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Abstract: Ensuring the protection of the aquatic environment and addressing the water scarcity and
degradation of water quality in the Mediterranean region pose significant challenges. This study
specifically aims to assess the impact of urban and industrial pollution on the ZAT River water
quality. The study exploits a combination of field measurements and mathematical simulations
using the PEGASE model. The objective is to evaluate how water quality changes throughout
the different seasons and to determine whether olive oil factories discharge industrial wastewater
into the river. The study reveals that the river water quality remains relatively stable along its
course, up to km 64 in winter and km 71.77 in summer, where poor water quality is recorded. This
degradation can be attributed to multiple factors. One of these factors is the discharge of industrial
wastewater, which accounts for 47% of the COD pollution load. This industrial wastewater is
released into the river without treatment during the production period (January–February) and
inactivity period (March–May). The combined impact of urban and industrial wastewater is also
associated with the decrease in water flow resulting from water withdrawals due to irrigation canals
and groundwater recharge, which both contribute to the observed changes in river water quality.
Importantly, field measurements combined with results obtained from the calibrated model provide
compelling evidence of unauthorized wastewater discharges from the olive oil factories into the river.
These results emphasize the need for stricter regulation, such as developing water quality monitoring
strategies based on the use of modeling methodologies. They also emphasize the importance of
improving wastewater management practices, such as setting up treatment plants for different
sources of pollution or developing a co-treatment plant to mitigate the adverse impact of industrial
pollution on river water quality.

Keywords: water quality modeling; PEGASE model; industrial wastewater; urban wastewater

1. Introduction

Water pollution caused by increasing pollution loads due to industrialization and
urbanization is a major challenge issue in many parts of the world [1]. Morocco, renowned
for its frequent droughts for six consecutive years, faces mounting pressure on its water
supplies [2]. Wastewater from urban and rural areas and industries degrades water re-
sources. The combination of drought and increased pollution makes it challenging to dilute
and disperse wastewater into rivers, increasing the cost of water treatment and adding
pressure to provide acceptable water quality for agricultural, industrial, and drinking
requirements [3]. In Morocco, wastewater is often discharged without prior treatment [4,5],
considerably reducing the quality of water resources, especially surface water [6].

In the Mediterranean region, small rivers frequently experience a significant decrease
in their water flow, particularly during dry periods. This reduction in water volume
exacerbates the concentration of pollutants [7,8]. The rivers in this region, particularly
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in Morocco, are exposed to pollution due to wastewater from olive oil mills located near
the rivers [5]. They also suffer from landfill leachate pollution from uncontrolled landfills
located near the rivers [9]. Moreover, most villages and towns are situated on the riverbanks,
which causes them to discharge untreated pollutants into them [10]. These urban and
industrial contaminants often include high levels of nutrients such as carbon, nitrogen, and
phosphate [11], as well as a range of pathogens such as bacteria, viruses, and parasites [12].
Some industrial pollutants, such as landfill leachate, can contain high levels of heavy
metals, pesticides, and chemicals [13]. Olive mill wastewater also contains high levels
of polyphenols and salts, with acid discharge [14]. These contaminants lead to reduced
oxygen levels, increased pollutant concentrations, and fluctuations in temperature and
acidity [15]. All these factors contribute to poor to very poor water quality parameters in
rivers [16].

Assessing the dynamics of pollution and establishing the sources of pollutants and the
waterbody most at risk at the watershed scale is a complex problem, as it involves significant
uncertainty in the spatiotemporal variables [17]. Conventional methods of monitoring
surface water quality do not offer a holistic perspective on pollution dynamics in time and
space [18,19]. Therefore, the use of mathematical models to simulate river water quality
and pollutant dynamics is crucial for a better understanding and integrated management
of water resources [20]. Modeling also allows us to forecast the results associated with the
scenarios proposed by decision-makers [21]. River quality models focus on using large
amounts of data to create a model that closely reflects reality [22].

The classic equations for simulating DO (dissolved oxygen) and BOD (biochemical
oxygen demand) in rivers were derived by Streeter and Phelps in 1925. These equations
have served as the foundation for numerous water-quality models created worldwide
since then [23]. In the past twenty years, the domain of water-quality modeling has
undergone significant advancements due to various factors, including the utilization of data,
advancements in processor computing power, better technological control, advancements
in algorithms, and other related developments in hydrology [24]. These advancements
have led to the creation of various models, including PEGASE [25]. In the last 20 years,
there has been a significant improvement in creating water-quality models that are robust
and can simulate river quality in one, two, or three dimensions [26]. The need to adapt
models for understanding watershed behavior at different spatial resolutions arose as
stakeholders increasingly relied on forecasting water management tools [27,28]. This is the
case, for example, in Europe, where many river basin agencies rely on the PEGASE model
to forecast river quality, such as the Rhine–Meuse water agency [29]. However, unlike
Europe, where there is a wealth of available data that enhance the operational efficiency of
models, applying the same models to water basins in Africa, in particular, is exceedingly
challenging due to data scarcity and the associated difficulties in obtaining them [30].

The PEGASE model is one of the models used in North African basins, and it has
demonstrated its ability to generate accurate results despite the scarcity of data and the
associated challenges in acquiring them [31]. The model has been applied to significant
watersheds throughout Western Europe, including the Scheldt, Adour, Loire, Moselle,
Garonne, Meuse, and others [29,32]. The model was initially created for the Belgian Walloon
Area and has since been applied in various research conducted in Africa, particularly in
Algeria and Tunisia [31]. The model’s ability to quantify the nonlinear impact of pressures
on rivers and describe the relationships between watersheds and rivers is one of its most
original features [25].

The characteristics of this model include a spatial discretization that enables accurate
simulation of both large and small river basins [33]. The model is a physics-based water
quality model with a complete representation of key biogeochemical processes, a complete
and consistent description of all discharge loads necessary to establish pressure–impact
relationships, and a user-friendly interface that allows appropriate authorities to operate
the software independently [29]. This model is deterministic and provides a detailed
depiction of the physical and chemical processes under surrounding conditions [34]. It



Hydrology 2024, 11, 150 3 of 28

uses a series of kinetic equations that depict the system dynamics and changes in biological
processes [25,31]. The majority of these model parameters, except for those related to soil
functions, do not require adjustment or calibration because they have biological, chemical,
or physical significance [25].

Previous studies on industrial wastewater discharge and its environmental effects
in Rwanda, Ethiopia, and China [35–37], as well as predictive simulation studies on wa-
ter quality improvement measures in river basins, have underscored the criticality of
understanding and mitigating the impacts of pollution on water bodies [4,38]. These in-
vestigations have highlighted the complexities and consequences of industrial and urban
pollution on river ecosystems. Furthermore, research on extreme events like freshwater
anoxia in Belgium due to industrial accidents in France has emphasized the urgency of
effective pollution control measures [33].

The objective of this study is to explore highly contaminated regions and identify
pollution sources in the ZAT River basin. It specifically investigates whether olive oil
factories are discharging industrial wastewater into the ZAT River. The study examines the
pollution levels during active months such as January and February and compares them
to non-production periods. Ultimately, the research aims to quantify the total industrial
pollution discharged into the ZAT River relative to the annual production levels.

2. Materials and Methods
2.1. Study Area

The ZAT River basin is one of the sub-basins in the Tensift river watershed, which
covers an area of 20,450 km2 in central Morocco, extending from the Atlas Mountains to
the Atlantic Ocean [39]. The ZAT River sub-basin (Figure 1) covers an area of 921 km2 [40].
Altitude has a significant influence on the region’s Mediterranean climate, with heights
varying between the northern and southern halves of the basin at 430 m downstream and
3911 m upstream, respectively. The average slopes of the upper and lower slopes are 19%
and 0.88%, respectively [41]. Downstream, the ZAT River sub-basin is distinguished by
the prevalence of igneous rocks, with Triassic rocks dominating from the middle to the
bottom and sedimentary rocks present downstream [42]. The main river, which is 89 km
long, drains the ZAT River sub-basin [39]. About km 62, there is a solitary station for
monitoring precipitation and outflow in the main river. This station reported an average
flow of 3.33 m3/s and 255 mm of precipitation annually [43]. According to Bouimouass et al.
(2020) [44], the downstream area of the ZAT River is characterized by high water depletion
caused by irrigation canals and groundwater recharge, as well as average evaporation
rates of 1600 mm per year [45]. The basin is characterized by a concentration of urban and
industrial pollution downstream of the river, along with some agricultural activity [16].

2.2. Data Collection and Water Quality Monitoring

Application of the PEGASE model in the ZAT River basin (Figure 2), we established
a comprehensive database that included geographical, hydrometeorological, pollution,
and quality measurement data. We downloaded spatial data as a digital elevation model
(DEM). The DEM was obtained from LANDSAT 8 with SRTM resolution of 30 × 30 m
(Shuttle Radar Topography Mission). Using the DEM, we identified the ZAT River basin
and assessed its drainage patterns, elevation, and slope data. We processed the DEM data
using the Geographic Information System (GIS) interface of the ArcGIS® program [43].
We collected and analyzed daily hydrometeorological data (solar radiation, daily flow,
and water temperature recorded in the ZAT River basin), as well as data on human
activities and discharges (livestock, domestic effluents, etc.). We characterized all sources
of pollution (urban, industrial, agricultural), including their GPS location, quantity of
discharges (m3/d), pollution loads (Kg COD/d), population equivalent (L/inhab/d), and
pollution concentration (mg/L) [16]. This information was provided by the local Watershed
Agency and through our field survey, sampling, and laboratory analysis (Table 1).
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Figure 1. Geographic location of the studied stations (S1 to S9) in ZAT River, Morocco.
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Table 1. Summary of data used in this study.

Data Format Period/Frequency Data Source

Hydro-geographical
data Shapefile 2021 Tensift Hydraulic Basin Agency

Digital terrain
model 30 m Rasters 2021 Tensift Hydraulic Basin Agency

Land use map Shapefile 2021 Tensift Hydraulic Basin Agency

Flow measurement Excel file Daily from 1990
to 2021 Tensift Hydraulic Basin Agency

Rainfall Excel file Daily from 1990
to 2021 Tensift Hydraulic Basin Agency

River temperature Excel file Daily from 2021 Tensift Hydraulic Basin Agency

Insolations Excel file Every 30 min
from 2021 Tensift Hydraulic Basin Agency

Withdrawals Excel file 2021 Tensift Hydraulic Basin Agency

Discharge data Excel file 2021 Tensift Hydraulic Basin Agency

Quality data Excel file Every 15 days for
6 months until 2021

Sampling campaign and
laboratory analysis
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Monitoring campaigns were carried out during the winter (5 and 19 January, 2 and
6 February), spring (2 and 16 March, 6 and 20 April, 4 and 18 May), and summer (1 and
15 June) of 2021. In the field, we measured dissolved oxygen (DO), water temperature
(T◦), electrical conductivity (EC), and pH using a multiparameter instrument (HANNA
HI 9829, Romania). We collected samples in the field, and subsequently, we analyzed
other parameters such as chemical oxygen demand (COD), ammonium ion (NH4

+), and
orthophosphate (PO4

3−) in the laboratory according to AFNOR standards [46].

2.3. Pollution Sources

Different sources of onsite pollution exist in downstream ZAT River area: wastewater
from olive oil extraction units (OMW), wastewater from the slaughterhouse existing near
the part of ZAT River called Ait Ourir River (SW), leachate from the local public landfill
(LL), and domestic wastewater discharged from Ait Ourir town (EU). To have a global
idea about these different kinds of pollution, three sampling campaigns were conducted
on 11 May 2021, 18 April 2021, and 25 May 2021 to collect samples from multiple sources,
sampling points located 10 m from the discharge point at the slaughterhouse, landfill, and
town of AIT Ourire. For olive oil mills, sampling points at the mills. (Figure 1). The mean
characteristics of such sources of pollution are described in Table 2.

For the quantity of discharges (m3/d) for each pollution source, information was
provided by the local Watershed Agency.

Table 2. The mean (n = 3) physicochemical properties of the discharged wastewater into the river
surrounding. EU: urban wastewater, SW: slaughter wastewater, OMW: olive mill wastewater, Ll:
landfill leachate.

Parameters Units
Discharge

Limit Values
in River

EU SW OMW LL

Discharge volume m3/d --------- 3072 110 52 50

pH 5.5–9.5 8.01 ± 0.22 7.74 ± 0.12 5.76 ± 0.31 7.52 ± 0.15

CE µs/cm 2700 1474 ± 144.31 2580 ± 175.11 18,590 ± 250.12 8490 ± 310.04

COD mgO2/L 250 1342 ± 30.91 2509 ± 44.2 193,565 ± 500.32 2576 ± 120.41

NH4
+ mg/L

NTK = 40

90 ± 0.87 46.13 ± 1.47 74.01 ± 1.61 73.40 ± 2.01

NO3
− mg/L 3.02 ± 0.16 9.48 ± 0.62 20.01 ± 0.41 12.19 ± 0.86

NO2
− mg/L 6.11 ± 1.01 11.35 ± 0.96 62.20 ± 2.05 12.46 ± 0.51

PO4
3− mg/L Pt = 15 4.04 ± 0.26 21.22 ± 2.41 34.58 ± 0.11 3.01 ± 0.09

COD Pollutant load KgO2/d --------- 4123 276 10.151 129

2.4. Modeling Approach

PEGASE is an integrated river basin model that enables the deterministic simulation of
river quality based on the structure of the river network, hydro-meteorological conditions,
and natural and anthropogenic impacts such as point and diffuse discharges. The Aquapôle
R&D team at the University of Liège developed this physics-based model [32]. The model
is a tool for studying the behavior of the hydro system, quantifying relationships between
pressure and impact, and determining the management strategies required to achieve
specific goals. The model explains the flow of water and pollutants through the river
system to the outlet [25]. It can manage several rivers at once and large watersheds with a
precise spatial resolution of 200 m, offering a simple way to understand the data produced
by generating maps and 2D graphics [29].
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In reality, the model is a one-dimensional river model that uses physical calculations
to dynamically represent the river behavior. A selection of rivers is used to depict the
hydrographic network, which is discretized into nodes that allow for the transmission
of data and the extraction of findings. The segments of the rivers have varying lengths.
The model uses the idea of diffuse soil functions and uses a semi-statistical method to
only determine the diffuse contribution of soils. Processes are described in a mechanistic
manner using a set of kinetic equations. The model explicitly takes into consideration the
ongoing outflows of wastewater from factories, cities, sewers, and treatment facilities as
point sources of nutrients [25,33].

2.5. Model Implementation

Preprocessing and Parameterization of the PEGASE Model
The implementation of the model in the ZAT River basin began with the construction

of the hydrogeographic database. This required a number of spatial data, such as the
hydrographic network, hydrographic zones, digital terrain model, and land use [32].
PEGASE preprocessing algorithms, useful for modeling, were applied to construct and
verify the topology of the hydrographic network, the altimetric profiles of rivers, and the
connectivity (Figure 3). These preprocessing steps resulted in the following:

• Sequencing and orienting river segments to construct a topologically correct hydro-
graphic network.

• Selection of nodes and generation of altimetric profiles for rivers, imposing a smooth
downstream altitude decrease.

• Generation of basin/river connectivity by calculating the steepest path between cells and
computing flow parameters on the basin (distances to rivers, altitude differences, etc.).

• Addition of information regarding land use and livestock.

Once the physical characteristics of the hydrographic basin and rivers were introduced,
preprocessing of discharge and measurement station data (river flow measurements, solar
radiation, temperature, water quality, discharges, etc.) could be performed to format
them correctly and position them on the modeled hydrographic network with specific
information (discharge load, river width, etc.) [29]. Before running PEGASE simulations,
we specify the following information (simulation period, non-stationary parameters, output
points for results, characterization of discharges, reductions, etc.), taking into account the
specificities of the Moroccan context (estimation of population equivalent, imposition of a
characteristic low-flow rate for intermittent watercourses, etc.) [25]. Field measurements
are used to calibrate soil functions, and field measurements are necessary for the validation
phase of the model simulation results, where calculated values are compared with measured
values for a given day and location [31]. Accurate input data are essential for modeling
river ecosystems, as it directly influences the reliability of predictions regarding pollutant
loads and flow rates. High-quality data enhances model performance, allowing for effective
assessments of water quality changes and pollution impacts [47–49]. The integration of
diverse datasets, including real-time and historical data, is crucial for capturing spatial
and seasonal variations, which supports informed decision-making in water resource
management [50,51]. However, low-quality data can significantly hinder model accuracy.
It has been highlighted during the studies regarding the challenges posed by data errors
during calibration [49,52–54].
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2.6. Model Calibration

A calibration is necessary for PEGASE soil functions. Some soil functions have been
adjusted for certain basins in prior studies, and only a few calibrations are needed when
using the model for new basins, including those related to soil functions. The main part of
the parameters is determined experimentally or based on a literature review; a few ones
were fitted on specific basins by calibration undertaken in previous studies [25]. For the
present application on the ZAT River Basin, the following parameters were adjusted:

• Norm of daily consumption of an inhabitant equivalent.
• Daily distribution of the elements (carbon, nitrogen, and phosphorus) of raw wastew-

ater of an inhabitant equivalent.
• The soil leaching functions for the different land uses of the basin (urban, agricultural,

forests, meadows, plantations, and miscellaneous). The concentration levels (i.e., soil
leaching functions) for each soil occupancy are mainly projected using data obtained
from measurements conducted in the upper part of the watershed.

• The flow of the river downstream km 62 is characterized by water abstraction toward
irrigation canals and a consequent decrease in flow caused by soil infiltration (un-
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derground). The river flow recharges groundwater reserves by transferring water
from the river to the aquifer through permeable zones [44]. These processes have been
introduced, taking into account the appropriate abstraction of the river flow (takeoff).

For the calibration and adjustment, we selected 15 June 2021, which corresponds
to a summer period with a calculated flow rate of 1.18 m3/s at km 64. This period is
characterized by the absence of industrial activity from olive oil factories.

We calibrated diffuse inputs from the soil based on points 1, 2, and 3 upstream of the
rivers and adjusted the concentrations of the diffuse inputs from the soil until we obtained
results similar to the measured results at three points upstream. Concerning this parameter,
the input values are as follows in Table 3.

Table 3. The values of the soil leaching function for the different land uses.

Parameter (g/m3) Miscellaneous Urban Agricultural Meadow Plantation Forest

Dissolved Organic Carbon Rapidly Degradable 0.03 0.06 0.06 0.06 0.06 0.06

Dissolved Organic Carbon Slowly Degradable 0.06 0.12 0.12 0.12 0.12 0.12

Dissolved Organic Carbon Non-Degradable 0.14 0.28 0.28 0.28 0.28 0.48

Particulate Organic Carbone Rapidly Degradable 0.04 0.08 0.08 0.08 0.08 0.08

Particulate Organic Carbone Slowly Degradable 0.02 0.04 0.04 0.04 0.04 0.04

Particulate Organic Carbon Non-Degradable 0.09 0.18 0.18 0.18 0.18 0.38

Nitrate 0.00008 0.0004 0.0006 0.0006 0.0015 0.00016

Nitrite 0.0002 0.0004 0.0004 0.0004 0.0004 0.0004

Ammonium 0.003 0.006 0.01 0.01 0.01 0.004

Dissolved Organic Nitrogen Degradable 0.005 0.01 0.01 0.01 0.01 0.006

Dissolved Organic Nitrogen Non-Degradable 0.04 0.08 0.08 0.08 0.08 0.12

Particulate Organic Nitrogen 0.01 0.02 0.024 0.024 0.02 0.016

Dissolved Orthophosphate 0.002 0.006 0.008 0.008 0.01 0.0012

Linked Orthophosphate 0 0 0 0 0 0

Dissolved Organic Phosphorus 0.0005 0.001 0.002 0.002 0.002 0.001

Particulate Organic Phosphorus 0.0015 0.003 0.004 0.004 0.006 0.004

For the flow rate, which decreases downstream of the river, we modeled irrigation
channels that diverted a flow rate of 5 m3/s for irrigation with a maximum diversion limit
of 95% of the river capacity and a flow rate of 1 m3/s for groundwater recharge with a
maximum diversion limit of 5% of the river capacity.

For urban discharges, the best adjustment obtained gives a water consumption of
60 L/inhabitant/d and 9 gC/inhabitant/d, 0.3 gN/inhabitant/d, and 0.03 gP/inhabitant/d
for the villages. For the city of AIT OURIR, the best adjustment obtained gives a water
consumption of 120 L/inhabitant/d and 18 gC/inhabitant/d, 0.6 gN/inhabitant/d, and
0.06 gP/inhabitant/d.

Values of these four input parameters in the PEGASE model are adjusted until all
the simulated values of the five water quality parameters (dissolved oxygen (DO), water
temperature (T◦), chemical oxygen demand (COD), ammonium ion (NH4

+), and orthophos-
phate (PO4

3−)) considered here reach satisfactory fitting of the measured values.
We verified our calibration by comparing the calculated results with the measured

results for the date of 15 June 2021. We visualized the results on longitudinal graphs
and used three statistical parameters to evaluate the performance of the calibration: R2

(coefficient of determination), RMSE (root mean square error), and PBIAS (percentage bias).
According to Boukari et al. (2018), an R2 value greater than 0.4 is considered satisfactory,
and a PBIAS value less than ±30 is also deemed satisfactory [55–57].
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2.7. Model Validation

For validation, we selected three dates: 19 January 2021, in winter; 16 March 2021, in
spring; and 1 June 2021, in summer. We also chose point 9 located downstream of the river
(71.77 km) for temporal calibration. We will use three statistical parameters to evaluate the
model performance: R2 (coefficient of determination), RMSE (root mean square error), and
PBIAS (percentage bias). An R2 value greater than 0.4 is deemed satisfactory [31], while
values between 0.75 and 0.85 are considered good, and those above 0.85 are classified as
very good [55–57]. Additionally, the Percent Bias (PBIAS) metric is essential for evaluating
model accuracy, with values between ±30% to ±20% regarded as satisfactory, ±20% to
±15% as good, and below ±15% as very good [55–57]. These metrics are widely recognized
for evaluating environmental model performance [58,59]. The coefficient of determination
or The Pearson linear coefficient of determination, denoted as R2, is a measure of the
effectiveness of predicting a linear regression model. It assesses the similarity of linear
trends between estimated and observed values [60]. To complement this evaluation, one
can also use RMSE, which represents the standard deviation of the differences between
predicted and observed values in terms of the unit of the studied variable [61]. Additionally,
the addition of PBIAS can help quantify the differences between predicted and observed
values in terms of percentage of the standard deviation [62]. A high R2 alone does not
provide a comprehensive view of the unmatching between calculated and measured values.
That justifies the use of other statistical parameters such as RMSE and PBIAS, along with
graphical observation, to provide an overall view of assimilation quality [58,59].

2.8. Scenario Analyses

After conducting reference simulations for the year 2021, we compared them to new
scenarios under the same hydraulic conditions, and we have developed four scenarios
(Table 4).

Table 4. Table of pollutant release scenarios for olive oil mills.

Scenario Description COD Pollutant Load
(KgO2/d) Months

1
Olive oil factories release 100% of
COD load daily production into

the river over a two-month period.
10,151 January, February

2
Olive oil factories release 10% of
COD load daily production into

the river over a two-month period.
1015.1 January, February

3
Olive oil factories release 20% of
their daily production into the
river over a six-month period.

2030.2 January to June

4
Olive oil factories release 50% of
their wastewater production into
the river over a six-month period.

5075.5 January to June

3. Results
3.1. Model Calibration 15 June 2021

We examined the daily concentrations of the parameters calculated by the model and
compared them to measured values obtained for the following variables—water temper-
ature, dissolved oxygen, ammonium, orthophosphates, and chemical oxygen demand—
during the monitoring campaign conducted on 15 June 2021 (Figure 4), to assess the
effectiveness of the model in modeling river water quality.
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We chose to conduct the comparisons along the ZAT River at nine points (Figure 1).
These comparisons allowed us to evaluate the quality of the simulation results and the
model ability to account for the sizing procedures of the study river. They also allowed us
to observe how the studied parameters evolved spatially.

The graphs in Figure 4, representing measured and simulated concentrations along
the ZAT River, were used to conduct the analysis. The coefficient of determination (R2),
root-mean-square error (RMSE), and Percent Bias, which are three common statistical
measures, were used to evaluate the fit.

The simulation results were accurate and reliable, with the simulated values being
of the same order of magnitude as the data for the majority of the variables studied. The
simulations were satisfactory for all parameters, with R2 values above 0.4 and PBIAS values
also below ±30% for all parameters. For the calibration results of the parameters COD, T◦,
DO, NH4

+, and PO4
3−, the model showed satisfactory to very good performance on all

indicators, including RMSE, R2, and Percent Bias. The R2 values were above 0.66, and the
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PBIAS was below 16%. In terms of graphical comparison, the results appear consistent,
with the exception of temperature, which showed a variation at the downstream end of the
river between measured and calculated values with an RMSE of 4.43 ◦C. Overall, when
considering the product and field measurements, we observe that pollutant concentrations
remain low along the river up to km 71. Afterward, there is a significant increase in
pollutant concentration due to the discharge of pollutants from the city of Ait Ourir.

3.2. Model Validation

To validate the effectiveness of the model in modeling river water quality, we examined
the daily concentrations of the parameters calculated by the model and compared them to
measured values. The validations were conducted using monitoring data from campaigns
in winter (19 January 2021), spring (16 March 2021), and summer (1 June 2021). We use
the following parameters: water temperature, dissolved oxygen, ammonium, orthophos-
phates, and chemical oxygen demand. To validate the simulation results, we conducted
comparisons along the ZAT River at nine points and performed a temporal comparison
downstream of the river at km 71.77 in station 9 (Figure 1). These comparisons allowed
us to observe the spatial and temporal evolution of the studied parameters. The graphs
in Figures 5–8, representing the measured and simulated concentrations along the ZAT
River, were used for the analysis. We conducted a validation using three common statistical
coefficients: the coefficient of determination (R2), root-mean-square error (RMSE), and
Percent Bias (Figures 5–8). The results were satisfactory both in terms of statistical analysis
and graphical comparison.

3.2.1. Validation in Winter 19 January 2021

Figure 5 presents the graphical results of the model simulation for the physicochem-
ical quality of the ZAT River during winter (19 January 2021) for each parameter. The
temperature gradually increased from the source to the estuary but did not exceed 10 ◦C.
Dissolved oxygen concentrations above 10 mgO2/L were observed along the river in
all seasons, extending from the source to km 64 during winter. Subsequently, dissolved
oxygen concentrations decreased to less than 6.37 mgO2/L based on the measured value
and 0.31 mg/L according to the calculated value at station 9. Regarding chemical oxygen
demand (COD), low concentrations were observed from the source to 64 km, followed by
an increase of 64.54 mgO2/L based on the measured value and 199.95 mgO2/L according
to the calculated value at station 9. NH4

+ and PO4
3− concentrations were generally low at

all upstream stations, with a slight increase between km 64 and km 71.77. However, their
concentrations increased thereafter by 0.82 mgN/L NH4

+ and 0.22 mgP/L PO4
3− based

on the measured value, and by 0.86 mgN/L NH4
+ and 0.28 mgP/L PO4

3− based on the
calculated value at station 9.

It is important to note that the concentrations remain low until km 64 and then grad-
ually start to increase. However, there is a sharp increase after km 71 due to industrial
activities and pollution from the city of Ait Ourir during this period. The graphic compari-
son indicates a correlation between the calculated results and the measurements, except for
the chemical oxygen demand (COD) and dissolved oxygen (DO) parameters downstream
the river, which exceeded the difference between the measured values and the calculated
values. The R2 values were greater than 0.78 and the PBIAS was less than 27.30%, except
for the chemical oxygen demand (COD) parameter, which exceeded the expected values
with a percentage bias (PBIAS) of 205.8%. This difference between the measured values
and the calculated values for chemical oxygen demand (COD) and dissolved oxygen (DO)
parameters downstream the river is attributed to our assumption in the model that factories
discharge 100% of their pollutants, whereas in reality, they discharge a lower amount.
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3.2.2. Validation in Spring 16 March 2021

Figure 6 presents the graphical results of the model simulation for the physicochemical
quality of the ZAT River during spring (2 March 2021) for each parameter. The temperature
gradually increased from the source to the estuary but did not exceed 13 ◦C. Dissolved
oxygen concentrations above 10 mgO2/L were observed along the river in all seasons,
extending from the source to 71 km during spring. Subsequently, dissolved oxygen concen-
trations decreased to less than 7.70 mgO2/L based on the measured value and 9.97 mgO2/L
based on the calculated value at station 9.

Regarding chemical oxygen demand (COD), low concentrations were observed from
the source to 71 km, followed by an increase of 16.08 mgO2/L based on the measured
value and 7.97 mgO2/L based on the calculated value at station 9. NH4

+ and PO4
3−

concentrations were generally low at all upstream stations. However, their concentrations
increased thereafter by 0.41 mgN/L NH4

+ and 0.041 mgP/L PO4
3− based on the measured

value, and by 0.056 mgN/L NH4
+ and 0.029 mgP/L PO4

3− based on the calculated value
at station 9.
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Regarding the spring season, which experiences a flow rate higher than 10 m3/s at
62 km, the R² results were generally acceptable, exceeding 0.46, and the PBIAS results
were less than 23%. Most parameters yielded satisfactory results, except for NH4, which
showed a significant deviation with a PBIAS percentage higher than 85%. In the graphic
comparison, it is obvious that downstream of the river, the model provides significantly
different results between the measured values and the calculated values for COD, DO,
NH4

+, and PO4
3−. This is probably due to the fact that in our model, we considered that

olive oil factories only discharge pollutants during the production period, i.e., January and
February. However, it appears that the olive oil factories continue to release pollutants
during other months despite the production break.
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3.2.3. Validation in Summer 1 June 2021

Figure 7 presents the graphical results of the model simulation for the physicochemical
quality of the ZAT River during summer (1 June 2021) for each parameter. The temperature
gradually increased from the source to the estuary but did not exceed 21 ◦C on the measured
value and 16 ◦C based on the calculated value at station 9. Dissolved oxygen concentrations
above 6 mgO2/L were observed along the river, extending from the source to 71.11 km
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during the summer. Subsequently, dissolved oxygen concentrations decreased to less than
3.72 mgO2/L based on the measured value and 3.36 mgO2/L based on the calculated value
at station 9.

Regarding chemical oxygen demand (COD), low concentrations were observed from
the source to 71.77 km, followed by an increase of 58.37 mgO2/L based on the measured
value and 56.40 mgO2/L based on the calculated value at station 9. NH4

+ and PO4
3−

concentrations were generally low at all upstream stations. However, their concentrations
increased thereafter by 0.82 mgN/L NH4

+ and 0.19 mgP/L PO4
3− based on the measured

value, and by 0.80 mgN/L NH4
+ and 0.21 mgP/L PO4

3− based on the calculated value at
station 9.

Regarding the summer season, characterized by the absence of industrial activity and
a flow rate below 1.9 m3/s at km 62, satisfactory results were obtained. The R2 coefficient
exceeded 71%, and the PBIAS was below 18%. Even in the graphic comparison, the results
generated by the model are close to the field measurements, except for temperature, which
showed a variation at the downstream end of the river between measured and calculated
values, with an RMSE of 3.43 ◦C. Calibration and validation were more consistent during
the summer compared with winter and spring, except for the temperature downstream
the river.
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3.2.4. Validation at Point 9 at 71.77 km

Figure 8 presents the graphical representation of the model simulation results, illus-
trating the temporal changes in the physicochemical water quality of station 9 in the ZAT
River from 1 January 2021 to 30 June 2021. The temperature showed a gradual increase
from winter to summer, with maximum values of 21 ◦C in summer and 15 ◦C in winter
and spring.
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During the spring season, dissolved oxygen concentrations were observed to be
above 7 mgO2/L. In summer, measured dissolved oxygen values ranged from 3.72 to
3.57 mgO2/L, while calculated values ranged from 3.57 to 0.5 mgO2/L. However, in winter,
there was a notable disparity between field measurements and model-based calculations.
Measured values ranged from 6.5 to 5 mgO2/L, while calculated values ranged from 0.05
to 0.01 mgO2/L, except for the ninth and tenth days of January, where higher measured
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values exceeding 10 mgO2/L were recorded due to elevated flow rates ranging from 5.8
to 2.3 m3/s. Regarding the chemical oxygen demand (COD), measurements during the
summer season ranged from 58.37 to 66.96 mgO2/L, while in spring, they ranged from
16.16 to 58.95 mgO2/L for measured values and 7.97 to 56.98 mgO2/L for calculated values.
In winter, significant differences were observed between the measured and calculated
results, with measured values ranging from 64.54 to 79.05 mgO2/L and the calculated
results exceeding 200 mgO2/L. For nitrogen (NH4), measurements in the summer season
varied between 0.82 and 0.88 mgN/L, while in spring, they ranged from 0.36 to 0.85 mgN/L.
In winter, nitrogen measurements ranged from 0.82 to 1.23 mgN/L. As for phosphorus
(PO4), measurements during the summer season ranged from 0.19 to 0.21 mgP/L, while in
spring, they ranged from 0.04 to 0.2 mgP/L. In winter, phosphorus measurements ranged
from 0.22 to 0.45 mgP/L.

When comparing the quality parameter variations at station 9, located at km 71.77,
most parameters showed satisfactory measurements. The R² values were greater than 0.51
and the PBIAS was less than −32.70%, except for COD, which exhibited an 84.60% positive
bias PBIAS. This discrepancy can be attributed to the winter months, where the model
significantly overestimated the values. However, the model performed well with minor
deviations during other months, primarily due to reduced flow and increased pollutants
in winter. Overall, the simulations provided reasonable estimates for all parameters and
accurately represented the behavior of the watershed. This highlights the robustness of
the PEGASE model in simulating these elements and its potential ability for studying the
water quality status in the ZAT River basin. This includes temperature, ammonium, and
orthophosphate in all seasons, and dissolved oxygen and chemical oxygen demand in the
months least exposed to the influence of olive oil mills (Figure 8).

3.3. Scenario Analyses

Figure 9 illustrates the simulation results of the model for the physical and chemical
quality of the ZAT River under four scenarios:

In the first scenario, we assumed that olive oil factories, which produce a COD pollu-
tant load of 10,151 KgO2/d during the months of January and February, release the same
amount of COD pollutant load every day during this period. Additionally, we considered
that the ZAT River does not experience any pollution from olive oil factories from March
to June. In this scenario, the results indicated that the dates 18 May, 1 June, and 15 June
are not affected by the factories. However, during the period from March to May, the
model provided lower results compared with the field measurements, suggesting that
olive oil factories release a certain percentage of wastewater during this period despite
the production break. Furthermore, for the months of January and February, the model
produced calculated values significantly higher than field measurements, indicating that
the factories do not release 100% of their daily production.

In the second scenario, where we assumed that olive oil factories release 10% of their
daily production in January and February and nothing during the other months, the results
matched the field measurements for January and February. Therefore, it can be concluded
that 10% of the daily production reaches the river during this period.

In the third scenario, where we assumed that olive oil factories operating and pro-
ducing wastewater in January and February release 20% of their daily production over a
six-month period, we found a match during the period 6 April 2021, 20 April 2021, and 4
May 2021. Consequently, 20% of the daily production reaches the river during this period.

Regarding the fourth scenario, where we assumed that olive oil factories release 50%
of their wastewater production over a six-month period, the model results showed a close
approximation during the high-flow period in March. Thus, it can be considered that olive
oil factories release 50% of their daily production in March.
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In conclusion, from the first, second, third, and fourth scenarios, we can deduce that
the olive oil factories release their waste as follows: they discharge around 10% of the daily
production of their daily waste during the production months of January and February,
50% of the daily production in March, and approximately 20% of the daily production in
the month of February and the beginning of May. Furthermore, we observe that there is no
significant impact from olive oil factories in late May and during the summer season.
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3.4. Dissolved Organic Carbon Balance under Two Scenarios

Carbon organic dissolved inputs and outputs were assessed between station 6 (60.35 km)
and station 9 (71.77 km) under two scenarios. In the first scenario, oil mills discharged
100% of their daily wastewater into the river over two months in January and February. In
contrast, in the final scenario, oil mills discharged 10% of their daily wastewater in January
and February, 50% in March, and 20% between 1 April and 15 May. During 16 April and 31
June, there was no discharge of wastewater from the oil mills.

In the first scenario (Figure 10), the total pollution load reaches 594 kg C/d, with
a major contribution from industrial pollution, which accounts for 377 kg C/d. Urban
pollution comes in second with 147 kg C/d. In addition, upstream flux contains 325 kg C/d
with a flow rate of 4.27 m3/s. The downstream flux shows a presence of 576 kg C/d with
a flow rate of 1.88 m3/s. The river’s self-purification gets rid of 346 kg C/d through
withdrawals, contributing 277 kg C/d, and undergoes a total biodegradation of 69 kg C/d.
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Figure 10. First scenario (the oil mills discharged 100% of their daily wastewater into the river over
two months in January and February).

In the final scenario (Figure 11), industrial pollution decreases to 178 kg C/d, repre-
senting 47% of total industrial pollutants, a 53% reduction on the initial input to the river in
the first scenario. The downstream flux then reaches 435 kg C/d, resulting in a reduction of
24.5%. In the second scenario, the river’s self-purification eliminates 255 kg through with-
drawals and 18 kg C/d through biodegradation, including 12 kg C/d through planktonic
biodegradation and 7 kg C/d through biofilm biodegradation. The second scenario demon-
strates that 93% of pollutants disappearing in the hydrographic network are eliminated
through water withdrawals performed by irrigation channels and groundwater recharge.
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Figure 11. Final scenario (The oil mills discharged 10% of their daily wastewater in January and
February, 50% in March, and 20% between 1 April and 15 May, with 0% discharge of wastewater
from the oil mills between 16 April and 31 June).

4. Discussion
4.1. Performance of the Model

A validation methodology was adopted to assess the effectiveness of the PEGASE
model in water quality modeling. This included comparing daily concentrations of param-
eters calculated by the model with measured values. The studied parameters encompassed
water temperature, dissolved oxygen, ammonium, orthophosphates, and chemical oxy-
gen demand (COD), collected during the monitoring campaign on 15 June 2021. Model
validation was performed using data from measurement campaigns conducted in winter
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(19 January 2021), spring (16 March 2021), and summer (1 June 2021), as well as temporal
validation downstream at station 9 located at km 71.77 along the river.

Comparisons were conducted at nine points along the ZAT River (Figure 1), allowing
a detailed assessment of simulation results quality and the model’s ability to represent river
sizing procedures. Graphs from Figures 4–8, depicting measured and simulated concentra-
tions, were analyzed using statistical measures such as the coefficient of determination (R2),
root mean square error (RMSE), and percentage bias (PBIAS). These metrics are widely
recognized for evaluating environmental model performance [58,59].

We can consider providing a close representation of reality if statistical parameters such
as R², RMSE, and percentage bias indicate satisfactory performance after calibration and
validation [42,43,63]. The ability to produce a model with a high degree of performance is a
sign of model strength [22], especially when used in African basins where data availability
and accessibility are an issue [30].

The results were satisfactory in terms of both statistical analysis and graphic com-
parison, with R² values above 0.4 and PBIAS values also below ±30% for all parameters.
As a result, the PEGASE model demonstrated its robustness when approximating reality,
even without complex calibration, as being a physical-based model. Research conducted in
Africa in semi-arid Mediterranean regions has used this model to assess water quality [31].
This study yielded satisfactory results, affirming the model’s efficiency even in semi-arid
climates and data-scarce areas [31].

However, the model was unable to produce a temperature value close to the measured
value in the field in the summer. The differences between modeled and field-measured wa-
ter temperatures can be attributed to several interrelated factors, including data limitations,
methodological approaches, and timing of measurements. Understanding these factors is
crucial for improving model accuracy and reliability. The absence of daily water temper-
ature data necessitated the use of daily air temperature, which was smoothed through a
moving average. This approach introduces uncertainty in the temperature estimates, as air
and water temperatures can diverge significantly, especially in summer [64]. The model’s
reliance on altitude to calculate temperature variations along the river fails to account
for the complex thermal dynamics of water bodies. An altitudinal gradient can lead to
significant temperature differences, particularly in varying climatic conditions [65]. The
temporal lag in water temperature measurements, where upstream measurements are taken
earlier than downstream, exacerbates the issue during summer. Rapid water temperature
changes can occur throughout the day, leading to higher downstream temperatures that
the model does not capture accurately, particularly in summer when temperatures can
fluctuate dramatically throughout the day [66,67]. When these three factors are considered
together, they explain why the temperature measured downstream is significantly higher
than the temperature calculated by the model. This also explains why the validation results
for winter and spring temperatures were better than the calibration results for summer.
The model remains effective for monitoring river water quality. However, it is also marked
by certain weaknesses, such as the absence of a full physical-based hydrodynamic model
to estimate soil fluxes or inputs. It can be fixed by coupling PEGASE to another specific soil
model, such as the SWAT model, according to Boukari’s research [31].

4.2. Physicochemical Parameters

The ZAT River basin, which has a predominantly Mediterranean climate, is strongly
influenced by the altitude [39], resulting in an increase in temperature downstream [68].
The stability of dissolved oxygen in the water is related to temperature and altitude [69].
When the temperature is low and the gradient is high, the dissolved oxygen saturation
of the river increases [70]. This is the case along the ZAT River from the crest to km 64.
The area between km 64 and 71.77 is characterized by the stability of the dissolved oxygen
concentration in spring and summer because the olive oil factories were not in operation
during this period. However, the same area experienced a decrease in dissolved oxygen and
an increase in carbon in winter due to the operation of olive oil factories during that time.
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Other studies have also confirmed this [71]. After km 71.77, the ZAT River experienced
a sharp decrease in dissolved oxygen and an increase in carbon concentration in winter
and summer, which is related to the production of olive oil factories, leachate from landfills
and slaughterhouses located near the river, and urban discharges from the city of Ait
Ourir, as well as the decrease in flow in these areas. During this period, the river loses its
capacity to reduce the concentration of pollutants compared with the spring, which had the
highest flow of 10 m3/s, contributing to an increase in the river capacity to reduce pollutant
concentrations [72,73].

Concerning pollutants NH4
+ and PO4

3−, their concentrations significantly increase
after Km 71.77 in both winter and summer, which is directly related to urban discharges,
landfills, slaughterhouses, and olive oil plants. These sources discharge without prior
treatment and without considering the limits imposed by the authorities. Additionally,
this height is associated with a decrease in flow in winter and summer, unlike spring,
which provides the river with high flow, favoring the process of dilution [74,75]. Several
studies have shown the effects of olive oil factories on increasing the levels of pollutants
in rivers, reducing the levels of dissolved oxygen, and leading to the phenomenon of
eutrophication. These effects cause the loss of the river’s self-purification capacity and
ecological characteristics [76]. Other studies have also revealed the impact of waste leachate
on groundwater and surface water pollution, reducing the quality of rivers and weakening
their biodiversity [77].

The discharge of untreated urban waste is one of the main factors that negatively affect
river quality, and the rivers of the Mediterranean region, which experience instability and
decline at various times of the year, are the most impacted by these pollutants. These pollu-
tants are discharged without prior treatment or meeting the required standards [78–80].

The application of the PEGASE model successfully replicated the seasonal patterns,
revealing the spatial and seasonal behavior of the basin. An increase in pollutants was
observed in winter after 64 km, followed by a larger increase after 71.77 km in both summer
and winter, whereas the river quality remained stable in spring, which had a significant
flow. With the use of this model, we determined the impact of each source of pollution
and highlighted the concentration consequences of discharging pollution sources without
treatment during low flow periods.

4.3. Scenario Analysis

The results of our simulation model for the physical and chemical quality of the
ZAT River under different scenarios provide information on olive oil plant wastewater
discharge practices and their impact on the river. These scenarios highlight the different
levels of pollution in different months and help us understand the temporal patterns of
wastewater discharge.

Interestingly, the results indicated that the factories did not fully discharge their daily
production during January and February. These findings indicate that there might be partial
wastewater release during the production break. Thanks to the different scenarios, we
were able to analyze the impact of four different scenarios of pollution load (variation over
time) linked to olive oil mills. They tend to discharge around 10% of their daily production
during the production months of January and February, approximately 50% in March,
and around 20% in February and the beginning of May. It is noteworthy that there is no
significant impact observed from the olive oil factories in late May and during the summer
season. The results of this previous proposal relate to field measurements, providing further
evidence of unauthorized release of wastewater from the olive oil factories into the river.

This study highlights the impact of olive press wastewater on the quality of the
ZAT river. As a result of the industrial wastewater discharge, the concentration of COD
was 79 mgO2/L in winter and 66.99 mgO2/L in summer, which indicates poor water
quality according to Moroccan standards since these concentrations exceed the threshold of
40 mgO2/L, indicating poor water quality according to the same standards [81].
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The results are consistent with other studies that have also emphasized the increase
in pollutant levels in rivers and the reduction of their self-purification capacity due to
industrial wastewater [82]. Olive mill wastewater is regarded as hazardous water that
significantly impacts the surface water quality and disrupts the natural self-purification
process of the river [15]. Additionally, these wastewaters adversely affect the chemical
composition and aquatic life in rivers [76].

To address this issue, measures need to be taken, including the implementation of
stricter regulations to control pollutant discharges from olive presses and urban wastewater.
Furthermore, improving wastewater treatment practices and continuous monitoring of
water quality are recommended. This study underscores the importance of a balanced
approach between economic activity and environmental preservation to ensure the sus-
tainability of freshwater resources. Considering that small and medium-sized mill owners
often lack the financial, human, and technical resources required to invest in water treat-
ment, it is crucial for stakeholders to devise applicable solutions [83]. These may include
supporting individual wastewater treatment systems for each factory, establishing cen-
tralized treatment stations for collective water collection and treatment, or co-treatment
industrial and municipal wastewater treatment systems. Several studies have highlighted
the effectiveness of such approaches [82,83].

Modeling is a valuable tool for monitoring factories compliance with wastewater
release regulations. It allows for the evaluation and prediction of the impact of wastewater
discharges on water quality by simulating the behavior and dispersion of pollutants in
rivers [18]. Models take into account various parameters such as wastewater characteristics,
river flow rates, weather conditions, and hydrodynamic characteristics. Research has shown
that modeling techniques are valuable in assessing the discharge of wastewater, predicting
the spread of pollutants, and identifying areas with a high risk of pollution [27,28]. For
instance, the PEGASE model has been utilized to simulate the fate of cocaine in surface
waters, enabling the estimation of cocaine consumption and the identification of its sources
in the Scheldt Basin and the Walloon region of Belgium in 2007 [32]. Similarly, modeling
was used to investigate the incident of fish mortality in the Walloon River in Belgium
in 2020, which was attributed to dissolved oxygen depletion caused by the release of
wastewater from a sugar factory in France [33].

4.4. Dissolved Organic Carbon Balance under Two Scenarios

The study investigated the balance of dissolved organic carbon (DOC) under two
different scenarios of wastewater discharge from oil mills into a river. The first scenario
involved the oil mills discharging 100% of their daily wastewater into the river during
January and February, while the second scenario had varying discharge rates over a longer
period, with 10% in January and February, 50% in March, 20% between 1 April and 15 May,
and 0% from 16 April and 31 June. The study aimed to assess the inputs and outputs of
carbon organic dissolved in the river under these scenarios.

The findings of this study demonstrate the impact of different wastewater discharge
scenarios on the dissolved organic carbon balance in the river. The first scenario, with higher
wastewater discharge, led to increased industrial and urban pollution and higher down-
stream flux. Conversely, the second scenario, which witnessed a 53% reduction in wastewa-
ter discharge, led to a decrease of 24.5% in downstream pollution. The study highlighted
that 93% of the pollutants disappearing in the hydrographic network were eliminated
through water withdrawals performed by irrigation channels and groundwater recharge.

However, despite the reduction in pollutant levels through withdrawals and self-
purification, a significant amount of pollutants still persists in the discharge, totaling
435 kg C/d (with a flow rate of 1.88 m3/s). This results in a chemical oxygen demand
(COD) concentration of 79 mgO2/L in winter and 66.99 mgO2/L in summer, which indicates
poor water quality according to Moroccan standards since these concentrations exceed
the threshold of 40 mgO2/L. To achieve good water quality in the river, decision-makers
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should implement effective strategies to lower the DCO concentrations from levels above
40 mgO2/L to below 35 mg/L.

This information is invaluable for regulatory authorities and plant managers, enabling
them to take preventive measures and improve wastewater treatment facilities. Modeling
also provides the opportunity to test hypothetical scenarios, thus assisting decision-makers
in making informed decisions and implementing appropriate management measures to
minimize the impact of wastewater discharges on aquatic ecosystems. In summary, the
use of modeling promotes effective factory monitoring and sustainable management of
freshwater resources [21].

5. Conclusions

In conclusion, the combination of physicochemical simulations using the PEGASE
model, field measurements, and hydrological modeling had provided a comprehensive
understanding of the temporal and spatial variations in water quality within the ZAT River.
This approach identified pollution hotspots and quantified the relative contributions of
different pollution sources. The analysis focused on assessing the real impact of urban and
industrial pollution on the river water quality.

To summarize the results of the different scenarios analyzed, we can deduce the
wastewater release methods used by olive oil mills. During the production months of
January and February, they tend to discharge approximately 10% of their daily production.
In March, the discharge increases to around 50%, while in February and the beginning of
May, it amounts to roughly 20%. Notably, there is no significant impact observed from the
olive oil factories in late May and during the summer season.

The discharge of industrial wastewater has resulted in a daily level of industrial pollu-
tion of 178 kg C/d, accounting for a 47% contribution to the overall industrial pollutants.
Additionally, urban pollution makes a significant contribution of 174 kg C/d. Upstream
flux contains 325 kg C/d with a flow rate of 4.27 m3/s. Despite the reduction in pollutant
levels through withdrawals and self-purification, a significant amount of pollutants still
persists in the discharge, totaling 435 kg C/d with a flow rate of 1.88 m3/s. Consequently,
this leads to a chemical oxygen demand (COD) concentration of 79 mgO2/L in winter and
66.99 mgO2/L in summer, indicating poor water quality according to Moroccan standards,
as these concentrations exceed the threshold of 40 mgO2/L. Addressing this issue neces-
sitates the implementation of stricter regulations to control pollutant discharges and the
improvement of wastewater treatment management.

Furthermore, modeling techniques have proven to be valuable tools for assessing com-
pliance with wastewater release regulations and predicting the dispersion of pollutants. By
simulating the behavior of pollutants in rivers, modeling highlights the impact of wastewa-
ter discharges and provides decisions regarding wastewater treatment and management.

The research highlights the theoretical implications of the complexities of urban and
industrial pollution on river ecosystems and urges managers to implement comprehensive
pollution control strategies to minimize the effects of pollutants on river water quality.
Practical recommendations include implementing strict regulations on industrial discharges.
Improving water quality monitoring through advanced modeling methodologies. In
addition, one can address the improvement of wastewater management by establishing
treatment plants for different pollution sources or developing a co-treatment plant to
mitigate the negative impact of industrial pollution on river water quality. To maintain
ecological flow and minimize the impact of pollutants in the ZAT River, the proportion of
water withdrawn for agricultural uses should be minimized during periods of low flow.
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