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Abstract: This study aimed to investigate the seasonal variation of zooplankton diversity and abundance
in the Nokoué Lagoon in southern Benin. Through extensive sampling, a total of 109 zooplanktonic taxa
were identified and quantified. The average zooplankton abundance was found to be 60 individuals per
liter, with copepods and rotifers being the most dominant groups, comprising 68.1% and 29.1% of the
total abundance, respectively. The key factor identified as driving the structure of the zooplanktonic
assemblages was salinity, which showed significant seasonal variation. The results revealed that
during the high water period, when the lagoon was filled with fresh water, rotifers were dominant,
zooplanktonic diversity was highest, and abundances were quite high. Conversely, during the low water
period, when the lagoon was characterized by brackish water, diversity was minimal, and abundance
decreased slightly. The study also found that some areas of the lagoon showed high abundances
independent of salinity levels, suggesting that other factors such as riverine inputs or the presence of
acadjas (home-made brush parks used as fish traps) may also have notable effects on the zooplankton
community. Overall, the findings of this study provide valuable insights into the functioning of one of
the most biologically productive lagoons in West Africa.

Keywords: zooplankton; diversity and abundance; environmental parameters; seasonal variation;
Nokoué Lagoon

1. Introduction

Located in southeastern Benin, the Nokoué Lagoon has been recognized by the Ramsar
Convention as a wetland of international importance (Ramsar Site no. 1018). This lagoon
represents the largest continental water body in Benin and one of the most biologically
productive in West Africa in terms of annual fish catch yields [1]. It contributes to 70%
of the national fisheries production [2] and is home to the largest lacustrine villages in
West Africa populated by 50,000 people including 12,000 fishermen. Although the Nokoué
Lagoon forms a vast natural space that sustains a rich ecosystem, it is surrounded by
numerous urbanizations that total more than 1.5 million inhabitants and exert a strong
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anthropic pressure [3]. Despite its importance for the socio-economic development of Benin
and its vulnerability to urban development and global changes, Nokoué Lagoon has been
relatively poorly studied. Therefore, it is essential to better characterize and understand the
functioning of its ecosystem in order to implement future sustainable management plans.

One of the particularities of Nokoué Lagoon is the strong seasonal variation of its salinity,
which varies on average from less than 1 during the heavy rainy season in northern Benin
(September–October) and progressively increases during the dry season (December–April)
to reach a mean value of ~25 in April [4,5]. These strong seasonal changes in salinity have
been shown to structure and strongly impact certain trophic levels of the Nokoué Lagoon
ecosystem, such as macroinvertebrates, mangrove oysters, or ichthyofauna [6–8]. However,
zooplankton is a key organism in the aquatic food chain as it serves as an intermediary
species that allows energy transfer between phytoplankton and higher trophic levels such as
zooplanktivorous fish. As we know that salinity can control the response of phytoplankton
to nutrients and significantly alter zooplankton dynamics in different lagoon ecosystems
(e.g., [9–12]), we therefore hypothesize that strong seasonal variations in salinity in the Nokoué
Lagoon generate important changes in zooplankton diversity and abundance.

Although salinity is the parameter that exhibits the greatest seasonal variation and is
presumed to be the major environmental parameter impacting the Nokoué ecosystem, other
physico-chemical parameters (temperature, depth, pH, turbidity, dissolved oxygen concen-
tration, chlorophyll) also exhibit significant seasonal variations (e.g., [3]). Given their short
life cycles, zooplankton organisms can respond rapidly and sensitively to many physical,
chemical, and biological changes in aquatic ecosystems [13–15]. Zooplankton are there-
fore highly sensitive to environmental changes, and changes in zooplankton community
composition or abundance are often considered indicative of environmental disturbances
in coastal lagoons (e.g., [16–19]). The second hypothesis of this study is therefore that
the zooplankton community of Nokoué Lagoon may respond to other physico-chemical
parameters than salinity and that the presence and dominance of certain zooplanktonic
species could reflect particular environmental conditions.

Furthermore, given that relatively strong spatial gradients in salinity and other physic-
ochemical parameters may exist in the lagoon [3–5], we believe that the zooplankton
community may respond to these environmental gradients and show spatial differences
across the lagoon. In particular, the zooplanktonic community near the river mouths (im-
pacted by freshwater flows) might probably differ from that near the connection between
Nokoué Lagoon and the Atlantic Ocean (impacted by saltwater flows).

Despite the importance of zooplankton in the trophic chain and for maintaining the
high biological productivity of Nokoué Lagoon, knowledge on the zooplankton of this
lagoon is very limited. Indeed, to the best of our knowledge, the only study that has
explored the zooplankton community of Nokoué and its relationship with environmental
parameters is [20]. In particular, these authors showed that (i) total zooplankton species
richness was 31 taxa, (ii) zooplanktonic abundance was relatively low and dominated
by copepods, and (iii) the zooplanktonic community responded mainly to nitrate and
ammonium concentrations. Unfortunately, as also mentioned by these authors, the sam-
pling was only conducted during a 4-month period (June–September 2015) in the rainy
season (low salinity) and did not allow them to investigate the seasonal variation over a
full hydrological cycle. Consequently, our study, based on bimonthly sampling carried out
during a complete year, aims to fill this gap, and has the following objectives:

• To inventory the zooplanktonic fauna of Nokoué Lagoon,
• To describe the spatio-temporal variations of zooplankton on a seasonal scale, in terms

of diversity and abundance,
• To determine the main physicochemical drivers of the zooplankton community and to

verify if salinity is the determining parameter.
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2. Materials and Methods
2.1. Study Area and Annual Hydrological Cycle

Nokoué Lagoon is a shallow lagoon (~1.3 m depth on average during the dry season)
that extends from 2◦20′ E to 2◦35′ E in longitude and 6◦20′ N to 6◦30′ N in latitude. This
lagoon is bounded to the west by the Abomey-Calavi plateau, to the east by the Porto-Novo
Lagoon, to the north by the deltaic floodplain of the Ouémé and Sô Rivers, and to the south
by the city of Cotonou (Figure 1). It extends approximately over 20 km from west to east
and a maximum of 11 km from south to north, covering an area of ~150 km2 at low water
period [3,21,22]. The Cotonou Channel, which is 4 km long and 300 m wide, connects
Nokoué Lagoon to the Atlantic Ocean and thus allows freshwater and saltwater exchanges
between these two environments (Figure 1) [5]. Nokoué Lagoon also communicates in its
western part with the small Djonou River (a few meters wide and a few kilometers long)
and in the east with the Porto-Novo lagoon via the Totchè canal, but they have little effect
on the dynamics of Nokoué Lagoon [21–24].
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Figure 1. Location of Nokoué Lagoon (Benin) and hydrographic stations carried out between
November 2019 and September 2020. (a) Benin location in West-Africa. (b) Mean salinity (SAL)
during high water period in October (SAL ~ 0) and (c) during low water period in April (SAL ~ 25).
Station numbers are shown in b]; green dots correspond to stations influenced by the Cotonou Canal
and the Atlantic Ocean, blue dots by rivers, and red dots are intermediate stations more representative
of the central zone of the lagoon.

The annual hydrological regime of Nokoué Lagoon can be characterized by three
main periods [3,23,25]. First, during the heavy rainy season in northern Benin (September–
November), the lagoon is filled of freshwater and its water-level strongly increases [5,23].
During this period, the highest species richness of ichthyofauna is observed and the lagoon
is populated by freshwater fish species [8]. Second, during the dry season (December–
April), the lagoon reaches its low water level and is filled with brackish water with an
average salinity of ~25 at the end of the dry season [5,23]. During this period, the species
richness of the main taxonomic families of the ichthyofauna decreases and the lagoon is
depopulated of some freshwater species not tolerant to these high salinity levels [8]. In
contrast, some marine fish species enter the lagoon during this season. Third, during the
main rainy season in southern Benin (May–July), the lagoon level rises slightly, and its
salinity gradually decreases to an average value of less than 10 [5,23].

2.2. Station Location and Sampling Strategy

This study relies on the analysis of six bimonthly campaigns conducted on Nokoué
Lagoon and the Cotonou Channel between November 2019 and September 2020. Each of
the field campaigns took place during two consecutive days around the 15th of the corre-
sponding month. They consisted of 16 physicochemical and biological sampling stations



J. Mar. Sci. Eng. 2023, 11, 556 4 of 24

(13 in Nokoué Lagoon and 3 in the Cotonou Channel) distributed rather homogeneously
in the study area in order to monitor various environmental and biological conditions
(Figure 1a). Sampling stations were performed during daytime between ~8 am to ~5 pm. A
total of 96 samples were thus taken over the 6 bimonthly campaigns.

2.3. Environmental Parameters

For each of the 96 samples (6 campaigns of 16 stations), the following environmental
parameters were acquired at the surface (within the top 20 cm) using both a Conductivity-
Temperature-Depth (CTD) probe (Valeport-CTD+) and a multi-parameter probe (WTW-
3630IDS): temperature (TEMP, in ◦C), salinity (SAL), turbidity (TURB, in FTU), dissolved
oxygen (DO, in mg L−1). As the water-level of the Nokoué Lagoon strongly varies both
spatially and temporally [23], the water-depth (DEPTH, in m) at each station was measured
using a Garmin GPSmap 421S echosounder.

Water samples were collected at the surface using a 10 L bucket for measurements
of total (organic and inorganic) suspended solids (TSS, in mg L−1), particulate organic
matter (POM, in mg L−1), and Chlorophyll-a (CHL-a, in mg m−3). For each water sample,
500 mL were immediately filtered onboard using Whatman GF/F glass fiber filters with
a 0.7 µm pore size. The CHL-a concentrations were determined by spectrophotometer
after extraction from the filters using 90% acetone [26,27]. For TSS and POM, between
100 and 500 mL (depending on the water turbidity) of water samples were filtered onto
both reweighed GF/F filters and Nucleopore membrane filters (0.4 µm pore size). After
filtration, filters were dried at 55 ◦C for 24 h and reweighed to determine TSS concentrations.
The GF/F filters were then combusted at 550 ◦C for 2 h and reweighed to estimate ash
weight, POM, and percentage of organic matter (%POM). Based on a statistical analysis, we
determined that TSS concentration and turbidity were highly correlated (r2 = 0.97, n = 742,
p < 0.05) and collinear (variance inflation factor, VIF = 14.96). We therefore only retained
turbidity and discarded TSS from subsequent analyses. Similarly, as organic and inorganic
fractions are complementary, we only retained %POM.

2.4. Zooplankton Collection and Sample Analysis

Zooplankton community composition was determined from 96 samples collected at
the 16 stations using a plankton net having a mouth opening diameter of 40 cm and a
mesh size of 50 µm. A mechanical flowmeter (General Oceanics-2030R6) was placed on
the opening of the net to estimate the volume of water filtered. At each site, the net was
rinsed with water from the station, and then towed horizontally at a depth of ~50 cm for 30
to 45 s, which allows an average filtration of ~3–4 m3 of water. The collected filtrate was
then transferred to a pillbox and preserved in 70 mL of 70% ethanol.

The identification and enumeration of zooplankton was done using a digital micro-
scope (Optika B-290TB) and a panel of taxonomic keys [28–47]. For each station, 1 mL of
sample was diluted 5 times with distilled water. Then, 1 mL of this subsample (correspond-
ing to a replicate) was observed under the microscope. The identification and enumeration
of zooplankton was carried out on at least 5 independent replicas per station, until a species
richness plateau was reached, i.e., when no new zooplankton species were observed in three
successive replicas. The zooplankton composition and relative abundance for each station
was then determined from all pooled replicas. For each sample, counts of zooplankton taxa
were converted to abundance (ind. L−1) taking the number of investigated replicas, the
subsample ratio, and the total volume of the sample.

In the present study, copepod nauplii could not be diagnosed at the species level and
were thus pooled into one single taxon. Some species could not be formally identified
(Table 1) but they were distinguished between them taking into account several morpholog-
ical characteristics. Each differentiated morphotype was assigned to a distinct (unnamed)
species. Differentiation of indeterminate copepod species was performed based on (i) the
number of antenna segments, (ii) the cephalosome shape, (iii) the number and appearance
of metasoma segments, (iv) the number and size of urosoma segments, and (v) the number
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and size of setae on each furca. As for the undetermined species of rotifers, they could be
distinguished by (i) the body shape and (ii) the appearance and position of certain organs
(see references quoted above for taxonomic keys).

Table 1. List of zooplankton taxa, their relative abundance (in %) and frequency of occurrence
(in %). The inventoried taxa were sampled in Nokoué Lagoon during 6 bimonthly surveys carried
out between November 2019 and September 2020. The last column indicates the codes of the most
frequent (Focc > 0.25) and abundant (relative abundance higher than 0.5%) taxa, used to study their
relationship with environmental variables.

Group Family Taxa Relative Abundance
(%)

Frequency of
Occurrence
Focc (%)

Code

Rotifera Asplanchnidae Asplanchna girodi de Guerne, 1888 1.55 15.63
Asplanchna priodonta Gosse, 1850 0.00 1.04
Asplanchna sp. 1 0.32 6.25
Asplanchna sp. 2 0.07 8.33
Asplanchna sp. 3 0.01 2.08
Asplanchna sp. 4 0.06 2.08

Brachionidae Anuraeopsis navicula Rousselet, 1911 0.00 2.08
Anuraeopsis fissa Gosse, 1851 0.00 1.04
Anuraeopsis sp. 0.00 1.04
Brachionus angularis Gosse, 1851 2.83 37.50 R03
Brachionus bidentatus Anderson, 1889 0.28 15.63
Brachionus calyciflorus Pallas, 1766 0.54 23.96
Brachionus caudatus Barrois & Daday, 1894 1.63 30.21 R08
Brachionus falcatus Zacharias, 1898 0.73 32.29 R06
Brachionus mirabilis Daday, 1897 0.01 5.21
Brachionus plicatilis Müller, 1786 7.25 57.29 R01
Brachionus quadridentatus Hermann, 1783 0.00 3.13
Epiphanes macroura (Barrois & Daday, 1894) 0.022 7.29
Epiphanes sp. 0.03 8.33
Keratella cochlearis (Gosse, 1851) 0.09 9.38
Keratella lenzi Hauer, 1953 0.35 15.63
Keratella sp. 0.51 12.50
Keratella tropica (Apstein, 1907) 0.94 34.38 R05
Plationus patulus (Müller, 1786) 0.06 18.75
Platyias quadricornis (Ehrenberg, 1832) 0.06 10.42
Trichotria sp. 0.00 2.08

Conochilidae Conochilus sp. 0.05 10.42
Euchlanidae Euchlanis triquetra Ehrenberg, 1838 0.17 8.33
Lecanidae Lecane bulla (Gosse, 1851) 0.27 25.00

Lecane crepida Harring, 1914 0.02 3.13
Lecane leontina (Turner, 1892) 1.46 26.04 R10
Lecane ludwigii (Eckstein, 1883) 0.01 6.25
Lecane quadridentata (Ehrenberg, 1830) 0.08 6.25
Lecane sp. 0.06 15.63
Lecane closterocerca (Schmarda, 1859) 0.06 14.58
Lecane stenroosi (Meissner, 1908) 0.07 4.17

Lepadellidae Colurella adriatica Ehrenberg, 1831 0.09 11.46
Colurella hindenburgi Steinecke, 1916 0.00 3.13
Lepadella (Lepadella) patella (Müller, 1773) 0.01 2.08
Lepadella sp. 0.00 1.04
Squatinella lamellaris (Müller, 1786) 0.34 14.58

Mytilinidae Mytilina mucronata (Müller, 1773) 0.00 3.13
Notommatidae Cephalodella gibba (Ehrenberg, 1830) 0.00 5.21

Cephalodella gracilis (Ehrenberg, 1830) 0.00 1.04
Cephalodella lipara Myers, 1924 0.00 2.08
Cephalodella mira Myers, 1934 0.00 2.08
Cephalodella sp. 1 0.02 4.17
Cephalodella sp. 2 0.00 1.04
Cephalodella sp. 3 0.00 1.04
Cephalodella sp. 4 0.02 8.33
Cephalodella sp. 5 0.01 1.04
Eothinia elongata (Ehrenberg, 1832) 0.00 1.04
Notommata pachyura (Gosse, 1886) 0.01 3.13
Resticula melandocus (Gosse, 1887) 0.01 8.33
Taphrocampa annulosa Gosse, 1851 0.12 7.29
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Table 1. Cont.

Group Family Taxa Relative Abundance
(%)

Frequency of
Occurrence
Focc (%)

Code

Philodinidae Philodina sp. 1 0.20 29.17
Philodina sp. 2 0.01 5.21
Rotaria neptunia (Ehrenberg, 1830) 0.06 16.67

Proalidae Proales sp. 0.03 2.08
Scaridiidae Scaridium longicaudum (Müller, 1786) 0.58 8.33
Synchaetidae Polyarthra sp. 0.95 21.88

Synchaeta bicornis Smith, 1904 1.83 32.29 R07
Synchaeta pectinata Ehrenberg, 1832 1.73 37.50 R04
Synchaeta grandis Zacharias, 1893 1.10 23.96
Synchaeta sp. 0.01 8.33

Testudinellidae Testudinella patina (Hermann, 1783) 0.07 14.58
Tetrasiphon sp. 0.02 6.25
Trichocerca brachyura (Gosse, 1851) 0.12 15.63
Trichocerca lata (Jennings, 1894) 0.00 1.04
Trichocerca longiseta (Schrank, 1802) 0.00 1.04
Trichocerca platessa Myers, 1934 0.02 1.04
Trichocerca rattus (Müller, 1776) 0.01 6.25
Trichocerca similis (Wierzejski, 1893) 0.05 12.50
Trichocerca sp. 1 0.01 4.17
Trichocerca sp. 2 0.01 6.25
Trichocerca sp. 3 0.00 1.04
Trichocerca tenuior (Gosse, 1886) 0.00 1.04

Trochosphaeridae Filinia longiseta (Ehrenberg, 1834) 1.48 38.54 R02
Filinia opoliensis (Zacharias, 1898) 0.54 28.13 R09

Trichotriidae Macrochaetus sp. 1 0.01 2.08
Macrochaetus sp. 2 0.11 2.08

Copepoda unidentified
Cyclopoida Cyclopoid sp. 1 4.92 89.58 C02

Cyclopoid sp. 2 0.01 6.25
Cyclopoid sp. 3 0.04 9.38
Cyclopoid sp. 4 0.03 5.21
Cyclopoid sp. 5 0.10 38.54
Cyclops strenuus strenuus Fischer, 1851 0.03 10.42
Ectocyclops sp. 0.27 51.04

Corycaeidae Corycaeus sp. 0.00 1.04
Oithonidae Oithona sp. 0.72 36.46 C04

Oithona plumifera Baird, 1843 0.00 1.04
Oncaeidae Oncaea clevei Früchtl, 1923 0.22 8.33
unidentified
Calanoida Calanoid spp. 1.26 35.42 C05

Calanoid sp. 1 3.69 75.00 C03
Calanoid sp. 2 0.01 3.13

Temoridae Temora turbinata (Dana, 1849) 0.00 2.08
Ectinosomatidae Microsetella sp. 0.41 58.33

Microsetella norvegica (Boeck, 1865) 0.00 3.13
Microsetella rosea (Dana, 1847) 0.00 1.04

Miraciidae Macrosetella gracilis (Dana, 1846) 0.01 9.38
Tachidiidae Euterpina acutifrons (Dana, 1847) 0.02 3.13

Nauplius 56.27 97.92 C01

Cladocera Chydoridae Alona sp. 0.00 2.08
Daphniidae Ceriodaphnia sp. 0.03 17.71
Macrothricidae Macrothrix sp. 0.01 2.08
Moinidae Moina micrura Kurz, 1875 0.19 29.17
Sididae Penilia avirostris Dana, 1849 0.00 1.04

Eumalacostraca Mysidae Mysis sp. 0.02 5.21

Mollusca Undetermined Mollusca spp. 2.52 73.96 M01

Ostracoda Undetermined Ostracod sp. 0.04 15.63
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The zooplanktonic specific diversity (H’) was estimated by the Shannon index [48,49]:

H′ = −
S

∑
i=1

ni
N

log2

(ni
N

)
where i is a specific species, S is the total number of species (or species richness), ni is the
number of individuals for species i, and N is the total number of individuals considering
all species.

Species evenness was determined by the Pielou’s equitability index (J) [50–52]:

J =
H′

log2S

This index, which represents the distribution of individuals over species, varies be-
tween 0 when a single species dominates, and 1 if all species have an identical abundance.

In addition, the frequency of occurrence (Focc) of each species in all 96 samples
was computed (Table 1). A species is considered as frequent if Focc ≥ 0.5, occasional
if 0.25 ≤ Focc < 0.5, infrequent, accidental if 0.05 ≤ Focc < 0.25, and rare if Focc < 0.05.

2.5. Data Interpolation and Statistics

For each field campaign, all the results (species richness, abundance, H’, J) were
spatially interpolated onto a regular grid of ~100 m × 100 m resolution, using an objective
interpolation scheme implemented in MATLAB® [53–55].

To test for general significant spatial or temporal variability in the environmental
parameters (TEMP, SAL, DEPTH, TURB, %POM, DO, CHL-a) and zooplankton groups,
several statistical tests were used. The non-parametric Wilcoxon–Mann–Whitney test
(WMW-test) was used to test the significance of variations between the minimum and
maximum mean values observed between 2 stations or between 2 campaigns. Similarly, the
non-parametric Kruskal–Wallis test (H-test) was applied to test the significance of overall
variations observed between the 6 campaigns or between the 16 stations.

In order to test for the effects of the seasons (bi-monthly surveys) and geographic
locations (and their interactions) on the environmental variables and zooplankton data,
we also used two-way analyses of variance (ANOVA). Two-way ANOVA were performed
on Box-Cox transformed data (to approach the hypotheses of normality, independence
and homogeneity), and the data were grouped into 3 sub-regions (Figure 1b): the first
group includes stations under the direct influence of the Cotonou Channel (green dots
in Figure 1b); the second group includes stations under the influence of rivers (blue dots
in Figure 1b), while the third group includes stations more representative of the lagoon
environment (orange dots in Figure 1b).

General relationships between the diversity and abundance of major zooplankton
groups or taxa and environmental variables were investigated using redundancy analyses
(RDA) [56]. To do so, we considered only zooplankton groups representing at least 3% of
the total diversity and abundance. A Monte Carlo permutation test was used to check the
significance (p < 0.05) of the relationships between the zooplankton and each environmental
variable, using 10,000 randomizations. Environmental variables were ranked according
to their quantitative importance through manual selection based on the Monte Carlo
permutation test. Environmental variables that do not significantly (p < 0.05) increase the
explained variance were removed from RDA analyses. Prior to RDA analyses, zooplankton
abundances were Hellinger-transformed to down-weight the influence of rare species
having low counts and many zeros [57]. Note that RDA analyses were used since detrended
canonical correspondence analysis (DCCA) revealed maximum gradient lengths of the
response data lower than 2 [58].

We also related abundance and species richness of the main zooplankton groups and
taxa to individual environmental variables using generalized additive models (GAMs) [59].
The GAMs allow for nonlinearity in the relationships between the predictor variable
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(environmental parameter) and the response variable (zooplankton abundance or diversity).
Low-rank thin plate splines were applied, and the smoothing parameters were determined
through restricted maximum likelihood (REML). The best models, associated with the
lowest values of Akaike’s information criterion (AIC) and the highest explained deviances,
included all 7 environmental variables and 5 degrees of freedom for the smoothing curve
functions. In these models, response variables were linked to the additive predictors using
log-link functions and Tweedie family distributions. Explained deviances of the GAMs
and p-values were examined to retain and describe only those environmental variables
that significantly (p < 0.05) explained zooplankton variations. The GAMs were carried out
using untransformed abundance data.

All statistical analyses, the RDA, and the GAMs were performed using the free R
Statistical Software (version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria)
and CANOCO 4.5 software [60]. In particular, we used the R package mgcv [61,62].

3. Results
3.1. Seasonal Variations of Environmental Parameters

Figure 2 shows the seasonal variations of the physicochemical parameters in Nokoué
Lagoon from November 2019 to September 2020. H-tests revealed that all physicochemical
factors exhibited significant (p < 0.05) bimonthly differences and some of these variables (SAL,
DEPTH, DO) also showed significant mean differences between the overall stations (Table 2).
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Figure 2. Seasonal variation of environmental parameters for the six bimonthly surveys carried out
between November 2019 and September 2020. (a) Temperature (TEMP, in ◦C). (b) Salinity (SAL).
(c) Station depth (DEPTH, in m). (d) Turbidity (TURB, in FTU). (e) Fraction of particulate organic
matter in total suspended material (%POM, in %). (f) Dissolved oxygen concentration (DO, in
mg L−1). (g) Chlorophyll-a concentration (CHL-a, in mg L−1). On each subplot, the gray bars show
the mean value (red horizontal line) +/− one standard deviation for all 16 stations, while the green,
blue, and orange vertical bars show the range of data in each sub-region defined in Figure 1b. These
colored bars thus extend from the minimum to the maximum value observed in each sub-region, and
the black horizontal lines show the mean values of the data indicated by the black circles.
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Table 2. Results of statistical analyses on environmental and zooplankton variables.
Wilcoxon–Mann–Whitney test (WMW-test) was used to test the variations between the minimum
(Min.) and maximum (Max.) mean values observed between two campaigns (spatial average) or
between two stations (temporal average). Kruskal–Wallis test (H-test) was applied to test the significance
of overall variations observed between the six campaigns (temporal analysis, df = 5) or between the
16 stations (spatial analysis, df = 15). Significance levels (S.L.): * p < 0.05, ** p < 0.01, *** p < 0.001, n.s.
not significant.

WMW-Test H-Test

Spatial Average Temporal Average
Temporal
Analysis
χ2 (df = 5)

Spatial
Analysis

χ2 (df = 15)

Variable Min. Max. S.L. Min. Max. S.L.

Environmental variables
TEMP (◦C) 25.9 31.4 *** 28.4 30.1 n.s. 75.8 *** n.s.
SAL 1.9 23.2 *** 5.4 24.9 *** 62.5 *** 25.4 *
DEPTH (m) 2.0 2.6 ** 1.0 6.4 *** 14.8 * 77.0 ***
TURB (FTU) 5.6 110.1 *** 7.3 92.2 *** 52.7 *** n.s.
%POM (%) 24.3 63.9 ** 26.1 61.9 *** 45.2 *** n.s.
DO (mg L−1) 5.6 7.3 ** 5.4 7.7 *** 15.3 ** 37.6 **
CHL-a (mg m−3) 5.3 16.5 ** 5.9 21.7 * 29.6 *** n.s.

Zooplankton
Species Richness 9 30 *** 13 18 n.s. 65.5 *** n.s.
H’ 1.2 3.5 *** 1.7 2.7 n.s. 55.4 *** n.s.
J 0.4 0.7 *** 0.4 0.7 ** 31.6 *** n.s.
Zooplankton abundance (ind L−1) 36.5 74.9 n.s. 20.0 193.9 * n.s. n.s.
Copepod relative abundance (%) 27.0 93.4 *** 46.2 87.7 n.s. 47.6 *** n.s.
Rotifer relative abundance (%) 6.3 71.5 *** 11.1 50.9 * 53.8 *** n.s.

A significant water temperature decrease was observed between maximum values
of 30–31 ◦C from November 2019 to May 2020, and minimum values of 26–27 ◦C in July
and September 2020 during the rainy and flood season (Figure 2a and Table 2). The lagoon
is rather spatially homogeneous in temperature, with no significant difference in mean
temperature between the stations (TEMP = 28.4–30.1 ◦C on average, see Table 2). However,
the two-way ANOVA analysis revealed significant spatial and temporal variations (without
interaction) in the three sub-regions considered (Table 3 and Figure 2a): temperatures
tended to be cooler in the Cotonou Channel close to the Atlantic Ocean (green bars in
Figure 1a) and warmer in the lagoon and towards the river mouths (orange and blue bars
in Figure 2a), more particularly during dry season in January-May.

Mean salinity values strongly increased from November (SAL ~ 0) to May (SAL > 23),
before decreasing to less than 5 in July and September (Figure 2b). The two salinity outliers
of November 2019 (SAL of 10–20) and September 2020 (SAL of 20–30) were observed in
the Cotonou Channel during flood tide. Indeed, during September–November, strong
river discharges were observed and seawater can only marginally penetrate the Cotonou
Channel under the effect of the tide (e.g., [5,23]). During most of the bimonthly surveys, the
minimum salinity values were observed near the river mouths while the maximum values
were observed in the Cotonou Channel sub-region (see also [5]). Both the nonparametric
tests and the two-way ANOVA revealed significant spatial and temporal salinity variations
(Tables 2 and 3).

Figure 2c shows that November 2019 corresponded to the end of the high water period
whereas May 2020 corresponded to the end of the low water period. Statistical tests suggested
that seasonal and spatial DEPTH variations were significant (Tables 2 and 3). Bathymetry is
significantly deeper in the Cotonou Channel (DEPTH > 6 m for Stations 1 and 2) than in the
lagoon or close to the river mouths (Figure 2c). This large spatial variability partly masks the
non-negligible water-level decrease of 0.60–0.70 m observed between high and low water
seasons (see also [23]).
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Table 3. Significant F-values (p < 0.05) derived from two-way ANOVA on the influence of seasons (bi-
monthly campaigns), sub-regions and interaction between seasons and sub-regions on environmental
and zooplankton variables. Significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. not significant.

Variable Seasons
F-Value (df = 5)

Sub-Regions
F-Value (df = 2)

Seasons × Sub-Regions
F-Value (df = 10)

Environmental variables
TEMP (◦C) 192.5 *** 10.7 *** n.s.
SAL 47.8 *** 8.7 *** n.s.
DEPTH (m) 6.3 *** 58.6 *** n.s.
TURB (FTU) 35.0 *** 13.1 *** 2.7 **
%POM (%) 14.4 *** n.s. n.s.
DO (mg L−1) 4.8 *** 4.0 * n.s.
CHL-a (mg m−3) 9.9 *** 4.1 * n.s.

Zooplankton
Species richness 42.2 *** n.s. n.s.
H’ 26.5 *** n.s. n.s.
J 9.5 *** n.s. n.s.
Zooplankton abundance (ind L−1) n.s. n.s. n.s.
Copepod relative abundance (%) 18.4 *** n.s. n.s.
Rotifer relative abundance (%) 21.4 *** n.s. n.s.

Turbidity was relatively low (<15 FTU) from November 2019 to May 2020, and strongly
increased to reach mean values of ~100 FTU at the beginning of the rainy season in July
2020 (Figure 2d and Table 2). The TURB showed significant temporal and spatial variability
in the three sub-regions, with higher values close to the river mouths (Figure 2d and
Table 3). A closer inspection of the turbidity data revealed the presence of a turbid plume
that extends to the south of the Ouémé (east of the lagoon), particularly during the rainy
season. Figure 2e showed that %POM, which represents the organic fraction of TSS,
was maximum in November 2019 (%POM ~ 60%) and decreased to a minimum in July-
September 2020 (%POM ~ 25%). Although statistical analyses did not reveal significant
spatial variations in %POM (p > 0.05; Table 2), the %POM was generally slightly higher in
the lagoon environment, than close to the river mouth or in the Cotonou Channel (Figure 2e).
Similarly, the %POM was on average significantly (WKW-test, p < 0.05) lower at Station 7
(%POM ~ 24%) than at Station 13 (%POM ~ 64%) (Table 2). High TURB values (Figure 2d)
were associated with low %POM values (Figure 2e), suggesting that river plumes observed
at the beginning of the wet season transport mineral sediments towards the lagoon, thus
decreasing the proportion of organic matter.

Mean DO concentration varied from a minimum of less than 6 mg L−1 in November
2019 (Figure 2f), during a flood period when the lagoon was filled of freshwater. In contrast,
higher DO concentrations (DO > 7 mg L−1) were observed during low water season
between January and July of 2020. Both spatial and temporal variations were significant
(p < 0.05, Tables 2 and 3). During high water period, the water near the river mouths tended
to be much less oxygenated than in the rest of the lagoon (Figure 2f).

The CHL-a showed significant temporal variability (p < 0.05 Tables 2 and 3) with
stronger values (>15 mg m−3) during high-water periods in November 2019 and September
2020, and lower values (<10 mg m−3) in low-water season between January and July
2020 (Figure 2g). Significantly higher CHL-a concentrations were also generally observed
near the river mouths (Figure 2g and Table 3). In contrast to the other months, CHL-a in
January 2020 was very homogeneous throughout the lagoon and had relatively low values
(5–10 mg m−3).

3.2. General Distribution of the Zooplankton Community

A total of 109 zooplanktonic species were inventoried, including 81 taxa of rotifers,
20 of copepods (without considering nauplii), five of cladocerans and three organisms that
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belonged to three other zooplankton groups (Eumalacostraca, Mollusca, and Ostracoda)
(Table 1 and Figure 3). Among all the organisms identified, one rotifer taxon (Brachionus
plicatilis), four copepod taxa (cyclopoid sp. 1, Ectocyclops sp., calanoid sp. 1, and Microsetella
sp.), copepod nauplii and unidentified mollusks were considered frequent species, with
Focc ranging from 51% to ~98% (Table 1). The other species identified were either occasional
(15 taxa), accidental (46 taxa) or rare (42 taxa) species (Table 1).
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Copepoda, Cladocera, Eumalacostraca, Ostracoda, Mollusca) as well as for the entire zooplankton
community (Total).

Considering the six field campaigns, the average abundance of zooplankton organisms
was ~60 ind L−1. This abundance was dominated by copepods (68.1% of the individuals)
and rotifers (29.1%) (Figure 3). The average relative abundance of Mollusca was weak
(2.5%), whereas cladocerans, Eumalacostraca, and Ostracoda were negligible (Figure 3).
For the rest of the manuscript, we focused mainly on the two main groups of zooplankton,
namely copepods and rotifers, which represented 92.7% of the total species richness and
97.2% of the zooplankton abundance.

The Shannon diversity index showed an overall value of 4.6 (Figure 3). This index,
computed for each group, indicated that rotifers were the most diverse group (H’ = 4.2)
followed by copepods (H’ = 2.2) (Figure 3). On average, the relative abundance of each
species was rather homogeneous within the copepods, rotifers and cladocerans (J ~ 0.5–0.7)
(Figure 3).

On average over the six surveys, the number of zooplanktonic species observed varied
non-significantly (p > 0.05) between 13 and 18 species depending on the stations (Table 2).
Similarly, no significant variation in species richness was observed between the three
sub-regions considered (Table 3). Despite a significant decrease in mean zooplankton
abundance from a maximum of ~190 ind L−1 in the northwest of the Lagoon to a minimum
of ~20 ind L−1 in the Cotonou Channel (p < 0.05), no significant spatial difference (p > 0.05)
was observed when considering the abundance distributions at each of the 16 stations
or between the three sub-regions (Table 2). This may be due to the presence of multiple
intermediate values that reduced noise and increased the statistical power of the analy-
sis, thereby masking the dissimilarity that existed between the two extreme abundance
distributions observed between the Channel and northwest of the Lagoon.

On average, copepods were the dominant group, representing 50–80% of the total
abundance in the lagoon and reaching almost 90% at the connection of the Cotonou Channel
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with the Atlantic Ocean (Station 1) (Table 2). In contrast, the relative abundance of rotifers
was relatively low (10–50%) over the whole lagoon (Table 2). Spatial variations in relative
fractions of copepods or rotifers were not significant (p > 0.05; Tables 2 and 3).

The averaged Shannon species diversity index values varied from 1.7 to 2.7 but
these weak spatial variations were not significant (p > 0.05; Table 2). Piélou’s equitability
index values broadly followed the H’ distribution, suggesting that where specific diversity
was higher in the lagoon, abundance was more evenly distributed among the different
zooplankton species. The Piélou’s equitability index values significantly varied between
0.4 and 0.7 (p < 0.01; Table 2).

3.3. Seasonal Variation of the Zooplankton Community

Zooplankton species richness peaked during the flood period in November 2019, with
30–40 distinct zooplanktonic taxa at each station (Figure 4a). During the low water period,
from January to May 2020, the species richness decreased sharply down to 10–15 taxa
at each station. During the rainy period (July 2020) and the beginning of the high water
period (September 2020), species richness gradually increased and reached 20–30 species
per station in September 2020. These seasonal variations in species richness were highly
significant (p < 0.001) unlike spatial variations (Tables 2 and 3).
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Spatio-temporal variation in zooplankton abundance was more complex (Figure 4d).
Throughout the year, abundance was relatively low in the lagoon (typically 15–40 ind L−1)
except in specific locations, usually to the east or west, where values could locally in-
crease to 200–400 ind L−1. The observed spatio-temporal variations, considering all sta-
tions/campaigns or the three sub-regions, are not statistically significant (Tables 2 and 3).
However, abundance distributions differed significantly (p < 0.05) between Station 2 located
in the Cotonou Channel (mean abundance of 20 ind L−1) and Station 14 located in the
northwestern part of the lagoon (>190 ind L−1) (Table 2).

The relative proportion of copepods varied inversely with abundance (Figure 4e). In
November 2019 and September 2020, the percentage of copepods was relatively low in
most of the lagoon, with relative abundance values below 60% and 40% in September and
November, respectively. During this period, the zooplanktonic assemblage was therefore
dominated in abundance by rotifers (Figure 4f). However, during the low water period,
from January to May 2020, the proportion of copepods significantly increased (p < 0.001;
Tables 2 and 3) and exceeded 80% in most areas of the lagoon (Figure 4e). In contrast to
temporal variations, spatial variations were not significant except for the proportion of
rotifers which showed, on average, significantly (p < 0.05) lower values in the Cotonou
Channel (Station 1~11%) than near the Ouémé River (Station 7~51%) (Table 2).

The combination of species richness and abundance led to diversity index values
that varied similarly to species richness (Figure 4b). The Piélou equitability index val-
ues varied similarly, suggesting that abundance was relatively well distributed among
species when diversity was high, while some species dominated when abundance was low
(Figure 4c). The observed bi-monthly variations of both H’ and J were significant (p < 0.001;
Tables 2 and 3).

In general, spatial variations in zooplankton were not statistically significant, either
between all stations or between the three sub-regions more influenced by rivers or the ocean
(Tables 2 and 3). However, we showed that the zooplankton community of the Nokoué
Lagoon tended to significantly vary on a seasonal scale, and that it was likely to be strongly
impacted by environmental parameters that also showed significant seasonal variability
(Figure 2 and Tables 2 and 3). Therefore, we analyzed more thoroughly the relationships
between physicochemical factors and zooplankton composition.

3.4. Relationship between Rotifer and Copepod Diversity and Environmental Factors

Zooplankton diversity of the two most abundant groups (rotifers and copepods) was
combined with environmental variables to identify the main drivers of the general zoo-
plankton community structure using a RDA (Figure 5a). Four environmental variables
significantly constrained (p < 0.05) the overall variance of the zooplankton diversity, explain-
ing 54.8% of the total variability. The environmental variable with the greatest explanatory
power for zooplankton species richness was salinity (F = 59.6, p < 0.001) which explained
38.8% of the total variability, followed by dissolved oxygen (F = 15.5, p < 0.001) which
explained 8.8%. Turbidity (F = 7.9, p < 0.01) and station depth (F = 5.5, p < 0.01) were of
secondary importance, explaining 4.4% and 2.8% of the total variance, respectively. The
first RDA axis was mainly scored by salinity (r = −0.64) followed by oxygen (r = −0.43),
whereas axis 2 was mainly scored by water-depth (r = 0.26) followed by the three other
parameters (r = ±0.12–0.15) (Figure 5a). The RDA analysis revealed that higher copepod
diversity was primarily associated with higher salinities (Figure 5a). In contrast, higher
rotifer species richness was related to weaker SAL and DO values.

To further investigate the impact of key environmental factors on the diversity of each
of the dominant groups (rotifers and copepods), the GAMs were fitted on the response of
rotifer and copepod species richness to environmental parameters. Considering all seven
environmental variables, the GAMs had the highest explained deviance (76% for rotifers and
57.8% for copepods) and adjusted R2 (0.70 for rotifers and 0.53 for copepods). The response
plots were shown in Figure 5b–e, only for variables with a significant effect (p < 0.05).
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Figure 5. Redundancy analyses (RDA) and generalized additive models (GAMs) relating diversity
of copepods and rotifers to environmental variables. (a) RDA diagram of species richness and
environmental parameters. (b–e) GAMs of species richness versus temperature (TEMP), salinity
(SAL), depth (DEPTH) and dissolved oxygen (DO). Only significant (p < 0.05) relationships are shown
for copepods and rotifers. Shaded areas indicate the 95% confidence intervals.

The most significant parameter for copepod diversity was SAL followed by TEMP
(p < 0.001). Copepod diversity decreased almost linearly with temperature, slightly varying
from 7–8 species for TEMP < 26 ◦C to 3–4 species for TEMP > 32 ◦C (Figure 5b). In
contrast copepod species richness increased with salinity, from ~3–4 species in freshwater
to 6–7 species for SAL > 20 (Figure 5c). Copepod species richness was not significantly
(p > 0.05) influenced by other environmental variables and was therefore not shown in
Figure 5d,e.

In a similar way, the most significant parameter for rotifer diversity was SAL (p < 0.001)
followed by DEPTH (p < 0.001) and DO (p < 0.01). The other environmental parameters do
not significantly (p > 0.05) influence rotifer species richness. The evolution of rotifer species
richness as a function of salinity showed opposite variations to that of copepods, with a
much higher diversity in low-salinity water, and only very few species persisted when
SAL > 20 (Figure 5c). The diversity of rotifers tended to be higher at the deepest (Figure 5d)
or least oxygenated (Figure 5e) stations. Note, however, the large errors for depths between
3–6 m (Figure 5d) or DO values less than 5 mg L−1, due to the lack of data in these ranges.

3.5. Relationship between Rotifer and Copepod Abundance and Environmental Factors

We investigated the main drivers of the general zooplankton abundance, applying a
RDA to the abundance of the two main zooplankton groups (i.e., rotifers and copepods)
combined with environmental variables (Figure 6a). The RDA used three variables that
significantly constrained (p < 0.05) the overall variance of the zooplankton abundance,
explaining 47.8% of the total variability: the environmental variable with the greatest
explanatory power for zooplankton abundance was salinity (F = 55.9, p < 0.001) which
explained 37.3% of the total variability. Water temperature (F = 9.6, p < 0.01) and station
depth (F = 8.1, p < 0.01) were of secondary importance, explaining 5.5% and 5% of the
total variance, respectively. The first RDA axis was mainly scored by salinity (r = 0.62)
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followed by temperature (r = 0.19), whereas axis 2 was mainly scored by temperature
(r = −0.29) followed by water depth and salinity (r = ±0.07) (Figure 6a). The RDA analysis
revealed that higher abundances of copepods and lower abundances of rotifers were mainly
associated with higher salinities.
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Figure 6. Redundancy analyses (RDA) and generalized additive models (GAMs) relating abundance
of copepods and rotifers to environmental variables. (a) RDA diagram of abundances and environ-
mental parameters. (b–f) GAMs of abundances versus temperature (TEMP), salinity (SAL), depth
(DEPTH), turbidity (TURB) and dissolved oxygen (DO). Only significant (p < 0.05) relationships are
shown for copepods and rotifers. Note the change in scale between subplots (b) and (c–e). Shaded
areas indicate the 95% confidence intervals.

Nonlinear relationships between the abundances of each of the dominant zooplankton
groups (rotifers and copepods) and environmental variables were also explored through
GAMs (Figure 6b–f). The GAMs including the seven environmental variables have ex-
plained deviances of 50.6% for rotifers and 55.2% for copepods, and adjusted R2 of 0.14 for
rotifers and 0.41 for copepods. As previously, response plots were presented in Figure 6b–e,
only for variables with a significant effect (p < 0.05).

The copepod abundance variability is significantly related to five environmental
parameters (p < 0.001; Figure 6b–f). Copepod abundance strongly decreased for temperature
between 25.5 ◦C and 26 ◦C, and then remained around 15–25 ind L−1 for TEMP > 26 ◦C
(Figure 6b). Note, however, that the high abundance values for TEMP < 26 ◦C were highly
uncertain because of the lack of data in these temperature ranges. Copepod abundance
increased progressively from ~20 ind L−1 in freshwater to more than 60 ind L−1 for
SAL > 30 (Figure 6c). For the other environmental variables (DEPTH, TURB, %POM), the
abundance of copepods was found to be higher the lower the depth of the stations, the
turbidity of the water and the fraction of organic matter (Figure 6d–f).

The rotifer abundance variability was significantly related to SAL (p < 0.001) followed
by %POM (p < 0.01) and TURB (p < 0.05). Rotifers were more abundant for lower salinities
and even dominant (>20 ind L−1) for SAL < 3. Rotifer abundance rapidly decreased
with salinity and was less than 10 ind L−1 for SAL > 10 (Figure 6c). Variations in rotifer
abundance as a function of TURB and %POM were more complex and showed a bell shape
with relatively high values (~20 ind L−1) for intermediate values of turbidity (~50 FTU)
and organic matter (~50%) (Figure 6e,f). However, associated errors were also important
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for these fitted GAMs. In contrast to copepods, station depths and water temperature did
not have a significant impact (p > 0.05) on variations in rotifer abundance.

3.6. Relationship between Abundance of the Most Frequent Taxa and Environmental Factors

In this section, we first examined the general relationship between the abundances
of the most frequent (Focc > 25%) and most abundant (>0.5%) zooplanktonic taxa and
environmental parameters, using an RDA. Therefore, 16 taxa were considered, including
five copepod taxa (including Nauplius), 10 rotifer taxa and Mollusca sp. The list of these
taxa and their frequency of occurrence were presented in Table 1 and Figure 7. The
RDA used four variables that significantly constrained (p < 0.05) the overall variance of
the species-specific abundances, explaining 23% of the total variability (Figure 7a). The
environmental variable with the greatest explanatory power was again salinity (F = 12.0,
p < 0.001), which explained 11.3% of the total variability. The DO concentration (F = 5.1,
p < 0.01), TEMP (F = 4.2, p < 0.01) and CHL-a (F = 3.9, p < 0.01) concentration, were of
secondary importance, explaining 4.7%, 3.6%, and 3.4% of the variance, respectively. The
first RDA axis was mainly scored by SAL (r = 0.67) followed by CHL-a (r = −0.40), whereas
axis 2 was mainly scored by DO (r = 0.54) and TEMP (r = −0.40) (Figure 6a). Higher
abundances of the most frequent copepod taxa were in general associated with higher
salinities, whereas the abundance of the most frequent rotifer taxa likely increased with
low salinity (or high CHL-a) values.

To further investigate the impact of environmental variables on the most frequently
observed zooplankton taxa, we used GAMs to relate the seven environmental variables to
these different taxa. Depending on the taxon considered, the explained deviance varied
between a minimum value of 33.4% for Calanoid spp. (coded C05) and a maximum value of
94.5% for Brachionus caudatus (coded R08) (Table 4). The taxa with the strongest relationship
with environmental variables (highest explained deviance) belonged to the rotifer group
(e.g., Brachionus caudatus, Brachionus angularis, Filinia opoliensis, Brachionus falcatus, Lecane
leontina) (Table 4). The most important variable was SAL, followed by CHL-a, as also noted
on the RDA (Table 4 and Figure 7a).
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Figure 7. Redundancy analyses (RDA) and generalized additive models (GAMs) relating abundance
of the most frequent zooplankton taxa to environmental variables. (a) RDA diagram of taxa abun-
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the three most significant (p < 0.05) relationships are shown for copepods and rotifers. Note the
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right (see also Table 1). Shaded areas indicate the 95% confidence intervals.
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Table 4. Each row summarizes the GAM for that particular taxa: percent deviance explained
(%Deviance) and significance of each environmental variable. Black cells represent p-values < 0.001,
dark gray cells represent p-values < 0.01, light gray cells represent p-values < 0.05, and white cells
represent non-significant p-values.

Zooplankton Taxa Code %Deviance SAL TURB TEMP OXY WL CHL-a POM

Nauplius C01 57.2

Cyclopoid sp. 1 C02 71.2

Calanoid sp. 1 C03 58.5

Oithona sp. C04 82.1

Calanoid spp. C05 33.4

Brachionus plicatilis R01 72.2

Filinia longiseta R02 79.8

Brachionus angularis R03 91.1

Synchaeta pectinata R04 63.9

Keratella tropica R05 80.1

Brachionus falcatus R06 89

Synchaeta bicornis R07 81.2

Brachionus caudatus R08 94.5

Filinia opoliensis R09 89.4

Lecane leontina R10 82.3

Mollusca spp. M01 67.6

Salinity was significantly related (p < 0.05) to the abundance of 13 of the 16 taxa most
frequently and abundantly observed in Nokoué Lagoon (Table 4), and very significantly
related (p < 0.001) to nine of them. We were therefore studying more specifically the
relationship between zooplankton taxa and salinity. However, for the sake of clarity and
conciseness, we presented in Figure 7b,c only the three taxa of copepods (Cyclopoid sp. 1,
Calanoid sp. 1, Oithona sp.) and rotifers (Filinia longiseta, Lecane leontina, Brachionus falcatus)
for which the partial deviances explained by salinity were the most important. Concerning
the copepods, abundances of Cyclopoid sp. 1 (coded C02) and Calanoid sp. 1 (coded
C03) showed almost unimodal distributions, with maximum abundances for salinities
between 20 and 30 (Figure 7b). The abundance of Oithona sp. (coded C04) also increased
for salinities above 20, but its abundance is an order of magnitude lower than that of the
other two copepod taxa (Figure 7c). Concerning the rotifers, abundances of Filinia longiseta
(coded R02) Brachionus falcatus (coded R06) strongly increased for SAL < 5, whereas the
abundance of Lecane leontina (coded R10) started to increase for SAL < 15 (Figure 7c). In
very low-salinity waters, Filinia longiseta dominated the two other copepod taxa. Although
not shown, the abundance of other rotifer taxa showed similar relationships with salinity,
with the exception of Brachionus plicatilis (coded R01) which showed a roughly unimodal
distribution with a marked maximum for a SAL ~ 8. This planktonic species is known to
be a euryhaline rotifer that tolerates a wide range of salinities.

4. Discussion
4.1. Zooplankton Composition and Diversity

This study enabled us to identify 109 distinct zooplanktonic taxa in the Nokoué Lagoon,
including 81 taxa of rotifers, 20 of copepods, five of cladocerans and three other organisms.
Representing ~75% of the species richness, rotifers were thus the most diversified group, as
also observed in other regional tropical lagoons, from Ivory Coast to Nigeria [63–66]. The
total species richness of 109 zooplanktonic taxa recorded in our study far exceeded that
previously reported in Nokoué Lagoon (31 taxa) [20]. This difference could be explained by
the sampling that covered here the whole hydrological cycle and a wide range of salinity,
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while in the previous study zooplankton were analyzed between June and September
when salinity was low [20]. In addition, the methodology implemented in our study (see
Section 2.1.) was different from that used previously (mesh size, volumes filtered, location
of sampling stations, number of replicates, etc.). Note that taxa not identified to specific
levels (see Table 1) have been conscientiously distinguished from each other on the basis of
clear morphological features (see Section 2.3). As a consequence, the taxonomic list obtained
here (Table 1), and the resulting greater diversity cannot be attributed to misclassification
and erroneous separation of individuals belonging to the same species.

Relationships between zooplankton diversity and environmental variables, as investi-
gated through RDA and GAMs, showed that salinity was the key parameter for species
richness, explaining a large part of the total variance. Consequently, seasonal salinity
variations in Nokoué Lagoon, which strongly varied from 0 in the flood period to ~24
in low-water period (Figure 2b; see also [5]), were associated with strong changes in the
structure and diversity of zooplankton assemblages. During low-salinity (flood) periods,
a higher diversity of rotifers, and thus zooplankton, was observed (Figures 4–6), consis-
tently with other regional studies e.g., [65,67]. During floods, a relatively high freshwater
inflow (up to 1200 m3 s−1) from the Sô and Ouémé rivers was observed [23,68]. These
river discharges could transport into the lagoon the numerous zooplankton species (~100
zooplankton taxa, including ~90 rotifers) observed in the rivers [69]. Furthermore, the high
dominance of rotifers during the flood period in November 2019 (Figure 4f) was associated
with relatively low DO values (Figure 2f), as also suggested by the GAMs (Figure 5e). These
low DO values are likely related to the degradation of a significant amount of POM in the
lagoon (Figure 2e) that can originate, during the flood season, from several sources, such as
the Ouémé deltaic plain, urban water drainage, or acadjas (i.e., traditionally made bamboo
parks used by local fishermen to grow fish) [19,69]. The degradation of this POM, which
consumes oxygen, was generally the main source of nutrients for rotifers [10,63,70,71]
which may have increased rotifer diversity during the period of very low salinity and low
DO concentrations during flooding. The composition and diversity of rotifers can also
reflect a certain level of eutrophication in Nokoué Lagoon. Indeed, rotifers are among the
only zooplanktonic organisms that are resistant to high organic matter enrichment and
dissolved oxygen depletion [72,73]. The high diversity of Brachionidae and the presence
of Brachionus falcatus (Figure 7), could be an indicator of eutrophication in Nokoué La-
goon [74,75], as well as the species Cephalodella gibba which was often associated with high
POM concentrations. In the future, additional measurements of eutrophication, especially
nitrogen and phosphorus compounds, would be needed to better interpret zooplankton
structure and their use as a bioindicator of environmental conditions in Nokoué Lagoon.

During the low water period, Nokoué Lagoon was very salty, and we observed a
strong decrease in the diversity of rotifers associated with an increase in the diversity
of copepods (Figures 4 and 5), once again corroborating other regional studies [11,66].
Salinity tends to cause stressful ecological conditions and decreases biodiversity in lagoon
ecosystems, particularly rotifers and cladocerans [12]. Rotifers are typically dulcaquicolous
organisms (1488 taxa out of 1570 described in this phylum [76]). Only halotolerant rotifers
could withstand the haline stress observed in Nokoué Lagoon, such as Synchaeta bicornis, or
more particularly Brachionus plicatilis as observed in Figure 7 [77–79]. These species could
tolerate wide variations in salinity [79–82].

In Nokoué Lagoon, total species richness decreased progressively with increasing
salinity. These results may seem to contradict the well-accepted Remane’s (1934) theory [83],
according to which taxonomic diversity would reach a minimum, called the Artenminimum,
for salinities of 5 to 8 [83–85]. However, this concept of Artenminimum was mainly based
on observations of the diversity of benthic invertebrates in the Baltic Sea, and not of the
diversity of pelagic organisms such as zooplankton. Although Remane’s species-minimum
model has been widely used to explain biodiversity changes along haline gradients, it
has also been shown to be inadequate to explain phyto- and zooplanktonic diversities
in estuarine habitats (e.g., [86–89]). Indeed, in these regions, and as observed in the
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Nokoué Lagoon, planktonic organisms often did not show minimal diversity at salinities
intermediate between marine and freshwater (e.g., [89–95]).

4.2. Zooplankton Abundance

Zooplankton abundance was, on average, ~60 ind L−1 across the Nokoué Lagoon,
but locally as high as 100–300 ind L−1 (Figures 3 and 4). These values were of the same
order of magnitude as those obtained in other regional lagoons: 100–500 ind L−1 in Fresco
Lagoon, 120–160 ind L−1 in Aby-Tendo-Ehy lagoons, and 50–250 ind L−1 in Ebrié La-
goon [65–67]. However, they were slightly lower than the average abundances of 100–400
ind L−1 obtained previously in Nokoué Lagoon [20]. This difference may be explained by
inter-annual variations as well as by the use of a net with much finer mesh by these authors
(30 µm instead of 50 µm), which was likely to collect smaller zooplankton organisms, thus
increasing zooplankton abundance.

One of our hypotheses was that the Nokoué Lagoon could show significant differences
between the Cotonou Channel located near the Atlantic Ocean and the areas near the
river mouths. The separation of the stations into three distinct groups showed indeed
that some environmental variables, and in particular salinity, had significant variations
(p < 0.05) between the three sub-regions (Figure 2 and Table 3) but that this was not the
case for zooplankton diversity and abundance (Table 3). However, significant differences
on zooplankton may appear between stations with extreme values (see MWM-test in
Table 2). In particular, local increase in zooplankton abundance was noted at some stations
located at the west and east of Nokoué Lagoon (Figure 4). First, this could be related to
the freshwater inflows from the So and Ouémé rivers, which resulted in local desalination
processes in these particular areas of the lagoon [5]. These events may be favorable to
freshwater zooplankton communities, especially rotifers as well as nauplii, which could
maintain high abundances in less saline environments (Figures 6 and 7). Second, the
relatively high zooplankton abundance in the western part of Nokoué Lagoon could
also be related to the increased presence of brush park fisheries (acadjas), used in these
areas for trapping and artisanal fishing e.g., [96,97]. Indeed, these artificial parks lead to
the local development and increase of biological productivity due to the contribution of
nutrients through the decomposition of organic matter from woody materials [1,96,98].
Moreover, acadjas parks, which are made up of more than 15 branches per square meter and
extend over several hectares [96,97], tend to modify local hydrodynamics by decreasing the
intensity of winds and currents [99]. This reduced vertical mixing and turbulence may also
enhance the development of zooplankton (e.g., [100]). Thus, higher nutrient concentration
and lower turbulence in these zones could explain the higher local zooplankton abundance.
Accordingly, it has already been shown that phytoplankton and zooplankton abundances
could be four times higher, but that their diversity was lower, in the acadjas than in the
surrounding areas [99,101]. However, our current dataset did not allow us to highlight a
possible link between the proximity of the acadjas to our stations (all carried out outside
of these brush parks) and the structure of the zooplankton community. For instance, we
did not observe any increased presence of species with benthic tendencies (e.g., Lecanidae,
Lepadellidae, Mytilinidae, Notommatidae, Chydoridae, Macrothricidae) or bacterivores
(e.g., Brachionidae) at these particular stations. More specific studies on the impact of
acadjas on the structure of planktonic communities will therefore be necessary to reach any
definitive conclusions.

The RDA and GAMs analyses revealed a strong relationship between salinity and zoo-
plankton abundance. Indeed, salinity was the primary driver of zooplankton abundance,
explaining 37% of the overall variance in zooplankton taxa abundance, and 23% of the
variance in the most frequent taxa. Our results also showed that zooplankton abundance
was higher during the dry season, associated with high salinities (low-water period), than
in the wet season characterized by low salinity (flood period). These results are similar
to those noted in Ivorian lagoons of Aby-Tendo-Ehy, Fresco and Ebrié [65–67]. The high
zooplanktonic abundance during the low-water period was related to the dominance of
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copepods and in particular their larvae (nauplii) which represented ~60% of the relative
zooplanktonic abundance. During this period, the dominance of brackish water condi-
tioned the proliferation of these halotolerant taxa of copepods from the coastal ocean. The
rotifers were then in the minority.

Copepods in the Nokoué Lagoon included both freshwater and marine species, which
may have contrasting responses to environmental parameters. However, due to limi-
tations in our dataset, we were unable to differentiate between unidentified Calanoida
and Cyclopoida species in terms of their affinity for freshwater or marine environments.
Nevertheless, many of these unidentified copepod species were observed throughout the
year and were able to tolerate highly contrasting salinity gradients. Based on our analysis,
Cyclopoid sp. 1 and Calanoid sp. 1 were likely to correspond to marine species due to their
higher abundance in higher salinity conditions (Figure 7). Identified copepod species were
divided into freshwater and marine groups based on their known affinity for salinity. How-
ever, the low frequencies of occurrence and relative abundances of these identified species
(Table 1) limited the ability to draw robust conclusions about the relationship between
salinity and copepod diversity. Further research, with a longer monitoring period and a
more comprehensive zooplankton dataset, is needed to fully understand the contrasting
relationships that freshwater and marine copepod species may have with environmental
parameters in the Nokoué Lagoon. It would also be interesting to investigate the percentage
of freshwater and marine species present in the copepod community and how this changes
in response to environmental conditions, which could provide valuable insights into the
ecological dynamics of copepods in the lagoon.

Finally, on an interannual scale, between June and September 2015, 90% of the zoo-
planktonic abundance was copepods and 10% was rotifers [20]. Between July and Septem-
ber 2020, our study showed a reduced proportion of copepods (~70%) and an increase
proportion of rotifers (30%). This interannual variability could be explained by the differ-
ence in salinity between the two periods. In June-September 2015, the average salinity was
of 6.2 [20], while it was only ~3 in July-September 2020 (Figure 2). Based on the highlighted
relationships between salinity and zooplankton species distribution (Figures 6 and 7), it
was therefore consistent to observe a lower abundance of copepods between July and
September 2020. Although interannual variations in salinity probably explain the changes
in copepod and rotifer distributions between 2015 and 2020, a temporal shift in zooplank-
tonic successions during these 2 years cannot be ruled out either, which cannot be assessed
with our bimonthly sampling approach.

5. Conclusions

Based on the analysis of biological data from six bimonthly campaigns, we identified
109 distinct zooplankton taxa in Nokoué Lagoon. Average zooplanktonic abundance
was ~60 ind L−1 but increased locally to 100–300 ind L−1. This abundance was largely
dominated by copepods and rotifers, which represented, on average, 68.1% and 29.1% of
organisms, respectively.

Environmental parameters showed significant seasonal variations, especially in terms
of the salinity. Indeed, Nokoué Lagoon was filled with fresh water during the flood
period in November 2019 and progressively salinized to reach average salinity values of
~22–25 during the low water period in March-May 2020. We showed, through redundancy
analyses, that salinity was the key parameter that structured the zooplanktonic ecosystem,
both for taxon diversity and abundance. Therefore, on a seasonal scale, a strong shift was
observed in the zooplanktonic community. Indeed, during the flood period, abundance
was quite high and zooplanktonic diversity was maximal. During this short period, rotifers
were dominant and about 30 zooplanktonic species could be observed in each sampling
station. In contrast, during the low water period, the diversity became minimal (less
than 10 species in each station), and the abundance slightly decreased. However, some
zooplankton hotspots were observed in the west and east of the lagoon, likely independent
of salinity. These localized areas of high abundance may have been under the influence



J. Mar. Sci. Eng. 2023, 11, 556 21 of 24

of other processes, such as the Sô and Ouémé river inputs and/or the presence of acadjas
brush parks whose effects on zooplankton could not be determined with our dataset.
More specific studies as well as the continuation of regular and long-term sampling will
help us to understand further such aspects of zooplanktonic structuring and its fine-scale
spatio-temporal variations.

The results obtained in this study provided valuable information on the seasonal
variations of zooplankton in Nokoué Lagoon, which is one of the most biologically pro-
ductive in West Africa. Future studies should focus on the simultaneous analysis of the
different compartments of the trophic chain (phytoplankton, zooplankton, fish) and their
responses to environmental variables. Such an approach will complete our study and lead
to a comprehensive view of the functioning of this rich ecosystem that provides 70% of the
Beninese fishery resource.
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