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Abstract: This study investigates the effects of tidal cycles on the zooplankton community within
the Cotonou Channel, an important waterway connecting the large Nokoué Lagoon to the Atlantic
Ocean in Benin. From the determination of zooplankton composition from 25-hour samples collected
in July 2020, alpha diversity indices and abundance were assessed, while relationships between
biotic and abiotic parameters were analyzed through Pearson correlation, analysis of variance, and
principal component analysis. A total of 66 zooplankton taxa were identified, with rotifers exhibiting
the highest species richness (35 taxa), while copepods dominated in abundance (71%). Zooplankton
abundance varied significantly, ranging from 2 to 95 ind L−1 depending on the tidal phase. A negative
correlation was found between species richness (r = −0.51, p < 0.01) and increasing salinity (3–37),
indicating that higher salinity reduced diversity (r = 0.06, p > 0.05). Resilient species like Synchaeta
bicornis persisted despite salinity changes. The tidal cycle structurally altered the zooplankton
community, with abundance and diversity peaking at different phases, notably higher at high tide
(15 ind L−1.) These initial findings underscore the complex interactions between tidal dynamics and
estuarine biodiversity, suggesting the need for further research across different tidal and seasonal
conditions to inform effective management and conservation efforts.

Keywords: zooplankton; tidal cycle; cotonou channel; rotifers; copepods; Synchaeta bicornis

1. Introduction

Coastal lagoons and the channels linking them to oceans or seas are among the
most productive and dynamic ecosystems [1,2]. They offer essential ecological services,
including nutrient cycling and carbon sequestration, and provide habitats for a wide variety
of species. These systems support significant biodiversity and are crucial for the livelihoods
of many coastal communities, contributing to economic activities and ecosystem services.
The West African littoral is characterized by a series of coastal lagoons. Among them, the
shallow Nokoué Lagoon in Benin, connected to the Atlantic Ocean by the Cotonou Channel,
is internationally recognized as Ramsar Site 1018 for its significant ecological functions
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and biodiversity. It stands as one of the largest (15,000 hectares during the low-water
season) and most biologically productive coastal lagoons in the region [3,4]. Providing
approximately 22,000 tons of fish annually [5], this rich ecosystem accounts for 70% of
Benin’s fisheries, ensuring food security for local populations [6].

This remarkable fish productivity is supported by the relatively high abundance of
zooplankton, an important component of the lagoon’s biocenosis [7,8]. Indeed, in aquatic
ecosystems, zooplankton, along with phytoplankton, forms the foundation of the food
chain and facilitates the transfer of energy to upper trophic levels, including fry, carnivorous
aquatic invertebrates, and zooplanktivorous fish at various life cycle stages [9]. Ensuring
the sustainable productivity of zooplankton is therefore essential for maintaining food
resources for upper trophic levels [10], thereby safeguarding the health of the ecosystem.

Certain fish exhibit preferences for specific groups of zooplankton depending on their
developmental stages [11]. Consequently, the absence of certain zooplankton groups, influ-
enced by environmental factors, can limit or impede the recruitment of fish populations.
Understanding how environmental changes influence zooplankton composition and pro-
ductivity in the ecosystem is essential for predicting potential ecosystem-wide impacts and
planning effective management strategies.

Recent studies in the Nokoué Lagoon and Cotonou Channel have revealed signif-
icant seasonal variation in zooplankton composition and abundance depending on the
hydrological season of this near-equatorial ecosystem [7,8]. This strong seasonality, charac-
terized by an almost complete shift in zooplankton composition from rotifer-dominated
to copepod-dominated communities, is primarily driven by variations in the lagoon’s
salinity. These salinity changes result from the exchange and mixing of freshwater from the
watersheds with oceanic saltwater, which penetrates the lagoon through tidal movements
via the Cotonou Channel.

At a higher frequency scale, recent studies have highlighted the importance of semi-
diurnal tides, originating from the ocean and propagating along the Cotonou Channel into the
lagoon, as key drivers of salinity and water level fluctuations within the ecosystem [12–15].
While existing research has emphasized the significant impacts of tidal movements on
zooplankton communities [1,10,16–19], detailed, site-specific investigations focusing on
the effects of tidal dynamics on zooplankton in equatorial regions, especially within the
unique context of the Cotonou Channel, remain scarce. This research aims to fill this gap
by examining the impacts of tidal dynamics on zooplankton through an intensive 25 h
survey in the Cotonou Channel. This high-resolution study captures the fine-scale temporal
variations in zooplankton communities and their immediate responses to tidal cycles.

The findings will provide insights into how tidal forces influence zooplankton, high-
lighting their adaptive capacity to rapidly changing environmental conditions. Such
understanding is crucial for predicting how these communities might respond to broader
environmental changes, including those driven by climate change. Moreover, these insights
will help assess the resilience and vulnerability of the lagoon’s ecosystem, informing conser-
vation strategies and sustainable management practices that are essential for maintaining
the ecological balance and supporting local economies.

The primary research questions guiding this study are: (1) How do tidal cycles influ-
ence the high frequency variations of physicochemical properties in the Cotonou Channel?
(2) What are the short-term variations in zooplankton abundance and diversity in response
to tidal movements? (3) Does the variation of physicochemical parameters drive those of
zooplankton composition?

Our approach is based on the analysis of zooplankton composition, abundance, and
diversity during different tidal phases and of their correlation with physicochemical varia-
tions and salinity in particular.



J. Mar. Sci. Eng. 2024, 12, 1519 3 of 23

2. Materials and Methods
2.1. Study Area and Tide Characteristics

The Cotonou Channel is located in the southeast of Benin, between latitudes 2◦25′50′′

and 2◦26′56′′ north and longitudes 6◦21′03′′ and 6◦23′39′′ east (Figure 1). This Channel of
~4 km long and ~300 m wide serves as a zone for water mass exchanges between Nokoué
Lagoon and the Atlantic Ocean [7,20].
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Figure 1. Study area and sampling point.

The Cotonou Channel is primarily influenced by semi-diurnal microtidal oceanic tides
with diurnal inequalities. In the ocean, the semi-diurnal tidal amplitude typically ranges
from ~95 cm during spring tides to ~30 cm during neap tides, while the diurnal tidal
amplitude is of ~15 cm [12]. Within the shallow Cotonou Channel, tidal amplitudes are
strongly attenuated by frictional effects and interactions with river flows. These interactions
also create asymmetry between the durations of tidal flood and ebb [12,13]. As a result,
the tidal amplitude is reduced to only a few centimeters in the Nokoué Lagoon, which is
consequently considered as a choked, flood-dominated lagoon. Additionally, the strong
seasonality of river discharge into the lagoon, which varies from a few tens of m3/s during
the dry season to ~1200 m3/s during the wet season due to the West African monsoon,
causes seasonal variations in tidal amplitude and asymmetry [12,13]. During the dry
season’s spring tides, the durations of the rising and falling tides are slightly unequal,
resulting in minimal tidal asymmetry. In contrast, during the wet season, the semi-diurnal
tidal amplitude decreases and the asymmetry between rising and falling tides increases.

In the Cotonou Channel where our study focused, typical tidal amplitudes are 0.1–0.2 m,
tidal currents can be stronger than 1 m/s, and tidal flows of ±500–800 m3/s [12,13,21]. In July,
the month during which our field campaign took place, typical river discharge in the Lagoon
and net flow from the Lagoon to the Atlantic Ocean are ~100 m3/s [6,21].
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2.2. Sample Collection and Analysis Techniques
2.2.1. Sampling Location and Duration

Zooplankton samples and physicochemical parameters were collected at a fixed
point located at coordinates 6◦21′54.2′′ N; 2◦26′19.9′′ E, situated near the center of the
Cotonou Channel (Figure 1). Sampling was conducted over a 25-hour period at around
hourly intervals, starting from 4:00 p.m. on 24 July 2020, and concluding at 5:00 p.m. on
25 July 2020. The end of July was chosen due to its alignment with the end of the large
wet season in Cotonou, characterized by significant salinity contrasts between the Nokoué
Lagoon (Salinity~3–4) and the coastal ocean (Salinity~35). Moreover, in July, oceanic tides
still penetrate into the lagoon without being fully attenuated by river discharge [12,13].
Additionally, during the specified dates of July 24–25, tidal coefficients ranged from 75 to
85, corresponding to intermediate tidal amplitudes and moderate spring tides.

2.2.2. Physicochemical Parameters

Physicochemical parameters including pH, water temperature, dissolved oxygen,
salinity, and turbidity were measured using a WTW-3630IDS Multi-Parameter Probe
(Xylem Analytics Germany GmbH, Weilheim, Germany) and a Valeport MIDAS CTD+
300 Conductivity-Temperature-Depth (CTD) probe (Valeport Ltd., Totnes, Devon, UK)
equipped with a turbidity sensor. A total of 70 vertical profiles of physicochemical pa-
rameters were conducted from the surface to the bottom of the channel, with a vertical
resolution of 0.1 m and a sampling frequency of 20–30 min. For the purpose of this study,
these 70 vertical profiles were averaged from the surface to a depth of 1 m to be consistent
with zooplankton sampling.

2.2.3. Water Exchange Assessment

Water exchanges between the Atlantic Ocean and the Nokoué Lagoon were assessed
using an Teledyne RDI WorkHorse 1200-kHz Acoustic Doppler Current Profiler (ADCP)
(Teledyne RD Instruments, Poway, CA, USA). This instrument captured vertical current
profiles at 1-s intervals along a nominal section oriented transversely to the channel’s
banks (black line in Figure 1). Each section, completed in less than 5 min, allowed for
the integration of currents between the two banks of the channel and, in turn, used to
determine the net inflow or outflow through the section.

2.2.4. Zooplankton Collection, Preservation and Identification

Zooplankton community composition was determined from 25 samples collected
using a plankton net with a 40 cm diameter opening and a 50 µm mesh size, equipped with
a mechanical flowmeter (Model 2030R6, General Oceanics, Inc., Miami, FL, USA). The net
was towed horizontally at a depth of approximately 50 cm for around 35 to 45 s, filtering
a total volume of ~2.5 to 4.5 m3. Samples were preserved in 70% ethanol in 70 mL pill
containers in the field and later examined under an OPTIKA B-290TB Optical Microscope
(OPTIKA S.r.l., Ponteranica, Italy) [8].

Identification was conducted using taxonomic keys specific to Sahelo-Sudanian African
zooplankton and other regions [22–37], allowing for identification to the lowest possible
taxonomic level. Zooplankton were counted by analyzing diluted samples, with each
1 mL sample diluted fivefold. From each station, 1 mL of the diluted mixture was used as
a replicate, and at least five replicates were analyzed until a species richness plateau was
reached, defined as the absence of new species in three consecutive replicates [8].

The results from these replicates were pooled to determine the composition and
relative abundance of zooplankton for each station. Zooplankton abundance (ind. L−1)
was calculated by accounting for the number of replicates, dilution ratio, and total sample
volume [8].

Certain organisms, referred to as “other zooplankton”, could not be formally identified
and were distinguished based on specific morphological traits. These were classified as
distinct, unnamed taxa of copepods, such as “calanoid spp1” [8]. The pooled results pro-
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vided a comprehensive overview of the zooplankton composition and relative abundance
for each station.

2.3. Statistical Analysis
2.3.1. Diversity Indices

The quantitative biological data obtained from the zooplankton counts were used
to assess different parameters. The alpha diversity takes into account the number of
species present (species richness) and their relative abundance (evenness) within the same
environment through three indices [38,39]:

• Species richness, which corresponds to the number of species present S.
• Shannon–Wiener Diversity Index (H′, in bits), which evaluates the extent of species

diversity in the environment using the formula:

H′ = −∑
ni
N

× log2

(ni
N

)
(1)

where ni is the number of individuals for species i, and N is the total number of
individuals in the environment.

• Piélou’s evenness index (J), which measures the evenness (or equitable distribution) of
species in a population relative to a theoretical equal distribution among all species. It
is calculated using the formula:

J =
H′

log2(S)
(2)

Piélou’s index ranges from 0 (dominance of a single species) to 1 (equal distribution of
individuals among the populations).

Additionally, the occurrence frequency (Focc) of taxa is determined by the following
relationship [40]:

Focc =
Pa

P
× 100 (3)

where Pa is the total number of samples containing the considered taxon, and P is the total
number of samples taken (25). This frequency of occurrence allows for categorizing taxa
according to their distribution as either frequent (Focc > 50%), occasional (25% < Focc < 50%),
infrequent (Focc < 25%), or rare (Focc < 5%) [40].

2.3.2. Univariate and Multivariate Analysis

The statistical analyses were conducted using R version 4.3.2 [41]. A Pearson correla-
tion test assessed relationships among abiotic parameters and between salinity and key
biological parameters such as species richness and abundance of main zooplankton taxa.
To explore the relationships between environmental variables and zooplankton dynamics,
a principal component analysis (PCA) was carried out in R. The aim of this analysis was
to identify the main environmental factors explaining the distribution of zooplankton
species in the Cotonou Channel. Given the significant temporal variations in salinity and its
high correlation with other abiotic parameters, we investigated variations in zooplankton
diversity and abundance in relation to salinity. Salinity is recognized as a crucial factor
influencing both zooplankton and overall ecosystem dynamics (e.g., [8,42,43]).

The relationships between salinity and various abiotic parameters (pH, turbidity,
dissolved oxygen, temperature) and biotic parameters (biodiversity indices, abundance)
were graphically explored using the ggplot2 package [44] in R. Scatter plots and smoothing
curves derived from generalized additive models (GAM) were employed to visualize
trends, with the smoothing curves complemented by 95% confidence intervals to illustrate
result robustness. This analysis aimed to characterize water bodies based on their salinity.
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One–way ANOVA was performed to assess significant differences in physicochem-
ical parameters (salinity, turbidity, temperature, pH, dissolved oxygen) and biological
parameters (abundance, H′, J) across different water masses (freshwater, mixed, seawater).
Post hoc comparisons between means of these parameters across water masses were con-
ducted using the Student–Newman–Keuls test following ANOVA. Prior to ANOVA, the
Shapiro–Wilk test was used to assess Gaussian distribution. Non-normally distributed data
underwent a Kruskal–Wallis test (H test) at a 5% significance level, using the “agricolae”
package [45] followed by a Dunn post hoc test.

3. Results
3.1. Variation of Physicochemical Parameters

Over the 25-hour observation period, parameters such as flow rate, salinity, tem-
perature, turbidity, and pH showed two peaks and two troughs, corresponding to the
semidiurnal tide cycle in the Cotonou Channel (Figure 2). The flow rate, estimated from
ADCP measurements, was strongly negative, indicating incoming flow from the ocean to
Nokoué Lagoon, between 6 and 8 p.m. on 24 July and between 7 and 9 a.m. on 25 July,
reaching maximum negative values of −600 m3 s−1 (Figure 2a). In contrast, the flow rate
was strongly positive, indicating outgoing flow from the lagoon to the ocean, between
around 12 p.m. and 5 a.m., and again after noon on 25 July, with maximum positive values
of 700 m3 s−1.

When the flow reversed from positive to negative, salinity rapidly increased from 2 to
36 within approximately 1 h (Figure 2b). Conversely, when the flow reversed from negative
to positive, salinity decreased more gradually from 36 to 5 in 2–3 h, and then from 5 to 2
over the following 5 h.

Associated with salinity changes, the surface water temperature varied from 24 ◦C
when seawater penetrated the channel and salinity was at its maximum, to 28 ◦C when
freshwater exited the lagoon (Figure 2b). Similarly, turbidity significantly increased from
10 FTU with high salinity water to 200 FTU with low salinity water. The pH decreased
from 8.1 to 7.7. Dissolved oxygen exhibited more complex variations, ranging from 7.0 to
7.9 mg L−1, but these changes were not in phase with the other physicochemical parameters
(Figure 2c).

Thus, on a semi-diurnal scale (every 12 h), during flood tides, the advection of seawater
into the channel (negative flow values) lasted from 5 to 6 h and was associated with an
increase in salinity, a decrease in temperature, an increase in pH, and a decrease in turbidity.
Conversely, during ebb tides, the outflow of freshwater from the lagoon to the ocean
(positive flow values) was accompanied by a variation in physicochemical parameters
opposite to the previous phase.

Correlation coefficients between the abiotic parameters were computed. A strong
negative correlation exists between salinity and temperature (r = −0.93, p < 0.001), suggest-
ing that higher salinity is associated with lower temperatures. pH has a strong positive
correlation with salinity (r = 0.85, p < 0.001) and a strong negative correlation with turbidity
(r = −0.87, p < 0.001), indicating that increased salinity leads to higher pH, while higher
turbidity lowers pH. Temperature and turbidity also show a moderate positive correla-
tion (r = 0.56, p < 0.01). Dissolved oxygen, however, exhibits weak correlations with the
other parameters, indicating it is less associated with changes in salinity, temperature, pH,
and turbidity.

3.2. Water Mass Characteristics

To better highlight the interconnectedness of salinity with other abiotic parameters,
we examined the relationships of temperature, dissolved oxygen, pH, and turbidity as
functions of salinity (Figure 3). Freshwater masses originating from the lagoon were
characterized by relatively low salinity (S < 5), high temperature (26–28 ◦C), high turbidity
(>40 FTU), and a pH of 7.8. In contrast, oceanic water masses exhibited high salinity
(34–36), low temperature (<24.5 ◦C), very low turbidity (<10 FTU), and a pH of 8 (Figure 3).
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The mixing of these two water masses during tidal cycles resulted in water displaying
intermediate and highly variable characteristics (from oligohaline to euhaline). Both water
masses had similar dissolved oxygen concentrations, averaging around 7.5 mg L−1.
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The Kruskal–Wallis test indicated highly significant differences in mean salinity and
mean turbidity among the three water masses (p < 0.05) (Table 1). Additionally, it revealed
a significant difference in temperature among the three water masses (p < 0.05), though
the mean temperature was similar between freshwater and mixed water. The ANOVA test
demonstrated a significant difference in mean pH values among the three water masses,
while no significant difference was found for dissolved oxygen (p > 0.05).
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Table 1. Results of statistical analyses of physicochemical parameters across different water masses.

H Test Mean Value

Variables X2 (df = 2) p-Values Freshwater Mixed Water Seawater

Salinity (PSU) 21.26 *** 2.41 × 10−5 3.3 a 13.8 b 35.1 c
Temperature (◦C) 14.91 *** 5.79 × 10−4 27.0 a 26.5 a 24.4 b
Turbidity (FTU) 18.24 *** 1.09 × 10−4 123 a 35 b 8c

ANOVA Mean value

F–Value (df = 2) p-values F M S

Dissolved oxygen
(mg L−1) 0.56 n.s. 5.79 × 10−1 7.5a 7.4 a 7.5 a

pH 48.14 *** 9.23 × 10−9 7.8a 7.9 b 8.0 c

Kruskal–Wallis test (H-test) and ANOVA test were applied to test the significance of overall variations observed
between the three water masses. Significance levels (S.L.): *** p < 0.001, n.s. not significant. Mean values with
different letters in the same row are significantly different (p < 0.05) according to the Dunn’s post hoc test.

3.3. Taxonomic Composition, Diversity, and Abundance of Zooplankton

During the study, 66 taxa of zooplankton belonging to four phyla and eight groups
were identified: Rotifera (Rotifers), Arthropoda (Copepods, Cladocerans, Cirripeds, De-
capods, and Ostracods), Mollusca (Molluscs), and Chaetognatha (Chaetognaths) (Table 2).
Of these, 61 taxa were classified as species while 5 were categorized at a higher taxonomic
level, encompassing more than one species.
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During the study, rotifers were the group with the most species (35 species, Figure 4),
followed by copepods (17 species, Figure 4).
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Table 2. List of taxa identified in this study and their relative abundance and occurrence.

Phylum Groups Species Total Relative
Abundance

Group-Specific
Abundance Focc (%)

Rotifera Rotifers

Anuraeopsis navicula Rousselet, 1911 0.060 0.237 16
Anuraeopsis fissa (Gosse, 1851) 0.017 0.069 20

Brachionus angularis Gosse, 1851 0.108 0.428 32
Brachionus bidentatus Anderson, 1889 0.012 0.048 4

Brachionus calyciflorus Pallas, 1766 2.128 8.477 52
Brachionus caudatus Barrois and Daday, 1894 0.154 0.612 44

Brachionus falcatus Zacharias, 1898 0.036 0.144 24
Brachionus mirabilis Daday, 1897 0.004 0.017 4
Brachionus plicatilis Müller, 1786 2.905 11.573 76

Brachionus quadridentatus Hermann, 1783 0.009 0.035 8
Keratella cochlearis (Gosse, 1851) 0.004 0.016 4

Keratella lenzi Hauer, 1953 0.016 0.065 4
Keratella sp. 0.031 0.122 16

Keratella tropica Apstein, 1907) 0.121 0.481 40
Plationus patulus (Müller, 1786) 0.026 0.103 12

Trichotria sp. 0.004 0.016 4
Filinia longiseta (Ehrenberg, 1834) 3.277 13.057 64
Filinia opoliensis (Zacharias, 1898) 0.152 0.604 32

Filinia terminalis (Plate, 1886) 0.018 0.072 16
Lecane leontina (Turner, 1892) 0.024 0.094 24

Monostyla closterocerca (Schmarda, 1859) 0.004 0.015 4
Collurella uncinata (Müller, 1773) 0.010 0.038 4

Lepadella sp. 0.016 0.063 12
Cephallodella sp. 0.001 0.003 4

Resticula melandocus (Gosse, 1887) 0.010 0.038 8
Rotaria neptunia (Ehrenberg, 1830) 0.004 0.017 4

Philodina sp. 0.033 0.131 24
Philodina sp2 0.001 0.003 4
Polyarthra sp. 0.040 0.160 24

Synchaeta bicornis Smith, 1904 15.478 61.664 80
Synchaeta pectinata Ehrenberg, 1832 0.001 0.004 4
Synchaeta grandis Zacharias, 1893 0.222 0.886 44

Synchaeta sp. 0.161 0.643 52
Testudinella patina (Hermann, 1783) 0.012 0.050 8
Trichocerca brachyura (Gosse, 1851) 0.004 0.016 4
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Table 2. Cont.

Phylum Groups Species Total Relative
Abundance

Group-Specific
Abundance Focc (%)

Athropoda

Copepods

Acanthocyclops sp. 0.075 0.103 32
Cyclopoid sp1 0.836 1.145 92
Cyclopoid sp2 0.075 0.103 28
Ectocyclops sp. 0.327 0.447 76
Corycaeus sp. 0.107 0.147 20
Corycaeus sp1 0.001 0.001 4

Oithona sp. 7.536 10.324 88
Oithona plumifera Baird, 1843 0.069 0.095 28

Oncaea clevei Früchtl, 1923 0.637 0.873 44
Calanoid sp1 0.013 0.018 8

Temora turbinata (Dana, 1849) 0.228 0.313 28
Temora sp. 3.092 4.237 52

Harpacticoid sp. 0.062 0.086 44
Microsetella norvegica (Boeck, 1865) 0.374 0.513 44

Microsetella rosea (Dana, 1847) 0.035 0.048 32
Macrosetella gracilis (Dana, 1846) 0.149 0.204 52
Euterpina acutifrons (Dana, 1847) 0.906 1.242 56

Cladocerans
Moina micrura Kurz, 1875 0.184 23.792 44

Penilia avirostris Dana, 1849 0.575 74.481 44
Ceriodaphnia sp. 0.013 1.726 8

Cirripeds Cirripede larva 0.001 0.463 4

Decapod Decapoda sp. 0.402 100 52

Ostracod Ostracoda sp. 0.019 100 16

Mollusca Mollusc Gastropoda sp. 0.081 100 64

Chaetognatha Chaetognaths Sagitta sp1 0.211 61.554 20
Sagitta sp2 0.132 38.446 16

Phylum Groups Other zooplankton Total Relative
abundance

Group-specific
abundance Focc (%)

Athropoda
Copepods

Cyclopoid spp. 0.035 0.047 20
Calanoid spp1 11.534 15.800 100
Calanoid spp2 1.481 2.029 84

Copepod Nauplii 45.423 62.227 100

Cirripeds Cirriped Nauplii 0.284 99.537 80

Total relative abundance: Abundance relative to total zooplankton abundance; Group-specific abundance: Relative
abundance of zooplankton species compared to the abundance of their specific group; Focc: Frequency of
occurrence (in %).

The average zooplankton abundance over the 25-hour observation period was
~26 ind L−1. Copepods were the most abundant group, constituting 71.2% of the zoo-
plankton, followed by rotifers at 25.1%. The other six groups were significantly less
abundant, totaling less than 4% of the zooplankton abundance (Figure 4).

Within the copepods, nauplii, which are the larval stages of these organisms and could
not be diagnosed at the species level, were pooled into one single taxon, accounting for
62.2% of the total abundance. Among the 20 other taxa (including 17 species) of copepods
identified, Calanoid spp1 and Oithona sp. were the most abundant (accounting for 15.8%
and 10.3% of the total copepod abundance, respectively), followed by Temora sp. (4.2%),
Calanoid spp2 (2.0%), Euterpina acutifrons (1.2%), and Cyclopoid sp1 (1.1%) (Table 2).

Among the 35 species of rotifers present during the study, Synchaeta bicornis was
the most abundant and largely dominant species, representing 61.7% of the total rotifer
abundance. It was followed by Filinia longiseta (13.1%), Brachionus plicatilis (11.6%), and B.
calyciflorus (8.5%) (Table 2).

The cladocerans were dominated by Penilia avirostris representing 74.5% of the total
cladoceran abundance, followed by Moina micrura (23.8%) and Ceriodaphnia sp. (1.7%)
(Table 2).

3.4. Occurrence of Zooplankton Taxa

The categorization of taxa based on their occurrence frequency provides valuable
insights into their ecological significance within the environment. Among the 66 taxa
identified during the 25-hour period, 17 were observed frequently, 15 occasionally,
20 infrequently, and 14 rarely. The top five most frequently observed zooplankton taxa
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were Calanoid spp1, Cyclopoid sp1, Oithona sp., Calanoid spp2, and Synchaeta bicornis. The
naupliar stages of copepods and cirripeds were also frequent (Table 2).

3.5. Temporal Variation in Zooplankton Diversity and Abundance

During the 25-hour period, species richness in each of the 25 samples varied between
8 and 29 species, while the total abundance of individuals ranged from 2 to 95 ind L−1. The
Shannon diversity index ranged between 0.5 to 3.6, and Piélou’s evenness index ranged
between 0.1 to 0.8 (Figure 5). The maximal species richness value was obtained at 5 p.m.
on 24 July 2020 and at 5 a.m. on 25 July 2020. The abundance is maximal between 6 p.m.
and 12 a.m. on 24 July, and then between approximately 9 a.m. and 1 p.m. on 25 July.
These maximal abundance values are generally associated with minimal species richness
values (<15 species), while low abundance values seem to be associated with maximal
species richness values. The same trend is observed for diversity indices. The maximal
abundance values are associated with minimal values of the Shannon index and Piélou’s
index, whereas the low abundance values are associated with high diversity index values.
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3.6. Relationship between Zooplankton and Environmental Parameters

The PCA indicated that salinity, temperature, pH, turbidity, and dissolved oxygen
significantly influence zooplankton distribution in the studied environment (Figure 6).
Among these, salinity and pH showed a positive correlation with each other, while both
were negatively correlated with temperature and turbidity.
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Figure 6. Principal component analysis showing relationship between zooplankton and environ-
mental parameters. Legend: Sal: salinity, Temp: temperature, Oxy: oxygen, pH: pH, Turb: turbidity,
Abund: abundance, Shannon: H′, Rich: species richness, Piélou: J, Roti: Rotifers, Clad: Cladocerans,
Cope: Copepods, Decap: Decapods, Cirr: Cirripeds, Ostra: Ostracods, Moll: Molluscs, Chaeto:
Chaetognaths, Bra_cal: Brachionus calyciflorus, Bra_pli: Brachionus plicatilis, Fili: Filinia longiseta, Synch:
Synchaeta bicornis, Cyclo1: Cyclopoid sp1, CopeNau: Copepod Nauplii, Oith: Oithona sp, Onca:
Oncaea clevei, Cal1: Calanoid spp1, Cal2: Calanoid spp2, Tem: Temora sp, Eute: Euterpina acutifrons,
Moina: Moina micrura, Peni: Penilia avirostris, Ceri: Ceriodaphnia sp.

The abundance of species such as Oithona sp., Temora sp., Oncaea clevei, Penilia avirostris,
and Euterpina acutifrons, as members of Chaetognatha is positively associated with high
pH and salinity levels. Additionally, the Piélou index and Shannon diversity index are
positively correlated with dissolved oxygen levels. In contrast, species like Filinia longiseta,
Brachionus calyciflorus, Moina micrura, and Brachionus plicatilis are positively associated with
temperature and turbidity but negatively associated with pH and salinity. Synchaeta bicornis
did not show a strong association with any of the environmental variables.

These findings, along with previous research on the Nokoué Lagoon [8], under-
score the pivotal role of salinity in influencing zooplankton communities. Consequently,
the subsequent phase of this study will delve deeper into the impact of salinity varia-
tions on zooplankton populations, aiming to provide a comprehensive understanding of
these dynamics.

3.7. Variation in Zooplankton Diversity and Abundance Relative to Salinity

Species richness (abundance, respectively), tended to increase (decrease) during ebb
tides when salinity was low and the flow in the Cotonou Channel was directed towards
the Atlantic Ocean and to decrease during flood tides when salinity was high and the
flow was directed towards the Nokoué Lagoon (Figure 7). Therefore, species richness was
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significantly negatively correlated with salinity (r = −0.51, p < 0.01), whereas abundance
had a significant positive correlation (r = 0.60, p < 0.005).
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In contrast, the Shannon diversity index and Piélou’s evenness index did not show
significant negative correlations with salinity fluctuations (r = −0.26 and −0.08, respec-
tively). However, these indexes reached their maximum values when salinity was extremely
low (freshwater: ebb tide) or high (seawater: flood tide), and their minimum values at
intermediate salinity levels correspond to mixed waters (Figure 7).

The Kruskal-Wallis test revealed a significant difference in mean zooplankton abun-
dance among the three water masses (p < 0.05), although the mean values for freshwater
and mixed water were similar (Table 3). In contrast, the ANOVA test demonstrated a sig-
nificant difference in the mean Shannon index among the three water masses, particularly
between freshwater and seawater. However, no significant difference was observed for the
Piélou index (p > 0.05) (Table 3).
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Table 3. Results of statistical analyses of overall abundance and diversity parameters across different
water masses.

H test Mean Value

Variables X2 (df = 2) p-Values Freshwater Mixed Water Seawater

Abundance (ind
L−1) 10.34 *** 5.7 × 10−3 12.52 a 30.92 a 36.88 b

ANOVA Mean value

F-Value (df = 2) p-values Freshwater Mixed water Seawater

Shannon index
(H′) 5.54 * 1.1 × 10−2 2.49 a 2.06 ab 1.59 b

Piélou index (J) 2.67 n.s. 9.2 × 10−2 0.58 a 0.43 a 0.57 a

Kruskal-Wallis test (H-test) and ANOVA test were applied to test the significance of overall variations observed
between the three water masses. Significance levels (S.L.): * p < 0.05, *** p < 0.001, n.s. not significant. Mean values
with different letters in the same row are significantly different (p < 0.05) according to the Dunn’s post hoc test.

Copepods were continuously present regardless of salinity levels (Figure 8a), showing
a positive but not significant correlation (r = 0.37, p > 0.05). In contrast, rotifers were
abundant only in brackish or low salinity waters, primarily during ebb tides, and exhibited
a significant negative correlation with salinity (r = −0.44, p < 0.05). Rotifers were completely
absent when salinity exceeded 35 (Figure 8a).

Cladocerans and decapods were present across all salinity ranges but in very low
proportions. Cladocerans did not show a significant correlation (r = 0.29, p > 0.05) with
salinity (Figure 8b). Decapods also did not show a significant correlation (r = 0.27, p > 0.05)
with salinity (Figure 8c). Other zooplankton groups were rarely observed and in very low
abundance, preventing any definitive conclusions.

Within the copepods, nauplii were more abundant when salinity was low (during
ebb tides) or intermediate (salinity < 22.5), showing significant negative correlations with
salinity (r = −0.73, p < 0.001; Figure 9a). In contrast, Calanoid spp1 was more abundant
when salinity was high (during flood tides), exhibiting a significant positive correlation
with salinity (r = 0.53, p < 0.01). Temora sp., Oncaea clevei, Euterpina acutifrons were more
abundant when salinity exceeded 20 (mainly during flood tides) and showed strong positive
correlations with salinity (respectively r = 0.84, 0.83, 0.83, p < 0.001). Cyclopoid sp1 showed
no significant correlation with salinity (r = 0.12, p > 0.05).

Within the rotifers, Brachionus calyciflorus, B. plicatilis, and Filinia longiseta were much
more abundant at low salinity levels (salinity < 12.5) during ebb tides (Figure 9b). However,
as salinity increased above 12.5, these species nearly disappeared from the environment,
showing a significant negative correlation with salinity (r = −0.45, −0.55, −0.56, respec-
tively). In contrast, Synchaeta bicornis became dominant during flood tide when salinity
increased, though it did not show a significant correlation with salinity (r = −0.06, p > 0.05).

Among the cladocerans, Penilia avirostris was present when salinity exceeded 5 and
completely dominated during flood tide at salinity levels above 20 (Figure 9c). It exhibited a
strong and significant positive correlation with salinity (r = 0.89, p < 0.001). Conversely, dur-
ing ebb tide when salinity was low, the presence of Moina micrura, which was the dominant
species, and Ceriodaphnia sp. was noted (Figure 9c). Moina micrura showed a significant
and strong negative correlation with salinity (r = −0.63, p < 0.001) but Ceriodaphnia sp. was
not significantly correlated to salinity (r = −0.26, p > 0.05).

Very low salinity water masses, categorized as freshwater, were dominated by copepod
nauplii, Filinia longiseta, Brachionus calyciflorus, and Moina micrura, exhibiting relatively high
diversity and evenness among species. In contrast, high salinity marine water masses, on
the other hand, were characterized by the dominance of Oithona sp., Temora sp., Oncaea clevei,
Calanoid spp1, Cyclopoid sp1, Penilia avirostris, Euterpina acutifrons, showing moderately
high diversity but high evenness. Intermediate salinity water masses, associated with
mixed waters, were dominated by nauplii, Synchaeta bicornis, Brachionus plicatilis, and
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Ceriodaphnia sp., displaying a wide range of diversity and evenness indices, including the
lowest values for these indices at salinity levels around 20.
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4. Discussion
4.1. On the Physicochemical Parameter Variations

The physicochemical parameters in the Cotonou Channel exhibited significant fluctua-
tions during the 25-hour study period. These variations were induced by the semidiurnal
oceanic tide that controls the dynamics of the Cotonou Channel [12,13], bringing different
water masses depending on the tidal phase. Our sampling took place in July, a month
characterized by a strong salinity contrast between the Nokoué Lagoon, which is almost
entirely filled with freshwater [14,15] and the coastal Atlantic Ocean, characterized by
marine water. The mixing of these two water masses during tidal cycles results in the
channel water exhibiting intermediate and highly variable characteristics, ranging from
oligohaline to euhaline.

An asymmetry was observed in the flow rate values and the duration of the ebb
and flow tides (Figure 2). Negative flow rates, with maximum values of −600 m3/s,
were observed for 4–5 h, followed by positive flow rates, with a maximum of 700 m3/s,
observed for 7–8 h. This non-homogeneous duration in both the positive and negative
flow phases, as well as the changes in salinity, confirms the flow-dominated nature of
the Cotonou Channel [12,13]. The total net outgoing flow was estimated to be 210 m3/s
during the complete semidiurnal tidal cycle from 5:30 p.m. on 24 July to 6:30 a.m. on
25 July, and 180 m3/s for the cycle from 9:00 p.m. on 24 July to 11:00 a.m. on 25 July.
These estimates suggest a net river discharge of approximately 200 m3/s exiting the lagoon
through the Cotonou Channel, slightly stronger than the typical values of 50–100 m3/s
generally observed between July and August [6,21].

The integration of flux measurements from the channel (Figure 2) shows that 7.4 × 106 m3

of oceanic water enters the lagoon during flood tide, with 1.5 × 107 m3 exiting during ebb
tide. Despite the outgoing volume being more than twice the incoming volume, a portion of
water remains trapped within the lagoon after each tidal cycle [14]. To assess the retention
of oceanic water in the lagoon across tidal phases, we use a salt budget, leveraging salt as
a reliable tracer for oceanic waters. Integrating the salt flux (derived from Figure 2 and
salinity data from Figure 3), we estimate that approximately 3.8 × 108 kg of salt enters the
lagoon during flood tide, while around 2.8 × 108 kg is expelled during ebb tide. Therefore,
around 25% of the incoming oceanic waters remain in the lagoon per tidal cycle. This
retention represents a substantial fraction, serving as a persistent source of biogeochemical
tracers and oceanic plankton for the lagoon, though it is slightly less than the 30% estimated
by [14] for the dry season when river flow is minimal. As the rainy season progresses and
river flow increases, this fraction decreases until it eventually reaches 0%.

During the ebb tide phase, the surface temperature exiting the lagoon was ~1.2 ◦C
higher during the day (27.7 ◦C at around 4 p.m. on both 24 July and 25 July) than during
the night (~26.5 ◦C at the middle of the night between 24 July and 25 July). This suggests a
diurnal warming of the lagoon’s water associated with solar heating. The net surface heat
flux Q, necessary to warm the lagoon’s water was estimated as:

Q = ρcpH
∆T

t
(4)

where ρ~1000 kg m−3 is the lagoon’s water density, cp = 4186 J kg−1 ◦C−1 is the water’s
specific heat capacity, H~1.5 m is the mean depth of the lagoon in July [12], ∆T~1.2 ◦C is
the observed temperature anomaly, t~12 h is the duration of the warming.

Using these values, the estimated net surface warming heat flux during the day was
approximately 175 W m−2.

The dissolved oxygen concentration was the only physicochemical parameter that has
not shown a direct relationship with salinity and the tidal cycle. This discrepancy can be
attributed to the dynamic of oxygen in aquatic ecosystems. Unlike conservative parameters,
which maintain a relatively stable concentration irrespective of external influences, oxygen
concentration is subject to significant modulation by biological processes. These processes
include the respiration of aquatic organisms, which consume oxygen, and photosynthesis,
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which produces it. Thus, while other physicochemical parameters may be predominantly
influenced by tidal fluctuations or external environmental factors, the dissolved oxygen
concentration reflects the intricate interplay between biological activity and environmental
dynamics within the aquatic ecosystem.

Turbidity exhibited significant variability, ranging from approximately 10 NTU in
very clear marine waters to 150–190 NTU in the lagoon’s turbid freshwater conditions.
By applying the mean relationship between surface turbidity and suspended particulate
matter (SPM), as established by [6] using a comprehensive lagoon database (SPM = 0.86
× turbidity + 4.3), we estimated maximum SPM concentrations of approximately 165 mg
L−1. These findings align with the substantial turbid plume extending from the Ouémé
River—situated northeast of the Nokoué Lagoon—to the Cotonou Channel in July 2024,
where SPM values of 150–200 mg L−1 were observed [6]. The peak turbidity of the lagoon’s
water occurs annually in July-August, coinciding with the onset of river flooding associated
with the West African monsoon and the early mobilization of fine sediments during rising
river flows. However, the turbid plume observed in July 2020, constituted the most intense
sediment-laden plume observed annually in July between 2018 and 2022 [6]. Consequently,
the turbid water mass observed in the Cotonou Channel during the ebb tide phases of our
25-hour study period, along with the associated zooplankton community, likely originates
primarily from the Ouémé River. However, the non-linear relationship between turbidity
and salinity (Figure 3) also indicates that turbidity is not a conservative tracer. The concavity
of this relationship suggests the existence of a turbidity sink, probably related to the settling
and sedimentation of suspended matter during their transit between the Nokoué lagoon
and oceanic waters.

4.2. On the Zooplankton Community
4.2.1. Taxonomic Composition and Abundance

The general taxonomic richness (66 taxa) obtained in this study exceeds the 41 taxa
reported by [1] in a 24-hour study in the Grand-Lahou coastal lagoon, Ivory Coast. This
discrepancy may be due to differences in the methodologies: our study used an hourly
sampling compared to every 4 h in [1], and we used a finer mesh size (50 µm vs. 64 µm).
Among the taxa identified, rotifers were the most species-rich group (35 species), a finding
consistent with [7] in the Nokoué Lagoon, but contrasting with [1], where copepods
dominated. This difference is likely due to the high salinity in the Grand-Lahou Lagoon,
which favors copepods over rotifers.

On average, copepods were the most abundant group (71%) over the 25-hour period,
followed by rotifers (25%). Similar dominance of copepods has been reported in various
estuaries and lagoons globally [1,10,17,19,46]. According to [47], copepod predominance
is typical in brackish environments due to their resilience to variations in turbidity and
salinity in the environment [10] and their predation on rotifers [48].

4.2.2. Species-Specific Observations

Within the copepods, Oithona sp. was the most abundant species, consistent with
findings in the Cananéia Lagoon, Brazil [47], and Grand-Lahou Lagoon, Ivory Coast [1].
This predominance could be due to the halotolerance of these species [11], which allows
them to thrive in lagoons under marine influence.

Rotifer species such as Brachionus plicatilis, Keratella cochlearis, K. tropica, and Synchaeta
bicornis are euryhaline, thriving in marine-influenced lagoons [49–51]. The prevalence of
infrequent species over occasional and frequent species highlights the habitat’s instability,
driven by tidal cycles that disrupt zooplankton population structures. This instability
is reflected in significant temporal variations in the Shannon diversity index and Piélou
evenness indices.
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4.2.3. Salinity Effects

During the 25-hour period, salinity in the Cotonou Channel ranged from below 5 to
above 30, causing significant shifts in zooplankton community structure.

Species richness decreased with increasing salinity, a pattern observed for instance by [52]
in New Zealand coastal lakes, [50] in a tropical lagoon, and [53] in a subtropical lagoon. This
trend can be attributed to the fact that euryhaline species, which tolerate wide salinity ranges,
are fewer than stenohaline species, which tolerate only narrow salinity ranges.

Low Shannon and Piélou indices at intermediate salinities can be attributed to eury-
haline species’ dominance, whereas high indices at constant salinities (low or high) are
due to a more balanced distribution of stenohaline and halophilic species, respectively.
The observed pattern of maximum Shannon’s diversity and Piélou’s evenness indices in
both freshwater and marine waters suggest optimal conditions for species coexistence and
resource use at extreme salinities. In these ecosystems, environmental conditions may favor
a more even distribution of zooplankton individuals among species, with no single species
dominating and many species represented by similar numbers of individuals.

Zooplankton abundance, however, varied with the tidal cycle, increasing with flood
tides and decreasing with ebb tides, similar to [10] in the Bonny estuary but contrary to [46]
in the Changjiang estuary.

This high overall abundance of zooplankton during flood tides can be due to the
fulfillment of the channel by marine waters and, therefore by marine zooplankton. Actually,
during this study period (July), which corresponds to the major upwelling period in the
Gulf of Guinea, marine waters are characterized by a high abundance of zooplankton [54].
Conversely, the lower overall abundance of zooplankton during ebb tides can be explained
by many factors. At ebb tides, there is freshwater in the channel. Freshwater environ-
ments around the Cotonou Channel offer diverse habitats (three distinct rivers, Nokoué
Lagoon, and large wetland areas) characterized by a greater range of physicochemical
properties than the ocean coastal zone. These habitats are resource-rich, fostering numerous
species adapted to specific conditions and promoting greater species richness. However,
competition for limited resources often maintains individual population sizes at relatively
low levels, resulting in lower overall abundance. Additionally, despite habitat diversity,
spatial constraints and fluctuations in water levels may prevent freshwater populations
from reaching high densities even under favorable conditions. Lastly, some freshwater
species prioritize reproduction over individual growth, leading to smaller population sizes
as energy resources are allocated to reproduction rather than growth, contributing to lower
overall abundance.

At salinities above 12.5, rotifer species become scarce, with Synchaeta bicornis domi-
nating when salinity exceeds 35 (seawater), resulting in an almost total absence of rotifers,
consistent with previous studies [1,44]. In Nokoué Lagoon, Synchaeta bicornis’ tolerance
to wide salinity ranges is well documented [8], and our results confirm this on a tidal
scale. Low salinity environments (ebb tide) favored Moina micrura and Ceriodaphnia sp.,
aligning with their known freshwater adaptation [1,7]. The presence of Penilia avirostris in
marine-influenced waters is consistent and can be explained by its ability to tolerate a wide
range of salinities [1,55].

In mixed waters for intermediate salinities, nauplii, Synchaeta bicornis, Brachionus pli-
catilis, and Ceriodaphnia sp. dominated, with low evenness and diversity indices, reflecting
species’ adaptation challenges to fluctuating conditions [18]. This indicates that tidal cycles
contribute significantly to environmental instability.

While species richness and abundance decrease between freshwater and marine en-
vironments, the interaction between salinity gradients and ecological processes affects
diversity indices differently, highlighting the complexity of community dynamics in re-
sponse to environmental gradients.
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4.3. On the Limitations of Our Study

One of the primary limitations of our study is its relatively short duration, encompass-
ing only one cycle of 25 h. This limitation restricts our ability to capture the full range of
tidal and physicochemical variations. We conducted our measurements during interme-
diate tidal coefficients, which do not reflect the full spectrum of tidal influences. Spring
tides could induce stronger vertical mixing due to higher tidal forces, while neap tides
could result in weaker vertical mixing and stronger stratification. These variations could
significantly alter the physicochemical parameters and zooplankton community structure.
More physicochemical parameters such as nutrients and dissolved organic matter could be
included in the present study. A broader range of chemical parameters could provide a
more comprehensive understanding of environmental influences. A longer study period in
more than one sampling point, incorporating different tidal cycles under neap and spring
tides would provide a more comprehensive understanding of the system’s dynamics.

Our study was also conducted in July, at the beginning of the flood season, when
the salinity contrast between the Nokoué Lagoon and the coastal Atlantic Ocean is at its
peak. This seasonal constraint limits our understanding of the tidal impact across different
times of the year. During other seasons, variations in rainfall, river discharge, and salinity
conditions could significantly influence the biological communities. For instance, during
the dry season, reduced freshwater input leads to higher salinity levels [14,15] and different
zooplankton assemblages, as observed in the Nokoué Lagoon by [8]. A year-round study
in the Cotonou Channel would help better understand the seasonal variations of the tidal
impacts on zooplankton communities.

Another limitation of our study is the lack of vertical profiling in our measurements.
We focused exclusively on surface water parameters, neglecting the vertical distribution
and variability of physicochemical parameters, especially salinity, and zooplankton. Ver-
tical stratification can be important in determining the habitat suitability for different
zooplankton species and influencing physicochemical conditions. Additionally, we did
not account for zooplankton nychthemeral movements in this study. Without vertical data,
our understanding of the environmental gradients induced by tides and their impact on
zooplankton distribution remains incomplete. Future studies should include nutrient mea-
surements and vertical measurements to comprehensively capture depth-related variations
in more comprehensive physicochemical parameters and zooplankton communities.

5. Conclusions

The present study highlighted the significant impact of tidal cycles on the zooplankton
community in the Cotonou Channel that connects the Nokoué Lagoon to the coastal Atlantic
Ocean in Benin. The results revealed pronounced variations in physicochemical parameters
driven by tidal phases, which results in the advection of distinct freshwater and marine
water masses within the channel. Salinity varied between 2 and 36, temperature between
24 ◦C and 28 ◦C, turbidity between 10 and 200 FTU, pH between 7.7 and 8.1, and dissolved
oxygen between 7.0 and 7.9 mg L−1.

Copepods, particularly Oithona sp., emerged as the dominant taxa in terms of abun-
dance. The study found that variations in physicochemical parameters, such as salinity,
turbidity, pH, and temperature significantly affected the composition and abundance of
zooplankton. Copepods and rotifers, in particular, showed pronounced responses to salin-
ity gradients. High frequency fluctuations in species richness and abundance, peaking
in species richness and reaching a minimum in abundance at low salinity during ebb
tides, highlighting salinity as the key driver of the zooplankton composition. Copepods
remained constantly observed, while rotifers’ and cladocerans’ presence/absence exhibited
sensitivity to salinity changes.

These findings highlight the importance of considering tidal phases for effective
zooplankton sampling in Nokoué Lagoon. The study confirms that tidal cycles exert a
significant influence on the physicochemical environment of the Cotonou Channel, which
in turn drives changes in the zooplankton community structure. Salinity was identified
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as the primary factor affecting zooplankton composition, with marked fluctuations in
species richness and abundance corresponding to the tidal phases. This insight is crucial
for understanding the ecological dynamics of the channel, particularly in relation to how
marine and freshwater influences shape biological communities.

To deepen our understanding and extend the present study, future research should
expand to include year-round studies that capture seasonal variations, especially dur-
ing different water levels when the lagoon exhibits strongly different salinity conditions.
Incorporating vertical profiling of both physicochemical parameters and zooplankton
distribution will help understand depth-related variations. Additionally, studying the
effects of tidal extremes such as spring and neap tides, and including a broader range
of environmental factors like nutrient concentrations and dissolved organic matter, will
offer a more comprehensive view. Finally, integrating zooplankton biomass measurements
will provide insights into the productivity and ecological role of these communities in the
Cotonou Channel and Nokoué Lagoon. This approach will help us better understand the
potential impacts of salinity changes by tides on zooplankton communities and enhance
our understanding of Nokoué Lagoon’s ecological functioning.
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