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Introduction

The central massif of the Aurès constitutes a region of major 
interest in terms of Mediterranean biodiversity and ecological 
heritage (Quézel, Médail, 2003; Bezzih et al., 2021). However, for 
several decades, it has been experiencing marked environmental 
degradation due to the combined effects of climate aridification 
and increased anthropogenic pressures such as intensive over-
grazing, recurrent fires, and growing urbanization (Anser, 2002; 
Bezzih et al., 2021). These combined factors particularly weaken 
the most sensitive ecosystems, such as the relict forests of Cedrus 
atlantica and the maquis dominated by Juniperus phoenicea (Be-
ghami et al., 2012; Laala, Alatou, 2016).

Remote sensing, and in particular spectral indices derived from 
Landsat images, constitutes a preferred tool for large-scale temporal 
and spatial environmental monitoring (Campbell, Wynne, 2011; 
Gorelick et al., 2017). The normalized difference vegetation index 
(NDVI) provides valuable information on vegetation vigor, but it 
alone does not precisely characterize underlying processes such 
as water stress, soil exposure, or salinization (Metternicht, Zinck, 
2003).

To address these issues, three complementary indices were 
employed: the normalized difference water index (NDWI) 
shows changes in the humidity of soil and vegetation (Gao, 
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1996), the Bare soil index (BI) measures how much soil is ex-
posed (Rikimaru et al., 2002), and the salinity index (SI) was 
recently tested in semi-arid areas of Algeria (Mallem et al., 
2025). 

Despite the ecological importance of this region, few studies 
have precisely quantified the spatiotemporal evolution of vegeta-
tion over the past decades. The present research aims to fill this 
gap by conducting a diachronic analysis of the vegetation cover 
in the Aurès over 33 years (1990–2023) using Landsat series and 
the NDVI, NDWI, BI, and SI indices. The choice of the years 
1990, 2000, 2013, and 2023 corresponds to periods characterized 
by contrasting climatic conditions (severe droughts, wet years), 
thus allowing a relevant analysis of the spatiotemporal fluctua-
tions of vegetation cover over the long term. Our approach com-
bines image processing, GIS analysis, field survey validation, 
and ecological interpretation to precisely identify the phases of 
degradation and regeneration of vegetation cover, determine the 
key factors influencing these dynamics, and propose operational 
solutions for sustainable management adapted to this semi-arid 
context.

Material and methods

The overall workflow is summarized in Figure 1.
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Study area

The study area covers the mountainous core of the Aurès massif, 
which is situated between 35°10´ and 35°30´ North latitude and 
5°57´ and 6°39´ East longitude. It encompasses the high altitudes 
of eight primarily mountainous communes: Théniet El Abed, 
Arris, Ichemoul, Foum Toub, Chir, Bouzina, Tighanimine, and 
Inoughissene (Fig. 2).

The calcareous-marl relief exhibits a contrasting morphol-
ogy, transitioning between deeply incised valleys and tabular 
ridges (Benmessaoud et al., 2009). The distribution of plant eco-
systems is significantly influenced by the high altitudinal vari-
ability (up to 2330 m) and the topographical heterogeneity.

The climate is semi-arid to arid, with precipitation being 
concentrated in the winter season and a very dry summer. This 
regime severely restricts the vegetative growth season and accen-
tuates water constraints.

Satellite data and preprocessing

This analysis utilizes four (04) series of Landsat satellite images ob-
tained throughout the spring (from March 1 to May 31) (Table 1), a 
timeframe that aligns with the peak greenness phase in the study area. 
The selected scenes, obtained from the USGS Collection 2 – Level 2 
Surface Reflectance, all exhibited cloud cover of 5% or less, thereby 
guaranteeing dependable interannual comparison (USGS, 2021).

Preprocessing steps included:
1.	 Cloud and shadow masking using the QA_PIXEL band 

(bits 3 and 5).
2.	 Radiometric calibration by applying USGS scale factors 

(0.0000275 × DN – 0.2).
3.	 Spatial clipping of each image to the study boundary.Fig. 1. Methodological workflow.

Fig. 2. Location map of the study area in the central Aurès (Algeria).

Year Sensor Acquisition dates Path/Row Spatial resolution
1990 Landsat-5 TM Apr 15; May 29 187/034 30 m
2000 Landsat-7 ETM+ Apr 17; May 03; May 19 187/034 30 m
2013 Landsat-8 OLI Apr 21; May 07 187/034 30 m
2023 Landsat-9 OLI-2 Apr 23 187/034 30 m

Table 1. Landsat images used in the study.
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Spectral Indices

Four spectral indices were calculated from calibrated reflectance 
bands:

1.	                                               

    (Vigor and density of vegetation);

2.	                                                  
   
    (Soil and canopy moisture; Gao, 1996);

3.	                              

    (Bare soil exposure; Rikimaru et al., 2002);

4.	                            

   (Soil surface salinity; Mallem et al., 2025).

Each index was computed separately for TM/ETM+ (B1, B3, 
B4, B5) and OLI/OLI-2 (B2, B4, B5, B6) sensors (see Table 2).

Change detection

The dynamics of vegetation cover were analyzed through dia-
chronic comparisons of NDVI for three critical periods: 1990–
2000, 2000–2013, and 2013–2023. The pairwise comparison of 
NDVI images over these intervals elucidates the primary pat-
terns in vegetation dynamics and delineates regions of regres-
sion, regeneration, or ecological stability (Singh, 1989; Coppin 
et al., 2004). An NDVI difference map (ΔNDVI) was produced 
for each interval. A variation threshold of ±0.05 was imple-
mented to differentiate substantial changes from minor natural 
fluctuations, in accordance with the guidelines of Lunetta et 
al. (2006). The pixels were consequently categorized into three 
classes:
•	 Gain: NDVI > +0.05;
•	 Loss: NDVI < –0.05;
•	 Stability: –0.05 ≤ NDVI ≤ +0.05.

A synthesis map illustrating the changes from 1990 to 2023 
has been developed to show the long-term trends in vegetation 
cover by consolidating all variations identified over more than 
three decades within the study area.

NDVI segmentation

According to the research conducted by Khallef and Zennir 
(2023) on the semi-arid ecosystems of the Maghreb, NDVI val-
ues were categorized into four functional classifications repre-
senting varying degrees of vegetation cover density:
•	 Dense: NDVI ≥ 0.50;
•	 Medium: 0.30 ≤ NDVI < 0.50;
•	 Light: 0.10 ≤ NDVI < 0.30;
•	 Bare soil: NDVI < 0.10.

The adoption of fixed thresholds guaranteed a rigorous tem-
poral comparability, thereby removing biases introduced by su-
pervised learning methods sensitive to training variations from 
one year to the next. 

The diachronic analysis relied on quantifying the regions in-
habited by each NDVI class for the reference years 1990, 2000, 
2013, and 2023. The alterations between classes were subse-
quently assessed by cross-matrixing the categorized maps for 
each temporal interval (1990–2000, 2000–2013, 2013–2023) 
and then for the full study duration (1990–2023).  This method 
facilitated the systematic detection of vegetative transitions, in-
cluding gains (enhancements in coverage), losses (degradation), 
or stability. It, thus, constitutes a relevant tool for interpreting 
ecological evolution trajectories and diagnosing the dynamics of 
regeneration or regression of vegetated environments (Lu, Weng, 
2007; Fichera et al., 2012).

Climatic data

The climatic data used throughout the present study were ac-
quired from the Batna synoptic station. The GHCN-Daily 
(Global Historical Climatology Network) database was used to 
extract daily precipitation data. These were subsequently aggre-
gated on a monthly basis to facilitate seasonal interpretation. 
The seasonal dynamics were represented using ombrothermic 
diagrams according to the method of Bagnouls and Gaussen 
(1953) to characterize the interannual hydric conditions. These 
diagrams illustrate a relationship between the average monthly 
temperatures (T) (°C) and the monthly precipitation totals (P) 
(mm), employing the conventional scale in which 2 mm of pre-
cipitation is equivalent to 1 and the monthly precipitation totals 
(mm), utilizing the standard scale in which 2 mm of precipita-
tion corresponds to 1 °C. The months meeting the criterion P < 
2T are classified as dry, providing a clear visual representation 
of the duration and severity of the dry season for each analyzed 
year.

Field validation

In order to confirm the reliability of the NDVI classification, a 
field validation campaign was implemented in the spring of 2023. 
A total of 78 floristic surveys were conducted in 200 m² sites that 
were distributed along an altitudinal gradient from 980 m to 
2,150 m. Each point was surrounded by a 45-meter buffer zone, 
which corresponds to approximately 1.5 Landsat pixels, mitigat-
ed geolocation offsets and mixed-pixel effects when intersecting 
30-m imagery. A stratified random sampling procedure was ap-
plied around each survey point, yielding a total of 7,020 valida-
tion pixels distributed across the four NDVI classes, following 
Olofsson et al. (2014). Field observations were used to support 
class interpretation and to validate the ecological relevance of the 
classification.
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Sensor BLUE band RED band NIR band SWIR 1 band
TM/ETM+ B1 B3 B4 B5
OLI/OLI2 B2 B4 B5 B6

Table 2. Spectral bands.
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Results

Validation of the NDVI classification

The NDVI classification was assessed using 7,020 ground vali-
dation pixels. The findings demonstrate an overall accuracy of 
88.2% and a Kappa coefficient (κ) of 0.84. Table 3 displays the 
confusion matrix, which indicates the accuracy rate for each 
NDVI class.

Diachronic vegetation cover dynamics 

Figure 3 illustrates the geographic distribution of the four veg-
etation density classifications obtained from NDVI for the years 
1990, 2000, 2013, and 2023. These classes relate to the following 

categories: Dense, Medium, Light, and Bare soil. Table 4 provides 
the areas (in hectares) and the corresponding percentages for 
each class during these four years.

Inter-period fluctuations (Table 5) highlight three phases:
•	 1990–2000: Sharp degradation (–4,972 ha Dense, –23,683 

ha Medium).
•	 2000–2013: Regeneration (+10,114 ha Dense, +36,813 ha 

Medium).
•	 2013–2023: Renewed regression (–9,790 ha Dense, –32,031 

ha Medium).

Vegetation Change Dynamics (ΔNDVI)

The spatiotemporal dynamics of vegetation cover from 1990 to 
2023 were examined by a pixel-by-pixel comparison of NDVI 

Fig. 3. NDVI maps for (up)1990 and (bellow)2000 showing four vegetation density classes (Dense, Medium, Light, Bare soil).
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values. Figure 4 depicts the spatial distribution of changes 
throughout the study area, categorized into three classifications: 
Gain (in green) representing a substantial rise in NDVI; Loss (in 
red) denoting a reduction; and Stability (in yellow) indicating 

the lack of significant change. Table 6 presents the absolute areas 
(in hectares) and relative areas (in percentage) corresponding to 
each category for the time intervals 1990–2000, 2000–2013, and 
2013–2023 and for the overall global period 1990–2023.

Fig. 3. NDVI maps for (up)2013, and (bellow)2023 showing four vegetation density classes (Dense, Medium, Light, Bare soil).

Reference vs prediction Dense Medium Light Bare soil Total Producer precision
Dense (≥ 0.50) 1,700 80 15 5 1,800 94.4 
Medium (0.30–0.50) 120 1,800 150 30 2,100 85.7 
Light (0.10–0.30) 20 220 1,600 60 1,900 84.2 
Bare soil (< 0.10) 20 50 60 1,090 1,220 89.3 
Total prediction 1,860 2,150 1,825 1,185 7,020
User precision 91.4 83.7 87.7 92.0 

Table 3. Confusion matrix and precision metrics for classification.
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Year Dense 
(ha/%)

Medium 
(ha/%)

Light 
(ha/%)

Bare soil 
(ha/ %)

1990 5,284/5.44 37,402/38.50 54,122/55.72 330/0.34 
2000 312/0.32 13,719/14.12 81,545/83.95 1,562/1.61 
2013 10,426/10.73 50,532/52.02 36,035/37.10 146/0.15 
2023 636/0.65 18,501/19.05 77,258/79.53 744/0.77 

Intervals Δ Dense 
(ha)

Δ Medium 
(ha)

Δ Light 
(ha)

Δ Bare soil 
(ha)

1990‒2000 –4,972 –23,683 +27,423 +1,232
2000‒2013 +10,114 +36,813 –45,510 –1,416
2013‒2023 –9,790 –32,031 +41,223 +598
1990‒2023 –4,648 –18,901 +23,136 +414

Intervals Gain 
(ha)

Gain 
(%)

Loss 
(ha)

Loss 
(%)

Stability 
(ha)

Stability 
(%)

1990‒2000 319.5 0.33 34,095.8 35.10 62,723.1 64.57
2000‒2013 56,163.8 57.93 376.2 0.39 40,460.0 41.68
2013‒2023 187.0 0.19 47,150.0 48.54 49,663.0 51.27
1990‒2023 27,039.8 27.88 29,134.9 29.99 40,825.3 42.13

Year NDVI–NDWI NDVI–BI NDVI–SI BI–SI
1990 0.76 –0.44 –0.61 –0.32
2000 0.79 –0.89 –0.77 0.64
2013 0.88 –0.91 –0.71 0.45
2023 0.77 –0.86 –0.82 0.60

Table 7. Pearson correlations among the spectral indices NDVI, 
NDWI, BI, and SI.

Table 4. Areas and percentages by NDVI class for the four years.

Table 5. Inter-period fluctuations of the four NDVI classes.

Table 6. Absolute and relative surfaces of the Gain, Loss, and Stable 
categories for each interval.

Correlations among spectral indices

The examination of Pearson statistical correlations among the 
spectral indices NDVI, NDWI, BI, and SI indicates diverse eco-
logical patterns across the years analyzed (1990, 2000, 2013, and 
2023). Table 7 illustrates the correlation between NDVI and 
NDWI, highlighting the strong relationship between vegeta-
tive vigor and water availability. Furthermore, the correlations 
between NDVI and the BI and SI indices indicate the simulta-
neous deterioration of plant cover alongside soil exposure and 
salinization. A significant transformation is noted in the BI–SI 
relationship, shifting from a negative correlation in 1990 to a ro-
bust positive association in 2023.

Figure 5 illustrates the correlations between NDVI and other 
spectral indices, indicating that NDVI–NDWI represents the 
impact of surface moisture on vegetation, NDVI–BI emphasizes 
the disparity between vegetative vigor and Bare soil, and NDVI–
SI demonstrates the detrimental effect of salinity on plant cover.

Climate–Vegetation Relationships

The correlation between yearly climatic variations and vegetation 
cover dynamics was examined by the ombrothermic diagrams of 
Bagnouls and Gaussen (1953) created for the years 1990, 2000, 
2013, and 2023 (Fig. 6). 

These maps illustrate the monthly distribution of average 
temperatures and precipitation. The monthly precipitation and 
temperatures documented at the Batna synoptic station were uti-
lized to produce these diagrams. 

Table 8 encapsulates the principal meteorological profiles re-
corded annually, the number of recognized arid months, and the 
associated vegetative response measured through NDVI across 
the specified periods.

Discussion 

Methodological Validation and Accuracy

The overall accuracy of 88.2% and the Kappa coefficient of 0.84 
demonstrate the method’s robustness for NDVI classification 
(Landis, Koch, 1977). The results align with those documented 
by Khallef and Zennir (2023) in the Algerian steppes. The best 
performances were achieved for the extreme classes (Dense and 
Bare soil), owing to their unique spectral signatures. The confu-

Year Arid months (P < 2T) Climatic profile Vegetation response (ΔNDVI)
1990 7 (Mar–Sep) Extended dry summer; annual rainfall ≈ 185 mm; July tem-

perature > 28 °C
Strong regression 1990–2000 (–35%)

2000 4 (Jun–Sep) Winter precipitation (January > 110 mm); favorable spring 
water recharge

Regeneration 2000–2013 (+58%)

2013 5 (Mar–Aug) Balanced rainfall; secondary peak in September; moderate 
temperatures

Peak NDVI (Dense = 10.73 % of area)

2023 6 (May–Oct) Irregular rainfall (May, November); summer heatwave (T > 
30 °C)

Strong reduction 2013–2023 (–48%)

Table 8. Climate–vegetation interaction based on the P < 2T criterion (Bagnouls–Gaussen).
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sions observed between the Medium and Light classes illustrate 
the inherent continuity of the plant density gradient, rather than 
a deficiency in the approach. The method of classifying NDVI 
using fixed thresholds has mitigated biases linked to supervised 
learning, especially in heterogeneous environments.

Vegetation Dynamics and Climatic Forcing

The interannual analysis demonstrates significant spatiotempo-
ral variability in the vegetation cover across the Aurès massif 
from 1990 to 2023. The significant reduction in dense vegetation 
from 1990 to 2000 (–4,972 ha) corresponds with a pronounced 
aridification period and heightened human-induced stressors 
(Beghami et al., 2012; Bezzih et al., 2021). In contrast, the pe-
riod from 2000 to 2013 exhibits an important regeneration phase 
(+10,114 hectares of dense vegetation), likely enhanced by im-
proved climatic circumstances, particularly increased spring wa-
ter recharge (Table 8). The notable reduction in dense vegetation 

from 2013 to 2023 (–9,790 ha) indicates a revival of pressures, 
particularly associated with increased summer aridity and hu-
man-induced disturbances.

The NDVI difference map from 1990 to 2023, along with the 
absolute and relative areas of the Gain, Loss, and Stable classes 
for each interval, reveals three significant trends: (i) substantial 
degradation from 1990 to 2000 (35% of the area in loss), (ii) lo-
calized regeneration from 2000 to 2013, and (iii) a new phase of 
rapid decline from 2013 to 2023.  The increase recorded from 
2000 to 2013 (about 56,164 ha) corresponds with a comparatively 
moist and stable interval. Nevertheless, the recent loss of 47,150 
hectares may indicate a resurgence of active desertification pro-
cesses. These results corroborate the research of Giorgi and Li-
onello (2008) about the vulnerability of Mediterranean plant 
cover to climate change.

The examination of ombrothermic diagrams indicates a 
strong association between the intensity of the dry season and 
the vegetation’s reaction. In 1990 and 2023, vegetation saw a 

Fig. 4. NDVI change map (ΔNDVI) between 1990 and 2023, showing Gain, Loss, and Stability classes.

Fig. 5. Relationships between NDVI and the other spectral indices (NDWI, BI, and SI).
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summer temperatures, circumstances favorable for a partial res-
toration of vegetation cover (Quézel, Médail, 2003). These data 
indicate that the NDVI is a sensitive metric of seasonal water 
availability and the durability of extreme events.

Ecological Insights from Spectral Indices

The analysis of correlations across spectral indices (NDVI, 
NDWI, BI, and SI) demonstrates strong and dynamic ecological 
interactions throughout the examined period. The strong posi-
tive association consistently seen between NDVI and NDWI (R 
reaching 0.88 in 2013) substantiates the significant impact of wa-
ter availability on vegetation vitality in the central Aurès region. 
The results align with the research of Gao (1996) and Mallem et 
al. (2025), emphasizing the critical role of moisture in sustaining 
vegetation cover in a semi-arid Mediterranean ecosystem. When 
hydrological conditions enhance, a considerable rise in photo-
synthetic activity and plant biomass is seen, especially during the 
regeneration phase from 2000 to 2013.

The pronounced negative correlations observed between 
NDVI and BI (R as low as –0.91 in 2013) and between NDVI 
and SI (R as low as –0.82 in 2023) indicate a substantial deterio-
ration of vegetation cover alongside a marked rise in Bare soils 
and salinization.  These adverse correlations are indicative of 
advanced degradation processes, seen in other semi-arid Medi-
terranean habitats experiencing significant anthropogenic pres-
sures (Laala, Alatou, 2016). Significant vegetation losses over the 
key decades of 1990–2000 and 2013–2023 closely coincided with 
bouts of extended drought.

The BI–SI correlation exhibited a significant transformation, 
shifting from a negative value of –0.32 in 1990 to a notable posi-
tive value from 2000 onward, registering +0.64 in 2000 and +0.60 
in 2023. This reversal indicates a significant change in ecosystem 
dynamics: initially, salinized regions were not inherently bar-
ren, but as degradation escalates, the processes of salinization 
and denudation become closely linked, demonstrating a gradual 
decline in the physical (texture, structure) and chemical (salt ac-
cumulation) characteristics of the soils. This ecological transi-
tion toward degradation signifies significant deterioration, with 
desertification processes accelerating systematically and perma-
nently if prompt remedial actions are not implemented (Mallem 
et al., 2025).

Implications for Sustainable Management

The sensitivity of NDVI to winter–spring precipitation short-
falls, previously emphasized in other semi-arid Mediterranean 
areas (Gouveia, Trigo, 2008; Vicente-Serrano et al., 2020), neces-
sitates the establishment of an early warning system that com-
bines monthly rainfall monitoring and high-resolution satellite 
imagery. The warning threshold can be set at a decrease in NDVI 
of greater than 0.05 between two decadal composites (10 days), 
triggering targeted field inspections (Gorelick et al., 2017).

The swift conversion of initially designated “Medium” re-
gions to “Light” in dry years highlights the necessity to regulate 
the animal population on vulnerable slopes. Three-year rota-
tional grazing and temporary closures of at least 20% of the most 
degraded areas are recommended in accordance with the guide-
lines established for semi-arid regions (Zdruli, Zucca, 2023). 

Fig. 6. Ombrothermic diagrams (Bagnouls–Gaussen) for (a) 1990, 
(b) 2000, (c) 2013, and (d) 2023 at the Batna synoptic station.

substantial reduction due to extended water stress (7 and 6 dry 
months, respectively).  Conversely, the years 2000 and 2013 ex-
hibit a more evenly distributed rainfall pattern and moderate 

a)

b)

c)

d)
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The spontaneous regeneration centers identified from 2000 
to 2013 suggest that assisted restoration may depend on xerotol-
erant species like Pinus halepensis and Pistacia atlantica, which 
can sustain an NDVI exceeding 0.35 in arid conditions (Bezzih et 
al., 2021). Selective thinning and protection from grazing facili-
tate the recovery of relict cedar woods (Cedrus atlantica).

The latest NDVI declines correspond with a rise in fire fre-
quency (Bezzih et al., 2021). Establishing linear firebreaks, imple-
menting brush clearing via targeted grazing, and employing ther-
mal drones for swift fire detection are key strategies. The creation 
of small hill ponds and contour benches on bare hillsides enhances 
water retention and mitigates erosion (Lu, Weng, 2007).

These actions, in conjunction with monitoring, regulated 
pastoral management, focused ecological restoration, and fire 
and water management, establish a framework to reverse vegeta-
tion decline and enhance the resilience of the central Aurès mas-
sif against anticipated aridification. 

Conclusion

This work allows a 33-year analysis of the spatiotemporal dy-
namics of vegetation cover in the central Aurès region by the 
integration of Landsat satellite imagery, spectral indices (NDVI, 
NDWI, BI, and SI), climate data, and field surveys. The results 
indicated a succession of degradation and regeneration stages, 
closely associated with climate variations, particularly the length 
and severity of arid intervals. 

The reduction in vegetation cover noted between 1990–2000 
and 2013–2023 highlights the growing susceptibility of this 
mountainous environment to climate aridification and unregu-
lated human activities, particularly overgrazing, fires, and ur-
banization. Conversely, the period from 2000 to 2013, marked by 
enhanced spring water recharge, demonstrates the persistence of 
vegetation under improved ecological conditions. 

The threshold-based NDVI classification method validated 
through field surveys, achieved high overall accuracy, thereby 
enhancing the reliability of ecological interpretations. 

Furthermore, the ombrothermic diagrams validated that the 
criterion P < 2T continues to be pertinent for associating water 
stress with vegetative vigor. These findings necessitate a more co-
hesive and flexible management approach for the Aurès domains, 
including measures such as reforestation, curtailing overgrazing, 
safeguarding relict regions, and enhancing water retention. The 
integration of spectral indices (NDVI, NDWI, BI, and SI) with 
climate analysis is validated as a crucial tool for ecological moni-
toring and the formulation of conservation strategies in Mediter-
ranean mountainous regions.
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