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Abstract: Surface water quality is a vital indicator of environmental health, especially in northwest Morocco. This
study evaluates seasonal variations in the surface water quality of the Oued Dradére using the Water Quality Index
(WQI). The parameters included pH, dissolved oxygen, conductivity, nitrates, ammonium, sulfates, phosphates, and
BOD:s, which were analyzed at three stations during the humid and dry seasons. The results of WQI values ranged from
66.51 to 158.30, classifying water from fair to unsuitable based on station and season, station 1 exhibited fair quality
(WQI: 66.51) during the dry season, suitable for irrigation, station 2 recorded the poorest quality (WQI: 158.30),
unsuitable for any use due to high pollutant levels, and station 3 maintained poor quality across seasons, only suitable
for irrigation. The study emphasizes the need for improved water management strategies to reduce pollution, ensure
sustainable water use, and protect public health in the region.
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1. Introduction

Surface water quality plays a pivotal role in environmental sustainability, particularly in regions where
water resources are critical for agricultural, industrial, and domestic uses. In many developing regions, such as
North Africa, water bodies are often exposed to various pollution sources, including agricultural runoff, indus-
trial discharges, and untreated wastewater, which degrade water quality (Alobaidy, Abid, & Maulood, 2010).
The quality of surface water is influenced by several factors, including land use practices, seasonal variations,
and climatic conditions, making continuous assessment essential for maintaining water health and usability
(Abdel-Satar, Ali, & Goher, 2017; Hammoumi, Al-Aizari, Alkhawlani, Chakiri, & Bejjaji, 2024). The Oued
Drader, located in northwest Morocco, is a vital watercourse for surrounding agricultural areas and ecosystems.
However, this water body, like many others in the region, is subject to seasonal pollution due to increased
agricultural activities, urbanization, and the seasonal fluctuations in water flow. During the humid season,
water bodies often receive runoff from agricultural fields containing fertilizers and pesticides, which lead to
nutrient overloads (Boutahar et al., 2019; Hammoumi, Al-Aizari, Alaraidh, et al., 2024). In contrast, during
the dry season, lower water levels can result in the concentration of pollutants such as heavy metals, organic
matter, and salts, making the water more susceptible to pollution (Kacimov, Obnosov, & Or, 2019).

The seasonal fluctuations in water levels and quality pose significant challenges for water resource man-
agement in the region. Oued Drader, as a primary water source for agriculture, faces pollution from diffuse
sources, particularly from fertilizers and industrial effluents. This seasonal variability in pollution levels can
lead to water that is unsuitable for both human consumption and agricultural use, particularly during the dry
season when water quality tends to deteriorate significantly (Ayers & Westcot, 1999). Despite the significance
of Oued Drader in sustaining local agriculture and communities, few comprehensive studies have been con-
ducted to monitor the seasonal variations in its water quality. The lack of continuous water quality assessments
has made it difficult for local authorities to develop effective water management policies that address pollution
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spikes during critical periods of the year (Boutahar et al., 2019). Additionally, the variability in water quality
can severely affect agricultural productivity, as crops may be irrigated with water containing harmful levels of
nutrients, salts, or organic pollutants (Ayers & Westcot, 1985). The WQI provides a clear indication of the
overall water quality and its suitability for various uses, such as drinking, agriculture, and industrial applica-
tions. Several studies have demonstrated the importance of assessing water quality using WQI as a robust and
integrative approach. For example, Idriss Hammoumi Driss conducted an assessment of the Nador Canal
in Morocco using WQI and found significant seasonal fluctuations in water quality, particularly during the dry
season when pollutants from agricultural runoff and urban discharges became concentrated (Hammoumi,
Al-Aizari, Alkhawlani et al., 2024). This study highlighted the negative impact of agricultural practices and
lack of wastewater treatment on water quality, reinforcing the need for seasonal water monitoring. The results
indicated that WQI values exceeded safe limits during the dry season, correlating with increased concentrations
of nitrates, phosphates, and biochemical oxygen demand (BOD).

In a similar vein, research conducted by Ayers and Westcot (1985) on irrigation water quality standards
provided foundational guidelines for assessing surface water used for agricultural purposes. Their work em-
phasized the impact of salinity, nutrients, and organic matter on soil degradation and crop productivity. High
electrical conductivity (EC), sulfate (SO+*"), and nitrate (NOs") levels were identified as primary factors that
contribute to poor water quality, particularly in arid and semi-arid regions (Ayers & Westcot, 1985).

Other studies in North Africa and the Mediterranean basin have consistently identified the same seasonal
trends, with higher water quality deterioration during the dry season. A study on the Sebou River in Morocco
used WQI to evaluate surface water quality and found that nitrate and phosphate concentrations peaked
during the summer months due to agricultural runoff, leading to higher WQI values and poorer water quality
and found that nitrate and phosphate concentrations peaked during the summer months due to agricultural
runoff, leading to higher WQI values and poorer water quality during the dry season (Benrabah, Attoui,
& Hannouche, 2016).

The objective of this study is to assess the seasonal variations in the surface water quality of Oued Drader
using the Water Quality Index (WQI). The primary scientific contribution of this work is the development and
demonstration of a transparent, step-by-step analytical workflow. This workflow integrates spatial mapping
(ArcGIS 10.8), statistical computation and visualization (OriginLab 2026), WQI calculation, and health risk
assessment into a coherent, replicable model for environmental diagnostics. This approach not only clarifies
the situation in Oued Dradére but also provides a template for researchers in similar data-scarce environments.

2. Materials and Methods
2.1. Study Area

The Oued Dradére watershed (Figure 1). located in the northwest of Morocco. covers an area of 621 km?.
Crossed by two rivers. This basin is known for various agricultural and forestry activities. In particular, the pro-
duction of eucalyptus. Precipitation and groundwater are the main sources of its water supply. The overall
surface water supply of the Oued Dradére basin is 50 Mm™ including resurgences and returns from irrigation.
Nearly 70% of this contribution joins the Merja Zerga by the Oued Dradére (Benhoussa, 2000). This study site
opens into the Merja Zerga. In addition, the upper course of Oued Dradére in a North-South direction is tem-
porary. While the middle and lower courses in an East-West direction are permanent and benefit from spills
from resurgences of the Dhar El Hadechi aquifer on its right bank and El Fahis on the left bank (Aguedai,
Lahlou, & El Mansouri, 2020). The Oued Dradére has a relatively large dowsing complex. The Oued Dradére
downstream valley has an average low water flow of 180 I/s (i.e., nearly 5.6 Mm®) for an observed overall
minimum flow of 50 I/s (1.6 Mm?®).
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Fig. 1. Study area (Oued Dradére)
2.2. Samples

Water samples are taken bimonthly for two periods, respectively: dry 2022 and humid 2022, at three sta-
tions. As indicated by Rodier (Rodier, Legube, & Merlet, 2016). The water sampled was packaged in opaque
bottles and kept cold until arrival at the laboratory. Three physical parameters (water temperature, pH, and
conductivity) were measured on site with a HACH multi-parameter instrument model HQ40d. Ten other chem-
ical parameters were evaluated. Namely, sulfate, nitrates, ammonium, and phosphates, BODs, COD, suspended
matter, and dissolved oxygen (DO). Dissolved oxygen is measured in situ by the HACH-type multi-parameter
model HQ40d. For the other parameters, the analysis methods are those recommended by the standards (Rodier
et al., 2016).

2.3. Water Quality Index (WQI)

The Water Quality Index (WQI) is used to classify water quality by referencing international or Moroccan
standards based on nine key physicochemical parameters: pH, Dissolved Oxygen (DO), Electrical Conductiv-
ity (EC), Temperature (T°C), Sulfate (SO4>), Biochemical Oxygen Demand (BODs), Phosphate (PO+*"), Am-
monium (NH4"), and Nitrate (NOs"). This index has been applied in various studies (Abdel-Satar et al., 2017,
Sanchez et al., 2007; Tyagi, Sharma, Singh, & Dobhal, 2013) as an effective tool for assessing water quality.
In this approach, each physicochemical parameter is assigned a numerical value, the relative weight (Wi). The
relative weight is calculated using specific formulas, as shown in Table 1, to quantify each parameter's contri-
bution to the overall water quality assessment. The Water Quality Index (WQI) can be summarized in one
equation 1 as (Alobaidy et al., 2010):

WQI = ¥, wix (5 + 100) (1)

where:

Wi — the relative weight of the parameter,

Ci — the concentration of the parameter,

Si — the standard or permissible limit for the parameter.

Table 2 presents the classification of water quality according to the Water Quality Index (WQI) (Brown,
McClelland, Deininger, & Tozer, 1970).
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Table 1. Weight of physico-chemical parameters and standards (Organization, WHO., & Staff, 2004) (Ayers & Westcot,
1985) water quality standard

WHO 2004

Parameters (Ayers & Westcot, 1985) Weight(wi) Weight(wi)/ ). ., Weight(wi)
pH 8.4 4.00 0.1

EC (uS/cm) 2500 5.00 0.125
T (°C) 25.00 5.00 0.125
NH;* (mg/L) 5.00 5.00 0.125
NOs(mg/L) 10.00 5.00 0.125
SO4*(mg/L) 250.00 5.00 0.125
PO, (mg/L) 50.00 3.00 0.075
BODs (mg/L) 10.00 3.00 0.075
DO (mg/L) 5.00 5.00 0.125

Table 2. Classification and possible use of water according to the WQI

WQI Range Water Quality Possible Use
0-25 Excellent Suitable for drinking, irrigation, and industrial use
2650 Good Suitable for most uses, including drinking and irrigation
51-75 Fair Suitable for irrigation and industrial purposes
76-100 Poor Suitable only for irrigation and limited industrial use
101-150 Very Poor Suitable only for irrigation
>150 Unsuitable for use Unsuitable for drinking, irrigation, or industrial use

2.4. Methods of Statistical Analysis

Experimentally obtained data were analyzed using two primary software platforms:

e Spatial Analysis: ArcMAP 10.8 was used for GIS-based visualization (Figure 1).

o Statistical & Graphical Analysis: OriginLab 2026 was used for all statistical computations and figure
generation.

3. Results and Discussion

3.1. Seasonal Variations in Water Quality Parameters in Qued Dradére

Table 3 and Figure 2 present the analysis results of water quality standards across all stations in Wadi Al-
Dardar during both the rainy and dry seasons at three sampling stations (S1, S2, S3).

Table 3. The seasonal variation in water quality at three sampling stations (S1, S2, S3) under different conditions
(Wet and Dry) in Oued Dradeére

Station oH EC T NH,* NO5 SO  POs  BOD:; DO
(uSfem) — (°C) (mg/1) (mg/1) (mg/) — (mg/)  (mgl)  (mg/l)
S1(Wet) 747 143100  21.50 1.30 9.58 16550 0.39 3.15 10.41
S1(Dry) 7.71 909.00  14.45 0.14 7.96 125.00  0.20 6.00 9.83
S2(Wet) 7.64 128300  21.10 1.22 43.33 121.33 045 3.60 10.12
S2(Dry) 773 1073.00  17.50 0.96 81.41 67.67 037 5.50 9.26
S3(Wet) 7.58  1322.00  23.07 1.60 28.77 83.67  0.48 4.83 7.72

S3(Dry) 7.68 1419.67 11.73 0.59 22.56 90.00 0.47 9.00 7.91
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Fig. 2. The values of pH, (EC), (T°C), (NH4"), (NOs"), (SO+*), (PO+*), (BODs), and (DO) in Oued Dradére

The pH values across all stations remained relatively stable, ranging between 7.47 and 7.73, indicating
neutral to slightly alkaline conditions. The dry season showed slightly higher pH levels than the humid season,
likely due to reduced water dilution, resulting in higher concentrations of basic substances (Figure 2a). Elec-
trical conductivity (EC) values decreased during the dry season at Stations S1 and S2, but increased at Station
S3. Higher EC values during the humid season could be due to the influx of dissolved ions from rainfall and
runoff. In contrast, during the dry season, evaporation may concentrate ions in some areas, as seen in Station
S3 (Figure 2b). Temperatures were higher during the humid season, with the highest recorded at S3 (23.07°C)
(Figure 2¢). Expectedly, temperatures were lower during the dry season, likely due to cooler atmospheric con-
ditions. These fluctuations can affect biological and chemical processes in the water. Ammonium levels were
significantly higher during the humid season across all stations, particularly at S1 and S3. In the dry season,
NH." levels dropped considerably (Figure 2d). The higher concentrations in the humid season could be at-
tributed to runoff from agricultural activities or to the decomposition of organic matter, which contributes more
nitrogen compounds. Nitrate concentrations varied significantly between stations, with the highest levels rec-
orded at S2 during the dry season (81.41 mg/L) (Figure 2e). Nitrate levels generally increased during the dry
season, especially at Station S2, possibly due to higher nutrient concentrations resulting from reduced water
flow or increased agricultural runoff during irrigation. Sulfate concentrations were higher during the humid
season, especially at S1 (165.50 mg/L) and S3 (83.67 mg/L) (Figure 2f). In the dry season, SO+*" levels de-
creased across all stations, likely due to reduced sulfate input from runoff, which is a primary source during
rainfall events.

Phosphate levels remained generally low but showed a slight increase during the dry season at Stations S2
and S3 (Figure 2i). Phosphates tend to be more concentrated during the dry season, potentially due to reduced
water volume and increased agricultural inputs. BODs values were higher during the dry season, particularly
at S1 (6.00 mg/L), S2 (5.50 mg/L), and S3 (9.00 mg/L), indicating increased organic pollution (Figure 2h).

Lower water flow during the dry season may reduce the river's capacity to assimilate and degrade organic
matter, leading to higher BODs values. Dissolved oxygen (DO) levels were generally higher during the humid
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season, particularly at S1 (10.41 mg/L) (Figure 20). In the dry season, DO decreased across all stations, likely
due to higher temperatures and increased organic pollution, which could enhance microbial oxygen consump-
tion. The hydrochemical analysis of the Oued Dradére reveals a clear pattern of seasonal variation driven by
hydrological cycles and anthropogenic pressure, primarily agriculture. The pH stability within a neutral to
slightly alkaline range (7.47—7.73) is typical of surface waters buffered by carbonate minerals. Still, it shows
a slight dry-season increase, consistent with evaporation concentrating basic ions and reducing dilution
(Adimalla, 2020).

The inverse relationship between Electrical Conductivity (EC) and water flow is evident. The general in-
crease in EC during the humid season at most stations can be attributed to the leaching and runoff of dissolved
ions from the watershed. Conversely, the localized spike at S3 during the dry season points to concentrated
pollutant input, likely from focused agricultural or wastewater sources in that area, exacerbated by evaporation.

The seasonal dichotomy in nitrogen species is particularly telling. The elevated ammonium (NH4") during
the humid season is a direct indicator of fresh, untreated organic pollutionfrom fertilizer runoff, manure, or
decaying vegetation transported by surface flow (Alam et al., 2021). In contrast, the sharp increase in nitrate
(NOs") during the dry season, especially at S2 (81.41 mg/L), aligns with global observations of groundwater-
dominated baseflow in dry periods carrying accumulated nitrate from soil leaching, as well as concentrated
irrigation return flows (Adimalla, Qian, & Li, 2020; Arya et al., 2021). This nitrate peak is the primary driver
of the elevated health risks, particularly for infants and children, as quantified by the Hazard Quotient (THQ)
and consistent with studies from India and Pakistan (Adimalla, 2020; Alam et al., 2021; Waghet al., 2020).

The parallel increases in phosphate and BODs during the dry season confirm a state of elevated nutrient
pollution and organic loading under low-flow conditions. Reduced water volume decreases dilution and
the river's self-purification capacity, leading to the accumulation of agricultural chemicals and organic waste
and, in turn, raising BODs (Murphy, 2020). This biochemical oxygen demand directly explains the critically
low Dissolved Oxygen (DO) levels observed in the dry season. Higher temperatures and microbial activity
fueled by organic pollution consume oxygen faster than stagnant water can intake it from the atmosphere,
creating hypoxic conditions threatening aquatic life (Liu, He, & Cai, 2020).

In summary, the Oued Dradére system shifts from a "dilution and transport" phase in the humid season
(higher DO, NH4*, SO+* from runoff) to a "concentration and impact" phase in the dry season. The latter is
characterized by dangerously high nitrate, phosphate, and BOD:s levels, and by critically low DO. This pattern
underscores a direct link between intensive agriculture, seasonal hydrology, and deteriorating water quality,
resulting in both significant ecosystem stress and human health risks, particularly from nitrate exposure, which
is associated with methemoglobinemia and long-term carcinogenic risks (Levallois & Phaneuf, 1994; Ward
et al., 2018). These findings necessitate urgent, targeted mitigation strategies including improved agricultural
practices, controlled irrigation, and potentially nitrate-specific remediation technologies in critical zones (Tem-
kin et al., 2019).

The results from the three stations of the Oued Dradr watercourse, measured under wet and dry conditions,
and compared with the WHO standards (Ayers & Westcott, 1985) for irrigation water quality, indicate that all
pH values, ranging from 7.47 to 7.73, are within the safe range (6.5-8.4), and do not pose any threat to soil
health. The electrical conductivity (EC) values, ranging from 909 pS/cm to 1431 pS/cm, indicate slight to
moderate restriction due to moderate salinity, which may affect sensitive crops. Ammonium (NH4") concen-
trations are within the safe limits, ranging from 0.14 to 1.60 mg/L, indicating no direct threat to plant health
from nitrogen toxicity. Nitrate (NOs") levels at station S1 are within the safe range (7.96-9.58 mg/L), but
at station S2, they are elevated (43.33-81.41 mg/L), which can lead to nutrient leaching and groundwater con-
tamination. Sulphate (SO4>") levels exceed the WHO standard (<20 mg/L), ranging from 67.67 to 165.50 mg/L,
which can lead to salinity-related soil degradation. Phosphate (PO4*") levels are low (0.20-0.48 mg/L) at all
stations, which is favorable for preventing algal blooms. Biochemical oxygen demand (BODs) is generally
within acceptable levels (3.15-6.00 mg/L), except at station S3 (dry conditions), where it reaches 9.00 mg/L,
which may indicate moderate organic contamination. Dissolved oxygen (DO) levels range from 7.72 to 10.41 mg/L,
which is sufficient to maintain healthy aquatic environments. Comparing these results with those of the study by
Idriss Hammoumi Driss on the Nador Canal in Morocco, which also assessed irrigation water quality, similar
concerns were noted regarding nitrate and sulfate levels (Hammoumi, Al-Aizari, Alaraidh, et al., 2024). In the
Moroccan study, nitrate concentrations frequently exceeded safe levels, as was the case at station S2 here,
indicating widespread problems with agricultural runoff. High levels of sulfate were also observed, posing
salinity risks for irrigation. Both studies highlight the need for careful irrigation water management to prevent
long-term soil degradation and reduced crop yields caused by salinity and nutrient imbalances.
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3.2. Water Quality Index

The results of the water quality index for the three stations on the Oued Dradere are shown in Table 4.
At Station S1, the WQI is 78.72 during the wet season and 66.51 during the dry season, indicating poor water
quality in the wet season and fair water quality in the dry season. Despite the differences, the water is generally
suitable for irrigation. At Station S2, the WQI values are 117.52 during the wet season and 158.30 during the
dry season, reflecting very poor water quality during the wet season and unsuitable quality in the dry season.
This suggests that the water is increasingly less suitable for irrigation, particularly during the dry season, likely
due to elevated levels of nitrates and sulfates, which increase salinity risks. At Station S3, the WQI values are
94.47 during the wet season and 82.99 during the dry season, indicating poor water quality in both seasons.
Although still considered suitable for irrigation, the values suggest potential long-term risks if contaminants
continue to rise. In a study conducted at the Nador Canal in Morocco, similar trends were observed, with water
quality deteriorating more during the dry season (Hammoumi, Al-Aizari, Alaraidh, et al., 2024). This is con-
sistent with the findings at Station S2 in the current study, highlighting the significant impact of seasonal
variations on water quality, with dry conditions typically leading to higher pollutant concentrations. Both stud-
ies emphasize the need for careful monitoring and management, especially during dry periods, to mitigate the
risks posed by poor water quality. The Water Quality Index (WQI) values for the three stations in Oued Drader,
under both wet and dry conditions, show varying suitability for irrigation. Figure 3 and Table 4 illustrate that
Station S2 has the highest WQI values, particularly during the dry season, indicating the poorest water quality
among the three stations. Conversely, Station S1 has the lowest WQI values, reflecting relatively better water
quality suitable for irrigation. Station S3 shows moderate WQI values, ranking it between Stations S1 and S2
in terms of water quality. These results underscore the significant differences in water quality across the sta-
tions and the importance of seasonal variations on irrigation suitability. S1 and S3 show a decrease in WQI
from the wet season to the dry season, indicating an improvement in water quality during the dry period. S2 has
a significant increase in WQI during the dry season, suggesting a deterioration in water quality compared to
the wet season.

Table 4. The results of WQI in Oued Dradére

Station WQI Type of water
S1(Wet) 78.7 Poor water quality.
S1(Dry) 66.5 Fair water quality.
S2(Wet) 117.5 VeryPoor water quality.
S2(Dry ) 158.3 Unsuitable water quality.
S3(Wet) 94.5 Poor water quality.
S3(Dry ) 82.98 Poor water quality.
160
140
120
100
80
60
40
20
0
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Fig. 3. Water Quality Index (WQI) for the different stations in Oued Dradére
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3.3. Multivariate Analyses
Correlations

Figure 4 presents the Pearson correlation coefficients between key water quality parameters in the Oued
Dradere. The analysis reveals several significant relationships that highlight the interconnected nature of the
river's chemistry. The pH shows a strong negative correlation with Electrical Conductivity (EC, r = -0.77),
Temperature (T, r = -0.71), and Ammonium (NH4*, r = -0.77). This indicates that as pH decreases within its
neutral to slightly alkaline range, levels of dissolved ions, temperature, and ammonium tend to increase.
A moderate negative correlation exists between pH and Phosphate (PO+*", r = -0.54). A strong positive corre-
lation is observed between Temperature (T) and Ammonium (NH4", r = 0.94), and a very strong positive cor-
relation between T and Nitrate (NOs~, r = 0.94), suggesting that warmer water temperatures are closely associated
with increased concentrations of inorganic nitrogen species. Conversely, T has a strong negative correla-
tion with Biochemical Oxygen Demand (BODs, r = -0.83). Nitrate (NOs") and Sulfate (SO+*") exhibit a strong
negative correlation (r = -0.77), indicating an inverse relationship where higher nitrate levels often coincide
with lower sulfate concentrations, potentially reflecting different pollution source dynamics or geochemical
attenuation processes. Dissolved Oxygen (DO) demonstrates a strong positive correlation with Sulfate (SO,
r = 0.77) and a strong negative correlation with BODs (r = -0.60). This aligns with the expected biochemical
relationship: higher organic pollution (BODs) consumes oxygen, while the positive link with sulfate may indicate
common dilution/concentration patterns or cleaner, oxygenated water inflows. Other notable relationships in-
clude a moderate positive correlation between EC and Phosphate (PO+*~, r = 0.60), and between Ammonium
(NH4") and Phosphate (PO+*", r = 0.60), hinting at a combined source for these ions, such as agricultural
or wastewater runoff. These correlations underscore key processes in the Oued Dradére. The strong links be-
tween temperature, NH4*, and NOs~ point to the dominance of agricultural nutrient runoff. The inverse rela-
tionship between BODs and DO confirms the impact of organic matter on oxygen depletion. The strong nega-
tive correlation between NOs~ and SO4>" may suggest distinct seasonal or spatial sources for these anions.
Overall, the matrix confirms that water quality is governed by a combination of natural seasonal cycles (tem-
perature, dilution) and anthropogenic inputs (nutrients, organic matter).
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Fig. 4. Correlation Matrix of parameters
Principal Component Analyses

Figures 5 & 6 show the principal component analysis (PCA), which provides insights into the relationships
among water quality variables in the Oued Dradére and reveals key patterns in the data. The first three principal
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components (PC1) have eigenvalues of 3.9605 and 2.7496 capturing 44%, and 30.6% of the variance, respec-
tively. Together, they explain 96% of the total variability in the data, indicating that these three components
effectively summarize the dataset (Table 4 and Figures 4, 5 & 6). The cumulative proportion shows that PC1
and PC2 together account for 74.6% of the variance. The first component, PC1, shows strong loadings for
temperature (T), ammonium (NHa4), and electrical conductivity (EC), with positive loadings for sulfate (SOa)
and phosphate (PO.). It suggests that this component reflects a combination of temperature and nutrient levels.
The second component (PC2) is strongly influenced by dissolved oxygen (DO), sulfate (SO4), and phosphate
(PO4), suggesting a relationship among DO and these anions, possibly indicating seasonal or dissolved-oxy-
gen-driven processes. pH has a negative influence on PC1 and a minimal influence on PC2, implying that pH
varies inversely with the other water quality parameters captured in PC1. BODs has a significant negative
contribution to PC1, suggesting that biochemical oxygen demand is inversely related to parameters such as
temperature and nutrient levels. The PCA reveals that water quality parameters in the Oued Dradere can be
grouped into major factors: one related to nutrient concentration and temperature (PC1) and another potentially
associated with oxygen and anion balance (PC2).
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3.4. Discussion

The results indicate that while pH and ammonium levels remain within safe limits, EC and sulfate (SO+*")
levels consistently exceed irrigation guidelines (Ayers & Westcot, 1985), posing salinity risks. The nitrate
levels at S2, in particular, represent a significant environmental and public health concern, echoing findings
from groundwater studies in India and Pakistan (Adimalla, 2020; Alam et al., 2021). These seasonal dynamics
align with patterns observed in other semi-arid and Mediterranean basins. For instance, research on the Nador
Canal in Morocco (Hammoumi, Al-Aizari, Alkhawlani, et al., 2024) similarly identified deterioration in water
quality during the dry season, with marked increases in nitrate and sulfate concentrations linked to agricultural
return flows. Studies on the Sebou River (El Hajjami, Souabi, El Alami, & Taleb, 2019) and other North Af-
rican watercourses have also reported peak nutrient levels during low-flow periods, reinforcing that seasonal
concentration of pollutants is a regional hallmark of river systems under agricultural pressure. The nitrate levels
recorded at Station S2 (81.41 mg/L in the dry season) are particularly alarming and are consistent with obser-
vations in intensively farmed regions worldwide. Similar nitrate pollution has been documented in agricultural
watersheds in India (Adimalla, 2020) and Pakistan (Alam et al., 2021), where groundwater and surface water
contamination pose significant health risks. This study's finding that nitrate is the primary driver of elevated
WQI values and health risk echoes the conclusions of Ayers & Westcot (1985), who identified nitrate and
salinity as key constraints on irrigation water quality. However, this study also reveals nuances not always
highlighted in broader assessments. The strong inverse relationship between nitrate and sulfate observed in the
correlation matrix suggests competing anion dynamics or distinct seasonal source patterns, a finding that adds
specificity to the understanding of hydrochemical processes in Oued Dradére. Furthermore, identifying Station
S2 as a severe, localized pollution hotspot provides actionable spatial insight, whereas many regional studies
report averaged or basin-wide conditions.

5. Conclusion

The study on the water quality of the Oued Dradére, conducted under both wet and dry conditions, indicates
that pH values across all stations remain within safe limits, indicating no risk to soil health. Electrical conduc-
tivity (EC) indicates a slight to moderate salinity restriction, which may affect sensitive crops. The ammonium
levels are within acceptable limits, and phosphate concentrations are generally low, posing no significant is-
sues. However, the elevated nitrate levels at Station S2, especially during the dry season, and the consistently
high sulfate concentrations across all stations, suggest potential risks of nutrient leaching and salinity, which
could degrade soil quality and harm crop production. Biochemical Oxygen Demand (BODs) levels are mostly
acceptable, but during the dry season they are higher, indicating increased organic pollution. Dissolved oxygen
levels are sufficient, particularly in the humid season, but they decrease in the dry season, potentially threat-
ening aquatic life.
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