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Abstract

This article analyzes the state of water resources in the Guercif Plain (Morocco) under
the combined effects of drought and increasing consumption pressures. The study
adopts a quantitative and analytical approach based on climatic and hydrological data,
demographic information, and Landsat satellite imagery. The main findings reveal
pronounced rainfall variability with an overall declining tendency, with drought years
accounting for approximately 58% of the observation period. This climatic context has been
accompanied by strong interannual fluctuations in the discharge of Oued Melloulou, with
a slight long-term declining trend, along with a continuous and accelerating groundwater
decline in the Tafrata aquifer at an average rate of 0.98 m per year. The analysis also indicates
an estimated urban water deficit approaching 77% under peak demand conditions in
2025. Furthermore, NDVI-based analysis of satellite imagery highlights a marked expansion
of irrigated areas in the Guercif Plain, increasing from about 2% of the total plain area in
1985 to approximately 9% in 2020. This vegetation expansion is largely associated with
irrigation development, suggesting increasing pressure on groundwater resources rather
than recovery linked to rainfall conditions. Overall, the findings raise critical concerns
regarding the long-term sustainability of water resources and underscore the need for
integrated and adaptive water-management strategies under persistent drought conditions.

Keywords: climate change; irrigated area; standardized precipitation index (SPI); NDVI;
water stress; groundwater depletion

1. Introduction
Water resources worldwide are under unprecedented stress due to climate change,

rapid population growth, and rising demand from agricultural, industrial, and urban
sectors, transforming the global water crisis into one of the most urgent challenges of the
twenty-first century [1–3]. Ensuring sufficient freshwater availability has become a defining
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challenge for human livelihoods, economic stability, and ecosystem sustainability [1]. Recent
studies highlight that water scarcity is not solely climate-driven but increasingly shaped by
structural imbalances between renewable supply and growing anthropogenic demand [4,5].

Global freshwater scarcity is worsening due to deepening imbalances in water demand
and distribution across regions and sectors [6,7]. Consumption patterns and international
trade dynamics redistribute water stress across basins [8,9]. Projections indicate that more
than half of the world’s population will face severe water scarcity by the end of the century
unless transformative policies are implemented [10,11]. This underscores the urgency
of integrated water resource management, adaptive governance, and climate-resilient
infrastructure [2,12,13].

In Morocco, water scarcity is even more acute due to climate change and increasing
water consumption pressures [14,15]. The country has experienced a significant warming
trend, declining annual precipitation, and increased aridity, particularly in semi-arid
regions, exacerbating stress on surface and groundwater resources [16]. As a result, per
capita renewable water availability has dropped to less than 600 m3 annually [17]. Reduced
recharge rates, over-extraction of aquifers, and recurrent droughts have accelerated
groundwater depletion across several basins [18].

Moreover, population growth and rapid urbanization exacerbate freshwater scarcity,
particularly in urban areas where water demand is expected to rise substantially in the
coming decades [19]. In Morocco, demographic growth, urbanization, and rising living
standards have increased water demand across domestic, industrial, and agricultural sectors,
intensifying pressure on limited water resources [20]. Strengthening water governance has
become a national priority, calling for participatory management, technological innovation
(e.g., desalination and wastewater reuse), and enhanced institutional coordination [21,22].
Transitioning to resilient water systems depends on coherent institutional structures
and adaptive governance models capable of integrating technological solutions with
cross-sectoral policies [23,24].

Within this broader context, the Guercif Plain represents a local case study that
mirrors both national and global dynamics of water scarcity. The area is subject to multiple
pressures on its water resources, including recurring droughts that disrupt rainfall patterns
and rising consumption driven by agricultural expansion and population growth. These
combined drivers have intensified the imbalance between supply and demand, positioning
Guercif as a microcosm of Morocco’s broader water challenges. In particular, the interplay
between climatic variability and socio-economic pressures raises critical questions about the
resilience of local water systems and their capacity to sustain livelihoods and ecosystems
under mounting stress.

Several research gaps persist in the Guercif Plain. First, previous studies have
not applied multi-scale drought indices (SPI-3 and SPI-12) to capture both short-term
agricultural drought and long-term hydrological drought in this region. Second, the
quantitative relationship between NDVI trends and irrigation expansion has not been
established. Third, water demand estimates for different sectors (domestic, industrial,
agricultural) lack uncertainty quantification. Fourth, the relative contributions of climatic
variability versus anthropogenic pressures to groundwater decline remain unquantified.
This study addresses these gaps by integrating climatic, hydrological, remote sensing, and
demographic data within a unified analytical framework.

This study tests the hypothesis that recurrent drought and increasing water consumption
are major contributing factors to groundwater depletion in the Guercif Plain, and that the
expansion of irrigated agriculture, as reflected by NDVI trends, is associated with declining
groundwater levels.

To address these gaps and test the hypothesis, this study aims to:
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(i) Characterize drought dynamics using multi-scale SPI indices (SPI-3 and SPI-12) based
on monthly rainfall records from 1980 to 2020;

(ii) Map the spatio-temporal evolution of irrigated areas using NDVI time-series analysis
(1985–2020) and assess its relationship with groundwater decline;

(iii) Quantify water demand across domestic, industrial, and agricultural sectors based on
available hydrometeorological data and official regional reports;

(iv) Evaluate the long-term sustainability of groundwater resources under combined
climatic and anthropogenic pressures.

2. Materials and Methods
2.1. Study Area

The Guercif Plain is located in eastern Morocco; it is bounded by the Taza corridor
to the west and the Taourirt corridor to the east, and it lies along the Moulouya river
basin in a south–north orientation. It constitutes an extensive lowland covering an area
of approximately 6000 km2 [25]. Within this depression, four smaller plains can be
distinguished, collectively forming what is known as the Guercif Plain. According to
one description, “. . .in the Guercif basin, wide plains are spread out which, in fact, form
a single plain; however, the presence of multiple watercourses crossing it has resulted in
its division into several quasi-homogeneous plains. . .” [26]. These plains are Tafrata Plain,
Ejjel Plain, Sangal Plain, and Maarouf Plain (Figure 1). Administratively, this lowland is
shared between the provinces of Guercif and Taourirt, which belong, according to the new
regional division, to the Oriental Region of the country.

 
Figure 1. Geographical location of the study area in Morocco, northwest Africa.

The Guercif Plain possesses relatively significant water resources, mainly due to
the surrounding mountainous belt, which contributes to the recharge of the plain’s
aquifers, in addition to the presence of a dense hydrographic network crossing the area,
essentially composed of the Moulouya river and its tributaries; the Melloulou river and
the Mssoun river. The plain also hosts highly important groundwater aquifers, whose
characteristics vary from one aquifer to another depending on the physical setting in which
they occur. Accordingly, four main aquifers can be distinguished, corresponding to the
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principal plains forming the Guercif Plain. All these aquifers are recharged by inflows from
the surrounding highlands as well as by the rivers that traverse them (Figure 2).

 
Figure 2. Surface and Groundwater Resources in the Guercif Plain. Source of statistical data:
ABHM, 2025.

Groundwater constitutes the main source of water supply for both domestic and
agricultural needs in the Guercif Plain, highlighting its critical role in sustaining the
local population and economic activities. Its importance stems from the limited and
highly variable surface water availability, which is strongly influenced by seasonal
and interannual rainfall fluctuations. The reliance on groundwater is particularly
significant during dry periods, when surface runoff is minimal and drought conditions
intensify, ensuring continuity of water supply for drinking, irrigation, and other essential
uses. This heavy dependence also underscores the vulnerability of the aquifer systems, as
over-extraction can rapidly lead to declines in water levels, reduced discharge from wells,
and long-term degradation of resource sustainability, making effective management and
monitoring essential.

2.2. Data

To address the research problem and assess the extent to which drought and increasing
consumption pressures affect water resources in the Guercif Plain, a quantitative and
analytical approach was employed based on climatic, hydrological, demographic, and
remote sensing datasets.

Precipitation data were obtained from three meteorological stations (Guercif, Maghraoua,
and Aknoul) provided by the Hydraulic Basin Agency of Moulouya (ABHM). The main
characteristics of these stations are summarized in Table 1. Measurements are recorded
at a monthly temporal resolution. The Guercif station is the only station located within
the study area (Guercif Plain), providing direct local measurements. The Maghraoua and
Aknoul stations, although located outside the plain, were selected because they are situated
in the upstream mountainous areas surrounding the Guercif depression, which control the
runoff feeding the river systems that cross the plain.

https://doi.org/10.3390/w18091094

https://doi.org/10.3390/w18091094


Water 2026, 18, 1094 5 of 25

Table 1. Main characteristics of the meteorological and hydrological stations used in the study.

Measured
Variables Longitude Latitude Altitude

(m)
Station
Type

Monitoring
Period Station Name

Rainfall,
temperature,
discharge of

Melloulou River

−3.357308 34.219526 362
Meteorological

and
Hydrological

1980–2020 Guercif

Rainfall −3.865246 34.64826 1003 Meteorological 1980–2020 Aknoul

Rainfall −4.049149 33.934194 1140 Meteorological 1980–2020 Maghraoua

The spatial distribution of these stations is shown in Figure 3. The precipitation time
series for all three stations are continuous over the period 1980–2020, with no missing
values. These stations are operated by the Moroccan meteorological authorities under
standardized monitoring procedures aligned with World Meteorological Organization
(WMO) recommendations. Following WMO guidelines, daily measurement uncertainty is
estimated at ±1 mm for precipitation.

 
Figure 3. Location of the studied meteorological and hydrological monitoring stations in the Guercif
plain and its surroundings.

Temperature data were obtained from the Guercif meteorological station, managed by
the Moulouya Hydraulic Basin Agency (ABHM). Measurements are recorded at a monthly
temporal resolution, providing a continuous time series over the period 1980–2020 with
no missing values. In accordance with the technical standards of the Moroccan National
Meteorological Directorate (DGM), the measurement uncertainty is estimated at ±0.1 ◦C
for daily maximum and minimum temperature, ensuring the reliability of the long-term
thermal trends analyzed in this study.

River discharge data for the Melloulou River were obtained from ABHM at the Guercif
gauging station (Table 1 and Figure 3). Measurements are recorded at a monthly temporal
resolution. Although two hydrological stations exist within the study area, the second
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station (located on the Moulouya River) was not selected due to numerous missing values
and discontinuous time series. The Guercif station was chosen because it provides complete
and continuous discharge data over the period 1980–2020 with no missing values. Discharge
is estimated using the stage-discharge rating curve method. Although specific measurement
uncertainty is not provided by ABHM, the rating curve approach is widely accepted for
hydrological studies in semi-arid regions.

Groundwater level data were obtained from the Guercif Hydrological Subdivision
(SHG). To improve the spatial representativeness of the analysis, records from two strategic
monitoring boreholes were used. The first borehole, representing the Tafrata aquifer,
provides a continuous semi-annual time series for the period 1980–2020 and is located at
coordinates X: 711,898 m, Y: 411,372 m (Z: 469 m). The second borehole, representing the
Ejjel aquifer, provides discontinuous but complementary records covering two periods
(1988–2006 and 2010–2023), and is located at coordinates X: 675,754 m, Y: 408,828 m (Z:
408 m). Both locations are referenced to the Morocco Lambert Conformal Conic Projection
(Zone 2). The Ejjel records were incorporated as supplementary evidence to assess whether
the depletion trends identified in the Tafrata aquifer are also observable in another major
hydrogeological sector of the Guercif Plain.

Borehole data were obtained from the National Office of Electricity and Drinking
Water (ONEE)—Guercif branch, which relies entirely on groundwater abstraction to supply
the city of Guercif. A total of 19 boreholes distributed across different zones of the Guercif
Plain were analyzed over the period 1984–2020. Borehole depths range from 40 m to 300 m,
and discharge rates vary between 5 L/s and 20 L/s. The dataset includes information on
borehole location, depth, discharge, and operational status (active or abandoned).

Population data were obtained from the High Commission for Planning of Morocco
(HCP). The data cover the period 1982–2024, corresponding to national censuses conducted
every 10 years (1982, 1994, 2004, 2014, and 2024). The population figures refer to Guercif city,
located in the center of the study plain. The time series is complete with no missing values.

Landsat satellite imagery was used to assess the spatial dynamics of irrigated
agricultural expansion between 1985 and 2020. Table 2 summarizes the metadata and spatial
characteristics of the Landsat images utilized in the study. Image preprocessing included
geometric correction and spatial-resolution enhancement using the Pan-Sharpening
technique (Semi-Automatic Classification Plugin in QGIS 3.44). The Normalized Difference
Vegetation Index (NDVI) was calculated as NDVI = (NIR − Red)/(NIR + Red) to map
vegetation density and irrigated areas.

Table 2. Metadata and spatial characteristics of the Landsat images utilized in the study.

Band
Wavelengths

(µm)

Spectral Bands
Used for NDVI

Spatial
Resolution

(m)

Acquisition
Date Satellite/Sensor

Red: 0.63–0.69
NIR: 0.76–0.90

Red (Band 3), NIR
(Band 4) 30 m 28 August 1985 Landsat 5 TM

Red: 0.64–0.67
NIR: 0.77–0.90

Red (Band 4), NIR
(Band 5) 30 m 28 August 2020 Landsat 8 OLI

2.3. Methodology

Tools employed to process and analyze the available data included statistical
processing of rainfall averages and temporal variability analysis.

Climatic aridity was first assessed using a set of widely recognized bioclimatic
and aridity indices in order to characterize the general climatic context of the Guercif
Plain. These included:
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• The Gaussen ombrothermic index: This index is used to define the duration and
intensity of the dry season based on the principle that a month is considered dry if the
total monthly precipitation (P in mm) is less than or equal to twice the mean monthly
temperature (T in ◦C), expressed as P ≤ 2T [27].

• The Emberger pluviothermic coefficient (Q2): Suited for Mediterranean climates, this
quotient classifies the bioclimate based on the severity of winter and summer aridity. It
is calculated as Q2 = 2000P/(M2 − m2), where P is the mean annual precipitation
(mm), M is the mean maximum temperature of the warmest month (K), and m is the
mean minimum temperature of the coldest month (K) [28].

• The De Martonne aridity index (I): Widely used to assess the degree of aridity, this
index is calculated as I = P/(T + 10), where P is the mean annual precipitation (mm)
and T is the mean annual temperature (◦C). The resulting value classifies regions on a
scale from arid to humid [29].

Together, these indices provide a multi-dimensional assessment of the degree of aridity
and allow the positioning of the study area within established bioclimatic classifications.

To analyze drought dynamics more precisely, the Standardized Precipitation Index
(SPI), as developed by McKee, Doesken, and Kleist, was calculated at the annual timescale
using the following formula [30]:

SPI = (x − µ)/σ

where:

• x: is the observed annual precipitation,
• µ: is the long-term mean precipitation,
• σ: is the standard deviation of precipitation.

The SPI transforms precipitation data into a standardized series, enabling the
assessment of drought severity and recurrence over multiple time periods. In this study, a
multi-scale approach was adopted to better capture the spatial and functional differentiation
of drought processes. SPI-12 was applied to the upstream stations (Maghraoua and Aknoul)
in order to characterize long-term precipitation deficits affecting basin-scale recharge and
surface water availability. In contrast, both SPI-3 and SPI-12 were calculated for the Guercif
station to distinguish between short-term agricultural drought conditions, which directly
influence irrigation demand, and longer-term hydrological stress affecting groundwater
and overall water-resource dynamics.

This multi-temporal approach allows for a more comprehensive understanding of
drought propagation from upstream areas to downstream zones and helps to link climatic
variability with both water availability and water demand across the study area.

Linear regression analysis was also applied to evaluate long-term trends in the
discharge of the Melloulou River and in groundwater levels. Groundwater trend analysis
relied on piezometric records from the two principal aquifers of the Guercif Plain, namely
the Tafrata and Ejjel aquifers, which together constitute the most important groundwater
reserves of the study area (Figure 2). The Tafrata aquifer was selected as the primary
reference series because it provides the most continuous long-term monitoring record
(1980–2020), allowing robust detection of temporal groundwater trends. To strengthen the
spatial representativeness of the analysis, supplementary records from the Ejjel aquifer
were also incorporated. Although the Ejjel series contains temporal discontinuities, it
provides valuable complementary evidence from another major hydrogeological sector
of the plain. The combined assessment of these two strategic aquifers made it possible
to distinguish localized variability from broader groundwater depletion patterns across
the Guercif Plain. Previous studies have also used linear regression in groundwater
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research, particularly for predicting recharge dynamics and assessing sustainability under
changing climatic conditions [31]. To strengthen the robustness of trend detection, statistical
significance tests were performed using JASP statistical software (Version 0.96.0.0, JASP
Team, Amsterdam, The Netherlands). Linear regression models were applied to the main
hydro-climatic variables (annual rainfall, River discharge, and groundwater depth), with
time used as the independent variable. The significance of the observed trends was
evaluated using the associated p-values at the 95% confidence level (p < 0.05). In addition,
coefficients of determination (R2) were used to assess the proportion of variance explained
by each model.

To complement these parametric analyses, Kendall’s tau rank correlation was also
applied to test the presence of monotonic temporal trends in the same variables. This
non-parametric statistic is particularly suitable for environmental time series that may
deviate from normality. Furthermore, Bayes Factors (BF10) were calculated to quantify the
strength of evidence in favor of the alternative hypothesis (presence of a temporal trend)
relative to the null hypothesis (absence of trend) based on the interpretive scale proposed
by Jeffreys [32]. The combined use of regression statistics, Kendall’s tau, and Bayes Factors
provided a more robust and comprehensive evaluation of long-term hydro-climatic changes
in the Guercif Plain.

In line with the research objectives aimed at tracking the dynamics of irrigated areas
in the Guercif Plain, satellite data were employed as a complementary tool for hydrological
and demographic datasets.

To ensure accurate and realistic cartographic representation, the satellite images
underwent a series of pre-processing operations as described by Ali and Jaber [33]. These
included geometric correction and spatial-resolution enhancement using the Pan-Sharpening
technique through the Semi-Automatic Classification Plugin (SCP) available in QGIS 3.44.

Following these pre-processing steps, spectral indices were calculated and classification
procedures were implemented. To process and interpret the satellite imagery, classification
techniques were applied using Erdas IMAGINE 16.8.2, with the objective of distinguishing
between agricultural, residential, and vacant areas. This was achieved through the
application of the Supervised Classification method, one of the most widely used
approaches in land-use mapping [34]. The classification outputs were subsequently
validated through a multi-step verification process, including visual cross-checking with
high-resolution Esri imagery available in ArcGIS 10.7.0 and Google Earth Pro 7.3.7,
consistency analysis with NDVI spatial patterns, and field-based knowledge of land-use
characteristics in the study area. In addition, for the 2020 image, a post-classification
accuracy assessment based on 50 randomly distributed reference points yielded an
overall classification accuracy of 94%, confirming the reliable identification of irrigated
parcels. For the 1985 image, where comparable high-resolution reference imagery is
unavailable, validation relied on methodological consistency through the use of the same
Landsat satellite series, identical NDVI thresholds, similar seasonal acquisition dates, and
consistency with the known historical distribution of agricultural land in the Guercif Plain.

To support classification and validate vegetated classes, the Normalized Difference
Vegetation Index (NDVI) was calculated as an additional spectral indicator of vegetation
vigor. The NDVI expresses chlorophyll density in plant tissues and is derived from the red
(Red) and near-infrared (NIR) spectral bands according to the following equation:

NDVI = (NIR − R)/(NIR + R)

NDVI values range from −1 to +1, where higher positive values indicate dense and
healthy vegetation, values close to zero correspond to bare or sparsely vegetated surfaces,
and negative values generally indicate water bodies [35–37].
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NDVI time-series analysis enabled the detection of changes in irrigated agricultural
areas and their spatial concentrations. Similar approaches have been widely used in
hydrological and agricultural monitoring, where machine learning methods have proven
effective in detecting vegetation dynamics and irrigation practices [38]. This approach helps
to link spatial transformations in irrigated agriculture with the state of water resources,
both in terms of depletion intensity and increasing pressure on surface and groundwater,
thereby clarifying the interactive relationship between the expansion of agricultural activity
and the limited availability of water resources. Recent studies in Morocco and North Africa
have emphasized the importance of integrating satellite-derived indices with hydrological
datasets to assess water scarcity and agricultural expansion, reinforcing the relevance of
NDVI-based monitoring in semi-arid regions [39].

Finally, a synthesis was developed, integrating climatic, demographic, and agricultural
data to provide a deeper understanding of the interactions between natural constraints and
human pressures shaping the current water situation, and to explain the trends driving
the expansion of irrigated lands and their implications for available water resources in the
Guercif Plain.

3. Results
3.1. Climatic Aridity and Drought Conditions

The results derived from the application of aridity indices reveal that the Guercif
depression is characterized by persistent dry conditions. The Gaussen ombrothermic index
shows that, over the 40-year study period, average monthly precipitation (mm) remains
consistently lower than twice the mean monthly temperature (◦C), indicating the dominance
of arid conditions throughout the year (Figure 4). This classification is corroborated by
the Emberger pluviothermic coefficient, which places the Guercif station within the arid
bioclimatic domain [40]. Furthermore, the De Martonne aridity index confirms this climatic
constraint by classifying the area within the semi-arid range, highlighting the structural
water stress affecting the region [41].

 

Figure 4. Ombrothermic (Gaussen) diagram for the Guercif station (1980–2020). Source of statistical
data: ABHM, 2025.

Temperature records at the Guercif station show a clear long-term warming trend,
with the mean annual temperature rising from 19.03 ◦C during 1946–1954 [42] to 19.87 ◦C
during 2014–2024 [43]. This increase in temperature amplifies evapotranspiration rates,
reduces soil moisture, and intensifies water stress in both natural ecosystems and irrigated
agriculture. Simultaneously, rainfall analysis over the 1980–2020 period indicates that the
mean annual precipitation was 152 mm (Figure 5), a notable decline from the approximately
200 mm recorded during 1933–1963 [44]. This long-term reduction in rainfall, combined
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with rising temperatures, has led to a pronounced decrease in natural recharge of aquifers
and surface water resources, exacerbating the vulnerability of the Guercif Plain to droughts
and further highlighting the urgent need for adaptive water management strategies that
can address both climatic and anthropogenic pressures.

 

Figure 5. Evolution of the mean annual rainfall at the Guercif station (1980–2020). Source of statistical
data: ABHM, 2025.

The rainfall series reveals pronounced interannual variability, reflecting the high
climatic instability that characterizes semi-arid environments. Annual precipitation
fluctuates between extreme values, with the highest amount recorded in 1995 (244.8 mm)
and the lowest in 1983 (61 mm). Linear regression indicates a slight negative rainfall
trend (−0.086 mm/year); however, this trend was not statistically significant (p = 0.887,
R2 = 0.001), suggesting high interannual variability and the absence of a clear long-term
decline. This interpretation is further supported by the non-parametric Kendall’s tau test,
which also revealed a non-significant negative monotonic association between time and
rainfall (τ = −0.045; BF10 = 0.220). The cumulative effect of even a small decline over
several decades contributes to a significant reduction in water availability and aquifer
recharge potential.

The Standardized Precipitation Index (SPI) analysis for the period 1980–2020 further
highlights the predominance of drought conditions, with a clear alternation between wet
and dry years (Figure 6). Dry years account for approximately 54% of the observation period,
indicating a structural tendency toward water deficit rather than occasional anomalies. The
most severe drought occurred in 1983 (SPI = −2.02), while the wettest year was 1995
(SPI = +2.09). These contrasting extremes illustrate the high climatic variability affecting
the region, which complicates water-resource planning and increases the vulnerability of
both surface and groundwater systems to prolonged dry spells. Over time, the recurrence
of drought years limits natural recharge processes and reinforces the imbalance between
water supply and demand in the Guercif Plain.

 

Figure 6. Evolution of the Standardized Precipitation Index (SPI) values at the Guercif station
(1980–2020). Source of statistical data: ABHM, 2025.
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To complement the annual SPI analysis and better capture drought variability across
different temporal scales, the SPI was also computed at short-term (SPI-3) and medium-term
(SPI-12) time scales for the Guercif station (Figure 7).

Figure 7. Multi-scale Standardized Precipitation Index (SPI-3 and SPI-12) at the Guercif station
(1980–2020). Source of statistical data: ABHM, 2025.

Over the period 1980–2020, the SPI-12 results reveal the persistence of drought
conditions over longer periods, highlighting several prolonged dry phases, particularly
during the early 1980s, the late 1990s (SPI-12 reaching approximately −2.0) the mid-2000s
(around −1.5), and after 2015 (around −2.5). These extended drought episodes indicate
cumulative precipitation deficits that significantly affect groundwater recharge and surface
water availability.

In contrast, the SPI-3 series shows a higher frequency of short-term drought events,
reflecting strong intra-annual variability in rainfall. Numerous extreme negative values are
observed, with SPI-3 dropping below −3 during several periods (e.g., 1984, 1997, and 2019),
and reaching minimum values of approximately −3.5. These short-duration droughts
are particularly relevant for agricultural activity, as they directly impact soil moisture
conditions and crop development.

Conversely, wet conditions are also more pronounced at the short time scale, with
SPI-3 peaks exceeding +2 during certain years (e.g., 1992, 2000 and 2008), highlighting the
irregular and highly variable nature of rainfall in the region.

The comparison between SPI-3 and SPI-12 highlights the multi-scale nature of
drought in the Guercif Plain, where short-term climatic fluctuations are superimposed on
longer-term hydrological deficits. This reinforces the structural character of water scarcity
in the region and its compounded effects on both agricultural systems and water resources.

At the regional scale, the SPI analysis conducted at the Maghraoua and Aknoul
stations reveals a similar pattern of climatic variability, with drought years representing
approximately 59% of the observation period at Maghraoua and 56% at Aknoul (Figure 8).
This high proportion confirms that water deficit conditions are not confined to the Guercif
Plain alone but rather reflect a broader regional tendency affecting the upstream catchments
that contribute to its hydrological balance. The recurrence of drought across these stations
limits surface runoff and groundwater recharge at the basin scale, and hence the overall
availability of water resources. The spatial coherence in drought conditions highlights
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the structural nature of climatic stress in the region and reinforces the vulnerability of
downstream areas like the Guercif Plain, which depend on upstream inflows for both
surface and subsurface recharge.

 

Figure 8. Evolution of the Standardized Precipitation Index (SPI) values at the Maghraoua and
Aknoul stations (1980–2020). Source of statistical data: ABHM, 2025.

To further characterize hydrological drought at the catchment scale, the Standardized
Precipitation Index at a 12-month timescale (SPI-12) was calculated for the Maghraoua and
Aknoul stations. At Maghraoua (Figure 9).

 

 

Figure 9. Temporal evolution of the 12-month Standardized Precipitation Index (SPI-12) at the
Maghraoua and Aknoul stations (1980–2020). Source of statistical data: ABHM, 2025.
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At Maghraoua, the most severe drought episodes occurred in 1983 (SPI-12 ≈−2.8) and
1999 (≈−1.5), with persistently negative values observed during the period 2015–2020. At
Aknoul, SPI-12 reached minimum values of approximately −2.5, with prolonged dry
conditions recorded throughout the 1980s and 1990s, and the period 2012–2017.

These SPI-12 trends indicate the occurrence of sustained cumulative precipitation
deficits over annual to multi-annual periods, reflecting persistent hydrological drought
conditions in the upstream catchments. Such conditions are likely to reduce surface runoff
generation and limit groundwater recharge processes. Given that the Guercif Plain partly
depends on inflows from wadis originating in these highland areas, these prolonged deficits
may contribute to reduced water availability downstream, thereby reinforcing the declining
groundwater trends observed in Section 3.3.2.

3.2. Demographics and Water Demand

Beyond the climatic constraints highlighted above, the water resources of the Guercif
Plain are also subject to increasing anthropogenic pressures. Demographic growth, urban
expansion, and the intensification of irrigated agriculture have significantly raised water
demand over recent decades. These human-driven factors, combined with recurrent
drought conditions, have contributed to a growing imbalance between water supply and
consumption, further aggravating the vulnerability of local water resources.

The population of Guercif city increased from 11,340 inhabitants in 1982 to a
peak of 90,880 in 2014, before declining to 79,267 in 2024 (Figure 10). This decline is
largely explained by the resettlement program implemented in the peripheral slum
area known as Hay Hamria. Between the two census periods, the state demolished
the informal housing units and relocated their residents. Consequently, a considerable
number of families temporarily settled outside the city until the neighborhood was rebuilt,
which contributed to the apparent reduction in the recorded population. Overall, the
city experienced strong demographic growth over recent decades. This rapid increase
substantially raised domestic water demand, as well as the needs for public services,
sanitation, and urban infrastructure. The expansion of the urban area also exerted greater
pressure on nearby water resources, especially groundwater, which remains the main
source of supply for the city. Such demographic dynamics, when combined with limited
and highly variable water availability, have intensified the imbalance between supply and
demand. Similar trends have been observed in other semi-arid regions, where rapid urban
growth accelerates groundwater abstraction and increases the vulnerability of local water
systems to drought periods.

 

Figure 10. Evolution of the population of Guercif city between 1982 and 2024. Source of statistical
data: HCP, 2025.
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In Guercif city, average daily domestic water consumption is estimated at about 55 L
per capita, while industrial and administrative uses account for approximately 5 L and 7 L
per capita per day, respectively. Although these values may appear moderate compared
with consumption levels in larger wealthy urban centers, their cumulative impact becomes
significant when combined with rapid population growth and limited water availability. In
a semi-arid environment such as the Guercif Plain, where water resources are inherently
scarce and highly variable, even relatively modest increases in per capita consumption
can lead to substantial pressure on groundwater reserves, especially during prolonged
drought periods.

By early 2025, in Guercif city, drinking water demand had reached an average of about
158 L/s, with peak values approaching 205 L/s. In contrast, the available groundwater
supply did not exceed 116 L/s, resulting in a deficit estimated at nearly 77%, calculated as
(205 − 116) ÷ 116 × 100, i.e., the shortfall relative to available groundwater resources under
peak demand conditions in 2025. This clarification indicates that the deficit refers to the
inability of groundwater resources to meet maximum recorded demand, as documented by
the National Office of Electricity and Drinking Water—Guercif branch. This gap between
supply and demand highlights the structural imbalance affecting the local water system
and reflects the limited capacity of existing groundwater resources to meet growing urban
needs. As an emergency measure, water from the Zobzit River has been diverted to supply
the treatment station, pending the completion of the Targa Oumadi Dam. However, such
temporary solutions do not address the underlying causes of water scarcity, which are
linked to both climatic variability and increasing consumption pressures.

Agricultural water demand also constitutes a major component of total water
consumption in the Guercif Plain. According to the Moulouya Hydraulic Basin Agency,
groundwater abstraction for irrigation was estimated at approximately 10 hm3/year,
supplying nearly 10,500 ha of irrigated land [45]. This figure confirms the strategic
dependence of local agriculture on groundwater resources. However, irrigation in the
plain does not rely exclusively on groundwater pumping, as part of the cultivated area is
supplied by surface water through two irrigation perimeters (Taddart and Ejjel) covering
approximately 5760 ha [46]. Therefore, the difference between total irrigated land and
groundwater-irrigated land can be partly explained by the contribution of river-based
irrigation systems.

To better understand the role of agricultural expansion in shaping the dynamics of
water demand in the Guercif Plain, it is necessary to jointly examine changes in vegetation
cover and the evolution of irrigated areas over time. Remote sensing–based indicators,
particularly the Normalized Difference Vegetation Index (NDVI), provide a reliable proxy
for detecting spatial and temporal variations in vegetation density, while the estimation of
irrigated surfaces allows for a direct assessment of agricultural water use. The combined
analysis of these two indicators offers a more comprehensive understanding of how
agricultural development has contributed to increasing pressure on local water resources.

The combined spatio-temporal analysis of NDVI and irrigated area evolution between
1985 and 2020 reveals a marked transformation of vegetation patterns in the Guercif
Plain (Figure 11). In 1985, vegetation cover was generally sparse, with low NDVI values
dominating most of the plain. Moderate NDVI values were spatially limited and mainly
concentrated along the main river corridors, reflecting restricted agricultural activity largely
dependent on natural soil moisture and surface water availability.
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Figure 11. Coupled spatio-temporal evolution of NDVI and irrigated areas in the Guercif Plain
1985–2020, based on satellite imagery.

By 2020, NDVI values show a clear spatial expansion across the plain, with moderate
to high values extending well beyond the hydrographic network. Maximum NDVI
values reached approximately 0.57, and vegetation density increased in substantial areas
previously characterized by weak or discontinuous cover. This expansion coincides spatially
with zones of irrigated agriculture and reflects the growing use of groundwater pumping
and regular irrigation.

To quantify this evolution, NDVI values were reclassified into vegetation density
classes and converted into surface areas. The results show a significant increase in irrigated
land, which expanded from about 6623 ha in 1985, representing nearly 2% of the total
plain area, to approximately 29,579 ha in 2020, corresponding to 8.59%. This represents an
average annual increase of around 656 ha over the 1985–2020 period.

The spatial correspondence between areas exhibiting high NDVI values and the
expanded irrigated surfaces indicates that the observed increase in vegetation cover is
primarily associated with agricultural intensification rather than with natural climatic
improvement. This trend highlights the growing dominance of irrigated farming systems in
reshaping land cover patterns in the Guercif Plain. Although this expansion has enhanced
agricultural productivity, it has also been accompanied by increased water withdrawals,
particularly from groundwater resources, within a context of low rainfall and semi-arid
climatic conditions.

The strong correspondence between NDVI growth and the expansion of irrigated
areas indicates that recent improvements in vegetation cover are largely driven by
irrigation practices rather than by favorable climatic conditions. This trend reflects a
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growing dependence on groundwater resources to sustain agricultural production, thereby
intensifying pressure on already fragile hydrological systems. Such transformations in land
and water use patterns are expected to have direct consequences on both surface runoff
and groundwater levels, which are examined in the following section.

3.3. Streamflow and Groundwater Evolution

The impacts of the combined effects of recurrent drought and increasing human
pressures are clearly reflected in the dynamics of water resources in the Guercif Plain,
affecting both surface runoff and groundwater systems.

3.3.1. Impact of Drought on Surface Runoff

The analysis of the average annual discharge of the Melloulou River at the Guercif
station over the period 1980–2020 reveals pronounced interannual variability, reflecting
the strong sensitivity of surface runoff to climatic fluctuations. Peak discharge values were
recorded during exceptionally wet years, particularly in 1995, when average flows exceeded
23 m3/s. In contrast, several years—such as 1983, 1998, 2004, and 2017–2018—were
characterized by markedly low discharges, in some cases falling below 3 m3/s, indicating
severe hydrological deficits.

Beyond these short-term fluctuations, the long-term trend shows a slight downward
trajectory in river discharge, with an estimated decline of approximately −0.058 m3/s
per year. However, based on the statistical significance tests, this trend is not statistically
significant (p = 0.451), and the linear trend explains only a minimal fraction of the total
variance (R2 = 0.015). This result is further supported by the non-parametric Kendall’s
tau test, which revealed only a weak and non-significant negative association between
time and river discharge (τ = −0.096; BF10 = 0.297), confirming that discharge variability
is dominated by interannual fluctuations rather than a consistent long-term decline. This
suggests the hydrological regime is characterized more by high interannual variability than
by a consistent long-term linear reduction (Figure 12). Still, the negative trend is consistent
with a progressive reduction in surface water availability over the study period, which
could be caused by the observed warming, slight decrease in rainfall, and the increasing
irregularity of precipitation patterns. The overall evolution of the Melloulou River discharge
therefore reflects a hydrological regime increasingly dominated by low-flow conditions,
despite the occurrence of occasional wet years.

 
Figure 12. Evolution of the Average Discharge of the Melloulou River at Guercif (1980–2020). Source
of statistical data: ABHM, 2025.

The observed reduction in surface runoff and the increasing frequency of low-flow
conditions inevitably affect groundwater systems, particularly in regions where aquifer
recharge is closely linked to river flows and infiltration processes. In the Guercif Plain,

https://doi.org/10.3390/w18091094

https://doi.org/10.3390/w18091094


Water 2026, 18, 1094 17 of 25

surface water and groundwater form an interconnected hydrological system, in which
any persistent decline in river discharge is expected to translate into reduced recharge
of aquifers. To assess the response of groundwater resources to these combined climatic
and anthropogenic pressures, the following section examines the temporal evolution of
groundwater levels in the main aquifers of the Guercif Plain.

3.3.2. Decline in the Groundwater Level

Annual groundwater abstraction in the Guercif depression is estimated at approximately
54.5 million m3, of which nearly 96% is allocated to irrigation purposes [42]. This dominant
share highlights the central role of agricultural water use in shaping groundwater dynamics
across the plain. Piezometric records indicate a pronounced and sustained decline in
groundwater levels (increase in groundwater depth), particularly within the Tafrata aquifer
(Figure 13).

 

Figure 13. Temporal evolution of groundwater levels in the Tafrata Plain (1980–2020). Source of
statistical data: SHG, 2025.

During the 1980s, groundwater depth values in this aquifer were around −10 m,
but they progressively deepened over time, reaching nearly −55 m by 2020. Linear
regression analysis reveals a highly significant long-term trend (p < 0.001), corresponding to
an average annual deepening rate of approximately 0.98 m/year. The high coefficient
of determination (R2 = 0.871) confirms the robustness of this temporal pattern. This
interpretation is further supported by the non-parametric Bayesian Kendall’s tau test, which
indicates a very strong negative monotonic association between time and groundwater
levels (τ = −0.959; BF10 = 2.602 × 1015). The decisive Bayes Factor provides overwhelming
evidence that groundwater decline is systematic and persistent rather than the result
of random interannual variability. In addition, the trajectory suggests that depletion
accelerated during the last two decades, as reflected by the steeper decline observed
in the later part of the series. Overall, this trend reflects a growing imbalance between
abstraction rates and natural recharge, resulting in a marked lowering of the groundwater
table in the Guercif Plain.

To enhance the spatial representativeness of the groundwater analysis, the study
extended its investigation to the Ejjel aquifer, located within the same hydrogeological
system of the Guercif Plain (Figure 14). The temporal analysis of the Ejjel aquifer reveals two
distinct phases of decline: a moderate depletion during the 1988–2006 period (R2 = 0.406;
slope = −0.07 m/year), followed by a marked acceleration between 2010 and 2023. During
this latter phase, groundwater depth increased from approximately 15 m in 2010 to nearly
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41 m in 2023, corresponding to a sharp depletion rate of 2.30 m/year with a high coefficient
of determination (R2 = 0.94). These results are consistent with the statistically significant
long-term decline identified in the Tafrata aquifer and reinforce the interpretation of a
generalized groundwater-stress pattern. The synchronized depletion observed across both
the Tafrata and Ejjel aquifers, despite the fragmented nature of some piezometric records,
provides stronger spatial evidence that groundwater decline affects multiple sectors of the
Guercif Plain rather than representing a localized anomaly, likely linked to the combined
effects of recurrent drought and intensifying agricultural water demand.

 

Figure 14. Temporal evolution of groundwater levels in the Ejjel aquifer: From moderate decline
(1988–2006) to accelerated depletion (2010–2023). Source of statistical data: SHG, 2025.

This broader pattern is further corroborated by operational data from drinking-water
boreholes. Technical records indicate an average borehole depth of approximately 146 m,
with a mean discharge of only 16.6 L/s, reflecting the relatively limited hydraulic
productivity of the exploited aquifers. The operational status of these boreholes further
illustrates the degree of pressure affecting groundwater resources in the Guercif Plain. Out
of a total of 19 boreholes, 42% have already been abandoned due to declining yields
associated with groundwater depletion, while only 58% remain operational (Figure 15) [47].

 

Figure 15. Status of groundwater wells in the Guercif Plain. Source of statistical data:SHG, 2025.

This distribution points to a significant loss of functional water infrastructure over
time, as a substantial proportion of boreholes have ceased to provide sufficient yields. The
increasing number of abandoned wells constitutes a clear indicator of the declining
groundwater potential and the growing difficulty of securing reliable drinking-water
supplies from existing aquifers.

Overall, the results presented above highlight the combined effects of climatic
variability and increasing anthropogenic pressures on both surface and groundwater
resources in the Guercif Plain. Recurrent droughts, declining rainfall, and rising temperatures
have led to reduced river discharge and limited aquifer recharge, while rapid population
growth, urban expansion, and the intensification of irrigated agriculture have further
amplified water demand. The observed trends in NDVI, the expansion of irrigated
areas, declining river flows, falling groundwater levels, and the increasing proportion of
abandoned wells collectively indicate a hydrological system under significant stress. These
findings set the stage for a detailed discussion of the mechanisms driving water scarcity,
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the implications for sustainable resource management, and potential adaptation strategies,
which are addressed in the following section.

4. Discussion
The results highlight the central role of groundwater as the primary source of water

supply in the Guercif Plain, while also revealing increasing stress on these resources. The
observed decline in groundwater levels, combined with the variability of surface runoff,
indicates growing pressure on the local hydrological system. Both climatic variability and
rising water demand appear to contribute to this situation. The following discussion
therefore examines the respective roles of natural and anthropogenic drivers, before
considering their combined effects on water-resource sustainability.

Climatic factors play an important role in defining the natural limits of water
availability in the Guercif Plain. Increased rainfall variability and rising temperatures
have reduced the natural recharge potential of both surface and groundwater resources,
while prolonged dry periods have accentuated hydrological deficits. The climatic analysis
confirms the predominance of arid to semi-arid conditions [40,41]. Although a numerical
long-term decline in rainfall is observed (Figure 5), this trend is statistically non-significant
(p = 0.887), suggesting that hydrological stress is driven more by the high frequency and
intensity of drought events rather than a consistent reduction in total precipitation. This is
further evidenced by the predominance of negative SPI values (Figure 6) and synchronized
drought patterns in upstream stations (Figure 8). Together, these trends indicate recurrent
drought conditions that place sustained climatic stress on the hydrological network feeding
the Guercif Plain. While the localized rainfall decline is statistically non-significant, the
high frequency of these events is consistent with broader attribution studies showing that
human-induced climate change has intensified dry-season water availability deficits across
extra-tropical latitudes, including Mediterranean-type climates [48]. Furthermore, the faster
warming rates observed in dry regions globally, which intensify the terrestrial water cycle
and increase precipitation variability, provide a broader context for the high interannual
variability and systemic drought conditions observed in this study [49].

Human-induced pressures further compound this hydrological vulnerability. Rapid
demographic growth and urban expansion in Guercif city (Figure 10) are closely associated
with an increasing domestic water demand. The observed deficit between supply and
demand projected for 2025, where current groundwater abstractions appear insufficient
to meet peak requirements, indicates the limited capacity of existing aquifers to sustain
rising consumption rates. This structural imbalance reflects a localized intensification of
water stress, mirroring findings from other semi-arid regions globally, such as southeastern
Australia. In those contexts, research has demonstrated that failing to account for projected
increases in anthropogenic water demand can lead to a significant underestimation of
future water stress, particularly when coupled with climatic variability [50].

Agricultural intensification represents a major driver of anthropogenic water stress.
Irrigated land expanded from 6623 ha in 1985 to 29,579 ha in 2020, while groundwater depth
simultaneously increased by nearly 45 m in the Tafrata aquifer. This temporal convergence
strongly suggests that irrigation expansion intensified groundwater abstraction beyond
natural recharge rates. As indicated by the NDVI analysis and satellite-derived mapping
(Figure 11), this transformation reflects a shift toward more water-intensive cropping
systems sustained by groundwater pumping. While this transformation has likely enhanced
productivity, it coincides with the statistically significant decline in groundwater levels
(p < 0.001) observed in the study area. This suggests that increased abstraction rates for
irrigation are a major contributor to aquifer depletion. Regional development strategies,
such as the Green Morocco Plan, provide a context for this agricultural expansion; however,
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the resulting pressure highlights the challenges of reconciling intensive farming with
the natural limits of semi-arid environments. This dynamic is particularly evident in the
adjacent Tafrata Plain, where overexploitation of wells has been linked to commercial
agriculture and a subsequent decline in groundwater levels [51]. Such patterns of
intensification can reduce vegetation resilience to rainfall variability, a phenomenon
documented across global drylands where anthropogenic pressure drives systemic
environmental changes [52].

The combined evidence indicates a coupled cause–effect mechanism. On the supply
side, recurrent drought conditions and prolonged SPI-12 deficits reduced runoff generation
and recharge opportunities. On the demand side, irrigated land expanded by more than
fourfold (from 6623 ha to 29,579 ha), while urban demand reached a peak deficit of 77%
in 2025. Under these simultaneous pressures, groundwater became the balancing source,
resulting in statistically significant aquifer depletion in both Tafrata (0.98 m/year) and Ejjel
(2.30 m/year during 2010–2023).

These interacting pressures are further reflected in the observed dynamics of
both surface and groundwater resources. While the discharge of the Melloulou River
(Figure 12) exhibits pronounced fluctuations rather than a statistically significant linear
decline (p = 0.451), these irregularities constrain the reliability of surface water availability.
Conversely, the continuous and significant decline in groundwater levels in the Tafrata
aquifer (p < 0.001, Figure 13) is consistent with the cumulative impact of intensive extraction
and limited natural recharge. This interpretation is reinforced by the Ejjel aquifer (Figure 14),
which exhibits a similar depletion trajectory, with a moderate decline during 1988–2006
followed by a marked acceleration between 2010 and 2023 (approximately 2.30 m/year;
R2 = 0.94). The recurrence of declining groundwater trends across both aquifers suggests
that depletion is not a localized anomaly, but a generalized response to simultaneous
drought stress and increasing agricultural abstraction across the Guercif Plain. The
high proportion of abandoned wells (Figure 15) further underscores the severity of this
groundwater stress and the vulnerability of the local water-supply system. The potential
interconnection between these dynamics is critical; as suggested by Bouguelba [51].

These findings indicate that the Guercif Plain is experiencing a growing water
imbalance, driven by the interplay between climatic variability and intensifying human
pressures. The convergence of recurrent drought events and rising water demand poses
a potential threat to the long-term sustainability of both surface and groundwater
resources. More broadly, the situation in the Guercif Plain serves as a local manifestation
of patterns observed across many global drylands, where the combined effects of climate
variability and anthropogenic activities increase the pressure on limited water resources,
thereby heightening environmental vulnerability [48,52].

This study provides an integrated analysis of the Guercif Plain as a coupled
socio-hydrological system, exploring the links between climatic variability and human
water consumption. Unlike previous works that often-examined drought impacts or
groundwater use in isolation, this research synthesizes climatic indicators (rainfall trends,
SPI, and temperature) with demographic, urban, and agricultural drivers of demand. By
merging satellite-derived NDVI analysis with socio-economic data, the study offers a
holistic framework to interpret the observed interactions between resource availability and
anthropogenic pressures. This integrated perspective not only advances the understanding
of water stress in semi-arid Morocco but also establishes a methodological reference for
analyzing similar socio-hydrological systems in other vulnerable drylands.

If current trends of intensive groundwater abstraction and recurrent drought persist,
the Guercif Plain may likely experience intensified hydrological stress. The statistically
significant depletion rates observed in this study suggest that further declines in
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groundwater levels could lead to increased well abandonment and place the agricultural
economy under severe pressure. These findings underscore the urgent need for proactive
and integrated water management. Implementing adaptive and participatory strategies
is essential to mitigate these risks and to enhance the long-term sustainability of water
resources in the face of both climatic and anthropogenic challenges.

It is important to acknowledge certain limitations of this study. Although groundwater
analysis was expanded to include two monitoring boreholes representing the Tafrata and
Ejjel aquifers, data availability remains uneven across the Guercif Plain. The Tafrata series
provides the most continuous long-term record and was therefore used as the principal
reference for trend detection, whereas the Ejjel series contains temporal discontinuities and
was used as complementary evidence. Consequently, while the dual-aquifer framework
substantially improves spatial representativeness compared with a single-station approach,
it may not fully capture the hydrogeological heterogeneity of all sub-sectors of the
Guercif Plain. In addition, given the long temporal coverage of the available records,
some historical observations may include irregular measurement frequency or estimated
values. Furthermore, unregistered or illegal wells are not systematically documented, which
may lead to an underestimation of actual groundwater abstraction pressures.

A further methodological constraint concerns the delineation of the study area. The
Guercif Plain was considered as a geographical unit, whereas official statistics are generally
compiled according to administrative boundaries. Since the plain is shared by several
rural communes, no single statistical framework exists for the entire plain. This spatial
mismatch restricts the availability of accurate sectoral data, especially for agricultural water
consumption at the plain scale.

Regarding remote sensing analysis, the NDVI assessment was based on selected
Landsat images representing key benchmark years rather than a continuous annual time
series. Although this approach is suitable for identifying long-term land-cover changes, it
may not capture short-term fluctuations in cropping patterns or interannual variability. In
addition, the 30 m spatial resolution of Landsat imagery may overlook small agricultural
parcels or mixed land-cover pixels. NDVI values also indicate vegetation vigor and density
rather than direct irrigation volumes or actual water consumption, and therefore should
be interpreted as a proxy indicator of irrigated agricultural dynamics rather than a direct
measure of water use.

Furthermore, while the socio-economic projections are rooted in historical data and
observed trends, they are inherently subject to uncertainty. Factors such as future policy
shifts, market-driven changes in crop selection, or abrupt economic transitions could alter
the projected water demand trajectories. Therefore, these scenarios should be interpreted
as plausible pathways rather than deterministic forecasts.

Despite these uncertainties, the core findings of the present study remain robust
because they are supported by multiple independent and converging lines of evidence.
Climatic stress is consistently reflected in rainfall records, SPI indices, and temperature
trends. Groundwater depletion is demonstrated by the statistically significant decline
observed in the Tafrata aquifer and corroborated by similar accelerated depletion patterns
in the Ejjel aquifer. Likewise, the expansion of irrigated land is supported by both NDVI
analysis and supervised land-use classification. The convergence of climatic, hydrological,
demographic, and remote-sensing indicators increases confidence that the identified water
imbalance represents a real and persistent process in the Guercif Plain rather than an artifact
of any single dataset.

Future research should prioritize high-resolution, real-time monitoring of groundwater
extraction and incorporate dynamic modeling that accounts for various agricultural
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and urban development scenarios, providing a more adaptive framework for water
management in the Guercif Plain.

Addressing this challenge requires integrated water-management strategies that
account for both supply limitations and demand-side pressures. Based on the observed
expansion of irrigated areas (Figure 11) and the continuous decline in the Tafrata
aquifer (Figure 13), immediate policy interventions should prioritize: (1) establishing
a participatory groundwater management contract with local farmers to set sustainable
abstraction quotas, (2) providing targeted subsidies for the conversion to high-efficiency
drip irrigation only in areas where it can be demonstrated that this reduces net water
consumption (rather than expanding the irrigated perimeter), (3) implementing a
mandatory metering system for all groundwater abstraction points, coupled with a tiered
pricing structure (progressive block tariffs) that reflects the scarcity value of water. Such a
system would serve a dual purpose: it would generate accurate, real-time data on actual
groundwater use, addressing a key limitation of this study, while creating a direct economic
incentive for farmers to adopt water-saving practices. The revenues generated from higher
consumption tiers could be reinvested in supporting agricultural extension services or
subsidizing drip irrigation equipment, thereby closing the loop between measurement,
pricing, and sustainable resource management, and (4) investing in alternative water
sources for Guercif city, such as the treatment and reuse of wastewater, to reduce reliance
on groundwater for domestic supply, as urban demand is projected to rise (Figure 10). As
demonstrated by research on human-water systems, proactive management and adaptation,
including demand management, are essential not only to mitigate water stress but also to
build resilience against projected climatic and demographic changes [50,51].

Beyond demand-side management, long-term sustainability in the Guercif Plain also
depends on increasing water storage and enhancing recharge opportunities. In this regard,
the Targa Oumadi Dam, currently under construction south of Guercif on Oued Zobzit,
one of the main tributaries of the Melloulou River, represents a major strategic project
for the region. Located about 72 km from Guercif city, the dam has a planned storage
capacity of 287 million m3. According to data from the Provincial Directorate of Water
Infrastructure in Guercif (2025), construction progress had reached approximately 90%,
with completion expected by mid-2026 [53]. The project is expected to support small- and
medium-scale irrigation schemes in the Guercif Plain, contribute to groundwater recharge
along the Melloulou and Moulouya Rivers, secure drinking-water supply for Guercif city,
reduce flood risk, and limit sedimentation pressures on the downstream Mohammed V
Dam. This project illustrates the important role that integrated surface-water infrastructure
may play in strengthening long-term water resilience in the study area.

5. Conclusions
This study assessed the water balance of the Guercif Plain by examining the

intertwined effects of climatic variability and anthropogenic pressures. The findings
reveal a structural water imbalance driven by the interaction between recurrent drought,
agricultural intensification, and urban growth. The analysis provides clear evidence
that surface water resources—characterized by pronounced discharge fluctuations in
the Melloulou River- and groundwater reserves—reflected in the statistically significant
lowering of aquifer levels (p < 0.001)—are both under increasing stress.

The magnitude of this imbalance is illustrated by the estimated water deficit
approaching 77% under peak demand conditions in early 2025. This figure reflects a severe
mismatch between peak urban water demand and the currently available groundwater
supply, it also indirectly signals increasing pressure on groundwater resources, a trend
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further reflected by the high proportion of abandoned wells documented in this study. These
findings indicate that water-resource vulnerability is already affecting the study area.

In addressing its research objectives, this study makes two key contributions. First,
it provides an integrated, quantitative diagnosis of the Guercif Plain as a coupled
socio-hydrological system, demonstrating that climatic variability and human drivers
operate through interconnected feedback processes. Second, it shows that current water
stress is structural rather than episodic, requiring long-term adaptation in water governance.

Addressing this challenge requires a shift toward proactive and adaptive management.
The proposed interventions—including participatory abstraction quotas, mandatory
metering with tiered pricing, and the integration of new infrastructure such as the
Targa Oumadi Dam for runoff storage and water security—offer a strategic starting
point. Ultimately, aligning regional development with available water resources will
be essential to ensure the long-term viability of agriculture and the well-being of
local communities.
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