PPl ecologies

Article

Characterization of a West African Coastal Lagoon System: Case
of Lake Nokoué with Its Inlet (Cotonou, South Benin)

Selome Wilfried Sintondji 1,2,+(D) Zacharie Sohou 1202, Katrijn Baetens 3 Geneviéve Lacroix

and Emile Didier Fiogbé !

check for
updates

Citation: Sintondji, S.W.; Sohou, Z.;
Baetens, K.; Lacroix, G.; Fiogbé, E.D.
Characterization of a West African
Coastal Lagoon System: Case of Lake
Nokoué with Its Inlet (Cotonou,
South Benin). Ecologies 2022, 3,
467-479. https:/ /doi.org/10.3390/
ecologies3040033

Academic Editor: Rutger De Wit

Received: 20 August 2022
Accepted: 28 September 2022
Published: 6 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3

Laboratoire de Recherche sur les Zones Humides, Faculté des Sciences et Techniques, Université
d’Abomey-Calavi, Cotonou 01 BP 526, Benin

2 Institut de Recherches Halieutiques et Océanologiques du Benin (IRHOB), Cotonou 03 BP 1665, Benin
Royal Belgian Institute of Natural Sciences, Operational Directorate Natural Environment, 29 Rue Vautier,
1000 Brussels, Belgium

*  Correspondence: sintondjiwilfried@gmail.com

Abstract: The purpose of this work was to investigate the physical and chemical dynamics of Lake
Nokoué for its efficient management. For this purpose, two sampling campaigns per month from five
stations (North, South, Central, East and West) were conducted for a period of one year (November
2020 to November 2021). Physic and chemical parameters (temperature, salinity, depth, water
transparency, pH, dissolved oxygen and total dissolved solids) were measured and wet substrate
samples were collected to study the granulometry. Data analysis revealed that Lake Nokoué is mainly
affected by two regimes: flooding and low water. Flooding, which is not directly related to rainfall,
did not begin until one month after the major rainy season in June. The sources that contributed
to the flooding of Lake Nokoué were the freshwater tributaries coming mainly from the Ouémé
River and the flow of the S6 River from August to November. The inflow of fresh water contributed
to the decrease in salinity and transparency of the lake from the east to the south. During the low
water period (from December to July), Lake Nokoué is characterized by an increase in salinity and
transparency from the south to the northeast due to the massive intrusion of sea water into the lake.
The highest dissolved oxygen levels are observed in the south and center (5.92 + 0.46 mg/L) while it
varies greatly in the north and west (Eichhornia crassipes concentration zone) during flooding. The
average annual depth of Lake Nokoué was 1.47 & 0.66 m with an average annual pH of 6.85 & 0.56.

Keywords: ecology; variation of physical and chemical parameters; biotope; lentic; Lake Nokoué;
salinity; diversity habitat

1. Introduction

Scientists often lack limnological data to characterize coastal lakes, especially those in
developing countries. This is the case for Lake Nokoué, which is surrounded by the three
most populated cities (average density of 4000 inhabitants/km?) in Benin and therefore
suffers from anthropogenic effects in addition to those due to climate variability [1,2]. With
an average depth of 1.5 m, Lake Nokoué is the largest water body in the country with an
area of 150 km? [3]. Lake Nokoué is known worldwide for its high production of lentic
wetlands in southern Benin. Due to its characteristics, it is a coastal lagoon but is locally
called a “lake”.

This lake undergoes a very strong anthropic pressure which should threaten the
ecological balance. First of all, the “Acadja” fishing method described by [4], originating
from Lake Nokoué, is intensively used because of its high fishing yields. The “Acadja”
system consists of a collection of enclosures made of branches and structured wood in
which fish concentrate in search of abundant food (resulting from the high biological
activity owing to the wood degradation) and shelter (shade and hiding). It is estimated
that over 210,000 tons of annual Acadja construction material is dumped directly into Lake
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Nokoué, with an annual degradation rate of 20-25% of branches per unit of mass [4]. The
disadvantage of this passive fishing method is that it is expected to contribute to the filling
and progressive infilling of Lake Nokoué [5]. In addition to this concern, there is a lot of
waste coming from the market of Dantokpa (south of the lake) and the market of Calavi
Kpota (west of the lake) which should impact the hydrogen potential (pH) and decrease
dissolved oxygen concentration of the lake on which aquatic organisms depend.

Another problem attributable to eutrophication is the proliferation of water hyacinth
(Eichhornia crassipes) which can cover 40% of the total surface of Lake Nokoué during the
flood period [1,6]. Lake Nokoué is considered as eutrophied in reason of the high nutrient
loads mainly brought by the purification systems of waste waters and the decomposition
of “Acadjas” [1]. As the water temperature of the lake is close to 27 °C, the optimal
temperature for water hyacinth growth, and there is a very high nutrient concentration
in the lake (up to 7 uM/L of total nitrogen and up to 2 pM/L of total phosphorus in the
western part of the lake according to [1]), the water hyacinth meets very good conditions
to growth rapidly. The proliferation of water hyacinth hinders navigation and prevents
air-water exchanges which leads to a decrease in oxygen in the lake. With an annual load
of 104 tons, water hyacinths can contribute to an input of 39 tons of carbon and 4.2 tons
of nitrogen. As a result, there is an increased need for BODS (consumption of oxygen
by microorganisms) to achieve degradation of all these organic loads. Since the water
hyacinth growth is only prevented by saline waters it is important to better understand the
spatio-temporal variability of salinity in the whole lake to help in assessing the seasonal
dynamics of water hyacinth.

All these anthropogenic impacts, also described by [7] for the Lake Ahémé (Benin)
and [8] for shallow lakes in China, are expected to cause a change in the environmental
characteristics of Lake Nokoué with consequences on the ecology. In particular the release
of waste and nutrients, the infestation of water hyacinth and the intensive use of Acadjas
are expected to lead to detrimental conditions (decreasing of dissolved oxygen, changes in
pH and filling of the lake) in Lake Nokoué. We fear in the future an acceleration of these
phenomena that would cause an increase in the flow of nutrients at the water-sediment
interface [9], which would be detrimental to this coastal lagoon ecosystem and its aquatic
communities. All the anthropogenic effects to which Lake Nokoué is subjected, makes it
very complicated to understand its functioning.

As a first step to understand the dynamics of Lake Nokoué, it is important to better
understand the spatio-temporal variability of its physico-chemical properties before going
further in the understanding of its ecological dynamics and the factors that influence the
maintenance or the decline of its aquatic biodiversity. The few previous studies on the
characterization of Lake Nokoué such as [1,3] did not cover the whole area of interest.
Moreover, the works cited in [2] are only focussed on the interannual variability of the
salinity of Lake Nokoué. Our study, owing to its spatial coverage including five equally
distributed stations in the lake (North, South, Central, East and West) and its high tem-
poral resolution, had improved understanding of the seasonal dynamics and the overall
functioning of Lake Nokoué. In this study we have investigated the seasonal physical and
chemical dynamics of Lake Nokoué and the Cotonou inlet over one year. The main goal
was to assess the spatial distribution of the physical and chemical properties of the lake
at a seasonal scale, with an emphasize on the spatio-temporal coverage of the sampling,
and not to assess the inter-annual variability. In addition to better understand the seasonal
dynamics of the lake, this study aimed at drawing a ‘reference’ state that will be available
to assess the interannual variability and long-term trends in the future as well as to test
hypotheses about the potential impact of human pressures in the lake. In particular, the
novelty of this study is to (1) define the annual mean average (reference) depth to further
assess the hypothesis of lake filling due to the decomposing of Acadjas, water hyacinths and
waste from local markets, (2) better understand the spatio-temporal dynamics of salinity
in order to help assessing the seasonal dynamics of water hyacinth and (3) evaluate the
spatio-temporal dynamics of dissolved oxygen and pH, to test the hypothesis that their
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values do not decrease too much during the most critical period (flood) of the year. For this
purpose, physical (temperature, salinity, depth and water transparency) and chemical (pH,
dissolved oxygen and total dissolved solids) parameters were measured twice a month at
five locations in the lake. Overall, this work, allowed characterizing the spatio-temporal
distribution of the physical and chemical parameters for a better understanding of the lake
dynamics and to assess the water quality for a potential use for shrimp aquaculture in
the future.

2. Materials and Methods
2.1. Study Area

Lake Nokoué, which has an area of 150 km?, is located between 6°22’ N and 6°30' N
and 2°20" E to 2°35' E (Figure 1). This lake, which is located in a region with a subequatorial
climate, is characterized by an average annual water temperature of 27-29 °C. Physiograph-
ically, Lake Nokoué is an obstructed shallow coastal lagoon [10]. It is connected primarily
to two freshwater tributaries which are the Ouémé River to the east and the 56 River to the
north [3]. To the south, Lake Nokoué is connected to seawater via the Cotonou artificial
canal (Figure 1). The Ouémé River watershed covers an area of 46,500 km? and the river,
which is 523 km long, crosses the country from north to south. In terms of freshwater sup-
ply, it is largely influenced by the rainfall of its upper basin (upper Ouémé). The S6 River,
which is 70 km long, collects water from a catchment area of 1000 km? and is connected
to the Ouémé River during flood periods. The Cotonou inlet, which is 4.5 km long, 300 m
wide and between 5 and 10 m deep, connects Lake Nokoué to the sea.
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Figure 1. Geographical location of Lake Nokoué in West Africa, south of Benin. The red dots indicate
the stations.

2.2. Choice of Measured Parameters
The parameters measured and their purpose were the following:

- A decrease of dissolved oxygen alerts on the risk of eutrophication

- Astrong decrease of pH informs on the acidification of the lake (pH should not deviate
too much from the neutral value “7”)

- The water transparency gives information on the richness in organic matter. This
organic matter in the presence of light favors the production of seedlings the basic
food of the animal production.
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- The study of the bottom granulometry of the lake makes it possible to know the impact
of the whole discharges (wood of Acadja, deaths of aquatic plants, waste of any kind
coming from the markets Dantopka and Calavi and other waste coming from the
lacustrine villages) on the nature of the sediment.

- Salinity and total dissolved solids (TDS) are parameters indicating the extension of
the water intrusion coming from the Atlantic Ocean into Lake Nokoué

- Temperature is a parameter indicating the level of thermal stability of the lake in space
and time.

- The rainfall data allow to qualify the effect of the rainy season on the flooding of
Lake Nokoué.

- Depth measurements allow to characterize the water level during flood and low water.
These data are also important for the populations living on the banks of the lake
in the sense that it will serve as contingency measures for the implementation of
housing during floods. In the same way, these data should help the populations of the
villages of the lake to adjust the minimum level of their dwellings in piles (limited the
drownings during the flood).

- The survey of the width and depth of the contact zone between Lake Nokoué and
the Atlantic Ocean (ocean—Lake Nokoué exchange surface) favors understanding
of the annual dynamics of water flow into and out of the lake. These data can also
indicate the physical impact of water flow on the temporary displacement of sandbars
at the mouth.

2.3. Sampling

Sampling was done at five stations (Table 1 and Figure 1) twice a month (every 15 days)
for a period of one year (from late November 2020 to early November 2021). The exact
position of the sampling points was obtained through the use of a GPS. Parameters such as
temperature, dissolved oxygen, conductivity, salinity, TDS and pH (hydrogen potential) of
the water were measured using a YSI Pro 2030 19F 103474 Multimeter. Water transparency
was measured using a 20 cm diameter Secchi disk painted white. A gauge attached at each
station was used to track water level variation. Rainfall data for the south of Benin were
provided by the “Agence Nationale de la Météo-Bénin (www.meteobenin.bj (accessed on
1 June 2022))”. In order to study the seasonal variation of the exchange surface between
Lake Nokoué and the Atlantic Ocean, measurements of the width of the flow and the
depth of the inlet were carried out using a decameter and long bamboos (14 m). Water
depth measurements were taken every 10 m along the width of the inlet, with the help of
fishermen in 06°35'39.77" N 02°44'40.59" E.

Table 1. Characteristics of the sampled stations.

Coordinates
Ecosystems Stations Position Depth : .
Latitude Longitude
Inlet S1 South 1.95m 06°21'55.86” N 02°26'23.47” E
Coastal lagoon S2 Center 210 m 06°26'22.87” N 02°26/46.87” E
Coastal lagoon S3 West 1.00 m 06°26'43.26” N 02°22/43.78” E
Coastal lagoon S4 _ North (S6 0.86 m 06°29'1557” N 02°25'26.29” E
river entrance)
Coastal lagoon S5 East (Ouéme 0.90 m 06°26'13.04” N 02°32/22.59” E

river entrance)

2.4. Size Distribution of the Substrate at the Sampling Stations

The study of the granulometry of Lake Nokoué was carried out in the framework
of joint activities between the “Institut de Recherches Halieutiques et Océanologiques du
Bénin (IRHOB)” and the “Institut de Recherche pour le Développement (IRD)”. As part of
this work, 220 g of wet substrate samples were collected from each station and analyzed at
the “Laboratoire d’Etude et de Surveillance Environnemental du Ministere du cadre de vie
et de développement durable (LESE/MCVDD)” located in Akpakpa. The samples from
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each station were dried, sorted and then decanted using vibrating sediment sieve columns
for 10 min and then weighed at LESE/MCVDD. The mesh sizes of the sieves used are:
<45 um; 45 pm; 63 um; 125 um; 250 um; 500 um; 1000 pm; 2000 wm and 4000 um. Results
were expressed as percentage of rock per sieve column according to [11-14].

2.5. Statistical Analysis

The Shapiro-Wilk test was used to verify the normality of the structure of the variables
at the 5% significance level. This test indicates whether it is possible to perform a parametric
test or not. The one-factor ANOVA analysis of variance was used to compare the samples
according to [15]. The Levene’s test was first used to verify the homogeneity of the
variances. The analysis of variance consisted of an LSD (Fisher) test for multiple comparison
of means from independent samples. This test allows to assess if there is a significant
spatial or temporal variability in environmental variables. For values of p < 0.05 (limit of
significance) the observed differences are statistically significant while these differences
are not significant if p > 0.05. The correlation coefficient (R) determines the relationship
between two variables and measures the intensity of this relationship. It varies between —1
and +1. When it is equal to 1 or —1, it indicates a perfect correlation between the variables
and when it is equal to 0, it indicates an absence of correlation. The sign (+) means that the
variables are positively correlated while the sign (—) means that the variables are negatively
correlated. The closer this coefficient is to 1 in absolute value, the greater the intensity of
the correlation between the two variables [16]. The purpose of calculating the Spearman
rank correlation coefficient is to determine the relationship between physical and chemical
parameters. All statistical analyses were performed with the R software version 4.1.

3. Results
3.1. Physical and Chemical Characteristics of the Complex
3.1.1. Spatial Fluctuations of Physical and Chemical Parameters

The comparative study of the physical and chemical parameters between the stations,
represented in Figure 2 and Table 2 revealed a spatial heterogeneity of the environmen-
tal variables:

- The annual mean highest and lowest values of salinity, transparency and TDS were
observed in the south (station S1, near the Atlantic Ocean) and east of Lake Nokoué
(station S5, near the Ouémé River) respectively. It is also noted that the largest
and smallest fluctuations, computed as the difference between the maximum and
minimum values over the year, in salinity and TDS were observed in the south and
east respectively, and the largest fluctuations in transparency were observed in the
south and center (station S2) of Lake Nokoué.

- The absolute highest and lowest pH values were recorded in the south (station S1)
and north (station S4) of Lake Nokoué respectively. However, the highest and low-
est pH fluctuations were recorded in the south (station S1) and east (station S5) of
Lake Nokoué.

- The annual mean highest and lowest dissolved oxygen levels were recorded in the
south (station S1) and north (station S4) of Lake Nokoué respectively. It should be
noted that the highest fluctuations in dissolved oxygen levels were recorded in the
north (station S4) where the sampling station is located in an area close to the S6
River, and with a high concentration of the water hyacinth Eichhornia crassipes during
the flood. The lowest fluctuations in dissolved oxygen were observed in the center
(station S2) of Lake Nokoué where the concentration of Acadjas is lower than in the
western zone.

- The highest and lowest annual mean temperature values were recorded in the north
(station S4) and west (station S3) of Lake Nokoué, while the highest and lowest
temperature fluctuations were recorded in the north (station S4) and south (station S1)
of Lake Nokoué respectively.
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- The highest and lowest mean water level values were recorded in the center (station
S2) and north (station S4) of Lake Nokoué respectively, while the highest and lowest
water level fluctuations were recorded in the east (station S5) and north (station S4) of
Lake Nokoué respectively. The average annual mean depth of Lake Nokoué for the 5
stations was 1.47 £ 0.66 m.
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Figure 2. Spatial fluctuations (annual average) of environmental variables at the different stations, S1:
south, S2: centre S3: west, S4: north, S5: east. See Figure 1 for positions of these stations.
Table 2. Annual mean and standard deviation of the different parameters at the 5 stations.
Sal pH 0, T Transp TDS Depth

S1 2295 £13.94
S2 10.95 £ 10.15
S3 10.90 £ 9.09
54 10.9 £9.09
S5 5.18 £ 6.48

7.32 + 0.63 592 £ 0.46 28.62 £ 1.00 1.19 £ 0.65 22,685.48 £+ 13,612.20 2.08 £0.25
7.05 £0.51 592 £0.46 29.33 £0.82 1.19 £ 0.58 11,479.16 £ 10,246.24 221+0.29
6.62 £ 0.37 5.56 £1.20 28.61 = 0.81 0.7 £0.22 11,398.08 £ 9299.13 1.06 = 0.26
6.63 + 0.48 433 +£1.33 30.52 £1.55 0.57 £0.21 8343.77 £ 8744.74 0.80 + 0.24
6.61 £ 0.41 5.34 £ 0.89 29.94 +1.38 0.51 £0.27 5294.22 £+ 6825.21 1.09 £ 0.41

Sal = Salinity (ppt); pH = Potential Hydrogen; O, = Dissolved Oxygen (mg/L); T = Temperature (°C);
Transp = Transparency (m); TDS = Total Dissolved Solids (mg/L); Depth = water depth (m).

3.1.2. Temporal Fluctuations of Environmental Variables

The seasonal monitoring of physical and chemical parameters showed that, on average
over all stations, the highest values of salinity, TDS and transparency were recorded in
Lake Nokoué from December to June (low water period) while the lowest values were
observed from July to November (flood period) (Figure 3). The highest pH values were



Ecologies 2022, 3

473

Salinty {ppt)
o5 15 25 35

Temperarture (°C)

b

Cepth (m)

1.0

31

29

3o

20

recorded from December to July (low water period) while the lowest pH values were
observed from August to November (flood period). The highest dissolved oxygen values
were observed in Lake Nokoué only in July. However, the dissolved oxygen level showed
strong variations between stations from August to November. Low temperatures in Lake
Nokoué were recorded from June to September, while the temperature of Lake Nokoué
varied greatly between stations from November to March. The lowest water levels in Lake
Nokoué were recorded from December to July, while the highest levels were recorded from
August to November.
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Figure 3. Seasonal fluctuation of environmental variables.

Simultaneous observation of the physical and chemical parameters of Lake Nokoué
showed that the lake is mainly characterized by two main regimes: flooding and low water.
Comparison of the results of the one-year sampling in the lake with the seasonal evolution
of rainfall (Figure 4) showed that the rainy season does not have a direct correlation with
the flooding of Lake Nokoué. Indeed, the flood only started in August, while the main
rainy season in the sample area was observed in June (Figures 3-5). The main factors
that influenced the flooding of Lake Nokoué were the entry of water from the Ouémé
River (east) and the 56 River (north) into Lake Nokoué (Figures 3 and 5). Thus, there is
a progressive decrease in salinity, TDS and water transparency in Lake Nokoué from the
east (station S5) to the south (station S1), passing through the center (station 2) of Lake
Nokoué. The low water period, characterized by the lowest water level in the lake from
December to July 2021, allowed a large intrusion of sea water into Lake Nokoué through
the Cotonou (south) inlet. The inflow of sea water progressively affected the southern,
central, western, northern and finally eastern stations of Lake Nokoué (Figure 5). During
low water, the water in Lake Nokoué is also characterized by an increase in salinity, TDS
and water transparency. These variations are potentially at the origin of the great variation
in the physical and chemical characteristics of Lake Nokoué.
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Figure 5. Seasonal evolution of environmental variables in the five stations (S1-55 from left to right)
of Lake Nokoué- inlet complex. Sal = Salinity (ppt); pH = Potential Hydrogen; O, = Dissolved
Oxygen (mg/L); T = Temperature (°C); Transp = Transparency (m); TDS = Total Dissolved Solids
(mg/L); Depth = Water depth (m).
3.2. Correlation between Physical and Chemical Parameters
Table 3 shows a significant positive correlation between salinity and pH, between
pH and water transparency and between TDS and pH. The analysis also shows a highly
significant correlation (p < 0.01) between transparency and salinity and between TDS and
transparency and a highly significant correlation (p < 0.001) only between salinity and TDS
Table 3. Correlation matrix between the environmental variables on all five stations
Sal pH 0O, T Transp TDS Depth
Sal - 0.79 * 0.30 —0.10 0.80 ** 1.00 *** —0.02
pH - 0.44 -0.09 0.73 * 0.78 * 0.02
O, - —0.42 0.18 0.32 0.33
T - 0.15 -0.11 —0.31
Trans - 0.80 ** 0.11
TDS —0.02
Depth —

The degree of significance of Spearman Rank correlations is marked by the stars. * (p < 0.05, significant correlation),
** (p < 0.01, highly significant correlation), *** (p < 0.001, highly significant correlation). Sal = salinity (ppt)

pH = potential hydrogen; O, = dissolved oxygen (mg/L); T = temperature (°C); Transp = transparency (m)
TDS = total dissolved solid (mg/L); Depth = water depth (m).
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3.3. Granulometry of the Sampling Stations

The results of the analysis of the granulometry of the bottom of Lake Nokoué are
presented in Table 4.

Table 4. Percentage of sediment type in Lake Nokoué and the Cotonou inlet. See Figure 1 for the
position of the five sampling stations.

Code Clay (%) Detritus (%) Sand (%) Gravel (%)
S1 1.23 0.01 97.70 0.82
52 46.03 217 50.52 0.99
S3 92.51 0.24 5.72 1.71
54 74.74 3.48 21.15 0.52
S5 88.51 2.67 8.11 0.97

The analysis of the granulometry samples taken from the bottom of the lake revealed
that the soil is strongly rich in sand (97.7%) in the southern part of Lake Nokoué (station
51, exchange zone between Lake Nokoué and the Atlantic Ocean), mainly made up of sand
(50.52%) and clay (46.03%) in the center of Lake Nokoué (station S2), strongly rich in clay
(92.51%) in the western part of Lake Nokoué (station S3, area with a high concentration
of Acadjas and close to the Kpota market), mainly clay (74.74%) and sand (21.15%) in the
northern part of Lake Nokoué (station S4, area close to the S6 River) and rich in clay (88.51%)
and sand (8.11%) on the eastern side of Lake Nokoué (station S5, area close to the Ouémé
River and at the junction with the Porto-Novo coastal lagoon). On average over the 5
stations sampled, the analysis showed that the bottom of Lake Nokoué is mainly composed
of clay (60.6%) and sand (36.64%). It also contains 1.71% detritus and 1.002% gravel.

3.4. Variation of the Exchange Surface between the Sea and Lake Nokoué

The depth survey of the contact zone between the Atlantic Ocean and Lake Nokoué
indicated that the bottom is strongly stabilized by granitic rock spurs. The annual analysis
of the exchange surface of the flow zone between the Atlantic Ocean and Lake Nokoué
indicated a very stable depth due to the presence of rocks (Figure 6) as well as a strong
variation of the upper part of the water exchange surface between Lake Nokoué and the
sea depending on the season. The highest depth of the exchange area was 11.15 m. The
maximum exchange surface (total width of 160 m) was observed in February, the low water
period of Lake Nokoué, during which sea water enters the lake. The direct observation of
the processes related to the increase and reduction of the surface of the upper part of the
exchange zone, indicated that sand bars are temporarily displaced by the action of the entry
and exit movements of the sea in the inlet. These numerous displacements of the sandbars
are at the origin of the large variations of the contact zone between the Atlantic Ocean and
Lake Nokoué. The smallest exchange surface (total width of 50 m) was observed in August,
during the flood period corresponding to the freshwater outflow from the lake to the sea.
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Figure 6. Variation of the exchange surface between the sea and Lake Nokoué.

4. Discussion

This study confirmed a significant spatio-temporal variation in the physical and
chemical parameters measured in Lake Nokoué and the Cotonou inlet. At the spatial level,
the results showed a large variation in salinity with a salinity that remains relatively high
in the south of Lake Nokoué (near the ocean), while it is relatively low in the other stations
(Table 2). The stability of several physical and chemical parameters (pH, O, transparency),
particularly in the stations close to the Atlantic Ocean (south and center), can be explained
by the permanent communication with the Atlantic Ocean whose physical and chemical
parameters are relatively stable all over the year. Ref. [17], who studied the physico-
chemical parameters and macro invertebrate assemblages of Lake Nokoué, also showed
seasonal variability and spatial heterogeneity of physico-chemical parameters, which
confirm the results of this study. The present work revealed the highest average salinity
of 22.9 ppt in April over all five stations. In their study on the seasonal and interannual
variability (2017-2019) of Lake Nokoué salinity, Ref. [2] recorded a peak average salinity of
25 ppt in April. The two studies agree on the period during which the average salinity of
Lake Nokoué at the time of the peak is highest but differ in the average value of the salinity
peak. The difference in the range of average salinity could be due to climatic variability, and
in particular the interanual variation of rainfall. Indeed, the flow of freshwater into Lake
Nokoué is a function of the amount of rainwater that drains the Ouémé watershed, which
varies seasonally and annually. In addition, the variation in lake water level determines the
flow of seawater intrusion into Lake Nokoué [2], which also influences the variation in lake
salinity. Since the salinity in Lake Nokoué varies in space and seasonally, and shrimps can
tolerate different ranges of salinity according to the species, Lake Nokoué shelters a high
diversity of shrimps, as showed by [18]. Besides the salinity, other parameters measured in
this study such as temperature, pH and dissolved oxygen, are in the range of parameters
mentioned in shrimp aquaculture, which would indicate that the water of Lake Nokoué
could be suitable for shrimp aquaculture. For example, Ref. [19] considers the salinity
range of 16-24 ppt, as observed at station 1, to be the most suitable for Macrobrachium
vollenhovenii larvae. On the other hand, incubation of Macrobrachium vollenhovenii eggs was
successfully performed by [20] at a temperature of 28 & 1.5 °C with a dissolved oxygen level
of 6 £ 0.5 mg/L and a pH of 7 &+ 0.3, which are in the range of values found on average
in station 1 and station 2. Given that the most favourable pH for shrimp aquaculture is
between 7.5 and 8.5 [21], we estimate that Lake Nokoué, and in particular the southern
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part (station 1), has ecological advantages over other rivers and coastal lagoon s in the
sub-region that are more acidic. For instance, according to [22] who studied the effect
of environmental variables on shrimp settlement in four different sites in Cote d’Ivoire
(Ayénou 1, Ayénou 2, Dohouan and Macrobo), the pH varied in time and space from
5.49 &+ 0.87 to 6.63 £ 0.52. The present study indicates that the highest pH was recorded
in the south (pH =7.32 £ 0.63) while the lowest values were recorded in the east near the
Ouémé River (pH = 6.61 + 0.41), the west (station S3, pH = 6.62 £ 0.37) and the north
near the 56 River (pH = 6.63 &+ 0.48), which on average is higher than for the sites in Cote
d’Ivoire. Furthermore, measurements taken by [23] on the stream of the S6 River located
north of Lake Nokoué revealed the following pH, O, and salinity values: Lower stream
near Lake Nokoué (pH = 7.32 & 0.55; O, = 6.40 & 2.67 mg/L; salinity = 1.61 & 1.42 ppt);
Middle stream (pH =7.10 & 0.61; O, = 7.42 £ 2.71 mg/L; salinity = 0.35 = 0.44 ppt) and
upper stream further north of Lake Nokoué (pH = 7.07 & 0.53; O, =7.54 &+ 2.53 mg/L;
salinity = 0.40 &£ 0.63 ppt). These results show that as one moves northward (from S6 River
downstream to upstream), salinity and pH decrease and dissolved oxygen levels increase.
Since the salinity, temperature, pH and dissolved oxygen values measured in Lake Nokoué
are within the range of values favourable for shrimp culture, the water in Lake Nokoué, and
in particular that of the Cotonou inlet in which station 1 is situated, could be ideal for the
aquaculture of Penaeus shrimp and Macrobachium larvae from December to July. However,
due to the high pollution of the lake, we suggest that X-ray disinfection of the water after
pumping be performed to eliminate potential pathogens that could contaminate the shrimp
culture. The results of the particle size analysis revealed that the bottom of Lake Nokoué is
mainly made up of 60.6% clay, 36.64% sand, 1.71% detritus and 1.002% gravel. The high
proportion of clay in the bottom of Lake Nokoué could be due to the decomposition of
wood that was used to set up the “Acadja” fishing systems. [24] indicated that the complex
root networks in the Beninese mangroves function as a real clay trap and we hypothesise
that the branches of Acadja wood could also retain clay on the same manner. Furthermore,
the results of [3] showed that the very important saline intrusion in the dry season favours
the proliferation of tarets (Taredos petiti and Bankia bagidaensis) which contribute to the rapid
destruction of Acadja branches. The massive use of Acadjas, which occupy nearly 40% of
the surface of Lake Nokoué, combined with rapid degradation of Acadja wood, leads us to
fear a progressive filling of Lake Nokoué, which could be accentuated due to the large mass
of organic matter resulting from the degradation of water hyacinths. This filling seems to
be confirmed when we compare the average annual depth of Lake Nokoué obtained in this
study (1.47 m) with the one obtained by [1] which is 1.5 m. However, we suggest further
work to better evaluate the variation in depth of Lake Nokoué.

5. Conclusions

The present work has indicated an important fluctuation of the physical and chemical
parameters, in particular the salinity and the TDS (total dissolved solids) of the Lake
Nokoué-Cotonou inlet complex. We noticed that the flooding period of Lake Nokoué
begins one month after the main rainy season, and is linked to the freshwater tributaries of
the Ouémé River (east of the lake) and the S6 River (north of the lake). Low water period
is characterized by a drop in the water level of Lake Nokoué, due to the decrease in the
flow of the Ouémé and So6 tributaries, and the intrusion of sea water into the complex
south of Lake Nokoué. The flood is characterized by the desalination of Lake Nokoué
from August to November while the low water is characterized by the high salinity of
the lake from December to July. Dissolved oxygen concentration varied greatly along the
year in the north and west of the lake, which is the zone where water hyacinth (Eichhornia
crassipes) concentrates during the flood. The dissolved oxygen and hydrogen potential
values recorded are less alarming than expected. Based on the environmental characteristics
of the Lake Nokoué, stenohaline species, able to tolerate only a narrow range of salinity,
could populate Lake Nokoué during the flood while euryhaline species, able to tolerate
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a wide range of salinity, would have a favourable environment in the lake throughout
the year.
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