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Abstract: Remote sensing (RS) data and geographic information system (GIS) techniques were
used to monitor the changes in the Oasis agroecosystem of the pre-Saharan province of Errachidia,
southeastern Morocco. The land use and land cover (LULC) change of the agroecosystem of this
province was processed using Landsat time series with 5-year intervals of the last thirty years. The
normalized difference vegetation index (NDVI) and the maximum likelihood classification (MLC)
were categorized into five classes, including water bodies, cultivated land, bare land, built-up, and
desertified land. The overall accuracy of the MLC maps was estimated to be higher than 90%. The
finding showed a degradation trend represented by an increase in desertified lands, which tripled
in the ten last years, passing from 20.62% in 2011 to 58.49% in 2022. The findings also depicted a
decreasing trend in the cultivated area in this period passing from 174.2 km? in 1991 to 82.2 km? in
2022. Using NDWI, Landsat images from 1991 to 2021 depicted a strong association between the
water reserve in Hassan Eddakhil dam in the upstream area and the LULC changes. The oases from
the dam (upstream) to Er-Rissani (downstream) recorded high rates of decline with an increasing
trend of desertification due to drought and overuse mainly of groundwater. The outputs of this
research effort constitute a significant source of information that may be used to support further
research and decision-makers to manage arid ecosystems and achieve the sustainable development
goals (SDGs), precisely the SDGs 15 (Life on land).
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1. Introduction

Oases are millennial agro-ecosystems that support a significant flora and fauna bio-
diversity [1]. Worldwide, the oases are arid wetlands localized in many regions in China
from Asia, in the Middle East, and in North African countries such as Algeria and Mo-
rocco. In these areas, water resources are rare, and these ecosystems are primarily linked to
groundwater ecosystem reserves (ES). This dependence on water resources in arid climates
exposes the oases to droughts and demographic growth. Many studies have confirmed the
reduction of the surface areas, water surface, and groundwater reserves in these vulnerable
ecosystems. In the Shiyang River Basin from China, Huang, and Ochoa [2] reported that
the sustainability of the Qingtu Oasis, a fragile ecosystem is relied on ecological water
diversion, advancing that the decrease in water diversion may cause water-level decline,
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oasis area reduction, fragmentation, and vegetation degradation. In the oasis-desert in the
Sangong River watershed (Northwestern China), Yin et al. [3] recorded salt accumulation
in different landscapes, mainly accelerating in irrigated lands, a continuous decrease in
groundwater levels, and the degradation of groundwater quality.

In Morocco, Moumane et al. [4] investigated the spatiotemporal variation of ground-
water level and salinity, recording the overuse in the Middle Draa valley in the pre-Saharan
region. According to this last study, the groundwater table decreased by 10 m and a sig-
nificant increase in water salinity (from 1077.55 to 1211.9 puS/cm) between 2013 and 2018,
which caused the drying up of several wells and remarkable drinking water shortages in
the closest city and villages. Otherwise, studying the agricultural dynamics of the Algerian
oasis of Sidi Okba and the Tadjdid extension, Hamamouche et al. [5] reported that in recent
decades this oasis experienced physical degradation causing the removal of the lower
layers (i.e., annual field crops and fruit trees). However, in Tunisia, Haj-Amor et al. [6]
investigated the impacts of climate change (CC) on irrigation water requirements in an
oasis under the salinity trend of groundwater. These authors recorded that CC induced
a progressive increase in the salinity of water irrigation in Metouia oasis (a coastal oasis
in southeastern Tunisia). The same study projected in the period 2019-2050 an increase
in irrigation water requirement of date palms and a decreasing trend of rainfall, which
may increase the aridity condition of the oasis [6]. Similarly, in the ecoregion in Oman and
Yemen in Fog Oases in Southern Arabia, a fragile ecosystem Patzelt, [7] advanced that the
vegetation is slow to regenerate and extremely sensitive to disturbance, and the extended
areas and habitat are over-exploited and degraded with various species threatened with
disappearance. However, in the oasis of Wadi Al-Thulaima (southern part of Al-Kharj city,
southeast of Riyadh, Saudi Arabia) El-Sheikh et al. [8] considered it a hyper-arid habitat
altered by wastewater reuse. This study reported the importance of the reuse of treated
wastewater as a solution that helps the restoration of soils in these areas and the growth
of perennial vegetation. Otherwise, Moumane et al. [9] studied the desertification in the
Ternata oasis (Zagora province), in the southeastern province of Morocco, using remote
sensing (RS) techniques reporting that the oasis experienced a significant expansion of de-
sertification in the period between 1991 and 2021 and a remarkable reduction in cultivated
lands (—29.6%). This advancement of the desert was also recorded by Karmaoui [10,11].

In Morocco, particularly in oasis areas, the strategy of converting water resources
and creating dams in these arid areas has been used in several oases. The example of the
Mansour Eddahbi dam (MED) in the Draa Valley and Hassan Eddakhil dam (HED), and
Kadoussa dam in Errachidia province (oasis area of Morocco) are excellent examples. As
they have benefits, these dams also have disadvantages, such as the change in the state of
arid and semi-arid ecosystems and the appearance/disappearance of species, mainly in
the downstream area. Dams are structural measures to produce hydraulic energy, control
the flow during floods, and increase the irrigated agricultural area, which subsequently
contributes to the socio-economic development of a region, especially in arid areas. Unfor-
tunately, these structures suffer from some serious issues, such as siltation, which causes
the reduction of their capacities. According to the forecasts made on the dams, they must
retain less and less water in the coming years, which means less and less agricultural
production. Since a large part of the population is dependent on the agricultural sector,
which will be forced to move and migrate. This situation may increase the unemployment
rate and, consequently, poverty. Additionally, erosion is another significant problem linked
to the low quality of soil in this fragile area that has been estimated in several studies.
The results of the IMPETUS project implemented in the region estimated that the rate of
erosion was at 5.6 tons/ha/year [12], which confirms the high level of siltation in these
dams. These reported issues, including ecosystem fragmentation, desertification, dam
silting, water depletion, and soil erosion, may indicate a significant rate of degradation in
these vulnerable areas.

The changes in oases ecosystems and resources are approached using different meth-
ods, including conceptual models, field surveys, field measurements, GIS techniques, and
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RS technologies. The RS is increasingly used in many domains, such as climatology, ge-
ology, agriculture, forestry, ecology, hydrology [13], epidemiology [14], and geography.
The applications range from the observation and monitoring of many variables, including
desertification, fires, floods, erosion [15,16], droughts [17], and urbanization. The most used
applications are the impacts of CC and anthropogenic pressure on LULC change, such as
vegetation, cities, and water surface. The farm productivity and income in an oasis (palm
grove) are not stable from one year to another and are linked to the availability of dam
water [5]. The importance of climate and economic opportunities and the governmental
support for some crops have attracted national investors to base in the area. This was also
reported by Hamamouche et al. [5], advancing that new forms of Saharan agriculture were
attractive to national investors. This trend was also reported by Moumane et al. [4], and
Karmaoui et al. [11] considered the orientation of farmers to some crops, particularly water-
melon, in arid areas as harmful in the long run. This option may induce, in addition to the
water shortage, the reduction of soil fertility and, consequently, long-term socioecological
impacts. The current decreasing trend of water resources and LULC raised the necessity to
measure and monitor the dynamics of ecosystems.

The current study primarily aimed to monitor the change in LULC in the Oued
Ziz (pre-Saharan area of Morocco) and to better understand the interaction between the
components of the socio-ecological system of this arid zone. This may help explore the
impact of CC and human intervention on the LULC using RS and GIS techniques in the
last thirty years.

2. Materials and Methods
2.1. Study Area

The study was carried out in the province of Errachidia (southeastern Morocco). It
extends over an area of 27,037 km? with a population of 418,451 inhabitants (2014) [18]. It
is situated in the Draa-Tafilalet region between the Algerian border and the High Atlas
Mountain, characterized by a significant climatic and geographic contrast from upstream
to downstream. The topography is relatively sloping towards the southeastern area. Er-
rachidia is crossed by several intermittent streams locally called Oueds including Oued Ziz
that originate in the northern area of province and end up in the desert in southern area
(Er-Rissani or Rissani oasis).

The climate is semiarid to arid with hot dry summers and cold winters, rare and
irregular rainfall in space and time, with less than 80 mm of annual rainfall in upstream
area. The temperatures are highly variable depending on regions and seasons and can reach
less than 0 °C in winter and more than 45 °C in summer. In this area, oases are agrarian
areas characterized by fragility and high vulnerability to sand encroachment induced by
wind [19]. This may affect the presence and distribution of both animal and vegetation
diversity, which influence the ES and then the local economy and human well-being.

The irrigated area is concentrated in the upstream area and along the oueds that
cross the province. The main economic sector is agriculture localized, primarily in oasis
agroecosystems. This economic activity is based along the oueds banks [20] and in the
Tafilalet region that includes the lower valley of oued Ziz. In addition to agriculture,
tourism is another significant economic activity [21]. Due to the cultural and historical
diversity (historic crossroads between north and south), geographical and natural (forests,
oases, sand dunes, mountains, and plains), the province of Errachidia is considered a
paradise destination for tourists.

These two sectors are both dependent on groundwater and the releases of Hassan
Eddakhil dam (HED) installed in the upstream area of the province. The valley crosses the
most important ancient palm groves of the province starting from this dam crossing several
oases until the downstream Er-Rissani oasis then flows in the desert (Figure 1). The current
study focused on the system that includes HED, Errachidia, Erfoud (Arfoud), Er-Rissani
(Rissani) cities, oases, and the desert. Errachidia city is a big and ancient urban area in the
province, located 5 km downstream of the dam.
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Figure 1. The study area shows the Ziz River (Oued Ziz) and the associated land use and land cover
classes. On the left, some images were extracted using the Google Earth Pro online tool. These images
show from top to bottom of the image HED, Errachidia, the big city, a central part of Oued Ziz,
Erfourd and Er-Rissani cities in the downstream area extracted from Google Earth Pro.

It should be noted that the bare land area refers to the areas outside the traditional
oases without dominant vegetation while the desertified areas are the degraded cultivated
areas (resulting from the degradation process). Cultivated land or irrigated farms includes
areas with date palm cover and associated crops in lower layers such as vegetables, cereals,
and alfalfa. However, the built-up areas are mostly outside or at the limit of the oasis
ecosystem while water bodies very sensitive to evaporation are the smallest area due to
the arid aspect of the climate. The majority of water is stored in the dams and realized
periodically through farms irrigation.

According to the National Agency for Oases and Argan tree Zones Development
(ANDZOA) of Morocco [22], the oases are characterized as follows:

e  Climatically, by low rainfall inputs that do not compensate the significant evaporation
and frequent and drying winds with very high sunshine;
e Hydrologically, the water balance is largely in deficit;
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e  Socioeconomically, oases are intensively cultivated agro-ecosystems and are consid-
ered favorable settlements and stopover of desert forwarders throughout history.

The study area belongs to the Ziz watershed, where the high part of this basin is
wealthy in groundwater, and 60% of this zone has moderate to very high capacity for water
storage [23]. In the lower part of the watershed, the climate is essentially semi-desertic
with a high continental influence where the precipitations do not exceed 60 mm/year,
and the temperature can reach 50 °C in summer (Rissani zone) [24]. Oued Ziz watershed
is the important hydrological basin of the province that has its source in the High Atlas
Mountains with an irregular flow [21]. It feeds the HED, the main source of water surface
and groundwater of the province that supports the socioecological system of the oases
(Figure 2).
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Figure 2. Comparison of HED status in 2016 and 2022 using Google Earth Pro (A) and manual
drawing and treatment using GIS platform (B).
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2.2. Methodology

Geospatial techniques are frequently used in environmental and extreme events re-
search. Remote sensing (RS) and Geographic Information System (GIS) are among the
most important and trending tools used mainly to produce LULC maps. The evaluation
of land cover change is among the principal applications of RS data [25]. Using these
technologies, three steps were followed, a delimitation of the area and time series, second,
an extraction and image preparation, and then a validation of data. The land use and
land cover (LULC) change of agroecosystem associated with Oued Ziz was processed
using Landsat 5 and 8 time series with 5-year intervals of the last 30 years by computing
the maximum likelihood classification (MLC), the normalized difference vegetation index
(NDVI), and the normalized difference water index (NDWI) (Figure 3).

Data(Spatiostemporaliscales) liclaiion

Delimitation of the study area NDVI in Km sq
@iz river) of 1991, 1996, | /|

/ 2001, 2006, 2011, 2016, and

2022

Classification error
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Image
preparations Data of LULC

LULC classes areas in
Km sq using Maximum
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Data of Hassan
Eddakhil Dam X .
Google Earth Pro images

were used to assess accuracy
NDWI index in areas in Km sq

Km sq

Figure 3. General scheme of the methodology, image acquisition, classification, classes change, and
accuracy using NDVI, NDWI, and MLC.

2.2.1. Satellite Data Preparation

Satellite data were extracted from United States Geological Survey (USGS) Earth
Explorer website (http:/ /earthexplorer.usgs.gov/, accessed on April 2022, See Table 1). The
LULC was explored using seven Landsat images (Landsat 5 with 7 bands using TM sensor
and Landsat 8 with 11 bands using OLI sensor) of the time series 1991 (8 March), 1996
(18 February), 2001 (15 February), 2006 (13 February), 2011 (31 March), 2016 (28 March),
and 2022 (29 March) (Table 1). The selected images were cloud-free with a 30 m resolution
(Table 1). The image treatment was processed using ArcMap 10.5.
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Table 1. Landsat image characteristics including Landsat image category, acquisition date, sensor,
number of bands, spatial resolution, path/raw, and the reference.

Satellite

Spatial

Sensor Resolution Path/Raw Doi
m

Acquisition Number of

LANDSAT 5

https:/ /doi.org/10.5066 /P9

8 March 1991 ™ 7 30 200/038 18ROHC, accessed on 7

April 2022

LANDSAT 5

https:/ /doi.org/10.5066 /P9

18 Feruary 1996 ™ 7 30 200/038 18ROHC, accessed on 15

April 2022

LANDSAT 5

https:/ /doi.org/10.5066 /P9

15 Feruary 2001 ™ 7 30 200/038 18ROHC, accessed on 15

April 2022

LANDSAT 5

https:/ /doi.org/10.5066 /P9

13 Feruary 2006 ™ 7 30 200/038 18ROHC, accessed on 15

April 2022

LANDSAT 5

https:/ /doi.org/10.5066 /P9

31 March 2011 ™ 7 30 200/038 18ROHC, accessed on 7

April 2022

LANDSAT 8

https:/ /doi.org/10.5066 /P9

28 March 2016 OLI 11 30 200/038 OGBGMS6, accessed on 15

April 2022

LANDSAT 8

https:/ /doi.org/10.5066 /P9

29 March 2022 OLI 11 30 200/038 OGBGMS6, accessed on 14

April 2022

2.2.2. The Maximum Likelihood Classification (MCL)

MCL was used to detect accurately the changes in satellite imagery of LULC. This
method is the most remarkable pixel-based classification algorithm [25] and is very easy to
implement [26]. This algorithm was used to classify the images in case of desertification [27]
and in the context of drought [26]. For the specification of the used Landsat satellite images
for the dam there are the following two types of data: raster data (step 1), which used
to produce the dam and LULC and NDVI maps and vector data (step 2), to compute
the area. For the number, the main images processed were seven the table gives all the
necessary information and the bands, there was an equivalent number of high-resolution
images to carry out the accuracy assessment of seven, plus four sentinel images. For
the MLC between 1991 and 2022, five LULC classes were used including water bodies,
bare land, cultivated land, desertified land, and built-up. One single multispectral image
was produced using multiple bands. To process the supervised MLC, field survey was
conducted, and high-resolution Google Earth Pro images were used. Each group of pixels
was included in a single polygon to differentiate the selected LULC classes [28]. Supervised
image classification was carried out using the MCL algorithm and the produced images
were categorized into the above-mentioned classes [9].

2.2.3. The Vegetation Index

The NDVI was conceived to quantify vegetation by computing the difference between
near-infrared (NIR) and red light [29]. This index was used in context of drought assess-
ment [30], flood impact on agriculture [31], in fires safety management [32], and in context
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of desertification impact [9]. NDVI based on formula 1 was used to explore the change in
the vegetation cover during the last thirty years.

[NIR — RED]

NDVI= QiR T RED)

(1)
where NIR is the reflection in the near-infrared spectrum and RED is the reflection in the
red range. The NDVI values oscillate on a scale from —1 to 1. The negative values are
associated with water and clouds, the values near zero refer to bare land, and values near
1 are associated with dense vegetation. The following two main classes were considered:
the cultivated and uncultivated areas. For more information about the bands, refer to the
official website of USGS.gov.

2.2.4. Water Index

NDWI based on formula 2 was used to monitor the change in the water surface HED,
the principal water resource during the last thirty years. This index was proposed by
Gao [33] to detect the change in the vegetation liquid water, used also to manage water
bodies and soil moisture [34]. Values near +1 indicate higher moister while lower values
correspond to drier area and negative values (or 0) for terrestrial vegetation and soil.

[Green — NIR]

NDWI = -—n——
[Green + NIR]

()

where the NDWI is produced based on green and near-infrared (NIR) bands.

2.2.5. Classification Accuracy

Accuracy assessment (AA) is considered a crucial condition to effectively use it in
decision-making and in ecosystem management. The overall accuracy or the validation of
the satellite images or the classified image compares how the pixels are classified versus
the definite land cover on ground truth data [35]. Techniques to assess the accuracy of
RS data were proposed by Stehman and Czaplewski [36], reviewed in Costa et al. [37]
and applied in Moumane et al. [9]. Randomly, more than 200 ground control points were
collected during 2022 by using a Garmin geographical positioning system (GPS) to validate
the quality of produced maps, Google Earth images were also used to assess the accuracy
by using the error matrix [9,38]. The kappa coefficient of agreement was introduced to the
remote sensing community in the early 1980s as an index to express the accuracy of an
image classification used to produce a thematic map [39,40].

2.2.6. Associations between LULC and Surface Water in the Dam

The association of water surface of the HED in the upstream area and the cultivated
area was conducted. Water surface (in km?) of the dam was processed in the years 1991,
1996, 2001, 2006, 2011, 2016, and 2022 using NDWI. These maps were validated using
Google Earth Pro and all accuracies are accepted (Validation of the HED areas in the same
period using Google Earth images and surface estimation tool). However, the cultivated
area in km? was estimated using MLC in the same years. The change of volume of water in
the dam during the same period can be also used to validate the NDWI estimations.

2.2.7. Urban Area Change

The maximum likelihood classification was used to monitor the LULC including urban
area between 1991 and 2022. All the accuracies are accepted for the urban area. It should be
noted that the algorithm MLC has confusion in classifying bare and urban lands [26]. This
limitation was also recorded by As-syakur et al. [41] reporting that due to the high degree
of homogeneity, the bare land and urban areas (using spectral indices) have low accuracy.
We have tried to use the normalized difference built-up index (NDBI) and normalized
difference bareness index (NDBal) [42,43] but they were unable to distinguish between
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built-up areas and bare and dry soil that surround it, this problem is common in remote
sensing research in cities in dry climates [44]. To extract the built-up area, we have used the
MLC-supervised image classification then we have adjusted the output image according to
comparison with field data and high-resolution images from Google Earth Pro. For the field
data, we recorded randomly and compared points in a direction downstream to upstream
for different LULC classes.

2.2.8. Ancillary Data

For the precipitation data of the weather station 602,100 (GMFK) (Latitude: 31.93 |
Longitude: —4.4 | Altitude: 1034) was provided by the Tutiempo Network, S.L. while the
evaporation in the dam was provided by “L’Agence du Bassin Hydraulique du Guir-Ziz-
Rhéris”. The hydrologic data of this dam including inflow and outflow were also gathered
from this agency and correlated with the satellite data. For the dam images, we collected
supply or release data to validate the dam data by remote sensing as well as the oasis data.

2.2.9. Geographic and Statistical Analyses

Geographic analysis was performed using ArcMap 10.5 and statistical correlation
using the Pearson correlation coefficient (Formula (3)) to estimate the strength of a linear
association between some climatic and hydrologic variables and land cover such as water
bodies in HED, cultivated land, precipitation, desertified area, and urban area.

L Lxi-Di-p)
VEixi -0/ ilyi - 9)

)

3. Results
3.1. LULC Classes Using NDVI

In this section, LULC was categorized into the following two main classes: the cul-
tivated and uncultivated, for the years 1991, 1996, 2001, 2006, 2011, 2016, and 2022 and
processed (Figure 3 and Table 2). For example, the cultivated area represents 18% in 1991
against 6.5 in 2001 and 9% in 2022, while the uncultivated category, including urban, bare
land, and water bodies areas, represents, respectively, 81%, 93%, and 91% (Table 2 and
Figure 4). Generally, the findings depicted a decreasing trend in the cultivated area in this
period. Comparing Google Earth images and using ground observations, the threshold for
the cultivated land class was 0.20. To detect the change in cultivated lands, the images were
reclassified into the following two main classes: cultivated area > 0.20 and uncultivated
land < 0.20 (bare land, built-up land, desertified land, and water bodies).

Table 2. Cultivated, uncultivated, and total areas in km? during the period 1991-2022 using NDVI.

1991 1996 2001 2006 2011 2016 2022
Cultivated 174.26 145.86 59.94 56.12 135.91 158.11 82.26
Uncultivated ~ 747.63 776.0 861.96 865.78 785.98 763.67 839.62

Total 921.89 921.87 921.91 921.90 921.9 921.78 921.88
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Figure 4. NDVI of the study area of the years 1991 (A), 1996 (B), 2001 (C), 2006 (D), 2011 (E), 2016 (F),
and 2022 (G). (H), Google Earth and LULC image for comparison purposes.

3.2. Accuracy Assessment for the Classified Images

Based on NDVI, error matrices for 1991, 2001, 2011, and 2022 were estimated and the
accuracy assessment for NDVI-classified images indicated a high accuracy and met the criteria
of 85% minimum overall [45] and 70% per-class accuracy [46] (Table 3). Overall accuracy
=93.5% (1991) with Kappa coefficient = 0.87, 85% (1996) with Kappa coefficient = 0.70, 91%
(2001) with Kappa coefficient = 0.82, 88% (2011), and 91% (2022) with Kappa coefficient = 0.82
(Table 3). However, the maps produced based on MLC of the study area are also highly
accurate, while the overall accuracy = 80.5% (1991) with Kappa coefficient = 0.72. For 2022,
the overall accuracy = 85.5% (2022), and the Kappa coefficient = 0.78 (Table 4).
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Table 3. Error matrices for 1991, 2001, 2011, and 2022 classified images based on NDVI of the

study area.
Reference Data P Correct User's
LULC Classes Cultivated Uncultivated Total Sampled Accuracy (%)
Land Land
Cultivated Land 98 4 102 98 96.09
Uncultivated Land 9 89 98 89 90.82
Reference Total 107 93 200 187
T g
Overall Accuracy = 93.5
Kappa = 0.87
Cultivated Land 90 5 95 90 94.74
Uncultivated Land 13 92 105 92 87.62
Reference Total 103 97 200 182
2001 ’
Alzrci‘i;f;r(j) 87.38 94.86
Overall Accuracy =91
Classified Kappa = 0.82
data Cultivated Land 95 3 98 95 96.94
Uncultivated Land 21 81 102 81 79.41
Reference Total 116 84 200 176
2011 ,
Aiiif:f;r(j) 81.9 96.43
Overall Accuracy = 88
Kappa =0.76
Cultivated Land 88 1 89 88 98.88
Uncultivated Land 17 94 111 94 84.69
Reference Total 105 95 200 182
2022 ,
Alzrc‘l’ﬁ:f;r(j) 83.81 98.95

Overall Accuracy =91
Kappa = 0.82

3.3. NDWI of Hassan Eddakhil Dam

NDWTI was used to monitor the change in the water surface of the HED, and 1991,
1996, 2001, 2006, 2011, 2016, and 2022 are the time series used to correlate the water bodies
and precipitation (Figures 5 and 6). The outputs revealed that the water surface in the
HED varied from 5.6 km? as the minimal value recorded in 2001 and 11.92 km? estimated
in 1991 as the maximal water surface in the study area. Otherwise, the current year 2022,
recorded the second most dried year with 6.6 km? in the selected time series (Figure 4). The
correlation (using Pearson correlation coefficient) of these data with annual precipitation in
this dam revealed a moderate positive correlation (the value of R is 0.7482). This indicates a
tendency for high annual precipitation scores to go with high NDWI scores (and vice versa).
The correlation is not total because an important amount of water comes from mountainous
areas and tributaries.
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Table 4. Error matrices for 1991 and 2022 classified images based on maximum likelihood classification

of the study area.

Reference Data

LULC CI, Cul d D fied B Classified Correct Alcjcstfrr;iy
asses ultivate esertifie are .
Total Sampled o
Land Land Land Water Built Up P (%)
Cultivated 34 4 0 0 0 38 34 89.47
Area
Desertified 0 18 13 0 1 32 18 56.25
Land
Bare Land 0 12 76 0 0 88 76 86.36
Water 0 0 0 10 0 10 10 100
1991 Built-Up 0 0 9 0 23 32 23 71.87
Reference 34 34 98 10 24 200 161
Total
Producer’s
o 100 52.94 77.55 100 95.83
Accuracy (%)
Overall Accuracy = 80.5
Classif- .
ied data Kappa Coefficient = 0.72
Cultivated 98 7 0 0 0 105 98 93.33
Area
Desertified 0 27 7 0 2 36 27 75
Land
Bare Land 0 9 30 0 0 39 30 76.92
Water 0 0 6 0 6 6 100
2022 .
Built-Up 0 0 4 0 10 14 10 71.43
Reference 98 43 41 6 12 200 171
Total
Producer’s
100 62.79 73.17 100 83.33
Accuracy
Overall Accuracy = 85.5
Kappa Coefficient = 0.78
W Annual P ——NDWI
250 14
L\QJ 12
= 200 a
R-|
z 10 %
:§ 150 8 =
4=y
2 100 6 é
= =2
— 4
2 50 . 2
z 2
0 0
1991 1996 2001 2006 2011 2016 2022
Years

Figure 5. Water surface of HED in km? using NDWI and the annual precipitations in mm in HED.



Land 2023, 12,2127 13 0of 25

NDWI_1991

Value

. High : 0.772727
" Low: -0.514563

NDWI_1996
Value

. High : 0.542857
Low : -0.472527

NDWI_2006
Value

. High: 0.6
- Low:-0.419355

NDWI_2001

Value

- High : 0.608696
Low : -0.48

NDWI_2016
Value

. High : 0.280254

- Low: -0.348088

NDWI_2011
Value

. High : 0.6
Low : -0.487179

NDWI_2022
Value

. High : 0.258298
Low : 0.313277
Figure 6. Water surface change in the Hassan Eddakhil dam in km? using NDWI. 1991 (A), 1996 (B),

2001 (C), 2006 (D), 2011 (E), 2016 (F), and 2022 (G). (H), Google Earth image for comparison purposes
with bounding hand drawn (see also Figure 2).
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For NDWI maps, only Google Earth Pro images were used to assess their accuracy
for the following two years: 2016 and 2022 (See Figure 3). In this case, all accuracies are
accepted, as shown in Table 5.

Table 5. NDWI maps accuracy using Google Earth Pro images (see also Figure 2).

Years with Available Google Google Earth (GE) .. . 2 NDWI/GE
Earth (GE) Images Approximation in km? NDWI Estimations in km (%)
2016 13 11.91 91
2022 7.2 6.599 94

3.4. Maximum Likelihood Classification 1991 and 2022

For the MLC between 1991 and 2022, five LULC classes were used, including water
bodies, bare land, cultivated land, desertified land, and built-up, for a total area of about
921 km? (Figures 7 and 8).

M: - u‘"‘ i

Figure 7. Photos of different land uses and land covers of the study area; (A), bare land (southern
limit); (B), cultivated land on the banks of Oued Ziz (Aoufous oasis); (C), desertified land near
Er-Rissani oasis; (D), Oued Ziz flows into the desert in the southern limit of the study area.
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Figure 8. Maximum likelihood classification between 1991 and 2022 including urban area (built-up class).

Bare land /built-up area constitutes the majority of the total area in the investigated
time series and ranges from 711.66 to 831.5 km? in the studied period. The cultivated class
is the second most important class ranging from 63.94 to 175.33 km? as the maximal value.
This category is followed by the desertified class, which varied from 19.98 to 58.49 km?.
However, the water bodies class represents the smallest class that fluctuates from 6.22 to
14.85 km?. The water surface was observed in the upstream area in the HED that changes
depending on the supply resulting from the precipitations and dam inflow. The years 1991
and 2011 recorded the highest quantity of water compared to 2001 and 2022, the drier
years, with a trend toward drier conditions. The results showed an increasing trend in the
desertified area in the period from 1991 to 2022 and a decreasing trend in the cultivated
area. Desertification significantly increased (tripled) in the ten last years, which has passed
from 20.62 km? in 2011 to 58.48 km? in 2022). Urban development is very important in
Errachidia city near the HED.

Figure 9A showed the association between the water surface in km? using NDWI in
the HED and the cultivated area using MLC. The correlation (using Pearson correlation
coefficient) of water in HED and the cultivated area revealed a strong positive correlation
(the value of R is 0. 8715), and the value of R?, the coefficient of determination is 0.7595, and
the p-value is 0.010696 (The result is significant at p < 0.05). However, Figure 9B depicted
the comparison between the surface of LULC classes in km? using maximum likelihood
classification in 1991, 2001, 2011, and 2022 with bare land and built-up areas combined.
The MLC method also shows a strong association between water in Oued Ziz (including
the water stored in the HED) and the cultivated area, an increasing trend in the desertified
area, and a slight increase in the bare land/urban class (Figure 9B). The MLC showed a
significant decrease in water surface in the study area from 1991 to 2001, followed by an
increase in 2011 and then a decrease recorded in 2022. The same fluctuation was recorded in



Land 2023,12,2127

16 of 25

the water surface of HED using NDWI (Figure 9C). These findings revealed that more than
80% of the water surface is stored in the HED (Figure 9C), which indicates the importance
of this dam for the socio-economic development of the region. Otherwise, outputs were
also represented in Figure 9D, which shows a comparison of the change in LULC classes
between 1991 and 2022 in km? separating bare land from built-up area class. To extract
the built-up area, we used the MLC-supervised image classification then we adjusted the
output image according to comparison to high-resolution images from Google Earth Pro.
Comparing 1991 and 2022, the change of the water stored in the HED and cultivated areas
using MLC revealed a significant decrease of about 50% while the desertified area has
tripled and the built-up area has quadrupled (Figure 9D).

. D . . .
mm Water ——Cultivated <A/ i Bareland/ built up area ===Cultivated ——Water ——Desertified ( B
14 200.0 § 900.0 70.0
180.0 & z
12 ; 5 Hw 600 §
o 160.0 & ] 700.0 A
g 10 14005 | ’ 50.0 .5
K 0 34 £ 6000 2
% s 1200-2 1 2 5000 400 3
= 1000 5 | £ g 1000 o
g 6 80.0 E § - 30.0 }‘“_'f
g 4 60.0 .E < 300.0 20.0 §
a 200 E S 2000 3
2 Shlg 100 2
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0 0.0 :E 0.0 00 T
1991 1996 2006 2011 2016 2022 © 1991 2001 2011 2022 %
Years Years =
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Figure 9. LULC changes in the studied area and period using NDVI, NDWI, and MLC. (A), association
of the water surface of the Hassan Eddakhil dam in the upstream area (using NDWI in HED)
and the cultivated area along Oued Ziz (using MLC); (B), The change in LULC using maximum
likelihood classification in 1991, 2001, 2011, and 2022 with bare land and built-up areas combined;
(C), water surface in the study area, a comparison between water surface in the entire Oued Ziz
area using MLC and water surface in HED using NDWI; (D), The change in LULC using maximum
likelihood classification between the year of departure (1991) and 2022 with bare land and built-up
areas separated.

The estimations of water surface in the HED were compared with observed data
provided by the local governmental hydraulic basin agency (from the “Agence du Bassin
Hydraulique du Guir-Ziz-Rhéris”). The observed data include hydraulic variables such as
inflow /outflow in a million cubic meters (MCM) of the reservoir and the evaporation as
a climatic, important variable due to its significant impact in an arid climate. Figure 10A
shows the change in water in HED (inflow, outflow, and evaporation rate) in 21 years
between 1989 and 2009 (available data). To highlight the association between variables
inflow, outflow, and evaporation and NDWI data. The change in the outflow, evaporation,
and water surface in the HED have the same change that decreased slightly from 1991 to
1996 and then continued decreasing a bit faster to 2001 (the drier year of the reservoir)
(Figure 10B). However, from 2001 to 2006, the three variables increased simultaneously. The
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same observation for the inflow with a difference of change was recorded in 1996, which
showed a significant increase in 1996 compared to the outflow.

Water balance in the Hassan Eddakhil Dam A
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Figure 10. Water surface changes in HED. (A), Inflow, outflow, and evaporation rate in the dam of
21 years between 1989 and 2009 (available data) using observed data (from the L’Agence du Bassin
Hydraulique du Guir-Ziz-Rhéris); (B), the association between inflow, outflow, and evaporation and
NDWI data.

4. Discussion

Morocco hosts a great diversity of natural environments, including the Mediterranean
Sea, the Atlantic Ocean, the Atlas Mountains, and a large Saharan zone. The lowlands in
the northern and western parts are relatively characterized by fertile soils, more developed
compared to the Atlas Mountains, the south, and the southeastern area, including the
study area (Oued Ziz), which are less developed. The local economy is very dependent
on water resources, which exposed it to droughts that are a real threat to socio-economic
development. The main productive LULC class of Oued Ziz is the oasis ecosystem.

The oasis ecosystem is a wetland located in arid and desert zones worldwide. It
provides favorable conditions for human installation and management of agriculture in
the desert area [47]. The oasis ecosystem has a rich cultural and civilizational background
and is characterized by unique landscapes and biodiversity in the arid area [48]. More
particularly, the traditional oases encompass a significant reservoir of cultural and genetic
biodiversity [49]. Additionally, this biodiversity relieves the hot temperature and mois-
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turizes the settlements installed in the surrounding areas. Zhou et al. [50] highlighted the
importance of this climate softening function called the oasis cold island effect that makes
the surface temperature lower in the oasis ecosystem compared to the surrounding desert
areas, which extremely influences the lives of oasis residents.

With the impact of CC resulting in an increase in temperature and a decrease in annual
precipitations, this millennial biome is experiencing many serious issues, whether in the
North African region, the Middle East, or Asia. According to Peng et al. [51], in the desert—
oasis ecotone in China, the fragility of the environment, the simplicity of species structure,
and the significant habitat fragmentation induces desertification and severely influence
the oasis’ ecological security. Otherwise, in the southeastern area of Morocco, the oasis’
ecosystem is suffering from degradation due to droughts, a high rate of evaporation, and
a notable reduction in vegetation cover aggravated by anthropogenic impacts [52]. This
state of degradation was also reported in the context of an increasing salinity trend in
groundwater in the Tunisian oasis [6] and in an increase in soil salinity area and a degree
in all land-use types in the desert—oasis ecotone. In a current study on the Tafilalet area,
Rafik et al. [53] conducted a spatial-temporal analysis of soil salinity and demonstrated
a highly variable and negative association with the standardized precipitation anomaly
index. The arid nature of the climate of these areas is represented by temperatures (0—48
°C), irregular annual precipitations (50-150 mm), and hot-dry winds frequently violent
(40-50 km /h) favor a very high average evaporation (3358 mm/year) [54]. Bouhlassa and
Paré [55] reported that in the arid regions where the average annual rainfall is less than
80 mm, evapotranspiration is the most significant factor of water depletion, stating that a
sustainable development of this resource requires a good command of the hydrological
balance components.

To study these reported issues, we must take advantage of field knowledge and new
technologies. In this context, Wang et al. [47] advanced that the sustainable development in
an oasis must be based on scientific management. This management starts firstly from an
understanding of the dynamic of change in these areas. Many studies in the oasis areas
in Morocco have quantified the water, soil, and vegetation ES. El Ouali et al. [56] mapped
the spatiotemporal quality of water in HED using Sentinel-2 data and field measurements
while Moumane et al. [4] explored the LULC of Feija plan in Zagora province using Landsat
5 and 8. The RS constitutes relevant and updated tools to detect and monitor the change
on land from space. Otherwise, our study focused on monitoring the advancement of
desertification and the change of water surface, cultivated area, and urban area along Oued
Ziz in the pre-Saharan region of Morocco. Using the MLC, the findings of the current study
revealed a general degradation trend represented by an increase in desertified lands three
times comparing 1991 and 2022. This trend also was recorded by Moumane et al. [9] in
the Middle Draa Valley in the same pre-Saharan zone. The results showed an increasing
trend in the desertified area in the period from 1991 to 2022 and a decreasing trend in
the cultivated area. Desertification significantly increased (tripled) in the ten last years,
which has passed from 20.6225 in 2011 to 58.4878 km? in 2022. This serious advancement
of the desertified area was accompanied by a considerable reduction of cultivated areas
in the study period, principally, in the Tafilalet plain. This can be explained by the less
developed class of soil in this area due to the climatic factor, wind, water erosion, and lack
of vegetation cover [53].

Since agriculture is dependent on water stored in HED in the upstream area and
released periodically to feed the series of oases. After the flood of October 1965 that
devastated the Ziz valley causing 25,000 people homeless, later, in 1970, the government
constructed this dam with a capacity of 312.8 million m? that receives the water of the Ziz
River and its tributaries [6]. The water surface in the HED depends on the supply resulting
from the precipitations and dam inflow. The years 1991 and 2011 recorded the highest
quantity of water compared to 2001 and 2022, the drier years, with a general trend toward
drier conditions. Landsat images from 1991 to 2021 depicted a strong association between
water reserves in HED in the upstream area and the LULC changes. Another important
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output of this study was that the oases from the dam to Merzouga downstream recorded
high rates of decline, and the desertified area has an increasing trend due to drought and
overuse mainly of groundwater. In the oasis area of the Draa basin, the same region (Draa-
Tafilalet), frequent droughts, overuse and salinity of groundwater, and demographic growth
are the primary issues for groundwater management [57]. In the context of the Moroccan
oases, CC, water management, land-use change, and release of domestic wastes are leading
to irreversible transformations in the subsurface environment [58]. de Haas et al. [59]
suggested the restoration and maintenance of the traditional infrastructure, such as dams,
irrigation channels, and Khettaras that are badly managed due to the breakdown of Kabila
or traditional institutions and the increasing conflicts between water users. Additionally,
the increasing trend in droughts induced an increase in pumping stations, which causes
the drying up of many Khettaras used previously to supply palm plantations.

Otherwise, to be able to manage efficiently water resources, the quantification of
reservoir water balance is a primordial process estimating reservoir inflow and outflow [60].
For this end, data on inflow and outflow in the HED were compared to the evaporation and
water surface using NDWI measurements. This indicated a general association between
these variables, which can reflect the impact of climate parameters and water stored in
the reservoir on the degradation in the downstream area. This declining trend of water
was also reflected in the decrease in waterbodies in the entire studied area using MLC
between 1991 and 2022. This negative trend was found also in a recent study on a provincial
scale [61]. In contrast, this last method has demonstrated an increase in the urban area
(built-up class), very remarkable in Errachidia city near the HED. The accuracy of this
class is not questionable because of the high rate of error associated with the urban areas
in arid and Saharan areas. Methodologically, as in the study of Erdem et al. [26] in the
context of drought analysis of the Van Lake Basin in Turkey, the MLC algorithm was
used for Landsat-5 and 8 images to produce LULC classes in the delimited area of the
current study. In this last research effort, it was reported that in certain cases, the algorithm
encounters difficulties in categorizing bare and urban land classes. To increase the accuracy
of the outputs, multispectral imagery of 10 m resolution extracted from sentinel-2 can
be classified using artificial intelligence techniques such as artificial neural network and
support vector machine.

The study was carried out in the ancient palm grove along Oued Ziz, which suffers
from increasing degradation due to desertification, water depletion, frequent fires, and
Bayoud diseases. Sedra et al. 2015 [54] reported that for more than a century, Palme grove
suffered from bayoud disease (caused by soil fungus Fusarium oxysporum f.sp. albedinis),
and in recent years, about 1000 Moroccan oases have been affected reporting 60 foci in
Aoufous in Ziz Valley. This disease caused the loss of more than 10 million palm trees [62].
In this context, several methods were proposed to support the oasis and fight against the
bayoud [54], including the following:

e  The intervention of the National Institute of Agronomic Research to preserve the
genetic material of national patrimony;
Selection of new varieties;
Distribution of over 1.5 million of in vitro plants since 1987 to reconstitute the oases.

The government also encouraged the extension of the palm groves, mainly outside
the traditional oases area. In fact, the extension was performed primarily outside the study
area, particularly in the Boudnib commune of Errachidia (Figure 11). These farms installed
are modern and equipped with a drip irrigation system with large basins.
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Figure 11. The extension of the palm groves mainly outside the traditional oases area Boudnib
commune of Errachidia. (A), First example of a big farm extended over 463 hectares; (B), second
example of farm extending over 100 hectares; (C), a general view showing new established farms.
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The majority of extensions (modern oasis) were concentrated on high-value varieties
such as El Majhoul and Boufgous. This extension was initiated by a national program
that aimed to plant one million date palms with an initial budget of MAD 1.25 billion [63].
However, the reduction of the traditional palm groves may influence the disappearance of
a large number of ES provided by this millennial agroecosystem. Aware of this situation,
through ANDZOA national agency, the government launched the project “Sustainable
Oases Initiative (SOI)” during the COP22 held in Marrakech from 7 to 18 November 2016.
This initiative of protection, safeguarding, and development of these ecosystems [48] has
the aim to achieve the following:

e  Recognize the oases and their exceptional fragile nature;

e Implement effective measures to conserve the oases heritage including livelihood and
biodiversity;

e  Value the economic potentialities of these ecosystems.

According to the national report published on 15 February 2019 « Sixiéme rapport
national sur I'état de la mise en ceuvre de la convention sur la diversité biologique », the
agriculture consumes more than 85% of water resources and the state developed a strategy
to support project to equip approximately 550,000 hectares with drip systems in the medium
term (available on http:/ /www.environnement.gov.ma/fr/115-theme/biodiversite /3383
-les-rapports-nationaux-sur-l-etat-de-la-mise-en-oeuvre-de-la-convention-sur-la-diversite-
biologique, accessed on 4 January 2023). This report mentioned the project to plant
1,000,000 date palm in Tafilalet (our study area) generating 450,000 working days while
increasing production to 53,000 tons, compared to 26,000 tons in 2010 (http://www.
ormvatafilalet.ma, accessed on 4 January 2023).

The current study highlighted the environmental status of the oasis ecosystem in the
pre-Sahara of Morocco and shed light on the importance of the combination of geospa-
tial techniques such as RS, GIS, and Google Earth Pro high-resolution images, the field
observations, and the accuracy techniques.

The output of this study constitutes a significant source of information that may be
used to support further research and decision-makers to manage arid ecosystems and
achieve Sustainable Development Goals.

Limitations of the Study

The main limitations of the current study are the validation of satellite data with
observed data because of the lack of local data, mainly for the hydrologic and climatic
variables. The reliability of the results depends on the quality of the collected data.

5. Conclusions

In the context of land degradation, the 2030 Agenda for Sustainable Development
fixed related goals [64] such as the fight against global warming that was explicit in
objective SDGs13 and the fight against deforestation and desertification, and biodiversity
loss highlighted in objective SDGs 15 “Life on Land”, which also coincides with the
Food and Agriculture Organization priorities. Sustainable management of ecosystems
in arid regions has become a necessity since these lands are ecologically vulnerable and
support a large population. The pressure on these fragile areas requires the development of
adaptive capacities of populations and institutions to tackle CC and ecosystem degradation.
Geospatial technologies are frequently used in environmental research to measure the
change and monitor the ecosystems and land use. In this study, RS and GIS were used
to produce LULC maps using classification methods. Currently, these techniques have
significant improvements in quality and accuracy using field data, programs, and software,
which made the application of these methods very frequent. The current article aimed to
produce, classify, and assess the accuracy of LULC images in Oued Ziz oases, a vulnerable
area experiencing several environmental and socio-economic issues. The images were
classified into five classes including water bodies, bare land, cultivated land, desertified
land, and built-up.
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The overall accuracy of the MLC maps was estimated to be higher than 90%. The
results showed a degradation trend represented by an increase in desertified lands, which
tripled from 20.62% in 2011 to 58.49% in 2022.

This study also depicted a decreasing trend in the cultivated area in this period, from
174.2 km? in 1991 to 82.2 km? in 2022. Landsat images from 1991 to 2021 depicted a strong
association between the water reserve in Hassan Eddakhil dam in the upstream area and
the LULC changes.

In the study area, there is an increase in urbanization and population, but the area
of agriculture is decreasing. In contrast, there is a trend of increasing the area of modern
agriculture outside the zone, especially in the commune of Boudnib (as mentioned in the
discussion section) but the productions are intended for the national and international
markets. In fact, the changes in the model of agriculture in the newly cultivated areas
use renewable energy coupled with water economic techniques. The problem lies in large
newly cultivated areas, which is reflected in the increasing water demands and the frequent
periods of droughts. This situation of shortage is logical in an arid zone where the oases are
completely dependent on water resources that are constantly decreasing due to drought
and increasing use in the newly cultivated areas. Despite this increase outside the study
area, the city relies mainly on products from other regions that are much more productive
in terms of essential goods.

The findings may offer a crucial source of information that may be used to support fur-
ther research and decision-makers, which may support the efforts to achieve the sustainable
development goals (SDGs) and strengthen the Moroccan Green Plan.
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CcC Climate Change

HED Hassan Eddakhil Dam

GIS Geographic Information System

LULC Land use and Land Cover

MLC Maximum Likelihood Classification
NDBI = Normalized Difference Built-up Index
NDVI  Normalized Difference Vegetation Index
NDWI  Normalized Difference Water Index

RS Remote Sensing

SDGs  Sustainable Development Goals
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