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Abstract: The Oued Zénati, a vital waterway in Algeria, faces severe pollution from urban
discharges, hospital wastewater, and agricultural activities, threatening both the ecosystem and
public health. This pollution is characterized by high nutrient levels, suspended solids, and fecal
contamination indicators, jeopardizing biodiversity and human well-being. To explore natural
restoration solutions, this study assessed the purification potential of reeds (Phragmites australis)
found in the Oued Zénati riverbed. Water quality was analyzed at three sites: a non-polluted
control site (S1), a wastewater discharge area (52), and a reed-dense area (S3). Results revealed
a significant deterioration in water quality at site S2, with high concentrations of nutrients,
suspended solids (SS), and fecal contamination indicators. However, a notable improvement in
water quality was observed at site S3, downstream of the reed-dense area, with reductions in
fecal coliforms (68.5%), fecal streptococci (92.3%), and phosphates (40.3%), and increased levels
of dissolved oxygen (DO). These findings suggest that phytoremediation using P. australis
could offer a cost-effective, sustainable, and eco-friendly solution for restoring the Oued Zénati.
This study recommends establishing phragmifiltration stations, developing artificial wetlands,
and enhancing sanitation systems, including hospital wastewater treatment. Public awareness
campaigns promoting water and environmental protection are crucial for long-term success.
This phytoremediation approach offers economic, ecological, and aesthetic advantages over
conventional wastewater treatment techniques.
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1. Introduction

Water pollution is a critical environmental challenge, disproportionately affecting devel-
oping countries and arid /semi-arid regions where water resources are limited, and ecosystems
are vulnerable [1-3]. Untreated wastewater, intensive agriculture, industrial activities, and
fecal contamination degrade water quality, harming human health, biodiversity, and water
uses [4,5]. Algeria faces persistent wastewater pollution, with studies showing high levels
of organic, nitrogenous, and bacteriological contamination [6,7]; Baziz et al. [8] highlighted
significant organic pollution in Boumerdes wastewater, emphasizing the need for treatment.

The Oued Zénati, a vital waterway in the Guelma region, is subjected to significant
pollution from various discharges, including urban wastewater, surrounding agricultural
activities, and fecal contamination. This pollution has detrimental consequences for the
wadi’s ecosystem, affecting water quality, biodiversity, and public health [8]. A study
by Moussaoui et al. [9] in Ain Sefra, Algeria, investigated the water quality of treated
wastewater, highlighting the potential benefits and challenges associated with reusing
treated wastewater for irrigation.

Numerous physicochemical and microbiological parameters are impacted by this pollu-
tion. High concentrations of nitrates (NO3; ™) and nitrites (NO, ™), often linked to agricultural
fertilizers and wastewater discharges, can lead to eutrophication and toxicity in aquatic or-
ganisms [10,11]. Organic pollution, microbial activity, and the decomposition of organic
matter reduce dissolved oxygen (DO) concentrations, threatening the survival of aquatic
organisms and overall ecosystem health [12]. High salinity and electrical conductivity, often
associated with soil erosion, runoff, and wastewater discharges, limit water use, particularly
for irrigation [13]. Research by Ababsa et al. [14] in eastern Algeria investigated the impact
of different wastewater types on soil properties, demonstrating the influence of untreated
wastewater on soil health and water infiltration. Suspended solids (SS), stemming from
soil erosion and wastewater discharges, reduce light penetration, transport pollutants, and
affect aquatic life [15]. Finally, the presence of coliform bacteria, fecal enterococci, and other
fecal contamination indicators highlights the public health risks associated with consuming
contaminated water. In this respect, it is crucial to understand the spatiotemporal variations
in the mentioned parameters and the factors influencing them, such as seasons, hydrological
conditions, human activities, and sources of fecal contamination, as well as the identification
of contamination sources for effective management [16].

The present study investigates the potential of Phragmites australis, a widely distributed
and robust wetland plant, for the phytoremediation of wastewater in the Oued Zénati.
This species is a promising candidate for wastewater treatment, particularly in arid and
semi-arid environments, due to its extensive root system and demonstrated ability to re-
move various pollutants [17,18]. Its effectiveness stems from several mechanisms: filtration
of suspended particles and microorganisms by its dense root mat; biocidal action against
pathogenic bacteria through root exudates; competition with undesirable microorganisms
for essential nutrients; and enhanced degradation of organic matter facilitated by the
rhizosphere microbiome.

Fecal contamination, often linked to inadequate sanitation, untreated wastewater dis-
charges, and insufficient hygiene practices, poses a serious threat to public health. It promotes
the spread of waterborne diseases [19,20] and the dissemination of antibiotic resistance [21,22].
A study by Bwire et al. [23] in Uganda demonstrated the presence of contamination in surface
and groundwater sources, highlighting the critical need for access to safe drinking water to
achieve the UN Sustainable Development Goals. Evaluating this contamination relies on
bacterial indicators such as fecal coliforms and Escherichia coli, signaling the potential presence
of pathogens [24]. Advanced techniques, such as metagenomic sequencing and quantitative
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polymerase chain reaction (PCR), allow for more precise evaluation and identification of
contamination sources, whether human or animal [25].

Several studies have demonstrated the effectiveness of phytoremediation, utilizing
aquatic plants like Phragmites australis, for wastewater treatment, improving water quality, and
reducing fecal contamination [26]. A study by Hammadi et al. [27] in Algeria investigated the
effectiveness of phytoremediation for treating wastewater, highlighting its potential to reduce
nitrogen pollution and meet Algerian legislative standards. Phragmites australis can absorb
nutrients and pollutants, promote the development of beneficial microbial communities,
improve water oxygenation, and contribute to the removal of pathogenic bacteria and viruses.

In this study, we assessed the P. australis potential for Oued Zénati sanitation and fecal
contamination reduction by analyzing physicochemical and microbiological parameters
upstream and downstream of a reed-dense area. The mentioned work contributes to
comparing purification techniques (aerated lagoons and phytoremediation) and identifying
optimal solutions [28], given the growing use of phytoremediation in Algeria [29].

2. Materials and Methods
2.1. Study Site

The Oued Zénati, the main waterway in the hydrographic network of the Oued-Zénati
municipality in Algeria, crosses the region for over 2 km, receiving water from several minor
tributaries [28]. Its valley extends from Constantine to Guelma, collecting water from various
wadis and chaabats on both banks before joining the Oued Bou Hamdane and then the Oued
Seybouse (Figure 1) [29]. Its physical and morphometric characteristics, including a watershed
area of 592.15 km? and a length of 41.30 km, attest to its hydrographic significance (Figure 2).
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Figure 1. Map showing the geographic location of the Oued Zénati.
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Figure 2. Map showing the vegetation cover of the Oued Zénati sub-watershed.

2.2. Sampling Protocol and Analyses

and the purification capacity of reeds (Phragmites australis):

The Oued Zénati exhibits variable aquatic vegetation, ranging from near total ab-
sence upstream to a significant density downstream. The mentioned downstream area is
dominated by reeds (P. australis Cav.—Trin.), cattails, and bulrushes (Figure 2).

Three sampling sites were established along the Oued Zénati to assess pollution levels
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Site 1 (S1): An upstream control site, devoid of significant anthropogenic pollution
sources, located in the Ain Regada commune (Figure 1).

Site 2 (52): Situated at the outlet of Oued Zénati city, this site is highly impacted
by wastewater discharges, representing the area with the most significant anthropogenic
pollution (Figure 2). This station is located directly after the outlet of the city of Oued Zenati
and its wastewater collection systems, including domestic wastewater from a population
exceeding 50.000, and wastewater from more than three public health facilities, several
private clinics, and various other industrial and commercial sources. Additionally, the
mentioned section of the Oued Zenati is heavily used by residents as a dumping site, with
all types of waste directly discharged into the water.

Site 3 (S3): Located 7 km downstream of S2 in the Lama area, this site is characterized
by a dense population of reeds (P. australis), allowing for the evaluation of their self-
purification capacity (Figure 2).

Four seasonal sampling campaigns were conducted at each site. Samples were col-
lected at two depths: 30 cm and 1 m from the bank, following the recommendations of
Rodier et al. [30] to ensure representative sampling, a total of 27 samples were collected.

2.2.1. Sample Collection Procedures

Separate sample collection procedures were implemented for physicochemical and
bacteriological analyses:

Physicochemical Analyses: Samples (1 L) were collected in pre-cleaned, polyethylene
bottles, and rinsed three times in situ with the water to be sampled. Bottles were submerged
to a depth of 30 cm, with the neck facing upstream, then hermetically sealed [30]. Samples
were immediately placed in a cooler at 4-6 °C for transport to the laboratory (2-3 h).

Bacteriological Analyses: Sterile 250 mL Pyrex glass bottles with screw caps were used
for bacteriological sampling. Bottles were completely submerged (30 cm depth) in an inverted
position, held by the base, and filled by slowly turning them upright, keeping the opening
slightly higher than the bottom and facing upstream. Bottles were tightly capped after sampling
and immediately transported to the laboratory in a cooler maintained at 4-6 °C (2-3 h) [30].

2.2.2. Analyses

Physicochemical analyses were conducted according to the following protocols:

Temperature, pH, conductivity, and dissolved oxygen (DO): In situ measurements
were obtained using a Inolab 750 witw portable multiparameter instrument (WTW GmbH,
Weilheim, Germany). The instrument was calibrated using WTW calibration solutions
according to the manufacturer’s instructions before each sampling campaign. The instru-
ment’s sensitivity was & 0.1°C for temperature, &= 0.01 for pH, £1 uS/cm for conductivity,
and £ 0.1 mg/L for dissolved oxygen.

Suspended solids (SS), nitrates (NO3; ™), and orthophosphates (PO437): laboratory
spectrophotometric measurements were performed using a HACH Lange DR3900 spec-
trophotometer (Hach Company, Loveland, CO, USA) and cuvette tests following the
manufacturer’s protocols.

The bacteriological analyses targeted fecal contamination indicators:

Total coliforms (TC): enumerated using the ISO 9308-2:2012 [31] method (for counting
Escherichia coli and coliform bacteria). The most probable number (MPN) method, as per
ISO 9308-3:1998 [32], was employed using liquid medium inoculation (Purple Bromocresol
Lactose Broth, incubation for 24 to 48 h at 37 °C).

Fecal coliforms (FC): enumerated following the same MPN method (ISO 9308-3:1998)
and incubation conditions (brilliant green bile broth with a Durham bell, and another tube
containing indole-free peptone water then incubated for 24 to 48 h at 44 °C).
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Fecal streptococci (FS): were enumerated using the MPN method (ISO 7899-2000 [33])
in EVA Litsky medium at 37 °C for 24 h.

2.3. Statistical Analyses

Statistical analyses were performed using XLSTAT 2016 (version 02.28451, Addinsoft,
Paris, France). To investigate the influence of sampling location (51, S2, S3) on each water
quality parameter [Temperature, pH, Electrical conductivity, Salinity, Suspended Solids (SS),
Dissolved Oxygen (DO), Phosphate (PO437), Nitrite (NO, 7), Nitrate (NO3 ™), Ammonium
(NH4™), Total Coliforms (TC), Fecal Coliforms (FC), and Fecal Streptococci (FS)], a one-way
analysis of variance (ANOVA) was conducted. Prior to ANOVA, data normality was
checked using the Shapiro-Wilk test (p < 0.05). However, instead of removing outliers,
each measurement was repeated twice, and the mean of these two measurements was
used for all subsequent statistical analyses. The standard deviation was also calculated
for each parameter. For parameters that violated the assumption of normality after outlier
removal, non-parametric alternatives were considered and applied. Significant differences
between sampling locations were determined using a post hoc Tukey’s Honestly Significant
Difference (HSD) test. To identify relationships among the water quality parameters and
to graphically represent the grouping of sampling sites, a Principal Component Analysis
(PCA) was performed. Statistical significance for all tests was set at p < 0.05.

The primary objective of this study was to evaluate the effectiveness of reeds in
reducing pollution in the Oued Zénati. In this respect, we compared water quality upstream
and downstream of a reed-dense area. This study also aimed to deepen our understanding
of phytoremediation mechanisms, assess its potential as a sustainable sanitation solution
for wastewater in arid and semi-arid regions, compare its efficiency with other wastewater
treatment techniques, and identify factors influencing its performance. In conclusion,
this study offers promising prospects for sustainable water resource management and
environmental protection in arid and semi-arid regions, where water pollution and fecal
contamination represent significant challenges.

3. Results

The analysis of physicochemical and microbiological parameters of the Oued Zénati
water reveals a contrasting picture of water quality between sites S1, S2, and S3, reflecting
the impact of upstream pollution and the purifying potential of reeds downstream.

3.1. Physicochemical Parameters (Table 1)

Table 1 shows a broad overview of water quality, demonstrating a general trend of
higher mineralization and pollution at S2 compared to S1, and a reduction in pollutant
concentrations downstream in the presence of reeds (S3). While pH remains relatively stable
across sites, parameters such as temperature, salinity, electrical conductivity, suspended
solids, dissolved oxygen, nitrates, nitrites, ammonium, and phosphates exhibit notable
variation between the sites. The complete analysis of these individual parameters is
addressed in the following sections.

Table 1. Average values and standard deviations of physicochemical parameters at the three sampling

sites.
Parameter S1 (Non-Polluted) S2 (Wastewater Discharges) S3 (Reeds)
pH 7.58 £ 0.31 7.54 £0.31 7.61 £0.31
Temperature (°C) 13.1 £ 45 171+ 45 14.7 £ 4.5
Salinity (Sal)(PSU) 0.52 £0.13 0.65 £ 0.13 0.66 £+ 0.13
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Table 1. Cont.

Parameter S1 (Non-Polluted) S2 (Wastewater Discharges) S3 (Reeds)
Electrical conductivity (EC) (uS/cm) 1513 + 206 1726 + 206 1632 + 206

Suspended solids (SS) (mg/L) 181.04 + 110.38 225.43 + 110.38 194.25 + 110.38
Dissolved oxygen (DO) (mg/L) 122 £5.26 5.7+ 5.26 12.5 £5.26
Nitrates (NO3 ™) (mg/L) 3.69 + 1.50 2.68 + 1.50 3.17 £ 1.50
Nitrites (NO, ) (mg/L) 0.24 +0.22 0.47 +0.22 0.26 + 0.22
Ammonium (NHs*) (mg/L) 0.92 +0.85 1.47 £ 0.85 1.25 £ 0.85
Phosphates (PO43~) (mg/L) 0.73 £ 0.78 1.86 £+ 0.78 1.11 £0.78

Box plot (pH)

95 +

. |

85 +
% s
75 +
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6.5 -
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X Extreme values(2)

3.1.1. pH

The pH values remain relatively stable at around 7.6 (as shown in Table 1, and illus-
trated in Figure 3), which corresponds to WHO standards for surface water [34]. This slight
alkalinity could be attributed to biological activity, soil composition, and wastewater in-
puts [6]. However, it is crucial to consider the intricate relationships between pH and other
water quality parameters, which can vary depending on the type of aquatic system and
the presence of other contaminants [35]. Further analysis is needed to fully understand
the factors controlling pH in the Oued Zénati. The statistical analysis did not reveal any
significant effect of the station on pH (p-value > 0.05). Furthermore, the Tukey HSD test
did not show any significant differences in pH between stations.

10 S1
S2
B s3 }
X 8- E
. I c o= { I i
° =
2 6]
4 -
8
2
o Extreme values(1) PRISE SN BSS IS8 USS §SS ISS ESS U8
* Minimum/Maximum Sept Oct Nov Dece Jan Feb Mar Apr May

Figure 3. Spatiotemporal variation in pH values of Oued Zénati water. The data represent means and
standard deviations calculated from three replicate measurements per sample at each location.

3.1.2. Temperature

Figure 4 shows clear seasonal variations in water temperature, with warmer tempera-
tures during the summer months (24.8 °C) compared to the winter months (9.3 °C). Station
52 (17.1 £ 4.5 °C) exhibits slightly higher temperatures than Station S1 (13.1 °C 4.5 °C),
possibly due to the influence of wastewater discharges [36].

Statistical analysis (ANOVA) revealed a significant effect of station location on water
temperature (p-value < 0.05). The Tukey HSD test indicated that Station S2 has a sig-
nificantly higher temperature than Station S1 (p-value = 0.003). There is no significant
difference between Stations S2 and S3, nor between Stations S3 and S1.
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Figure 4. Spatiotemporal variation in temperature (T) of Oued Zénati water. The data represent means
and standard deviations calculated from three replicate measurements per sample at each location.

3.1.3. Salinity and Electrical Conductivity (Sal, EC)

Apart from salinity (Figure 5), the elevated values of electrical conductivity (Figure 6)
indicate a high degree of mineralization in the water, exacerbated during periods of flooding.
This phenomenon mirrors observations in other regions of Algeria, where the dissolution
and leaching of surrounding formations contribute to water salinity. Wastewater discharges
and soil erosion also contribute to these high concentrations [37].

The median salinity is higher at Station S2 (0.600 PSU) compared to Station 51 (0.500 PSU),
indicating greater salinity at Station S2. The median electrical conductivity is higher at Station
52 (1610 uS/cm) compared to Station S1 (1399.25 uS/cm), indicating a higher concentration of
dissolved solids at Station S2.

However, average salinity values at the three stations were: 0.52 £ 0.13 PSU (S1),
0.65 £ 0.13 PSU (52), and 0.66 £ 0.13 PSU (S3). Similarly, average electrical conductivity
(EC) values were: 1513 4+ 206 uS/cm (S1), 1726 + 206 uS/cm (S2), and 1632 + 206 uS/cm (S3).

Statistical analysis reveals a significant effect of station location on both salinity
and electrical conductivity (p-value < 0.05). The Tukey HSD test demonstrates that
Stations S2 and S3 have significantly higher salinity than Station S1. There is no significant
difference between Stations S2 and S3. Similarly, Station S2 has significantly higher electrical
conductivity than Station S1. There is no significant difference between Stations S2 and S3,
nor between Stations S3 and S1.

Box plot (Sal)
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0.2 1
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0.0+ L L e
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Figure 5. Spatiotemporal variation in salinity (Sal) of Oued Zénati water. The data represent means
and standard deviations calculated from three replicate measurements per sample at each location.
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Figure 6. Spatiotemporal variation in electrical conductivity (EC) of Oued Zenati water. The data
represent means and standard deviations calculated from three replicate measurements per sample
at each location.

3.1.4. Suspended Solids (SS)

Figure 7 illustrates that suspended solids (SS) concentration significantly increases
during flood events, reflecting soil erosion and the transport of sediments. These suspended
particles can disrupt the aquatic ecosystem and contribute to eutrophication [38].

Box plot (SS) ~ 400
400 = st
%” 3504 [ s2
350 + T =4 B s -
200 | n 300 4 |
N
~ 2504
250 + 2 S
1 _
200 | — = 200
150 | L 1501
=
<
100 + 100 -
5
50 + l % 50 4
=
0 -+ 772} 04 L L L L

Sept Oct Nov Dece Jan Feb Mar Apr May
+ Average ¢ Minimum/Maximum
Figure 7. Spatiotemporal variation in suspended solids (SS) in Oued Zénati water. The data represent
means and standard deviations calculated from three replicate measurements per sample at each location.

Statistical analysis revealed no significant effect of station location on SS concentrations
(p-value > 0.05). However, the boxplots (Figure 7) show a higher median SS concentration
at Station S2 (209.25 mg/L) compared to Station S1 (84.625 mg/L), suggesting a greater
SS concentration at S2. The average concentrations of MES at stations S1, 52, and S3 were
181.04 £ 110.38 mg/L, 225.43 £ 110.38 mg/L and 194.25 &+ 110.38 mg/L, respectively.

It is important to note that the lack of a significant station effect on SS might be
attributed to the substantial variability in SS concentrations due to hydrological conditions
(water flow, floods) and pollution sources. Despite the lack of a significant effect according
to ANOVA, it is relevant to highlight the difference observed in the boxplot medians,
suggesting a possible trend that warrants further exploration in future studies.

3.1.5. Dissolved Oxygen (DO)

Figure 8 illustrates the spatiotemporal variations in dissolved oxygen (DO) concen-
trations in Oued Zénati water. As shown in the boxplot, the median DO concentration is



Sustainability 2025, 17, 1102

10 of 23

significantly higher at station S3 (12.5 mg/L) and S1 (10.1 mg/L) compared to station 52
(5.7 mg/L). The lowest DO levels observed at station S2 likely result from the decomposi-
tion of organic matter by bacteria, a consequence of the high pollution levels. The higher
level of DO at S3, downstream of the reed-dense area, suggests a purifying effect of the
reeds through their oxygen-producing capabilities.

Box plot (DO)
~18
35 E S1
30 | . gn 16+ s2 I
25+ E ] 83 b 1
20 + = I
qbanlz- =
15 + T
210 b P
10 + T o
5 81
l =
0 £ 6
)
@ 4
+ Average o Extreme values (1) 4
a 2-
* Minimum/Maximum 0
Sept Oct Nov Dece Jan Feb Mar Apr May

Figure 8. Spatiotemporal variation in dissolved oxygen (DO) in Oued Zenati water. The data
represent means and standard deviations calculated from three replicate measurements per sample
at each location.

While DO concentrations are also high at station S1, this is more likely due to a lack
of organic matter and bacterial activity, rather than a direct purification process, and/or
the input of oxygen-rich water by affluents [39]. The average values across all the samples
were 12.2 + 526 mg/L at S1, 5.7 £ 5.26 mg/L at S2 and 12.5 4+ 5.26 mg/L at S3.

Statistical analysis (ANOVA) revealed a significant effect of station location on DO
(p-value < 0.05). The Tukey HSD test indicates that Station S3 has a significantly higher
DO concentration compared to Stations S1 and S2, while there is no significant difference
between Stations S1 and S2.

3.1.6. Nitrates (NO3 ™)

Figure 9 illustrates the spatiotemporal variations in nitrate (NO3 ™) concentrations in
the Oued Zenati water. Nitrate concentrations are higher at station S1 compared to station
52 (Figure 9), which could be attributed to agricultural practices and the use of fertilizers.
Wastewater pollution also contributes to elevated nitrate levels. The use of nitrogenous
fertilizers and untreated wastewater discharges can lead to eutrophication problems and
groundwater contamination [40,41]. The median nitrate concentration, according to box-
plots, is higher at Station S2 (2.800 mg/L) compared to Station S1 (2.200 mg/L), although
the average value for S1 is actually higher than in S2 with the average concentrations for
nitrates being 3.69 &+ 1.50 mg/L for S1, 2.68 & 1.50 mg/L for S2 and 3.17 &+ 1.50 mg/L at S3.

Statistical analysis (ANOVA) revealed a significant effect of station location on nitrate
levels (p-value < 0.05). The Tukey HSD test indicates that Station S1 has significantly higher
nitrate concentrations compared to Station S2. There is no significant difference between
Stations S1 and S3, nor between Stations S2 and S3.
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Figure 9. Spatiotemporal variation in nitrate (NO3; ™) concentration in Oued Zénati water. The data
represent means and standard deviations calculated from three replicate measurements per sample
at each location.

3.1.7. Nitrites (NO, ™)

Figure 10 presents spatiotemporal variations in nitrite (NO; ™) concentrations in the
Oued Zenati water. Nitrite concentrations follow a similar seasonal pattern to nitrates,
with higher concentrations during periods of high-water flow. These levels exceed surface
water quality standards [40]. The median nitrite concentration, as shown in your boxplots,
is higher at station S2 (0.300 mg/L) than at station S1 (0.230 mg/L), suggesting a higher
concentration of nitrites at S2. The average concentrations of nitrites are 0.24 + 0.22 mg/L
atS1,0.47 £ 0.22 mg/L at S2 and 0.26 & 0.22 mg/L at S3.
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Figure 10. Spatiotemporal variation in nitrite (NO, ™) concentration in Oued Zénati water. The data
represent means and standard deviations calculated from three replicate measurements per sample
at each location.

Statistical analysis shows a significant effect of the station on nitrites (p-value < 0.05).
The Tukey HSD test reveals that station S2 has significantly higher nitrite concentration
than stations S1 and S3. There is no significant difference between stations S1 and S3.

3.1.8. Ammonium (NH4")

Figure 11 shows that ammonium concentrations in the Oued Zenati water fluctuate
significantly throughout the year, with higher levels during warmer periods, likely due
to increased bacterial activity and the breakdown of organic matter. These concentrations
exceed surface water quality standards. Ammonium, at high concentrations, can be toxic
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to aquatic life and contribute to eutrophication [42]. The median ammonium concentration,
according to the boxplots, is higher at S2 (0.742 mg/L) than at S1 (0.366 mg/L), suggesting
a higher concentration of ammonium at S2. The average concentrations of ammonium are
0.92 + 0.85 mg/L at S1,1.47 £+ 0.85 mg/L at S2 and 1.25 4 0.85 mg/L at S3.
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Figure 11. Spatiotemporal variation in ammonium (NH4") concentration in Oued Zenati water. The
data represent means and standard deviations calculated from three replicate measurements per
sample at each location.

The statistical analysis revealed no significant effect of the station on ammonium
concentration (p-value > 0.05), suggesting that the station does not have a significant
impact. However, the boxplot (Figure 11) shows a higher median ammonium concentration
at S2 (0.742 mg/L) than at S1 (0.366 mg/L), suggesting a greater median concentration of
ammonium at S2. Furthermore, the principal component analysis (PCA) shows that station
52 is closer to the positive quadrant of the second principal axis (F2), which represents fecal
contamination and organic matter.

3.1.9. Phosphates (PO437)

Figure 12 shows that phosphate levels remain elevated throughout the year, particularly
at Station S2, indicating pollution from urban and agricultural sources. These concentrations
significantly exceed surface water quality standards [43]. Phosphorus pollution is a major global
concern, contributing to the eutrophication of surface waters, and threatening biodiversity and
the availability of potable water [44]. The median phosphate concentration, derived from your
boxplots, is higher at Station S2 (1.175 mg/L) compared to Station S1 (0.600 mg/L), indicating
a greater concentration of phosphates at S2. The average concentrations for phosphates are
0.73 £0.78 mg/L at S1,1.86 4= 0.78 mg/L at S2 and 1.11 £ 0.78 mg/L at S3.
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Figure 12. Spatiotemporal variation in phosphate (PO4%~) concentration in Oued Zenati water.
The data represent means and standard deviations calculated from three replicate measurements per
sample at each location.
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Statistical analysis revealed a significant effect of station location on phosphate levels
(p-value < 0.05). The Tukey HSD test indicates that Stations S2 and S3 have significantly
higher phosphate concentrations compared to Station S1. Station S2 also has significantly
higher phosphate concentrations compared to Station S3.

3.1.10. Microbiological Quality

Bacteriological analyses revealed significant fecal contamination in the Oued Zénati
water, with notable spatiotemporal variation (Table 2). Concentrations of total coliforms, fecal
coliforms, and fecal streptococci are elevated across all sites, significantly exceeding surface
water quality standards, and indicating substantial fecal pollution. The median total coliform
count (Figure 13) is higher at 52 (2.5 x 107 MPN 100/mL) compared to S1 (4.5 x 10° MPN
100/mL). The median fecal coliform count (Figure 14) is higher at S2 (9.5 x 10° MPN 100/mL)
compared to 51 (2.5 x 10* MPN 100/mL). The median fecal streptococci count (Figure 15) is
higher at 52 (2.4 x 10* MPN 100/mL) compared to S1 (1.5 x 103 MPN 100/mL).

Table 2. Average values and standard deviations of microbiological parameters at the three sampling

sites.
Parameter S1 (Non-Polluted) 52 (Wastewater S3 (Reeds)
Discharges)
Total coliforms (TC) (MPN/100 mL) 7.7 x 10° 9.9 x 10° 32 x 106 4 18 x 10° 16 x 10° + 12 x 10°
Fecal coliforms (FC) (MPN/100 mL) 25 x 10% + 10° 95 x 10° + 3 x 10° 1.5 x 10° + 5 x 10*
Fecal streptococci (FS) (MPN /100 mL) 1.5 x 10? + 5 x 102 2.4 x 10* £ 8 x 10? 3 x 103 £+ 103
Box plot (TC) » TC (MPN/100mL)  —2°7
w 7}
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S 30 + 40
2 + +
20
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ol - 0 R
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Figure 13. Evolution of the number of total coliforms (TC) in Oued Zénati water. The data represent
means and standard deviations calculated from three replicate measurements per sample at each location.
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Figure 14. Evolution of the number of fecal coliforms (FC) in Oued Zenati water. The data represent
means and standard deviations calculated from three replicate measurements per sample at each location.
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Figure 15. Evolution of the number of fecal streptococci (FS) in Oued Zenati water. The data represent
means and standard deviations calculated from three replicate measurements per sample at each location.

Statistical analysis shows a significant effect of station location on total coliforms, fecal

coliforms, and fecal streptococci (p-value < 0.05). The Tukey HSD test reveals that Station

52 exhibits significantly higher concentrations of total coliforms, fecal coliforms, and fecal

streptococci compared to Stations S1 and S3.

3.1.11. ANOVA Analysis

Table 3 clearly demonstrates that station location (51, S2, S3) has a significant impact

on most water quality parameters, except for pH and suspended solids.

p-values (Pr > F)

less than 0.05 indicate that the observed differences are statistically significant.

Table 3. ANOVA results for all study parameters.

Parameter F Pr>F Significant
Temperature 6.075 0.004 Yes
pH 0.877 0.420 No
Salinity (Sal) 13.629 <0.0001 Yes
Electrical conductivity (EC) 4.936 0.010 Yes
Suspended solids (SS) 1.540 0.221 No
Dissolved oxygen (DO) 51.178 <0.0001 Yes
Phosphates (PO437) 46.067 <0.0001 Yes
Nitrites (NO, ™) 14.294 <0.0001 Yes
Nitrates (NO3 ™) 3.295 0.042 Yes
Ammonium (NHy*) 2.112 0.128 No
Total coliforms (TC) 112.124 <0.0001 Yes
Fecal coliforms (FC) 37.811 <0.0001 Yes
Fecal streptococci (FS) 24.063 <0.0001 Yes

3.1.12. Principal Component Analysis (PCA)

The PCA graph (Figure 16) represents both the positions of the parameters (the stations

and the seasons) and the direction and importance of the variables on the graph. It allows

us to simultaneously visualize the relationships between the different stations and seasons

and the water quality variables.
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Figure 16. Principal Component Analysis of quality variation in the Oued Zenati water.

Principal components.

F1 (39.64%). The first principal axis (F1) explains 39.64% of the total variability of
the data. It is strongly correlated with salinity, electrical conductivity, temperature,
and phosphates. This suggests that F1 mainly represents the mineralization of the
water, likely due to soil erosion, runoff, and wastewater inputs. Variables located in
the positive quadrant of F1 are positively correlated with this component, signifying
that they contribute to the increase in mineralization.

F2 (20.09%). The second principal axis (F2) explains 20.09% of the total variability.
It is strongly correlated with total coliforms, fecal coliforms, and fecal streptococci.
This suggests that F2 mainly represents fecal contamination and the presence of organic
matter in the water. Variables located in the positive quadrant of F2 are positively
correlated with this component, indicating a higher fecal contamination.

Station positions.

Differences between stations. The graph shows that Stations S1 (non-polluted control
zone), 52 (wastewater discharge zone), and S3 (zone with reeds) cluster based on
distinct trends. Station S1 is located more at the left of the graph, while Stations S2 and
S3 are found at the right. This suggests that there are significant differences in water
composition between stations.

Impact of pollution. Station S1 is positioned more in the negative quadrant of F2,
which is consistent with the notion that it is less impacted by fecal contamination and
organic matter. Stations S2 and S3 are closer to the positive quadrant of F2, indicating
a greater impact of fecal pollution.

Seasonal influences. It is difficult to distinguish a clear separation of seasons on the
graph. Observations from different seasons appear rather scattered, which might
suggest that the impact of seasons on water quality is less important than the impact
of stations.

Variable vectors.
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e Direction and importance of variables. The red vectors indicate the direction and
relative importance of each variable on the graph. Variables that are close to each other
are highly correlated and evolve together, while variables that are far from each other
have a weak correlation.

e  Associations between variables. The graph clearly shows that salinity, electrical con-
ductivity, temperature, and phosphates are strongly correlated. Total coliforms, fecal
coliforms, and fecal streptococci are also strongly correlated.

e Important variables. The variables that mostly impact the two principal axes, F1 and
F2, are salinity, electrical conductivity, phosphates, temperature, total coliforms, fecal
coliforms, and fecal streptococci.

General interpretation.

e The PCA analysis suggests that the quality of the Oued Zénati water varies consid-
erably depending on the station. The upstream station (S1) is less impacted by fecal
contamination and organic matter, while the downstream stations (52 and S3) exhibit
greater mineralization. Seasonal variations appear less pronounced than differences
between stations.

Table 4 shows the correlation between each variable and the first two principal axes
(F1 and F2) of the principal component analysis. It allows for an easier visualization of
associations between variables.

Table 4. Correlation of variables with principal axes F1 and F2 (PCA).

Variable F1 F2
Temperature 0.694 -0.126
pH —0.306 0.305
Salinity (Sal) 0.757 —0.185
Electrical conductivity (EC) 0.659 —0.263
Solid substances (SS) —0.343 0.698
Dissolved oxygen (DO) —0.798 —0.258
Phosphate (PO43~) 0.831 0.080
Nitrite (NO, ™) 0.244 0.742
Nitrate (NO3 ™) —0.593 0.503
Ammonium (NHz*) 0.627 —0.534
Total coliforms (TC) 0.733 0.499
Fecal coliforms (FC) 0.596 0.672
Fecal streptococci (FS) 0.654 0.223

e F1. The variables salinity, electrical conductivity, temperature, and phosphates are
strongly correlated with F1, suggesting that this component represents the mineraliza-
tion of the water.

e  F2. The variables total coliforms, fecal coliforms, fecal streptococci, and ammonium
are strongly correlated with F2, suggesting that this component represents fecal con-
tamination and organic matter in the water.

4. Discussion
4.1. Context of Pollution and Study Site

Our results confirm the alarming state of pollution in Oued Zénati, reflecting a widespread
issue in Algeria and other regions facing similar water quality challenges [6]. The analysis
of the water’s physicochemical parameters reveals concerning levels of fecal contamination,
particularly at Station S2. This observation aligns with findings from several studies conducted in
different contexts [19,45], suggesting that untreated wastewater discharges from urban areas and
surrounding agricultural activities are the main sources of contamination. The lack of adequate
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sanitation infrastructure and insufficient hygiene practices exacerbate the situation, exposing
the population to the risk of waterborne infections. The high levels of fecal contamination
at 52 are consistent with observations from other studies in Algeria, such as the work of
Mamine et al. [46] in Souk Ahras, which revealed the risks associated with using untreated
wastewater for irrigation in the Medjerda Wadi, highlighting the urgent need for effective
wastewater treatment to protect public health and the environment.

Unfortunately, the Oued Zénati faces intense anthropogenic pressure and suffers from
significant pollution. Its function as a sink for urban, hospital, and agricultural discharges,
combined with the absence of adequate sanitation systems and the practice of manure
spreading, contributes to water contamination by various pollutants, including nitrates
(NO37), nitrites (NO, ™), suspended solids (SS), and fecal contamination indicators [29]. The
use of its waters for large-scale irrigation exacerbates health and ecological risks, making
its rehabilitation an urgent priority. Pollution by phosphorus, in particular, is a major
problem worldwide, with detrimental consequences for water quality and the health of
aquatic ecosystems [29]. Eutrophication, one of the most worrying consequences, threatens
biodiversity and the availability of potable water.

4.2. Phytoremediation Mechanisms and Effectiveness

The Oued Zénati exhibits variable aquatic vegetation, ranging from near total absence
upstream to a significant density downstream. This downstream area is dominated by reeds
(Phragmites australis), cattails, and bulrushes. This dense vegetation, particularly the reeds,
offers a natural self-purification potential through several mechanisms [47]: their dense
root system retains suspended particles and microorganisms, their roots secrete biocidal
substances that eliminate pathogenic bacteria, they limit the availability of nutrients for
undesirable microorganisms, and beneficial microorganisms present in their rhizosphere
contribute to the degradation of organic matter. Previous studies have demonstrated
the effectiveness of reeds in reducing fecal coliforms, decontaminating wastewater, and
eliminating phosphorus, with removal rates reaching 80% to 100% [47]. Phytoremediation,
utilizing plants like P. australis, is thus a promising solution for wastewater treatment and
improving water quality, offering an ecological and economic alternative to conventional
treatment methods.

Our results also show high levels of phosphorus, particularly at Station S2. This finding
supports the conclusions of several studies demonstrating the global impact of phosphorus pol-
lution on surface water eutrophication and the threat it poses to biodiversity and the availability
of potable water [44,48]. Phosphorus pollution can lead to algal blooms, reducing dissolved
oxygen (DO) levels and threatening the survival of aquatic organisms [49]. Additionally,
certain organophosphorus compounds present in wastewater can be toxic to aquatic fauna
and flora [41]. Regarding the reviewer’s question about nutrient (nitrogen and phosphorus)
content within the plant tissues, this analysis was not conducted in the present study, given the
fact that our objectives focused mainly on the potential of the plant to depollute the wastewater,
and time and resource constraints prevented additional investigations. The data generated,
therefore, do not allow to evaluate their uptake in the studied system. However, this is recom-
mended for future research to gain a deeper understanding of nutrient uptake and utilization
within P. australis.

The study by Bwire et al. [23] conducted in Uganda demonstrated that surface water
and groundwater sources were contaminated and exhibited physicochemical parameters
conducive to the propagation of waterborne diseases like cholera. Our results confirm
this observation and underscore the need to promote access to safe drinking water in
Algeria to achieve the UN Sustainable Development Goals. The effectiveness of natural
systems, such as reeds, in removing pollutants from wastewater has also been explored
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in Algeria. A study by Mamine et al. [50] in Souk Ahras demonstrated the efficiency
of Typha latifolia in removing organic matter, suspended solids (SS), and nutrients from
wastewater. This further highlights the potential of using natural systems for water treat-
ment, particularly in regions facing water scarcity. The significant improvement in water
quality observed at station S3, downstream of the reed-dense area, strongly suggests the
potential of Phragmites australis for phytoremediation in the Oued Zénati. This improve-
ment is especially evident in the significant reduction in fecal coliforms (FC) (68.5%), fecal
streptococci (FS) (92.25%), and phosphates (40.3%), coupled with a notable increase in
dissolved oxygen (DO) levels. The observed reduction in fecal streptococci at station S3
is likely due to a combination of mechanisms, including the filtration of bacteria by the
reed roots and the potential biocidal effects of compounds released by the plant. Further
research should investigate this mechanism in more detail.

The study by Elsayed et al. [51], conducted in Egypt, used water quality indices to
assess surface water quality and demonstrated that the waters of the Nile Delta were gener-
ally suitable for irrigation. However, our results highlight issues of fecal contamination and
phosphorus in Oued Zénati, suggesting that using the wadi’s water for irrigation could pose
health risks to crops and consumers. A study by Gad et al. [52] used water quality indices
and multivariate modeling techniques to assess Nile River water quality, finding significant
pollution in some areas. These studies, along with that of Gad et al. [53], emphasize the
importance of continuous water quality monitoring and the use of innovative techniques
to assess risks to human health and the environment. A study by Adesakin et al. [53],
conducted in Nigeria, revealed significant bacteriological contamination of domestic water
sources, exceeding WHO acceptable limits. Our results confirm the critical importance of
addressing bacteriological contamination and highlight the need for water purification and
treatment systems before consumption.

Zhang et al. [44] analyzed the presence of opportunistic pathogens in drinking wa-
ter distribution systems, demonstrating that pathogen concentrations were influenced
by physicochemical parameters, particularly residual disinfectant levels. This study em-
phasizes the importance of maintaining adequate disinfectant levels in drinking water
distribution systems to control opportunistic pathogens.

4.3. Future Applications and Recommendations

Bermarce et al. [35] analyzed the relationship between water pH and other physico-
chemical parameters, showing that this relationship varied depending on the water system.
This study highlights the complexity of interactions between physicochemical water param-
eters and underscores the importance of considering all such parameters when evaluating
water quality. Wu et al. [54] examined the reuse of municipal wastewater for irrigation,
demonstrating that wastewater treated with membrane technologies (MBR, NF, and RO)
met the physicochemical and microbiological quality standards for irrigation. This study
emphasizes the importance of membrane technology in wastewater treatment and the
potential for reusing treated wastewater for irrigation.

El-Kady et al. [55] investigated the impact of probiotics on water quality, growth, and
health of Nile tilapia, showing that probiotics could improve water quality and fish health.
This study highlights the potential of probiotics to enhance aquaculture production and
water quality.

Hu et al. [56] used metagenomics to analyze microbiome composition in rapid sand
filters used for water treatment, demonstrating that microbiome composition varied by wa-
ter source (surface or groundwater) and played a key role in water purification. This study
emphasizes the importance of microbiology in water treatment and the need to understand
interactions between microorganisms and water purification processes.
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Liu et al. [57] evaluated the hydrochemistry of water resources in China’s Weibei Plain,
analyzing risks associated with high nitrate concentrations in groundwater, which posed
significant health risks to residents. This study underscores the importance of controlling
nitrate pollution to protect human health.

Yousefi et al. [58] synthesized and characterized Co/Co304 nanocomposites as efficient
photocatalysts for wastewater treatment, showing their potential to decolorize organic dyes
and exhibit antibacterial activity. This study highlights the potential of nanomaterials for
wastewater treatment and pollution reduction.

Peydayesh et al. [59] investigated the use of lysozyme amyloid fibrils as a bio-flocculant
for removing microplastics and natural organic matter from water, demonstrating their
effectiveness. This study emphasizes the potential of natural bio-flocculants for water
treatment and pollution reduction.

Asadollah et al. [60] compared the performance of machine learning models for predicting
water quality indices (WQI), showing that the Extra Tree Regression (ETR) model outper-
formed traditional models (SVR and DTR). This study highlights the potential of machine
learning models to predict water quality and offer insights for water resource management.

The presence of reeds (P. australis) downstream of Oued Zénati suggests a positive
effect on water quality. The decrease in pollutant concentrations, particularly fecal coliforms
and fecal streptococci between sites S2 and S3, indicates a purifying effect of the reeds.
This observation aligns with studies that have demonstrated the potential of P. australis
for heavy metal (Cd, Ni, Pb) accumulation and its contribution to phytostabilization and
phytoextraction [61-63]. Regarding the recycling of plants after phytoremediation, several
options exist, including composting and biogas production. However, the focus of this
research was on evaluating the plants’ effectiveness in wastewater treatment, therefore,
a discussion of post-harvest plant recycling was beyond the scope of this work, but this
aspect represents a promising avenue for future investigation. Furthermore, regarding
the reviewer’s concern about the absence of summer data, it should be noted that our
study period was extended from September to May and this choice was primarily due to
laboratory availability and logistics for the collection of data throughout all the seasons.
However, to better interpret the data trends, results obtained during May might be seen
to offer similar environmental and climatic conditions as summer months. Nonetheless,
a more accurate conclusion can be obtained from a study specifically targeted to assess data
trends during the summer months, which was beyond the scope of the present study.

5. Conclusions

This purifying effect of reeds could be compared to the various wastewater treatment
techniques discussed in the cited studies. Membrane technologies, natural bio-flocculants,
multi-functional materials, and photocatalysts are promising water purification approaches.
However, phytoremediation using natural plant capabilities offers advantages in terms of
cost and sustainability.

Our results underscore the need to implement measures to improve sanitation sys-
tems and hygiene practices to reduce fecal contamination. Phytoremediation could be a
promising solution for wastewater treatment, but further research is needed to evaluate
its effectiveness in the context of Oued Zénati. Continuous water quality monitoring,
along with the use of innovative techniques like metagenomics and machine learning
models, is essential to identify emerging pollutants and improve water resource man-
agement. Further research should focus on optimizing the design and implementation
of phragmifiltration systems, investigating the long-term effectiveness and resilience of
this approach, and exploring synergies between phytoremediation and other advanced
treatment technologies.



Sustainability 2025, 17, 1102 20 of 23

The study of Oued Zénati revealed significant water pollution impacting physicochemical
and microbiological quality. High concentrations of nutrients, suspended matter, and fecal
indicators highlight the impact of untreated wastewater, intensive agriculture, and inadequate
sanitation, posing threats to aquatic ecosystems, biodiversity, and public health.

However, this study also demonstrated the purifying potential of Phragmites australis,
observed downstream of the polluted area. Water quality analysis showed a notable
improvement at site S3, with reduced fecal coliforms, fecal streptococci, and phosphates,
and increased dissolved oxygen.

Phytoremediation, particularly through phragmifilters, emerges as a promising solu-
tion for Oued Zénati sanitation, providing economic, ecological, and aesthetic benefits over
conventional methods.
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