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Abstract: Arid and semi-arid regions are particularly
vulnerable to climate change, where rising temperatures
and declining rainfall accelerate vegetation degradation
and desertification processes. Remote sensing provides an
effective framework for monitoring these environmental
changes over time. This study aims to assess spatio-temporal
vegetation dynamics and identify the role of climate change
in driving desertification in the Biskra region between 2005
and 2025, using multiple remote sensing vegetation indices.
The findings reveal significant environmental degradation in
the Biskra region over the study period. The median Green
Chlorophyll Index (GCI) declined sharply from 1.5 to 0.78,
indicating a marked reduction in photosynthetic efficiency.
Similarly, the median Enhanced Vegetation Index (EVI)
decreased from 0.4 to 0.1, reflecting severe vegetation stress.
The Transformed Soil-adjusted Vegetation Index (TSAVI)
showed a 35% loss in peak vegetation density between 2005
and 2015, with its maximum value dropping from 0.94 to
0.61. Although a partial recovery was observed by 2025, as
the TSAVI maximum returned to 0.94, this improvement
remained localized and did not represent a regional recovery.
These vegetation declines coincided with pronounced climatic
changes. Mean annual temperature increased from 20.5°C to
23.8°C, while precipitation became increasingly irregular,
decreasing from 152 mm to 118 mm and reaching a critical
minimum of 68 mm during the 2021 drought. Additional
indices confirmed the degradation trend, with median NDVI
values falling from 0.15 to 0.08 and SAVI from 0.18 to 0.09.
Spatial analysis revealed persistent heterogeneity, with
high-density vegetation confined to northern areas, while
degraded zones expanded to cover 78% of the region. Overall,
the results highlight climate change as the primary driver of
desertification, emphasizing the urgent need for targeted
ecosystem resilience strategies.

Key words: Multi-index, degradation, climate change, remote sensing,
arid regions, spatio-temporal analysis.

Vegetation cover degradation is a major ecological
challenge, characterized by persistent declines in vegetation
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and substantial biodiversity losses over recent
decades (Encinas-Valero et al., 2022; Deghiche-
Diab, 2020; Aouissi et al., 2021; Reynolds et al.,
2007; Maestre et al., 2022). This degradation is
further exacerbated by climate variability, soil
degradation, and anthropogenic pressures,
including deforestation, overgrazing, and
unsustainable land-use practices. Together,
these interacting factors accelerate ecosystem
degradation, reduce  biodiversity, and
undermine vegetation’s resilience and capacity
to recover from environmental disturbances
(Lambin et al., 2001; Geist and Lambin, 2004;
IPCC, 2021). Arid and semi-arid regions are
undergoing significant climatic changes that
profoundly disrupt Saharan ecosystems in
particular. These changes manifest through
thermal anomalies, shifts in precipitation
patterns, and an increase in the frequency of
extreme events, such as prolonged droughts.
These eco-physiological disturbances lead
to increased water stress, a decrease in
photosynthesis, and reduced plant growth. As
a result, the biogeographical ranges of plant
species are shifting, in some cases toward less
suitable habitats, thereby further weakening
ecosystem stability and resilience (Parmesan
and Yohe, 2003; Chen et al., 2011).

Consequently, desertification is intensifying,
and the ecological niches of native arid-adapted
species are being disrupted, often leading to a
loss of biodiversity and the invasion of non-
native species, which further destabilizes these
fragile ecosystems (Maestre et al., 2022; Deghiche-
Diab et al., 2023). This process accelerates land
degradation, critically impairing the capacity of
these landscapes to recover and sustain their
vital ecological roles, such as soil stabilization,
nutrient cycling, and the support of pastoral
and agricultural livelihoods (IPBES, 2018; Bai
et al., 2008). This dynamic further intensifies
vegetation degradation, thereby compromising
the capacity of ecosystems to regenerate and
perform essential ecological functions, including
carbon sequestration, soil protection, and the
regulation of hydrological cycles (Berdugo et al.,
2020). To understand the interaction between
these degradation factors and climate impacts,
the application of remote sensing is an effective
and economical method. This technique allows
for regular monitoring, precise mapping, and
temporal analysis of changes at various spatial
scales (Turner et al., 2015; Gorelick et al., 2017).

Data from Landsat satellites, particularly those
from Landsat-5 and 8, stand out for their
high spectral resolution and free accessibility,
making them a valuable tool for vegetation
research at the global, continental, regional,
and national levels (Roy et al., 2014; Wulder
et al., 2018; Zhu et al., 2020).

Remote sensing, based on the interaction
between radiative energy and matter, facilitates
continuous and repeated monitoring of
vegetation cover. It allows for the detection
of temporal variations, the analysis of time
series, and the revelation of patterns related
to phenology, vegetation growth, seasonal
fluctuations, and long-term trends (Pettorelli
et al., 2018; Zhu et al., 2016). This information is
crucial for understanding ecosystem dynamics,
detecting disturbances, and assessing the
impacts of climate change (Turner et al., 2003;
Fensholt ef al., 2012). In this context, the present
study focuses on the detailed mapping of
vegetation cover in the arid regions (Biskra
province), located in the northeast of the
Algerian Sahara, over twenty years from 2005
to 2025. This study documents the spatio-
temporal dynamics of forest cover using a suite
of advanced vegetation indices.

The core indicators include the Normalized
Difference Vegetation Index (NDVI), Soil-
Adjusted Vegetation Index (SAVI), Modified
SAVI (MSAVI), Transformed SAVI (TSAVI),
Green Chlorophyll Index (GCI), and Enhanced
Vegetation Index (EVI). NDVI assesses
vegetation density and health, supporting
biomass estimation and global ecosystem
monitoring. SAVI and its variants (MSAVI,
TSAVI) correct for soil brightness and local
soil conditions, improving accuracy in
sparse or arid environments. GCI measures
chlorophyll content, reflecting photosynthetic
activity and stress, while EVI further enhances
sensitivity by correcting for atmospheric and
canopy background effects, especially in high-
biomass regions (Abbas, 2024). Integrating
these vegetation indices into multispectral
remote sensing data analysis enables a
comprehensive assessment of vegetation
health, density, and structural characteristics,
providing an integrated understanding of
vegetation ecological dynamics in Biskra
Province. This approach is designed to support
the identification and management of fragile
areas and to inform conservation strategies
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essential for the long-term preservation of the
region. Beyond the spatio-temporal analysis, a
central aim of this study is to jointly examine
the relationships among the vegetation indices
(NDVI, SAVI, MSAVI, TSAVI, GCI, and EVI).
To this end, a correlation analysis is conducted
to evaluate how these indices respond
collectively or divergently to environmental
conditions, to clarify their complementarity,
individual sensitivity, and overall relevance
for monitoring long-term vegetation dynamics.

Material and Methods

Study area

Geographically, Biskra Province (Fig. 1) is
located in the northeastern part of the Algerian
Sahara. It extends south-eastward towards the
Chott Melghir area and south-westward to
the beginning of the Great Eastern Erg, with
an average altitude of approximately 124 m
above sea level. It extends over an area of 10246
km? (Deghiche-Diab and Deghiche, 2022). It
is bounded by Batna Province to the north,
M’sila Province to the northwest, Khenchela
Province to the east, Ouled Djellel Province
to the southwest, and El Oued Province to
the southeast and south, while El M’ghair
Province also borders it to the south. The region
is characterized by a diverse landscape, with
mountainous terrain dominating the northern
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areas and gradually giving way to plains
toward the south, ultimately extending into
vast desert expanses interspersed with fertile
oases.

Climatic Characteristics: Biskra Province,
located in southeastern Algeria between
latitudes 34°N and 35°N, lies at the interface
between the Saharan and steppe bioclimatic
zones. The region is characterized by a hot
desert (arid to semi-arid) climate according
to the Koppen classification (BWh-BSh)
(Ozenda, 2004). Annual rainfall is low and
irregular, averaging between 50 and 150 mm,
concentrated mainly between November and
March (ONM, 2022). Temperatures show
strong seasonal and daily variations. Summer
is extremely hot, with maximum temperatures
often exceeding 45°C in July and August, while
winter remains mild, with averages around 12
to 15°C and occasional drops below 5°C (IPCC,
2021; Hersbach et al., 2020). The mean annual
temperature is approximately 22 to 23°C. The
region experiences high evapotranspiration
rates and frequent hot winds (chili or chergui),
which accentuate aridity and soil desiccation.
Relative humidity rarely exceeds 40% during
the dry season. The climatic regime also
features short, intense rain events, leading to
flash floods in the surrounding wadis such as
Oued El Arab and Oued Mellah (Hamlat et al.,
2021). This extreme climatic variability directly
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influences vegetation distribution, land use,
and hydrological dynamics, making Biskra a
typical example of the fragile arid ecosystems
of the northern Sahara.

Floristic Composition

Due to its climatic conditions, the region
is characterized by scarce precipitation and
very high temperatures (Ozenda, 2004). This
climatic and geomorphological variability
supports a diverse but xerophytic flora well
adapted to drought, salinity, and temperature
extremes (Quézel and Santa, 1962). The regional
flora comprises more than 400 vascular plant
species, primarily from the families Poaceae,
Asteraceae, Chenopodiaceae, and Fabaceae
(Quézel and Santa, 1962; Ozenda, 2004;
Salemkour et al., 2012; Deghiche-Diab and
Deghiche, 2016). Steppe vegetation is dominated
by Artemisia herba-alba, Stipa tenacissima, and
Lygeum spartum, while halophytic species such
as Atriplex halimus and Salsola vermiculata prevail
in saline depressions and sebkhas surrounding
Chott Melghir. Psammophilous Saharan taxa,
notably Retama raetam, Calligonum comosum, and
Rhanterium suaveolens are common in sandy
zones near Ourlal and Sidi Khaled (Deghiche-Diab
et al., 2016). In the mountainous northern regions
(El Kantara, M’chouneche), Mediterranean relict
species like Pinus halepensis, Juniperus phoenicea,
and Rosmarinus officinalis persist, reflecting the
ecological transition from steppe to forested
environments (Quézel and Santa, 1962). Human
activities such as overgrazing, urban expansion,
and agricultural intensification have accelerated
vegetation degradation and desertification
processes in the Biskra region (Tandjaoui et
al., 2025; Boukerker et al., 2022, Deghiche-Diab,
2020).

Acquisition and Preprocessing of Satellite Data:
In this study, remote sensing was conducted
using Landsat satellite imagery. Specifically,
Landsat 5 images were used for the year 2005,
and Landsat 7 images for the years 2015 and
2025. The image acquisition periods for each
year extended from January 1 to December
31 (i.e., from 01/01/2005 to 31/12/2005, from
01/01/2015 to 31/12/2015, and from 01/01/2025
to 31/12/2025, respectively), ensuring a
comprehensive temporal coverage of each year.
These satellites provide high-resolution data
with multiple spectral bands, which is essential
for a detailed analysis of vegetation dynamics.

Landsat 5 offers seven spectral bands, while
Landsat 7 provides eight, both with a spatial
resolution of approximately 30 meters, making
them suitable for monitoring vegetation and
land cover change over multidecadal periods
(Gorelick et al, 2017; Liang et al, 2023).
This long-time span allows for an in-depth
analysis of long-term vegetation trends in
the studied region. The satellite images were
downloaded from Google Earth Engine, a
platform that provides easy access to a vast
collection of freely available satellite data and
high-performance geospatial computing (Xie
et al., 2019). The use of these high-resolution
images enables the detection and quantification
of subtle vegetation variations over time.

Vegetation Index Analysis- Normalized
Difference Vegetation Index (NDVI):

The Normalized Difference Vegetation Index
(NDVI) is a key indicator of vegetation health,
based on the ratio between the near-infrared
(NIR) and red reflectance. It is calculated using
the following equation:

(NIR — Red)

WOV IR Red) )

where: NIR represents the near-infrared band;
Red represents the red band of Landsat; NDVI
values range from -1 to +1, with higher
positive values indicating denser and healthier
vegetation (Fayech and Tarhouni, 2021).

Soil-Adjusted Vegetation Index (SAVI)

The Soil-Adjusted Vegetation Index (SAVI)
is designed to improve the accuracy of
vegetation cover measurements by minimizing
the influence of soil brightness. Unlike NDVI,
SAVI introduces an “adjustment factor” (L)
to correct for soil effects, particularly in areas
with low vegetation cover. SAVI values range
from -1 to +1, with higher positive values
indicating denser and healthier vegetation. It
is calculated using the following equation:

(NIR —Red) a+D)

SAVI= NIR+Red + D) o)

where, NIR represents the near-infrared band;
Red represents the red band; and L is the soil
brightness adjustment factor.

The soil brightness adjustment factor L is an
empirical parameter introduced to reduce the
influence of soil reflectance in areas with sparse
vegetation cover. In environments with low
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vegetation density, exposed soil contributes
significantly to the spectral signal, which can
distort vegetation indices like NDVI (Rondeaux
et al., 1996; Xue and Su, 2017). SAVI corrects for
this by introducing L into the equation. The
value of L depends on vegetation density:

L =~ 0 for dense vegetation L =1 for bare soil

L = 0.5 is commonly used as a standard
value for intermediate vegetation cover (Huete,
1988).

Enhanced Vegetation Index (EVI): The
Enhanced Vegetation Index (EVI) was
developed to increase the sensitivity of remote
sensing to vegetation conditions, particularly
in areas with dense vegetation. EVI is more
responsive to variations in vegetation biomass
compared to NDVI, and it addresses some of
the issues related to atmospheric reflectance and
soil influence. The value of EVI ranges from 0
to 1, with higher values close to 1 indicating
denser and healthier vegetation. It is calculated
using the following equation:

(NIR — RED)
(NIR + C1 X RED — C2 X BLUE + L) ~(3)

EVI =G X

where, NIR represents the near-infrared band;
Red represents the red band; Blue represents
the blue band; G is a gain factor, set at 2.5; C1
and C2 are coefficients to correct atmospheric
influences, set at 6 and 7.5 respectively; L is
a soil adjustment factor, set at 1. (Bento et al.,
2018; Mushtaq and Asima, 2016).

Modified Soil Adjusted Vegetation Index
(MSAVI)

The Modified Soil Adjusted Vegetation
Index (MSAVI) was developed to minimize the
effect of soil background reflectance in areas
with sparse vegetation cover. It improves upon
the Soil Adjusted Vegetation Index (SAVI) by
automatically optimizing the soil adjustment
factor, thereby enhancing vegetation signal
detection in semi-arid and arid environments.
MSAVI values range from —1 to +1, where higher
values indicate denser vegetation. The MSAVI
is calculated using the following equation:

2x NIR+1~ /(2% NIR + D? —8 x (NIR — Red)
2 .(4)

where: NIR is the near-infrared band; Red is
the red band

MSAVI =

This index is particularly wuseful for
vegetation monitoring in regions with exposed
soils and low vegetation density (Qi et al., 1994).

Transformed Soil Adjusted Vegetation Index
(TSAVI): The Transformed Soil Adjusted
Vegetation Index (TSAVI) further reduces the
soil brightness influence on vegetation signal
by incorporating soil line parameters (slope and
intercept). It provides a more accurate estimation
of vegetation cover in heterogeneous landscapes,
especially in semi-arid regions. The TSAVI is
calculated using the following equation:

S X (NIR —s X RED — @)
(RED +s X NIR —s x a + 0.08) X (1 + s2) (5)

TSAVI =

where: NIR is the near-infrared band; Red is
the red band; s is the slope of the soil line and;
a is the intercept of the soil line.

TSAVlIeffectively corrects for soil background
effects and enhances vegetation discrimination
in dry and mixed land cover environments
(Baret and Guyot, 1991).

Green Chlorophyll Index (GCI): The Green
Chlorophyll Index (GCI) is designed to estimate
chlorophyll content in vegetation canopies,
which is a key indicator of plant photosynthetic
activity and health status. It uses the ratio of
near-infrared to green reflectance to assess
chlorophyll concentration. The GClI is calculated
as follows:

NIR
el = Green ™~ ..(6)
where: NIR is the near-infrared band Green is
the green band.

Higher GCI values indicate greater
chlorophyll content, making this index valuable
for assessing crop vigor and vegetation
productivity (Gitelson et al., 1996).

Statistical Analysis of Vegetation Indices

The analysis of vegetation indices was
conducted wusing Python, employing the
libraries Matplotlib, Seaborn, and Pandas
to process and visualize the data. The main
objective was to explore the relationships
between different vegetation indices: NDVI,
SAVI, MSAVI, TSAVI, GCI, EVI. To exanimate
the correlation between variables, Pearson’s
correlation coefficient was used. This coefficient
ranges from -1 to 1 (Benoumeldj et al., 2023).
An ANOVA (Analysis of Variance) test was
performed to assess significant differences
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between multiple groups of data based on the
vegetation indices (Blanca et al., 2018; Kim,
2015). To refine this analysis and specifically
identify which groups stand out, a Tukey HSD
post-hoc test was conducted to determine
which years exhibit significant differences for
each index (Ruxton and Beauchamp, 2008).

Acquisition and Preprocessing of Climatic
Data: The climatic data necessary for this
study, including annual average temperature
and annual total precipitation, were derived
from the Google Earth Engine (GEE) platform,
utilizing two primary satellite/climate model
datasets for the Biskra Province over the 2005,
2015, and 2025 observation periods.

These datasets were spatially and temporally
aggregated within GEE to produce the
annual total precipitation and annual mean
temperature for the specified years, allowing
for the analysis of climatic variability and its
correlation with observed vegetation dynamics
in Biskra Province.

Results and Discussion

Spatio-temporal analysis of vegetation dynamics
using NDVI, SAVI, MSAVI, TSAVI, GCl and EVI
indices for a period from 2005-2025: The obtained
results for 2005, as illustrated in (Fig. 2) reveals
an uneven distribution of vegetation, with dense
coverage primarily concentrated in the central
and northern zones, while the southeastern
part shows low values, indicating areas subject
to significant ecological stress. Values ranged
from -0.43 to 0.60, reflecting moderately dense
vegetation but also the presence of degraded
areas. By 2015, a clear improvement is observed,
with maximum values reaching 0.75. This
progression indicates a relative recovery of
vegetation cover, particularly in the central
and northeastern sectors, although degraded
areas persist in the southeast, reflecting ongoing

environmental challenges. In 2025, a slight
decline in maximum NDVI values was observed,
reaching approximately 0.69, alongside an
expansion of areas with sparse vegetation.
This moderate decrease suggests a progressive
degradation of vegetation in some locations,
although dense vegetation areas persist,
revealing a degree of ecological resilience face
to environmental pressures. These trends are
comparable to the NDVI developments observed
between 2000 and 2020, the vegetation initially
shows improvement, followed by stabilization,
or even slight degradation, with the persistence
of core areas of high-density vegetation that
testify to an enduring ecological resistance.

The SAVI maps (Fig. 3) illustrate the
consistent spatial pattern of vegetation density
in the Biskra region, characterized by a
fundamental dichotomy between small pockets
of high density and widespread bareness.
The SAVI 2005 map establishes the baseline,
showing peak vegetation density to be highly
localized in the northern and north-western
parts of the study area, reaching a maximum
value of 0.6615. Crucially, the majority of the
map is covered by less values, signifying low
SAVI values and therefore sparse vegetation or
exposed soil across the vast regional landscape.
The SAVI 2015 map indicates a slight decline
in peak density, with the maximum value
dropping to 0.6109. The areas of high density
remain similarly restricted, but the overall shift
suggests a regional lowering of SAVI values
compared to the baseline. This drop in peak
density, combined with the observed sharp
collapse in GCI and EVI during the same
period, confirms that the region’s vegetation
was undergoing significant stress between 2005
and 2015. The SAVI 2025 map shows a visually
consistent spatial distribution: localized high-
density areas persist, but they are isolated.
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However, the maximum value reaches a high
of 1.000, which, if accurate, suggests extremely
high localized density (perhaps due to intensive
irrigation). The region shows widespread low
vegetation cover and degradation, with sparse
vegetation prevailing despite localized higher
values.

The 2005 EVI map (Fig. 4) shows a
heterogeneous vegetation distribution across
the study area. Areas with the highest EVI
values, reaching up to 0.57, are located
mainly in the north and northwest regions,
indicating denser and healthier vegetation
cover. The central and southern parts display
predominantly lower EVI values, with large
yellow and orange regions, suggesting sparse
or degraded vegetation. This pattern reflects
the impact of climatic and anthropogenic
pressures, with only limited zones supporting
dense vegetation cover. By 2015, there was a
noticeable improvement in vegetation cover
as illustrated by increased EVI values, which
reach a maximum of approximately 0.59. Dense
green areas expand further, particularly in
the northern and central parts of the region,
indicating either successful land management
or favorable climatic conditions over the
decade. However, yellow and orange tones

persist in the southern and southeastern
areas, highlighting that while some recovery
has occurred, extensive regions still endure
ecological stress and Low vegetation cover.
The 2025 EVI map demonstrates a slight
shift in vegetation dynamics compared to
previous years. Maximum EVI values rise
to approximately 0.68, but the dense green
zones remain restricted mostly to the north
and northwest. Much of the territory is still
covered in yellow, indicating moderate to low
vegetation activity. This suggests that despite
some resilience and localized improvement,
large tracts of the area continue to experience
challenges in maintaining dense vegetation,
possibly due to persistent environmental
stressors or land use changes. Overall, the
series of maps shows gradual but limited
improvement in vegetation cover over two
decades, with northern regions consistently
exhibiting greater ecological vitality than the
drier southern areas.

The MSAVI index (Fig. 5) in 2005 recorded a
maximum value of 0.623415, while the minimum
value dropped to -0.455202. Vegetation
distribution showed a notable concentration
in the northwestern regions and some parts
of the northeast. However, the central, eastern,
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and southern areas recorded low wvalues,
indicating the dominance of Low vegetation
cover or significant soil influence across most
of the region. In 2015, the maximum index
value slightly increased to 0.633967, while the
minimum value improved compared to 2005,
reaching -0.152044. A minor improvement in the
health and density of vegetation was observed
in areas with peak values, yet the spatial
distribution of dense vegetation remained
confined to the same northern and western

zones.

The central and southeastern areas

continued to display values reflecting clear
environmental variability, indicating persistent
challenges related to scarce vegetation and soil
influence. The 2025 data show a significant
leap in the maximum MSAVI value, which has
reached 0.816734, while the minimum value
has dropped to -0.718121. This high maximum
value reflects a notable improvement in the
density and health of vegetation in the highest-
value areas, indicating an extremely healthy
vegetation condition. However, the general
spatial pattern remains similar to previous
years: dense vegetation is concentrated in
the northwestern and northeastern regions,
while other areas continue to suffer from low
MSAVI values, confirming the persistence of
environmental degradation challenges and
bare soil across vast expanses. From 2005
to 2015, Stability with a slight improvement
in the health of peak vegetation (from 0.62
to 0.63). From 2015 to 2025, A significant
projected improvement in the highest-density
vegetation areas, with the index jumping to
approximately 0.81. Despite the improvement
in maximum values, the spatial distribution of
dense vegetation remains limited to specific
areas, while low values prevail in the central,
eastern, and southern regions, indicating the
dominance of environmental challenges such

as drought and soil quality across most of the
region.

The TSAVI index (Fig. 6), which measures
vegetation density while minimizing soil
brightness effects, reveals a distinct degradation
and partial recovery pattern in the peak
vegetation density across the Biskra region,
alongside persistent spatial heterogeneity. The
TSAVI 2005 map established a high baseline
for peak vegetation density, with a maximum
value of 0.943475. This near-unity value
signifies a high capability for dense vegetation
cover in localized areas. The minimum value
was 0.407268, highlighting data inconsistency,
but the focus remains on the peak decline).
By 2015, the maximum TSAVI value suffered
a significant decline to 0.610214. This drop
of approximately 35% from the 2005 peak
indicates a substantial loss of the highest
density vegetation cover during this decade.

This degradation is consistent with the
general ecological stress evident across other
indices (like the GCI collapse from earlier data)
and is likely a result of the warming climate
and unreliable precipitation. The minimum
value shifted to 0.469543. By 2025 TSAVI
illustrates a moderate level of vegetation
recovery compared with previous years. The
maximum value reached 0.943475, representing
a partial improvement over the 2015 peak
but still remaining below the 2005 baseline.
This indicates that while some areas have
experienced a degree of ecological restoration,
the environment has not yet regained its former
vegetation density or health observed in earlier
periods. The minimum value for 2025 was
0.463601, suggesting the persistence of degraded
or sparsely vegetated surfaces in several parts
of the region. Spatially, zones of high vegetation
density were still restricted to small, localized
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Fig. 6. Transformed Soil Adjusted Vegetation Index (2005-2025).

pockets, particularly in areas with favorable
hydrological or soil conditions. The dominant
values continue to reflect low vegetation cover
and widespread arid conditions, emphasizing
the ongoing environmental stress affecting
much of Biskra Province. Overall, the 2025
TSAVI distribution reveals partial but limited
ecological recovery, characterized by localized
vegetation resurgence within a broader context
of persistent aridity. This pattern underscores
the region’s fragile ecological balance and its
vulnerability to both climatic variability and
anthropogenic land-use pressures.

The GCI 2005 map (Fig. 7) shows a localized
peak health with a maximum value of 0.99913.
This value is very close to the theoretical
maximum (1.0), indicating excellent localized
plant health and photosynthetic activity in
certain pockets. The minimum value is recorded
at 0.10683. Spatially, the majority of the region
shows low to moderate health, while the high
values are restricted to small areas. The GCI
2015 map shows a maximum value of 0.99946.
This was virtually identical to the 2005 peak,
suggesting that the highest localized plant
health remained stable during this period, the
minimum value increased slightly to 0.18523.
Visually, the map maintains the pattern of

localized high health surrounded by vast
areas of low to moderate health. The 2025 GCI
map reveals maintained stability in maximum
chlorophyll values recording 0.99823, which
indicates preserved peak health conditions
in the most vigorous vegetation areas at
near-theoretical maximum levels. However,
the observed minimum value has decreased
to 0.05074, highlighting continued stress in
vulnerable zones. Spatially, the data confirms
that high-health vegetation remains restricted
to small, isolated pockets, while the majority
of the landscape continues to experience
significant health challenges. In summary, while
maximum GCI values demonstrate remarkable
stability approaching 1.0 throughout the 2005-
2025 period, the persistent spatial concentration
of these high values confirms that successful
vegetation growth remains limited to specific,
localized areas, rather than indicating broad
regional improvement in plant health across
the study area.

Analysis of Vegetation Indices Trends and
Boxplots (2005-2025): The Fig. 8 track the median
values of six vegetation indices (NDVI, SAVI,
MSAVI, TSAVI, EVI, and GCI) in the Biskra
region from 2005 to 2025. The results reveal
two distinct phases of vegetation dynamics,
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it reveals a clear and concerning trend of
ecological degradation. While conditions
remained relatively stable between 2005 and
2015, the subsequent decade witnessed a
marked decline across nearly all indices. The
Enhanced Vegetation Index (EVI) dropped from
0.122 to 0.071, indicating a significant reduction
in canopy density and structure. Similarly,
the NDVI decreased from 0.103 to 0.076,
reflecting an overall deterioration in green
vegetation cover. Whereas the most alarmingly,
the Modified Soil-Adjusted Vegetation Index
(MSAVI) plummeted from 0.105 to just 0.010,
suggesting dramatically increased soil exposure
and reduced vegetation density. This consistent
downward trajectory across multiple indices
underscores the escalating environmental
stress in this arid region. The analysis indicates
marked vegetation degradation between 2005
and 2015, followed by stabilization at low levels
after 2015. Most of the Biskra region exhibits
poor vegetation cover, with healthy vegetation
restricted to limited northern areas.

The statistical distribution of vegetation
indices, as illustrated through boxplots (Fig.
9), reveals significant shifts in the region’s
ecological health over two decades. The analysis
differentiates between low-value indices (NDVI,
MSAVI, SAVI, EVI) and higher-value indices
(TSAVI, GCI), both demonstrating a notable
transition from relative stability to marked
deterioration. For the low-value indices, the
initial period (2005-2015) showed a slight
improvement, with minor increases in median
values and interquartile ranges (IQR). However,
the subsequent decade (2015-2025) witnessed
a clear reversal, characterized by declining
medians and narrowing IQRs. This trend
indicates not only a reduction in vegetation
density and health but also a homogenization
of conditions toward lower values across the
region. Similarly, the higher-value indices,
TSAVI and GCI, mirrored this pattern, with
an initial period of stability followed by a
significant decline in both median and IQR
values. This parallel deterioration confirms
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that the ecological decline affected not only
vegetation density but also plant health and
soil-adjusted vegetation characteristics. This
statistical evidence underscores a pervasive
ecological challenge, overriding any localized
improvements and emphasizing the need
for targeted interventions to address the
widespread decline in vegetation health and
coverage.

Correlation between Vegetation Indices: As
represented in Figurel0 that shows the
correlation between the indices. This correlation
matrix highlights the relationships between
three vegetation indices: EVI, NDVI, GCI,
MSAVI, TSAVI and SAVIL

The correlation matrix presents Pearson’s
coefficients (r) among six vegetation indices
(EVI, SAVI, NDVI, MSAVI, TSAVI, and GCI)
for 2005, 2015, and 2025. Across all three
years, NDVI, EVI, SAVI, MSAVI, and TSAVI
show very strong positive correlations, with r
consistently > 0.90 and frequently > 0.99 (NDVI-
MSAVI = 0.9939 in 2005). This reflects their
shared dependence on high NIR reflectance
and red-band absorption by vegetation. Despite
soil-adjustment corrections in SAVI, MSAV],
and TSAVI, these indices respond similarly
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to vegetation biomass and canopy structure,
explaining their near-redundant behavior.

GCI exhibits a distinct correlation pattern
relative to the other indices, especially in 2015
and 2025. In 2005, GCI shows strong positive
correlations with the other indices (=0.90-
0.97), notably with EVI (r = 0.9704) and SAVI
(r = 0.9705), indicating a comparable response
to vegetation conditions, though slightly
weaker. However, in 2015 and 2025 these
relationships weaken markedly, becoming
low or near-zero. By 2025, correlations are
very weak with EVI (r = 0.2033), SAVI (r =
0.2041), and NDVI (r = 0.2433), highlighting a
decoupling of chlorophyll-related signals from
structural vegetation indices under increased
environmental stress.

The GCI uses the Green band, which is more
sensitive to chlorophyll content (and often less
affected by high LAI saturation than NDVI).
The decreasing correlation over time suggests
that, in later years (2015 and 2025), the changes
in chlorophyll content (GCI) are decoupling
from the changes in biomass/structure (NDVI,
EVI, etc.). This could indicate:

- vegetation stress/senescence: The plants are
losing chlorophyll (decrease in GCI) while
maintaining high structural density (still high
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Table 1. One-Way ANOVA Results

ABBAS & DIAB

Index F-statistic P-value Significance (a=0.05)
NDVI 745.58 8.50x107 Significant
EVI 344.51 7.27x10747 Significant
SAVI 764.32 3.67x107%1 Significant
MSAVI 730.30 8.90x107% Significant
TSAVI 996.90 <1.0x107= Significant
GCI 3627.12 <1.0x107% Significant

NDVI/EVI), which often precedes a decline in
vigor.

- changing vegetation type: A shift to a type
of vegetation where the relationship between
canopy greenness and canopy structure is less
direct.

Analysis of Temporal Variations in Vegetation
Indices Using ANOVA and Tukey’s Post-Hoc
Test: The analysis of temporal variations in
the six vegetation indices (NDVI, EVI, SAVI,
MSAVI, TSAVI, and GCI) was conducted using
a One-Way Analysis of Variance ANOVA for
2005, 2015, 2025 (Table 1). The ANOVA results
indicated a highly statistically significant effect
of time on the mean values of all six vegetation
indices (P = 0.001), confirming that substantial
differences exist in vegetation conditions

across the studied years. The F-statistics were
universally high (e.g., GCI at F 3627.12),
demonstrating that the temporal grouping
accounts for a massive proportion of the total
variance in the data for every index. All six
vegetation indices showed a highly significant
difference in mean values (P < 0.05) across 2005,
2015, and 2025.

The comprehensive temporal analysis,
integrating ANOVA, Tukey’s HSD post-hoc
testing, and box plot (Fig.11) visualizations
across the six vegetation indices (NDVI, EVI,
SAVI, MSAVI, TSAVI, and GCI), The analysis
clearly shows significant changes in vegetation
from 2005 to 2025. A two-phase pattern emerges:
improvement peaking around 2015, followed
by a sharp, statistically significant decline
by 2025. Chlorophyll-sensitive indices (GCI)
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showed the greatest loss, alongside increased
spatial variability, indicating localized stressors
drove widespread degradation.

Variation in Precipitation and Temperature
(Comparative Analysis between 2005, 2015, and
2025): Temperature data from 2005-2025 (Fig.
14) show a clear warming trend in Biskra’s
hot arid climate. Winter averages rose from
8-9°C in 2005 to ~10°C in 2015, with modest
shoulder-season increases. By 2025, May was
3°C warmer than 2005, and July peaks reached
35°C. Warming was most pronounced in spring
and autumn, altering the seasonal thermal
profile.

Rising temperatures strongly correlate with
vegetation degradation (Fig. 12). Warming
during critical growth months (May-July)
increased evapotranspiration and water stress,
reflected in declining NDVI, EVI, and GCI
values (2015-2025). Accelerated spring warming

and prolonged autumn heat shortened the
optimal growing period. Temperature extremes,
affecting both minima and maxima, are a
key driver of widespread ecological decline,
outweighing localized vegetation gains and
intensifying Biskra’s environmental challenges.

Combining vegetation indices with climate
data reveals clear environmental stress in
the Biskra region. The precipitation data for
the Biskra region (Fig. 13) reveals significant
changes in rainfall patterns over the two-decade
period from 2005 to 2025. In 2005, conditions
were most favorable, with higher spring and
autumn rainfall supplying sufficient moisture
for plant growth. By 2015, rainfall declined,
especially in winter, though an extreme 35
mm event in October reflected rising climate
variability. 2025 data confirm continued drying,
with minimal winter and spring rainfall severely
limiting water for vegetation during key growth
periods. The integration of vegetation indices
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Fig. 13. Variation in precipitation (2005-2025).
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with climate data presents a coherent picture
of environmental stress in the Biskra region.
Rising temperatures, especially in transitional
seasons, have increased evapotranspiration and
plant water stress. Combined with declining
and more erratic rainfall through 2025,
these conditions have severely limited water
availability, directly driving the sharp decline
in vegetation indices between 2015 and 2025,
with median values stabilizing at low levels
across the region.

The Biskra region, located in southeastern
Algeria, presents a compelling case study
of profound ecological transformation in an
arid environment, is a striking example of
the complexity of ecological dynamics where
the interactions between biotic, abiotic, and
anthropogenic factors lead to an accelerated
degradation of ecosystem. The analysis of
median values for six vegetation indices (NDVI,
SAVI, MSAVI, TSAVI, EVI, GCI) from 2005 to
2025 reveals two distinct phases of vegetation
dynamics, highlighting an initial phase of
pronounced degradation followed by a fragile
stabilization.

Vegetation indices for Biskra in 2005, 2015,
and 2025 reveal complex ecological dynamics,
showing overall degradation in vegetation
quality and density, especially in the semi-
arid and desert southern and central areas.
Northern regions remained relatively stable or
variable. Correlation analysis underscores the
complementarity of indices, highlighting the
value of a multi-index approach for accurately
assessing vegetation interactions with soil and
climate (Catry et al., 2012a; Alves et al., 2010).

NDVI, shows relative spatial stability, with
high values concentrated in the north and low
values in the central and southern regions.
Over 2005-2025, high-density areas have
slightly declined, particularly at the edges of
dense vegetation, suggesting desertification or
localized degradation. The moderate negative
correlation with EVI (-0.69) arises because NDVI
saturates in high-biomass areas, limiting its
ability to detect subtle differences in vegetation
density (Deghiche-Diab, 2019; Zou et al., 2022;
Rahimi and Dong, 2025; Mersha et al., 2024).

The SAVI, MSAVI, and TSAVI indices,
which account for soil reflectance, underscore
the significant influence of soil conditions
on vegetation in Biskra province. The

predominance of low SAVI/MSAVI and TSAVI
values in the southern and central regions
confirms the prevalence of sparse vegetation
and the strong impact of bare soil, indicative of
ongoing desertification. Notably, the 2025 SAVI
data reveal a marked reduction in vegetated
areas compared to 2005 and 2015, reflecting
widespread degradation in sensitive zones.
Because SAVI explicitly incorporates soil effects
into its calculation, it is particularly effective
for detecting vegetation stress in areas where
soil conditions strongly affect plant growth
(Baret and Guyot, 1991; Rahimi and Dong,
2025). These results highlight the critical role
of soil-vegetation interactions in shaping
ecosystem vulnerability and the importance of
incorporating soil-adjusted indices in ecological
monitoring of arid and semi-arid landscapes.

GCI shows high values confined to the
north, while low values dominate most of the
province, indicating generally low chlorophyll
content and vegetation vigor across the
region. The correlation matrix highlights a
key trend: the increasing divergence of the
Green Chlorophyll Index (GCI) from the other
vegetation indices over the 20-year period. In
2005, all indices exhibit strong positive inter-
correlations, reflecting uniform vegetation
growth where biomass and chlorophyll content
are closely coupled (Huete, 1988; Baret and
Guyot, 1991). By 2015 and especially 2025, the
structural indices (NDVI, EVI, SAVI, MSAV],
TSAVI) remain highly correlated with each
other, but their association with GCI declines
sharply. By 2025, correlations are very weak,
indicating that GCI is capturing a decoupled
aspect of vegetation, likely related to plant
health, senescence, or chlorophyll reduction,
which the structural indices no longer fully
reflect. This underscores the importance of
including chlorophyll-sensitive indices like GCI
to assess vegetation condition under increasing
environmental stress (Zou et al., 2022; Rahimi
et al., 2025).

From 2005 to 2015, median vegetation health
declined sharply, especially in GCI and EVI],
reflecting major losses in chlorophyll content
and canopy structure, while NDVI, SAVI, and
MSAVI remained consistently low, indicating
sparse vegetation dominated by soil background.
The stability of TSAVI suggests its sensitivity to
arid soil conditions rather than vegetation vigor
(Baret and Guyot, 1991; Huete, 1988). After 2015,
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no recovery was observed; instead, all indices
converged and stabilized at critically low levels,
indicating a degraded ecological equilibrium.
This two-phase dynamic is consistent with the
combined effects of anthropogenic pressure,
rising temperatures, and prolonged drought,
which intensify evapotranspiration and soil
aridity and drive vegetation collapse in arid
environments (Boukerker ef al., 2022; Wu et al.,
2024; Abbas, 2024).

The discrepancies between the different
indices suggest that degradation in Biskra
Province may not only be a loss of green area,
but also a change in vegetation quality and
degradation of soil characteristics. The decline
in EVI and SAVI in parallel with stability or
slight decline in NDVI can be explained by
a combination of factors, including; climatic
stress, characterized by rising temperatures
and reduced rainfall, leads to a decline in
plant vigor (lower EVI) and increased soil
reflectance due to drought (lower SAVI/
MSAVI) (De la Cruz et al., 2014; Catry et al,,
2017). The reduction in summer precipitation
directly affects plant survival by increasing
water stress, thereby making the ecosystem
more vulnerable to drought (Chouiter et al.,
2024). Such conditions drastically increase
evapotranspiration, exacerbate soil dryness,
and reduce the water use efficiency of plants,
particularly during the growing season (Barbati
et al., 2012; Catry et al., 2012b; Boucif et al.,
2024). Higher temperatures can also accelerate
plant senescence and increase the risk of forest
fires (Bouget ef al., 2023; Moreira et al., 2009).

The observed declines in vegetation quality
and density could potentially be attributed to
biological stressors, particularly pest species
such as Lymantria dispar and Tortrix viridana,
which are known to adversely affect plant
health and growth (DGF, 2020; Aouissi et
al., 2021; Abbas, 2024) which cause massive
defoliation (Tiberi et al., 2016; Gidey et al., 2018),
or may be attribute to the pathogenic fungi
Biscogniauxia mediterranea (Sanchez-Gonzalez
et al., 2010; Nadezhdina et al., 2008), that may
also contribute to degradation.

Anthropogenic pressures, including
intensive deforestation for agriculture, urban
expansion, overgrazing (Chouiter et al., 2024),
and humancaused forest fires, contribute
to increased habitat fragmentation and a

reduction in forested areas. In addition, large
wildfires have directly destroyed vegetation
cover, degraded soils, and disrupted ecosystem
structure and function, further exacerbating
habitat loss and weakening ecosystem resilience
in vulnerable dryland landscapes (Curt et al.,
2020; Abbas, 2024).

Conclusion

The 2015-2025 period marks a critical phase
of accelerated degradation, indicating that much
of the Biskra region has crossed an ecological
threshold. Rather than a complete collapse, the
region shows strong vegetation polarization,
with resilient cores surrounded by extensive
degraded areas vulnerable to aridity and
human pressure. This situation highlights the
urgent need for spatially targeted management,
emphasizing water and soil conservation,
protection of remaining vegetated zones,
and restoration efforts to promote broader
ecological recovery.
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