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The study investigates the land use and land cover (LULC) in Errachidia province
(Pre-Saharan of Morocco) in the period 2005-2020. To this end, remote
sensing (RS) tools such as LULC, the normalized difference vegetation index
(NDVI), the normalized difference water index (NDWI), the Enhanced
Vegetation Index (EVI), Gravity Recovery and Climate Experiment (GRACE)
satellite data, and precipitations were processed and combined. The
monitoring of LULC over this period reveals different changes in this area.
Generally, for water bodies, two trends can be observed, an increasing trend
since 2006 and a decreasing trend from 2011 to the present. However, an
increasing trend was recorded for the urban-and-built-up-lands and the
grasslands categories. NDVI, NDWI, and EVI showed three major peaks
recorded in the same periods (in 2007, 2009, and 2015). In terms of water
storage, three phases were found. The first depicted the lowest groundwater
quantities with a decreasing trend, which corresponds to a period of drought
and/or human pressure. The second phase, the most important that recorded
the greatest storage of water while the third phase corresponds to low storage
with a decreasing trend. LULC of croplands reveals a slightly increasing trend
from 2012 to 2020, which shows an orientation to an extension of crops mainly
of date palm encouraged by government programs. A strong correlation
between the seasonal NDVI and water storage using GRACE-Data for the
period was found. In the end, recommendations on the adaptation to CC
were proposed. The findings demonstrate that RS techniques are useful tools to
detect hydrological droughts, observe, and conserve land resources. In arid
areas such as Errachidia, the solution lies in rationalizing the use of water
resources protecting them from uncontrolled anthropogenic events, which
may alleviate the pressure. To support local sustainable development,
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environmental scientists and decision-makers may use the outputs of this

study.
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Introduction

Globally, climate change (CC) and extreme events such as
droughts are expected to affect both the terrestrial and aquatic
productive ecosystems. Many recent studies show the impact of
CC and/or drought on terrestrial and aquatic ecosystems (Hader
and Barnes, 2019), mainly water surface and groundwater (Wang
et al., 2022) in arid and semi-arid zones (Zhang et al., 2021).
Drought is a devastating and costly disaster that continuously
affects various climatic zones in the world (Hoque et al., 2020). It
poses serious economic and ecological concerns (Xie and Fan,
2021). It has a considerable effect on socio-ecological systems in
the entire world, particularly in arid and semi-arid areas
(Karmaoui et al,, 2021). The vulnerability of arid regions areas
is progressively increasing, which affects the wellbeing of a large
population. In a recent study, Spinoni et al., 2021 demonstrated
how will the increase of arid areas affect croplands, pastures,
forests (land-use), and people in the 21st century. In this study,
the authors showed that at 1.5°C warmings, around 1.4% of
global land is expected to convert to arid and at 4°C to 4.5%.
Consequently, some associated problems such as migration, land
degradation (Hermans and McLeman, 2021), and waterbody
such as river issues (Noorisameleh et al., 2020) are emerging. The
hydrologic balances and input supplies are directly affected by
CC and droughts. This may constitute a serious impact on crop
and livestock production. The impact of anthropogenic factors is
also omnipresent that may be seen in the reduction of water
storage and natural vegetation cover particularly, in arid and
semi-arid regions.

A variety of methods and techniques were developed and
tested to assess the state of these natural resources and the impact
of CC, extreme events, and anthropogenic pressure including
geospatial techniques (GSTs) such as remote sensing (RS). GST's
are used to assess groundwater (Moumane et al., 2021), water
erosion (soil elimination by water) (Ben Salem et al, 2019;
Ougougdal et al., 2020), seasonal crop estimates (Gonzalez-
Gonzalez and Guertin, 2021), and drought vulnerability
(Hoque et al, 2020). From a methodological point of view,
the techniques used to explore the impact of CC and drought
are numerous. LULC is a relevant example used frequently in
ecosystem monitoring and management. To alleviate drought
risks, Fan et al, 2021 explored the importance of spatial
heterogeneity in land planning optimization. However, Yifru
et al, 2021 evaluate the effect of LULC on water yield and
groundwater recharge based on an integrated model. The
NDVI tool is used also to assess the impact of drought and

Frontiers in Earth Science

02

CC. Nanzad et al,, 2019 used the NDVI anomaly to monitor
drought and explore the association with climatic factors in the
period 2000-2016. The authors found that NDVI anomaly varied
according to LULC type; it is positively correlated with
precipitation, and negatively linked to temperature. Otherwise,
Xie and Fan, 2021 derived drought indices from Moderate
Resolution Imaging Spectroradiometer (MODIS) vegetation
indices (NDVI/EVI). NDWTI is another interesting tool used
also to study hydrological droughts (Noorisameleh et al,
2020). As is the case with NDVI, NDWI, and EVI for surface
observations, underground can be also observed and studied
using satellite observation such as the Grace Satellite data, one of
the most extensively used tools to assess water storage among
other applications. It gives monthly observations in water
equivalent thickness. In this context, and to track seasonal
and monthly drought, the study of Kumar et al. (2021) is a
relevant example that used GRACE-based terrestrial water
storage.

Connections between water, water storage, vegetation cover,
land cover, and rainfall interact in a complex way and are not well
studied in the oasis provinces in the pre-Sahara of Morocco.
More particularly, the Errachidia province is understudied in
terms of the application of LULC, NDVI, NDWI, and EVI. The
most recent relevant study conducted in the area on water
resources was about the hydrogeology of a complex aquifer
system in the Upper Guir Basin near Errachidia (Abdelfadel
et al,, 2020). Using field measurements and descriptive statistics,
this last study recommended the orientation to quantitative
assessment of the water resources. The second study used a
groundwater flow model to investigate the hydrogeological
aspect of the oasis-system aquifer (Bouaamlat et al, 2016).
This study reported that since the construction of Hassan
Addakhil Dam (the largest dam in the province), piezometric
heads have become dependent on annual changes rather than
seasonal variations. According to this same study, these heads are
influenced by recurrent droughts. A third study is focused on
mechanisms of groundwater salinization in the Ziz Basin
(Lgourna et al.,, 2015) reporting that this basin is completely
dependent on groundwater and its salinization causes a reduction
of the quality of drinking water and the local agricultural
productivity in this region.

Research in this area reflects the scarcity of recent studies in
the area that use the RS methods in a vulnerable area to CC and
human pressure. Given this gap, research effort in this vulnerable
area using more accurate and reliable methods such as RS
techniques  is

required. ~Combined with  Geographic
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FIGURE 1

Localization of the study area, the Errachidia Province, Southeastern Morocco. SRTM elevation data offers Digital Elevation Model (DEM) at
global scope with a resolution of 30 m. It was downloaded from NASA Earth Data Server (https://urs.earthdata.nasa.gov) using the QGIS software,
version 3.1.15). SRTM Downloader Plugin was developed by Dr Horst Duester from Source pole AG.

Information Systems (GIS), these techniques present a decisive
contribution to studying the environmental problems, disasters,
resources, and land use (Essahlaoui and Abba, 2012).

The purpose of this study was to 1) explore the LULC
changes in the province of Errachidia, 2) quantify the
vegetation cover using different RS techniques in 2005-2020,
and 3) estimate the terrestrial water storage in the province of
Errachidia using RS techniques.

Materials and methods
Study area

The province of Errachidia or province of 330 days of
sunshine has seven urban communes and 22 rural communes,
with a population of 418,451 inhabitants (2014, the last official
census), spread over an area of 27,037 km* (HCP, 2019). Being
located in the pre-Saharan zone of Morocco, this province was
used as a study area due to its ecological importance since its
oases were declared as a biosphere reserve by UNESCO in
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2000 and because it supports the socio-economic status of a
large population. However, the economy of the province is based
mainly on agriculture, which makes the province very dependent
on water resources and people’s lives are closely linked to climate.
This is the case of the majority of oases on a global scale. As stated
by Kabiri et al.,, 2012, in general, the situation of the oases is of
significant importance, it is estimated that around 150 million
people live in oases on a global scale and that have confronted
livelihoods issues induced by environmental deterioration
trends. This was reported also by Puy et al, 2018 in the
context of the province of Errachidia advancing that desert
oases constitute fragile agrarian zones, highly vulnerable to
sand dunes induced by wind, clearly observed in the two
oases of Merzouga and Hassilabiad that are surrounded by dunes.

Administratively, the province belongs to the southeastern
region called Draa-Tafilalet, which is characterized by arid to
semi-arid climates (El hafyani et al., 2019). It is crossed by two
important Wadis Ziz and Ghriss that fed one of the biggest palm
groves in the world (Eddouks et al., 2017) (Figure 1). From a
geographical point of view, the altitudes change from more than
2000 m in the high Atlas Mountain (Northwestern) to
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approximately 400 m in the Saharan lowlands (Northwestern)
(Figure 1). This variation in altitude contributes as well to a
diversity of climate from north to south. Precipitations in the
province are irregular in time and space from more than 250 mm
in the highlands (High Atlas) to 130 mm near the city of
Errachidia to less than 75 mm in the desert (Tafilalet plain)
(HCP, 2018), which indicates hyper-arid climate conditions in
Tafilalet Basin (Herzog et al.,, 2021). More precisely, the annual
rainfall is 70 mm at Erfoud (the south) and 290 mm at Imilchil
(the northern area) while the temperatures range from —5°C to
40°C (Ben Salem et al.,, 2011). The average annual population
growth rate from 2004 to 2014 in the urban area is about 1.4%
and —0.2% in the rural area (HCP, 2014). The urbanization rate
in the province is about 46.4% the highest in the Draa-Tafilalet
region (HCP, 2018). This province is exposed to many
environmental issues such as floods (Karmaoui and Balica,
2021),
(Mainguet et al,, 2011), and a very important erosion rate

prolonged droughts, dam silting, desertification
(Ben Salem et al, 2019), and human pressure such as
deforestation (Karmaoui et al., 2022).

Hydrologically, the province is associated with surface
water derived from High Atlas Mountain and stored in
Hassan Addakhil Dam, and from groundwater stored in
Tafilalet. This reservoir with a capacity of 347 Mm’
provides the province with water for human and agriculture
uses (HCP, 2019). It plays also a recharge role for the southern
part of the Jurassic aquifer of the High Atlas (Ben-said et al,,
2017). The groundwater of the Tafilalet is a considerable water
resource (Bouaamlat et al., 2016) and the aquifer recharge is
basically related to the high altitudes precipitations
(Abdelfadel et al., 2020). Rainfall events in the High Atlas
are also in the origin of frequent fluvial sediment driven
towards the Tafilalt Basin (Herzog et al, 2021). In the
Erg Chebbi,

“Khettaras,”
traditional groundwater galleries, and shallow wells (Garcfa-
Rodriguez et al., 2014).

The province includes several palm groves dominated by

most southern area, particularly in

groundwater is normally, accessed by

the date palm that offers a micro-humid climate supporting
diversified agricultural production an essential pillar of local
food security. Being the principal element of the oasis system,
the date palm has considerable socioeconomic, and ecological
roles including the important source of food for people and
livestock (Sedra et al., 2015), the microclimate that supports
several associated crops, and ecological equilibrium (Meddich
2015).
groundwater-fed by the hydrological regime of Wadis

et al, These palm groves are dependent on
(Oueds) and rivers of the province (Bouaamlat et al., 2016).
Any change in this regime induced by CC may influence
agricultural production and then food security. Otherwise,
this area faces many challenges such as soil and water
salinization, desertification, and silting, mainly in the
downstream area, Bayoud disease (a disease that affects the
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production of date palm), and the effect of droughts. For
reference, Bayoud disease is caused by Fusarium oxysporum f.
Sp. Albedinis (Foa), the first threat of date palm (Phoenix
dactylifera L.) in Morocco (Essarioui and Sedra, 2017). This
disease appeared and spread throughout all Moroccan oases,
killing about 10 million palm trees (Sedra, 2012), which
constitutes a real threat to the oasis system. Currently, the
high-value varieties such as “Bouffegous” and “Mejhool” are
highly sensitive and needs urgent management to fight against
this disease (Bouhlali et al., 2020) and this may contribute to
the protection of the entire oases.

Methodology

In the current study, we attempted to identify the potentials
and areas of weakness in the province’s environment and
emphasize the role of anthropogenic factors in accelerating
vulnerability. It sheds light on the spatiotemporal changes that
happened in the fifteen last years in land uses and water
resources. The choice of the period 2005-2022 is based on the
availability of GRACE satellite data that started from 2002 to
currently.

Field data are rare or absent sometimes, inaccurate, or
inaccessible for researchers in most cases, which suggests
looking for alternative methods to collect data. Relevant data
were obtained from prestigious databases, processed, and then
used to reflect the general state and evolution of the resources and
LULC of the province. This study considered land cover as the
physical land kind including open water or forest while land use
refers to human intervention on land (National Oceanic and
Atmospheric  Administration:  https://oceanservice.noaa.gov/
welcome.html).

Due the considerable area of the province (27,037 km?), a
series of data sets from the MODIS Land Cover Type Product
(MCD12Q1) that map global land cover of 500 m (spatial
resolution) was used. The MCD12Q1 is generated based on
supervised classification of MODIS reflectance data (Friedl
et al, 2010) and the University of Maryland classification
scheme (Hansen et al., 2000). To explore the droughts and
anthropogenic impacts in the province of Errachidia,
recognized indices such as NDVI, NDWI, EVI, LULC,
water storage, and precipitations were estimated. The
associated data of the images extracted using these indices
were exported to the GIS tools to extract the values of changes
of the LULC classes.

The first index is NDVT, it is a useful tool to create images of
the vegetation cover (relative biomass). It can be used to explore
drought (Xie and Fan, 2021), desertification (Kumar et al., 2020),
and agricultural production (de la Casa et al, 2021). The
Vegetation Index data was downloaded from Moderate
(MODIS)
imagery from January 2005 to December 2020 (https://

Resolution Imaging Spectroradiometer satellite
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earthexplorer.usgs.gov/). The NDVI has been categorized into
eight classes including urban and built-up lands, savannas, open
shrublands, non-vegetated lands, grasslands, croplands, water
bodies, and closed shrublands. Several studies have used NDVT to
detect, assess, and monitor drought (Nanzad et al., 2019) and
land degradation (Higginbottom and Symeonakis, 2014; Kumar
et al,, 2022). This index also estimates agricultural production
(Roznik et al., 2022) and map fire risk (Michael et al., 2021). The
NDVI calculation is based on the difference between the visible
red band and the near-infrared band (Eq. 1).

[NIR — RED]

NDVI= -~ ]
[NIR + RED]

1)
where NIR refers to the reflection in the near-infrared spectrum
and RED refers to reflection in the red range of the spectrum.

The values of NDVI vary in a scale ranging from —1.0 to
1.0 where negative values correspond to water, snow, and clouds,
values near zero to bare soil, and higher values indicate dense
vegetation.

To validate the values of the NDVI, an additional vegetation
index, the EVI was used. It is frequently applied also to
investigate drought (Xie and Fan, 2021). This Landsat index is
used to quantify vegetation greenness like NDVTI. It was proposed
by Liu and Huete, 1995 with improved sensitivity to dense
biomass regions. The estimations of the EVI index is based on
Eq. 2. Layers used are of 1_km_monthly_EVI (MOD13A3.006)
(Didan, 2015).

[NIR — RED]

EVI=C
[NIR + CIRED - C2BLUE] + L

2

where NIR, surface reflectance in near-infrared; RED, and BLUE
are surface reflectance in red and blue bands. L used to adjust for
canopy background, C corresponds to the coefficients for
atmospheric resistance. Several studies combined the use of
NDWI and NDVTI to enhance the difference between surface
features (background) and water (Lu et al,, 2011; Acharya et al,
2017). The normalized difference water index was proposed by
Gao (Gao, 1995) to monitor the vegetation liquid water from
space. It was used to study hydrological droughts (Noorisameleh
et al., 2020) and for managing the soil moisture and the water
bodies (Alsaady and Mohammed, 2021). The NDWTI allows to
determine moisture content in plants and soil using Eq. 3. Layers
used are of 1_km_monthly reflectance (MOD13A3.006) (Didan,
2015).

[NIR - SWIR]
NDWI =

" [NIR + SWIR] ®)

where NIR reflects the near-infrared in the interval of
0.841-0.876 nm, and SWIR refers to short wave infrared.

A different RS technique was used to support the NDWI
and validate the general trend of water resources in the study
area. Otherwise, the agroecosystems of the province are based
primarily on groundwater, which makes it crucial indicator of
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ecosystem dynamic in the province. The GRACE mission
monitored the monthly dynamic of water storage to
understand how this arid area is evolving. In fact, the
Gravity observations of the Gravity Recovery and Climate
Experiment Follow On (GRACE-FO) mission has been
launched on 17 March 2002 to observe the Terrestrial water
storage (TWS) changes that are linked to droughts (deficit of
water) and flooding (surplus) (Girotto and Rodell, 2019). Data
was extracted using the NASA GRACE Data Analysis
Tool (DAT) where all data have been interpolated to a
1x1 degree grid. GRACE-FO
estimate the

water mass anomalies.

were used to

water (EWT)
The EWT refers to the total
TWS changes from groundwater and aquifers, surface water

satellites

equivalent thickness or

such as lakes, reservoirs, rivers, snow, and soil moisture.
Equivalent water thickness represents the total mass
anomalies over land (sum of all water components in most
cases—plus potentially non-hydrological signals that haven’t
been removed such as large earthquakes) (Landerer and
Cooley, 2021).

Remote sensing precipitation data: Data of the precipitation
parameter was exported from the database POWER data access
viewer through https://power.larc.nasa.gov/data-access-viewer/.
Observed precipitations: Total annual rainfall and monthly
rainfall.

The rainfall data used in this study constitutes the total
annual rainfall and monthly rainfall of the four watersheds in
which the province of Errachidia belongs to Guir, Ziz, Rheris,
and Maider (GZRM), as well as those of the stations bordering
them. This data was collected from 23 stations (Table 1)
provided by the “Agence des Bassins Hydrauliques GZRM.”
They are included between the hydrological year (1956/1957)
and the year (2013/2014). In Morocco, the hydrological year
begins on September 1 and ends on August 31 of the
following year.

For the geographic Information System, QGIS 3.16.
Software was used for the map creation and analysis of
precipitations by data interpolation. The interpolation
method used is Inverse Distance Weighting (IDW). The
isohyets or lines (curves) of equal rainfall are plotted with
the QGIS mapping software taking into account the
geographical and topographic coordinates and the rainfall
at the different rainfall stations.

The statistical analysis was performed using R software and
XLSTAT to the of

determination R’ Bravais Pearson correlation R, p-value test,

conduct correlations  (coefficient
and correlogram.

For the RS techniques, data used in this study
was downloaded wusing the application for Extracting
and Exploring Analysis Ready Samples (AppEEARS)
(AppEEARS, 2021). This AppEEARS provides data values
and the associated quality (For more information, refer to

the link: https://appeears.earthdatacloud.nasa.gov/).
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TABLE 1 Total annual rainfall and monthly rainfall. Source of data: archives of the “Agence des Bassins Hydrauliques GZRM."” AIP: Average interannual

precipitation.

Station

AIT BOUJANE
Amouguer Taghia
TADIGHOUST
FOUM ZAABEL
RADIER ERFOUD
TAOUZ

B.H.AD

Alnif
BOUANANE
ANOUAL
KADOUSSA
Akrouz

Errachidia
ZSHAMZA
FOUM TILLICHT
M’ZIZEL
TAMTATTOUCHT
merroutcha
Lahmida

Tit N’ Aissa

Beni Yatti
Tazarine saghrou

Tazouguert

Y_Latitude

31,630,000
32,240,000
31,840,000
32,120,000
31,491,000
30,906,772
31,980,000
31,116,407
32,036,490
32,682,934
32,164,236
31,467,105
31,930,000
32,430,000
32,310,000
32,235,385
31,676,545
31,55,651,455
31,51,111,286
32,33,513,503
32,16,788,612
30,77,465,829
32,03,794,711

X_Longitude

-5,570,000
—4,730,000
—4,970,000
—4,370,000
—4,218,000
-3,996,135
4,460,000
—5,166,668
-3,049,421
-3,095,196
-3,785,565
4,878,768
—4,470,000
—4,720,000
—-4,550,000
4,726,459
-5,538,106
—4,88,207,972
—4,32,635,881
-3,5,233,482
-3,03,551,111
-5,56,471,998
-3,78,475,572

Period

1961-2013
1980-2014
1962-2013
1970-2013
1957-2013
1970-2014
1973-2013
1975-2014
1958-2012
1974-2008
1962-2011

1957-2008
1970-2013
1975-2013
1970-2013
2003-2013
1977-2014

1974-2008
1996-2010

Aip (mm)

143.61
175.29
147.30
184.60
66.57

47.25

125.10
86.97

118.89
150.36
123.00
106.19
122.01
264.31
201.72
184.08
214.14
97.71

65.13

139.74
108.46
91.70

114.55

TABLE 2 Correlation between the RS variables using the Social Science Statistics calculator. R, Pearson Correlation Coefficient, and R? is the
coefficient of determination. Bold values refer to moderate to strong correlation.

Index

NDVI

EVI

NDWI

* significant at p < 05.

Statistics

R

RZ
p-Value
R

RZ
p-Value
R

RZ
p-Value

**not significant at p < 10.
Bold values indicate average to strong correlations.

Frontiers in Earth Science

EVI

0.7265
0.5278
0.001435*

NDWI

0.55
0.3025
0.027294*
0.7521
0.5657
0.000778*

06

Water eq

0.4165
0.1735
0.108543**
0.6834
0.467
0.003517*
0.7423
0.551
0.000991

RH2M

0.697
0.4858
0.002694*
0.498
0.248
0.049633*
0.639
0.4083
0.007704

Prec (mm)

0.2291
0.0525
0.393382**
0.4849
0.2351
0.056949*
0.5181
0.2684
0.039798
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FIGURE 2

Characteristics of land use land cover and precipitation of Errachidia province. (A) LULC change and (B) precipitation of the studied period. Data
of LULC: University of Maryland (UMD) (Michael et al., 2021); UMD scheme are provided at a 0.05° spatial resolution. The data source of precipitations:
Archives of Agence des Bassins Hydrauliques of Guir, Ziz, Rheris, and Maider, see also Table 1.
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FIGURE 3

Land cover and land use percentage (%) change in the province of Errachidia (Southeastern Morocco) in the period between 2005 and 2020. (A)
water bodies; (B) croplands; (C) savannas; (D) open shrublands; (E) closed shrublands; (F) urban lands; (G) non-vegetated lands; and h, grasslands.

Dotted lines: polynomial trendline.

Results

Land use and land cover change and
precipitation of the period 2005-2020

The findings show that the type of soil without vegetation
(Non-vegetated lands) corresponds to the major part of the land
use, which exceeds 90% of the total area of Errachidia. Compared
to the spatial distribution of precipitation, this large bare area is
strongly associated with the area with the lowest precipitations,
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which indicate that the province has high exposure to
meteorological sources (Figure 2). The spatial analysis of
precipitation has shown that the province is most exposed to
drought and most vulnerable to anthropogenic pressure. The
vegetation is concentrated in the mountainous areas in the
northwestern where the annual precipitation exceeds 160 mm
and in the oasis ecosystems through the province (the palm
groves) (Figure 2).

The monitoring of LULC over the last 15 years reveals different
changes in the province whether for urban and built-up lands,
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FIGURE 4

Comparison of water resources and vegetation cover coupling NDVI, NDWI, EVI, Water Equivalent Thickness, and LULC change (water bodies)

in the province of Errachidia using remote sensing techniques.
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savannas, open shrublands, von-vegetated lands, grasslands,
croplands, water bodies, and closed shrublands (Figure 3). The
trends differ significantly from type to type. For surface water
resources, generally, two trends can be observed, an increasing
trend since 2006 and a decreasing trend from 2011 to the
present. A similar evolution was also observed for closed
shrublands, and savannas. Regarding the croplands, an increasing
percentage was recorded from 2005 to 2009 and a decreasing trend
from 2009 to 2012, then an increase again to the present. However, a
positive trend in occupancy percentage was observed for the open
shrublands category and continued growth for the urban and built-
up lands, and the grasslands category. Concerning the type of soil
without vegetation (Non-vegetated lands) followed a decreasing
trend during the period 2005-2020.

Coupling normalized difference
vegetation index, normalized difference
water index, enhanced vegetation index,
water storage, and land use and land cover

The trend in vegetation cover was measured using the NDVI
and EVI indices, which estimate the variation in greenery while
the NDWI measured the vegetation liquid water over a period of
time. The results show a similarity in the variation from 2005 to
2020 in this province (Figure 4) confirmed by a strong to very
strong correlation using the statistical analysis. Indeed, three
major peaks in the percentage of vegetation cover were recorded
in the same periods. The first corresponds to an increase in 2007,
the second in 2009, and the third, which is the most important in
2015. In general, the trend for the period 2005-2020 is negative
with a marked fluctuation. Based on NDVI, NDWI, and EVI
anomalies during the period from 2005 to 2020, the province
experienced long periods of drought and the most affected years
were 2005, 2006, 2010, 2011, 2012, 2019, and 2020. This indicates
that these indices can help identify both the drought frequency
and the wet years, periods with maximum values of greenery as
showed in the years of 2007, 2009, and 2015 that coincide with
maximum values of water bodies as depicted in Figure 4.

In terms of water storage, the GRACE model shows a
significant change in the province, which can be divided into
three types of variations or phases (Figure 4). The first phase
lasted 4 years (2005-2008), the second was from 2008 to 2015,
and the third one lasted 5 years from 2015 to 2020. The first
phase recorded the lowest quantities (water Eq.) with a
decreasing trend, which corresponds to a period of drought
and/or human pressure. The second phase, the most
important and which recorded the greatest storage of water,
which of course fluctuates significantly from year to year. It
shows a good water supply and the big fluctuation may testify
to big exploitation. The third phase corresponds to low storage
with a decreasing trend, which may be explained by a low
surface water supply and anthropogenic pressure on these

Frontiers in Earth Science

10

10.3389/feart.2022.962097

resources. Statistically, the quantity of Water Eq. extracted
using GRACE tool is moderate to strongly positive associated
with the water quantity observed using NDWI (0.74) and the
vegetation cover using EVI (0.68). The use of different RS
methods to estimate the change may validate the applicability
despite the very small areas of water and vegetation cover
reported to the total areas of this desert province. This suggest
investigating the LULC to smallest areas to cover the areas
where the water and vegetation are localized such as the
Valleys, the Wadi, and the palm groves.

The comparison of the percentages of water resources and
cropland produced in the context of LULC reveals two parallel
peaks with a slightly increasing trend (Figure 4). This shows an
orientation to an extension of crops mainly of date palm and
associated crops. The first peak is the largest and most
widespread that lasted 5years from 2007 to 2011 and the
second peak lasted 2 years 2015-2016, noting also the start of
a third peak for cropland from 2018.

The annual values from 2005 to 2020 (The average of the
12 months of each year) were compiled (Figure 5) and correlated
using Pearson coefficient. The results revealed a moderate to
strong correlation between water equivalents estimated using
GRACE-data and EVI, NDVI, and NDWTI values. This may
indicate and validate the trends recorded.

Using Pearson Correlation Coefficient, the results revealed
that NDVT is moderate to strong positive correlated with EVI
(0.7265), NDWI (0.55), and relative humidity (0.697) while EVI
is moderate to strong associate with NDWI (0.7521) and water
equivalent (0.6834) and weak to relative humidity (0.498) and
precipitation (0.484) (Table 2). However, NDWI is moderate to
strong associated with water equivalent (0.7423), to relative
humidity (0.639), and precipitation (0.5181). This indicates
the importance of combining these indices to monitor the
vegetation cover and water bodies.

To understand the seasonal behaviour of vegetation cover
and groundwater storage in the province, data from NDVI and
GRACE satellites for the period 2005-2020 were processed and
coupled (Figure 6). The curve shows a very strong correlation
(with R: 0.83 and R2: 0.69) of the two indicators with a biphasic
form. The first peak is recorded in March in the heart of the
spring season and the second peak is in December in winter.

Discussion

In the context of CC, the precipitation is expected to change,
which affects the vegetation conditions. The precipitations are
rare in the areas “non-vegetated lands” mostly in the
southeastern area of the province. Relative dense vegetation
cover is correlated spatially with high precipitations in the
northwest area, in High Atlas Mountains that exceed 160 mm.
However, vegetation cover is observed also in areas with low
precipitation, particularly in oases ecosystems. Certainly, the
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The annual changes from 2005 to 2020 (The average of the 12 months of each year).

oases are present along with the province in areas with low
precipitation but this distribution is due to the Hassan Addakhil
Dam releases and the groundwater resources. In recent years, due
to the drought observed (low inflows) in the Ziz watershed, the
Hassan Addakhil dam has decreased continuously (Ben-said
et al., 2017). An additional issue related to this dam is the
siltation due to soil erosion. Ben Salem et al., 2011 advanced
that if the high sediment transport rates in rivers are
uninterrupted, the dam will not be completely functional for
irrigation on the horizon of 2030. Otherwise, Manaouch et al,
2020 reported that with an initial capacity of 380 Mm3 in 1973,
this dam experienced a siltation rate of 1.47 Mm3/year. These
trends show an increasing pressure on water resources and soil
quality in upstream areas. Always related to soil and erosion,
desertification is another serious problem encountered in the
area. According to Sinsin et al, 2021, it alters more than
250,000 ha in Errachidia, which cause the extension of the
desert (dunes, regs, and hamadas) that affect cultivated areas,
water bodies, and dwellings. This study predicted that the area of
sand dunes would grow by 1.7% per year in the period between
2019 and 2069.

Otherwise, the oases in the entire world are linked mainly to
groundwater and this may increase their vulnerability to both CC

Frontiers in Earth Science

1

and human overuse. The water supply in this area (the upstream)
is the main source of water of the Ziz Basin (Lgourna et al., 2015)
that fed the groundwater the principal source of drinking water
and for the agriculture of the province. In the last decade, the
monitoring of LULC shows a decreasing trend of water bodies.
This trend can be explained by a prolonged drought that
recorded in the area and the orientation of the local
population toward an expansion of the crop-land area. This
was confirmed by the increasing trend in the percentage of
croplands in this last decade. This anthropogenic pressure was
observed also for the urban-and-built-up-lands.

The trend in buildup area was validated using extracted data
using Google Earth image (High accurate data) between 2007 and
2020 (available images) (Figure 7). An increasing trend in the
urban area was highlighted and may explain the recorded
evolution.

In the last 2 decades, the non-vegetated-lands area that
represents the major land cover area decreased by 2%. This
may indicate an increasing human pressure reflected in the
average annual population growth rate from 2004 to 2014 in
the urban area that estimated about 1.4 (HCP, 2014) and the
urbanization rate about 46.4% the highest in the Draa-Tafilalet
region (HCP, 2018). This trend places significant stress on
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FIGURE 6

Change in the vegetation cover and the equivalent water thickness of Errachidia province in the period between 2005 and 2020 using remote

sensing methods.

ecosystems and particularly on groundwater resources. This
impact will not be without effect on the aquatic and terrestrial
ecosystems of the province. Using GRACE Model that estimates
water storage including groundwater, the outputs show a strong
decreasing trend in the last decade. It is additional proof that
reflects the depletion of groundwater. This is consistent with the
result of a study conducted on a water table aquifer located in Erg
Chebbi (100-km2 dune complex) suggesting that this aquifer has
been reduced by about 30% due to overuse in less than 50 years
with a total consumed 20-60 Mm3 (Garcia-Rodriguez et al.,
2014). This last study reported also that for years, water
requirements have overpassed the replenishment rate of the
aquifer and this has induced a depletion of the water table.
This will constitute a further negative effect on the drinking
water supply and agriculture. The regression trend can lead to
advanced land degradation and a growing water resource-
dependence accelerated by CC and droughts. In fact,
according to Hermans and McLeman (Hermans and
McLeman, 2021), droughts are serious drivers of land
which the

populations on resources and then conducted significantly to

degradation, causes dependence of rural
livelihood losses and migration. According to Kivivuori et al,
2012, plus the lack of jobs in rural areas, CC that makes drought
longer, and desertification more extensive force inhabitants to
migrate. Droughts and CC have also considerable impacts on
water bodies such as rivers in arid and semi-arid areas

(Noorisameleh et al., 2020).
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The orientation to an extension of crops mainly of date palm
and associated crops reflected in the increase of the percentage of
the area was supported by the local and national governmental
the report of the
Communication of Morocco to the United Nations
Framework Convention on CC (Ministry in charge of the
Environment) (MDMEMEE, 2016), the government launched
a phoenicicultural program. This program aimed to plant one

strategies. According to National

million date palms in the oases of Errachidia province with an
initial budget of MAD 1.25 billion, followed by a second tranche
of MAD 3.23 billion to cover until 2030 (MDMEMEE, 2016). In
this report, the government conducted two programs that target
the oasis development and the return of young people to the
abandoned oases and their greening. The extension of date palm
and other crops was recorded using Google Earth images. The
change of this area near the HED and city of Errachidia is an
example of this extension as shown in figure 7. A clear trend can
be observed between June 2007 and Mai 2020 (available images).
In 2007, in the selected area, there were no farms but in 2020
(Black square), the area was invaded by new farms with large
reservoir for irrigation (Red and Yellow squares), estimated to
83 farm-reservoirs (Figure 8).

The regional office for agricultural development of Tafilalet
(Errachidia) has published a note on the Project for the
Development of Irrigation and Adaptation of Irrigated
Agriculture to CC downstream of the Kaddoussa Dam
(PDIAAI-CC) which aims to “adapt to CC through the
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FIGURE 7

Change of the buildup area of Errachidia city in two years using Google Earth images. (A) in 2007; and (B) in 2020.

transformation of irrigation and integrated territorial
development.” Over a length of about 60 km, the project area
covers the valley of the Guir wadi from the site of the Kaddoussa

Dam to the Sehli perimeter downstream. According to this
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source, the extensions outside the oasis concern 4,075ha of
collective land operated by rights holders and investors mostly
from outside the area. According to the official website of the
Ministry of Agriculture of Morocco, this project was launched in
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FIGURE 8
Change of the buildup area of Errachidia city in 2 years 2007 and 2020 using Google Earth images.
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2018 for 836 million MAD, covers an area of 5,000 ha and should
benefit 5,500 farmers in the Province. It should generate an
increase in the added value of 50,000 MAD/ha/year according to
the

lirrigation-adaptee-aux-changements-climatiques).

same source (https://www.agriculture.gov.ma/fr/projet/

The most relevant strategy in the field of agriculture is “Plan
Maroc Vert,” which was implemented with the purpose to maximize
poverty through the

encouragement and the funding of economic irrigation practices

industrial agriculture and alleviate
and the use of solar energy to optimize productivity and tackle CC.
However, this project is a double-edged sword because the financing
of this free energy can cause the overexploitation of underground
water resources that are difficult to renew (Benabderrazik et al.,
2021). The soil and water in drylands are already fragile and exposed
to salinity so they cannot support a growing population with such
growing needs. In fact, from the Hassan Addakhil Dam (the big dam
of the province) in upstream (North)-downstream (South) direction
a considerable change in groundwater quality was found, mainly an
increase in salinity from upstream with TDS -460 mg/L to
downstream with a TDS -16,000 mg/L (Lgourna et al, 2015).
This increasing rate in groundwater salinity was observed in
similar oases regions of Morocco and also in the golf from the
United Arab Emirates (Moumane et al., 2021; Gomez-Alday et al,,
2022). The use of solar energy in the context of groundwater
desalination is a promising strategy to adapt to CC and drought
effects. Desalination is an ideal solution to solve the problem of water
scarcity in dry areas (Mostafaeipour et al., 2021). The use of local
crop varieties and livestock well adapted to arid climates are also
ideal solutions to rationalize consumption and support soil fertility.

Outputs suggest that this province is, on a level, fragile to
effects from meteorological, and socioeconomic sources. This
trend implies that the province faces significant issues.
Groundwater depletion represents the next most critical aspect
of the province. These induce loss of vegetation, water, and soil
qualities. These problems are consistent with those recorded for
the province of Zagora that seriously affect local human beings
(Karmaoui et al., 2021). Observed in the fully drying up of Iriki
Lake, the migration, and degradation of a large part of the oasis of
M’Hamid in the downstream of Zagora attributed to the
construction of Mansour Eddahbi Dam in the upstream area
of the province, the water overuse, and the prolonged periods of
droughts. This was found by Karmaoui et al., 2018 in Zagora
province, a neighbouring province in the southern part (more
driest), reporting that this area is projected to suffer an increasing
trend in dry years over the current century (2010-2099).
According to this study, two additional impacts were
explored, the high rate of evaporation that influences the soil
moisture and its productivity (vegetation greenness) accelerated
by the human pressure.

Despite the complex interactions between the impact of CC,
anthropogenic pressure, and LULC classes, an attempt to distinguish
these effects are provided to highlight which LULC class change
results from CC and which from anthropogenic effect. Land-use
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type such as urbanization is influenced totally by human
intervention to respond to the population and economic growth
as reflected in the growth rate recorded in Errachidia as mentioned
above. This development requires as well as an increase in the
creation of new croplands and the conversion to permanent
agriculture (apple tree and plum trees in mountainous area while
palm and olive trees in the plains areas toward the south). However,
this trend may be subject to climate risks in the near future, which
can result in the reduction of water supply and then this threatens
the local economy and particularly, the food security. The slight
change in closed shrublands and savannas may be primarily due to
the reported impact of nomads practices such as overgrazing that
causes soil erosion and then the degradation of principally the
juniper and the drought trend in the last decade. In the final report of
the project of rural development in Errachidia Province,
transhumant grazing is reported to be much practiced and
during winter, livestock is grazed in the province and transferred
to other provinces in summer to look for water and grazing grass
areas (MI, 2012). In this governmental report, in addition to the
over-grazing caused by inhabitants and nomads, farmland
reclamation was also recorded. Wood harvesting constitutes an
additional potential factor that can cause this slight decreasing
trend. This was confirmed also by official data on the use of
firewood from the Moroccan High Commission for Planning. In
fact, according to the national census of population and housing of
Morocco, the firewood used by the total provincial households
represents 30.5% and 50% in rural areas (HCP, 2019), which
indicates a strong pressure on local ecosystems. Otherwise, as
stated by the global forest watch (https://www.globalforestwatch.
org/), the province of Errachidia lost 0.0655ha of tree cover in the
period 2001-2020, which is equivalent to a regression of about 3.6%
since 2000. Concerning the change in water resources, the impact of
both climate change and anthropogenic components is relatively
easy to describe and demonstrate. Reported to the total area of the
province, the water bodies are generally rare and the estimated
change is slight since the area is arid. This decreasing trend in the last
decade is probably attributed to multiple factors, climatic and
anthropogenic. Particularly, it is due to the reduced supply
because of the decreasing of the total annual precipitation, the
high rate of evaporation, and the strong demand by a growing
population.

Generally, according to the CC scenarios, the precipitations are
likely to decrease while temperatures are likely to increase, which
indicates a growing risk of droughts both at national and regional
scales. Given this common trend in the oasis provinces with different
degradation speeds, integrated management of water resources in
this arid area is mandatory to reach sustainable development.
Human impact and droughts seem to have the most dangerous
the
groundwater. Groundwater management is crucial and requires a

influence on the provincial ecosystems particularly,
participative and cooperative approach that involves government,
local population, NGOs, farmers, competent authorities, particularly

the water and agriculture administrations. Based on results using
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NDVI, NDWI, and EV], Errachidia is subject to periods of drought
that last several years and which can cause considerable losses
through the regression of production. Thus, the current study
strengthens the understanding of LULC and water storage
potentials of the province. The use of different RS methods to
estimate the change may validate the applicability despite the very
small areas of water and vegetation cover reported to the total areas
of this desert province. This suggest investigating the LULC to
smallest areas to cover the areas where the water and vegetation are
localized such as the Valleys, the Wadi, and the palm groves.

Limitations of the study

The RS techniques used in the current study allow to survey
various aspects of land use and land cover, vegetation, weather,
drought, water resources, urbanization, and agriculture.
However, the application of these techniques is associated also
with some limitations in terms of spatial scale, including the
smallest scale of the study when applying the RS methods. The
low resolution of the monthly water storage derived from
GRACE-FO data is a second example. For this data, the
equivalent water thickness represents the total mass anomalies
over land plus potentially non-hydrological signals that haven’t
been removed such as large earthquakes.

The temporal scale (2005-2020) of the RS application is also a
limitation of this study. The observed data of precipitation in the
23 stations are heterogeneous and sometimes does not cover the
entire period. These weaknesses can be resolved for upcoming
research using a study on several provinces on a longer period
using the most representative stations with complete data. The
disregard of the field survey method is due to its expensive cost
and a long time to conduct it. The lack of an updated database
including the data on vegetation and water resources in the area

makes it difficult to conduct this kind of study.

Conclusion

The current study takes advantage of RS technology using tools
such as LULC, NDVI, NDWI, EVI, and GRACE Satellite data in a
vulnerable and understudied area. To our knowledge, there are no
studies combining these tools in the province of Errachidia. The
paper provides a diagnosis of the states and trends of land and water
resources of this arid province that is presently highly impacted by
incidental effects from human pressure and drought. Moreover,
groundwater, the soil quality, natural ecosystem are therefore at risk
from the ongoing land development in the province. The findings of
the current research reveal that significant changes in this province
were explored. A decreasing trend in water bodies from 2011 to
present, an increasing trend was recorded for the urban-and-built-
up-lands and the grasslands categories, an increasing trend in the
second half of the studdy period for croplands while the non-
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vegetated-lands followed a decreasing trend. The outputs of the
indices NDVI, NDWI, and EVI showed three major peaks recorded
in the same periods (in 2007, 2009, and 2015) explained by serious
dry condition. In general, the trend for the entire period is negative
with a marked fluctuation. In terms of groundwater resources, the
GRACE model shows three phases. The first recorded the lowest
groundwater quantities with a decreasing trend, which corresponds
to a period of drought and/or human pressure. The second phase,
the most important and which recorded the greatest storage of
water. The third phase corresponds to low storage with a decreasing
trend. LULC of water resources and cropland reveals two parallel
peaks with a slightly increasing trend. This shows an orientation to
an extension of crops mainly of date palm observed in an increasing
number of installed farm-reservoirs near the city and in Boudnib
area. A high correlation between NDVI and water storage-Data for
the period was found, with a biphasic form. For the annual change of
the period 2005-2020, the correlations revealed that NDVI_is
moderate to strongly positive correlated with EVI (0.7265),
NDWI (0.55), and relative humidity (0.697) while EVI is
moderate to strongly associated with NDWI (0.7521) and water
equivalent (0.6834), and weak to relative humidity (0.498), and
precipitation (0.484). However, NDWI is moderate to strong
associated with water equivalent (0.7423), relative humidity
(0.639), and precipitation (0.5181). This indicates the importance
of combining these indices to monitor the vegetation cover and
water bodies. The statistical correlation change in the water storage
and vegetation cover may indicate the sensitivity of these desert
ecosystems and the vulnerability for any new extensions mainly for
the unsustainable crops. The extensions should be performed with
caution since the increasing areas of cropland intended for export
may increase the overuse of groundwater in an arid area. This trend
may threatens the sustainability of the desert ecosystems of the
province and influence the capacity of the region to supply the
drinking water for a growing urbanization. Indications and signs of
this began to appear in the drying up of Iriki Lake in the neighboring
province of Zagora and in some sites including the total drying up of
Ain Msky in the study area.

The results showed that RS techniques are important
approaches to detect hydrological droughts, observe, and
conserve land and water resources. In areas such as Errachidia,
rationalizing the use of water resources is needed to support
sustainable development purposes in drylands, environmental
scientists and decision-makers may use the outputs.

About decision-making, it can be concluded that the
vulnerability of the Errachidia to the water-associated issues
would be progressively overcome with careful management of
ecosystem services and the monitoring of human uses.

Experimentation on human subjects

We confirm that the study complies with all regulations and
confirmation that informed consent was obtained.
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Appendix A:
Correlation between the trend in vegetation cover using the

NDVI, NDWI, and EVI over the period of the study using the
statistical analysis
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