 Slope
steepness, ◦ More than 20◦ 5–20◦ 3–5◦ 1–3◦ 0–1◦

5 Soil mechanical
composition Sand Loam Light loam Medium loam Heavy loam

6
Thickness of

humus horizon
(cm)

Mostly
soil-free/Very

little power (less
than 10 cm)

Very severe
limitations/Small
power (10–20 cm)

Severe
limitations/

Medium power
(20–40 cm)

Moderate
limitations/
Large power
(40–60 cm)

Minor
limitations/Very

large power (more
than 60 cm)

7 Soil moisture
index Very low Low Moderate High Very high

8 Degree of salinity Very strong Strong Weak Very weak Not salted

9 Type of water
regime

Deconstructive
effusion Effusion Non-washing Periodically

flushing flushing

10
Vegetation cover

(projective
coverage, %)

Uncovered Weakly covered
(less than 30)

Moderately
covered (31–60)

Strongly covered
(60–90)

Solidly covered
(more than 90)

Selection of Indicators Based on Significance Criteria

Landscape stability results from the complex interplay between natural and anthro-
pogenic factors. In developing the assessment framework, ten indicators were selected
to capture essential aspects of geosystem structure, morphodynamics, and bioproductive
capacity. The selection was guided by the following principles:

Priority was given to natural parameters that are critical under the arid conditions
of the West Kazakhstan region. In particular, moisture regime and heat supply were
considered key determinants of vegetation productivity [29]. Additionally, particle-size
distribution and humus horizon thickness were included, as they influence soil buffering
capacity and self-restoration potential. For instance, sandy massifs with low fine particle
content and shallow humus layers exhibit markedly reduced resistance to erosion and
aeolian deflation.

Secondly, morphometric indicators of the relief, including surface configuration and
slope steepness, were identified as key factors. As noted by [30], slope gradient is a critical
determinant of landscape stability, influencing both the direction and intensity of material
transport, as well as the geosystem’s capacity for self-purification. Steeper slopes accelerate
surface runoff, enhance linear and sheet erosion, and impede the formation and recovery
of the humus layer.

In the study area, which is predominantly characterized by flat and slightly undu-
lating terrain, there are also zones of gently rolling and hilly plains that exhibit higher
susceptibility to erosion. This variability provided a strong rationale for incorporating
morphometric relief parameters into the landscape stability assessment framework.
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The third group of indicators encompasses soil and hydrological conditions, including
water regime type and salinity level. Effusion and desiccation regimes, prevalent across
much of the study area, lead to salt accumulation in the upper soil horizons, thereby
reducing ecosystem productivity and accelerating degradation processes. Salinity, in this
context, serves as an integrated indicator of landscape sustainability, reflecting long-term
environmental transformations.

The fourth group addresses the bioproductive potential of landscapes, particularly
through projective vegetation cover, which reflects the capacity of plant communities to
protect soils from degradation and regulate the hydrothermal regime. Greater vegetation
density is associated with increased resistance to mechanical disturbance [31].

Furthermore, in line with the methodological approach proposed by Dmitriev
et al. [20], and acknowledging the absence of a universal weighting system, all selected
indicators were considered equally significant to ensure methodological transparency and
reproducibility of results.

Finally, anthropogenic disturbance data, derived from the previously developed land-
scape transformation map by the authors [22], were incorporated as a key component to
represent the current level of human impact. Integrating these data with natural charac-
teristics enabled the construction of a comprehensive indicator system encompassing the
principal dimensions of landscape sustainability.

In summary, the selected indicators capture the distinctive features of arid and semi-
arid landscapes in the region including climatic constraints, soil vulnerability, bioproductive
capacity, and degree of anthropogenic transformation ensuring a holistic and objective
assessment of their resilience to external pressures.

3. Results
3.1. Landscape Sustainability Map

In order to identify spatial differences in landscape sustainability, the values of each
of the ten selected indicators were assessed for landscape units located within the main
natural zones of the West Kazakhstan region. Based on this analysis, each landscape unit
was assigned a score ranging from 1 to 5.

Table 2 shows the indicator values and assigned scores for the landscape units. These
values formed the basis for calculating the integral sustainability indicator and mapping
the spatial distribution of the region’s landscape sustainability classes.

The overall matrix includes more than 50 landscape types and subtypes, which are
classified by morphological features (e.g., plain or mountainous), zonal affiliation (e.g.,
steppe, dry steppe, semi-desert or desert) and morphometric subclasses (e.g., lowland,
upland or shallow hills). This section only presents a fragment of the sample, including
one typical landscape from each class, subclass, and zonal type.

The created map of landscape resilience to anthropogenic impact (Figure 3) was devel-
oped based on a combined analysis of estimated indicators and a map of anthropogenic
disturbance, which was used as a base layer. This made it possible to integrate not only
the characteristics of the natural properties and potential of ecosystems, but also to take
into account the actual distribution of the intensity of anthropogenic impacts, including
agricultural development, industrial development, linear construction and other forms of
landscape transformation.
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Table 2. Indicators of the potential sustainability of landscapes.

No. of
Landscapes
on the Map

Relief
Character,

Height

Slope
Steepness

Humus
Horizon

Thickness

Salinity
Degree

Mechanical
Composition

of Soils

Amount of
Precipitation

Sum of
Average Daily
Temperatures,
Above 10 ◦C;

Vegetation
Cover,

Projective
Cover %

Type of
Water

Regime

Soil
Moisture

Index

1 2 3 4 5 6 7 8 9 10

Class: Plain

Type: Steppe

Subclass: Elevated

31 1 3 4 5 4 5 1 5 2 3

Type: Steppe

Subclass: Low-hilly

9 2 3 4 5 3 5 4 5 3 5

Type: Dry steppe

Subclass: Low–lying

1 5 5 4 5 5 5 2 4 4 4

Type: Dry steppe

Subclass: Elevated

2 3 3 5 5 3 5 2 5 4 3

Type: Dry steppe

Subclass: Low-hilly

34 2 4 4 4 3 4 1 4 2 3

Type: Semi-desert

Subclass: Low–lying

12 5 5 3 2 5 3 2 4 2 3

Type: Semi-desert

Subclass: Elevated

26 3 3 4 3 3 3 2 3 2 2

Type: Semi-desert

Subclass: Low-hilly

14 3 5 4 3 4 3 2 3 2 2

Type: Desert

Subclass: Low–lying

49 5 5 2 1 3 1 4 2 4 1

Type: Desert

Subclass: Elevated

16 3 4 3 3 4 2 3 3 2 1

Type: Desert

Subclass: Low-hilly

40 3 4 3 3 2 1 4 2 2 2

Class: Mountainous

Type: Dry Steppe

Subclass: Low-mountain

18 2 2 4 5 2 3 1 3 2 2

Type: Desert

Subclass: Low-mountain

19 3 4 3 4 3 1 4 2 2 2
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Figure 3. Map of landscape resilience to anthropogenic impact of the West Kazakhstan region.

3.2. Spatial Distribution of Stability Classes

The spatial distribution of landscape stability classes in the West Kazakhstan region
(Figure 4) shows that the territory is clearly divided in terms of its vulnerability to human
impact. The results of the integrated assessment identified four landscape stability classes:
highly susceptible, low-resistant, medium-stability and relatively stable.

Figure 4. Ranking of landscape sustainability in the West Kazakhstan region by categories, %.

The most vulnerable categories, which cover over 60.0% of the area, are confined to the
arid natural complexes of the semi-deserts and deserts, such as sandy massifs, salt flats, and
arid intermountain depressions. These areas are characterised by light soil textures, low
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humus content, high salinity, and sparse vegetation, which limits their ability to self-repair
and makes them highly sensitive to degradation processes.

Weakly stable landscapes make up around 27.7% of the territory and are mainly found
in steppe and semi-desert areas with automorphic soils and gentle slopes, as well as a
more developed vegetation structure. However, they are also susceptible to anthropogenic
pressure, particularly in areas of agricultural development.

Moderately resistant and relatively resistant landscapes, totalling no more than 11.0%
of the region’s area, are confined to the north and north-east, where natural conditions
favour the preservation of ecosystem stability. These areas are characterised by loamy soils,
increased phytocenosis productivity and poorly articulated relief, which contribute to a
higher degree of stability.

Thus, despite the predominance of territories with low sustainability (making up
around 88.0% of the total area), the region’s structure retains areas with higher restoration
potential. This must be considered when developing environmental monitoring and
planning strategies.

3.3. Verification Using Remote Sensing Indices and Field Data:
3.3.1. Results of NDSI Analysis

To verify the spatial assessment of landscape stability, remote sensing data was used.
In particular, a map of average soil salinity was calculated using the NDSI index for
the period 2000–2024 (Figure 5). Analysis of the obtained data showed a pronounced
correlation between areas with high salinity levels and territories classified as highly
unstable landscapes based on the integral assessment results.

Figure 5. Map of Average Soil Salinity in Western Kazakhstan region based on the NDSI Index
(2000–2024).
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The largest areas with elevated salinity index values (ranging from yellow to red)
are concentrated in the southern and southwestern regions, encompassing sandy massifs
(Bolshie and Malye Barsuki), salt marshes (Chalkar and Inder), and the Caspian lowlands.
These areas are characterised by salt accumulation in the soil profile, moisture deficiency,
and high vulnerability to degradation processes. This is confirmed by their classification as
weakly and very weakly stable landscapes on the final stability map.

Relatively favourable conditions with low salinity levels are evident in the northern
and north-eastern parts of the region (shown in green and light green on the salinity map).
These areas mostly coincide with those identified as medium-stable and relatively stable
landscapes, confirming the accuracy of the integrated assessment.

Comparing cartographic data on salinity with field observations confirms that soil
and vegetation degradation within arid complexes is a key factor in the instability of
geosystems. The results obtained emphasise the importance of using remote sensing
indexes as an independent data source to clarify the spatial distribution of stability classes
and verify mapping results.

3.3.2. Results of NDVI Analysis

Analysis of the NDVI for the period 2000–2024 (Figure 6) revealed clear degradation of
vegetation cover in arid and semi-arid zones. The time series shows persistently low NDVI
values in the southern half of Western Kazakhstan, reflecting a decrease in biomass and
the reduced ability of ecosystems to regenerate. Notably, vegetation distribution remained
relatively stable between 2000 and 2008; however, since 2015, there has been an expansion of
areas with low cover density, which increased by 2024. These changes are most pronounced
in territories classified as weakly and very weakly stable in the integrated assessment.

 

Figure 6. Map of vegetation cover in Western Kazakhstan (2000, 2008, 2015, 2024) based on the
normalized difference vegetation index (NDVI).
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3.3.3. Results of the Temperature Stability Analysis

In addition to assessing soil salinity and vegetation cover, the variability of the tem-
perature regime was analysed for the period 2000–2024 based on ERA5-Land data, with
the calculated coefficient of variation of active temperatures shown in Figure 7.

Figure 7. Map of temperature stability in Western Kazakhstan (2000–2024) based on the coeffi-
cient of variation (CV) of active temperature days (constructed using ERA5-Land data and climate
variability analysis).

The temperature stability map shows that the southern and southwestern regions are
the most unstable, with significantly higher values of the coefficient of variation of active
temperatures than the average. This reflects pronounced climatic extremes, with alter-
nating periods of high summer temperatures and prolonged dry phases. Relatively high
temperature stability is observed in the northern and north-eastern parts of the territory,
creating more favourable conditions for maintaining the productivity and regenerative
abilities of ecosystems.

Comparing the data with the stability class map shows that areas with the most
pronounced temperature instability mainly coincide with zones of unstable and very
unstable landscapes. This confirms that temperature variability significantly increases
the vulnerability of natural ecosystems to human impact. High temperatures and their
fluctuations, in particular, accelerate the processes of degumification and soil salinisation,
reduce projective cover, and increase the risk of erosion.

Therefore, temperature monitoring data are consistent with the results of the integrated
assessment, confirming that climate variability, alongside soil and vegetation degradation,
plays a key role in the spatial heterogeneity of landscape sustainability in the region.
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3.3.4. Results of the Field Study

To verify the reliability of the integrated landscape stability assessment and the spatial
distribution of stability classes, a series of field observations was conducted at eight key
sites (see Figure 8). During the survey, local features of degradation processes characteristic
of the different stability categories were recorded.

  
(a) (b) 

(c) (d) 

Figure 8. Field research. (a) West Kazakhstan region, Zhympity-Karatobe district, Description point
Pw27. (b) Aktobe region, Kargaly district, Description point Pw 15. (c) Atyrau region, Indersky
district, Description point Pw 46. (d) Atyrau region, Indersky district, Description point Pw 45.

At point Pw27, located in the Zhympita-Karatobe area, signs of intensive pasture degra-
dation were observed, including disturbed grass cover, soil compaction, and pronounced
trampling marks. This site is classified as ‘slightly stable’ in the integrated classification, a
classification that is generally confirmed by the results of the field survey, which showed
that the ecosystem is highly sensitive to overgrazing.

The landscape in the Kagarlyk district of the Aktobe region (point Pw15) is also
classified as slightly stable. In fact, the entire area has been converted into arable land and
hayfields. However, the steppe zone’s climatic conditions and moderately arid regime
create favourable conditions for restoring vegetation with a reduction in anthropogenic
pressure. Potential recultivation is possible here in the medium term.

Points Pw46 and Pw45, located in the Inder district of the Atyrau region, demonstrate
the existence of highly unstable landscapes. Field surveys revealed extreme soil and
vegetation destruction, as well as numerous traces of machinery and linear infrastructure.
These findings are consistent with the low stability zones identified on the map.

In the Mangystau region, areas Pw57 (in the Beineu district), Pw62 (in the Munaily
district) and Pw63 (in the Karakiya district, at the Zhetibay oil field) also exhibited signifi-
cant levels of degradation. The Pw57 area is characterised by a sandy desert with sparse
vegetation and large open sandy areas, reflecting the vulnerability of ecosystems to grazing
and climatic extremes. At Pw62 and Pw63, intensive industrial and transport exploitation
was evident in the form of numerous dirt roads, surface compaction and mechanical de-
struction, as well as an absence of regenerating vegetation. This is particularly evident at
site Pw63, where there is complete bare soil and clear signs of long-term oil production.

Comparing the integrated sustainability map with remote sensing data and field sur-
vey results revealed a high degree of spatial consistency between areas of low sustainability



Sustainability 2025, 17, 8584 14 of 20

and zones experiencing vegetation degradation, increased soil salinity and climatic instabil-
ity. These verification results confirm that the integrated assessment accurately reflects the
current state of the region’s ecosystems, providing an opportunity to objectively identify
areas in need of priority monitoring, protection, and restoration.

3.4. Characteristics of Zones with Differentiated Stability

To analyse variations in landscape stability, a selected fragment of the study area
(Figures 9 and 10) was examined in detail. This approach enabled a more detailed assess-
ment of spatial differentiation in ecosystem resilience, as well as the identification of zones
requiring priority monitoring and protection.

Figure 9. West Kazakhstan Region, Taskaly District, Description point Pw 35, zone of medium
stability.

Case studies of sites Pw 62, Pw 63 and Pw 35 revealed the key factors that influence
ecosystem stability and vulnerability. Analysis of NDVI and NDSI showed significant
differences: sites Pw 62 and Pw 63, which were classified as having very weak stability,
exhibited low NDVI values and high soil salinity, as confirmed by field data (Table 3). These
indicators suggest advanced soil and vegetation degradation and low potential for natural
regeneration.

By contrast, plot Pw 35, which is classified as moderately stable, exhibits significantly
higher NDVI values and low salinity, suggesting improved vegetation health and greater
ecological stability.

Therefore, by comparing data from these indices with field observations, we can estab-
lish the causal relationships between sustainability levels, soil and vegetation conditions,
and the nature of the anthropogenic impact.
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Figure 10. (a,b) Mangystau region, Munaily district, Description point Pw 62; (c,d) Mangystau region,
Karakiya district (Zhetibay), Description Pw point 63, low-resistant zone.

Table 3. Comparative characteristics of surveyed/verified sites by degree of stability.

Key
Points

Degree of
Stability

Final
Sustainability

Score

NDVI
Value NDSI Value

Active
Temperature

Values
Field Research

Pw 35 Moderately
resistant 35 0.344692 −0.353847 0.047084

Pasture use, without
significant traces of

ecosystem degradation
or destruction.

Pw 62 Low resistant 28 0.128192 −0.114901 0.047491

Significant degradation
of the soil and vegetation

cover. Processes of soil
salinization, erosion and

deflation. Intensive
industrial use.

Pw 63 Low resistant 26 0.131317 −0.117126 0.047491

Significant landscape
degradation.

Development of
hydrocarbon deposits.

Ecosystem stability
significantly reduced.

4. Discussion
The findings confirm that in the arid and semi-arid landscapes of Western Kazakhstan,

the stability of natural systems is governed by both climatic and anthropogenic influences.
In contrast to previous generalized regional assessments [11,31], this study is the first to im-
plement a spatially explicit approach integrating remote sensing data and field observations
at the level of individual landscape units.
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The analysis identified key natural constraints on sustainability, including pronounced
aridity, seasonal temperature extremes, limited soil regeneration potential, and localized
salinization, particularly in lowland areas. The most vulnerable zones were flat semi-arid
and arid landscapes with degraded vegetation cover, where NDVI values fell below 0.2
and NDSI indicated trends toward secondary salinization (sites Pw 63, Pw 45).

Steppe and dry steppe landscapes with small hills and elevated relief forms, which
have better drainage and denser vegetation cover (NDVI > 0.3), such as in section Pw 35,
proved to be relatively more stable. Here, anthropogenic impact, mainly grazing, has a
less destructive effect, which is consistent with the conclusions [32] emphasising moderate
grazing as an acceptable load for agro-pastoral ecotones.

A comparison with the studies by Chen et al. [33] and Khaitbaev et al. [34] shows that
the general problems of landscape degradation in Central Asian countries are similar in
nature but manifest themselves differently. In Uzbekistan, the main pressure is related to
irrigation and secondary salinisation in oasis systems, while in Western Kazakhstan, the
priority factors are extensive grazing and the technogenic load from the oil and gas industry.

The practical significance of the study lies in the fact that the constructed sustainability
map allows for the identification of areas with varying degrees of vulnerability and the
justification of priority zones for reclamation, restrictions on economic activity, or envi-
ronmental monitoring. The methodology tested in Western Kazakhstan can be scaled up
to other arid areas, as demonstrated in [35] as part of the sustainability assessment in the
China–Mongolia–Russia economic corridor.

Recommendations Based on Landscape Sustainability Classes

Based on the research conducted, an action plan was proposed that includes mea-
sures to manage the sustainability of landscapes in Western Kazakhstan depending on the
identified sustainability classes: very low sustainability, low sustainability, medium sus-
tainability, and relatively high sustainability. This approach allows for the precise targeting
of environmental protection, restoration and regulatory actions corresponding to the actual
state of the geosystem and the specifics of land use.

The proposed implementers of these measures are:

• Territorial divisions of the Ministry of Ecology and Natural Resources of the Republic
of Kazakhstan,

• Local executive bodies (district and regional akimats),
• Specialised departments of the Ministry of Agriculture of the Republic of Kazakhstan,
• Scientific institutions and universities,
• International and national sustainable development funds (UNDP, GEF, etc.).

Highly unstable landscapes:
Declaration of strictly regulated zones, prohibiting agricultural exploitation and in-

dustrial development.

- Implementation of comprehensive restoration measures, such as planting stable vege-
tation, combatting deflation and erosion, and carrying out drainage works.

- Continuous monitoring using satellite data (NDVI, NDSI) and regular field surveys.

Launch pilot restoration projects in the most affected areas (e.g., Pw62, Pw63).
Weakly stable landscapes:

- Limited economic use with mandatory load regulation.
- Introduction of adaptive forms of land use, such as pasture rotation, soil protection

and phytomelioration.
- Creation of local regulations for nature use, taking sustainability maps into account.

Support for farmers through sustainable agriculture and ecosystem services programmes.
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Moderately resistant landscapes:

- Permitted rational use in compliance with environmental requirements.
- Measures to support ecosystem sustainability include the restoration of vegetation

cover and the prevention of local erosion.
- Promotion of agroecological practices.
- Development of a system for assessing the state of the landscape and responding early

to degradation processes.

Relatively stable landscapes:

- Preservation as reference territories for monitoring and research.
- Control over the prevention of degradation, including limiting anthropogenic load

and protecting biodiversity.
- Use for demonstration and educational purposes.
- Maintaining the current condition with periodic environmental assessment.

In Western Kazakhstan, up to 45% of the rural population is engaged in pastoral
animal husbandry, which dominates the economy of the districts. The degradation of
natural complexes reduces productivity and increases the population’s dependence on
climate risks. Therefore, implementing this strategy will improve the well-being of rural
communities by improving land quality, creating employment opportunities and ensuring
the sustainability of ecosystem services.

The proposed spatially oriented strategy will enable resources to be effectively directed
towards the protection and restoration of vulnerable landscapes, and will integrate scientific
data into the spatial planning system, ensuring coordinated interaction between all levels of
government and local communities. Implementing the proposed differentiated strategy will
enhance the environmental efficiency of land management, prevent ecosystem degradation,
and ensure the region’s sustainable development based on scientifically sound spatial data.

5. Conclusions
This study developed and tested a comprehensive methodology for assessing land-

scape sustainability in Western Kazakhstan, incorporating both natural and anthropogenic
parameters. The approach is based on a multi-criteria framework that integrates remote
sensing data, field survey results, and GIS-based spatial analysis.

The novelty of the methodology lies in the integration of geoecological, climatic, and
socio-economic indicators into a unified assessment system. The selection of indicators,
scoring criteria, and spatial analysis methods was tailored to the specific conditions of the
region’s arid and semi-desert landscapes, enabling a spatially explicit evaluation across
more than 50 landscape types and subtypes.

A spatial assessment of landscape sustainability was conducted for the first time in
the Western region using remote sensing data and field surveys. A landscape sustainability
map was compiled to allow visualisation of spatial differentiation by degree of vulnerability.
The spatial analysis revealed areas of extremely low sustainability, primarily in semi-arid
and arid regions subject to high grazing pressure and water shortages. This is due to their
natural aridity and high sensitivity to human impact.

Based on the obtained data, an action plan for land resource management was devel-
oped that takes sustainability classes into account. Measures for the conservation, restora-
tion and sustainable use of territories, adapted to regional conditions, were proposed.

The results of the study are important for practical applications such as spatial plan-
ning, monitoring degradation and developing sustainable land use programmes and
environmental policy in arid regions. The maps and recommendations presented can be
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used by local authorities, environmental departments, non-governmental organisations
and international institutions.
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