Original Research Article
Study of the spatial distributions of nitrogen and phosphorus diffusion fluxes at the water-sediment interface in the Fresco Lagoon, Côte d’Ivoire



ABSTRACT

Nutrients (nitrogen and phosphorus in particular) from sediments, after diffusion, can lead to an increase in their concentrations in the overlying waters, promoting the proliferation of aquatic plants (algae, macrophytes, etc.). This could present an ecological risk due to eutrophication. Thus, the objective of the present study is to evaluate the spatial distribution of diffusion fluxes of four nutrients (NH4+-N, NO2--N, NO3--N, PO43--P) at the water-sediment interface in the Fresco Lagoon. To do this, the physicochemical parameters of the bottom waters were measured using a multiparameter. The nutrient contents of the bottom and interstitial waters were determined by the spectrophotometric method. The diffusion fluxes of nutrients at the water-sediment interface were evaluated using Fick's first diffusion law. Over the study period, the results revealed relatively high temperatures (approximately 29.55 ± 1.37°C) in the open waters, due to the shallow depth of the environment, which is favorable to the penetration of sunlight. The open waters were reducing (-23.30 ± 9.78 mV) and poorly oxygenated (2.38 ± 0.57 mg/L) due to the oxidation of organic matter. The rates of organic matter in the sediments were relatively high (20.44 ± 1.54%). The evaluation of nutrient diffusion fluxes showed that the fluxes of NH4+-N (0.036 ± 0.016 mg.m-2.d-1), NO2--N (0.002 ± 0.001 mg.m-2.d-1) and PO43--P (0.05 ± 0.01 mg.m-2.d-1) were positive and those of NO3--N were negative (-0.11 ± 0.43 mg.m-2.d-1). This would mean that NH4+-N, NO2--N and PO43--P diffused into the water column while NO3--N diffused into the sediments. It would appear that the sediments were a source of nutrients for the water column; this would be a serious threat to the aquatic environment. Research into decontamination techniques is envisaged to improve the quality of open waters.
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1. INTRODUCTION

In recent decades, anthropogenic pressures have increased, particularly in coastal areas, leading to the introduction of pollutants (nitrogen, phosphorus, and trace metals) into the surface sediments of natural water bodies (Pierre et al., 2021). Changes in certain aquatic environmental conditions often lead to the release of pollutants bound to sediments into the water column, resulting in a degradation of open water quality. Thus, sediments constitute a major source of pollutants and nutrients such as nitrogen and phosphorus into the water column (Lei et al., 2021; Li et al., 2023). Indeed, the biogeochemical transformations that occur in sediments induce transfers of nutrients (nitrogen and phosphorus in particular) from the sediments to the water column. These nutrients are at the origin of the phenomenon of eutrophication of aquatic environments (Pierre et al., 2021). Eutrophication is widespread throughout the world due to population growth, the establishment of industrial zones near waterways, the use of agricultural fertilizers and the increase in anthropogenic nutrient load of aquatic ecosystems (Lang et al., 2025; Pierre et al., 2021). The increase in nutrient load (nitrogen and phosphorus in particular) in waters promotes the proliferation of algae and macrophytes harmful to aquatic environments (Mu et al., 2017; Sun et al., 2021), leads to a decrease in dissolved oxygen levels (Sun et al., 2021) and consequently, the degradation of water quality in aquatic systems. Controlling anthropogenic nutrient inputs is one of the effective ways to reduce the risk of algal blooms and even eutrophication. However, in eutrophic lakes, reservoirs and lagoons, there is often a release of certain nutrients from the sediments (an important source of nutrients for the overlying waters) (Lei et al., 2021; Li et al., 2025). The release of certain nutrients from the sediments would also be a factor in increasing the trophic state of aquatic systems, particularly in shallow waters (Chen et al., 2022). Thus, monitoring the internal load of nutrients bound to sediments is essential when assessing surface water quality. In addition, the biogeochemical cycles of nitrogen and phosphorus are dependent on sediment compartments where the mineralization of organic matter occurs regularly; this induces significant nutrient fluxes and increased oxygen consumption at the water-sediment interface (Xiang et al., 2023; Zhou et al., 2021). Nutrient flux at the water-sediment interface is a factor that affects nutrient balance and regulates primary productivity in water (Fielding et al., 2020). When organic matter accumulates as a result of high productivity, sediments can become a sink for phosphorus and nitrogen, then the total decomposition of this organic matter restores nitrogen and phosphorus to their soluble forms (Li et al., 2025). Thus, under anaerobic conditions, bacteria transform nitrate NO3- into ammonium NH4+ and nitrogen (N2); on the other hand, phosphate does not undergo transformation and remains soluble under these conditions (Chen et al., 2022). Species (ammonium and phosphate) from sediments can be released to the overlying water, increasing primary production by feedback (Qui et al., 2020; Zou et al., 2020). Reactions promoting the release of phosphorus into the water column from the underlying sediments are numerous (Zhou et al., 2021; Mu et al., 2017). These include phosphate desorption, dissolution of phosphate minerals (Li et al., 2020; Zhou et al., 2021), microbial mineralization of organic matter, and diffusion of dissolved phosphorus into sediment pore waters (Boström et al., 1988). Factors that appear to regulate the release rate of phosphate PO43- are temperature, dissolved oxygen (DO) concentration, pH, and redox potential (Zhou et al., 2021; Lengier et al., 2021). For example, in sediments at low redox potentials (< 200 mV), trivalent iron (Fe(III)) is reduced to divalent iron (Fe(II)), resulting in the release of phosphate PO43- and divalent iron (Boström et al., 1988; Lengier et al., 2021). Coastal ecosystems such as bays, lakes, rivers and lagoons appear to be suitable systems for the study of factors affecting nutrient release from sediments due to the significant longitudinal gradient in the physical and chemical properties of their waters. The Fresco lagoon, being part of the lagoon system of Côte d'Ivoire, is subject to intense anthropogenic pressures due to its rural environment dominated by agriculture, which generates pollutants from the use of fertilizers and phytosanitary products. The accumulation of these pollutants can have an impact on the quality of its environment (Issola et al., 2008; 2009). In addition, fishing activities by poisoning, discharge of domestic wastewater, solid waste, etc. are sources of introduction of pollutants into this lagoon. Pollutants bound to sediments are likely to be released under certain conditions, which could lead to a degradation of the water quality of this aquatic ecosystem. The objective of this study is therefore to study the spatial distribution of diffusive fluxes of nutrients (NH4+-N, NO2--N, NO3--N, PO43--P) at the water-sediment interface in the Fresco lagoon and to identify the physicochemical factors favoring these diffusion fluxes. The results of this study could serve as databases for the prevention and control of eutrophication of this body of water.

2. MATERIALS AND METHODS

2.1 Presentation of the Study Area

Belonging to the Gbôklè region, the department of Fresco is located in the southwest of Côte d'Ivoire. The city of Fresco is the largest in this department with an estimated population of 101,298 inhabitants (Ouattara et al., 2025). The major activity in the department of Fresco is agriculture, mainly coffee, rubber, oil palm and cocoa (Dibo et al., 2021). The food crops grown are dominated by cassava, rice, banana and corn (Dibo et al., 2021). Artisanal fishing and aquaculture on the lagoon are also practiced in this city (N'guessan et al., 2013). Tourism is poorly developed (Dibo et al., 2021). The department of Fresco does not have industrial units for processing agricultural products. Mining potential is underexploited due to a lack of transportation infrastructure and low electrification, which hinders the establishment of mining companies (N'guessan et al., 2013). However, artisanal and clandestine mining is increasingly widespread in this region (N'guessan et al., 2013).
This study was conducted on the Fresco lagoon, located in the Fresco department. It extends between 5°03' and 5°11' North latitude and between 5°29' and 5°44' West longitude. In the coastal zone, there is a succession of four terrestrial hydroclimatic seasons (Etilé et al., 2020). These are the long dry season from December to April, the long rainy season from May to July, the short dry season from August to September and the short rainy season from October to November (Ouattara et al., 2025). This lagoon, which is about 4 meters deep and has an area of 17 km2, communicates with the Atlantic Ocean. It extends over a length of 6 km and a width of between 2 and 4 km (Ouattara et al., 2025). It receives the waters of two main coastal rivers, the Bolo River and the Niouniourou River (Fig. 1). The volume of ocean water received by this lagoon is maximum during low water periods of the Bolo and Niouniourou Rivers and minimum during flood periods. During flood periods of the Bolo and Niouniourou rivers, an effect known as the flushing of ocean waters by continental waters occurs (Issola et al., 2008; 2009).
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Fig. 1. Presentation of the study area 

2.2 Sampling and analysis methods

2.2.1 Sampling and pretreatment of water samples

This study was conducted over the period June 2019 - May 2020, i.e. over 12 months. A number of seven (7) stations noted S1, S2, S3, S4, S5, S6 and S7 were chosen for sampling (Fig. 2). This sampling took place over the four seasons and monthly. These sampling stations were selected during the work of Ouattara et al. (2025). The geographical coordinates of the sampling stations were determined using a GPS and are shown in Table 1.
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Fig. 2. Sampling stations in the Fresco lagoon 

Table 1. Geographic coordinates of the sampling stations 

	N°
	Station
	Latitude
	Longitude

	1
	S1
	5°06’15’’N
	5°33’47’’W

	2
	S2
	5°06’09’’N
	5°34’57’’W

	3
	S3
	5°06’07’’N
	5°35’16’’W

	4
	S4
	5°05’26’’N
	5°36’47’’W

	5
	S5
	5°06’14’’N
	5°36’37’’W

	6
	S6
	5°06’29’’N
	5°36’00’’W

	7
	S7
	5°06’40’’N
	5°35’05’’W



The movement across the lagoon water body was carried out using a pinnace. Overlying water and surface sediment samples were collected at each sampling station. Bottom water samples were collected 0.5 m above the sediment surface using a 5 L Niskin bottle. Upon the bottle being brought on board, the temperature (T), salinity (Sal), hydrogen potential (pH), redox potential (Eh) and dissolved oxygen (DO) of the water sample were measured using a HANNA HI 9828 pH/ORP/EC/DO multiparameter meter. The bottom water samples were placed in polyethylene bottles and kept cold at 4 °C in a cooler containing a large quantity of ice. Seven open water samples were collected monthly, for a total of 84 open water samples over the study period.
Surface sediment samples (0 to 2 cm deep) were collected using a stainless steel Van Veen sediment grab and placed in polyethylene bags, then stored at 4°C in a cooler containing a large quantity of ice. Seven surface sediment samples were collected monthly, for a total of 84 sediment samples over the study period.

2.2.2 Sample processing in the laboratory

Each sediment sample was centrifuged at 4000 rpm for 20 minutes to separate the solid phase from the liquid phase (pore water). The pore water samples were then filtered using 0.45 µm diameter cellulose acetate filters, pre-cleaned and soaked in a centimolar hydrochloric acid solution for 24 hours, then rinsed with Milli-Q water. After filtration, all pore water samples were stored in polyethylene bottles in a -20°C freezer. The solid phases of the sediment were oven-dried at 105°C for 24 hours, allowing the determination of several physical and chemical parameters such as relative humidity (water content), porosity, and organic matter content. Sediment water content (W) was determined by the gravimetric method. Sediment porosity was obtained through a calculation involving water content (Zhao et al., 2023). Sediment organic matter content was determined by loss on ignition. The loss on ignition protocol is described in the previous work of Ouattara et al., (2022a).


2.2.3 Nutrient content determination

In the bottom and pore water samples, the contents of nutrients such as nitrite (NO2--N), nitrate (NO3--N), ammonium (NH4+-N), and phosphate (PO43--P) were determined. These contents were determined by spectrophotometric assay using a HACH DR 3900 UV/Visible spectrophotometer.

For the determination of ammonium (NH4+-N), a reagent consisting of sodium hypochlorite, phenol and nitroprusside was added to each water sample in an alkaline medium; this made it possible to obtain blue-colored indophenol. The determination was carried out at the wavelength of 630 nm. In practice, 1 mL of reagent 1 (mixture of 35 g/L of phenol and 0.4 g/L of sodium nitroprusside) is added to the 20 mL test sample. The mixture is stirred vigorously for a few seconds, then 1 mL of reagent 2 (obtained by dissolving 20 g of sodium hydroxide, 380 g of trisodium citrate and 4 g of dichlorocyanuric acid in 1 L of double-distilled water) is added. A blank, which was ultrapure water, was produced under the same conditions. The vials were kept away from light for 6 hours and the indophenol blue compound formed was then measured by spectrophotometry. This measurement was carried out at a wavelength of 630 nm.

To measure nitrite (NO2--N), a diazotization reagent consisting of sulfanilamide and N-(1-naphthyl) ethylenediamine was added to each water sample in an acidic medium. The mixture yielded a purple-colored complex. This complex was measured at a wavelength of 540 nm. In practice, 1 mL of a colored reagent (obtained by mixing 40 g of 4-aminobenzenesulfonamide, 1 mL of a 15 mol/L orthophosphoric acid solution, and 2 g of N-(1-naphthyl) diamino-1,2-ethane dihydrochloride) was added to a 10 mL sample. The mixture was stirred vigorously by hand for at least 30 seconds and allowed to stand for 20 minutes at room temperature. A blank, consisting of ultrapure water, was produced under the same conditions. The nitrite content of the test sample was obtained by spectrophotometric determination of the final solution at 540 nm.

To measure nitrate (NO3--N), sulfosalicylic acid, obtained from the reaction between sodium salicylate and sulfuric acid, was added to each water sample. Sulfosalicylic acid reacts with NO3- in an anhydrous medium and produces a yellow nitrosalicylate complex in a basic medium. This complex was measured at a wavelength of 420 nm. In practice, a 20 mL sample was placed in an evaporating dish. 0.5 mL of 10 g/L sodium azide solution and 0.2 mL of pure glacial acetic acid were successively added. The mixture was allowed to stand for 5 minutes, then evaporated to dryness in a water bath at 100 °C. The dry residue was taken up in 1 mL of sodium salicylate solution. The mixture was homogenized again until dry. The new dry residue was taken up in 1 mL of 97% pure sulfuric acid for dissolution. The resulting mixture was left to stand at room temperature, then taken up in 10 mL of ultrapure water, followed by 10 mL of an alkali solution (obtained by mixing 200 g of NaOH and 50 g of Na2EDTA, 2H2O). The resulting solution was transferred into a 25 mL graduated flask. The flasks were then placed in a water bath at 25 °C for 10 minutes. Then, ultrapure water was added to obtain a final solution of 25 mL. The nitrate concentration of the test sample was obtained by spectrophotometric determination at 420 nm of the final solution.

For the determination of phosphate (PO43--P), a reagent based on ammonium molybdate, antimony and sulfuric acid was added to the water samples; this gives a blue-colored phosphomolybdic complex after reduction with ascorbic acid. It is this complex that was determined at the wavelength of 885 nm. In practice, 10 mL of a combined reagent (obtained with 30 g of ammonium molybdate, 1.36 g of antimony and potassium oxytartrate, 108 g of ascorbic acid and 25 mL of 2.5 mol/L sulfuric acid) was added to 10 mL of a test sample. The whole is vigorously stirred for about 30 seconds and left to stand for 10 minutes at room temperature. A blank, which was ultrapure water, was carried out under the same conditions. The orthophosphate concentration content was obtained by spectrophotometric determination at 885 nm.

2.3 Calculation of diffusion fluxes at the water-sediment interface

The diffusion flux is estimated from the nutrient concentration gradient measured between the overlying water and the sediment pore water. A positive flux indicates the release of nutrients from the sediment to the overlying water, while a negative flux indicates the release of nutrients from the overlying water to the sediment (Zhao et al., 2023). The diffusion fluxes of ammonium (NH4+-N), nitrite (NO2--N), nitrate (NO3--N), and phosphate (PO43--P) were calculated using Fick's first law of diffusion, given by the following relationship (Berner, 1980; Lengier et al., 2021):


                                                                                                            Eq.1

Where F is the diffusive flux of nutrients at the water-sediment interface (mg.m-2.d-1), Ø is the porosity of the sediment, Ds is the effective diffusion coefficient corrected for tortuosity in the sediment (in cm2.s-1), and  is the nutrient concentration gradient (in mg.m-4). This gradient is calculated from the difference in nutrient concentrations between bottom water and pore water (Boudreau, 1997):


                                                                                                                     Eq.2

                                                                                                         Eq.3

Where Do is the apparent diffusion coefficient in water (cm².s-1) and θ is the sediment tortuosity. The apparent diffusion coefficients D0 for ammonium, nitrate, nitrite, and phosphate are taken from the work of Li and Gregory (1974). However, the diffusion coefficients were corrected for bottom water temperature using the Stockes-Einstein relationship (Einstein, 1905). Porosity was determined using the following relationship (Zhao et al., 2023; Lengier et al., 2021):


                                                                                                                Eq.4

Where W is the water content of the sediment (%) and d is the bulk density of the sediment generally equal to 2.5 (Zhao et al., 2023).
2.4 Statistical analyses

Means, standard deviations, and graphical representations were obtained using Microsoft Excel. Principal component analysis, correlation matrix, and one-way ANOVA tests were obtained using Statistica 2005 (version 7.1).

3. RESULTS AND DISCUSSION

3.1 Results

3.1.1 Physicochemical parameters of bottom waters

The average values of the physicochemical parameters of the bottom waters are shown in Table 2.
Over the study period, water temperatures ranged from 26.65 ± 4.21 °C (station S1) to 31.30 ± 2.53 °C (station S6). These temperatures are relatively high with an average value of approximately 29.55 ± 1.37 °C. The waters of the Fresco lagoon appear neutral since the pH of the waters varies between 6.91 ± 0.51 (station S1) and 7.56 ± 1.18 (station S4) for an average of 7.19 ± 0.36. The pH varies little along the water body. The conductivity is between 31.19 ± 10.85 mS/cm (station S3) and 38.18 ± 9.17 mS/cm (station S2). The salinity of the waters varies between 19.38 ± 7.53 (station S3) and 24.26 ± 6.56 (station S2). The average conductivity and salinity are respectively 33.63 ± 6.15 mS/cm and 20.56 ± 2.03. These two quantities are relatively high. The redox potentials between -33.47 ± 59.05 mV (station S6) and -8.87 ± 45.48 mV (station S7) are negative at all stations. The dissolved oxygen contents vary between 1.74 ± 1.23 (station S3) and 3.45 ± 1.90 mg/L (station S4) for an average content of approximately 2.38 ± 0.57 mg/L. These levels are relatively low.




Table 2. Average values of the physicochemical parameters of the bottom waters

	Station
	T (°C)
	pH
	DO (mg/L)
	EC (mS/cm)
	Salinity
	Eh (mV)

	S1
	26.65 ±4.21
	6.91±0.51
	2.06±0.46
	33.36±23.25
	21.55±15.22
	-24.87±38.48

	S2
	27.38±5.21
	7.54±0.84
	2.97±1.12
	38.18±9.17
	24.26±6.56
	-23.95±48.44

	S3
	30.49±1.98
	7.23±1.41
	1.74±1.23
	31.19±10.85
	19.38±7.53
	-24.73±56.54

	S4
	29.97±2.23
	7.56±1.18
	3.45±1.90
	33.26±6.92
	20.74±4.86
	-31.05±62.00

	S5
	30.87±2.10
	7.36±1.03
	1.75±0.66
	32.35±4.84
	20.07±3.39
	-28.05±53.56

	S6
	31.30±2.53
	7.47±1.10
	2.56±0.74
	33.82±6.68
	21.09±4.68
	-33.47±59.05

	S7
	30.18±1.43
	7.34±1.15
	2.14±1.83
	33.26±8.26
	20.76±5.69
	-8.87±45.48

	Mean
	29.55±1.37
	7.19 ± 0.36
	2.38±0.57
	33.63±6.15
	20.56 ± 2.03
	-23.30 ± 9.78


Values are expressed as mean ± standard deviation; T: temperature; DO: dissolved oxygen; EC: electrical conductivity; Eh: redox potential.

3.1.2 Physicochemical parameters of surface sediments

The average values of the physicochemical parameters of the sediments, measured at the various stations, are shown in Table 3.

Table 3. Physicochemical parameters of surface sediments

	Station
	W (%)
	Ø (%)
	O.M (%)

	S1
	56.96 ± 42.42
	52.69 ± 13.97
	12.15 ± 3.13

	S2
	21.87 ± 5.54
	36.11 ± 5.68
	5.68 ± 4.81

	S3
	201.71 ± 42.62
	79.39 ± 6.67
	25.09 ± 6.10

	S4
	183.46 ± 54.62
	75.35 ± 6.38
	25.13 ± 2.09

	S5
	196.01 ± 66.49
	77.50 ± 7.57
	24.39 ± 6.09

	S6
	175.20 ± 34.49
	75.73 ± 3.33
	28.32 ± 4.94

	S7
	138.70 ± 36.23
	69.57 ± 5.01
	22.34 ± 3.36

	Mean
	115.87 ± 76.45
	60.17 ± 18.61
	20.44 ± 1.54


Values are given as mean ± standard deviation; OM: Organic matter; W: Water content; Ø: Porosity.

The sediments contain organic matter and the rate of this organic matter varies between 5.68 ± 4.81% (station S2) and 28.32 ± 4.94% (station S6). The average value of the rate of organic matter is about 20.44 ± 1.54%. The maximum value of the rate of organic matter was obtained at station S6 and the minimum value at station S2. The water content and porosity have average values of 115.87 ± 76.45% and 60.17 ± 18.61% respectively. The values of water content, ranging between 21.87 ± 5.54% (station S2) and 201.71 ± 42.62 (station S3), are relatively high. The porosity values, which range from 36.11 ± 5.68% (station S2) to 79.39 ± 6.67% (station S3), are also relatively high. The maximum value of water content and porosity were obtained at station S3 and the minimum values at station S2.

3.1.3 Nutrient levels in bottom water and interstitial water

The overlying water and pore water in the sediments were analyzed to study the spatial distribution of nitrogen and phosphorus. The results are presented in Table 4.








Table 4. Average nutrient levels in bottom water and interstitial water (expressed in mg/L)

	
	Bottom Water
	
	Pore water

	Station
	NH4+-N
	NO2--N
	NO3--N
	DIN
	PO43--P
	N/P*
	
	NH4+-N
	NO2--N
	NO3--N
	DIN
	PO43--P
	N/P*

	S1
	0.54±0.06
	0.028±0.007
	9.80±3.86
	10.37±2.94
	3.05±0.12
	58.77±40.09
	
	0.82±0.61
	0.019±0.017
	5.10±4.05
	5.94±1.64
	4.12±0.61
	10.17±2.16

	S2
	0.11±0.06
	0.034±0.008
	10.85±9.28
	10.99±3.66
	0.38±0.23
	19.70±1.69
	
	0.15±0.06
	0.032±0.013
	4.75±1.61
	4.93±1.62
	0.72±0.59
	26.39±10.62

	S3
	0.07±0.04
	0.030±0.020
	4.18±4.13
	4.28±0.00
	1.16±0.14
	26.36±0.00
	
	0.37±0.34
	0.028±0.010
	4.80±4.27
	5.20±3.27
	1.55±0.73
	10.25±2.78

	S4
	0.06±0.03
	0.014±0.010
	8.43±0.93
	8.50±0.92
	1.14±0.78
	18.87±5.07
	
	0.23±0.16
	0.044±0.018
	5.98±3.48
	6.25±1.55
	1.65±0.74
	7.46±3.43

	S5
	0.07±0.04
	0.014±0.008
	3.18±2.28
	3.26±1.37
	0.63±0.10
	21.62±3.86
	
	0.36±0.22
	0.034±0.029
	5.45±2.37
	5.84±0.69
	1.34±0.36
	8.34±0.98

	S6
	0.04±0.01
	0.012±0.008
	5.03±3.56
	5.07±2.75
	0.46±0.08
	49.44±1.15
	
	0.24±0.18
	0.029±0.021
	3.88±1.95
	4.14±0.42
	2.07±0.86
	9.59±0.64

	S7
	0.09±0.03
	0.013±0.006
	3.23±2.38
	3.33±0.56
	0.54±0.04
	20.62±7.67
	
	0.23±0.16
	0.023±0.011
	4.58±2.87
	4.83±1.37
	1.12±0.66
	10.38±0.64

	Mean
	0.14±0.04
	0.021±0.011
	6.38±3.77
	6.54±1.38
	1.05±0.26
	30.77±2.85
	
	0.34±0.25
	0.030±0.025
	4.93±2.94
	5.30±0.91
	1.79±0.15
	11.80±3.52


Values are given as mean ± standard deviation; DIN = NH4+-N+ NO2--N+ NO3--N: dissolved inorganic nitrogen; DIP = PO43--P: dissolved inorganic phosphorus; * N/P= DIN/DIP: molar ratio




The average contents of ammonium (NH4+-N), nitrite (NO2--N), nitrate (NO3--N) and phosphate (PO43--P) obtained in bottom waters are respectively 0.14 ± 0.04 mg/L; 0.021 ± 0.011 mg/L; 6.38 ± 3.77 mg/L and 1.05 ± 0.26 mg/L. In interstitial waters, they are respectively 0.34 ± 0.25 mg/L; 0.030 ± 0.025 mg/L; 4.93 ± 2.94 mg/L and 1.79 ± 0.15 mg/L. Except for nitrate, the average contents of nutrients in interstitial waters are higher than those in bottom waters. The average ammonium, nitrite and phosphate contents in the pore waters were 2.43, 1.43 and 1.70 times higher than those in the bottom waters, respectively. At all stations, the ammonium (NH4+-N) and phosphate (PO43--P) contents in the pore waters were higher than those in the bottom waters. In addition, the average nitrate content in the overlying waters was 1.29 times higher than that in the pore waters. Ammonium (NH4+-N) levels ranged from 0.04 ± 0.01 mg/L (station S6) to 0.54 ± 0.06 mg/L (station S1) in bottom waters and from 0.15 ± 0.06 mg/L (station S2) to 0.82 ± 0.61 mg/L (station S1) in interstitial waters. Furthermore, the maximum ammonium levels were obtained at station S1. The relatively low nitrite (NO2--N) levels range from 0.012 ± 0.008 mg/L (station S6) to 0.034 ± 0.008 mg/L (station S2) in the bottom waters and from 0.019 ± 0.017 mg/L (station S1) to 0.044 ± 0.018 mg/L (station S4) in the pore waters.
Nitrate (NO3--N) levels range from 3.18 ± 2.28 mg/L (station S5) to 10.85 ± 9.28 mg/L (station S2) in the bottom waters and from 3.88 ± 1.95 mg/L (station S6) to 5.98 ± 3.48 mg/L (station S4) in the pore waters. Phosphate (PO43--P) levels ranged from 0.38 ± 0.23 mg/L (station S2) to 3.05 ± 0.12 mg/L (station S1) in the bottom waters and from 0.72 ± 0.59 mg/L (station S2) to 4.12 ± 0.61 mg/L (station S1) in the pore waters. The lowest phosphate levels were obtained at station S2, while the highest levels were obtained at station S1.
According to the data in Table 4, nitrate (NO3--N) appears to be the predominant dissolved inorganic nitrogen (DIN) species in both the bottom waters and pore waters. Dissolved inorganic nitrogen levels were higher than those of phosphate (PO43--P). The maximum dissolved inorganic nitrogen concentrations were obtained at stations S2 and S4, in the bottom and interstitial waters, respectively.
The molar ratio of dissolved inorganic nitrogen to dissolved inorganic phosphorus (N/P) ranged from 18.87 ± 5.07 (station S4) to 58.77 ± 40.09 (station S1) in the bottom waters and from 7.46 ± 3.43 (station S4) to 26.39 ± 10.62 (station S2) in the interstitial waters. At the bottom water stations, the N/P molar ratio values were higher than 16 and also high, indicating that phosphorus is the limiting nutrient for algal growth. At the interstitial water stations, the N/P ratio values were lower than 16, except for station S2.

3.1.4 Diffusive fluxes of nutrients at the water-sediment interface

The spatial distributions of diffusion fluxes at the water-sediment interface of some nutrients are presented in Fig. 3.
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Fig. 3. Spatial distributions of nutrient diffusion fluxes at the water-sediment interface

Over the study period:
- Ammonium (NH4+-N) diffusion fluxes ranged from 0.002 ± 0.001 mg.m-2.d-1 (station S2) to 0.063 ± 0.050 mg.m-2.d-1 (station S5) (Fig. 3). The maximum value of ammonium diffusion fluxes was obtained at station S5. Regardless of the station, ammonium diffusion fluxes were positive.
- Nitrite diffusion fluxes were relatively low, ranging from -0.001 ± 0.002 mg.m-2.d-1 (station S1) to 0.006 ± 0.004 mg.m-2.d-1 (station S4) (Fig. 3). The nitrite diffusion flux obtained at station S1 was negative.
- Nitrate diffusion fluxes range from -0.50 ± 0.97 mg.m-2.d-1 (station S1) to 0.40 ± 0.27 mg.m-2.d-1 (station S5) (Fig. 3). In addition, nitrate diffusion fluxes at stations S5 and S7 are positive.
- Regardless of the station, phosphate diffusion fluxes are positive. They range from 0.01 ± 0.00 mg.m-2.d-1 (station S2) to 0.14 ± 0.02 mg.m-2.d-1 (station S6). The maximum value of phosphate diffusion fluxes was obtained at station S6 (Fig. 3).
The average values of ammonium, nitrite, nitrate, and phosphate diffusion fluxes are 0.036 ± 0.016 mg.m-2.d-1; 0.002 ± 0.001 mg.m-2.d-1; -0.11 ± 0.43 mg.m-2.d-1 and 0.05 ± 0.01 mg.m-2.d-1, respectively. The diffusion of nutrients at the water-sediment interface occurs in the following decreasing order: 
PO43--P ˃ NH4+-N ˃ NO2--N ˃ NO3--N.

The diffusion fluxes of dissolved inorganic nitrogen (DIN) were calculated. The results give diffusion fluxes ranging from -0.47 ± 0.92 mg.m-2.d-1 (station S1) to 0.47 ± 0.25 mg.m-2.d-1 (station S5). The average value of these diffusion fluxes is approximately -0.07 ± 0.44 mg.m-2.d-1. The daily diffusion fluxes of nutrients allowed an estimation of the average annual diffusion fluxes. The results indicate that the average annual diffusion fluxes of ammonium, nitrite, nitrate and phosphate are respectively 0.23 ± 0.07 t/year; 0.002 ± 0.001 t/year; -0.69 ± 2.65 t/year and 0.33 ± 0.08 t/year: the sediment would be a source of introduction of ammonium, nitrite and phosphate into the overlying waters. Over the study period, a total of -0.47 ± 1.51 tonnes of dissolved inorganic nitrogen diffused from bottom waters to surface sediments, while 0.33 tonnes of phosphate diffused from the sediment to open waters at the water-sediment interface.

3.1.5 Factors influencing nitrogen and phosphorus nutrient diffusion fluxes

A Pearson correlation analysis (Table 5) and a principal component analysis (Fig. 4) were performed to establish a relationship between nitrogen and phosphorus nutrient diffusion fluxes and the physicochemical parameters of the bottom waters. The results revealed that temperature showed a positive correlation with the diffusion fluxes of ammonium (r = 0.66), nitrite (r = 0.66), nitrate (r = 0.58), and phosphate (r = 0.64). In contrast, dissolved oxygen and redox potential showed negative correlations with the diffusion fluxes of ammonium (r = -0.57; r = -0.36) and phosphate (r = -0.08; r = -0.48). Furthermore, negative correlations were obtained between nitrate diffusion flux and dissolved oxygen (r = -0.47) and then between redox potential and nitrite diffusion flux (r = -0.39) (Table 5).

Regarding the principal component analysis (PCA), it indicated that two factors denoted F1 and F2 express respectively 43.64% and 27.01%, of the information due to the factors influencing the diffusion fluxes of nutrients at the water-sediment interface (Fig. 4). Negative correlations were noted between the factor F1 and temperature, as well as the diffusion fluxes of ammonium, nitrate and phosphate as shown in Fig. 4. These correlation coefficients are respectively -0.837; -0.932; -0.511 and -0.567. In addition, as shown in Fig. 4, strong negative correlations were noted between the factor F2 and pH, as well as dissolved oxygen and nitrite diffusion flux. These correlation coefficients are respectively -0.871; -0.779; -0.758.

Table 5. Correlation matrix between the physicochemical parameters of water and the diffusion fluxes of nitrogen and phosphorus nutrients

	
	T
	pH
	EC
	Sal
	Eh
	DO
	NH4+-N
	NO2--N
	NO3--N
	PO43--P

	T
	1.00
	
	
	
	
	
	
	
	
	

	pH
	0.43
	1.00
	
	
	
	
	
	
	
	

	EC
	-0.56
	0.41
	1.00
	
	
	
	
	
	
	

	Sal
	-0.69
	0.25
	0.98
	1.00
	
	
	
	
	
	

	Eh
	-0.16
	-0.22
	0.03
	0.04
	1.00
	
	
	
	
	

	DO
	-0.17
	0.66
	0.57
	0.53
	-0.31
	1.00
	
	
	
	

	NH4+-N
	0.66
	-0.20
	-0.86
	-0.88
	-0.36
	-0.57
	1.00
	
	
	

	NO2--N
	0.66
	0.60
	-0.27
	-0.37
	-0.39
	0.43
	0.35
	1.00
	
	

	NO3--N
	0.58
	0.22
	-0.27
	-0.37
	0.40
	-0.47
	0.38
	0.29
	1.00
	

	PO43--P
	0.64
	0.12
	-0.34
	-0.38
	-0.48
	-0.08
	0.44
	0.37
	0.00
	1.00


T: temperature; EC: electrical conductivity; Sal: salinity; DO: dissolved oxygen; Eh: redox potential; NO3--N: nitrate diffusion flux; NO2--N: nitrite diffusion flux; NH4+-N: ammonium diffusion flux; PO43--P: phosphate diffusion flux; values in bold are significant (p < 0.05).
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Fig. 4. Principal component analysis of the main parameters studied

3.2 Discussion

The study of the physicochemical parameters of the bottom waters reveals that the water temperatures of the Fresco Lagoon are uniform throughout the lagoon. On average, the temperature is approximately 29.55 ± 1.37 °C. The relatively shallow average depth of the lagoon, the mixing of the waters by winds, fishing activities, and navigation on the lagoon create significant hydrodynamics that promote the mixing of the surface and bottom water layers, contributing to the uniformity of the temperature throughout the water column. The recorded temperatures correspond to those of tropical lagoons, which range between 25 and 35 °C (Ouattara et al., 2025; Tuo et al., 2021). The pH values, with an average of 7.19 ± 0.36, indicate that the waters of the Fresco lagoon appear neutral and therefore favorable to aquatic life. The values obtained are in accordance with the WHO standard, which sets the pH of aquatic environments between 6.5 and 8.5 (WHO, 2017). Similar pH values were recorded in the Tafna River in northwest Algeria by Mechouet et al. (2024). The waters of station S1, whose pH is lower than 7 (pH = 6.91 ± 0.51), appear to be due to inputs of organic matter from the Bolo and Niouniourou rivers. Conductivity and salinity have relatively high average values (33.63 ± 6.15 mS/cm for conductivity and 20.56 ± 2.03 for salinity). These conductivity and salinity values reveal that the waters of the Fresco lagoon are poorly renewed and salty due to the marine waters flowing deep into this lagoon on the one hand, and on the other hand, due to the low hydrodynamics of this lagoon. The redox potentials, which are negative in all stations and whose average value is approximately -23.30 ± 9.78 mV, reveal that this environment is reducing. This reducing character would be due to the insufficient dissolved oxygen in the water. Indeed, the dissolved oxygen contents are relatively low with an average content of approximately 2.38 ± 0.57 mg/L. This insufficient dissolved oxygen could be linked to the use of oxygen during the respiration of aquatic organisms on the one hand, and on the other hand, to the oxidation of organic matter by bacteria which requires oxygen. These low dissolved oxygen contents indicate that the degree of pollution is significant; which is detrimental to aquatic organisms living in this environment. Such an observation was previously made by Wang et al., (2021). Furthermore, the work of Ouattara et al., (2025) reported that a quantity of dissolved oxygen lower than 2 mg/L is characteristic of an environment where many aquatic organisms perish due to the lack of dissolved oxygen which is also used during the process of decomposition of organic matter. The results of this study show that the waters of the Fresco lagoon are hypoxic since the dissolved oxygen levels are lower than 5 mg/L, a threshold considered critical for aquatic life (Ouattara et al., 2025; Tuo et al., 2021). Thus, the waters of the Fresco lagoon appear to be of poor quality and the level of eutrophication of this body of water is high as indicated by MESD & Water Agency, (2003); Ouattara et al., (2025). The Fresco lagoon can be considered as an environment of stress and avoidance of aquatic fauna where, according to Pinay et al. (2017), more or less significant mortalities of aquatic fauna are observed. Similar remarks were made in Lake Hongfeng in China by Sun et al. (2021).

In the present study, the evaluation of organic matter levels showed that the sediments of the Fresco lagoon contained high levels of organic matter, the average of which is estimated at 20.44 ± 1.54%. The sediments collected at stations S3; S4; S5; S6 and S7 presented relatively high levels of organic matter. These high levels of organic matter reveal that this aquatic environment is an area where the waters are little renewed above the sediment; which creates hypoxic conditions in the bottom waters. Consequently, the organic matter, which is partially oxidized, accumulates in the sediment (Ouattara et al, 2022b). Furthermore, the organic matter of continental origin, which is drained by coastal rivers and wastewater discharges from the agglomerations of the city of Fresco, could also explain these relatively high levels of organic matter. The sediments of stations S3; S4; S5; S6 and S7 are muddy in nature; this explains the high values of porosity and water content at these stations. In fact, water-rich sediments are likely to be more easily mobilized during a change in environmental conditions at the sediment-water interface (Hall et al., 2017). On the other hand, the relatively low organic matter content obtained at station S2 (5.68 ± 4.81%), could be due to the influence of marine waters which cause a dilution of pollutant masses. The sediments at station S2 are sandy in texture. This characteristic could explain the relatively low values of porosity (36.11 ± 5.68%) and water content (21.87 ± 5.54%) recorded at this station.

Nitrate (NO3--N) is the element with the highest levels, compared to nitrite (NO2--N), ammonium (NH4+-N) and phosphate (PO43--P), both in bottom waters and in sediment interstitial waters. These nitrate levels suggest that the depth of the sampling stations is shallow, which is favorable to the penetration of atmospheric oxygen by causing the nitrification of ammonium (Lengier et al., 2021; Zhong et al., 2022). The uptake of ammonium by phytoplankton could also explain the nitrate levels in these waters. Indeed, a large amount of ammonium (NH4+-N) would have been consumed by phytoplankton because of its preference over nitrate (NO3--N) (Wen et al., 2019). At all stations, the ammonium and phosphate contents of the interstitial waters are higher than those of the bottom waters. This observation seems to be related to the mineralization of sedimented organic matter given the relatively low dissolved oxygen contents. This observation was also reported in the work of Yang et al., (2020). Moreover, the increase in PO43--P concentration coincides with the decrease in NO3--N concentration in sediment pore waters. It has been reported that nitrate can resist the reduction of ferric iron to ferrous iron because the redox potential for nitrate reduction is higher than that for iron reduction (Meng et al., 2020). Therefore, nitrate can influence the release of iron-bound phosphorus from sediments (Meng et al., 2020). The results obtained are in agreement with those of Wen et al. (2019) in Yuqiao Reservoir, China, and Yang et al. (2020) in Chaohu Lake, China. The relatively high content of dissolved inorganic nitrogen obtained in the bottom waters at station S2 (10.99 ± 3.66 mg/L) could be explained by the inputs of nitrogen nutrients from the Bolo and Niouniourou rivers and those from the Atlantic Ocean.
The calculation of the N/P molar ratio gave relatively high values at stations S1 (58.77 ± 40.09) and S2 (26.39 ± 10.62) in the overlying waters and interstitial waters respectively. These high values of the N/P ratio would be related to an excess of dissolved inorganic nitrogen which was brought by the Atlantic Ocean and the Bolo and Niouniourou rivers. Compared to the N/P ratio of planktonic algae of 16:1 (Redfield et al., 1963), the N/P molar ratio (between 18.87 ± 5.07 and 58.77 ± 40.09) in the bottom waters is much higher. The average value of this ratio is 30.77 ± 2.85; which indicates a depletion of phosphorus which is either assimilated by phytoplankton or adsorbed on sediment particles or organic matter. This result is consistent with the work of Sun et al., (2021) in Lake Hongfeng in China. On the other hand, the N/P molar ratio in the interstitial waters is relatively low (between 7.46 ± 3.43 and 26.39 ± 10.62). The average value of this ratio (11.80 ± 3.52) is less than 16:1° (Redfield et al., 1963); which indicates that nitrogen is the nutrient limiting primary production. Phosphorus would therefore be in excess compared to nitrogen in the interstitial waters. This difference is attributable to the mineralization of sedimented organic matter given the high water temperatures and insufficient dissolved oxygen levels. These results are consistent with those of the work of Yang et al. (2020) in Lake Chaohu in China.

The results of the analysis of water nutrient contents show that there is a distinct concentration gradient between the nitrogen and phosphorus nutrient contents of the overlying waters and the interstitial waters of the Fresco Lagoon. This concentration gradient is the origin of the nutrient diffusion fluxes at the water-sediment interface. In all stations, the ammonium diffusion flux is positive and its average value is approximately 0.036 ± 0.016 mg.m-2.d-1. This positive flux indicates that ammonium is transferred from the interstitial waters to the bottom waters. The sediments therefore become sources of contaminants for the water column given the ammonium concentration gradient and the relatively high temperatures at the water-sediment interface (29.55 ± 1.37°C on average). High temperatures are favorable to the decomposition of cyanobacteria, causing a decrease in dissolved oxygen levels. The sediments are then poor in dissolved oxygen, creating anoxic or anaerobic conditions. These anoxic environmental conditions promote the release of ammonium (NH4+-N) from the sediments. Miatta & Snelgrove (2021) found that an increase in temperature mainly led to the release of NH4+-N from the sediments, because the rise in temperature could enhance the ammonification rate of organic matter in the sediments. In addition, high bottom water temperatures could increase the process of bioturbation, linked to the activity of benthic fauna through the creation of galleries in the sediments; which facilitates the release of NH4+-N from the sediments to the bottom waters (Wen et al., 2024). The reducing nature of the waters could also explain the diffusion fluxes of ammonium from pore waters to the bottom waters. Indeed, the reduction of nitrate (NO3--N) to ammonium (NH4+-N) is either the result of denitrification or the result of dissimilatory NO3--N reduction that releases NH4+-N into the sediment pore water; the latter diffuses rapidly along the concentration gradient to the overlying water (Sommer et al., 2017). High salinity is also an important factor influencing the transfer of ammonium from pore water to bottom water. Some works have reported that the percentage of NH4+-N released into the water column is higher compared to the nitrified-denitrified amount in saline environments (Hall et al., 2017; Miatta & Snelgrove, 2021). The results obtained are in agreement with those of the work of Wen et al (2019) in the Yuqiao reservoir in China and those of Li et al (2023) in the Biliuhe reservoir in China.

The diffusion flux of nitrite (NO2--N) at the sediment-water interface is very low in all stations (0.002 ± 0.001 mg.m-2.d-1 on average). This flux represents a relatively small fraction of that of dissolved inorganic nitrogen. The generally low flux of nitrite reflects its role as an intermediate product of nitrogen transformation during nitrification and denitrification processes. Ammonium and nitrate are therefore the main forms of dissolved inorganic nitrogen exchanged at the water-sediment interface. The trend observed in this study highlights the importance of nitrification, which causes the absorption of ammonium from the water column to meet bacterial demand, on the one hand, and of denitrification, which results in the consumption of nitrite, nitrate, and associated fluxes at the water-sediment interface, on the other hand.

The mean diffusion flux of nitrate (NO3--N), which is negative (-0.11±0.43 mg.m-2.d-1), indicates that nitrate is transferred from the overlying waters to the pore waters where sediments act as nutrient sinks. This suggests that nitrate present in the surface sediments is in a state of adsorption. Sediments appear to play an important role in the process of nitrate removal from the water column. The diffusion flux of nitrate from the overlying waters to the sediments is an important source of denitrification, especially in streams with high nitrate concentrations (Miatta & Snelgrove 2021). According to Yang et al. (2020), nitrate diffusion in sediments is a factor controlling the denitrification rate. Nitrate transfer in sediments indicates that denitrification actively occurs in surface sediments due to the concentration gradient and reducing nature of waters at the interface. In the nitrogen cycle, the transport and transition of nitrogen at the water-sediment interface are complex (Wang et al., 2020; Danyang et al., 2021). According to Sommer et al. (2017); Li et al. (2023), temperature, porosity, concentration gradient, dissolved oxygen, bioturbation, nitrification, denitrification, and ammonification are factors collectively influencing the reactions at the water-sediment interface. Under oxic conditions, nitrification can easily occur, and NO3--N concentrations in the sediment can increase; this results in the diffusion of NO3--N from the sediment to the overlying water. However, nitrification is limited and denitrification occurs under reducing conditions, so that NO3--N is reduced and NO2--N and N2 are generated (Sun et al., 2021). The results obtained are consistent with those of the work of Sun et al., (2021) in Hongfeng Lake in China.

The results of this study reveal that phosphate (PO43--P) is released from pore waters to bottom waters at all stations and its average release flux is about 0.05 ± 0.01 mg.m-2.d-1. Thus, sediments would have become sources of contaminants for the water column due to high temperatures at the water-sediment interface and relatively low dissolved oxygen contents. This observation could explain the strong correlation (r = 0.64) observed between temperature and phosphate diffusion flux and the negative correlation (r = -0.08) obtained between dissolved oxygen and phosphate diffusion flux. Kang et al. (2018) found that under anoxic conditions, polyphosphate degrades and releases phosphate. Phosphate recycling in bottom waters is thought to be due to anoxic sediments becoming rich in sulfides, which causes the dissolution of iron oxyhydroxides with the release of adsorbed phosphates. Under oxic conditions, ferrous iron (Fe2+) can bind to PO43--P, maintaining inorganic phosphates in the solid phase of the sediment. In contrast, under anoxic conditions, ferric iron (Fe3+) is reduced to ferrous iron (Fe2+), which in turn reacts with sulfide to form insoluble iron sulfide precipitates (FeS and FeS2) (Zou et al., 2020). This reaction is responsible for the release of PO43--P retained in the sediments to the water column. Similar results were obtained by Lang et al., (2025) in the Danjiangkou Reservoir in China.

Since ammonium and phosphate were the most released nutrients into the overlying waters, the sediments of Fresco Lagoon act as a source of nutrients for the water column. Internal phosphorus loading could be one of the causes of eutrophication of Fresco Lagoon. Furthermore, this study revealed through statistical analyses that water temperature and dissolved oxygen were the factors most affecting the release of nitrogen and phosphorus nutrients at the water-sediment interface of Fresco Lagoon.

4. CONCLUSION

In this study, the results showed that the sediments are water-rich, porous, and contain high levels of organic matter, particularly in areas close to urban areas. Furthermore, the waters of the Fresco Lagoon appear neutral (pH = 7.19 ± 0.36) and reducing (-23.30 ± 9.78 mV). Water temperatures are relatively high, with an average of 29.55 ± 1.37°C. The waters are thought to be in hypoxic conditions due to the relatively low dissolved oxygen levels, with an average content of 2.38 ± 0.57 mg/L. The physicochemical conditions of the lagoon environment generate diffusion fluxes of nitrogen and phosphorus nutrients at the water-sediment interface. Nitrates had a negative diffusion flux (-0.11 ± 0.43 mg.m-2.d-1); which indicates that nitrates are transferred from bottom waters to interstitial waters. On the other hand, ammonium, nitrite and phosphate had positive diffusion fluxes, with respective values of 0.036 ± 0.016 mg.m-2.d-1; 0.002 ± 0.001 mg.m-2.d-1 and 0.05 ± 0.01 mg.m-2.d-1. These positive fluxes reveal that these nutrients are released from the sediments into the water column. Thus, the sediments would have become a source of contamination of the water column by nutrients (nitrogen and phosphorus). The search for effective decontamination techniques upstream of the natural environment could help improve the quality of the water and sediments of this Lagoon.
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