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Abstract:  
 

Sebkhet El Mellah, located in the El Meniaa region in central Algeria, is an endorheic 

Saharan wetland designated as a Ramsar site (site no. 1429) since 12 December 2004 and 

covering 18947 ha. Despite its ecological importance, the lake system is exposed to 

increasing anthropogenic pressures in an arid environment where short-lived runoff 

events can rapidly transfer pollutants into closed basins. This study develops a GIS-based 

surface-water pollution vulnerability map for Sebkhet El Mellah by integrating a 

geostatistical method. 35 samples were prospected for in-situ measurements (pH, 

electrical conductivity (EC), total dissolved solids (TDS), and dissolved oxygen (DO)) 

utilizing the portable instruments. Turbidity was measured with a formazin-calibrated 

turbidimeter and reported as nephelometric turbidity units (NTU). Dissolved inorganic 

characteristics (nitrate (NO₃⁻), ammonium (NH₄⁺), and orthophosphate (PO₄³⁻)) were 

quantified by standard UV–Vis colorimetric methods. The results obtained showed that 

Electrical conductivity (EC) and total dissolved solids (TDS) have a substantial positive 

connection (R= 0.99, p< 0.001). Turbidity demonstrates a notable positive connection 

with PO₄³⁻ (R= 0.55, p< 0.01). NH₄⁺ exhibited a significant correlation with DO (R= 

0.72, p< 0.001), but with marginally reduced contributions from Dim1.  Turbidity 

exhibits negative correlations with dissolved oxygen (DO) (R = -0.59, p< 0.01) and 

nitrate (NO₃⁻) (R = -0.45, p< 0.05). The analytical method used in this study serves as an 

effective tool for pinpointing sensitive regions and facilitating the sustainable 

management of wetland ecosystems in arid areas. 

 

1. Introduction 
 

Wetlands provide essential ecosystem services, 

including water storage, groundwater recharge or 

discharge regulation, nutrient retention, carbon 

cycling, biodiversity support, and climate 

moderation [1]. These functions are especially vital 

in arid and hyper-arid environments, where wetland 

systems may serve as scarce and spatially 

constrained refuges for aquatic and semi-aquatic 

species, as well as for human activities reliant on 

oasis landscapes [2,3]. However, arid-zone wetlands 

are often highly vulnerable to environmental 

degradation because their hydrology relies on 

http://www.ijcesen.com/
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sporadic rainfall and transient runoff events [4]. 

Additionally, elevated evaporation rates and 

restricted dilution capacity can enhance the 

persistence and concentration of dissolved 

constituents. In endorheic basins, where water and 

solutes accumulate instead of being exported 

downstream, the sensitivity to pollution inputs may 

be heightened [5-7].Sebkhet El Mellah, located in 

the El Menia (El-Menea) region of central Algeria, 

is a Saharan salt-lake system characterized by 

episodic surface inflows and strong salinity 

gradients [8]. Like many salt-lake wetlands, its 

ecological functioning is controlled by the balance 

between occasional inflows through wadis or local 

drainage pathways and intense evaporative losses. 

The site is important for the conservation of 

Mediterranean and Central Saharan biodiversity due 

to its habitat diversity, notably tamarisk populations 

and dunes that host a range of species: reptiles, 

amphibians, algae, phanerogams, fish, crustaceans, 

birds, and small mammals. The region's high 

productivity, favored by high temperatures and, 

consequently, a high decomposition rate, makes it a 

nesting and breeding site for several species of 

waterfowl, including more than 1% of the 

biogeographic populations of the ruddy shelduck 

(Tadorna ferruginea) and the ferruginous duck 

(Aythya nyroca). More than 110 avifauna species, 

belonging to 30 families with very different 

ecological requirements, have been recorded [9]. 

Ancient burials are found in the region, while the 

cliffs harbor marine paleontological remains. 

Human pressures in Saharan towns and oasis 

environments may exacerbate risks to adjacent 

wetlands. The expansion of settlements, agricultural 

intensification through the use of fertilizers, 

pesticides, and irrigation return flows, unregulated 

solid waste disposal, and inadequately treated or 

untreated wastewater contribute to various pollution 

pathways. The intersection of these pressures with 

hydrological connectivity, especially in drainage 

channels, wadis, and low-slope convergent terrain, 

can lead to spatial concentration of surface-water 

pollution risks [10, 11].Vulnerability mapping offers 

an effective, practical way to pinpoint areas where 

surface-water pollution is likely to affect a wetland, 

particularly when monitoring data is scarce. In this 

context, vulnerability is defined as a synthesis of 

pollution pressure, which includes the presence and 

intensity of sources, and environmental 

susceptibility, characterized by factors such as 

terrain, land cover, and hydrological connectivity 

that influence transport and accumulation [12].This 

study develops a GIS-based surface-water pollution 

vulnerability map for Sebkhet El Mellah by 

integrating physicochemical and pollution 

parameters. The resulting vulnerability classes are 

evaluated using targeted field measurements of 

physicochemical water-quality indicators at 

representative sites and hydrological conditions. The 

objectives are to highlight the current state of the 

physicochemical quality of Sebkhet El Mellah's 

waters and to map their spatial variability. The 

outputs aim to guide efficient monitoring design and 

support locally relevant catchment and wetland 

protection actions. 

 

2. Material and methods 

 
2.1 Water sampling design 

 
Sampling was conducted using a random design 

during a dry period in 2023 to capture the pulse-

driven dynamics typical of arid endorheic systems. 

Surface-water samples were collected from Sebkhet 

El Mellah at 35 points, with 3 replicates per 

sampling point. Site coordinates were documented 

using a handheld GPS in the UTM WGS 84 

projection system (Figure 1). Water was collected 

from 10–20 cm below the surface into pre-cleaned 

polyethylene bottles. Samples intended for dissolved 

nutrient determinations (nitrate, nitrite, and 

orthophosphate) were filtered through 0.45 µm 

membrane filters to obtain the dissolved fraction and 

reduce interferences from suspended solids. All 

samples were stored in the dark in an insulated 

cooler and transported to the laboratory under 

refrigerated conditions (4 °C). 

 
2.2 In situ measurements 

 
Physicochemical parameters were assessed in situ 

utilizing portable meters. The pH was measured with 

a calibrated pH electrode, using a two-point 

calibration with standard buffers suitable for the 

anticipated pH range [13]. Electrical conductivity 

(EC) was assessed with temperature compensation 

activated and calibrated utilizing conductivity 

standards. Total dissolved solids (TDS) were 

calculated using electrical conductivity (EC) 

utilizing the meter's conversion factor, while water 

temperature was recorded concurrently [14]. 

Dissolved oxygen (DO) was measured in situ with a 

portable DO meter, calibrated to air saturation 

according to the manufacturer's instructions; 

measurements were documented after stabilization, 

employing moderate probe movement to prevent 

boundary-layer effects [15]. 

 

2.3 Laboratory analysis of pollution indicators 

 

Turbidity was determined using a turbidimeter 

calibrated with formazin standards and reported in 
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nephelometric turbidity units (NTU). Samples were 

gently inverted to homogenize without introducing 

bubbles, transferred to clean cuvettes, and measured 

after visual inspection for bubbles and removal of 

external droplets. When turbidity exceeded the 

instrument’s linear range, appropriate dilutions were 

performed, and the dilution factor was applied [16]. 

The dissolved inorganic parameters were evaluated 

using standard colorimetric methods and a UV-Vis 

spectrophotometer. A validated reduction-based 

colorimetric process was used to measure nitrate 

(NO₃⁻), ammonium (NH4
+) was determined using 

the phenate (indophenol blue/Berthelot) reaction,

Figure 1. Map of study area (Sebkhet El Mellah) surface-water sampling 

 

following an established standard protocol, and 

orthophosphate (PO₄³⁻) using the molybdenum blue 

(ascorbic acid) method following color development 

[17]. 

 

2.4 Statistical and geostatistical analyses 

 

Variability maps were produced through auto-

kriging settings in R 4.5.1, employing an automated 

function (autoKrige) to determine optimal 

variogram parameters and perform kriging 

interpolation. After selecting the optimal model, the 

software performs kriging interpolation to estimate 

values at unmeasured locations, and the resulting 

estimates are used to generate thematic maps in 

QGIS 3.34.9. Thus, a Principal Component Analysis 

(PCA-biplot) and a multiple correlation matrix were 

generated according to the Pearson method using the 

corrplot function to identify the most significant 

associations. 

 

3. Results and Discussions 

 
3.1 Physicochemical characteristics of surface-

water 

 

Figure 2 presents box-and-whisker plots 

summarizing the distribution of the physicochemical 

water quality parameters. The pH values show an 

even tighter distribution, with minimal dispersion 

around 6.51 ± 0.64 [-], reflecting stable acid–base 

conditions. The stability of pH, in particular, implies 

well-buffered conditions, which may reflect 

consistent geochemical controls or limited external 

inputs affecting acidity or alkalinity. EC and TDS 

exhibit relatively fickle ionic composition and 

dissolved load, suggesting greater fluctuations in 

salinity or mineral inputs, with values of 3.36 ± 2.21 

[mS/cm] and 1.85 ± 1.31 [mg/L], respectively. In 

contrast, turbidity shows a substantially wider 

interquartile range and extended whiskers (25.55 ± 

21.73 [NTU]), indicating pronounced variability 

among samples. 

 

3.2 Pollution indicators 

 

DO concentrations exhibit important variability, 

with values distributed around 1.26 ± 1.4 [mg/L]. 

NO₃⁻ concentrations are comparatively low and 

narrowly distributed, with a small interquartile range 

and limited spread (0.44 ± 0.44 [mg/L]). PO₄³⁻ 
values show significant variability, with a 

distribution broader than 0.66 ± 0.49 [mg/L]. NH₄⁺ 
shows the lowest spread among the parameters, 

characterized by a narrow interquartile range and a 

short upper whisker (0.21 ± 0.06 [mg/L]) (Figure 3). 

 
Figure 2. Variation of physicochemical properties of 

surface-water 
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Figure 3. Variation of pollution indicators of surface-

water 
 

3.3 Spatial distribution 

 

The pH map indicates values between 5.81 and 7.01, 

with minimal variability (CV = 9.83%). Lower pH 

values are predominantly found in the middle and 

northern areas of the study wetland, whereas higher 

pH values are observed in the southern region. EC 

exhibits significant variability (CV =65.77%), with 

spatial values ranging from 1.62 [mS/cm] to 5.33 

[mS/cm]. Elevated EC zones are prominent in the 

northern and southern extremes, while lower values 

predominate in the core region. A comparable 

regional distribution of TDS is observed, ranging 

from 0.84 mg/L to 2.87 mg/L, with elevated 

concentrations in the southern region and somewhat 

lower values in the central zone (CV = 70.81%). 

Turbidity shows the greatest spatial variability 

among the metrics, with values ranging from 1.42 

[NTU] to 89.84 [NTU]. Localized hotspots of 

elevated turbidity are evident, especially in the 

southern and northeastern areas, although reduced 

turbidity values are more prevalent throughout the 

center region (Table 1). 

DO concentrations range from 1.01 [mg/L] to 34.98 

[mg/L], showing a clear spatial gradient with lower 

DO values concentrated in the northern sector and 

progressively higher concentrations toward the 

southern region (CV = 82.54%). NO₃⁻ varies 

between 0.04 [mg/L] and 2.10 [mg/L] and exhibits 

distinct localized hotspots, particularly in the central 

and western parts of the study area, while lower 

concentrations dominate the southern sector. PO₄³⁻ 
ranges from 0.01 [mg/L] to 1.90 [mg/L] and displays 

pronounced spatial heterogeneity (CV=74.24%), 

with elevated values observed mainly in the southern 

and central zones. However, NH₄⁺ concentrations 

oscillate between 0.15 [mg/L] and 0.44 [mg/L], 

characterized by localized enrichment zones in the 

central portion of the study area, while lower 

concentrations are more widely distributed 

elsewhere (Table 2) (Figure 4).  

 

3.4 Multivariate analysis 

 

Principal Component Analysis (PCA-biplot) was 

applied to explore relationships among 

physicochemical and pollution indicators and to 

identify the dominant factors controlling water 

quality variability. The first principal component 

(Dim1) explains 31.9% of the total variance, while 

the second principal component (Dim2) accounts for 

22.4%, together explaining 54.3% of the overall data 

variability (Figure 5). EC and TDS show significant 

positive correlation (R= 0.99, p< 0.001). Turbidity 

exhibits a significant positive correlation with PO₄³⁻ 
(R= 0.55, p< 0.01). NH₄⁺ was also positively 

associated with DO (R= 0.72, p< 0.001), though with 

slightly lower contributions from Dim1.  In contrast, 

turbidity shows negative associations with DO (R = 

-0.59, p< 0.01) and NO₃⁻ (R = -0.45, p< 0.05) 

(Figure 6). 

 

 
Table 1. Fitted variogram models and variation 

properties. 

Parameter Model Nugget Sill Range 

pH [-] Exponential 0.46 0.87 4693 

EC [mS/cm] Exponential 4.6 4.7 3032 

Turbidity 

[NTU] 

Spherical 424 513 349 

TDS [mg/L] Spherical 1.6 1.6 3360 

DO [mg/L] Gaussian 0 1.2 332 

NO₃⁻ 
[mg/L] 

Gaussian 0 0.2 382 

NH4
+ 

[mg/L] 

Gaussian 0 0 406 

PO₄³⁻ 
[mg/L] 

Gaussian 0.31 0.31 724 

 
Table 2. Statistical data of physicochemical properties 

and pollution indicators. 

Parameter Mean SD CV (%) 

pH [-] 6.51 0.64 9.83 

EC 

[mS/cm] 

3.36 2.21 65.77 

Turbidity 

[NTU] 

25.55 21.73 85.05 

TDS 

[mg/L] 

1.85 1.31 70.81 

DO [mg/L] 1.26 1.04 82.54 

NO₃⁻ 
[mg/L] 

0.44 0.44 100 

NH4
+ 

[mg/L] 

0.21 0.06 28.57 

PO₄³⁻ 
[mg/L] 

0.66 0.49 74.24 

 

 



Meriem Oulad Heddar, Mohamed Kraimat, Cherifa Djaaroune, Om Keltoum Oulad Hadj Youcef, Samia Bissati/ IJCESEN 11-4(2025)9933-9940 

 

9937 

 

 

Figure 4. Spatial variability of physicochemical properties and pollution indicators of surface-water 
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Figure 5. PCA-biplot illustrating the contributions of 

variables 

 
Figure 6. Corrplot illustrating the correlations between 

surface-water  variables 

 

4. Conclusions 

 
The present study evaluated the vulnerability of 

surface waters in Sebkhet El Mellah (El-Meniaa, 

Algeria) to pollution using an integrated approach 

combining physicochemical and nutrient analyses, 

spatial interpolation, and multivariate statistical 

methods. The results reveal marked spatial 

heterogeneity in water quality, reflecting the 

combined influence of mineralization processes, 

hydrological conditions, and localized pollution 

inputs. Physicochemical parameters such as 

electrical conductivity, total dissolved solids, and pH 

exhibit clear spatial gradients, indicating variable 

mineralization and evaporative concentration across 

the wetland. In contrast, pollution indicators, 

including turbidity, ammonium, nitrate, and 

phosphate, display localized hotspots, suggesting 

point-scale enrichment and dynamic biogeochemical 

processes. Multivariate analyses highlight two 

dominant controlling factors: (i) mineralization and 

particulate enrichment, represented by strong 

associations among EC, TDS, turbidity, and 

orthophosphate; and (ii) oxygen–nutrient dynamics, 

reflected by the relationships between dissolved 

oxygen and nitrogen species. The negative 

correlation between dissolved oxygen and turbidity, 

together with the spatial decoupling of ammonium 

and nitrate, suggests non-equilibrium nitrogen 

cycling under variable redox conditions. Future 

research should focus on long-term monitoring, 

integrating land-use and hydrological data, and 

assessing ecological responses to changes in water 

quality. The methodological framework applied in 

this work provides a useful tool for identifying 

vulnerable areas and supporting sustainable 

management of wetland ecosystems in arid 

environments. 
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