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Abstract: 

         Wetlands as vital reservoirs of biodiversity and ecosystem services, are increasingly 

threatened by anthropogenic pressures and inadequate environmental management. Despite 

their ecological importance, few studies have focused on the integrated assessment of water 

quality and ecotoxicological risks in the Mediterranean wetlands of Algeria. This study aims to 

evaluate the physicochemical, bacteriological, and ecological quality of surface waters in the 

El-Hammam wetland (Medjana) region, Bordj Bou Arreridj, Eastern Algeria. A comprehensive 

set of parameters including temperature, pH, electrical conductivity, dissolved oxygen, BOD₅, 

nutrients ((HCO₃⁻) levels ranged from 353 mg/L to 475.8 mg/L , (Cl⁻) concentrations were also 

elevated, varying between 497 mg/L and 798 mg/L ,(NH₄⁺) concentrations ranged from 0.64 

mg/L to 2.86 mg/L and Nitrate (NO₃⁻) concentrations ranged from 10.54 mg/L to 35 mg/L with 

(NO₂⁻) values were relatively low, ranging from 0.02 mg/L to 0.41 mg/L), and microbiological 

indicators (total and fecal coliforms, fecal streptococci, mesophilic flora) was analyzed across 

multiple sampling sites. The Pearson correlation matrix was used to identify significant 

relationships among the physicochemical variables and to determine the primary pollution 

sources. The results reveal substantial degradation of water quality, primarily driven by urban, 

agricultural, and industrial discharges, as well as climatic and edaphic factors. BOD₅ values 

exceeded 10 mg/L in several sites, and nitrate concentrations reached up to 40 mg/L, indicating 

organic and agricultural contamination. Faecal coliforms exceeded 2000 CFU/100 mL, 

highlighting serious sanitary and ecological risks. The Organic Pollution Index (IPO) and other 

quality indicators confirmed an alarming ecological imbalance, threatening both biodiversity 

and human health. Overall, this study provides a comprehensive diagnosis of surface water 

degradation in a semi-arid region north of Africa. 
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1. Introduction 

        Water is a vital natural resource, essential for all forms of life. This resource primarily 

exists as freshwater from surface water sources such as rivers, lakes, and ponds [1]. Due to its 

uneven distribution worldwide, water has become a major political, economic, and strategic 

issue [2]. As a key factor in sustainable development, water supports all human activities and 

constitutes an essential pillar for ecosystem survival [3]. 



 

 

         Globally, water quality is increasingly deteriorating due to growing natural and 

anthropogenic pressures. Natural factors include rapid climate change, drought, and soil erosion 

[4].Anthropogenic pressures encompass intensified industrial, agricultural, and urban activities, 

as well as the discharge of domestic and industrial wastewater. These pollutants, capable of 

migrating and accumulating in environmental and biological compartments, become toxic at 

threshold levels, causing adverse effects on human health and the environment [5].Such 

pressures have significantly altered the physicochemical and biological quality of water, 

rendering it unsuitable for various uses such as drinking, irrigation, or livestock watering [6]. 

         Among the most sensitive and strategic ecosystems are wetlands. These habitats, 

representing between 4% and 6% of the global terrestrial surface [7], play a critical role in the 

hydrological cycle and biodiversity conservation [8, 9]. They provide essential ecosystem 

services, including groundwater recharge, sediment retention, natural water purification, and 

habitat for a wide variety of plant and animal species [10]. Wetlands also hold significant 

economic importance, supporting agriculture, fisheries, and tourism [11]. In Algeria, wetlands 

exhibit considerable biological and ecological value [12], yet, similar to other Mediterranean 

countries, they are threatened by drainage, drying, climate change, and pollution [13]. 

         Wetlands frequently receive effluents from industrial and domestic wastewater, as well as 

agricultural runoff enriched in nutrients and organic and inorganic pollutants [14, 15]. These 

inputs disrupt the physicochemical and microbiological balance of water, leading to dissolved 

oxygen depletion, anoxic conditions, and eutrophication. Such alterations severely degrade 

water quality, flora, and fauna, and pose potential risks to public health [16, 17]. Since 1900, 

nearly 50% of global wetlands have disappeared, particularly in regions under intense pressure, 

such as the Mediterranean basin [18, 19]. El-Hammam wetland (Medjana) the subject of this 

study, exemplifies this trend, experiencing significant degradation characterised by biodiversity 

loss and alteration of the natural landscape due to urbanisation, industrialisation, and intensive 

agriculture. 

         In this context, a detailed assessment of water quality is essential to understand the 

ecological status of wetlands and guide management and conservation measures. A 

comprehensive field survey was conducted to explore the site and identify priority intervention 

areas. The study relies on physicochemical, bacteriological, and microbiological analyses to 

measure concentrations of major elements, potential pollutants, and contamination indicators. 

Numerous indices are used to assess water quality [20]. Several parameters are typically 

examined as part of water quality monitoring and project evaluation. The development of 

numerical models for water quality assessment has become essential, as they help structure and 



 

 

optimize the interpretation of a wide range of parameters [21]. Indices such as the Water Quality 

Index (WQI) and Organic Pollution Index (OPI) were calculated to characterize the ecological 

status of surface waters [22]. These investigations are complemented by Geographic 

Information Systems (GIS), which have remained influential and indispensable in water quality 

assessment, providing unmatched capabilities for spatial visualization and analytical processing 

[23]. In addition, environmental modelling to produce spatial maps illustrating parameter 

distribution and highlighting the most vulnerable areas. Multivariate statistical methods, 

including Principal Component Analysis (PCA), were employed to identify potential pollution 

sources and understand the interactions between natural and anthropogenic factors [24].  

         The integration of these approaches, laboratory analyses, GIS mapping, and advanced 

statistical interpretation,  provides a robust framework for diagnosing the current environmental 

status of the El Hammam wetland and assessing its impact on the environment and public 

health. This work also enables evidence-based recommendations to strengthen the resilience of 

this vulnerable aquatic ecosystem, which is currently threatened by irreversible degradation. 

 

2. Materials and Methods 

2.1. Study area  

          Medjana is located in the northwestern part of the Bordj Bou Arréridj province in Algeria. 

(Figure1). It covers an area of 195.30 km² and is characterised by varied topography, with 

elevations ranging from 800 meters at Oued Mhadjer to 1668 meters at Mount Tafertaset. The 

region lies on relatively flat land, surrounded by agricultural fields and bordered by several 

mountainous areas, as shown in Figure 1, including the Ragouba Mountains (1125 m) and Sidi 

Dilmi (1142 m) to the north, and Bouchâra (1099 m) to the east. 

          From a hydrological perspective, Medjana features a relatively dense hydrographic 

network, although it is subject to highly irregular rainfall. Two primary water resources are 

present: groundwater, represented by shallow aquifers and wells, and surface water, including 

water towers and temporary streams that flow mainly during the rainy season. The most critical 

thalwegs in the region are Oued Mhadjer to the north and Oued Ouerdigue to the east.  

       Geologically, Medjana belongs to the mountainous region of northeastern Algeria. It is 

composed of a series of relatively recent sedimentary formations [25]. The key geological units 

in the study area include flint-bearing limestones, alternating clay, quartzite, conglomerate, and 



 

 

sandstone, the Medjanian sandstone, sandstone-limestone and breccia, ancient Senonian 

alluvium, Triassic-phytogypsum formations, and extensive limestone zones. 

          Regarding the climate, data from 1992 to 2024 were collected from the meteorological 

station of Bordj Bou Arréridj. The average annual rainfall is 321.9 mm, with the highest 

precipitation recorded in May (41.4 mm), and the lowest in July (8.2 mm). Temperature analysis 

shows that the coldest month is January, with an average of 2.5 °C, while the hottest month is 

July, with an average of 36.7 °C. The mean annual temperature is approximately 15.95 °C. 

 

Figure1. Location and Geographical Setting of the El Hammam Wetland 

2.2. Sampling and analysis 

       As part of this study, to assess surface water contamination in the El Hammam wetland, a 

sampling campaign was conducted in February. Eight sampling stations were selected based on 

their location (inlet, centre, and outlet of the lake) (Figure 2), as well as the proximity to 

potential impact zones and known wastewater discharge points. Sixteen water samples were 

collected, eight for physicochemical analysis and eight for bacteriological analysis. 

Physicochemical parameters, including temperature (°C), pH, electrical conductivity (µS/cm), 



 

 

and total dissolved solids (TDS, mg/l), were measured directly in the field using a portable 

multiparameter analyzer (WTW 3420i). The biochemical oxygen demand (BOD₅) was 

determined using the OXITOP system, which measures the oxygen consumed by 

microorganisms during a 5-day incubation at a constant temperature of 20°C in a thermostatic 

chamber with continuous agitation. The chemical oxygen demand (COD) was measured using 

an instrumental method based on oxidation with potassium dichromate in a sulfuric medium, 

following the OMS (2011) standard. Results were expressed in mg of O₂ per litre, indicating 

the amount of oxygen required to oxidize the organic matter present in the water chemically. 

The water quality was then assessed using the Water Quality Index (WQI), which provides a 

global classification of water quality based on predefined thresholds [26]. The results were 

subsequently compared with international guidelines (WHO, 2011) to assess their suitability 

for human use and ecological sustainability. To extend the assessment, three types of Water 

Quality Indices (WQI) were calculated to determine the suitability of surface water for (i) 

irrigation, (ii) aquatic life, and (iii) general surface water uses. Each index was computed using 

a standardized procedure that normalized parameters, assigned relative weights, and aggregated 

sub-indices. The selection of parameters and their corresponding reference standards was based 

respectively on FAO guidelines for irrigation water and (WHO 2011) [27]. criteria for general 

surface water quality. For the Irrigation WQI, the analysis incorporated key physicochemical 

parameters such as (EC, TDS, Na⁺, HCO₃⁻, Cl⁻, NH₄⁺, NO₃⁻NO₂⁻)  which are essential indicators 

of salinity and ionic composition in agricultural water supply. The categorical classifications 

presented in (Table 4) (excellent, good, poor, very poor, unsuitable) were derived directly from 

the recommended ranges associated with each WQI type. This methodological framework 

ensures that the values reported in Table 4 accurately reflect the suitability of the El Hammam 

wetland waters for irrigation, the protection of aquatic life, and general surface water uses. 

          In addition to descriptive analysis, multivariate statistical tools were applied to explore 

the structure of the data and identify key pollution sources [28].  

        When analyzing the chemical variability of wetland waters, multivariate statistical 

methods particularly Principal Component Analysis (PCA) are crucial for identifying the most 

influential physicochemical parameters and assessing the interactions among them [29]. These 

techniques help researchers gain clearer insight into the dominant factors controlling the spatial 

and temporal distribution of water quality variables [30], thus facilitating the identification of 

dominant contamination factors [31]. Furthermore, the Organic Pollution Index (OPI) was 

calculated based on key parameters such as BOD₅, ammonium, nitrate, and orthophosphates 



 

 

[32], enabling the assessment of the trophic status of the wetland and the potential impact of 

organic loading [33]. This integrative approach, combining WQI-based classification, statistical 

analysis, and pollution indexing, provides a robust framework for evaluating the ecological 

integrity of wetland systems and supports evidence-based management and conservation 

strategies [34]. To better visualize the spatial variability in water quality within the El Hammam 

wetland, all measured physicochemical and nutrient parameters were presented in thematic 

maps. This cartographic approach allows a more straightforward interpretation of the 

distribution patterns [35].  Spatial gradients and hotspots of contamination across the wetland. 

Thematic maps of water quality parameters were produced using ArcGIS 10.4. Sampling station 

coordinates were imported as a point layer, and measured values were added to the attribute 

table. Spatial distribution was generated using the Inverse Distance Weighted (IDW) 

interpolation method, which estimates values based on the influence of nearby sampling points. 

 

Figure 2: Location of sampling points in the El Hammam wetland 

 

 

 



 

 

2.3. Water Quality Index (WQI) 

        The application of the Water Quality Index (WQI) method represents an effective and 

integrative approach to assess the overall environmental status of a given hydrosystem [36.37]. 

This method provides a single numerical value that reflects the cumulative effect of various 

physicochemical parameters on water quality, thereby simplifying complex data into a clear 

and interpretable format. 

         In this study, the relative weight (Wi) of each selected parameter and the constant k were 

first calculated using recognized international and national guidelines. Specifically, the 

standards of the Food and Agriculture Organization (FAO, 1994) (Table 1) for irrigation water 

were used to assess agricultural suitability, additionally, Algerian national standards for surface 

water intended for human consumption were applied. For irrigation water quality evaluation, 

the selected parameters included Total Dissolved Solids (TDS), pH, Electrical Conductivity 

(EC), Nitrates (NO₃⁻), Orthophosphates (PO₄³⁻), Bicarbonates (HCO₃⁻), and Chlorides (Cl⁻). 

These indicators are essential for understanding potential soil salinization, nutrient overload, 

and plant tolerance. To assess the suitability of water for aquatic life, the following variables 

were considered Temperature (T), TDS, pH, Biochemical Oxygen Demand (BOD₅), Chemical 

Oxygen Demand (COD), Nitrites (NO₂⁻), Nitrates (NO₃⁻), and Chlorides (Cl⁻). These 

parameters influence oxygen availability, toxicity, and the general ecological balance within 

aquatic ecosystems. For the evaluation of water intended for human consumption, the selected 

indicators included Temperature, TDS, pH, BOD₅, COD, NO₂⁻, NO₃⁻, PO₄³⁻, and Cl⁻. These 

parameters were assessed against national thresholds to ensure compliance with health and 

safety standards for domestic use [36.]. By integrating these parameters through the WQI model, 

a comprehensive evaluation of the water quality in the El Hammam wetland was achieved, 

allowing for its classification according to different uses (agricultural, ecological, and domestic) 

and aiding in the formulation of management and remediation strategies.  It is important to note 

that the World Health Organization (WHO) does not set specific numerical standards for BOD₅ 

and COD in drinking water. It only emphasizes that these values should remain very low, as 

they indicate organic pollution. The commonly cited thresholds (< 2–5 mg/L for BOD₅ and < 

5–10 mg/L for COD) [38].  

  

 



 

 

Table 1: Water Quality Guideline Values According to WHO (2011) and Irrigation Suitability 

Thresholds According to FAO 

 

Parameters Unit Weight (wi) WHO (2011) FAO 

pH / 4 6,5-8,5 8.5 

HCO3- mg/L 3 300-500 610 

Cl- mg/L 3 250-600 1060 

NO2- mg/L 5 3 < 1 

NO3- mg/L 5 50,0000 30 

SO4-- mg/L 4 250-400 960 

K+ mg/L 2 12,0000 2 

EC µS/cm 4 500-1500 3000 

BOD mg/L / / < 20–25 

COD mg/L / / < 100–120 

 

         The Water Quality Index (WQI) used to assess the water quality of the El Hammam 

wetland was calculated following the weighted arithmetic index method, as described by Brown 

et al. (1972), through several steps 

𝑊𝑄𝐼 =
∑Qi Wi

∑Wi
   (Eq. V.1) 

The quality rating scale (Qi) for each parameter is calculated using the following expression: 

Qi = 100 ×
(Vi−V0)

(Vi−V0)
    (Eq. V.2) 

Where: 

Vi: measured concentration of the ith parameter in the analyzed water sample (Table 1). 

Vo: ideal value of this parameter in pure water. 

Vo = 0 (except for pH = 7 and DO = 14.6 mg/L). 

Si: recommended standard value for the ith parameter. 

The unit (relative) weight (Wi) for each water quality parameter is calculated using the 

following formula: 

Wi =
𝐾

𝑆𝑖
    (Eq. V.4) 



 

 

Where: 

K: proportionality constant, calculated using the following equation:              

𝐾 =
1

∑(
1
𝑆𝑖)

 

The WQI is classified into five categories. Table V.7 presents the five (05) water quality classes 

based on the Weighted Arithmetic WQI method (Table 1). 

Table 1. Classification and possible use of water according to WQI (Brown et al., 1972) 

WQI Value Water Quality Evaluation 

0–25 Excellent water quality 

26–50 Good water quality 

51–75 Poor water quality 

76–100 Very poor water quality 

>100 Unsuitable for use 

2.4. Irrigation Water Quality Index (WQI–Irrigation) 

        The Integrated Weight Water Quality Indices (IWQI) this tool is employed to rank and 

assess the cumulative impact of physicochemical parameters on water quality [39]. The 

Irrigation WQI was computed using the weighted arithmetic index method. The selected 

parameters include key salinity and alkalinity indicators such as electrical conductivity (EC), 

total dissolved solids (TDS), and major ions (Na⁺, Ca²⁺, Mg²⁺, Cl⁻, SO₄²⁻). The quality rating 

for each parameter was calculated as: 

𝑞𝑖 = (
𝑉𝑖 − 𝑉0

𝑆𝑖 − 𝑉0
) × 100 

Where Vi is the measured value, V0 the ideal value (commonly zero), and Si the FAO guideline 

value. Normalized weights were assigned to each parameter using:  

 

𝑊𝑖 =
𝑤𝑖

∑ 𝑤𝑖
 

The global index was obtained as: 



 

 

𝑊𝑄𝐼𝑖𝑟𝑟 = ∑(𝑊𝑖 × 𝑞𝑖) 

Table 2: Irrigation Water Quality Classification Based on WQI–Irrigation Values 

WQI irr Value Water Quality Evaluation 

0–25 Excellent water quality 

26–50 Good water quality 

51–75 Poor water quality 

76–100 very poor water quality 

>100 Unsuitable water quality 

 

2.5. Aquatic Life Water Quality Index (WQI–Aquatic Life) 

        This index was based on parameters that strongly influence aquatic ecosystems: DO, 

BOD₅, COD, NH₄⁺, NO₃⁻, NO₂⁻, PO₄³⁻, pH and temperature [40]. For parameters where higher 

values indicate deterioration (BOD₅, COD, NH₄⁺, NO₃⁻), the rating was calculated as (Table 3): 

𝑞𝑖 = (
𝑉𝑖 − 𝑉0

𝑆𝑖 − 𝑉0
) × 100 

For DO, an inverse relationship was applied: 

𝑞𝐷𝑂 = (
𝑆𝐷𝑂 − 𝑉𝐷𝑂

𝑆𝐷𝑂 − 𝑉0
) × 100 

The normalized weight for each parameter was: 

𝑊𝑖 =
𝑤𝑖

∑ 𝑤𝑖
 

The overall index is: 

𝑊𝑄𝐼𝑎𝑞 = ∑(𝑊𝑖 × 𝑞𝑖) 

 

 

 



 

 

 

 

Table 3: Water Quality Evaluation for Aquatic Life Based on WQI Classification 

WQI aq Value Water Quality Evaluation 

0–25 Excellent water for aquatic life 

26–50 Good water for aquatic life 

51–75 Poor water for aquatic life 

76–100 very poor water for aquatic life 

>100 Unsuitable water for aquatic life 

 

2.5. The Organic Pollution Index (OPI) 

         The Organic Pollution Index (OPI), initially developed by Leclercq and Maquet [41].  is 

used to assess organic pollution in surface waters. It is based on four key parameters: 

biochemical oxygen demand (BOD₅), ammonium ions (NH₄⁺), nitrites (NO₂⁻), and phosphates 

(PO₄³⁻). Each parameter is categorized into five pollution classes based on predefined 

thresholds (Table 4). The final index is calculated as the average of these class values. 

Table 4: Classes of the Organic Pollution Index (OPI). 

Parameters 

Classes 

BOD₅ (mg O₂/l) Ammonium 

(mg N/l) 

Nitrite (µg N/l) Phosphates (µg 

P/l) 

5 <2  <0.1 5 15 

4 2-5  0. 1-0.9 6-10 16-75 

3 5.1-10  2.4 11-50 76-250 

2 10.1-15  2.5-6 51-150 251-900 

1 >15  >6 >150 >900 

2.5. Statistical Treatment of Data 

         In order to calculate the relationship between various physicochemical parameters and to 

better assess the water quality in the study area, the Pearson correlation coefficient was used. 

Additionally, this statistical tool helps identify potential sources of pollution [42]. Geochemical 



 

 

processes, and interactions between variables, such as salinity, nutrient enrichment, and organic 

matter content. Strong positive or negative correlations can provide insights into common 

origins or coupled behaviors of specific parameters in the aquatic environment (Table 6).To 

better understand the relationships among the different physicochemical parameters and to 

evaluate the influence of anthropogenic activities on the surface water quality of the El 

Hammam wetland,  

3. Results  

3.1. Physicochemical parameters 

         The analysis of the physico-chemical parameters of the El Hammam wetland waters 

revealed several noteworthy characteristics. Water temperature showed slight variation among 

the sampling stations (Figure 3), with the fluctuations mainly attributed to differences in the 

sampling schedule. Regarding the hydrogen potential (pH), recorded values ranged from 7.4 at 

station 5 to 9.71 at station 4 (Figure 4), indicating a pronounced alkalinity across the site. It is 

worth noting that several stations exceeded the World Health Organisation's tolerance range 

(6.5–8.5), potentially posing a risk to sensitive aquatic organisms. Furthermore, electrical 

conductivity (EC) measurements varied from 2.56 mS/cm at station 2 to 3.13 mS/cm at station 

8 (Figure 12), reflecting a high level of water mineralization. All recorded values exceeded the 

1000 µS/cm threshold, which is commonly considered an indicative limit for natural water 

quality, and point to a significant concentration of dissolved ions. 

          Analysis of anion concentrations in the Medjana wetland revealed noticeable variability 

among sampling stations. Bicarbonate (HCO₃⁻) levels ranged from 353 mg/L at station 6 to 

475.8 mg/L at station 2, indicating consistently high concentrations throughout the study period. 

Chloride (Cl⁻) concentrations were also elevated, varying between 497 mg/L at station 2 and 

798 mg/L at station 7 (Figure 7), with most stations exceeding the WHO (2011) guideline range 

of 250–600 mg/L. Regarding nitrogen compounds, ammonium (NH₄⁺) concentrations ranged 

from 0.64 mg/L (station 5) to 2.86 mg/L (station 1), well above the WHO recommended limit 

of 0.2 mg/L The figure highlights a distribution pattern that changes following the measured 

concentration levels (figure 8). Nitrate (NO₃⁻) concentrations ranged from 10.54 mg/L (station 

7) to 35 mg/L (station 8), remaining below the WHO limit of 50 mg/L The spatial distribution 

shows a gradual variation from east to west and from north to south, in accordance with the 

concentrations displayed in the (figure 9) . Nitrite (NO₂⁻) values were relatively low, ranging 



 

 

from 0.02 mg/L (stations 4 and 5) to 0.41 mg/L (station 8), all within acceptable standards A 

spatial gradient is observed along both the east–west and north–south directions, reflecting the 

concentration variations illustrated in the (figure10). Orthophosphate (PO₄³⁻) concentrations 

also showed spatial variability, ranging from 0.23 mg/L at station 4 to 1.22 mg/L at station 8. 

These results reflect varying degrees of mineralisation and nutrient enrichment within the 

wetland system generly exceeding the recommended limits (figure11). 

3.2. Biological analyses   

           Biochemical oxygen demand (BOD₅) values ranged from 35 mg/L at Station 7 to 120 

mg/L at Station 8. These variations reflect differences in organic load at the sampling sites. 

Chemical oxygen demand (COD) values were also high, ranging from 77.6 mg/L (Station 7) to 

140 mg/L (Station 1), indicating the presence of oxidizable organic matter in the water. 

Biological analyses revealed a high presence of total viable bacteria (mesophilic aerobic flora) 

in all water samples. The confluent growth of bacterial colonies on culture media evidenced 

this. Total coliforms and thermotolerant (faecal) coliforms were detected in significant 

quantities across most stations. Notably, Escherichia coli, a key indicator of faecal 

contamination, was present in several samples. According to the World Health Organisation 

(WHO), drinking water should contain no faecal coliforms in 100 mL of sample. 

          Finally, results from the Principal Component Analysis (PCA) showed that the first two 

components (F1 and F2) accounted for 72.22% of the total variance in the dataset, with F1 alone 

accounting for 46.74% and F2 accounting for 25.84% (Table 3). These components were used 

further to interpret the relationships between sampling sites and physico-chemical parameters. 

Table 5: Eigenvalues of Principal Components for the El Hammam Wetland Area. 

Principal Component Eigenvalue Variance (%) Cumulative (%) 

F1 7,4788 46,7423 46,7423 

F2 4,076 25,4752 72,2176 

F3 1,5952 9,9702 82,1877 

F4 1,1853 7,4079 89,5957 

F5 0,9191 5,7443 95,34 

F6 0,4697 2,9356 98,2756 

F7 0,2759 1,7244 100 



 

 

         The classification of surface water quality for irrigation use in the El Hammam wetland, 

based on the Water Quality Index (WQI), shows a gradient ranging from poor to low quality. 

Stations 2, 3, 4, 5, and 7 exhibit poor water quality, with WQI values ranging from 50.29 to 

74.26. Stations 6 and 8 fall under the lower category, with WQI values of 83.88 and 91.72, 

respectively. When applying the WQI for the protection of aquatic life, Station 4 (WQI = 59.79) 

and Station 5 (WQI = 64.47) are considered poor, Station 7 is very poor (WQI = 80.57). At the 

same time, Stations 1, 2, 6, 7, and 8 exceed the threshold of 100, making them unsuitable for 

aquatic life. In accordance with Algerian surface water standards for human consumption, 

Stations 2 through 6 are classified as poor, Station 8 as very poor, and the remaining stations 

are unsuitable for human consumption. These classifications depended on high levels of 

pollutants such as electrical conductivity (EC), total dissolved solids (TDS), bicarbonates 

(HCO₃⁻), biochemical oxygen demand (BOD₅), chemical oxygen demand (COD), 

orthophosphates (PO₄³⁻), nitrates (NO₃⁻), nitrites (NO₂⁻), and chlorides (Cl⁻). Regarding the 

Organic Pollution Index (IPO), the map analysis (Figure 29) shows that Stations 1, 2, 6, and 8 

have IPO values between 1.25 and 1.75, indicating very high organic pollution. Stations 3, 4, 

5, and 7 show IPO values ranging from 2.0 to 2.75, indicating high pollution. Although the 

upstream stations record the lowest IPO values in the dataset, they still exhibit elevated 

concentrations of key physicochemical indicators, particularly BOD₅, reflecting substantial 

input of biodegradable organic matter. 

4. Discussion 

4.1. Physico-Chemical Analysis of Wetland Water 

         The slight temperature differences observed between stations do not reflect any significant 

environmental variations but are primarily due to time lags in the sampling schedule. In general, 

water temperature is strongly influenced by local climatic conditions [43], particularly ambient 

air temperature (Figure 3). Several combined factors can explain the pronounced alkalinity of 

the waters. On the one hand, the photosynthetic activity of aquatic organisms, especially 

phytoplankton, can raise pH by consuming carbon dioxide [44]. On the other hand, the 

geological nature of the substrate, characterised by the dominance of limestone formations, 

naturally promotes alkaline conditions [45]. Additionally, anthropogenic inputs, such as 

domestic and urban wastewater discharges [46], can disrupt the acid–base balance of the aquatic 

environment (Figure 4). The elevated electrical conductivity indicates a high concentration of 

dissolved ions in the wetland waters [47]. This increased mineralisation all recorded EC values 



 

 

exceeded 1000 µS/cm, indicating a high level of mineralization. When compared with the WHO 

(2011) guideline where electrical conductivity values above approximately 2500 µS/cm are 

considered unpalatable the observed EC values in this study approach or exceed this threshold, 

confirming that the increased salinity results from the abundance of electrically conductive 

dissolved ions, particularly major cations and anions such as Na⁺, Ca²⁺, Mg²⁺, Cl⁻, SO₄²⁻, and 

HCO₃⁻, whose elevated concentrations enhance the overall ionic strength of the water. The 

accumulation of these ions increases electrical conductivity by facilitating charge transport 

within the solution [48]. The likely source of this ionic pollution is the discharge of domestic 

and industrial effluents, particularly in the upstream part of the site, where human activities are 

more concentrated. (Figure 5). 

 

Figure 3: Temperature variation 

in the El Hammam wetland 

 

Figure 4: Variation of water 

potential in the El Hammam 

wetland 

 



 

 

Figure 5: Variation of electrical 

conductivity in the El Hammam 

wetland 

 

 

 

 

 

   

       The elevated bicarbonate concentrations observed across all sampling stations (Figure 6) 

are primarily attributed to the region's geological context [49], notably the predominance of 

carbonate-rich formations such as limestone and dolomite [50]. These rocks, composed mainly 

of calcium- and magnesium-carbonates, react with infiltrating water to release bicarbonate ions, 

thereby contributing to the wetland's high alkalinity [51]. Additionally, anthropogenic 

influences, such as domestic and industrial wastewater discharges, solid waste accumulation, 

and microbial decomposition of organic matter, further enhance CO₂ production in the system. 

This dissolved CO₂ forms carbonic acid, which accelerates the chemical weathering of 

carbonate rocks and promotes the formation of additional bicarbonate [52]. Elevated chloride 

levels (Figure 7) are likely due to both natural processes, such as the dissolution of evaporitic 

rocks, and human activities, including wastewater disposal, irrigation return flows, and 

industrial effluents. The high ammonium concentrations (Figure 8) can be linked to the input 

of untreated sewage and organic waste, especially in areas with limited water circulation [53], 

where reducing conditions of ammonification. These conditions contribute to eutrophication 

risks by stimulating algal growth and reducing dissolved oxygen levels [54]. Although nitrate 

concentrations (Figure 9) remain below the WHO threshold, the higher values detected near 

station eight suggest agricultural runoff from fertilized fields and wastewater infiltration from 

nearby settlements. The presence of nitrites (Figure 10), even in small amounts, indicates 

transitional processes in the nitrogen cycle, such as partial nitrification or denitrification, which 

often occur in oxygen-poor zones. Finally, the presence of orthophosphates (Figure 11) is 



 

 

associated with domestic and industrial sources, particularly detergents and agricultural runoff 

[55]. Geological contributions from phosphate-bearing rocks may also enhance phosphate 

levels in the wetland, leading to nutrient enrichment and potential ecological imbalance [56]. 

        The elevated BOD₅ values observed (Figure 12), particularly upstream of the El Hammam 

wetland, indicate a significant accumulation of biodegradable organic matter, mainly due to 

untreated domestic and industrial wastewater discharges [57], as well as surface runoff from 

agricultural lands treated with organic fertilizers. These conditions lead to reduced dissolved 

oxygen concentrations, affecting aquatic life and reflecting substantial organic pollution. 

Similarly [58]. High COD levels (Figure 13) confirm the presence of both organic and inorganic 

oxidizable substances in the water [59]. This pollution results from combined anthropogenic 

pressures and local geology [60], especially the marl and clay formations, which enhance 

pollutant retention and mobility [61]. 

 

  

Figure 6: Variation of bicarbonates 

(HCO₃⁻) in the El Hammam wetland 

Figure 7: Variation of chlorides (Cl⁻) in the El 

Hammam wetland 



 

 

  

Figure 8: Variation of ammonium (NH₄⁺) in 

the El Hammam wetland 

Figure 9: Variation of nitrates (NO₃⁻) in the El 

Hammam wetland 

  

Figure 10: Variation of nitrites (NO₂⁻) in the 

El Hammam wetland 

Figure 11: Variation of orthophosphates 

(PO₄³⁻) in the El Hammam wetland 

 

 

 

 

 

 

      



 

 

  

Figure12: Variation of BOD₅ in the El 

Hammam wetland 

Figure13: Variation of COD in the El 

Hammam wetland 

4.2. Biological analyses 

        Biological analyses indicate that total viable bacteria (revivable germs) or mesophilic 

aerobic flora were extremely high in all water samples collected from the El Hammam wetland, 

as evidenced by the presence of confluent bacterial colonies on culture media. These elevated 

levels suggest significant microbial contamination [62], most likely resulting from untreated 

domestic or industrial wastewater discharge  [63], confirming that the waters of the study area 

are heavily loaded with potentially pathogenic microorganisms. Moreover, total coliforms and 

thermotolerant (faecal) coliforms were detected in considerable quantities (Figure 14). 

Coliform bacteria are commonly used as indicators of sanitary water quality [64], while total 

coliforms can be found naturally in soil and vegetation, the presence of faecal streptococci, 

especially Escherichia coli (Figure 16). The most well-known species clearly indicates faecal 

contamination, as these bacteria are found explicitly in the intestinal tracts of warm-blooded 

animals [65]. According to the World Health Organisation (WHO 11), no faecal coliforms 

should be detectable in 100 mL of drinking water. Therefore, the presence of these bacteria in 

surface waters implies a serious risk of microbiological pollution (Figure 15). Rendering the 

water unsafe for direct human use without appropriate treatment.  



 

 

 

 Figure 14: Variation of total coliforms in the waters of the El Hammam wetland. 

 

 

Figure 15: Variation of fecal coliforms in the waters of the El Hammam wetland. 



 

 

 

Figure16: Variation of fecal streptococci in the waters of the El Hammam wetland 

4.3. Water Quality Status 

         The classification of water quality for irrigation use in the El Hammam wetland indicates 

a range from poor quality (Table 6) in Stations 2, 3, 4, 5, and 7 where the Water Quality Index 

(WQI) values range between 50.29, 53.50, 56.20, and 74.26 to lower quality in Stations 6 and 

8, with WQI values of 83.88 and 91.72, respectively. According to the guidelines for the 

protection of aquatic life, the WQI results indicate poor water quality at Stations 4 (WQI = 

59.79) and 5 (WQI = 64.47), very low quality at Station 7 (WQI = 80.57), and unsuitable water 

(WQI > 100) at Stations 1, 2, 6, 7, and 8. When evaluated against the Algerian standards for 

surface water intended for human consumption, the water in Stations 2, 3, 4, 5, and 6 is 

classified as poor, while Station 8 falls under very poor, and the remaining stations are deemed 

unsuitable for human use. These elevated WQI values are primarily linked to high 

concentrations of key pollutants such as electrical conductivity (EC), (TDS), (HCO₃⁻), (BOD₅), 

(COD), (PO₄³⁻), (NO₃⁻), (NO₂⁻), and (Cl⁻) (Table 3). Overall, the results point to a significant 

pollution load, particularly in the upstream portion of the wetland. This degradation is largely 

attributed to untreated domestic and industrial wastewater discharges [66]. The city of Medjana 

and its industrial zone have improper solid waste disposal, and intensive agricultural activities 

along the margins of the wetland. Consequently, the ongoing pollution of surface waters in the 

El Hammam wetland due to human activities poses a serious threat to water quality [67]. 

 



 

 

        The assessment of groundwater quality for irrigation, based on the Irrigation Water Quality 

Index (IWQI), shows values ranging from 50.29 to 91.72, indicating generally poor to very 

poor water quality (Table 4). The classification results reveal that 50% of the samples (Stations 

1, 3, 6, and 8) fall into the “very poor” category, reflecting high to severe restrictions and 

suitability limited to salt-tolerant crops. The remaining 50% (Stations 2, 4, 5, and 7) are 

classified as “poor”, corresponding to low to moderate restrictions and requiring appropriate 

management practices to mitigate soil salinization risks [68]. No sample exhibited good or 

acceptable quality for irrigation, highlighting the vulnerability of groundwater resources in the 

studied plain to salinity and elevated mineralization. 

Table 6: WQI and Its Categorization in Surface Waters of the El Hammam Wetland for 

Irrigation, Aquatic Life, and Surface Water Uses. 

Stations 
WQI 

Irrigation 

Water 

Quality 

Class 

WQI 

Aquatic 

Life 

Water 

Quality 

Class 

WQI 

Surface 

Waters 

Water 

Quality 

Class 

Station 1 83.10 Very poor 301.89 Unsuitable 399.89 Unsuitable 

Station 2 62.37 Poor 409.65 Unsuitable 54.89 Poor 

Station 3 74.26 Poor 80.57 Very poor 65.74 Poor 

Station 4 53.50 Poor 59.79 Very poor 53.48 Poor 

Station 5 56.20 Poor 64.47 Poor 52.06 Poor 

Station 6 83.88 Very poor 614.73 Unsuitable 54.33 Poor 

Station 7 50.29 Poor 421.74 Unsuitable 152.18 Unsuitable 

Station 8 91.72 Very poor 705.43 Unsuitable 63.38 Very poor 

4.4. Pearson Correlation Matrix.  

        The Pearson correlation matrix of the parameters measured during our study (Table 5) 

reveals several significant relationships. Temperature showed a strong positive correlation with 

turbidity (r = 0.813, p < 0.05), suggesting that more turbid water absorbs heat more efficiently 

due to increased suspended particles that retain thermal energy [69]. Conversely, pH exhibited 

a negative correlation with electrical conductivity (EC) (r = –0.751, p < 0.05) and salinity (r = 

–0.786, p < 0.05), indicating that an increased concentration of inorganic substances in water 

tends to lower its pH levels, possibly due to acidifying processes [70]. Electrical conductivity 

demonstrated significant positive correlations with salinity (r = 0.757, p < 0.05), total dissolved 



 

 

solids (TDS) (r = 0.931, p < 0.01), nitrates (r = 0.775, p < 0.05), ammonium (NH₄⁺) (r = 0.842, 

p < 0.01), orthophosphates (PO₄³⁻) (r = 0.751, p < 0.05), and biochemical oxygen demand 

(BOD₅) (r = 0.708, p < 0.05). These correlations underline the association of EC with nutrient 

loads and ion concentrations, reflecting both natural geochemical interactions and 

anthropogenic pollution inputs [71]. Furthermore, TDS was positively correlated with nitrates 

(r = 0.741, p < 0.05) and ammonium (r = 0.747, p < 0.05), reinforcing the role of dissolved 

nutrient-rich contaminants in increasing water mineral content [72]. Salinity also showed a 

significant positive correlation with orthophosphates (r = 0.726, p < 0.05), highlighting the 

influence of anthropogenic inputs, such as fertilisers and wastewater discharge, on the elevated 

levels of inorganic dissolved solids in the aquatic system [73].  

Table 7: Pearson Correlation between the Different Physicochemical Parameters of Water 

 Parameters T pH EC TDS Salinity NO₃⁻ NO₂⁻ NH₄⁺ PO₄³⁻ Turbidity Cl⁻ TSS HCO₃⁻ TH BOD₅ 
COD 

T 1                              

pH 0.253 1                            

EC 0.445 
-
0.751* 

1                         
 

TDS 0.412 -0.601 0.931** 1                       
 

Salinity 0.428 
-

0.786* 
-0.757* 0.622 1                     

 

NO₃⁻ 0.605 -0.602 0.775* 0.741* 0.511 1                    

NO₂⁻ 0.244 -0.652 0.49 0.726* 0.586 0.674 1                  

NH₄⁺ 0.601 0.051 
-

0.842** 
0.473 0.727* 0.743* 0.399 1               

 

PO₄³⁻ 0.473 0.576* 0.751* 0.687* 0.726* 0.764* 0.497 0.687 1              

Turbidity 0.813* 0.392 0.416 0.109 0.1 0.52 0.09 0.09 0.09 1            

Cl⁻ -0.194 0.019 -0.067 0.184 0.012 0.009 
-
0.348 

-0.48 
-
0.532 

1  1         
 

TSS 0.015 -0.297 0.179 0.639* 0.845** 0.346 0.349 0.078 
-

0.104 
0.011 0.489 1       

 

HCO₃⁻ 0.331 -0.011 -0.132 -0.252 0.158 0.402 0.589 0.048 
-

0.375 
0.199 0.333 0.315 1     

 

TH 0.486 0.045 0.185 0.152 0.833* 0.469 0.354 0.342 0.199 0.145 0.333 0.315 0.850* 1   
 

BOD₅ 0.856 -0.452 0.604 0.926** 0.511 0.625 0.429 0.539 
-
0.577 

0.489 0.315 0.830* 0.885** 0.887** 1 
 

COD 0.391 -0.151 0.534 0.604 0.434 0.792* 0.234 0.795* 0.448 0.456 0.309 0.530 0.833* 0.915* 0.950** 
1 

 

 

 

 



 

 

4.5. Analyse factorielle 

         In the factorial plane defined by the first two principal components, F1 and F2 (Figure 

17.18), axis F1 mainly groups the variables NO₃⁻, NO₂⁻, EC, BOD₅, TDS, COD, turbidity, TSS, 

salinity, PO₄³⁻ and TH, which are strongly and positively correlated. These parameters are 

characteristic of stations S1, S2, S6 and S8, located upstream of the study area. This clustering 

reflects significant organic and mineral pollution [74], associated with untreated domestic and 

industrial discharges [75]. These waters are enriched in biodegradable organic matter, 

suspended solids, and oxidised nitrogen species (NO₃⁻ and NO₂⁻), indicating an increased risk 

of eutrophication in the receiving environment (Axis F2) for its part, is defined by a positive 

correlation with temperature and a negative correlation with bicarbonates (HCO₃⁻). This 

opposition suggests a differentiation between stations influenced by thermal conditions 

potentially linked to greater exposure to solar radiation or thermal discharges and others 

characterised by more pronounced carbonate mineralization [76]. Moreover, stations S3, S4, 

S5, and S7 are located at opposite ends of the factorial plane. They are characterised by lower 

concentrations of the variables above, indicating relatively better water quality and less 

exposure to organic and inorganic pollution [77]. These stations correspond to areas that are 

better protected or less exposed to direct anthropogenic inputs. 

 

Figure 17: Répartition des stations dans le plan factoriel F1 × F2. 



 

 

 

Figure 18: Cercle de corrélation des différentes variables selon le plan F1 × F2. 

4.5. Organic Pollution Index (IPO) 

          As part of the assessment of surface water quality, the Organic Pollution Index (IPO) 

serves as an essential indicator. The analysis of the IPO map (Figure 29) helps evaluate the 

degree of surface water degradation in the El Hammam wetland. According to the IPO 

classification (Table 6), stations S1, S2, S6, and S8 show IPO values between 1.25 and 1.75, 

indicating very high organic pollution. The other stations (S3, S4, S5, and S7) have IPO values 

ranging from 2.0 to 2.75, which corresponds to high organic pollution [78].  The upstream 

stations of the lake record the lowest IPO values but still show high concentrations of 

physicochemical parameters, particularly BOD₅, reflecting a high load of biodegradable organic 

matter [79]. This pollution is attributed to untreated domestic and industrial discharges, solid 

waste, and the leaching of nitrogen-rich agricultural soils fertilised with nitrogen fertilisers [80], 

especially from manure use. This degrades water quality and affects the ecological balance of 

the wetland ecosystem. 

 

 



 

 

Table 6: Variation of the Organic Pollution Index (OPI) in the El Hammam wetland. 

Stations OPI Classes Level of Organic Pollution 

S1 1.75 Very high organic pollution 

S2 1.75 Very high organic pollution 

S3 2.25 High organic pollution 

S4 2.75 High organic pollution 

S5 2.50 High organic pollution 

S6 1.75 Very high organic pollution 

S7 2.00 High organic pollution 

S8 1.25 Very high organic pollution 

 

 

Figure 19:  Spatial Variation of the IPO in the El Hammam Wetland 

 

 

 



 

 

5. Conclusion 

        The main objective of this study was to characterize the physicochemical and 

bacteriological parameters of surface waters in the El Hammam wetland to assess its ecological 

status and propose appropriate measures for its preservation. Spatial analysis of the collected 

data revealed heterogeneous pollution levels across the various sampling stations. The presence 

of significant concentrations of chemical pollutants such as nitrates, nitrites, orthophosphates, 

biochemical oxygen demand (BOD₅), and chemical oxygen demand (COD), as well as 

microbiological contaminants, notably faecal indicator organisms, reflects increasing 

anthropogenic pressure. These pressures are mainly due to untreated domestic and industrial 

wastewater discharges and diffuse agricultural runoff. 

         To gain a more integrated understanding of the water quality, composite indices such as 

the Water Quality Index (WQI) and the Organic Pollution Index (OPI) were applied. The WQI 

values indicated that water quality ranged from poor to very poor at many stations and, in some 

cases, was unsuitable for essential uses such as irrigation, supporting aquatic life, or potential 

human consumption, according to international water quality standards. Meanwhile, the OPI 

results confirmed high to very high levels of organic pollution, indicating a substantial load of 

biodegradable organic matter in the aquatic system. 

          The Pearson correlation analysis confirmed strong interrelationships among key 

physicochemical parameters, particularly between electrical conductivity, salinity, total 

dissolved solids (TDS), and nutrients (NO₃⁻, NH₄⁺, PO₄³⁻). These associations highlight the 

combined influence of mineralization processes and anthropogenic discharges on water quality 

degradation. This finding reinforces the interpretation that both organic and inorganic 

pollutants, mainly from agricultural runoff, domestic effluents, and industrial waste, contribute 

significantly to the observed ecological imbalance in the El-Hammam wetland. 

          These results collectively demonstrate the urgent need to implement effective, science-

based environmental management measures. In this context, several recommendations are 

proposed: the construction of a wastewater treatment plant using lagoon-based systems for 

nearby urban areas; improved regulation and monitoring of industrial effluent discharges; 

awareness campaigns directed at farmers and local communities to emphasize the ecological 

and hydrological importance of wetlands; regular monitoring of physical, chemical, and 



 

 

biological water quality parameters; and the official registration of the El Hammam wetland on 

the Ramsar List to benefit from international recognition and conservation support. 

          The protection of this wetland is essential not only for the conservation of regional 

biodiversity but also for the long-term sustainability of water resources and overall ecological 

health in the region. The findings of this research provide a scientific foundation for local 

authorities and decision-makers to develop sustainable management strategies to mitigate 

pollution and preserve the ecological integrity of the El Hammam ecosystem. 

Future research on the El Hammam wetland should aim to strengthen the understanding of the 

hydro-ecological processes and the long-term evolution of water quality in this semi-arid 

system. A first priority is the implementation of a multi-seasonal and multi-year monitoring 

programme to capture temporal variability more accurately, as the current assessment is limited 

to a single sampling period. Additional attention should be given to emerging contaminants 

such as pharmaceuticals, microplastics, and persistent organic pollutants which are increasingly 

reported in Mediterranean wetlands and may pose significant ecotoxicological risks that were 

not evaluated in the present study. 

          From a methodological standpoint, the integration of advanced modelling tools including 

machine-learning-based predictive models, multivariate source-apportionment techniques, and 

risk-based decision support systems would provide a more robust framework for forecasting 

water quality trends and identifying dominant pollution drivers. Further laboratory 

experimentation and controlled-environment tests would also help validate the indices used 

(WQI, OPI, PCA-derived factors) by quantifying their accuracy and reliability under varying 

hydrochemical conditions. 

       At the ecosystem scale, future studies should explore the response of biological 

communities phytoplankton, macroinvertebrates, and wetland vegetation to the 

physicochemical pressures identified here, thereby linking chemical degradation to ecological 

impacts. Finally, the development of scenario-based analyses addressing climate change, land-

use dynamics, and wastewater-management strategies would be essential for supporting 

evidence-based policy decisions and long-term conservation planning for the El Hammam 

wetland. 
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