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Original Research Article

Nutrient Dynamics in a Tropical Lagoon: Seasonal Patterns of Nitrogen and Phosphorus in Fresco Lagoon, Côte d’Ivoire
ABSTRACT
Some nutrients from anthropogenic discharges contribute to the pollution of aquatic ecosystems due to the mineralization of the organic matter contained therein. The mineralization of organic matter influenced by the physicochemical factors of open waters often leads to the phenomenon of eutrophication due to the enrichment of waters in nitrogen and phosphorus in particular. Eutrophication is a serious environmental problem. The main objective of this study is to monitor the seasonal dynamics of nitrogen and phosphorus nutrients in the open waters of two locations in the Fresco lagoon, designated zone I and zone II. To do this, the physicochemical parameters of the open waters were determined using a multiparameter and the ammonium (NH4+), nitrite (NO2-), nitrate (NO3-) and phosphate (PO43-) contents of the waters by spectrophotometric dosage. The results reveal acidic waters in the main rainy season (pH = 6.25 ± 0.08 in zone I and pH = 6.31 ± 0.53 in zone II), high temperatures in the main dry season (32.04 ± 0.52°C in zone I and 30.59 ± 0.90°C in zone II) and low dissolved oxygen contents in the short rainy season (1.40 ± 0.43 mg/L in zone I and 1.78 ± 0.06 mg/L in zone II). The waters show high levels, respectively in zone I in the short rainy season for NO3- (15.46±9.03 mg/L) and in the short dry season for PO43- (0.84±0.18 mg/L) and in zone II, in the short rainy season for NO3- (16.77±9.82 mg/L) and in the long dry season for PO43- (3.28±3.20 mg/L).These high contents characterize a eutrophic environment due to the large quantity of nitrate and phosphate from coastal rivers. Wastewater treatment techniques before their discharge into nature and raising awareness among populations on environmental preservation could be considered.
Keywords: Pollution, Atlantic Ocean, Bolo River, Niouniourou River, nutrients
1.  INTRODUCTION 
Eutrophication is a serious environmental problem affecting aquatic ecosystems (Camargo and Alonso, 2006; Ake et al., 2025). It is marked by a high production of phytoplankton and algae, and its adverse effects are considerable on human health, aquatic environments and the organoleptic quality of water (Xiao et al., 2018; Pierre et al., 2021; Ake et al., 2025). Eutrophication is caused by the presence of excess nutrients (nitrogen and phosphorus in particular) contained in watershed discharges enriched with organic matter, trace metal elements, nitrogen compounds, phosphorus compounds, etc. which have a great potential to alter water quality (Chen et al., 2022). Chemical species such as ammonium (NH4+), nitrite (NO2-) and nitrate (NO3-) have been the subject of numerous research studies (Tuo et al., 2021; Miranda et al., 2021) because they are the most reactive and abundant inorganic forms of dissolved nitrogen in aquatic environments (Tuo et al., 2021). Furthermore, under aerobic conditions, ammonium (NH4+) is oxidized to nitrite (NO2-) and then to nitrate (NO3-) by the action of aerobic bacteria, mainly Nitrosomonas and Nitrobacter (Pinay et al., 2017). Phosphorus occurs in organic and inorganic forms dissolved or bound to sediment particles (Wang et al., 2015; Zhang et al., 2016). Orthophosphates (PO43-) are the forms that can be assimilated by plants for their growth; however, some organic forms of phosphorus are also absorbed by plants when orthophosphates are not available (Wu et al., 2017; Li et al., 2020). In coastal ecosystems, nutrients can be of natural origin (nitrogen and phosphorus cycle), from the decomposition of organic matter on the one hand, and on the other hand, of anthropogenic origin due to agricultural activities (use of synthetic fertilizers in agricultural practices), domestic or industrial wastewater discharges (Pierre et al., 2021; Ake et al., 2025). These anthropogenic inputs of nutrients gradually increase the nutrient concentration in these aquatic environments (Miranda et al., 2021; Yang et al., 2021).
The Fresco lagoon, one of the essential components of the Ivorian lagoon system and located in the southwest of Côte d'Ivoire, contributes to the economic and tourist development of the country (Konan et al., 2019). Indeed, in this lagoon and its surroundings, biodiversity is dense and diverse because its ecosystems are home to numerous species of fauna (fish, turtles, molluscs, elephants, chimpanzees, crocodiles, manatees, etc.) and flora (mangroves, phytoplankton, etc.) (Etilé et al., 2020; Konan et al., 2019). Increasingly, this biodiversity is seriously threatened by pollution due to anthropogenic activities carried out by humans on the natural environment such as fishing by poisoning, agriculture using chemical fertilizers and phytosanitary products, etc. in the area near the watershed of this lagoon (Issola et al., 2009; Zainol et al., 2020). Previous studies on this lagoon have revealed results indicating a threat of chemical pollution that this lagoon will suffer (Issola et al., 2008, 2009). Indeed, these authors measured the nutrient contents of this ecosystem. They obtained values that were at the limit of the nutrient pollution thresholds of surface waters (Issola et al., 2008). It is therefore necessary to carry out further investigations in order to better estimate the nutrient pollution of this lagoon ecosystem with the increasing input of nutrients from domestic and industrial wastewater discharges and from agricultural fertilizers. In addition, since the nitrogen and phosphorus nutrient content is considered a limiting factor in the production of phytoplankton in coastal ecosystems (Liu et al., 2016; Wei et al., 2022), monitoring the nitrogen and phosphorus contents of the water would therefore be an indicator for assessing the pollution of aquatic ecosystems. This work is part of this framework, the main objective of which is to evaluate the nutrient contents (NH4+, NO2-, NO3-, and PO43-) contained in the open waters of the Fresco lagoon during four different seasons in order to monitor the dynamics of these nutrients. The study of some physicochemical parameters that can influence this dynamic, such as the pH of the medium, temperature, salinity, conductivity, dissolved oxygen content and redox potential of the water, will be taken into account.
2. MATERIAL AND METHODS
2.1 Presentation of the study area
The department of Fresco is located in the southwest of Côte d'Ivoire with an estimated population of 107,751 inhabitants (INS, 2021). The dominant activity is agriculture, particularly cash crops such as coffee, rubber, oil palm, coconut and especially cocoa. Alongside this type of cultivation, food crops remain, dominated by cassava, rice, bananas, corn, etc. (Dibo et al., 2021). Located on the edge of the Fresco lagoon, the town of Fresco also lives from artisanal fishing and the partial practice of aquaculture on this lagoon (N'guessan et al., 2013). Tourism is practiced there occasionally (Dibo et al., 2021). The Fresco department does not have any agricultural processing plants and the mining potential is underexploited due in particular to the lack of transport and electricity infrastructure which hinders the establishment of mining companies (N’guessan et al., 2013). However, artisanal, clandestine mining is increasingly widespread there (N’guessan et al., 2013).
This study was carried out on the Fresco lagoon located in the department of Fresco, in the southwest of Côte d'Ivoire (at northern latitudes between 5.114084 and 5.114939 and at western longitudes between -5.552280 and -5.624206). This lagoon has four terrestrial hydroclimatic seasons (Etilé et al., 2020). These are the long dry season (LDS) from December to April, the long rainy season (LRS) from May to July, the short dry season (SDS) from August to September and the short rainy season (SRS) from October to November (Kouamé et al., 2016). This lagoon, whose average depth is approximately 4 m, communicates with the Atlantic Ocean. It receives the waters of two main coastal rivers, the Bolo River and the Niouniourou River. It extends over a length of approximately 6 km and a width of between 2 and 4 km. Its watershed is invaluable due to its communication with the Atlantic Ocean. However, its continental basin is estimated at 25,000 km2 (Egnankou et al., 2004). Taking into account the variation in the salinity of the lagoon waters, Issola et al., (2008) subdivided the Fresco lagoon into two zones noted zone I and zone II as shown in Fig. 1 :
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Fig. 1. Geographical location of the Fresco lagoon 

- Zone I is located between the western end of the Fresco lagoon and the deltaic zone. This zone represents approximately two-thirds (2/3) of the lagoon water body and is influenced by the Atlantic Ocean. The salinity of its waters is high in the short dry season and in the long rainy season. On the other hand, in the short rainy season, the salinity of the waters is low. The waters of this zone are little renewed and hydrodynamically stable.

- Zone II is the deltaic zone. It represents approximately one-third (1/3) of the lagoon water body. The salinity of the waters of this zone is high in the short dry season and low in the short rainy season. The waters of this zone are fairly renewed thanks to the water inputs from the Atlantic Ocean in the dry season and those of the Bolo and Niouniourou rivers. This area is sometimes influenced by the vagaries of continental waters and sometimes by the vagaries of oceanic waters depending on the seasons.
2.2 Sampling and analysis methods

2.2.1 Sampling method

This study was conducted over the period June 2019 - May 2020, i.e. over 12 months. Water samples were taken from eight (8) stations marked S1, S2, S3, S4, S5, S6, S7 and S8 (Fig. 2). 
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Fig. 2. Sampling stations

These stations were chosen according to the zonation made on the water body (Issola et al., 2008). Sampling stations S1, S2 and S3 were selected in Zone II and sampling stations S4, S5, S6, S7 and S8 in Zone I. The geographical coordinates of the sampling stations are given in Table 1.

Table 1. Geographic coordinates of the sampling stations

	Station
	Latitude
	Longitude

	S1
	5°06’15’’ N
	5°33’47’’ O

	S2
	5°06’09’’ N
	5°34’57’’ O

	S3
	5°04’54’’ N
	5°34’30’’ O

	S4
	5°06’07’’ N
	5°35’16’’ O

	S5
	5°05’26’’ N
	5°36’47’’ O

	S6
	5°06’14’’ N
	5°36’37’’ O

	S7
	5°06’29’’ N
	5°36’00’’ O

	S8
	5°06’40’’ N
	5°35’05’’ O


Movement on the lagoon water body was carried out using a pinnace. Open water samples were collected 0.5 m from the free surface of the water body and at the water-sediment interface (0.5 m above the surface part of the sediments). These two types of sampling were carried out for a good estimation of nutrient contents and different physicochemical parameters in the water column (Tuo et al., 2021). Free-flowing water samples were collected using a 1 L Niskin bottle. Once collected, the water sample was placed in a polyethylene bottle. Thirty-two free-flowing water samples were collected monthly, making a total of 384 samples over the study period.
2.2.2 Measurement of physicochemical parameters

Physicochemical parameters such as pH of the medium, redox potential, temperature, salinity, electrical conductivity and dissolved oxygen content were determined for the water samples taken at each interface by directly immersing the device in the bottles containing the free water samples. These parameters were measured using a HANNA HI 9828 pH/ORP/DO multiparameter. After measuring the physicochemical parameters, the samples were acidified. For this, a few drops of a 1 N sulfuric acid solution (H2SO4) were introduced into each bottle to lower the pH to 2 approximately; this inhibited the action of microorganisms. The bottles containing the open water samples were kept cold at 4°C in a cooler containing a large quantity of ice. In the laboratory, the water samples were placed in a freezer at -20°C for subsequent analyses.
2.2.3 Determination of nutrient contents
The nutrients whose contents were determined in the free water samples were nitrite (NO2-), nitrate (NO3-), ammonium (NH4+) and orthophosphate (PO43-). Their contents were determined by spectrophotometric assay using a spectrophotometer HACH DR 3900. To measure ammonium (NH4+), a reagent consisting of sodium hypochlorite, phenol and nitroprusside was added to each sample in an alkaline medium (Tuo et al., 2021); which gave blue-colored indophenol. This dosage was carried out at the wavelength of 630 nm. To dose nitrite (NO2-), a diazotization reagent consisting of sulfanilamide and N-(1-naphthyl) ethylenediamine was added to each sample in an acidic medium. The mixture gives a purple-colored complex. For this dosage, the wavelength used was 540 nm, the one proposed by Tuo et al., (2021). For the nitrate (NO3-) dosage, the wavelength used was 420 nm, the one proposed by Tuo et al., (2021). Before this dosage, sulfosalicylic acid, formed by the addition of sodium salicylate and sulfuric acid, was added to each sample. Sulfosalicylic acid reacts with NO3- in an anhydrous medium and releases a yellow-colored nitrosalicylate complex in a basic medium. The phosphate (PO43-) dosage was carried out at the wavelength of 885 nm (Tuo et al., 2021). Before spectrophotometer analysis, a reagent based on molybdate, antimony and sulfuric acid was added to the samples; which gives a blue-colored phosphomolybdic complex after reduction by ascorbic acid (Ake, 2022). 
2.2.4 Statistical analysis 

The experimental data made it possible to evaluate the quantities such as the mean (m), the standard deviation (s), the coefficient of variation (CV (%)), the minimum value (Min), the maximum value (Max), the normalized principal component analysis (NPCA) and the ascending hierarchical classification (AHC). The monthly flows of the coastal rivers Bolo and Niouniourou over the study period were obtained from the Turc formula (Turc, 1955). The Statistica software version 13.2 was used for this purpose (Statistica, 2016).
3. RESULTS AND DISCUSSION 

3.1 Results

3.1.1 Physicochemical parameters of the open waters of the Fresco lagoon

The values of the physicochemical parameters of the open waters of the Fresco lagoon are presented in Table 2 The average temperatures of the open waters are between 21.07±1.68°C and 32.27±1.04°C. The recorded temperatures are characteristic of those observed in the waters of tropical lagoons. The maximum temperature value is observed in the short rainy season (33.67°C) in zone I and the minimum value (20.08°C) in the short dry season in zone II. The waters pass from acidic character with an average value of pH = 6.25 ± 0.08 in the long rainy season in zone I to basic character with an average value of pH = 8.66 ± 0.34 in the short rainy season in zone I. Also, the waters appear neutral in the long dry season (pH = 7.01 ± 0.34 in zone I and pH = 7.26 ± 0.36 in zone II) and slightly acidic in the long rainy season (pH = 6.25 ± 0.08 in zone I and pH = 6.31 ± 0.53 in zone II). These waters are oxidizing (43.55 ± 3.17 mV in zone I and 34.37 ± 4.96 mV in zone II) in the long rainy season and slightly reducing during the other seasons with relatively high average conductivities and salinities in the short dry season (43.09 ± 1.02 mS/cm in zone I and 47.88 ± 6.94 mS/cm in zone II). On the other hand, the average dissolved oxygen contents are relatively low in the short rainy season (1.40 ± 0.43 mg/L in zone I and 1.78 ± 0.06 mg/L in zone II). The maximum value of dissolved oxygen contents (5.93 mg/L) is obtained in the short dry season in zone II, on the other hand the minimum value (0.68 mg/L) is obtained in the short rainy season in zone I. The seasonal variation coefficients of the physical and chemical parameters studied are generally low on the lagoon water body.
Table 2: Values of the physicochemical parameters of the open waters

	
	
	
	Zone I
	
	
	
	
	Zone II
	
	

	
	
	m±s
	CV (%)
	Min
	Max
	
	m ±s 
	CV (%)
	Min
	Max

	Temperature (°C)
	LRS
	29.92 ± 0.74
	2.48
	28.82
	30.61
	LRS
	27.89 ± 0.67
	2.39
	27.12
	28.33

	
	SDS
	28.10 ± 0.57
	2.02
	27.42
	28.64
	SDS
	21.07 ± 1.68
	7.96
	20.08
	23.01

	
	SRS
	32.27±1.04
	3.21
	31.00
	33.67
	SRS
	28.41 ± 0.78
	2.74
	27.52
	28.96

	
	LDS
	32.04 ± 0.52
	1.62
	31.22
	32.64
	LDS
	30.59 ± 0.90
	2.94
	29.64
	31.43

	
	Annual
	30.58 ± 0.61
	2.00
	29.80
	31.30
	Annual
	26.99 ± 0.22
	0.81
	26.74
	27.15

	pH
	LRS
	6.25 ± 0.08
	1.26
	6.14
	6.34
	LRS
	6.31 ± 0.53
	8.39
	5.71
	6.68

	
	SDS
	8.10 ± 0.10
	1.29
	7.98
	8.27
	SDS
	8.03 ± 0.48
	6.02
	7.67
	8.58

	
	SRS
	8.66 ± 0.34
	3.92
	8.12
	9.02
	SRS
	7.48 ± 0.65
	8.71
	6.98
	8.22

	
	LDS
	7.01 ± 0.34
	4.83
	6.55
	7.39
	LDS
	7.26 ± 0.36
	5.01
	6.85
	7.54

	
	Annual
	7.51 ± 0.13
	1.75
	7.37
	7.68
	Annual
	7.27 ± 0.46
	6.32
	6.80
	7.72

	Electrical conductivity (mS/cm)
	LRS
	32.24 ± 3.09
	9.58
	30.31
	37.63
	LRS
	31.49 ± 9.90
	31.44
	23.92
	42.70

	
	SDS
	43.09 ± 1.02
	2.37
	41.68
	44.42
	SDS
	47.88 ± 6.94
	14.51
	39.97
	52.96

	
	SRS
	25.99 ± 0.70
	2.71
	25.14
	27.09
	SRS
	17.92 ± 21.17
	118.15
	0.12
	41.34

	
	LDS
	26.02 ± 2.72
	10.44
	23.10
	28.46
	LDS
	14.65 ± 7.10
	48.45
	6.46
	19.02

	
	Annual
	31.83 ± 0.53
	1.67
	31.14
	32.57
	Annual
	27.99 ± 9.30
	33.25
	20.62
	38.44

	Salinity
	LRS
	20.03 ± 2.16
	10.80
	18.67
	23.81
	LRS
	19.97 ± 6.45
	32.30
	15.49
	27.36

	
	SDS
	27.65 ± 0.74
	2.67
	26.63
	28.62
	SDS
	31.36 ± 4.96
	15.83
	25.71
	35.02

	
	SRS
	15.74 ± 0.48
	3.07
	15.18
	16.51
	SRS
	5.87 ± 5.33
	90.94
	0.06
	10.54

	
	LDS
	15.76 ± 1.81
	11.46
	13.83
	17.40
	LDS
	8.79 ± 4.58
	52.12
	3.50
	11.49

	
	Annual
	19.79 ± 0.38
	1.94
	19.33
	20.36
	Annual
	16.50 ± 3.83
	23.24
	13.16
	20.68

	Dissolved oxygen contents
(mg/L)
	LRS
	3.52 ± 0.41
	11.71
	3.03
	4.11
	LRS
	3.13 ± 0.31
	9.92
	2.80
	3.41

	
	SDS
	5.09 ± 0.59
	11.64
	4.22
	5.71
	SDS
	4.73 ± 1.04
	21.99
	4.12
	5.93

	
	SRS
	1.40 ± 0.43
	30.79
	0.68
	1.71
	SRS
	1.78 ± 0.06
	3.45
	1.74
	1.85

	
	LDS
	4.08 ± 0.68
	16.74
	3.36
	5.05
	LDS
	2.89 ± 1.23
	42.48
	1.89
	4.26

	
	Annual
	3.52 ± 0.41
	11.71
	3.03
	4.11
	Annual
	3.13 ± 0.31
	9.92
	2.80
	3.41

	Eh

(mV)
	LRS
	43.55 ± 3.17
	7.27
	38.70
	47.15
	LRS
	34.37 ± 4.96
	14.44
	28.75
	38.15

	
	SDS
	-15.10 ± 10.55
	-69.86
	-26.25
	-3.75
	SDS
	-5.53 ± 2.06
	-37.14
	-7.90
	-4.20

	
	SRS
	-63.76 ± 6.39
	-10.02
	-71.35
	-57.90
	SRS
	-69.60 ± 11.17
	-16.05
	-82.10
	-60.60

	
	LDS
	-68.39 ± 47.91
	-70.06
	-109.65
	2.20
	LDS
	-87.37 ± 30.03
	-34.37
	-112.70
	-54.20

	
	Annual
	-25.93 ± 11.59
	-44.71
	-36.71
	-8.95
	Annual
	-32.03 ± 8.44
	-26.34
	-40.78
	-23.94


Average ± standard deviations (m ± s); CV : Coefficients of variation (%); redox potential (Eh), minimum value (min), maximum value (max).

3.1.2 Nitrogen and phosphorus nutrient contents in the Fresco lagoon

The nutrient contents in the open waters of the Fresco lagoon are presented in Table 3. The contents over the study period are for ammonium (NH4+) 0.06 ± 0.02 mg/L in zone I and 0.16 ± 0.14 mg/L in zone II, for nitrite (NO2-) 0.017 ± 0.003 mg/L in zone I and 0.026 ± 0.006 mg/L in zone II and for nitrate (NO3-) 9.76±2.86 mg/L in zone I and 11.10 ± 2.32 mg/L in zone II. During this period, the contents for phosphate (PO43-) are 0.47 ± 0.18 mg/L in zone I and 1.05 ± 0.88 mg/L in zone II. These high contents are beyond the threshold of eutrophication in receiving water bodies which is 0.035 mg/L (Devidal et al., 2007; Ake, 2022). Over the study period, the levels of nitrogen and phosphorus nutrients measured in zone II are higher than those in zone I. The maximum values of the contents of the nutrients studied are obtained for ammonium (NH4+) in the long dry season in zone II (1.07 mg/L), for nitrate (NO3-) in the short rainy season in zone II (28.10 mg/L), for nitrite (NO2-) in the long dry season in zone II (0.061 mg/L) and for phosphate (PO43-) in the long dry season in zone II (5.98 mg/L). On the other hand, the minimum values of the nutrient contents are obtained for ammonium (NH4+) in the long rainy season in zone II (0.01 mg/L), for nitrite (NO2-) in the long rainy season in zone I (0.008 mg/L), for nitrate (NO3-) in the long rainy season in zone I (1.00 mg/L) and for phosphate (PO43-) in the short dry season in zone II (0.07 mg/L). Seasonal variations in nutrient contents are relatively high in the long rainy season in the different zones.
Table 3. Nutrient contents in the open waters of the Fresco lagoon (expressed in mg/L) 
	
	
	Zone I
	
	
	
	
	Zone II
	
	

	
	
	m ± s
	CV (%)
	Min
	Max
	m ± s
	CV (%)
	Min
	Max

	NH4+
	LRS
	0.06 ± 0.03
	40.03
	0.03
	0.10
	0.04 ± 0.02
	91.05
	0.01
	0.08

	
	SDS
	0.12 ± 0.03
	25.24
	0.07
	0.14
	0.14 ± 0.01
	8.48
	0.13
	0.15

	
	SRS
	0.03 ± 0.01
	20.54
	0.02
	0.04
	0.02 ± 0.01
	23.01
	0.02
	0.03

	
	LDS
	0.05 ± 0.02
	32.21
	0.04
	0.08
	0.44 ± 0.55
	123.84
	0.07
	1.07

	
	Annual
	0.06 ± 0.02
	24.30
	0.04
	0.08
	0.16 ± 0.14
	85.04
	0.08
	0.32

	NO2-
	LRS
	0.015 ± 0.010
	67.185
	0.008
	0.034
	0.017 ± 0.004
	21.284
	0.014
	0.021

	
	SDS
	0.015 ± 0.003
	21.751
	0.011
	0.019
	0.016 ± 0.005
	30.979
	0.011
	0.021

	
	SRS
	0.018 ± 0.005
	27.278
	0.011
	0.023
	0.022 ± 0.004
	19.184
	0.018
	0.027

	
	LDS
	0.020 ± 0.004
	19.895
	0.016
	0.025
	0.047 ± 0.016
	34.831
	0.029
	0.061

	
	Annual
	0.017 ± 0.003
	18.168
	0.015
	0.023
	0.026 ± 0.006
	23.819
	0.019
	0.029

	NO3-
	LRS
	6.05±5.13
	84.80
	0.95
	14.20
	9.32 ± 5.38
	57.74
	3.55
	14.20

	
	SDS
	11.97±7.59
	63.40
	5.80
	21.58
	12.82 ± 6.54
	51.06
	6.00
	19.05

	
	SRS
	15.46±9.03
	58.41
	8.60
	28.10
	16.77 ± 9.82
	58.56
	10.85
	28.10

	
	LDS
	5.57±2.87
	51.49
	2.25
	8.35
	5,50 ± 1,99
	36,23
	3,20
	6,70

	
	Annual
	9.76±2.86
	29.29
	5.78
	13.75
	11.10 ± 2.32
	20.93
	9.41
	13.75

	PO43-
	LRS
	0.56 ± 0.53
	93.91
	0.17
	1.18
	0.38 ± 0.19
	50.74
	0.27
	0.60

	
	SDS
	0.84 ± 0.18
	21.26
	0.67
	1.07
	0.15 ± 0.11
	75.42
	0.07
	0.23

	
	SRS
	0.34 ± 0.14
	40.81
	0.16
	0.53
	0.35 ± 0.03
	09.05
	0.32
	0.38

	
	LDS
	0.15 ± 0.06
	42.57
	0.08
	0.24
	3.28 ± 3.20
	139.65
	0.32
	5.98

	
	Annual
	0.47 ± 0.18
	39.03
	0.28
	0.69
	1.05 ± 0.88
	113.52
	0.23
	1.80


Average ± standard deviations (m ± s) ; CV : Coefficients of variation (%) ; Min : minimum value ; Max : Maximum value
3.1.3 Ascending Hierarchical Classification

The ascending hierarchical classification (AHC) for the nitrogen and phosphorus nutrient contents in zones I and II of the Fresco lagoon allowed two classes to be distinguished: The first class relates to nitrate (NO3-) and the second to the nutrients phosphate (PO43-), ammonium (NH4+) and nitrite (NO2-). This ascending hierarchical classification is shown in Fig. 3.
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Fig. 3. Ascending hierarchical classification of nutrients in open waters 

Furthermore, the ascending hierarchical classification (AHC) relating to seasons showed that in zone I, the first class is attributed to the short rainy season and the short dry season and the second class to the long dry season and the long rainy season. For zone II, the first class is attributed to the long dry season and the second class to the other seasons (Fig. 2). In zone I, the effects of ocean water inputs on nitrogen and phosphorus nutrient levels in the short rainy season and the short dry season would be similar; this is different from the inputs from the Bolo and Niouniourou rivers in the long dry season and the long rainy season. On the other hand, in zone II, the effects of continental water inputs from the Bolo and Niouniourou rivers on nutrient levels would be similar in the long dry season but these effects would be different from those of ocean water inputs during the other seasons.
3.1.4 Effects of physicochemical parameters on nutrient contents 

Table 4 presents the results of the NPCA normalized principal component analysis. These results highlight two factors expressing respectively at 80.26 % and 84.63 % in zones I and II, the information due to the effect of physicochemical parameters on nutrient contents. This information results from the seasonal dynamics of the 14 variables involved in this study. In zone I, the first factor (F1) associated with an eigenvalue of 7.50 expresses this information at 53.57 % while the second factor (F2) associated with an eigenvalue of 3.74, expresses it at 26.69 %. _In zone II, the first factor (F1) associated with an eigenvalue of 7.01, expresses this information at 50.05 % while the second factor (F2), associated with an eigenvalue of 4.84, expresses it at 34.58 % (Table 4).
Table 4. Eigenvalues and total variances of the different factors in zones I and II 

	Zone
	Zone I
	Zone II

	Factor
	Factor 1 (F1)
	Factor 2

(F2)
	Factor 3

(F3)
	Factor 1 (F1)
	Factor 2 (F2)
	Factor 3 (F3)

	Eigenvalue
	7.50
	3.74
	2.76
	7.01
	4.84
	2.15

	Total variance (%)
	53.57
	26.69
	19.74
	50.05
	34.58
	15.37

	Cumulative variance (%)
	53.57
	80.26
	100.00
	50.05
	84.63
	100.00


For the factorial coordinates based on the correlations between the variables and the factors, the results are shown in Table 5. The factorial coordinates of the variables based on correlations highlight that in zone I, the temperature of open waters, ambient temperature and NO2- contents have strong positive correlations with factor F1 while rainfall and flow rates of the Bolo and Niouniourou rivers have strong positive correlations with factor F2. In zone II, electrical conductivity, salinity and redox potential have strong positive correlations with factor F1 while dissolved oxygen has a strong positive correlation with factor F2 (Table 5). 

Table 5. Factorial coordinates based on the correlations between the variables and the factors
	Variables
	Zone I
	Zone II

	
	F1
	F2
	F3
	F1
	F2
	F3

	Temperature
	0.988736
	-0.086211
	-0.122350
	-0.842352
	-0.519125
	0.144751

	Ph
	-0.053226
	-0.360435
	-0.931265
	0.164225
	0.633947
	-0.755739

	Cond
	-0.998309
	-0.056269
	-0.014628
	0.871426
	0.458148
	0.175263

	Sal
	-0.997992
	-0.060972
	-0.017168
	0.772919
	0.548409
	0.319129

	OD
	-0.698902
	-0.413989
	0.583223
	0.533934
	0.788564
	0.305091

	Eh
	-0.538084
	0.741935
	0.399997
	0.770055
	-0.109478
	0.628514

	Tamb
	0.892941
	-0.356885
	0.274389
	-0.990496
	-0.129369
	-0.046701

	Pluie
	0.444814
	0.821546
	0.356655
	-0.126325
	-0.803264
	0.582073

	D Bolo
	0.198087
	0.861914
	-0.466760
	0.385787
	-0.917147
	-0.100048

	DNiou
	0.198087
	0.861914
	-0.466760
	0.385787
	-0.917147
	-0.100048

	NO3-
	-0.392944
	-0.394572
	-0.830607
	0.579149
	-0.368949
	-0.726955

	NO2-
	0.810830
	-0.576249
	0.102429
	-0.960722
	0.277478
	0.004472

	NH4+
	-0.970328
	-0.207143
	0.124725
	-0.767629
	0.625324
	0.140413

	PO43-
	-0.960335
	0.227118
	-0.161782
	-0.944952
	0.278262
	0.172149


Cond: Electrical conductivity ; Sal: Salinity ; OD: Dissolved Oxygen ; Eh: Redox potential ; Rain: Rainfall ; DBolo: Bolo flow ; DNiou: Niouniourou flow ; T: open water temperature; Tamb: ambient temperature, values in bold are significant (P < 0.05).
For the factorial coordinates based on correlations between seasons and factors, the results are shown in Table 6. Furthermore, the results relating to the factorial coordinates of seasons based on correlations highlight that in zone I, factor F1 has a strong correlation positive with the long dry season while factor F2 has a strong positive correlation with the long rainy season. In zone II, the results reveal that factor F1 has a strong positive correlation with the short dry season while factor F2 has a strong negative correlation with the short rainy season (Table 6).
Table 6: Factorial coordinates of seasons based on correlations with factors 

	Factorial coordinates of seasons based on correlations

	
	Zone I
	Zone II

	
	F1
	F2
	F3
	F1
	F2
	F3

	LRS
	-0.36691
	2.49234
	1.25452
	1.10471
	-1.66546
	1.79826

	SDS
	-3.73489
	-1.06135
	-0.49503
	2.60148
	2.42361
	-0.39064

	SRS
	2.00283
	0.47764
	-2.13793
	-0.09752
	-2.05092
	-1.72307

	LDS
	2.09897
	-1.90864
	1.37844
	-3.60866
	1.29276
	0.31545


Values in bold are significant (P < 0.05)
3.2 Discussion

Seasonal variations in water temperatures revealed that the waters of zone I are warmer compared to those of zone II due to the influence of continental waters from rivers and wastewater inputs from the urban area of Fresco. The temperatures observed in zone II could also be due to the influence of marine waters on this zone. Indeed, waters from the Atlantic Ocean, generally cold, first colonize zone II before diffusing towards zone I which is very far from the pass. This observation was previously made by Issola et al., (2008). The renewal of waters in zone II by the ocean is justified by the minimum temperature 20,1 °C which was measured in the short dry season in zone II and the maximum temperature 33,7 °C measured in the short rainy season in zone I, therefore under the influence of continental waters. The short rainy season coincides with the flood period of coastal rivers.

The results obtained for the physical and chemical parameters during this study are in agreement with those of Konan et al. (2013) and Kambiré et al. (2014) respectively in the study on the hydrology and pollution of the waters of the Grand-Lahou lagoon and the Aby estuarine lagoon in Côte d’Ivoire. This would be mainly due to the shallow depth of this aquatic ecosystem and the very strong tides, which together promote good mechanical mixing of its open waters. This would therefore lead to an almost homogeneous distribution of the physical and chemical characteristics of the open waters of this lagoon estuary. This would explain the small difference between the temperature of the open waters at the water-sediment interface of this ecosystem and the ambient temperature throughout the study period. Indeed, the open waters record high temperatures during the long dry season, which could be explained by the effect of the sun's rays passing through the thin waters causing it to warm up homogeneously. The open water temperatures therefore showed great homogeneity across the entire body of water. The open waters are acidic during the main rainy season due to the input of organic matter from the Bolo and Niouniourou rivers. On the other hand, they are basic during the other seasons due to the inflow of ocean water into the lagoon. The pH values and their low variations could also be explained by the influence of several factors including the preponderance of ocean waters as suggested by (Gu et al., 2019). In addition, the important biogeochemical reactions that take place there, in particular the degradation of floating macrophytes of the genus Eicchornicca Crassipes, would contribute to the slight basicity of the open waters (Arthur et al., 2022). The pH values obtained over the study period are similar to those observed in the Grand-Lahou lagoon by Konan et al. (2013) and by Traore et al. (2014) in the surface waters of the Aghien lagoon in Côte d'Ivoire. The distribution of salinities and conductivities of open water is homogeneous over the lagoon water body as evidenced by the coefficients of variation displaying low average values especially in zone I. This is explained by the fact that the circulation of water being of estuarine type in the study area, the oceanic waters circulate in depth towards the lagoon starting with zone II before reaching zone I. The salinities and conductivities of open waters are relatively higher in the short dry season due to the inflow of oceanic water into the lagoon waters. The conductivity values obtained in the short dry season reflect a strong mineralization of the open waters according to Kambiré et al. (2014). The positive redox potentials recorded during the long rainy season indicate that the open waters are oxidizing due to the input of dissolved oxygen from the atmosphere. The negative redox potentials observed during other seasons could indicate that open waters are favorable to the preservation of organic matter and therefore to a high demand for dissolved oxygen. Open waters record relatively low dissolved oxygen levels in the short rainy season, which indicates the hypoxic nature of these waters. This lack of dissolved oxygen could be linked to the respiration of aquatic organisms and the process of mineralization of organic matter by bacteria (Arthur et al., 2022). In addition, wastewater discharges into the natural environment, due to domestic and agricultural activities carried out in the lagoon watershed, could contribute to reducing the dissolved oxygen content and therefore making the environment reducing. According to Tuo et al. (2020), industrial and domestic pollutants discharged into the lagoon are mainly effluents of organic origin leading to a high biological oxygen demand.
Furthermore, the distribution of mineral forms of nitrogen is heterogeneous in the lagoon water body. Indeed, the average levels of nitrogen and phosphorus nutrients are higher in zone II over the entire study period. This could be explained by the influence of the continental waters of the coastal Bolo and Niouniourou rivers, rich in nutrient salts and which flow into the lagoon from zone II (Issola et al., 2008). The average NH4+ contents are low during the different seasons due to the assimilation of NH4+ by phytoplankton or the adsorption of NH4+ on sediment particles or organic matter given the reducing conditions of the water. The NH4+ contents obtained over the study period were higher than those recorded by Kambiré et al. (2014) in the Aby lagoon and lower than those obtained by Tuo et al. (2021) in Bietri Bay. The low NO2- contents observed during the different seasons are due to the fact that nitrites are unstable compounds that are rapidly transformed during nitrification or denitrification processes (Li et al., 2021). The relatively high NO3- contents observed in the short dry season could be explained by the nitrification of NH4+ during the nitrogen cycle, favored by the good dissolved oxygen contents (5.09 ± 0.59 mg/L in zone I and 4.73 ± 1.04 mg/L in zone II) or by the input of nutrients from ocean waters during this season (Wen et al., 2019). On the other hand, in the short rainy season, the arrival of flooded continental waters, rich in nutrient salts and the leaching phenomenon of the watershed rich in fertilizer could explain the relatively high levels of NO3- (15.46±9.03 mg/L in zone I and 16.77±9.82 mg/L in zone II) observed during this season (Li et al., 2021). These high levels could also be explained by the mineralization of organic matter due to the high temperatures of open water during this season (Tuo et al., 2021). The PO43- contents observed over the study period are higher in zone II. This result could be explained by the inputs of organic matter from the Bolo and Niouniourou rivers (Kang et al., 2018 ; Zhang et al., 2021). The relatively high levels observed during the long dry season (3.28±3.20 mg/L) in zone II could be explained by high temperatures in this season, which favors the degradation processes of organic matter with the consequence of an increase in PO43- contents in open waters (Pinay et al., 2017). This increase in PO43- content could also be explained by the diffusion process of PO43- from the sedimentary phase into the water column given the hypoxic conditions of the water at the water-sediment interface, leading to the dissolution of iron oxides and the release of adsorbed PO43-. Indeed, an increase in temperature amplifies the biological activity of oxygen-consuming mineralization. This decrease in oxygen contents lowers the redox potential and can cause a release of PO43- bound to iron by reduction of Fe3+ to Fe2+ (Wang et al., 2021 ; Zhang et al., 2021). The nutrient contents, particularly NH4+ and PO43-, obtained in this study are similar to those of Mechouet et al., (2024).
The assessment of the effects of physical and chemical parameters on nutrient levels by normalized principal component analysis (NPCA) showed that in zone I, the relatively high water temperatures in the long dry season and the high salinities observed in the short dry season could promote pollution of open waters through the mineralization of organic matter.The F1 factor could characterize pollution of open waters due to physicochemical parameters (Mahi et al., 2023). On the other hand, the rainfall and flow rates of the Bolo and Niouniourou rivers observed in this zone during the long rainy season could promote an increase in PO43- levels. The F2 factor could characterize pollution of open waters due to continental waters of coastal rivers in flood (Mahi et al., 2023).

On the other hand, in zone II, the relatively high conductivities and salinities as well as the redox potentials observed in the short dry season could promote an increase in NO3- contents. This pollution of open waters could be due to ocean water inflows into the lagoon environment during this season. Factor F1 could characterize open water pollution due to nutrient inputs from the Atlantic Ocean. On the other hand, the low dissolved oxygen contents as well as the high rainfall and flow rates of the Bolo and Niouniourou rivers observed during the short rainy season could favor an increase in NO3- contents. Factor F2 could characterize open water pollution due to nutrient inputs from the Bolo and Niouniourou rivers (Mahi et al., 2023). Furthermore, the assessment of the effects of seasons on nutrient contents by ascending hierarchical classification (AHC) showed that depending on the seasons, marine waters from the Atlantic Ocean and continental waters from coastal rivers could favor an increase in nutrient contents, which could lead to pollution of lagoon waters.
4. CONCLUSION

The seasonal dynamics of nutrients in zones I and II of the Fresco lagoon is marked by oceanic inputs and inputs from continental waters. Indeed, in zone I, the slight basicity of the waters, the dissolved oxygen content and the relatively high salinities due to the inputs of oceanic water into the lagoon environment would have favored a relatively high presence of PO43- and NO3- in the open waters during the short dry season. On the other hand, in zone II, the relatively high temperatures of the open waters, the hypoxic and reducing conditions of these waters due to the inputs of continental water from the Bolo and Niouniourou rivers into the lagoon environment, during the short rainy season and the long dry season would have favored the increase in NO3- and PO43- contents. The relatively high contents of PO43- in the open waters would indicate a priori a nutrient pollution of this aquatic ecosystem. 
It is therefore necessary to carry out further studies in order to determine the degree of pollution of the waters of this lagoon ecosystem and the ecological and health risks linked to this pollution.
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