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ABSTRACT

Desertification and sand dune mobility constitute major environmental challenges in arid regions, particularly in 
the Merzouga Desert of southeastern Morocco. This study examines the role of vegetation in controlling dune dynamics 
through a combined analysis of multi-temporal remote sensing data and topographic change detection. Vegetation 
cover and spatial heterogeneity were evaluated using the Normalized Difference Vegetation Index (NDVI), while 
sand mobility was assessed using the Normalized Sand Index (NSI) derived from ASTER and Landsat 8 imagery. In 
addition, geomorphic changes between 2011 and 2025 were analyzed using a DEM of Difference based on ASTER 
GDEM and Sentinel 1-derived DEMs. The results demonstrate a consistent inverse relationship between vegetation 
cover and sand mobility across all periods. Vegetated areas, particularly along dune margins, interdune depressions, 
and oasis environments, are mainly associated with semi-stable dunes and reduced aeolian activity. Even sparse 
shrub patches significantly contribute to sand trapping and localized dune stabilization. Topographic analysis reveals 
moderate but spatially organized elevation changes, with sand accumulation on dune crests and windward slopes and 
erosion on leeward flanks, reflecting dominant regional wind regimes. Central dune fields show relative elevation 
stability, suggesting a dynamic equilibrium between erosion and deposition. Although classification accuracy decreases 
in 2025 due to spectral confusion in sparsely vegetated surfaces, qualitative validation using high-resolution Google 
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Earth imagery confirms the reliability of the main spatial trends. Overall, the findings highlight strong vegetation and 
topography feedbacks that govern dune stabilization processes and provide valuable insights for ecological monitoring 
and sustainable land management in desert environments.
Keywords: Vegetation Stabilization; Sand Dunes; NDVI; ASTER; Landsat; Desertification; Merzouga; Morocco

1.	 Introduction
Desertification is widely recognized as one of the 

major environmental challenges, specifically affecting 
arid, semi-arid, and dry sub-humid areas worldwide [1]. It 
is associated with numerous environmental problems, such 
as soil degradation, salinization [1], sand encroachment, and 
increased frequency of dust storms, which threaten eco-
systems, agricultural productivity, and people's livelihoods 
[2]. Desertification and deforestation of the landscape have 
a direct economic and environmental impact. Across the 
world, land degradation impacts an estimated 1.4 billion 
people, 74% of whom are poor. Also, in each year, the loss 
of 12 million hectares of arable land due to drought and 
desertification is equivalent to 13 million hectares of loss 
of arable land [3].

Land-degradation is the loss of any land’s biological 
or economic production, resulting in soil degradation, bio-
logical degradation, or economic degradation, and/or over 
time, erosion of natural vegetation [4–6].

The immense ecological problems posed by desert-
ification, with such environmental concerns as soil degra-
dation, soil salinization, silting, and dust storms, have been 
identified as one of the most pressing concerns of the inter-
national community [3].

Desertification is considered an irreversible pro-
cess caused by natural processes such as temperature, 
precipitation, vegetation loss, and human processes such 
as land use/land cover change, industrialization, and ur-
banization [7–10].

In the desert climate, the main reason for sand dune 
movement is the lack of vegetative cover. The plants that 
grow on the sand dune can help stabilize sand [11–13].

Sand dune movement in desert environments is a 
function of the ecological processes that have underlying 

processes, such as biotic interactions, seed dispersal, vege-
tation succession, and environmental change [14–16].

Most of these sand-fixing plants are simple commu-
nity forms with fewer species and relatively low species 
content, drought resistant with wind erosion and sand buri-
al resistance, and good wind and sand blocking character-
istics [17]. The vegetation of the transition zone can protect 
the oasis ecosystem from wind and sand erosion and has 
an important ecological role in ensuring that the organic 
matter is stable by reducing the flow rate of wind and sand, 
preventing wind erosion, fixing sand dunes, and enhancing 
the chemical properties of soil [18].

This requires sustainable management and global 
perspectives for ecosystem conservation and restoration 
measures, including the use of remote sensing data. These 
data, at no additional cost, make it possible to monitor 
changes in vegetation [19].

The most important biotic components of sand dune 
habitat are vegetation and the seed bank, which are direct-
ly and indirectly related to dune structure stability and re-
silience [20,21]. Vegetation is a component of a structure in 
that it allows for accretion and stabilization [22,23]. In desert 
environments, sand dune dynamics play a key role in land 
degradation processes [24] due to the mobility of dunes, 
which can affect infrastructure, agricultural land, and in-
habited areas. 

Over the past 40 years, various methods of acceler-
ated artificial regeneration have been adopted to promote 
sand dune stabilization, such as the construction of physi-
cal sand barriers and the prohibition of livestock grazing [25]. 
Thanks to these methods, some mobile dunes can also be 
gradually restored to become semi-stabilized or stabilized 
dunes [25].

The stabilization of sand dunes has thus attracted 
growing scientific interest. From an ecological perspective, 
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tion dynamics separately, without sufficiently integrating 
their interaction to assess their joint influence on dune sta-
bilization.

Despite the increasing availability of multi-temporal 
satellite data and advanced GIS tools, the role of vegeta-
tion as an agent of sand dune stabilization remains poorly 
documented, particularly in arid environments. Few stud-
ies have proposed a quantitative and integrated assessment 
of vegetation-induced dune stabilization over extended 
time periods. This limitation highlights an important re-
search gap addressed by the present study. Thus, the main 
objective of this work is to evaluate the role of vegetation 
in sand dune stabilization using a multi-temporal analysis 
based on remote sensing and geographic information sys-
tems (GIS).

This approach aims to improve understanding of the 
interactions between vegetation and dune dynamics and to 
contribute to the development of sustainable management 
strategies for desert environments.

2.	 Materials and Methods

2.1.	Study Area

The study area is located in Merzouga, southeast-
ern Morocco (31°8′49.46″ N, 4°0′34.04″ W). It includes 
inverted barchanoid dunes and star dunes, classified as 
complex star dunes [26]. This region is characterized by an 
arid climate, high temperature variability, and strong sea-
sonal winds that drive the formation and migration of sand 
dunes. The wind regime is largely bimodal with a SW to 
NE 210°–240°, Sahel wind known locally as the Sirocco, 
and an opposing NE-SW 45°–100° Chergui wind with 
a frequent, but weaker, easterly wind [27]. with very rare 
precipitation, long and torrid summers, mild and pleasant 
winters. Rainfall is almost absent all year round, 59 mm in 
Merzouga [45,46]. The vegetation cover is mainly composed 
of species such as Stipagrostis pungens, the large perennial 
grass, and the endemic cruciferous Eruca foleyi. great tam-
arisks, Ephedra alata subsp. alenda. Species that play a 
crucial role in trapping sand and stabilizing dune surfaces 
(Figures 1 and 2).

two contrasting approaches coexist with regard to dune 
stabilization. One favors dune stabilization due to its posi-
tive influence on plant diversity [13].

Previous studies have shown that dune stabilization 
has been implicated in the restoration of degraded vege-
tation and improving the soil environment [26–28]. Mobile 
dunes in Horqin Sand Land were characterised by shifting 
sand, high temperatures, and no water or nutrients avail-
able to the soil [29]. Mobile dunes are subsequently artifi-
cially stabilized toward semi-fixed dunes and fixed dunes 
because there is a restoration succession of degraded veg-
etation, development of biological soil crust, and accumu-
lation of soil nutrients [26–28]. These results also indicate that 
vegetation cover, species richness, ANPP, soil C, and total 
N consistently increase with dune stabilization. 

In contrast, the second study focused on describing 
how vegetation change and reduced dune mobility have, or 
may have, affected dune ecology and geomorphology [30].

In particular, dune sealing has been implicated as 
a threat to both rare or endangered species as well as de-
creasing ecological diversity and species richness, often 
referring to vegetation growth on the front or inside active 
dunes [31–34].

Dune vegetation plays a crucial role in regulating 
water migration between the dunes and the interdune low-
lands [35,36]. Sand-fixing vegetation significantly limits the 
movement of soil water in dunes, alters the proportion of 
each component of the water balance in sandy ecosystems, 
and reduces the water supplied by dunes to interdune low-
lands [37,38]. 

Understanding how desert species adapt to windy, 
dry, and sandy environments would accelerate sand fixa-
tion speed and reduce the huge economic losses caused by 
desertification [39].    

Many previous studies have analyzed the behavior 
of sand dunes using geomorphological approaches, remote 
sensing techniques, and vegetation indices to track dune 
movements and surface changes [40,41].

Other studies have focused on vegetation distribution 
and its response to climatic and environmental conditions 
in desert environments [42–44]. However, these studies have 
often addressed geomorphological processes and vegeta-
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Figure 1. Location of the study area (red rectangles) within the broader region. 
Note: letters a,b,c,d in Figure 1 refer to Figure 2a–d.

Source: Atlas-Sahara. Available from: https://atlas-sahara.org/ (in French).

(a) (b)

(c) (d)
Figure 2. Photographs showing different range land types: (a) Stipagrostis pungens, the Drinn, is a species of monocotyledonous 
plants of the family Poaceae and the genus Stipagrostis. This large wild grass constitutes vast homogeneous and abundant pastures in 
the stabilized ergs of the Sahara; (b) Mounds of Stipagrostis pungens, the great perennial grass of the dunes; (c) In the foreground: 
station of the endemic cruciferous Eruca foleyi. In the background: the dry bed of the wadi Talrhemt, which blocks the erg towards 
the East. In the third plan: the first wooded dunes of great tamarisks. (d) Ephedra alata subsp. alenda is the most important pioneer 
plant of the moving and semi-stable sand dunes in the deserts.

https://atlas-sahara.org/
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ASTER data are provided by Abrams et al. [30], and im-
age clipping. The Basic Tools-Layer Stacking Parameters 
module of ENVI 5.6. Atmospheric correction was per-
formed using the FLASH module in ENVI 5.6. The im-
ages were geo-referenced in the UTM projection and the 
WGS-84 ellipsoid. Two subsets of VNIR and shortwave 
infrared (SWIR) bands were used from the 14 available 
ASTER bands, and subsets of visible, near-infrared (NIR), 
and shortwave infrared (SWIR) bands were used from 
the 11 available Landsat 8 OLI bands. We are covering 
the area of interest, which was processed and analyzed. 
The Spectral indices, including those for Sand dunes and 
vegetation, were calculated based on visible and SWIR 
bands. Supervised classification was carried out on both 
ASTER (2011) and Landsat 8 (2014–2025) images to 
map the main land cover types in the Merzouga region. 
Four classes were identified: stable vegetation, active 
dunes, semi-fixed dunes, and bare soil. The classification 
process was based on the Maximum Likelihood algo-
rithm, which has proven effective in arid and semi-arid 
environments. To assess the performance of the classifi-
cation, an accuracy assessment was conducted using an 
error matrix, from which the user’s and producer’s accu-
racy were derived for each class. The land cover classi-
fications derived from NDVI for 2011, 2014, and 2025 
were validated using high-resolution reference sources 
and direct field surveys. Field observations were conduct-
ed to confirm the spatial distribution of vegetation and 
mobile sand dunes. In parallel, Google Earth imagery and 
geological and thematic maps were used to complement 
and verify the information obtained.

A Digital Elevation Model (DEM) representing 
surface topography in 2025 was generated from Senti-
nel-1 Synthetic Aperture Radar (SAR) data using inter-
ferometric SAR (InSAR) processing implemented in the 
SARscape software environment. Sentinel-1 Single Look 
Complex (SLC) image pairs acquired in 2025 were se-
lected based on orbit consistency, acquisition geometry, 
and temporal proximity to minimize decorrelation effects. 
The InSAR workflow included precise orbit correction, 
radiometric calibration, and accurate co-registration of 
the master and slave images to ensure sub-pixel align-
ment. Interferograms were generated by computing the 

2.2.	Data Sources

Remote Sensing Data (Landsat-8, ASTER)
Data used in this study included Landsat 8 imag-

es acquired on the 1st October 2014 and the 1st October 
2025, while ASTER data was acquired on the 26th Octo-
ber 2011. The data was acquired from the United States 
Geological Survey (https://earthexplorer.usgs.gov/). At-
tempts were made to acquire images of the same or close 
dates for consistent comparison between Landsat and 
ASTER data; however, most of the ASTER data was cov-
ered with clouds, and therefore, only available cloud-free 
data was considered. The study preferred the use of data 
acquired during the high rainfall summer season when 
vegetation is denser; however, the unavailability of suit-
able data necessitated the use of images outside of this 
time period. 

A Sentinel-1 derived DEM was generated using 
interferometric SAR (InSAR) processing of SAR data 
acquired in 2025. The ASTER Global Digital Elevation 
Model (GDEM) acquired in 2011 was used as a reference 
dataset. Prior to differencing, both DEMs were reprojected 
to a common coordinate reference system, resampled to a 
common spatial resolution, and vertically co-registered to 
reduce systematic elevation biases. A DEM of Difference 
(DoD) was then produced to quantify topographic changes 
between 2011 and 2025.

2.3.	Data Processing 

The image preprocessing involved band combina-
tions, atmospheric correction, and radiometric calibra-
tion, which is an important step required to improve the 
quality of remotely sensed data by removing factors that 
alter the spectral properties of land surface features [28,45]. 
Both Landsat and ASTER images were radiometrically 
calibrated using the absolute calibration method. This 
enables comparison of images acquired at different times 
from different sensors [47]. Data was calibrated by firstly 
converting the digital numbers (DNs) to a sensor spectral. 
The second step involved converting at-sensor spectral 
radiance to exoatmospheric top of atmosphere (TOA) 
reflectance [28]. Equations applicable to Landsat data are 
explained by Chander et al. [29], while those applicable to 

https://earthexplorer.usgs.gov/
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Following preprocessing and co-registration, a DEM 
of Difference (DoD) was generated in ArcGIS by subtract-
ing the ASTER GDEM (2011) from the Sentinel-1 derived 
DEM (2025). The resulting DoD represents relative eleva-
tion changes over the 2011–2025 period. Positive values 
indicate areas of apparent elevation gain, interpreted as 
zones of sand accumulation, while negative values indicate 
apparent elevation loss, interpreted as erosion or sediment 
redistribution. The DoD was primarily used to analyze spa-
tial patterns of topographic change rather than to quantify 
absolute volumetric changes. No explicit level of detection 
(LoD) threshold was applied; therefore, small elevation 
differences may partly reflect residual noise or sensor-re-
lated uncertainty.

It is important to emphasize that this DoD analysis 
integrates DEMs derived from fundamentally different 
sensors and acquisition principles. Sentinel-1 SAR mea-
surements are sensitive to surface scattering mechanisms 
influenced by roughness and moisture, whereas ASTER 
optical stereo measurements depend on surface texture 
and illumination conditions. The DoD results provide a 
reliable indication of relative spatial trends in dune-scale 
topographic change, capturing key patterns of elevation 
dynamics over time. The applied processing workflow 
offers a consistent, reproducible, and robust framework 
for investigating long-term patterns of aeolian sediment 
redistribution in the Merzouga Desert, enabling mean-
ingful insights into dune mobility and landscape evolu-
tion.

2.4.	Normalized Sand Index (NSI)

Normalized Sand Index (NSI), which is calculated 
based on the Red (R), Green (G), and Short-wave Infra-
red (SWIR1) bands (Equation (1)).  In order to minimize 
the differences induced by atmospheric and moisture 
conditions between images collected in different time pe-
riods, the sand index values were max–min normalized, 
resulting in the linear transformation of the data in the 
range 0–1, which preserves the relationships among the 
original data values. The application of normalization is a 
widely used method that restricts a large range of values 

phase difference between the SAR image pairs, followed 
by adaptive filtering to reduce phase noise while preserv-
ing geomorphological signals. Phase unwrapping was 
applied to retrieve continuous phase information, which 
was subsequently converted into elevation values using 
the sensor’s orbital parameters and imaging geometry. 
The resulting Sentinel-1-derived DEM reflects surface 
elevation conditions for 2025, with sensitivity to surface 
roughness and coherence characteristics that are typical 
of arid dune environments.

The reference elevation dataset consisted of the 
ASTER Global Digital Elevation Model (GDEM, Ver-
sion 3) acquired in 2011 and downloaded from the 
NASA Earthdata platform. The ASTER GDEM provides 
near-global coverage at approximately 30-m spatial res-
olution and is derived from optical stereo imagery. Prior 
to analysis, the ASTER DEM was visually inspected to 
identify known artifacts such as striping, voids, or anom-
alous elevation values, which can occur in desert envi-
ronments due to low surface texture and illumination 
effects. Minor preprocessing operations were applied 
where necessary to reduce noise while preserving the 
overall dune morphology.

To ensure spatial comparability between the Senti-
nel-1 DEM (2025) and the ASTER GDEM (2011), both 
datasets were harmonized before elevation differencing. 
First, the DEMs were reprojected into a common co-
ordinate reference system (WGS 84/UTM zone corre-
sponding to the Merzouga Desert). Second, both DEMs 
were resampled to a common spatial resolution using 
bilinear interpolation in order to minimize interpolation 
artifacts and maintain consistency in grid structure. Ver-
tical co-registration was then performed in ArcGIS to re-
duce systematic elevation biases arising from differences 
in sensor geometry and acquisition principles. Stable, 
non-dynamic reference areas located outside active dune 
fields, such as consolidated or rocky surfaces, were used 
to estimate and correct relative vertical offsets between 
the DEMs. Despite these corrections, residual vertical 
uncertainties are unavoidable due to differences between 
optical stereo and SAR interferometric elevation retrieval 
methods.
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traction and assimilation into vegetation models have been 
comprehensively reviewed in order to monitor productivity 
[57,58]. Nonetheless, the presence of the inter-sensor varia-
tion in NDVI values may have an impact on the accuracy 
of the phenological metrics, which underlines the impor-
tance of attentive sensor choice and cross-calibration.

The temporal analysis of vegetation indices covers a 
spectrum of scales, from simple comparisons of two imag-
es to time series of multi-decadal time series over 10 years 
[57,58]. The use of long-term studies based on almost 20 
years of observations made on a daily basis has been found 
to be efficient in the identification of phenological patterns 
and changes in the dynamics of the ecosystems. These 
time series are also commonly used in mapping vegetation 
phenology across a variety of landscapes and biomes, but 
with special software packages offering full workflows 
of quality control, fitting, and nursery metric recovery of 
noisy satellite data [52].

This study investigates the role of vegetation in sta-
bilizing sand dunes in the Merzouga region by analyzing 
Normalized Difference Vegetation Index (NDVI) data de-
rived from satellite imagery. NDVI is a widely used indica-
tor of vegetation health and coverage, calculated from the 
red and near-infrared (NIR) spectral bands. In this work, 
NDVI data were obtained from both ASTER (Advanced 
Spaceborne Thermal Emission and Reflection Radiometer) 
and LANDSAT 8 (Operational Land Imager and Thermal 
Infrared Sensor) satellites, covering the period from (spec-
ify years, e.g., 2011–2025).

High NDVI values indicate dense and healthy veg-
etation, while low values suggest that one is surrounded 
by or absent from vegetation. In order to narrow the dis-
tinction between stable and mobile dunes, threshold values 
were calculated using NDVI distribution, field observa-
tions, and high-resolution Google Earth imagery. Spatial 
analysis was conducted using Envi 5.6 and ArcGIS 10.8, 
which was utilized to map vegetation cover and identify 
areas contributing to dune stabilization. This methodology 
provides a quantitative assessment of the contribution of 
vegetation to the mitigation of sand mobility and desertifi-
cation in Merzouga (Figure 3).

to a small range (e.g., 0–1). Under these conditions, we 
can compare images from different years or results from 
different indices, applied to the same type of surface (e.g., 
sand) [46–48].

NSI = (G + R)/(log(SWIR1)) (1)

NSI is an index that can be used in the temperate 
zone, where bare sands and soils have different moisture 
values. For example, in a major riverbed, soil moisture is 
higher than on the slopes, and the soil is covered with veg-
etation. NSI applied to satellite imagery from 2019 maps 
these details better than NDSAI. Under these conditions, 
NSI is able to map sandy surfaces without being influ-
enced by moisture. NSI does not generate confusion be-
tween light-coloured concrete irrigation channels or other 
surfaces (e.g., roads) and sand bars [49].

The Normalized Difference Vegetation Index (NDVI) 
is the most commonly used vegetation index. The NDVI 
is obtained with Equation (2) [50]. This formula involves 
the red and near-red bands of each scene. The numbers of 
these spectral reflectances are different for different satel-
lites, but the wavelengths are almost identical for the red 
and near-red bands, respectively.

NDVI = (NIR−R)/(NIR + R) (2)

The atmospheric noise of NDVI due to clouds, 
dust as well as aerosol is usually found to be negatively 
biased. This is because additive path radiance enhances 
the red reflectance whereas less atmospheric transmis-
sion reduces the near-infrared reflectance to the effect of 
systematic underestimation of vegetation indices [51,52]. 
Recent developments of joint-modeling methods consider 
this negatively skewed atmospheric pollution specifically 
to recreate high-quality NDVI time series [53]. Methods of 
cloud removal and composing have been created to alle-
viate such errors, especially on the high frequency satel-
lite images [54].

The vegetation indices continue to be the instruments 
of gold in understanding the temporal relationship of pro-
ductivity and phenology of the terrestrial ecosystems [55–57]. 
Their uses in trend detection, land surface phenology ex-

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spectral-reflectance
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(a) (b)

(c) (d)

(e) (f)
Figure 3. Spatial comparison between sand and vegetation indices obtained from ASTER and Landsat 8 sensors: (a,c,e): Sand indi-
ces; (b,d,f): NDVI.
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3.	 Results

3.1.	Vegetation and Sand Dynamics

The analysis of NDVI and NSI derived from ASTER 
(2011), Landsat 8 (2014), and Landsat 8 (2025) provides 
valuable insights into the spatio-temporal evolution of veg-
etation cover and sand dynamics in the Merzouga Desert 
over a 14-year period. In 2011, vegetation was mainly con-
centrated along semi-fixed dunes, near oases, and within 
low-relief interdune depressions, whereas the central dune 
fields were largely dominated by active mobile dunes. 
These spatial patterns reflect the strong control exerted by 
topography, soil moisture availability, and aeolian process-
es.

By 2014, Landsat 8 imagery reveals early signs of 
dune stabilization in some previously bare or mobile sandy 
areas, particularly along dune margins and near oasis sys-

tems. This trend suggests progressive vegetation coloniza-
tion and localized ecological recovery, likely supported by 
favorable microclimatic conditions and improved sediment 
stability.

The reliability of the classifications varies between 
datasets. ASTER (2011) achieved an overall accuracy of 
75.32% with a Kappa coefficient of 0.64, while Land-
sat 8 (2014) showed a slightly higher overall accuracy of 
78.36% and a Kappa coefficient of 0.47 (Tables 1 and 2). 
In contrast, the Landsat 8 (2025) classification exhibits a 
marked decline in performance, with an overall accuracy 
of only 59.08% and a Kappa coefficient of 0.38 (Table 3). 
This reduction reflects increasing difficulties in discrim-
inating vegetation, stable dunes, and active dunes under 
arid conditions, where sparse vegetation cover and spectral 
similarity between sandy surfaces lead to significant class 
confusion.

Table 1. Users’ and producers’ accuracy by land cover classes for the LANDSAT image (2014).
Class Prod. Acc. (Percent) User Acc. (Percent) Prod. Acc. (Pixels) User Acc. (Pixels)

Vegetation 32.65 3.68 3534/10,823 3534/96,074
Stable dunes 68.61 95.95 75,443/109,953 75,443/78,625
Active dunes 20.85 36.87 15,794/75,763 15,794/42,833

Bare soil 78.36 89.81 128,944/164,561 128,944/143,568
Overall Accuracy (Percent) 61.95
Kappa Coefficient (Pixels) 0.47

Table 2. Users’ and producers’ accuracy by land cover classes for the ASTER (2011).
Class Prod. Acc. (Percent) User Acc. (Percent) Prod. Acc. (Pixels) User Acc. (Pixels)

Vegetation 49.55 84.09 514,390/1,038,092 514,390/611,682
Stable dunes 90.27 99.35 309,620/343,009 309,620/311,642
Active dunes 85.65 54.79 261,791/305,667 261,791/477,832

Bare soil 91.52 73.19 1,043,216/1,139,830 1,043,216/1,425,442
Overall Accuracy (Percent) 75.32
Kappa Coefficient (Pixels) 0.64

Table 3. Users’ and producers’ accuracy by land cover classes for the Landsat-8 (2025).
Class Prod. Acc. (Percent) User Acc. (Percent) Prod. Acc. (Pixels) User Acc. (Pixels)

Vegetation 17.03 5.09 1843/10,823 1843/36,206
Stable dunes 68.19 69.65 74,974/109,953 74,974/107,641
Active dunes 21.56 37.06 16,332/75,763 16,332/44,065

Bare soil 73.03 69.39 120,178/164,561 120,178/173,188
Overall Accuracy (Percent) 59.07
Kappa Coefficient (Pixels) 0.38
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3.4.	Topographic Changes Derived from DEM 
of Difference (2011–2025) and Wind Re-
gime Influence

The DEM of Difference (DoD) generated from the 
Sentinel-1–derived DEM (2025) and the ASTER GDEM 
(2011) reveals spatially heterogeneous elevation changes 
across the Merzouga dune field (Figure 4). Areas of pos-
itive elevation change (+1 m) are mainly concentrated on 
dune crests and windward slopes, indicating zones of sand 
accumulation. In contrast, negative elevation changes (−1 
m) are predominantly observed on leeward dune flanks, 
interdune corridors, and along dune margins, suggesting 
localized erosion or sediment redistribution.

Overall, the magnitude of elevation change remains 
moderate, reflecting gradual geomorphic processes rather 
than abrupt topographic transformations. The spatial distri-
bution of erosion and accumulation patterns is consistent 
with aeolian-driven dune migration processes. Sediment is 
preferentially eroded from exposed upwind surfaces and 
redeposited along dune crests and downwind slopes, re-
sulting in limited net elevation change at the scale of the 
entire dune field.

The observed topographic changes are closely re-
lated to the regional wind regime. Wind data indicate that 
dominant winds in the Merzouga region originate mainly 
from the northeast (NE–ENE) and south-southwest (SSW–
SW) directions, with prevailing wind speeds ranging be-
tween 10 and 30 km/h (Figure 5). These wind directions 
are well aligned with the orientation of dune ridges and 
the spatial patterns of sand accumulation and erosion iden-
tified in the DoD map. Stronger wind events (>30 km/h), 
although less frequent, likely contribute disproportionately 
to sand transport and dune reshaping.

Central dune fields exhibit relatively stable elevation 
values, suggesting a dynamic equilibrium where sediment 
erosion and deposition processes compensate each other 
over time. In contrast, dune margins and interdune corri-
dors show more pronounced elevation variability, reflect-
ing their sensitivity to wind-driven sediment transport and 
local topographic controls.

The spatial coherence between wind regime charac-
teristics and observed elevation changes provides robust 
qualitative evidence of long-term aeolian control on dune 
dynamics in the Merzouga Desert. The integration of DoD 

To address these limitations, the classification results 
were qualitatively validated using high-resolution Google 
Earth imagery and the official 1:100,000 geological map. 
This validation confirms the general spatial consistency of 
vegetation patches, dune fields, and bare soil units, despite 
the reduced quantitative accuracy observed in the 2025 
dataset. Consequently, trends identified for 2025 should be 
interpreted with caution, particularly in a quantitative con-
text.

3.2.	NDVI and NSI Patterns

NDVI and NSI indices consistently reveal an inverse 
relationship between vegetation cover and dune mobili-
ty across all three periods. Areas characterized by higher 
NDVI values generally correspond to lower NSI values, 
indicating reduced sand mobility due to vegetation anchor-
ing. Conversely, bare sand and active dune zones exhibit 
low NDVI and high NSI values, reflecting intense aeolian 
activity.

This spatial complementarity highlights the effec-
tiveness of NDVI–NSI integration for monitoring desert 
surface dynamics. However, the lower classification ac-
curacy observed in 2025 emphasizes the need for caution 
when interpreting subtle temporal changes, especially in 
sparsely vegetated environments where spectral confusion 
is common.

3.3.	Classification Accuracy

The supervised land-cover classifications distin-
guished four main classes: vegetation, stable dunes, active 
dunes, and bare soil. ASTER (2011) and Landsat 8 (2014) 
produced moderate to satisfactory results, with overall ac-
curacies of 75.32% and 78.36%, respectively, and Kappa 
coefficients ranging from 0.47 to 0.64. These values indi-
cate reasonable agreement between classified maps and 
reference data.

However, the Landsat 8 (2025) classification shows 
a significant decrease in accuracy (OA = 59.08%, Kappa = 
0.38), reflecting substantial misclassification among veg-
etation, stable dunes, and active dunes. This highlights the 
limitations of medium-resolution optical imagery for detect-
ing subtle land-cover changes in arid environments without 
extensive field validation or complementary datasets.
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analysis with wind data and NDVI–NSI results enhances 
the understanding of geomorphological responses to vege-

tation recovery and sand stabilization processes, particular-
ly along dune peripheries and interdune environments.

(a) (b)

(c)
Figure 4. (a) ASTER Global Digital Elevation Model (GDEM) representing dune topography in 2011; (b) Sentinel-1 InSAR-derived 
Digital Elevation Model illustrating dune morphology in 2025; (c) DEM of Difference (DoD) showing elevation changes between 
2011 and 2025, with positive values indicating sand accumulation and negative values indicating erosion or sand redistribution.
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4.2.	Topographic Responses to Aeolian Pro-
cesses and Wind Regime

The DEM of Difference analysis provides geomor-
phological evidence of long-term aeolian control on dune 
evolution between 2011 and 2025. The spatial alternation 
between zones of sand accumulation and erosion reflects a 
sediment redistribution process rather than net topographic 
gain or loss. Accumulation on dune crests and windward 
slopes, combined with erosion on leeward flanks and inter-
dune corridors, is consistent with classical dune migration 
mechanisms.

The strong spatial coherence between observed el-
evation changes and dominant wind directions (NE–ENE 
and SSW–SW) confirms that the regional wind regime is 
the primary driver of dune morphology. Although infre-
quent, high-energy wind events likely exert a critical influ-
ence by mobilizing large sediment volumes and reshaping 
dune surfaces, thereby periodically resetting ecological 
conditions.

Central dune fields exhibit relative topographic sta-

4.	 Discussion

4.1.	Controls of Vegetation on Sand Mobility 
in an Arid Ecosystem

The results confirm that vegetation plays a funda-
mental ecological role in regulating sand mobility in the 
Merzouga Desert. Vegetated areas are preferentially asso-
ciated with semi-fixed dunes, interdune depressions, and 
oasis margins, where local moisture availability, finer sed-
iments, and reduced wind exposure favor plant establish-
ment. These zones function as stabilizing elements within 
an otherwise highly dynamic dune system.

The inverse relationship observed between NDVI 
and NSI highlights the effectiveness of vegetation in re-
ducing aeolian transport by increasing surface roughness 
and limiting wind velocity near the ground. Even low-den-
sity vegetation cover appears sufficient to influence sedi-
ment dynamics, supporting previous ecological studies that 
emphasize the disproportionate stabilizing effect of sparse 
vegetation in desert environments.

Figure 5. Directional distribution and intensity of near-surface winds at Merzouga, illustrating prevailing NE–ENE and SSW–SW 
winds responsible for aeolian sediment transport and dune morphology.
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sensors may introduce vertical bias; however, the strong 
spatial alignment between elevation changes, wind regime, 
and ecological indicators supports the robustness of the in-
ferred aeolian processes.

4.5.	Implications for Desert Ecology and Sus-
tainable Management

From an ecological perspective, the results empha-
size that dune systems are not uniformly unstable but in-
stead exhibit spatially differentiated responses to wind 
forcing and vegetation dynamics. Dune margins and inter-
dune corridors emerge as key ecological transition zones 
where small increases in vegetation cover can significantly 
reduce sand mobility.

For sustainable desert management, these findings 
suggest that conservation strategies should prioritize the 
protection and restoration of vegetation in these sensitive 
areas. Targeted ecological interventions in dune peripheries 
may enhance natural stabilization processes, reduce sand 
encroachment, and improve ecosystem resilience under 
ongoing climatic variability.

4.6.	Broader Relevance and Future Research 
Directions

This study demonstrates the value of integrating 
spectral indices, topographic change detection, and wind 
data for understanding desert ecosystem dynamics. While 
methodological limitations remain, the combined approach 
provides a comprehensive framework for assessing vegeta-
tion–sand interactions in arid environments.

Future research should focus on multi-sensor inte-
gration, higher-resolution DEMs, and field-based measure-
ments to better quantify sediment fluxes and vegetation 
effects. Such efforts are essential for advancing ecological 
monitoring and informing adaptive management strategies 
in desert regions facing increasing environmental pres-
sures.

5.	 Conclusions
This study provides an integrated ecological and 

geomorphological assessment of dune dynamics in the 
Merzouga Desert over the period 2011–2025 by combining 

bility, suggesting a state of dynamic equilibrium where 
erosion and deposition processes compensate over time. In 
contrast, dune margins and interdune corridors show great-
er elevation variability, reflecting their heightened sensitiv-
ity to wind forcing and local surface conditions.

4.3.	Vegetation–Topography Feedbacks and 
Ecological Significance

The integration of NDVI–NSI indicators with 
DoD-derived elevation changes reveals important feedback 
mechanisms between vegetation and topography. Areas 
exhibiting reduced erosion or localized accumulation often 
correspond to zones of higher vegetation density, particu-
larly along dune margins and interdune corridors. Vegeta-
tion in these areas likely contributes to sediment trapping 
and micro-topographic stabilization, reinforcing conditions 
favorable for further plant colonization.

This feedback is ecologically significant because 
they promote spatial heterogeneity within the dune sys-
tem. Rather than uniform stabilization, desert ecosystems 
evolve through localized processes where microhabitats 
play a critical role in shaping broader landscape dynamics. 
Such heterogeneity enhances ecological resilience by cre-
ating refugia for vegetation and limiting widespread sand 
mobilization.

4.4.	Uncertainty, Validation, and Methodologi-
cal Constraints

Despite the ecological coherence of the observed 
patterns, uncertainties related to classification accuracy 
and DEM integration must be acknowledged. The reduced 
accuracy of the 2025 Landsat classification highlights the 
difficulty of discriminating vegetation and dune stability 
classes in sparsely vegetated arid environments using me-
dium-resolution optical imagery.

To mitigate these limitations, qualitative validation 
using high-resolution Google Earth imagery and geolog-
ical maps was employed, confirming the spatial consis-
tency of major land-cover units and geomorphic features. 
While these validations do not eliminate uncertainty, they 
strengthen confidence in the interpretation of dominant 
spatial patterns and long-term trends.

Similarly, the use of DEMs derived from different 
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