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ARTICLE INFO ABSTRACT
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West Africa Study focus: Water quality degradation from agriculture threatens freshwater lakes worldwide.
Freshwater This study investigated the spatiotemporal hydrochemical dynamics of Lake Guiers, which sup-

Water quality
Hydrochemistry
Anthropogenic activities

plies 50 % of Dakar’s drinking water, and examined natural and anthropogenic drivers of water
mineralization. The approach combined multivariate statistics, hydrogeochemical analysis (Piper,
Gibbs), and Water Quality Index (WQI) assessments of samples collected over five seasonal
campaigns (2022-2023) as well as hydroclimatic analysis. Seasonal variations and spatial gra-
dients of 22 parameters (physicochemical, major ions, biological, heavy metals) were explored to
inform effective freshwater management strategies.

New hydrological insights for the region: Multidisciplinary approach highlights impact of intensified
agriculture and inflows on spatiotemporal variations in water quality. WQI values categorized
67-87 % of samples as poor water quality, with conditions worsening during the rainy season.
Several parameters including heavy metals, cyanobacteria, chlorophyll-a and turbidity exceeded
WHO standards. Temporal variations were influenced by evaporation during the dry season,
agricultural discharge, and the combination of runoff and inflow waters during the rainy season.
Sediment loaded inflow from the Taouey canal notably leads to greater turbidity and suspended
particulate matter in the north of the lake, while runoff and associated mobility of nutrients
favour cyanobacteria proliferation during the rainy season. Targeted interventions to reduce
pollution sources and continuous monitoring of transitory drainage and runoff in selected hot-
spots are required to preserve this vital semi-arid freshwater lake.

1. Introduction

Freshwater bodies, especially in semi-arid regions, are crucial to support the multiple water needs of agriculture, industry, domestic
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water supply, and ecosystems (Nayek et al., 2017). Unfortunately, many lakes are experiencing pollution through anthropogenic
activities in their vicinity, resulting in deteriorating water quality. Polluted water not only threatens human health but also disrupts
aquatic ecosystems (Wang et al., 2014; Ouma et al., 2022; Onu et al., 2023; Moto et al., 2024). Anthropogenic activities affecting water
quality include agriculture (Ekholm and Mitikka, 2006; Holopainen and Lehikoinen, 2022), livestock management (Li et al., 2022),
waste production and disposal (Wang et al., 2014; Bhat et al., 2022; Bangani et al., 2023), and increased sediment runoff or soil erosion
due to land use changes (Sani et al., 2024). Furthermore, the construction of dams and limited discharge at outlet dikes may also
influence the dynamics of aquatic systems by altering natural flow, heat regimes, sediment transport, and nutrient dynamics (Fantong
et al., 2015; Zhang et al., 2022). Natural factors, including variations in climatic parameters such as evaporation, precipitation, and
temperature, may also influence lake water quality (Magesh et al., 2013; Woolway et al., 2020), especially in semi-arid regions.
Considering the decline in water quality and the scarcity of water resources in semi-arid areas, regular and continuous monitoring of
water quality is urgently required to implement protection and preservation measures (Downing et al., 2001; Ayele and Atlabachew,
2021; Danaher et al., 2022).

Physicochemical characteristics such as pH, dissolved oxygen, temperature, turbidity, color, and odor (Guenouche et al., 2024),
biological parameters like chlorophyll-a and cyanobacteria (Sgndergaard et al., 2011), and heavy metals constitute key factors in
determining water quality levels, as noted by several researchers (Kazi et al., 2009; Githaiga et al., 2021; Guenouche et al., 2024).
These parameters are mostly interrelated and understanding them is critical for effectively managing and improving overall water
resource quality (Moeinzadeh et al., 2024).

Water quality assessment involves various appropriate methods to measure specific parameters and contaminants present in water
(Moeinzadeh et al., 2024). In Asia, lakes in Panchkula (India) face challenges from agricultural runoff and severe soil erosion. To
address these issues, methods like Pearson’s correlation coefficient analysis, Principal Component Analysis (PCA), and Hierarchical
Cluster Analysis (HCA) have been applied to identify pollution sources and characterize water quality (Vasistha and Ganguly, 2024).
Dal Lake (India) and Lake Chagan (China) have experienced water quality degradation due to economic growth and urbanization,
resulting in increased industrial effluents, domestic discharges, and agricultural runoff (Liu et al., 2019; Saleem et al., 2015).
Hydrochemical investigations are primarily tools for detecting degradation trends and informing sustainable water management
practices. Similarly, Lake Daihai, in a semi-arid basin (Northern China), has experienced a reduction in surface area and biodiversity,
alongside water quality degradation caused by excessive fertilizer and pesticide use, as well as improper domestic wastewater
discharge (Ren et al., 2022).

Furthermore, Water Quality Indices (WQIs) are widely employed across various regions to assess and inform on water quality based
on specific parameters (Chidiac et al., 2023; Gonzalez et al., 2024; Guenouche et al., 2024; Sishu et al., 2024). In Ethiopia, Lake Tana,
the country’s largest freshwater reservoir, is impacted by leaching runoff from agricultural lands, urban discharges from 17 water-
sheds, and sedimentation from cultivated fields (Sishu et al., 2024). WQI was employed to evaluate pollution levels, complemented by
geospatial analysis, hierarchical classification, and PCA to identify probable pollutant sources.

The current study focuses on Lake Guiers, which constitutes the primary freshwater reserve in Senegal. Located on the left bank of
the Senegal River, it provides important ecosystem services to thousands of inhabitants and supports crucial livelihoods such as fishing,
irrigation, livestock, and ecotourism. Additionally, since the early 1970s, the lake has served as the main source (50 %) of drinking
water for the capital city (Dakar) through a piped transfer system (Kamara et al., 2021). During the last few decades, available studies
on this hydraulic system’s water quality (Cogels et al., 1997, 2001) have highlighted profound changes in the chemical composition
and dynamic changes of the water in the lake basin, inferred by the construction of the Diama (downstream) and Manantali (upstream)
dams. In addition, the region has experienced substantial agricultural growth driven by increased interest in its freshwater and fertile
land (Bruckmann et al., 2025, Ogilvie et al., 2025). In recent years, the lake has been subject to increased wastewater discharge from
agro-industries, with potentially high nutrients, heavy metals, and pesticides (including other prohibited compounds) contents, as
evidenced by various investigations (OLAC, 2013, 2016; Niang et al., 2017; Bah et al., 2022). Solid waste dumped at various places
around the lake could also contribute to pollution levels.

Given the strategic role of Lake Guiers in terms of food production and water security, it is crucial to comprehensively understand
the factors affecting its quality. With regard to this challenge, some studies have focused their investigations on the overall trophic
status and sedimentation (e.g., Varis and Fraboulet-Jussila, 2002; Ka et al., 2006; Sane et al., 2015; Diédhiou et al., 2019) without
exploring the sources and spatio-temporal variation of solutes. To address this research gap, it is important to consider natural and
anthropic processes occurring with a special emphasis on their spatio-temporal variability.

This study therefore aims to identify the primary drivers of water mineralization in Lake Guiers, focusing on the factors involved,
and how seasonal variations affect them. Our specific objective is to discriminate key processes influencing water mineralization, and
to differentiate natural and human-induced impacts through hydrochemical and statistical analyses that will inform on efficient
management and contribute to food and water security.

2. Materials and methods
2.1. Study area description

Lake Guiers is located between latitudes 15°56° and 16°35” North and longitudes 15°47 and 16°15” West, at the heart of the Ferlo
hydrological catchment (46,000 km?). The soil in the basin is predominantly composed of tropical ferruginous soils, followed by

lithosols and subarid red-brown soils (Fig. 1a). Hydrologically, this basin is nearly inactive due to low rainfall in this region. However,
Lake Guiers is fed by the Senegal River through the Taouey Canal and can discharge to the Lower Ferlo via the Keur Momar Sarr dam
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bridge. The lake extends approximately 50 km in length, reaches up to 7 km in width, and has a maximum depth of 4 m (Cogels et al.,
2001). The lake area covers 350 km? with a volume of 450 million m? at a water level of 1.5 m IGN, which can increase to 750 million
m? at a 2.5 m water stage after floods (Fig. 1b).

The region’s climate, situated in the Sahelian zone, is semi-arid, characterized by a short rainy season lasting 3-4 months between
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Fig. 1. Location of the study area showing the (a) soil types in the Ferlo basin, (b) sampling points around Lake Guiers.
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July and October, followed by a long dry season. Precipitation is relatively low and extremely variable over the years, with an annual
average of 200-250 mm over the last 30 years (Ndiaye et al., 2024). Runoff is low in the region, and consequently, the lake inflow is
mainly derived from the Senegal River via the Taouey Canal. The average annual temperature is high, reaching 27.8°C (data from 1960
to 2020 from weather stations located near the lake in Saint-Louis), and potential evapotranspiration (ETo) exceeds 2500 mm per year.
The dry season is primarily characterized by northeast winds (known locally as Harmattan) blowing along the lake’s major axis, while
the rainy season is marked by northwest winds (maritime trade winds) (Sane et al., 2015).

2.2. Hydroclimatic data

The hydroclimatic data employed in this study consists of climatic parameters (temperature, rainfall, evaporation) and limnimetric
measurements on Lake Guiers (see Fig. 1b). Temperature and evaporation data were acquired from field monitoring carried out by the
Compagnie Sucriere Sénégalaise (CSS) on the left bank of the Taouey canal (station X6). Lake evaporation was estimated from pan
evaporation values converted using a pan transposition coefficient of 0.6, based on previous studies (Cogels et al., 1997).

Rainfall data were measured by SENEAU at the Ngnith station, located at the drinking water treatment plant. Local runoff from
these rainfall events was estimated here based on the catchment area (354 km?) and a runoff coefficient (10 %) derived from previous
water balance modelling (Cogels et al., 1997; Cogels and Gac, 1981). Water level monitoring is implemented by the Office des Lacs et
Cours d’Eau (OLAC) at several locations, however time series do not all cover the entire study period. Here limnimetric data from the
Richard-Toll dam bridge which monitors inflows from the Senegal River through the Taouey canal and from a limnimetric stage ladder
at the intake to the Ngnith drinking water treatment plant were used. The monthly average flow entering the Taouey canal over the
period 2010-2021 is presented in Fig. 2 to illustrate the amplitude and seasonal variability of water inflows.

2.3. Water quality sampling and measurement procedures

2.3.1. Selection of water quality parameters

The water quality parameters measured in this study include physicochemical, ionic, phytoplanktonic, and heavy metal indicators
(Table 1). Their selection was guided by previous studies carried out on Lake Guiers (Cogels et al., 1993; Diédhiou et al., 2019) as well
the relevance of these parameters based on the dominant activities observed around the lake which include agriculture, livestock and
drinking water treatment. Furthermore, the recommendations of the World Health Organization (WHO, 2017) for water quality as-
sessments were integrated to include sanitary, environmental, and operational standards.

Water temperature constitutes a critical limiting factor for aquatic organisms, including fish populations (Kalny et al., 2017), and
influences numerous biochemical processes in the lake ecosystem. pH also affects the biological and chemical equilibria of freshwater
lakes while dissolved Oxygen (DO) is a key indicator of aquatic ecosystem health. A low level of DO in water is a sign of contamination
and is an important factor in determining water quality, pollution control, and treatment processes (Crossman et al., 2019). Turbidity,
particulate matter (SPM), organic matter (OM), and total organic carbon (TOC) provide information on the sedimentary and organic
load of the system, linked to erosion, runoff, and agricultural or urban discharges (Palviainen et al., 2016; Sane et al., 2015). Electrical
conductivity (EC) reflects the degree of water mineralization, influenced by agricultural inputs and salinization. Analysis of major ions
(Na*, Ca**, Mg, K*, CI, SO+*, HCOs", NOs") help understand the presence of anthropogenic inputs (fertilizers, drainage) and the
geochemical origin of dissolved salts, as well as processes such as ion exchange and dissolution of surrounding geological formations
(Niang et al., 2022; Saleem et al., 2015).

Some physicochemical and ionic parameters are already monitored daily at SENEAU/SONES drinking water intake stations,
especially at Ngnith (see Fig. 1b), but no comprehensive spatial assessment had previously been conducted over the entire lake. This
study also integrates additional parameters indicative of algal blooms, such as chlorophyll-a (Chl-a), previously used to assess
eutrophication risk (Diédhiou et al., 2019), and cyanobacteria, which are potentially toxic and problematic for public health and water
treatment systems. Heavy metals were also measured to identify both natural and anthropogenic impacts (Sishu et al., 2024; Tokatl
et al., 2024; Yuksel et al., 2021).

Water quality was evaluated based mainly on thresholds defined by WHO guidelines (WHO, 2017). For parameters not covered by
WHO, values from United States Environmental Protection Agency (USEPA, 2022), Senegalese national standards (Institut Sénégalais
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Fig. 2. Monthly average inflow into the Taouey canal (2010-2021).
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Table 1
Characteristics of the sampling campaigns on Lake Guiers.
Sampling Sampling Season & temp Evaporation Rainfall Level lake Parameters
period stations [§) (mm/day) (mm) average (m Physico- lonic Phytoplankton Heavy
IGN) )
chemical metal
March 28 to N=16 Dry hot (26.7) 5.3 0 2.20 X X X
April 1
2022
May 6-10, N=15 Dry hot (30) 5.5 0 2.17 X X X
2022
August 11-19, N=31 Rainy (30.2) 3.7 1.0 2.35 X X X
2022
October N=38 Rainy 4.0 4.8 2.69 X X X
11-17, (31.5)
2022
February N=38 Dry hot (27.4) 5.5 0 2.18 X X X X
17-21,
2023

de Normalisation ISN, 2001), and Chinese standards (GB/T 5749-2006, cited in Jiang et al., 2022) were used, as summarized in
Table 2.

2.3.2. Collection of water samples

To understand the dynamics of water quality in Lake Guiers throughout the year, we conducted a series of measurements at
multiple locations. Water samples were collected over five months, specifically during the dry season (March and May) when the lake
level is at its lowest; at the beginning of the rainy season (August); at the end of the rainy season (October) when the water level reaches
its maximum; and when the lake waters begin to recede (February) (Table 1). Sampling sites were carefully selected based on
proximity to potential pollution sources identified around Lake Guiers during field surveys, accessibility and hydrographic
distribution.

Sampling points were primarily located at the Taouey Canal (2 sites), at agro-industrial discharge points (6) into the lake, at the
outlets of major irrigation canals (3), and in zones in the vicinity of villages (3) to capture anthropogenic influence (Fig. 1b). Addi-
tionally, four transects were selected to provide an overview of water quality along the north-south axis of the lake (Table S1 in the
supplementary materials). Samples for chemical analysis were stored in 0.3-liter polyethylene bottles (for ions) and 1-liter bottles (for
other parameters). The bottles were carefully rinsed three times before use and stored in a cooler at 4°C until laboratory analysis.

2.3.3. Analysis of water samples

The following physicochemical parameters were recorded in situ using an Aqua Troll 500 multiparameter device (In-Situ Inc, USA)
which includes temperature, pH, dissolved oxygen (DO), electrical conductivity (EC), and turbidity probes. Phytoplankton parameters,
including cyanobacteria and chlorophyll-a, were measured using a Hydrolab - DS5 probe (OTT HydroMet GmbH, Germany). The
probes were calibrated and standardized prior to field measurements.

The ionic parameters and heavy metals were analyzed at the UCAD hydrochemistry laboratory. The ions were quantified by ion
chromatography using an AQUION-DIONEX system. Ion exchange processes were performed using AS14 A-AERS 500 columns for
anions (Cl-, NOs~, SO+*") and CS12 A-CERS 500 columns for cations (Na*, K*, Mg?*, Ca%*). HCOs™ ions were determined by titration with
sulfuric acid solution. The accuracy of the chemical analyses was verified by ion balance, with values ranging between 5 % and 8 %,
thus confirming the reliability of the data.

Heavy metals (Fe, Mn, Cu, and Zn) were analyzed by atomic absorption spectrometry using a Thermo ICE 3000 spectrometer. Other
parameters, such as particulate matter (SPM), organic matter (OM by UV absorbance at 254 nm), and total organic carbon (TOC), were
measured photometrically using a DR 6000 spectrophotometer. TOC analysis involved colorimetric oxidation in a reactor (DRB200) at
180°C for 2 h, followed by measurement on the DR 6000 at the central laboratory of the Senegalese Water Company (SEN’EAU)
(Table S2).

2.4. Land use data

Land use data for the study area was derived from global land use and land cover datasets made available online by the European
Space Agency (ESA). The CCI-LC maps were produced through the processing of full archives from MERIS (300 m), SPOT-Vegetation
(1 km), PROBA-V (1 km), and AVHRR (1 km) sensors, resulting in 28 annual land cover classifications from 1992 to 2019. To analyze
long-term changes, we used ESA’s Land Cover (CCI-LC) products at 300-meter resolution from 1992 and Sentinel-2-based land cover
data at 10-meter resolution from 2020. The images were then processed using QGIS software to perform a supervised classification of
land uses and compute the surface area of each class.
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Table 2
Summary statistics for the water quality parameters collected in March, May, August, October and February in Lake Guiers.
Shapiro-Wilk test Kruskal-Wallis test by month Kruskal-Wallis test by sites
Variables/Month Units Guideline thresholds March—2022 May—2022 Aug- Oct—2022 Feb- H P H P
2022 2023

Temp °C 0,0542 0,0130 0,6388 0,4021 0,0532 52,8800 0,0000 12,8371 0,9998
pH 6.5-8.5* 0,5330 0,3583 0,0568 0,0000 0,0171 34,4333 0,0000 33,9720 0,5176
EC ps/cm < 1500* 0,0159 0,3032 0,0000 0,0001 0,0008 3,3797 0,1845 51,4427 0,0360
DO mg/L < 2% 0,0540 0,4050 0,1171 0,0000 0,0002 31,7012 0,0000 36,5761 0,3955
Turb NTU 5% 0,0002 0,4806 0,2235 0,0000 0,0016 8,5792 0,0137 22,3093 0,9525
Chl-a ng/L 12+ 0,0049 0,0035 0,0021 0,0002 0,0009 42,1076 0,0000 20,3343 0,9773
Cyano cells/mL 20000~ 0,0888 0,0079 0,0367 0,0005 0,0000 40,5851 0,0000 17,8882 0,9927
SPM mg/L < 40%**F 0,0285 0,0498 0,0025 0,0000 0,0001 7,4649 0,0239 32,6288 0,5831
OM UV 250 (m’l) 5* 0,3976 0,0000 0,0000 0,0000 14,9539 0,0006 29,5918 0,7265
TOC mg/L 0,0000 0,0001 0,0040 0,0005 2,1787 0,3364 39,9951 0,2580
Ca%* mg/L 0,0000 0,2898 0,0000 0,0000 0,0000 7,3165 0,0258 52,0680 0,0317
Mg2+ mg/L 0,0666 0,4764 0,0029 0,1208 0,0044 2,2187 0,3298 46,7091 0,0891
Na™ mg/L < 0,7443 0,2661 0,0581 0,0000 0,0000 1,7724 0,4122 61,9123 0,0033
Kt mg/L 10 - 15* 0,3336 0,0643 0,0034 0,0006 0,0014 2,5374 0,0433 60,1244 0,0052
HCO3" mg/L < 200* 0,7456 0,2490 0,2304 0,0028 0,0015 1,2256 0,5418 63,3776 0,0023
cl mg/L < 250* 0,3506 0,3477 0,0006 0,0000 0,0000 1,8732 0,3920 62,9677 0,0026
S07 mg/L < 250* 0,0000 0,1286 0,0000 0,0000 0,0000 9,3983 0,0091 53,3660 0,0242
NO3 mg/L < 50* 0,0711 0,0756 0,0001 0,0000 0,0001 2,5903 0,2739 60,4561 0,0048

Bold values in this table are Shapiro-Wilk and Kruskal-Wallis test p-values that are inferior to 0.05,
* WHO standards,
** USEPA standards,
" Other standards: TOC (Chinese national standard for drinking water quality (GB/T 5749-2006) and SPM: Senegalese standard NS 05-061.

$692Z01 (S20Z) 19 $21pms [puoday :A30]104pAH fo jpwmor
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2.5. Statistical analysis and visualization

Water quality data were analyzed using conventional hydrogeochemical tools such as PIPER (Piper, 1944) and CHADHA (Chadha,
1999) diagrams in conjunction with multivariate statistical methods. The Shapiro-Wilk (SW) data normality test was used to check if
water quality parameters conformed to statistical normal distribution (Sani et al., 2024). The Kruskal-Wallis (KW) test was used to
detect significant seasonal differences among the different water quality parameters (Woldeab et al., 2019). p-values of the
Shapiro-Wilk test below 0.05 (p < 0.05) indicate that data are not normally distributed and p < 0.05 for the Kruskal-Wallis test
indicates a significant seasonal difference between dry and rainy season data for each parameter.

Statistical methods combined correlation matrix, Principal Component Analysis (PCA), and hierarchical clustering analysis (HCA),
which are widely used in water quality assessments (Kazi et al., 2009; Gaury et al., 2018; Liu et al., 2019; Yuksel et al., 2021; Karadeniz
et al., 2024). Water quality parameters were first subjected to Pearson correlation analysis with Python programming. This step aimed
to examine the interrelationships between the analyzed parameters (pollutants/contaminants) and their potential sources in the lake.
Parameters with correlation coefficients (|r|) > 0.7, 0.7 > |r| > 0.5, and |r| < 0.5 were considered strong, moderate, and weak,
respectively (e.g. Li et al., 2024). The absolute value of their correlation coefficients (|r|), as r can also be negative.

PCA and HCA were performed in R to identify pollution sources and sample groupings. Prior to PCA application, all water quality
parameters were standardized (z-score normalization) to ensure variables with different units and scales contributed equally to the
analysis, following standard multivariate statistical practices. The rationale for using PCA was to transform the correlated water
quality variables into uncorrelated components that capture the maximum variance in the dataset, thereby revealing underlying
pollution patterns and sources that may not be apparent from individual parameter analysis. Principal components with eigenvalues
> 1 (Kaiser’s rule) were retained for interpretation, as these components explain more variance than any single original variable
(Kaiser, 1960). Variable loadings > 0.75, 0.50-0.75, and < 0.50 were considered high, moderate, and low contributions to each
principal component, respectively (Egbueri and Mgbenu, 2020).

HCA was subsequently applied using Ward’s linkage method with Euclidean distance to group samples with similar water quality
and contamination profiles. This approach allows for the identification of distinct water quality zones within the study area, therefore
facilitating targeted management strategies.

The spatial distribution of water parameters was mapped in a Geographic Information System (GIS) and interpolated using Inverse
Distance Weighting (IDW), a method suitable when analyzing data with no outliers.

2.6. Water quality evaluation

2.6.1. Water Quality Index (WQD)

Water quality was evaluated using the Water Quality Index (WQI), a widely recognized approach that provides a comprehensive
evaluation of overall water quality based on the influence of individual parameters (Gonzalez et al., 2024; Guenouche et al., 2024;
Sishu et al., 2024; Benam-Beltoungou et al., 2025). The weight of various water quality parameters is assumed to be inversely pro-
portional to the recommended standards for each parameter (e.g., Diongue et al., 2022).

The calculation procedure involved three stages. First, each of the 13 parameters (pH, DO, EC, Turbidity, Chl-a, Ca**, Mg?*, Na*, K*,
HCOs", Cl7, SO4*, and NOs") selected based on their public health significance, was assigned a weight (w;) on a scale of 1-5 based on its
perceived health effects and importance in drinking water quality (Nair et al., 2020; Xiao et al., 2020; Guenouche et al., 2024).

Second, the relative weight (W;) was computed using Eq. 1:

W= &b
Wi

1

Where w; is the weight of an individual parameter, and n represents the total parameter count. The computed values for each pa-
rameter’s relative weight (W;) are provided in supplementary materials (Table S3).

Third, the quality rating scale (q;) for each parameter was calculated by dividing its concentration by its respective WHO standard
and multiplying the result by 100:

i

= Sci +100 @

Where C; is the concentration of each chemical parameter in milligrams per liter, and S; is the World Health Organization (WHO)
standard for each chemical parameter in milligrams per liter (WHO, 2014).
In the final step, the sub-index (SI)) for each parameter was calculated, followed by the overall WQI computation:

SI; = W; * g 3

wQl = Zszi @)

The resulting WQI values were classified according to established categories (Guenouche et al., 2024): excellent water (WQI < 50),
good water (50—100), poor water (100—200), very poor water (200—300), and water unsuitable for drinking purposes (WQI > 300).
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2.6.2. Suitability for irrigation

Excessive salinity in irrigation water can cause soil salinization, whereas high Na concentrations can cause soil alkalinization,
compaction, and reduced permeability (Gaury et al., 2018; Ren et al., 2022). The Soluble Sodium Percentage (SSP), expressed as Na%,
is a key criterion for classifying irrigation water quality. It is calculated using the following equation:

Na% = [ (Nao+ k') / (Ca*+Mg*+Na+ k)] x 100 5)

The calculated SSP values were plotted against electrical conductivity (EC) on the Wilcox diagram (Wilcox, 1955) to classify lake
water suitability for irrigation purposes.

3. Results
3.1. Seasonal dynamics of climate and hydraulic management between 2022 and 2023

Analysis of hydroclimatic variations helped define the conditions specific to each of the five field campaigns (C1 to C5), as
highlighted in Fig. 3 and Fig. 4, and summarized in Table 1. Fig. 3 illustrates variations in air temperature, precipitation, and evap-
oration in the study area at a daily time step from January 2022 to February 2023. The average annual air temperature was 28.0°C,
with a bimodal pattern: a first peak reaching approximately 35°C in May-June, a second peak around 30°C in September-October, and
a minimum of approximately 19.5°C in February. Evaporation followed a similar trend, with higher rates (5-9 mm/day) during the dry
season, particularly between March and May, coinciding with rising temperatures. Lower values (3—4 mm/day) are observed during
the rainy season, due to the higher humidity levels.

During this period, 38 rainy days were recorded, mainly concentrated between August 6 and October 20, 2022, indicating a late
start to the rainy season (typically July-October). The average daily rainfall during precipitation events was extremely low
(approximately 1 mm), and only four days exceeded 20 mm. An intense rainfall event (110.8 mm) was recorded on August 25, but
occurred after the C3 water quality monitoring campaign. Runoff from these events is estimated to reach a total of 11 Mm®, with a peak
of 3.9 Mm® during the August 25 storm. Storm hydrographs are not available for the lake but assuming a 1-day propagation time and
homogenous rainfall across the 354 km? catchment, this storm would equate to runoff of 45 m3/s over 24 h. Average inflow through
the Taouey canal ranges between 27 and 54 m>/s, reaching 45 m>/s in August and a peak of 54 m%/s in September. These results
highlight the limited contribution from local runoff compared to the Senegal River. Nevertheless, continuous monitoring of water
quality levels around the lake would help further determine the impact of local runoff events on pollutant flushing.

Fig. 4 illustrates the hydrological dynamics of Lake Guiers based on the limnimetric measurements at the Ngnith station and the
local rainfall data. The water levels at Ngnith averaged 2.27 m IGN throughout the study period, with a minimum of 1.97 m and a
maximum of 2.69 m, depicting a clear annual dynamic. Water levels remained relatively stable between January and July 2022 around
2.2 m. Water levels rise substantially from mid-July and reach a peak in mid-October, before declining in November-December and
stabilizing again in January-February 2023. Fig. 4 also highlights how the lake levels mirror the limnimetric changes in the Senegal
River and Taouey canal. A small rise is observed from the runoff after the August 25 event, but the lake water level dynamics are
primarily driven by inflow from the Taouey canal. The Lake Guiers water levels are regulated through the Richard-Toll (upstream) and
Keur Momar Sarr (downstream) weirs. When the Senegal River level exceeds that of the lake, both gates are opened to facilitate inflow
and the filling of the lake. Conversely, between mid-October and mid-February, as river levels decrease, the downstream gate is closed
to prevent backflow, while the upstream gate typically remains open (Bader, 2015).
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Fig. 3. Daily variation of air temperature, evaporation, and rainfall from January 2022 to February 2023.
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Fig. 4. Daily variation of rainfall and Lake Guiers water level at Ngnith station and in Taouey canal from January 2022 to February 2023.
3.2. Land use dynamics around Lake Guiers basin

The analysis of land use dynamics highlights significant transformations in land cover types around Lake Guiers between 1992 and
2020 (Fig. 5). Irrigated agriculture increased by 50 %, expanding from 20,560 ha in 1992-30,750 ha in 2020, reflecting shifts in
agricultural practices and intensification. In contrast, rainfed agriculture showed a decreasing trend of 16.02 %, from 3080 ha to
2590 ha over the same period. Aquatic vegetation exhibited a slight increase of 6.18 %, from 5970 ha to 6340 ha. Urban areas
expanded moderately, rising by 11.35 %, from 282 ha to 314 ha, while barren lands significantly decreased.

These land use changes indicate increasing pressure on water resources due to agricultural expansion and urbanization. The
conversion of over 10,000 ha to irrigated agriculture suggests a shift towards intensified farming systems, which can have implications
for water demand and pollution levels (Englert et al., 2015; Sani et al., 2024).

3.3. Spatial and temporal variation of water quality

The statistical information on water quality parameters is summarized in Table 2. According to the Kruskal-Wallis analysis, there
are statistical differences between months for the following parameters: temperature, pH, turbidity, Chl-a, cyanobacteria, SPM, OM,
Mg?*, and SO+>", and secondarily between sites for the parameters EC, Ca**, Na*, K*, HCOs", Cl-, and NOs". All measured parameters fall
within WHO and USEPA standards, except for pH at a few sites and the following parameters: turbidity, SPM, OM, cyanobacteria, Chl-
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Fig. 5. Spatial dynamics of Land Use around Lake Guiers (1992-2020).
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a, and TOC.

Spatially (Fig. 6), the highest concentrations of turbidity, SPM, and OM are recorded in the northern part of the lake. Similarly,
parameters controlling water mineralization, including EC, Ca®*, Mg*, Na*, K*, Cl-, SO+*-, NOs~, and HCOs, are particularly elevated at
sites S4, T1S6, and S15.

The boxplot analysis (Fig. 7) reveals distinct seasonal temperature patterns in Lake Guiers. The mean water temperature across all
sampling periods was 27.9°C, with statistically significant inter-monthly variations (p < 0.001). Maximum temperatures were
observed during the rainy season (August-October), reaching an average of 30.4°C, while minimum temperatures occurred in February
during the Harmattan period (average 23.3°C), representing a seasonal amplitude of approximately 7°C. This thermal regime is
primarily driven by regional climatic conditions, with water temperatures closely tracking ambient air temperature patterns, which
ranged between 30.2 °C and 31.5 °C during the study period.

The pH measurements across the lake exhibited a mean value of 7.6, with statistically significant monthly variations (p < 0.001).
Notably, pH values displayed a seasonal pattern, with distinctly acidic conditions (4.6-5.43) recorded in October at the end of the rainy
season. Conversely, February sampling revealed alkaline conditions, with maximum values reaching 9.1. This pH range (4.6-9.1)
demonstrates the dynamic nature of the lake’s acid-base equilibrium, which is fundamental in regulating numerous biogeochemical
processes, including nutrient availability, metal solubility, and aquatic organism metabolism (Matta et al., 2017). While most sampling
locations maintained pH values, several monitoring sites (e.g., S5, S8, T4S1, and T3S1) exhibited concerning elevated values exceeding
8.5. The concentrations of dissolved oxygen (DO) range from 2.03 to 9.20 mg/] and show significant variations across months
(p < 0.001). The lowest levels are observed in October (average of 6.29 mg/1), while the highest levels are recorded in March and
February (> 8 mg/]), indicating better oxygenation of the lake. DO levels fluctuate close to the minimum requirement of 2 mg/1
(USEPA, 2022).
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Fig. 7. Boxplots of water quality parameters across months at the Lake Guiers (ns: P > 0.05;

Turbidity and SPM also vary across months (p < 0.05), with maximum levels of 800 NTU and 250 mg/1, respectively, in August.
OM levels fluctuate between 2.0 UV-254 (m™) in March and 97 UV-254 (m™) in October (p < 0.001). TOC concentrations ranged from

0 to 100 mg/1, with an average of 6.71 mg/l, exceeding the drinking water quality standard of 5 mg/l (Jiang et al., 2022) but
remaining within the typical range for surface waters (2-12 mg/1) (Visco et al., 2005). Statistical analyses (p > 0.05) show no

11



H. Saadi et al. Journal of Hydrology: Regional Studies 61 (2025) 102695

significant spatio-temporal variations across the lake. However, localized hotspots were identified at specific sites: S4 (40 mg/l, in
March 2022), associated with fertilizer runoff, S8 (100 mg/1), near urban discharge, and S15 (20 mg/1 in August 2022), close to ef-
fluents from drinking water treatment plants.

Chlorophyll-a and cyanobacteria concentrations vary significantly across months (p < 0.001). The highest Chl-a values are
recorded in May (3-28.7 ug/1), while the lowest are observed in February (1.4-6.3 ug/1). As for cyanobacteria, high concentrations are
recorded in March and May (hot season) as well as in August (rainy season). The electrical conductivity of the lake water does not vary
over the months but rather across the sites, with high values reaching 578 uS/cm in the northern part of the lake. The average con-
centration of cations and anions varies with the following order of abundance: Na* (14.9 mg/1) > Ca* (10.8 mg/1) > Mg?* (5.4 mg/1)
> K* (1.7 mg/1) and HCOs (61.1 mg/1) > Cl- (16.9 mg/1) > SO.* (8.8 mg/1) > NOs™ (3.8 mg/1), respectively. Ca®>* and Mg* are
essential cations in water, influencing water hardness. Ca®*, K*, and SO+>~ show significant variations between months (p < 0.05) with
relatively low concentrations throughout the year. In contrast, Mg, Na*, HCOs", NOs~, and Cl- show no statistically significant
variations.

The average concentrations of heavy metals follow the order: Fe (2.2 mg/1) > Cu (1 mg/1) > Zn (0.4 mg/1) > Mn (0.3 mg/1)
(Table S5). Fe and Mn concentrations exceed WHO standards (0.3 mg/1 and 0.1 mg/l, respectively), posing risks to human health and
ecosystems (Fig. 8).

3.4. Water typology and hydrogeochemical processes

The typology of water samples was analyzed using Piper and Chadha diagrams (Fig. 9). The different water facies identified are
summarized in Table S6. According to the Piper diagram (Fig. 9a), Lake Guiers’ waters are predominantly dominated by mixed-HCOs,
Ca-HCOs, and Na-HCOs water types. The Chadha plot (Fig. 9b) classifies most samples as fresh (mixed-HCOs type, Field 5), as already
depicted with the Piper diagram. Only a few samples collected during March and February (dry season) and October (rainy season)
exhibit Ca-Mg-SO./Cl type (Field 6) and Na-Cl type (Field 7), indicating anthropogenic salinity.

The Fields 6 and 7 correspond to waters affected by agricultural drainage and industrial effluents (Fig. 9c). Samples in Field 8 (Na-
HCOs), observed during the rainy season, may reflect rainwater inputs naturally enriched with Na* and HCOs™ through atmospheric
CO: dissolution. Additionally, watershed lithology and soil classes can contribute to ionic enrichment.

3.5. Multivariate statistical analysis

3.5.1. Correlation and principal component analysis

Both the correlation matrix analysis and Principal Component Analysis (PCA) were applied to the sixteen physicochemical pa-
rameters measured over the different sampling campaign months (Figs. 10 and 11). The correlation matrix analysis reveals strong
positive correlations between Ca?*, Mg, Na*, K*, HCOs", Cl-, and SO+*" ions and electrical conductivity (EC) (r = 0.75-0.95) across all
months, except for February. These correlations confirm that dissolved salts significantly contribute to water mineralization.

Suspended matter shows a strong positive correlation with Ca?*, Mg*, Na*, K* ions (r = 0.66-0.80) in May and with SO4*", HCOs",
and Ca® (r = 0.80) in March. Cyanobacteria concentrations exhibit a strong positive correlation with SPM (r = 0.97) in May and a
significant negative correlation (r = -0.64) in February. Dissolved oxygen (DO) shows a significant positive correlation with tem-
perature (r = 0.71) in May and a negative correlation (r = -0.71) in March, as well as with turbidity (r = -0.61) in August. Temperature
was positively correlated with chlorophyll-a (r = 0.70) in May and with pH (r = 0.74) in February.

In parallel, PCA reduced data complexity by extracting key components. The first two principal dimensions were selected on the
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Fig. 8. Spatial distribution of four heavy metals detected in February 2023 in Lake Guiers.
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basis of eigenvalue criteria (eigenvalues > 1), covering 67.5 %, 83.1 %, 72.2 %, 64.6 %, and 63.8 % of the total variance in March,
May, August, October, and February, respectively (Fig. 8). The loading values (cos?) were classified as "strong" (> 0.75), "moderate"

(0.75-0.50), and "weak" (0.50-0.30), respectively.

The first principal component (PCA1) was dominated during the dry season (March, May, February) by positive loadings for Na*,
Cl-, Mg*, K*, HCOs", EC, and SO+>". This observation aligns with the strong positive correlations observed in the correlation matrix. The
onset of rains in August maintained a similar influence (PCA1), now accompanied by strong correlations with NOs™ and turbidity. At
the end of the wet season in October, when water levels peak, a new dimension emerges with PCA2, characterized chl-a and cya-
nobacteria. In contrast, PCA1 shows strong negative loadings with turbidity and moderate positive loadings with HCOs", NOs™, and

SO4?

~. In February, marking the return to the dry season, PCA1 remains dominated by major ions and electrical conductivity.
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3.5.2. Hierarchical cluster analysis

The Hierarchical Clustering Analysis (HCA) is represented as a dendrogram (e.g., Vasistha and Ganguly, 2024). HCA was used to
group sampling sites with similar water quality characteristics. Seasonal median values of the measured parameters were utilized. The
results reveal an organization of the sites into four distinct clusters (Fig. 12).

Most sites in Cluster 1, located in the northern part of the lake near the Taouey Canal, exhibit high turbidity (86.2 NTU). Cluster 2
primarily includes sites near agricultural discharges (northern zone) and industrial effluents (southern zone), showing the highest
conductivity values and maximum concentrations of TOC and Chl-a. Cluster 3 sites, situated in the central zone, combine intermediate
concentrations (SPM, HCOs") and moderate algal proliferation. Finally, Cluster 4 sites, located in the southern part of the lake, are
distinguished by heightened mineralization. These four clusters reflect distinct hydrological, anthropogenic, and biochemical pro-
cesses which are discussed in Section 4 in light of the results from the samples and the statistical analyses.

3.6. Drinking water quality assessment and irrigation suitability

The Water Quality Index (WQI) computation based on 13 water quality parameters measured over five periods is presented in
Table 3. The analysis reveals a concerning decline in water quality over the rainy season. Values averaged 127.8 (March), 125.1 (May),
374.4 (August), 205.3 (October), and 121.2 (February), categorizing most samples as poor to unsuitable for human consumption.

Seasonal variability is stark: August 2022 marked the worst conditions, with 39.5 % of samples deemed "unsuitable for drinking,"
likely due to flood-induced sediment and pollutant influx from the Senegal River basin. Conversely, October 2022 showed slight
improvement (21.1 % very poor), possibly reflecting post-flood dilution. However, the majority of samples consistently fell into the
poor category (66.7-86.7 %).

The quantity and variety of crops cultivated, soil health, and environmental sustainability all depend heavily on irrigation water
quality. Therefore, evaluating this quality is essential, particularly through indicators such as Sodium Percentage (%Na). The calcu-
lated SSP values for irrigation suitability range from 15.43 % to 76.13 %, with an average of 39.86 % over five seasons. The highest
values were recorded in an area receiving discharges upstream of the lake, raising concerns. According to Wilcox diagram (Fig. 13), all
water samples across different seasons fall within the excellent to good categories, indicating that most samples are suitable for
agricultural irrigation.

4. Discussion

Extensive monitoring throughout Lake Guiers during five campaigns conducted between March 2022 and February 2023 revealed
marked spatio-temporal variability in water quality, confirming and expanding upon previous findings on the lake (Diédhiou et al.,
2019; Sane et al., 2015; Cogels et al., 1993). The approach used in this study, combining classical and multivariate statistical analyses,
enabled a better understanding of the combined effects of human activities and natural factors on water quality a critical need still
largely unmet in many regions worldwide. Hierarchical cluster analysis (HCA) (Fig. 12), applied to detect spatial similarity between
monitoring sites (Egbueri and Mgbenu, 2020), identified four spatial groups, each marked by specific hydrochemical conditions and
varying degrees of anthropogenic influence. Cluster 1 includes sites located in the northern part of the lake and one site situated
centrally, on the left bank, within an irrigation canal. The northern sites receive turbid and weakly mineralized river water (Fig. 6), due
to their proximity to the Taouey Canal, which carries large sediment loads during floods (Sane et al., 2015). Peaks in turbidity and
suspended solids are particularly high in August. These sediment inputs originate mainly from the Senegal River and are enhanced by
occasional soil leaching in the watershed. Runoff from the surrounding watershed is estimated to be moderate, except for extreme
rainfall events as observed on August 25 2022 (101 mm). During the lake’s filling phase when river flows are high, fine particles (clay,
silt) are temporarily suspended by turbulent currents, especially in northern and central zones, before gradually settling as flows
decrease toward the south. Rapid sedimentation, driven by reduced flow velocity (< 0.034 m/s) (Sane et al., 2015), explains the
progressive decline in turbidity downstream. As for the site in the irrigation canal on the left bank, its specificity lies in its position
within a drainage system, making it strongly influenced by agricultural runoff from upstream.

Cluster 2 includes sites located in the northern and southern parts of the lake, influenced respectively by agricultural discharges and
industrial effluents. These sites are characterized by high levels of CE, Na*, Cl-, SO4+>-, and TOC, as well as high concentrations of Chl-a,
indicating nutrient enrichment and increased biological productivity (Fig. 6). Some sites (e.g., S5, S8, T3S1) also show high pH values
(>8.5), reflecting both natural processes (photosynthesis, organic matter decomposition) and anthropogenic pressures (agricultural
and domestic effluents). The hydrochemical facies identified in these zones (Fig. 9¢) correspond to Ca-Mg-SO4/Cl and Na-Cl types,

Table 3
Water Quality Index (WQI) results for five months (March 2022 - February 2023) and % are the number and percentage of sample, respectively.
March-22 May-22 Aug —22 Oct- 22 Feb —23

Water classification WQI Values n % n % n % n % n %
Excellent water < 50 0 0.00 0 0.00 0 0.00 0 0.00 0 0
Good water 50-100 2 13.33 5 33.33 3 7.89 11 28.95 9 26.47
Poor water 100.1-200 13 86.67 10 66.67 17 44.74 10 26.32 25 73.53
Very poor water 200.1-300 0 0.00 0 0.00 3 7.89 8 21.05 1 2.94
Unsuitable for drinking purposes > 300 0 0.00 0 0.00 15 39.47 9 23.68 0 0
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Fig. 13. Suitability of lake water for irrigation according to the Wilcox diagram.

which indicate anthropogenic salinization (Kazi et al., 2009). This chemical composition aligns with the inputs of sulfates and
chlorides from fertilizers and industrial discharges. The historical use of gypsum (CaSO.-2H-0) by the local sugar company for soil
desalination in irrigated areas may also explain the elevated SO+*~ and Cl- concentrations observed in this zone (Cogels et al., 1993).
Furthermore, these sites also show contamination by metallic ions such as Fe and Mn, reflecting anthropogenic activities (wastewater
discharges and agricultural fertilizers) (Chen et al., 2016; Xiao et al., 2020). These metals were measured at four sites in the lake in
February 2017 (Niang et al., 2017), with average concentrations of 0.0913 mg/1 for Fe and 0.0013 mg/1 for Mn. In comparison,
measurements from the same sites in February 2023 reveal a significant increase in average concentrations, reaching 1.88 mg/1 and
0.45 mg/! for Fe and Mn, respectively. This increase during the dry season is attributed to a combination of metal release from bottom
sediments due to redox processes and localized wastewater discharges. Similar observations have been made on Lake Tana in Ethiopia
(Sishu et al., 2024). Moreover, solid waste dumping and burning near the lake can exacerbate pollution levels. A similar situation was
documented in the Cavuslu stream in Turkey, where proximity to a waste disposal facility led to significant degradation of water
quality, especially with elevated Fe and Mn concentrations linked to anthropogenic pressures (Yuksel et al., 2021). This highlights the
urgent need for regular monitoring of both surface water and drinking water quality to avoid chronic toxic exposure among local
populations. In addition, the iron-rich tropical ferruginous soils bordering the lake can release iron into the lake waters, especially in
the event of runoff or erosion.

Cluster 3 includes sites located in the central part of the lake, with intermediate concentrations of suspended solids and bi-
carbonates, as well as moderate algal proliferation. These conditions suggest limited water circulation and mixed inputs (natural and
anthropogenic). This situation may seem reassuring for the drinking water intake area at Ngnith, located in this zone. However, this
apparent stability remains fragile in light of upstream changes. This highlights the importance of reinforced monitoring to anticipate
potential impacts on the quality of water for human consumption.

Cluster 4 is located in the southern part of the lake and is marked by high mineralization, especially during the dry season. This is
explained by a combination of hydrological and geochemical processes: high evaporation rates (~5.5 mm/day) and water level decline
(2.18 m) promote progressive ion concentration. This situation is also partly linked to stagnant water volumes in this zone, which may
limit water renewal. Additionally, aquatic vegetation in this zone slows currents and traps sediments, enhancing mineral precipitation
and retention. PCA (Fig. 11) confirms this trend with persistent saline loads during the dry season. This thermal and chemical
configuration is typical of Sahelian lakes, where surface waters respond quickly to atmospheric conditions, particularly during the
rainy season marked by increased humidity and cloud cover affecting heat exchange (Khadija et al., 2021). The observed mineral
signature—especially chemical facies rich in Ca®*, Mg?*, SO+, and Cl"—could result from the dissolution of local geological formations
such as limestone, marl, and gypsum. Similar processes have been observed in the Jajrood River in Iran (Razmkhah et al., 2010). The
geological context of Lake Guiers, characterized by Quaternary marine deposits (limestone, marl) and ferruginous formations (Niang
et al., 2022), supports this hypothesis. Additionally, the presence of mixed facies indicates active ion exchange and contributions from
both diffuse sources (agricultural runoff, soil leaching) and point sources (drainage, effluents). Such mechanisms have been described
in other semi-arid basins, notably by Saleem et al. (2015).

The spatiotemporal diversity observed across the different clusters illustrates the complexity of the hydrogeochemical functioning
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of Lake Guiers. This heterogeneity is particularly marked by gradients in mineralization, turbidity, nutrients, and organic matter,
depending on location and hydrological season. This classification, based on hydrological mechanisms and hydrochemical regulatory
factors, highlights the high vulnerability of this lacustrine system. This dynamic is clearly reflected in the principal component analysis
(PCA) (Fig. 11), which highlights two dominant chemical regimes. During the dry season, the high mineralization (PCA1), already
identified in Cluster 4, is confirmed by the association of elements such as sodium, chlorides, and sulfates. This composition indicates a
mixed natural and anthropogenic origin—a phenomenon also observed in the arid Beichuan River Basin in northwestern China (Xiao
etal., 2020) and the semi-arid High Ziz area in southeastern Morocco (Khadija et al., 2021). During the rainy season (August-October),
the PCA revealed two important findings. In August, the PC2 axis reflects an active biological process, marked by a strong positive
correlation between temperature, pH, and dissolved oxygen, corresponding to intense photosynthesis during the algal bloom period.
Turbidity, negatively correlated with PC2 in both periods, suggests that areas where these biological processes are most active also
have lower concentrations of suspended particles.

This observation aligns with the conditions previously described in clusters 3 and 4, characterized by low turbidity associated with
increased mineralization. Moreover, the hypothesis that the central and southern parts of the lake are eutrophic was suggested by
Diedhiou et al. (2019), who observed low chlorophyll-a concentrations during cold and wet seasons (<13-14 pg/1 in January and
September) and peaks during warm periods (>14-15 pg/1 in May), thus classifying the lake as "oligo-mesotrophic" in the wet season
and "eutrophic" in the dry season— a trend similar to our findings. Surface water warming creates favorable conditions for algal
proliferation, as demonstrated by Wu et al. (2022) in their study of 21 lakes, where water temperature was found to be a major
regulating factor of chlorophyll-a. The accumulation and subsequent runoff of nutrients into the lake, driven by seasonal surface runoff
and soil leaching, further stimulates algal growth, as documented by Kazi et al. (2009) and Kale et al. (2021) in other
agriculture-influenced watersheds. This phenomenon reflects a major negative effect of eutrophication, generating environmental and
health risks (Spndergaard et al., 2011). It is therefore clear that the lake’s algal dynamics are partly linked to its seasonal hydroclimatic
regime and highlight the need for enhanced monitoring, notably through satellite imagery, to better track its evolution.

Regarding implications for public health and irrigation, the results calculated over five sampling campaigns indicate a water
quality that is generally acceptable for irrigation, but that raises concerns for drinking water supply. The Water Quality Index (WQI)
(Table 3) revealed alarming seasonal degradation, particularly in August, when nearly 40 % of the samples were deemed unfit for
human consumption. These findings are consistent with trends observed in other African lakes impacted by agricultural and urban
runoff, such as Lake Magadi in Kenya (WQI = 158.8), Lake Elementaita (WQI = 128.4), Lake Bogoria (WQI = 79.5) (Githaiga et al.,
2021), and Lake Tana in Ethiopia (75 < WQI < 100) (Sishu et al., 2024). These results underscore the urgent need to implement
proactive management strategies to minimize both diffuse and point-source inputs into Lake Guiers. Such actions would in turn help
reduce the high prevalence of waterborne diseases (diarrhea, helminthiasis), urinary tract infections, dysentery, hematuria, schisto-
somiasis, and bloody stools, to which the local population is regularly exposed (Diop, 2013). From an agricultural standpoint, the
sodium percentage (Na%) values presented in the Wilcox diagram (Fig. 13) ranged from 15.43 % to 76.13 %, with an average of
39.86 %, all below the 80 % threshold (classified as unsuitable for irrigation). These results therefore indicate that the lake water is
generally acceptable for irrigation. They are consistent with those observed in other regions, such as the Giresun Province in Tiirkiye,
where spring waters were found to be suitable for irrigation based on multiple indicators, including Na%, Sodium Adsorption Ratio
(SAR), Total Dissolved Solids (TDS), and Electrical Conductivity (EC), with mean values below recommended thresholds (Karadeniz
et al., 2024). Similarly, in the Gokpinar Basin (Tasdelen, 2021), spring waters showed favorable irrigation parameters, including a Na
% well below the critical limits (<80 %). Comparable results were also reported in humid tropical environments, such as the Ethiopia
River Basin in Nigeria, where Na% values remained within acceptable irrigation classes (20 < Na% < 80) according to established
standards (Ushurhe et al., 2024).

This study highlights the need to assess the combined effects of human activities and natural factors on water quality. Although five
campaigns were conducted, which is sufficient to capture major seasonal fluctuations, some limitations remain. Long-term data is
important to identify the impact of extreme variations in rainfall and lake inflow over time, while continuous monitoring may help
capture ephemeral pollution events at some of the locations identified here. Further sampling which coincides with cloud-free satellite
imagery could also help identify the potential of remote monitoring for parameters including turbidity and chlorophyll-a (Bid and
Siddique, 2019; Danaher et al., 2022). In addition, with additional funding, additional toxic metals and microbiological or bacteri-
ological parameters could be included, as well as targeted pesticide analysis.

5. Conclusion

This study provides a comprehensive evaluation of Lake Guiers’ water quality through an integrated approach combining multi-
variate statistics, hydrogeochemical methods and hydroclimatic monitoring. The results demonstrate that several parameters exceed
the thresholds recommended by the USEPA and WHO, particularly for cyanobacteria, chlorophyll-a, turbidity, organic matter, iron,
and manganese concentrations. These exceedances present significant challenges for water treatment processes necessary to ensure
safe drinking water. Currently, there are no specific national standards for these parameters. Establishing locally adapted guidelines
would be a relevant step toward improving water quality monitoring and management in such a critical resource.

The hydrochemistry of the lake is generally characterized by a progressive north-to-south mineralization gradient that persists
regardless of season. Temporal variations are primarily influenced by evaporation during the dry season, agricultural drainage, and the
combination of runoff and inflow waters during the rainy season. Furthermore, the investigation revealed that chlorophyll-a levels
peak during the hot season, driven by favorable higher temperatures, and hydrodynamic mixing, while cyanobacteria proliferation
occurs predominantly during the rainy season in response to the increased availability of bioavailable nutrients. However, greater
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concentrations of turbidity and suspended particulate matter were observed in the north of the lake, as a result of sediment-loaded
inflow from the Taouey canal. Finally, the Water Quality Index (WQI) analysis indicates that the current quality of Lake Guiers’
water ranges from poor to unsuitable for consumption across many sampling locations and periods.

These findings underscore the urgent need for targeted interventions to reduce pollution sources and implement sustainable
management practices, considering the strategic important of Lake Guiers for national drinking water supply and agricultural pro-
duction. The lake is increasingly solicited to meet Senegal’s long-term development objectives through several major projects. These
include the PREFERLO project—which aims to mobilize Lake Guiers’ water for irrigation, domestic supply, and livestock watering to
enhance ecosystem resilience in the Lower Ferlo (OLAC, 2021)—and the Grand Water Transfer Project (GTE), designed to further
supply the capital and other previously underserved areas by 2035, with strategic planning extending toward 2050 (World Bank,
2022).

Furthermore, the research highlights the interplay between natural factors and anthropogenic influences, particularly the impacts
of intensified agriculture and wastewater discharge on water quality. Domestic waste discharge points and agricultural drainage
outlets located near the lake should be relocated to minimize contamination risks. The limited contribution of local runoff events
compared to river inflows underlines the importance of the Taouey canal in determining lake levels, and accordingly seasonal changes
in water quality. Accordingly future research must help identify the impact of changes in lake water inflow on pollutant dilution and
transport processes. Similarly, continuous monitoring of pollution levels by local authorities at selected locations must help identify
the contribution of ephemeral local runoff and transitory drainage to localized pollution events. Integrated approaches involving
multiple stakeholders and awareness campaigns targeting local populations are required to define long term management strategies
and preserve the fragile equilibrium of freshwater lakes in semi-arid areas.
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