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Abstract - This study investigates the spatiotemporal dynamics of desertification in the Central Karakum Desert,
focusing on the Erbent research site in the Ahal region of Turkmenistan, over the period 2000-2023. Using
MODIS-derived Normalized Difference Vegetation Index (NDVI) and Land Surface Temperature (LST) data,
alongside long-term meteorological records and the De Martonne Aridity Index, processed within a GIS
framework, we assessed vegetation condition, thermal stress, and climatic aridity. Temporal trends were analyzed
via linear regression and the Mann-Kendall test, while Pearson’s correlation examined inter-variable relationships.
Results reveal a statistically significant warming trend in LST of 0.0179°C per year (mean 22.55°C). NDVI
showed a slight decline of —0.0018 units per year, though this trend was not statistically significant (Mann-
Kendall MK-stat = —24,p = 0.20). The De Martonne Aridity Index confirmed predominantly arid to extremely
arid conditions, with a minor decreasing trend of —0.0367 units per year. Strong positive correlation was found
between NDVI and the aridity index (r = 0.86), while LST exhibited moderate negative correlations with both
(r = —0.52to — 0.55). Precipitation anomaly analysis indicated that recovery periods following wet years were
weaker and shorter than extreme drought episodes.

These findings demonstrate that rising thermal stress combined with localized anthropogenic pressures
(overgrazing and fuelwood collection) are reducing the regenerative capacity of pastoral ecosystems dominated
by Haloxylon ammodendron. The study underscores the value of integrating multi-source remote sensing with
statistical methods for monitoring desertification in data-scarce hyper-arid regions and recommends
phytomelioration, rotational grazing, and Integrated Water Resources Management (IWRM) to support
sustainable land use in Turkmenistan.

Keywords: Desertification; Remote sensing; NDVI; LST; De Martonne Aridity Index; Mann-Kendall test; GIS;
Karakum Desert; Turkmenistan.

I. Introduction

D esertification is widely recognized as one of the most critical and complex environmental challenges of the 21*
century, particularly in arid and semi-arid regions around the globe. It manifests as the progressive degradation
of land productivity caused by a combination of climatic variability, prolonged drought periods, and
unsustainable human activities. This phenomenon results in the gradual loss of biological productivity, severe
reduction in vegetation cover, accelerated wind and water erosion, declining soil fertility, and widespread loss of
biodiversity. Consequently, desertification undermines essential ecosystem services such as forage production,
carbon sequestration, and water regulation, ultimately threatening food security, economic stability, and the
livelihoods of millions of people who depend on dryland resources. In many affected regions, the process also
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contributes to increased poverty, forced migration, and social instability, making it not only an ecological issue
but also a profound socio-economic and humanitarian concern. In Central Asia, desertification has intensified
dramatically due to the region’s inherent hyper-arid climate, extremely high evapotranspiration rates, fragile soil
structures, and decades of intensive land-use practices including overgrazing, fuelwood extraction, and improper
irrigation management in marginal areas. Turkmenistan, positioned at the heart of this vast arid zone, faces
particularly acute risks because the Karakum Desert covers nearly 80% of its national territory. Within
Turkmenistan, the Ahal region stands out as a strategically important economic and administrative center that is
increasingly experiencing the cumulative impacts of land degradation. The degradation processes in this region
not only disrupt the delicate ecological equilibrium of the desert ecosystem but also directly threaten the long-
term viability of traditional pastoral communities whose livelihoods are almost entirely dependent on the
productivity of natural pastures and rangelands.

The Erbent research site (39.31551°N, 58.61283°E), situated in the central part of the Karakum Desert, serves as
an excellent localized case study for examining the detailed mechanisms and progression of desertification. As a
longstanding hub for livestock husbandry, the surroundings of Erbent village have become a frontline area in the
ongoing battle against advancing sand dunes and progressive loss of vegetation cover. Although desert
ecosystems have historically demonstrated remarkable resilience through adaptive plant communities and
natural regeneration cycles, the synergistic pressures of steadily rising Land Surface Temperatures (LST) and
intensifying anthropogenic factors - most notably concentrated overgrazing around scarce water points and
continuous extraction of fuelwood from native shrubs - appear to have reached a critical tipping point. These
combined stresses have substantially diminished the regenerative capacity of key native vegetation species,
especially black saxaul (Haloxylon ammodendron), which functions as a vital “ecosystem engineer.” This
species plays an indispensable role by reducing near-surface wind speeds, trapping mobile sand particles,
enhancing soil organic carbon and nitrogen content, and providing habitat and support for associated
biodiversity, thereby maintaining the overall stability of the desert landscape.

While classical Soviet-era scientific works provided a strong foundational understanding of the geomorphology,
soil types (such as serozems and light brown dry steppe soils), and vegetation patterns of the Karakum Desert
and Kopetdag foothills, the rapid pace of contemporary climate change necessitates the integration of this
historical knowledge with modern high-resolution satellite monitoring and sophisticated statistical modeling.
Remote sensing technologies have proven exceptionally valuable for continuous, large-scale, and cost-effective
observation of dynamic environmental changes in remote arid territories. Among the most widely applied
indicators, the Normalized Difference Vegetation Index (NDVI) delivers reliable information on vegetation
density, biomass, and overall health. Land Surface Temperature (LST) serves as a direct and sensitive proxy for
surface thermal stress and energy balance alterations. Additionally, the De Martonne Aridity Index offers a
robust quantitative assessment of long-term climatic aridity by integrating annual precipitation and temperature
data. When these remote sensing-derived indicators are combined with advanced statistical tools - including
linear regression for trend quantification, the non-parametric Mann-Kendall test for significance evaluation, and
Pearson’s correlation analysis for inter-variable relationships - researchers can achieve a more precise, evidence-
based understanding of both the spatial patterns and temporal evolution of desertification processes at the local
scale.

This study applies remote sensing and statistical analysis techniques to comprehensively evaluate the
spatiotemporal dynamics of desertification in the Erbent site of the Ahal region. By systematically integrating
NDVI, LST, and the De Martonne Aridity Index within a Geographic Information Systems (GIS) framework,
the research examines both the spatial distribution of degradation features and the long-term temporal trends in
vegetation condition and environmental stress across a continuous 23-year observation window (2000-2023).
The primary aim of this study is to provide a detailed assessment of the impact of desertification on the
environment and economy of the Ahal region while generating robust quantitative evidence that confirms the
existence and ongoing progression of desertification processes in Turkmenistan. Through this focused,
localized, and long-term case study approach, the research aspires to fill existing knowledge gaps, deliver
actionable scientific insights into the underlying mechanisms of desertification, and clearly demonstrate the high
practical value of combining multi-source remote sensing data with rigorous statistical methods for effective
environmental monitoring and sustainable land management in hyper-arid regions.

IL. Study area

The study was conducted in the central part of the Karakum Desert, with a specific focus on the village of
Erbent (39.31551°N, 58.61283°E) located in the Ahal region of Turkmenistan. The Ahal region is characterized
by a strongly continental and hyper-arid climate featuring extreme summer temperatures that frequently exceed
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40°C, very low annual precipitation (often below 120 mm, especially in the northern parts), and pronounced
seasonal temperature fluctuations. These climatic conditions create an exceptionally vulnerable environment for
desertification because limited rainfall severely restricts natural leaching and soil moisture replenishment, while
high evapotranspiration rates intensify the upward movement of salts and the drying of surface layers.

The study area is a typical pastoral landscape where vegetation dynamics are heavily influenced by both natural
climatic stressors and human activities, particularly concentrated grazing around water points and the harvesting
of fuelwood. The terrain features a complex mosaic of fixed and semi-fixed sand dunes alternating with shallow
inter-dune depressions. Natural vegetation consists mainly of highly drought-resistant shrub species, with black
saxaul (Haloxylon ammodendron) being the dominant and most ecologically important species, accompanied by
various ephemeral plants that appear briefly after rare rainfall events. These plant communities are extremely
sensitive to even small changes in soil moisture availability and grazing pressure, making the Erbent site an
ideal location for detailed investigation of desertification processes using remote sensing methods.

The broader geographical context of the study area within the Ahal region is illustrated in Figure 1.
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Figure 1. Map of the Ahal province, Turkmenistan. Coordinates: N 38° 03°, E 58° 10°. Source: Google Earth
(2025)

A more detailed view of the Erbent village and its immediate surroundings is presented in Figure 2. This figure
clearly shows the spatial configuration of the research site, including the distribution of sand dunes, inter-dune
depressions, sparse vegetation patches, and the red boundary delineating the study polygon.
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Figure 2. Map of Erbent village and its immediate surroundings (coordinates N39.31551 E58.61283), showing
sand dunes, inter-dune depressions, and sparse vegetation patterns tied to local micro-relief. Source: Google
Earth (2025)

III. Methodology

I11.1 Data Sources and Image Processing

This study utilized a combination of remote sensing and statistical techniques to evaluate desertification
dynamics at the Erbent site. The primary data sources included multi-temporal satellite imagery, mainly
MODIS-derived products for NDVI and LST, spanning the years 2000 to 2023. These satellite datasets were
complemented by long-term meteorological records of precipitation and air temperature obtained from reliable
international databases. All preprocessing steps, map generation, and spatial analyses were carried out using
QQIS software and the Google Earth Engine platform. The ability to integrate diverse datasets within a unified
GIS environment ensured temporal consistency and enabled detailed spatial-temporal comparisons throughout
the study period. Remote sensing methods proved particularly advantageous in this hyper-arid and remote
region, where conventional field-based monitoring would be logistically challenging and costly.

I11.2 NDVI Analysis

Vegetation health and changes in biomass were assessed through the Normalized Difference Vegetation Index
(NDVI). This index is computed from the reflectance values recorded in the near-infrared (NIR) and red (RED)
spectral bands according to the following formula:

NDVI = NIR — RED
" NIR+RED

NDVI values theoretically range from -1 to +1. Higher positive values generally correspond to denser and
healthier vegetation cover, whereas lower or negative values indicate sparse vegetation, stressed plants, or bare
soil surfaces. In arid environments such as the Central Karakum, a declining NDVI trend serves as a strong
indirect indicator of vegetation degradation linked to desertification processes.

II1.3 Drought Index and LST Analysis

To evaluate long-term climatic aridity, the De Martonne Aridity Index was calculated using the formula:
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where P represents mean annual precipitation in millimeters and T denotes mean annual air temperature in
degrees Celsius. Values of the index below 10 are widely interpreted as indicative of arid to extremely arid
conditions. In addition, Land Surface Temperature (LST) data extracted from satellite observations were
analyzed to quantify surface warming trends and thermal stress, which directly influence evapotranspiration
rates and vegetation water demand in desert landscapes.

I11.4 Statistical Analysis

Long-term temporal trends in NDVI, LST, and the De Martonne Aridity Index time series were analyzed using
linear regression for slope estimation and the non-parametric Mann-Kendall test for trend detection and
significance testing. The Mann-Kendall statistic S is defined as:

n-1

S = z sgn (x; — x;)

j=i+1

with appropriate adjustment of variance in the presence of ties. Furthermore, Pearson’s correlation coefficient
was employed to examine the strength and direction of linear relationships among NDVI, the drought index, and
LST. Statistical significance of all tests was evaluated at the p < 0.05 confidence level.

IV. Results

IV.1 Drought Zones in Turkmenistan

The spatial analysis of the drought index across the entire territory of Turkmenistan provides a clear overview of
the severity and extent of drought conditions. The map demonstrates that drought occupies a huge part of the
country’s land area. It is particularly evident that regions with limited or no reliable access to water resources
are the most severely affected. This widespread distribution of drought zones underscores the systemic nature of
aridity challenges in Turkmenistan and highlights the urgent need for targeted monitoring and management
strategies in vulnerable areas.
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Figure 3. Drought Index map in Turkmenistan showing drought zones across the country, with a large portion
of the territory affected, particularly areas with limited water access. Source: Author’s analysis based on
meteorological data and GIS, 2026.

IV.2 Vegetation (NDVI) Distribution

The multi-temporal NDVI maps for the Ahal region illustrate important changes in vegetation cover over the
study period. These maps, derived from JSTAR Mapper (NOAA) data, demonstrate the vegetation area in
different years across the Ahal province. A particularly pronounced reduction in vegetated surfaces becomes
evident starting from the year 2020. This marked decline in vegetation coincides with a decade that included
some of the hottest years on record. The observed reduction suggests that elevated temperatures and associated
drought stress have exerted a strong negative influence on the development and sustainability of vegetation
lands in the Ahal province, leading to decreased biomass, increased areas of bare soil, and progressive
degradation of pastoral resources. Such changes are especially concerning because they directly affect the forage
availability for livestock and the overall ecological stability of the region.
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Figure 4. NDVI maps showing vegetation area in the Ahal region across different years, with a notable decrease
starting from 2020. Source: Based on satellite imagery and QGIS analysis, 2026.

IV.3 Land Surface Temperature (LST) Trend

The time-series analysis of Land Surface Temperature (LST) in the research area reveals a persistent and
statistically significant warming trend. LST has increased by 0.0179°C per year throughout the analyzed period.
The trend line clearly demonstrates a consistent upward tendency, indicating progressive intensification of
thermal stress on the land surface. The average LST recorded during the 23-year period was 22.55 °C. This
steady rise in surface temperature contributes to higher evapotranspiration rates and places additional pressure
on already limited soil moisture resources, thereby accelerating vegetation stress and desertification processes.
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Figure 5. Land Surface Temperature (LST) trend in the Ahal province showing an upward slope of +0.0179°C
per year (average temperature: 22.55 °C). Source: Author’s calculation based on satellite data and QGIS
analysis, 2026.

IV.4 Vegetation (NDVI) Trend

Vegetation condition in the Ahal region is clearly threatened by ongoing drought stress. The linear trend
analysis of the NDVI time series shows a downward tendency in vegetation density, with the index decreasing
by an average of -0.0018 units per year. This gradual decline indicates a progressive loss of biomass and
reduced pasture quality across the study area. Although the trend is relatively modest in magnitude, its
consistent direction over more than two decades points to a worrying long-term degradation of the vegetation
resource that supports local pastoral livelihoods.
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Figure 6. Vegetation (NDVI) index trend in the Ahal province showing a downward slope of -0.0018 units per
year. Source: Author’s calculation based on satellite data and QGIS analysis, 2026.

The importance of this result lies in the fact that it statistically supports the spatial interpretation developed from
the NDVI and drought index maps. The correlation analysis confirms that the relationship observed visually is
not incidental, but systematic and strong. This provides a solid basis for interpreting vegetation decline in the

study area as closely associated with environmental stress conditions that may reflect salinity-related
degradation.

IV.5 Drought Index Trend

The linear trend analysis of the De Martonne Aridity Index for the Ahal region demonstrates a slight but
noticeable decrease in the index values over the study period. The drought index is declining by approximately
0.0367 units per year. This reduction in the index value reflects a gradual shift toward even more arid
conditions. However, the data series exhibits considerable year-to-year fluctuations, which explain the unstable
and irregular pattern of drought expansion during the analyzed period. Such variability highlights the influence
of occasional wet years that temporarily interrupt the overall drying trend.
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Figure 7. Linear trend analysis of the Drought Index (De Martonne method) in the Ahal province showing a
slight decrease of -0.0367 units per year. Source: Author’s calculation based on meteorological records and
QGIS analysis, 2026.

IV.6 Precipitation Anomaly

The analysis of precipitation anomalies in the Ahal province provides important insight into the balance between
drought stress and vegetation recovery. The results demonstrate that periods of rehabilitation (shown in green)
are considerably weaker and shorter than the extreme drought years (shown in red). This imbalance suggests
that the ecosystem has limited capacity to recover fully after prolonged dry periods, thereby contributing to the
cumulative degradation of vegetation cover over time.
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Figure 8. Precipitation anomaly in the Ahal province highlighting extreme drought years (red) versus
rehabilitation periods (green). Source: Author’s calculation based on meteorological data, 2026.
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IV.7 Correlation Analysis

Pearson’s correlation analysis was conducted to measure the strength and direction of relationships between the
three key indicators. The resulting correlation matrix is shown in Figure 9.

NDVI 1
Drought 0.86 1
LST -0.551269866 -0.521365305 1

Figure 9. Correlation matrix between NDVI, Drought Index, and LST, with Mann-Kendall test results for
vegetation trend. Source: Author’s calculation based on satellite-derived and meteorological data, 2026.

The matrix reveals a strong positive correlation between NDVI and the drought index (r = 0.86), indicating that
vegetation health is closely linked to moisture availability and aridity levels. LST shows moderate negative
correlations with both NDVI and the drought index, confirming that higher surface temperatures are associated
with reduced vegetation performance and increased environmental stress.

IV.8 Mann-Kendall Trend Test

To determine whether the observed changes in vegetation (NDVI) represent a statistically significant long-term
trend, the non-parametric Mann-Kendall test was applied. The test results are presented in Figure 10.

p-value 0.199701

trend No statistically significant trend

Figure 10. Mann-Kendall trend test results for vegetation (NDVI) in the Ahal province. Source: Author’s
calculation based on satellite-derived data, 2026.

The table shows MK-stat = —24,p — value = 0.199701, and trend = no. Since the p-value (0.199701) is
greater than the conventional significance level of 0.05, the slight decrease in vegetation cannot be considered
statistically significant. This means that although a downward tendency in NDVI is visible over the 23-year
period, it may still be influenced by natural inter-annual variability rather than representing a confirmed long-
term trend of desertification at the 95% confidence level.
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V. Discussion

The comprehensive results generated by this study offer a detailed and alarming portrait of the ongoing
environmental degradation and active desertification processes occurring in the Erbent research site and the
broader Ahal region. One of the most striking findings is the statistically significant and persistent upward trend
in Land Surface Temperature, which has been rising at a rate of 0.0179°C per year over the entire 23-year
observation window. This consistent warming not only increases the overall thermal stress on the desert
ecosystem but also accelerates evapotranspiration rates, rapidly depleting the already scarce soil moisture
reserves that are essential for plant survival in hyper-arid conditions. At the same time, the NDVI time series
reveals a steady, albeit relatively modest, downward trajectory in vegetation density and biomass. Even though
the Mann-Kendall statistical test (Figure 10) did not classify this decline as statistically significant at the 95%
confidence level (p — value = 0.199701), the persistent direction of the change, when interpreted together
with the very strong positive correlation between NDVI and the De Martonne Aridity Index (r =

0.86, Figure 9), strongly indicates that vegetation communities are under sustained and accumulating pressure
from worsening climatic conditions.

The precipitation anomaly analysis (Figure 8) adds another critical layer to this interpretation. It clearly shows
that periods of vegetation rehabilitation and recovery have been noticeably weaker, shorter, and less effective
than the frequent and intense extreme drought years. This chronic imbalance severely limits the natural
regenerative capacity of the desert pastures, allowing degradation effects to accumulate year after year rather
than being periodically reset by favorable wet periods. Mechanistically, the rising LST appears to initiate and
sustain a dangerous positive feedback loop that is typical of desertification processes in sandy arid
environments. As surface temperatures increase, evapotranspiration intensifies, soil moisture levels drop more
rapidly, and vegetation cover becomes thinner and less vigorous. The resulting exposure of bare soil surfaces
causes greater absorption of solar radiation, which in turn raises land surface temperatures even further, creating
a self-reinforcing cycle of drying, vegetation loss, and accelerated desertification. This feedback mechanism is
particularly destructive because it operates on top of the already marginal conditions that characterize the
Central Karakum Desert.

Local human activities play a decisive role in amplifying these climate-driven processes. Intensive overgrazing
concentrated around the few available water sources and the widespread harvesting of saxaul shrubs for
domestic fuelwood directly reduce the regenerative potential of the pasture resource. The progressive loss of
black saxaul - a cornerstone species that functions as a natural windbreak, sand stabilizer, and soil improver -
not only decreases available forage but also removes critical protection against wind erosion, leading to
increased mobilization of sand dunes and further degradation of the landscape. When these anthropogenic
pressures are superimposed on the observed climatic trends, they create a powerful synergistic degradation
spiral that becomes extremely difficult to reverse without deliberate and sustained intervention.

From a broader socio-economic perspective, the gradual decline in NDVI, even at the modest annual rate of
—0.0018 units, carries significant real-world consequences for the pastoral communities of the Erbent area and
the Ahal region as a whole. Pastoral households that traditionally manage 50 to 100 head of small livestock face
annual reductions in forage availability, which can translate into smaller herd sizes, higher costs for
supplementary feeding, reduced household income, and increased economic vulnerability. In the longer term,
continued degradation may force families to abandon traditional livestock rearing, migrate to urban areas, or
shift to less sustainable livelihood strategies, thereby contributing to rural depopulation and loss of valuable
indigenous knowledge about desert resource management. These localized impacts are fully consistent with
larger-scale desertification patterns documented across Central Asia and resonate strongly with the concerns
expressed in classical Soviet-era studies regarding the high vulnerability of Karakum pastures to overgrazing
and shifting sands.

The long-term, site-specific methodological approach adopted in this research successfully bridges an important
gap that often exists between broad national or regional assessments and the fine-scale processes that actually
determine the fate of local ecosystems and communities. By combining multiple remote sensing indicators with
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rigorous statistical validation tools - including Pearson’s correlation analysis and the Mann-Kendall trend test -
the study delivers a more nuanced, reliable, and actionable understanding of desertification dynamics than
would be possible using any single indicator in isolation. Nevertheless, several methodological limitations must
be openly acknowledged and addressed in future work. Satellite-derived indices can be influenced by
atmospheric interference, particularly frequent dust storms in the Karakum region, which may temporarily
attenuate NDVI signals and introduce noise into the time series. Furthermore, the current lack of statistical
significance in the NDVI trend suggests that natural inter-annual variability remains strong, and longer
observation periods combined with direct ground-truthing through field measurements of vegetation cover, soil
moisture, and grazing intensity would substantially strengthen the robustness of the conclusions.

Overall, the findings of this study not only confirm the ongoing progression of desertification in the central
Karakum but also provide a solid scientific foundation for designing targeted, evidence-based interventions. The
integration of remote sensing with statistical analysis has proven to be a powerful and practical approach for
monitoring degradation in data-scarce arid environments, and its wider application across Turkmenistan could
significantly improve national capacity for early detection and adaptive management of desertification risks.

VI. Conclusion

This study has conducted a thorough and detailed examination of the spatiotemporal dynamics of desertification
in the Central Karakum Desert, placing special emphasis on the Erbent research site within the Ahal region of
Turkmenistan across the 23-year period from 2000 to 2023. Through the systematic integration of three
complementary remote sensing and climatic indicators - the Normalized Difference Vegetation Index (NDVI),
Land Surface Temperature (LST), and the De Martonne Aridity Index - within a robust GIS analytical
framework, the research has successfully identified and quantified several critical signals of ongoing
environmental change and progressive land degradation. These signals include a statistically significant and
persistent increase in surface temperatures at a rate of 0.0179°C per year, a consistent though not yet statistically
significant gradual decline in vegetation density as measured by NDVI, and a slow but steady intensification of
overall aridity conditions as reflected in the De Martonne Aridity Index.

The application of the De Martonne Aridity Index throughout the study period confirms that the Ahal province
remains firmly classified within the arid to extremely arid category, with index values consistently remaining
well below the critical threshold of 10. Although the observed downward trend in NDVI did not reach statistical
significance according to the Mann-Kendall test (p — value = 0.199701), the combination of steadily rising
LST values, the visible gradual decline in vegetation cover, and the very strong positive correlation between
NDVI and the drought index (r = 0.86) collectively provides strong and convincing evidence that
desertification processes are actively advancing within the Erbent site and the surrounding pastoral landscapes.
The resulting reduction in vegetation density and pasture productivity carries direct, far-reaching, and largely
negative consequences for the traditional livestock-based economy that forms the backbone of rural livelihoods
in the Ahal region.

Vegetation condition and drought severity have been demonstrated to be tightly interconnected in the Ahal
province, with climatic warming trends and localized human management practices acting together in a
synergistic manner to accelerate the pace and severity of land degradation. The study makes it abundantly clear
that desertification in this area is not a uniform, random, or isolated phenomenon, but rather a complex, spatially
heterogeneous, and temporally cumulative process shaped by the interaction of global and regional climate
change with site-specific human activities such as overgrazing and fuelwood collection. If left unaddressed,
continued degradation risks the further expansion of bare and highly mobile sand areas, an increase in the
frequency and intensity of dust storms, and the progressive loss of valuable rangeland resources that have
historically sustained pastoral communities for many generations.

Beyond its immediate scientific contributions to the understanding of desertification in Turkmenistan, this
research also highlights the considerable practical utility and cost-effectiveness of remote sensing technologies
when they are carefully combined with appropriate statistical validation tools, including the Mann-Kendall trend
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test and Pearson’s correlation analysis. These methods allow for reliable, scalable, and relatively low-cost
monitoring of desertification processes even in vast, remote, and data-scarce arid territories such as the Central
Karakum Desert. The methodological framework developed and tested in this study therefore offers a replicable
model that could be applied more widely across other vulnerable regions of Turkmenistan and Central Asia to
improve national and regional capacity for early warning, adaptive management, and evidence-based policy
formulation.

Looking forward, several important directions for future research emerge directly from the findings and
limitations identified in this work. Subsequent studies should strive to integrate the remote sensing observations
presented here with systematic, repeated field-based surveys that measure actual vegetation composition, soil
physical and chemical properties, soil moisture dynamics, and current grazing intensities. Such ground-truthing
efforts would help validate and calibrate the satellite-derived indices, reduce uncertainties associated with
atmospheric interference, and provide a more complete picture of degradation processes. Additionally,
extending the time series beyond 23 years and developing scenario-based modeling under different future
climate and land-management conditions would greatly enhance the predictive power of the analysis and
support more proactive planning.

From a practical management and policy perspective, the study strongly emphasizes the urgent need for
immediate, science-based, and locally adapted intervention measures if further degradation is to be slowed,
halted, or eventually reversed. Priority should be given to large-scale phytomelioration programs focused on the
planting and long-term protection of drought-resistant Haloxylon (saxaul) species in strategically located
shelterbelts around wells, roads, settlements, and the margins of active sand dunes. These efforts would help
stabilize shifting sands, restore pasture productivity, and improve overall ecosystem resilience. At the same
time, the introduction of community-based rotational grazing systems with clearly defined rest and recovery
periods for pastures would allow degraded rangelands time to regenerate while still supporting sustainable levels
of livestock production. The wider and more consistent application of Integrated Water Resources Management
(IWRM) principles - including improved monitoring of groundwater resources, promotion of water-efficient
technologies, and genuine participatory decision-making involving local herders - is equally essential for
enhancing the overall adaptive capacity of the region.

Successful implementation of these recommended measures will require a coordinated effort that combines
strong government policy support, adequate and sustained financial investment, active engagement and
ownership by local communities, and continuous environmental monitoring using the remote sensing and
statistical approaches successfully demonstrated in this study. Only through such an integrated, multi-
stakeholder, and long-term approach can Turkmenistan hope to protect its valuable arid landscapes, safeguard
the livelihoods of its pastoral populations, and contribute meaningfully to regional and global efforts to combat
desertification and achieve land degradation neutrality.

In conclusion, the evidence presented in this research confirms that desertification continues to represent a
serious, growing, and multifaceted threat to the environmental integrity, ecological stability, and economic
sustainability of the Ahal region and, by extension, to the broader arid territories of Turkmenistan. However, the
study also offers a message of cautious optimism: with timely, well-informed, science-driven, and community-
supported interventions, it remains entirely possible to slow the current degradation trends, restore key
ecosystem functions, and lay the foundation for more resilient, productive, and sustainable development
pathways for the pastoral communities of the Central Karakum Desert. The methodological and empirical
foundation established by this work provides a solid platform upon which such transformative actions can be
designed, implemented, and continuously evaluated in the years ahead.
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