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Abstract: The study of assemblages of fish in their early phases in estuaries is an essential approach
to understanding the functioning of these types of ecosystems and their role as nursery grounds for
some marine fish species. The main aim of this study was to analyze the ichthyoplankton assemblage
in the Bons Sinais Estuary, specifically to clarify the use of this area by species of socio-economic
interest. This study identified 22 fish larval taxa among families, genera, and species. Gobiidae (54%),
a group of resident species, dominated the community. The larval taxa of socio-economic importance
(Thryssa sp., Clupeidae, Sillago sithama, Johnius dussumieri, Pellona ditchela, Pomadasys kaakan, Cichlidae,
and Mugilidae) accounted for 23% of the total abundance. Larval density (N°/100 m3) varied
spatially and temporally, with higher density and diversity values both in the middle zone and in the
wet season. Multivariate analyses revealed that salinity, temperature, and water transparency had a
strong influence on larval abundance and density. While most fish larvae were in the post-flexion
stage, there was a predominance of pre-flexion larvae in the lower estuary and in the post-flexion
stage in the middle and upper zones, especially for marine fish resources, showing the role of this
estuarine habitat as a nursery area.

Keywords: ichthyoplankton; estuary; Bons Sinais nursery

1. Introduction

The study of larval assemblages in estuaries is an essential tool for gaining in-depth
knowledge of the estuarine food web, the life cycle, and the critical habitats of some fish
species of commercial interest, and it can bring valuable contributions in the context of the
ecosystem approach to fisheries management. The role of estuaries as nursery grounds
for fish species has been studied worldwide, and progress had been made for several
decades now [1-8]. Estuaries are unstable systems, generally having a limited number of
fish species. However, they may support high abundances of organisms due to their high
productivity, providing important nursery areas where ichthyoplankton encounter suitable
conditions for enhanced development [9].

Estuaries have suitable conditions for the growth and development of fish larvae
and juveniles, which are then recruited for the adult populations in the sea. The habitat’s
diversity, food availability, moderate predation, limited competition, advantageous hydro-
dynamics, and favorable water temperature regimes are the most significant conditions
that enable a high level of survival for fish in estuaries [10-13]. The adults inhabit the
marine environment, where maturation and spawning occur, and then the larvae/post-
larvae/juveniles enter shallow coastal areas and estuaries, where they spend the first
months or years of life, benefiting from favorable conditions, before returning to the ma-
rine environment [14]. Some fish species are typical residents of the estuary habitats
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and complete their entire life cycle within these coastal ecosystems, while other species
use these environments as a migratory route between their spawning and main feeding
grounds [15,16]. Hence, the estuaries have the potential to sustain the production of local
fish, some of which have commercial importance [17,18].

Physical processes, as well as biological activity and behavior, influence the dis-
persion/migration of fish larvae from marine into estuarine nursery areas [19-21]. The
dispersion can occur through passive transport with the flood tide or by active swimming
against ebb-tidal currents [21]. Many studies have shown that larvae smell sense can detect
the physicochemical gradient between estuarine and marine waters and use it as a cue to
enter the estuary [19]. Generally, the migration of marine fish species to the estuarine or
coastal nursery areas takes place during the post-flexion larval stage or during the juvenile
stage [22,23], after achieving an increase in swimming ability [24,25].

Within the estuary, the survival, growth, and spatiotemporal variation of the larvae
and juveniles mainly depend on the ecological requirements for specific taxa coupled
with the availability of suitable habitats [26] and the effect of biotic and abiotic processes.
Temperature, salinity, river discharge, and turbidity are the main abiotic factors that explain
the variations, whereas food availability and predation are key biotic factors [10,27]. River
discharge plays a critical role in the ichthyoplankton assemblage as it has a direct influence
on variations in salinity and turbidity as well as food availability through the transport of
organic detritus and the seasonal variation in primary and secondary productivity [28-31].
Swimming and migratory behaviors play a crucial role in assuring that the larvae remain
in favorable habitats within the estuary, avoiding being swept seaward, and affect prey
encounter or predator avoidance [27,32].

Studies in estuaries in tropical and temperate latitudes mainly focus on larval fish diver-
sity, spatial-temporal variations, and the effect of environmental parameters, e.g., [33-35].
However, few address the spatial distribution and abundance of the different fish larval
stages, and this is necessary to determine the use of the estuary as a nursery area.

In Mozambique, despite the importance that fishery resources have for the economy
and food security, studies on early fish life stages are scarce. The few include a study
undertaken at Inhaca Island, southern Mozambique, on the ichthyoplankton community
assemblage [36] and on Herklotsichthys quadrimaculatus larvae in the Sofala Bank [37],
but none in the Zambézia Province where several important estuaries are present and
are potentially important for the development of a diverse community of fish larvae.
Therefore, the objective of this study was to analyze the assemblage of ichthyoplankton in
the Bons Sinais Estuary (Zambézia) with respect to the influence of environmental factors
and the distribution of fish larvae by development stage along the estuarine zones in
order to determine the role of the Bons Sinais Estuary as a nursery area for species of
socio-economic interest.

2. Materials and Methods
2.1. Description of the Study Area

The Bons Sinais Estuary (BSE) is located in the central region of Mozambique (Zambézia
Province) and it is a result of the confluence of two tributaries, Licuar and Cuacua, near the
city of Quelimane, from which it receives freshwater with river flow that varies seasonally.
From the confluence, the estuary has a distance of approximately 30 km to flow into the
Indian Ocean, at the Sofala Bank (extensive continental shelf of the Indian Ocean), one of
the most important areas for industrial fisheries in Mozambique (Figure 1).

The climate of the central part of Mozambique, where the BSE is located, is subtropical
humid with a hot and wet summer from November to April and cooler and drier winters
from May to October [38—40]; the mean annual precipitation and temperature are approx-
imately 1400 mm and 25 °C, respectively. Using long-term records of precipitation and
temperature of Quelimane City (1961-2000), ref. [40] found that the wettest period is from
December to March, during which the precipitation ranges from 200 to 250 mm monthly.
From May through October, precipitation is less than 100 mm; August, September, and
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October are the driest months, with less than 50 mm of precipitation. April and November
are transitional between the wet and dry seasons, with average rainfalls of approximately
150 mm and 75 mm, respectively [40]. Monthly mean flow data for the main rivers in
central Mozambique indicate that most of the runoff occurs during the flood period from
January to April. The estuary receives an average of 500-840 m3 s~! of freshwater per
year from the Cuacua and Licuar tributaries [40]; the estuary is classified as a meso- to
macro-tidal system with a tidal range of 4 m during spring tides [40].
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Figure 1. The Bons Sinais Estuary (Mozambique) with defined sampling areas and points. Larvae
samples were taken from Marrubune, Nhambire (lower estuary), Olinda, Chuabo Dembe, Karungo,
Inhangome (middle estuary), Mundanama, and Hilalane (upper estuary).

2.2. Larvae Sampling

Fish larvae were collected using horizontally towed plankton nets (0.40 m in diameter
and 1.5 m in length with 500 pm mesh sizes) at 8 selected sampling stations (Figure 1). In
the lower estuary, sampling was conducted at two stations; at four stations in the middle
estuary (two before the confluence of the tributaries and two after); and two in the upper
estuary. The net used to sample the subsurface waters (at a depth of approximately 0.5 m
for 05 min) was towed by a boat at a constant velocity, near the estuary margins. For each
tow, a flowmeter (Hydro-Bios, manufactured by Hydro-Bios Apparatebau GmbH and
sourced from Am Jagersberg 5-7, 24161 Altenholz, Germany) was attached to the net to
measure the flow. The initial and final values of the flowmeter were recorded in order to
calculate the volume of the filtered water.

Samples were collected monthly during daylight hours, during spring tides, from
January 2018 to June 2021. Collections were carried out on two successive days to sample
under approximate tidal ranges [41]. During plankton tows, water environmental parame-
ters, including temperature and salinity, were measured by a metered YSI multi-parameter
probe, and water transparency was measured using a Secchi disc.

After each tow, the zooplankton samples were transferred from the bucket of the net
to containers and immediately fixed in 4% buffered formalin (pH = 8) to avoid shrinkage,
mainly in newly hatched, yolk-sac larvae [42]. In the laboratory, a stereomicroscope was
used to sort the fish larvae from other zooplankton before preservation in 99% analytical
alcohol [43]. The density of larvae in each trawl was expressed as N° /100 m3, where the
volume of water (m?) filtered by the net was determined from the flowmeter reading [41,44].
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The identification of fish larvae of the ichthyoplankton samples was based on their shape,
pigmentary and morphometric features, and in more advanced stages, on their meristic
characteristics [42,45-48].

2.3. Data Analysis

Species richness and species diversity were estimated by estuarine zone. Species
richness refers to the number of species, and species diversity to the Shannon-Wiener (H’)
index [49]. Descriptive statistics were used to analyze the relative abundance of the larval
taxa and larval growth stages (pre-flexion, flexion, and post-flexion). Analysis of variance
(ANOVA) was used to evaluate the differences in larval diversity across estuarine zones,
larval densities among estuarine zones (comprising eight locations), and months. Three
estuarine zones were delineated: lower, middle, and upper. A t-test was used to compare
larval density between seasons.

According to the local climate pattern, the wet season includes the period from
November to April, whereas the dry season is from May to October. The spatial vari-
ation in the environmental parameters was determined using ANOVA, whereas a t-test
was used to analyze seasonal changes after log(x + 1) data transformation. Correlation was
used to analyze the relationship between the larval density and environmental parameters
(salinity, temperature, and water transparency) after log(x + 1) data transformation.

The spatiotemporal variation in the structure of the fish larval assemblages was evalu-
ated using permutational multivariate analysis of variance (PERMANOVA), constructed
with the log(x + 1)-transformed abundance and Bray—Curtis similarity matrix, and testing
with 9999 residual permutations under a type III (partial) model [50]. In addition, the
spatial variation in the larval assemblage and the relationship between larval abundance
and the environmental parameters were examined using canonical correspondence analysis
(CCA) [51]. A complementary DistLM (distance-based linear model) was also performed
to select the best explanatory environmental parameters. DistLM was used for the ichthy-
oplankton abundance log(x + 1)-transformation and Bray—Curtis similarity matrix, while
data normalization and the Euclidean distance matrix were applied to environmental
parameters [52]. Statistical analyses of the frequency of occurrence, larval density by zone,
relative monthly abundance, canonical analysis, percentages of larvae in each larval stage
by taxa, and length classes mainly included the most abundant taxa.

3. Results
3.1. Environmental Parameters

There was a significant variation in temperature on a seasonal basis (p < 0.05) with
higher values in the wet season and lower values in the dry season in the three estuarine
zones (Table 1). Within seasons, no significant changes in temperature were observed
among estuarine zones (p > 0.05); therefore, the observed average values were, to some
extent, conservative. Monthly variations in temperature among estuarine zones also had a
conservative pattern. In the three zones, higher average temperatures were recorded from
November to March (29 to 31.5 °C), whereas the lowest values were observed during June
and July (23.5 and 26.6 °C).

Significant variations in salinity were observed among estuarine zones, as well as
between seasons. Within seasons, salinity decreased toward the upper zone in both the dry
and wet seasons. However, in the dry season, no significant variation in salinity was found
between the middle and lower zones. Within estuarine zones, significant differences in
salinity were found between dry and wet seasons in the middle and upper zones, but not in
the lower zone. In the lower estuary, the highest average values were recorded from June to
December when salinity exceeded 25, whereas the lowest average was recorded in March
(15.5 £ 9.9). In the middle zone, the highest average values occurred from September to
November (not in sequential order, 28.7 & 0.6 to 30.5 & 0.9), whereas the lowest occurred
in March (5.3 &= 7.4). In the upper estuary, salinity conditions typical of fresh water were
recorded from January to July and in December when the average salinity was less than
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5. The lowest average was recorded in January and March (0.1 & 0), whereas the highest
was recorded in October (25.5 £ 3.5). The monthly average values showed that a major
salinity gradient among estuarine zones occurred at the peak of the wet season (December
to March) and in early dry season (May to July).

Table 1. Variations in temperature, salinity, and transparency by month and estuarine zone. The
numbers represent averages and the standard error. The superscripts on the months refer to the
seasons: W for wet and D for dry. The same superscript letter “a,a; b,b” on the environmental
parameter averages indicate the absence of a significant difference within a season, whereas different
letters “a,b; b,c” indicate significant differences.

Temperature (°C) Salinity Transparency (cm)

Month Lower Middle Upper Lower Middle Upper Lower Middle Upper
January W 30+0.4 30.6 +0.3 31.6 £0.6 20.7 +£1.2 62+48 01+0 61.7 +33.3 36.8 +30.6 36 £21.2
February W 289+13 29+1.7 29.7 £22 259+3.3 109 + 8.1 1+£15 50 £43.6 50.7 £39.5 283 +16.1
March W 29.6 +0.2 30.4 £0.4 30.1£0.1 1554+99 53+74 01+0 493 £179 24+79 32+6.7
April W 27.7+0.1 284 +0.1 272408 249404 198 £1.6 49 +6.6 45+0 235492 47.5+10.6
May P 263 £0.1 26.6 + 0.1 258 +0.1 232406 175 +£28 16+14 26 +1.4 165+ 74 11+14
June P 248 £0.1 247 + 0.6 235404 29.8+0.1 239 +4.1 38+34 70+ 0 333+58 275+3.5
July P 237+0 24402 235+ 0.1 27.6 + 0.6 21.7+5 34+33 547 + 4.6 333458 175 £0.7
August P 25.1 £0.5 25.5£0.8 252+ 0.8 309 +2 247 +27 92+42 55+ 16.8 32.6 +14.6 233439
September © 26.6+0 271403 27+0 29.7 £ 04 28.7 £0.6 199+ 3.8 215+0,7 158 £ 0.9 175+ 35
October P 275+1.2 28.5+0.9 282+19 299 £0.2 31+05 255+3.5 463 £16.5 329+133 29 £10.9
November W 299407 304+ 0.5 303+ 0.4 31+1 30.5+0.9 241+32 36.7 £12.6 322+124 277 6.1
December W 30.5+0.3 31+04 316 £0.1 2910 242+43 42+4 55 +14.1 325+87 275+3.5
Season Lower Middle Upper Lower Middle Upper Lower Middle Upper
Dry 257+15° 263+1.62 2584207 289+£267 254 +£512 122+£20° 473 £184° 283+ 12.7P 223483P
Wet 29.6+1.0° 301+1.12 302+14° 248 +7.4% 17.1+£11.8° 87 +£11.2¢ 47.6 £22.3% 339 +£21.9° 31.7 £11.3°

Water transparency was higher in the lower estuary than in the middle and upper
estuaries in both the dry and wet seasons (p < 0.05); however, no significant variation
was found between the upper and middle estuary (p > 0.05). Within estuarine zones,
a significant difference was found between the dry and wet seasons in the upper zone
(p > 0.05) but not in the lower and middle zones (p > 0.05). The average seasonal water
transparency values in the middle and upper zones were higher in the wet than in the
dry season. Despite the fact that no significant differences were found in the middle zone
between seasons, a period of relatively low water transparency was observed from March
to May (ranging from 16.5 & 7.4 to 24 £ 7.9 cm).

3.2. Larval Taxa Composition, Abundance, Distribution, and Development Stage

A total of 22 fish larval taxa were identified among families, genera, and species.
In terms of richness (number of taxa) variation by zone, 11 taxa were identified in the
lower, 21 in the middle, and 13 in the upper zone. The middle zone had the highest
Shannon-Wiener index (0.68 % 0.07), followed by the upper zone (0.38 & 0.07) and the
lower zone (0.34 £ 0.08), with p < 0.01. Eight taxa dominated larval abundance, accounting
for 97.2% of the total abundance. It was not possible to identify some taxa at the species
level due to the delicate morphology of the fish larvae, the somewhat challenging sam-
pling procedures, and the absence of specific literature. Some larval taxa were identified
at the family level, namely, Gobiidae, Clupeidae, Leiognathidae, Blennidae, Polynimi-
dae, Mullidae, Ariidae, Tetraodontidae, Sparidae, Ophichthidae, Mugilidae, Lutjanidae,
Cynoglossidae, Cichlidae, and Gerreidae Gobiidae (54%), while Ambassis sp. (19.2%) and
Thryssa sp. (9.7%) were the three most abundant taxa (Figure 2). The relative abundance
of 14 taxa was less than 1% (Figure 2). Species of socio-economic importance accounted
for 23.1% of the total relative abundance, namely, Thryssa sp. (9.7%), Clupeidae (6.2%),
S. sthama (2.9%), |. dussumieri (2.5%), P. ditchela (1%), P. kaakan (0.6%), Cichlidae (<0.1%),
and Mugilidae (<0.1%).

A significant variation in larval density (N°/100 m?) was observed among months,
seasons, and estuarine zones. The highest densities were found at the sampling locations of
the middle estuary zone. Therefore, the aggregated density averages by zones showed that
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the middle zone had a higher value than the lower and upper zones (Table 2). Furthermore,
a significant difference was also found between the dry and wet seasons, with higher

density in the wet season.

Gobiidae

Ambassis sp
Thryssa sp
Clupeidae

Sillago sihama
Johnius dussumieri
Leiognathidae
Pellona ditchela
Blenniidae
Pomadasys kaakan A
Megalops cyprinoides -
Polynemidae

Mullidae +

Ariidae

Tetraodontidae A
Sparidae

Ophichthidae
Mugilidae -

Lutjanidae -
Cynoglossidae -
Cichlidae

Gerreidae

Larval taxa

L4
T

T R A
T T

10
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Figure 2. Relative abundance of fish larvae in the Bons Sinais Estuary.
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Table 2. Larval abundance and density by sampling location, estuarine zone, and season. ANOVA

was used to compare larval densities among sampling locations and among estuarine zones. Student’s

t-test was used to compare densities between seasons.

Total No. Average Larval Density (N°/100 m?)
Marrubune 205 229 +6.8
Nhambire 283 29.9+9.3 ANOVA (p > 0.05)
Aquapesca 377 28.4+7
Sampling location Olinda 471 419+ 115
Karungo 370 3491+ 10.8
Inhangome 365 415+ 189
Hilalane 222 193 £ 124
Mundanama 285 2423 £8.1
Lower 488 26.6 5.8
Estuarine zone Middle 1583 363 +£59 ANOVA (p < 0.05)
Upper 507 21.6 £75
Wet 1767 369+6 Wet vs. Dry (p < 0.05)
Season Dry 811 209 +37

Monthly average densities showed that lower values were recorded from April to
August, with a minimum in June (10/100 m?), whereas high values were observed from
September to March, with a peak in November (Figure 3).

There were no significant differences in the larval density among estuarine zones
for most of the larval taxa, although the averages differed in absolute values (Table 3).
However, a significant difference was found in Gobiidae, the highest average density of
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which was found in the lower estuary. The frequency of occurrence (percentage of samples
in which the taxa were identified) was lower than 50% for all taxa sampled in this study.
Ambassis sp. and Gobiidae are the few taxa that had a frequency of occurrence higher than
10%. Gobiidae had concurrently the highest average density and frequency of occurrence.
Larvae of Ambassis sp., Clupeidae, Thryssa sp., Gobiidae, J. dussumieri, Leiognathidae, and
S. sihama were widely distributed in the estuary despite the distinct densities in the three
estuarine zones.

80

70 —

60 —

50 — —

40

30 —

Larval density (N°/100 m°)

20 —

10 —

o...ﬁﬁﬁﬁ..

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Sampling month

Figure 3. Variation in larval density by month (p < 0.001). Bars indicate the monthly average
(N°/100 m®) and standard deviation.

Table 3. Larval density and frequency of occurrence in relation to estuarine zones. The frequency of
occurrence refers to the percentage of samples in which the larval taxa were sampled.

Larval Density Average + SE (N°/100 m3) Frequency of Occurrence (FO) by

Comparisons among Estuarine Zones Estuarine Zone

Larval Taxa Overall Density Lower Middle Upper p<0.05 Lower Middle Upper 0(‘{:(;?11
Ambassis sp. 797 £1.0 22407 9.6+13 65+ 1.6 No 8 22 37 22
Blenniidae 3.63+12 29 +0.6 51+39 - No 8 1 - 2
Clupeidae 14.03 £ 8.5 2+0 89+73 535+0 No 8 4 3 4
Thryssa sp. 1414 £59 1.3£0 16.6 £7.2 10.6 £0 No 4 7 2 5
Gobiidae 17.01 +34 214+58 149+35 159=£116 Yes 47 27 29 31
J. dussumieri 245+0.5 14£0 22403 31+1.6 No 2 10 13 9
Leiognathidae 319+ 0.6 43+£27 27106 52+34 No 4 7 3 6
P. ditchela 3.99 £0.7 27+01 46=+1 - No 4 2 - 2
P. kaakan 2.04+04 - 22+05 - - - 4 2 3
S. sthama 412+13 51433 4+14 22+11 No 13 7 5 8
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The monthly distribution of larval abundance varied by taxa. For most larval taxa, the
lowest abundance was recorded in June and July, whereas the highest occurred in the period
from September to March. More fish larvae were identified in the period from September to
December, whereas fewer taxa were identified from January to August (Table 4). Gobiidae
and Ambassis sp. larvae were identified in all months but with marked monthly variations.
However, P. ditchela and P. kaakan larvae were sampled in a restricted period from September
to December.

Table 4. Monthly occurrence and relative abundance (%) of the most abundant larval taxa in the Bons
Sinais Estuary.

January  February  March April May June July August September October November December

Ambassis sp. 12.06 4.29 13.67 4.56 1.88 1.07 1.34 16.62 22.25 9.38 9.38 3.49
Blennidae - - - - 23.08 - - - 7.69 - 38.46 30.77
Clupeidae - 9.17 65.83 13.33 0.83 - - - 2.50 4.17 4.17 -

Thryssa sp. 51.06 6.91 7.45 - 5.85 - - - 3.72 0.53 24.47 -

Gobiidae 8.45 5.28 15.47 0.67 0.48 0.38 0.58 2.40 6.72 15.95 40.15 3.46
J. dussumieri - 2.08 - 2.08 2.08 6.25 2.08 37.50 14.58 16.67 14.58 2.08
Leiognathidae 2.56 - - - 2.56 - 5.13 5.13 61.54 7.69 7.69 7.69
P. ditchela - - - - - - - - 85.00 - 15.00 -

P. kaakan - - - - - - - - 63.64 9.09 - 27.27
S. sihama - 8.93 357 - - 1.79 1.79 25.00 16.07 12.50 357 26.79

Most of the sampled larvae were in the post-flexion stage (62.05%), whereas the flexion
stage accounted for 7.22%, and the pre-flexion stage accounted for 30.72%. Larvae in
the post-flexion stage were present in all larval taxa with the exception of Mullidae; the
post-flexion stage was most predominant in Blennidae (76.92%), Thryssa sp. (92.02%),
Clupeidae (68.91%), and S. sihama (46.43%). For |. dussumieri, the most abundant larvae
stage was flexion, which accounted for 56.25% (Figure 4). The pre-flexion stage was most
predominant in Gobiidae (53.42%), followed by S. sihama (41.07%) and J. dussumieri (20.83%).
Only three larval taxa had the three larval developmental stages, namely, J. dussumieri,
S. sthama, and Gobiidae.

S. sihama
P. kaakan
P. ditchela

Leiognathidae

J. dussumieri

Gobiidae

Larval taxa

Thryssa sp.

Clupeidae

Blenniidae

Ambassis sp.
[ Pre-flexion

i | |
E0 Flexion 1 5 40 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
I Post-flexion

Abundance (%)

Figure 4. The proportion of larvae among the most abundant taxa in each development stage.

In the middle and upper zones, there was a predominance of larvae in the post-flexion
stage, 69% and 86.9%, respectively, whereas in the lower estuary, most larvae were in the
pre-flexion stage (74.94%). The proportion of larvae in the pre-flexion stage decreased from
the lower estuary to the upper estuary, whereas for the flexion and post-flexion stages,



Diversity 2023, 15, 883 9 of 23

the proportions decreased in the opposite direction. Therefore, the middle estuary had
intermediate proportions of larvae in the three stages of development (Figure 5).

100
Pre-flexion
90 - Flexion
I Post-flexion
80 +
70
<
< 60 -
)]
e
[ 50 =
©
5
a 40
<
30 +
20 1
10
0 T T '_l U
Lower Middle Upper

Estuarine zone

Figure 5. The proportion of fish larvae by developmental stage within the estuarine zones.

In Gobiidae and S. sihama, the pre-flexion specimens dominated the lower zone

(Figure 6).
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Figure 6. Distribution of fish larvae in different developmental stages across estuarine zones in
the Bons Sinais Estuary. The figure shows the larval taxa with fairly high abundances in the three
developmental stages.

In some taxa, the distribution of length classes was wide, consisting of specimens of a
few millimeters and relatively larger ones, such as Gobiidae, S. sihama, |. dussumieri, and
Ambassis sp. Other taxa had a very narrow length class distribution, such as P. ditchela
and Leiognathidae (Figure 7 and Table 5). These results are related to the presence and
abundance of larvae in each taxon in the pre-flexion, flexion, and post-flexion stages.

Table 5. Total length range and the average of the developmental stages for the most abundant
larval taxa.

Total Length Range (mm) Total Length Average (mm)

Larval Taxa

Min Max Pre-Flexion Flexion Post-Flexion
Ambassis sp. 4.00 26.00 - - 9.6 £3.1
Blennidae 2.268 16.845 23+0 - 132 +4.1
Clupeidae 5.00 16.154 - 75+1.1 9.7 +1.2
Thryssa sp. 6.00 28.018 - 79+07 169 £29
Gobiidae 1.843 19.295 29+04 41+06 75+19
J. dussumieri 2.789 8.80 31+03 48 +0.6 73+09
Leiognathidae 8.164 15.855 - - 11.8+1.9
P. ditchela 18.549 25.066 - - 220+1.8
P. kaakan 11.226 18.328 - - 156 +22
S. sthama 2.20 25.68 33+1.0 64+13 13.2+5.1

3.3. Relationship between Environmental Variables and Larval Assemblage

A significant positive correlation between larval density (N°/100 m?) and temperature
(p < 0.01) and a significant negative correlation between density and transparency (p = 0.01)
were found (Figure 8). However, no significant correlation was found between larval
density and salinity (p = 0.178). High larval densities (e.g., higher than 50/100 m®) were
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mostly associated with a temperature range from 26 to 32 °C and a water transparency
range from 20 to 40 cm. In relation to the salinity gradient, the highest larval densities were
found mostly for high values (25 to 33). However, there were peaks of larval density that
were associated with lower values of salinity (0 to 5). Therefore, the scatter plot shows
peaks of larval densities at the lower and upper limits of the salinity range (Figure 8).
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Figure 7. Total length classes (mm) of the eight most abundant fish larval taxa in the Bons Sinais Estuary.
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Figure 8. Scatter plot of larval density (N°/100 m?) and environmental parameters (temperature,
water transparency, and salinity).

The two-way PERMANOVA results showed that there were no significant interactions
between the estuarine zone and the season in both comparisons of larvae abundance and
density (season x estuarine zone: p > 0.05). Conversely, the larvae density and abundance

among the estuarine zones and between seasons showed significant differences (p < 0.05)
(Table 6).

Table 6. Results of the two-way PERMANOVA (9999) comparing the assemblage structure of
fish larvae using abundance and density data according to the factors: estuarine zone and season.

df = degrees of freedom; MS = mean square; F = F statistics.

Factors

df

MS

P
Abundance Season 1 5157 243 0.0403
Estuarine zone 2 15,688 7.40 0.0001
Season x Estuarine zone 2 2986 141 0.1717
Residual 101 2120
Total 106
Density Season 1 5209 243 0.0405
Estuarine zone 2 16,215 7.57 0.0001
Estuarine zone X season 2 3362 1.57 0.1169
Residual 103 2143
Total 108

The first canonical axes of the CCA explained 66.02% of the variance in the taxa—environment
parameter relationships, whereas the second axis explained 33.98% (Figure 9 and Table 7).
For some larval taxa, there was a clear relationship between their assemblages and environ-
mental parameters. For instance, Blennidae, J. dussumieri, S. sihama, and Gobiidae may be
linked to intermediate levels of salinity and transparency.

Table 7. Results from the canonical correspondence analysis (CCA) of fish larval taxa in the Bons
Sinais Estuary.

% Cumulative

Axis Eigenvalue p-Value Variance
1 0.098 0.007 66.02
2 0.051 0.001 33.98

According to the environmental parameter vectors of CCA and the results of the
complementary distance-based linear model DistLM (Table 8), the combination of water
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transparency, salinity, and temperature gradients adequately explained the variation in the
fish larval assemblage. Furthermore, the DistLM results showed that the variation in the
fish larval assemblage related to each environmental parameter or the paired selections
had small differences.
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Figure 9. Canonical correspondence analysis of fish larval distribution in the Bons Sinais Estuary.
The CCA was performed using the most abundant larval taxa of the Bons Sinais Estuary. Arrows
represent quantitative environmental variables, and the nominal variable (estuarine zone) is indicated
by symbols. The angle between two vectors reflects the degree of correlation between variables. The
angle between a vector and each axis is related to its correlation with the axis.
Table 8. Distance-based linear model (DistLM) of Bray—Curtis similarities between samples in terms
of the abundance of fish larvae relative to the environmental parameters. RSS = residual sum of
squares; R-squared = the absolute amount of variation as a proportion of the total variation.
Marginal Tests Overall Best Solutions
Variable SS (Trace) Pseudo-F p-Value Prop. (R?) R? RSS Variables
_ B B B B 1 0 Salinity; Temperature,
Transparency
- - - - - 0.69018 98.523 Salinity; Temperature
- - - - - 0.68952 98.734 Temperature; Transparency
- - - - - 0.66781 105.64 Salinity; Transparency
Transparency 113.43 58.218 0.001 0.35669 0.35669 204.57 Transparency
Salinity 113.2 58.038 0.001 0.35598 0.35598 204.8 Salinity
Temperature 106.29 52.717 0.001 0.33425 0.33425 211.71 Temperature

4. Discussion

The results of this study showed a clear representation of the post-flexion phases
of most sampled taxa in the BSE, especially in the middle and upper areas. This can be
explained by the environmental and biological characteristics of the system. A significant
presence of early phases in the lower estuary was also recorded, showing the relevance of
the coastal area for the spawning of some of the fish species studied.
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4.1. Environmental Parameters

The environmental parameters varied according to the climate regime of the area
where the BSE is located. While there was significant seasonal and spatial variation in
salinity and water transparency, the temperature variation was significant at the seasonal
level but conservative across the estuary zones.

Salinity changes in estuaries reflect the degree of marine water dilution due to the
inflow of freshwater from the continental watershed and precipitation [53]. The lowest
values of salinity in the three estuarine zones occurred in the wettest months and the
highest in the driest period. Considering that the wet season begins in November [38],
the decrease in salinity in the estuary was evident from December, when the flows of the
rivers that supply water to the estuary achieved significant increases. On the other hand, in
the upper estuary, salinity averages of less than 5 were still recorded in the first months
of the dry season, namely, May to June. A previous study found similar results [54] in the
BSE by noting strong spatial gradients and seasonal variations in salinity, and concluded
that the estuary is river-dominated during the wet season and sea-tide-dominated during
the dry season.

Regarding temperature in some tropical and temperate estuaries, this parameter has
lower spatial gradients [55-57]. However, it changes more with seasonality [55,56,58,59],
as was found in this study; stronger variations were observed with the change in season.
Estuarine water temperatures tend to reflect riverine conditions during increased runoff in
the wet season, with the sea having a stronger influence during dry conditions [60]. Spatial
and seasonal gradients have been observed in some temperate estuaries [61,62]. The spatial
gradients can result from the differential heating and cooling between the upper and lower
estuary, and the effect of tides [62].

The optical properties in the BSE’s middle and upper zones had similar patterns, as
there were no significant differences in water transparency between the zones; however,
the average values of both zones were lower than that of the lower estuary. In estuaries,
the spatial gradient in water transparency is linked to the concentrations of dissolved
and particulate organic matter (which typically increase from lower to upper estuarine
reaches) and cohesive sediments in the water column [63]. Therefore, low values of
water transparency occur toward lower salinity waters, as found in this study. In terms
of seasonality, the lowest water transparency usually occurs in the wet season due to
increased organic matter input from the watershed [64]. However, the location of the zone
of maximum turbidity (estuarine turbidity maximum—ETM), which corresponds to the
lowest water transparency, varies according to the location of the freshwater—saltwater
interface, which in turn strongly depends on the river flow and the tidal flow [64,65]. In
this way, the position of the ETM changes seasonally [66,67], moving downstream during
the wet season, but during the dry season or obstructed river flow, it moves to the upper
estuary [31,65,68,69]. Measurements in the upper zone were likely taken in locations that,
in the dry season, were at the interface between freshwater and seawater, with the lowest
water transparency, but the interface moved downstream in the wet season. On the other
hand, erosion and the accumulation of sediments seaward are features of estuaries in which
ebb currents are stronger than flood currents [70]—as in the BSE—where ebb currents peak
in the wet season [54].

4.2. Larval Taxa Composition, Abundance, Distribution, and Development Stage

In this study, few taxa dominated the abundance of fish larvae; thus, the Gobiidae, a
group mostly formed by estuarine resident species, alone accounted for 54% of the ichthy-
oplankton. Species of socio-economic importance accounted for approximately 23% of the
total relative abundance, with major proportions of Thryssa sp. and Clupeidae, probably
Hilsa kelee and Sardinella albella, due to their representation in adult fisheries [71]. Larval
density and abundance differed greatly among the estuarine zones, seasons, and months.

Although larvae and juvenile fish density tend to be higher in estuaries than in adjacent
habitats, species diversity associated with their nursery areas is lower than that in the adja-
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cent marine areas [72]. High species diversity in juvenile and adult fish, but a contrastingly
low species diversity in ichthyoplankton, has been found in many estuaries, for example,
the Matang Estuary, Malaysia [73], and the St. Lucia Estuary, South Africa [20,22]. The
significant fluctuation in salinity in estuaries is a key factor for the reduction in estuarine
ichthyoplankton diversity and the dominance of a few estuarine resident or spawning and
marine euryhaline species [73]. Other factors that influence the diversity and abundance
of fish larvae and juveniles include the geomorphology of the estuary, habitat heterogene-
ity, and a well-established environmental gradient. It has been widely recognized that
larger estuaries with high freshwater discharge volumes, long transition areas, and well-
developed spatial salinity gradients host more species and tend to have good recruitment
of estuarine-dependent species during their early life stages [23,74-76]. In Bons Sinais,
increased freshwater discharge and a well-developed salinity gradient occurred at the
peaks of the wet season and in the early dry season.

The community composition and relative abundance of different taxa sampled in this
study have similarities to those reported for Indo-Pacific estuaries [33,73,77,78], where
Gobiidae is widespread and is usually the most abundant larvae in coastal zooplankton
samples [42,79]. Gobiidae larval dominance, which has been likewise observed in many
estuaries worldwide [30,43,80], may be related to the fact that it represents the highest
number of fish species [42], with a relatively long duration of their larval phase [81], and the
fact that the species undertake estuarine spawning as well as residency [6,33]. In addition,
the benthic reproductive strategy in the family avoids the transportation of eggs out of the
estuary, making them less subject to environmental fluctuations in surface waters [82]. The
predominance of larvae hatching from benthic eggs rather than species that spawn pelagic
eggs is also a common feature of nearshore/inshore waters [83], as seen in our study with
the Gobiidae dominance. The relative abundance of Ambassis sp. found in this study was
by far greater than that in other estuaries of the Indo-Pacific region [34,78,84]. However, a
significant occurrence of the same genera of larval specimens was found in Pattani Bay [85].
In the St. Lucia estuarine system, A. productus, A. natalensis, and A. gymnocephalus represent
more than 12% of the adult fish population [86].

Engraulidae (represented here by Thryssa sp.) and Clupeidae were among the most
abundant taxa in the BSE. Similar results have been found in many temperate and tropical
estuaries [34,87-89]. The high abundance of larvae of both families in the BSE may be
related to their tolerance to salinity fluctuations and the high productivity of the area, as the
spawning in these taxa mostly takes place inshore, but post-larval stages utilize the estuary
and adjacent coastal waters as nursery grounds [73]. The Clupeidae H. kelee and S. albella
and the Engraulidae T. vitrirostris and T. setirostris were the expected species in our samples
because these taxa account for a significant proportion of the bycatch of a semi-industrial
fishery along the Mozambique coast and represent the main component of the multispecies
artisanal fishery inshore and in estuaries [71,90].

In general, the relative abundance of larvae of less than 5% is similar to that found
in other Eastern African estuaries. However, for S. sihama, the estuary has a relatively
higher percentage than that in the Mngazi Estuary [13] and other subtropical South African
estuaries [75]. Conversely, the relative abundances of Mugilidae and Sparidae in Bons Sinais
are lower in comparison to the data obtained in some South African estuaries [23,75,78].
These differences may be related to the tolerance of these taxa in relation to the salinity
variation pattern in the estuary. S. sihama has significant tolerance to low salinity levels
of 3 [91], including larvae and early juveniles [92]. Most species of Mugilidae that are
diadromous fish were also scarcely represented in the BSE during post-larval phases.
Nevertheless, the juveniles of this family use the estuary as a migratory route to the
freshwater section and return to the sea to complete maturation and spawning [93-95].
In the BSE, an analysis of the total length classes of the striped mullet (Mugil cephalus)
revealed that mostly juveniles [96] represent the species. The lower abundance of mugilids
in this study might be linked to the migration pattern of the early life stages to the estuary.
For most of species of the family, the early larval phase occurs in the open sea. Then,
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the post-flexion specimens or early juveniles move inshore, where they spend a month
before migration to the estuary in schools [97], which generally occurs at a total length
of 15 to 25 mm [95,97]. However, larger juveniles of M. cephalus are usually concentrated
within the littoral zone [97] and have great swimming ability, with a swimming speed of
47 cm s~1 [98] that will enable them to escape from piscivores.

Migration patterns and degree of dependence on the estuary can also explain the
scarce abundance of Sparidae larvae in Bons Sinais Estuary despite adult fish of two species
in the family (Crenidens crenidens and Acanthopagrus berda) being highly represented in the
Zambezi Estuary [38], which flows into the same coastal area (the Sofala Bank), similar to
the BSE. In Acanthopagrus berda, spawning occurs at the estuarine mouth, but the egg and
early larval development take place at sea; the ingress into the estuaries is mainly during
the juvenile and adult phases [99,100]. Crenidens Crenidens is regarded as a marine straggler
species and the early life stages do not use the estuaries as growth grounds [95].

Despite the extremely low percentage (lower than 1%) of Cichlidae larvae, the occurrence
of adults and juveniles in the BSE has been confirmed, mostly Oreochromis mossambicus [96].
In general, the occurrence of adults and larvae of O. mossambicus is confined to the upper
reaches in permanently open estuaries due to physiological restrictions that pertain to
limited high-salinity tolerances [101,102], as well as increased competition for food and
higher predation rates by piscivorous fishes and birds [102]. In addition, the species prefer
shallower areas and avoid higher water velocities; for additional shelter from predators, the
juveniles utilize vegetated littoral zones until they reach maturity [101], but these areas were
not included in our sampling procedures. The reproductive strategies in the Oreochromis
genera can influence the sampling of early life phases as the females mouthbrood the
eggs and larvae, and the fry are released at the swim-up stage when the swim bladder
develops [103].

Most fish larvae were in the post-flexion stage; likewise, it was the most abundant
larval stage for most of the identified taxa. In terms of zonation, there was a predominance
of the pre-flexion stage in the lower estuary and of the post-flexion stage in the middle and
upper zones. Typically, most larvae of marine species ingress into estuaries as post-flexion
larvae and early juveniles [84] with abilities for active swimming and the selection of
favorable margin current regimes for movement within the estuary [29,104].

Gobiidae was the only family with the most abundant larvae in the pre-flexion stage. In
estuaries, the Gobiidae family is represented mainly by resident species that spawn within
the estuaries [95]. Ambassis sp. also belongs to the estuarine taxa; the absence of pre-flexion
and flexion larvae in the genus despite the wide distribution along the estuarine zones may
be explained by the short duration of the pre-flexion stage [42]. On the other hand, some
species in the genus spawn inshore [105] due to a limited tolerance to low-salinity habitats.
A substantial percentage of pre-flexion larvae in S. sihama and |. dussumieri, regarded as
marine species [106], may be an indication that the spawning of some populations occurs
at the mouth of the estuary or near the coast.

The average total length of Clupeidae, Gobiidae, Thryssa sp, |. dussumieri, and S. sihama
at the notochord flexion stage is within the range found in the bibliography for Indo-Pacific
fish larvae [42], which refers to the families to which the taxa belong. Therefore, this
study determined the average total length at the notochord flexion stage at the species
level in S. sihama and |. dussumieri, whereas for Thryssa sp., it was at the genus level.
Specimens longer than 5 mm dominated the total length classes in the most abundant
marine larval taxa; that is, the minimum size that the larvae need to produce speeds great
enough to influence dispersal, after notochord flexion, and the concomitant formation of
the caudal fin [107].

The dispersion and survival of larvae greatly depend on their swimming performance,
which allows them to overcome strong currents and ingress, be retained in estuaries,
and search for optimal habitats for feeding and protection from predators. According to
the critical swimming speed (CSS) of some larval fish families, currents in estuaries are
somewhat stronger and stifle the ingress and retention of larvae. For instance, the CSS of
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18.7 ecm/s for Clupeidae [108], CSS of 18.4 cm/s for Blennidae [108], and CSS of 22.1 cm/s
Scianidae [109] are lower than the maximum currents in the estuary of around 100 cm/s
determined by [54] at spring tides. Under such severe hydrodynamic conditions, some
species may use different strategies to be retained in the estuary, including short-range
directional horizontal swimming against the axial currents, vertical migration, and the use
of residual upstream flows, especially over shallower areas [29].

There was a consistent match among the relative abundances, densities, and frequen-
cies of occurrence of the taxonomic groups. However, Clupeidae and Thryssa sp. had a
low frequency of occurrence in the samples despite high relative abundances and high
densities. This may be related to the seasonality of spawning, but as they are schooling
taxa [42], fewer samplings can catch a considerable number of larvae.

An evident spatial variation in the overall larval density and taxa group diversity was
found, as the middle zone differed greatly from the lower and upper zones. Furthermore,
except for the Tetraondotidae, all taxa groups were sampled in the middle zone, suggesting
that it has suitable conditions for many ichthyoplankton taxa; the upper and lower zones
were shown to lack some taxa. Typically, peak larval density is associated with the tran-
sitional middle zone where environmental parameters (salinity, temperature, and water
transparency) have intermediate values, generally high levels of food availability, as well
as reduced competition [10,29,75]. However, the larval density of different taxa displayed
different patterns in relation to the estuarine zones, despite significant differences being ob-
served only in Gobiidae. The assemblage of juvenile fish in coastal nursery areas is mainly
dependent on the individual species’ tolerance to the salinity gradient, with some taxa
located mainly in estuarine waters and others more abundant in marine areas [102,110].

The overall larval density was higher in the wet season, and in terms of monthly
variation, higher densities were observed from the late dry season (September, October) to
the peak of the wet season (March), whereas lower densities were found in the early dry
season (May to August). Therefore, there is a link between larval density variation and the
precipitation cycle, which in turn affects the river flow and salinity gradients. The increase
in river flow in the wet season is associated with increased organic detritus availability
that supports the ecosystem’s food web and is the cue for fish ingress. In addition, the wet
season is associated with higher temperatures that promote larval growth and lower water
transparency, an essential factor for the protection of larvae against predation [35,111].
Increased river flow intensifies the size of estuarine plumes, which can reach the bottom
by vertical mixing induced by strong spring tides [112]. The gradients in environmental
parameters, namely, salinity, temperature, and turbidity, between the plume water and the
saltier seawater are important factors for fish larval migration. Larvae use sense acuity
and behavioral response to swim along the increasing cue concentration to ingress into the
estuary [24]. There is a reduction in river flow from the early dry season (May to August)
and a lowering of water temperature, which can explain the lower larval density found in
this period. In the BSE, the current velocities are higher in the dry season (up to 100 m/s
at spring tides) compared to the wet season, which are around 60 cm/s for the spring
tides [54], a condition that may favor a major ingress of larvae in the later season.

A relative abundance distribution of different larval taxa among different months
followed the same seasonality pattern displayed by the density, as the highest relative abun-
dances were recorded from the late dry season (September) to the peak of the rainy season.
From the distribution of the relative abundance among different months, it can be argued
that spawning in Gobiidae and Ambassidae is continuous throughout the year, whereas
Blennidae, Pellona ditchela, and Pomadasys kaakan have more restricted spawning periods.

4.3. Relationship between Environmental Variables and Ichthyoplankton Assemblages

In this study, correlation and multivariate analyses revealed a strong relationship
between larval density and environmental parameters. In fact, salinity, temperature, and
turbidity are considered crucial abiotic factors influencing the ichthyoplankton assemblage
in a particular habitat [10].
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The positive correlation between larval density and the temperature validates the
fact that high densities were recorded in a period of relatively high temperatures of the
year, in the late dry season and during the wet season. Similar to this study, a positive
correlation between larval density and temperature was found in many other studies
worldwide [35,73,113]. A strong correlation was found between water transparency and
larval density. Reduced water transparency conditions provide greater protection to larvae
from predation by preventing predators from seeing the larvae [6,114], but especially due
to the cues provided by turbidity in high freshwater pulses in the wet season [24].

Despite the consensus according to which estuary larval density is strongly related to
temperature, salinity, and turbidity [115], not all studies verify a positive correlation for the
three parameters. For instance, studies undertaken in different estuarine systems [35,75,116]
did not find positive correlations between larval density and salinity. In addition, in the
present study, the weak correlation between larval density and salinity may result from the
fact that there were density peaks in some larval taxa for both lower and high salinities. In
fact, the highest relative abundances of Clupeids and Thryssa sp. occurred in January and
March, respectively, when salinity was lower. The highest relative abundance of Ambassis
sp., Gobiidae, Leiognathidae, and P. ditchela occurred from September to November, when
salinity was high.

Multivariate analyses (PERMANOVA, distance-based linear model, and canonical
analysis) confirmed significant spatial-temporal variation in larval abundance and its
strong relationship with environmental parameters (temperature, salinity, and transparency).
The distance-based linear model showed that salinity, temperature, and water transparency
had a strong influence on larval abundance and density. The CCA elucidated the pattern
of variation in larvae abundance at the taxa level in relation to the environmental param-
eters, revealing that each taxon had particular optimal levels of environmental factors.
Higher larval abundance was associated with intermediate conditions of salinity and lower
water transparency.

5. Conclusions

The results show that Gobiidae dominated the Bons Sinais Estuary ichthyoplankton
assemblages, being present along the whole estuary and in every sampling month.

Most of the sampled fish larvae were in the post-flexion stage. Larvae in the pre-flexion
stage dominated the lower estuary, whereas the post-flexion stage dominated the middle
and upper zones. At the community level, salinity, water transparency, and temperature
had a strong influence on larval abundance.

Larval density was higher from the late dry season (September, October) to the peak of
the wet season (March); among estuarine zones, the highest density was in the middle zone.
The results show that in most estuary-associated fish species the spawning is seasonal and
synced with the increased temperature, decreased salinity, and increased turbidity of the
wet season. This enables larval and early juvenile occupation of the estuary when river
flow and plankton productivity increase.

This study demonstrated that the Bons Sinais Estuary serves as a nursery ground
for some fish species with socio-economic value for larval growth, namely, Thryssa sp.,
Clupeidae, S. sihama, J. dussumieri, P. ditchela, P. kaakan, and Mugilidae. These results have
implications for the local ecosystem management strategies that need to be improved and
consider the estuary as a critical habitat for marine species, juveniles” growth, and the
subsequent recruitment of the open-sea populations.

The fact that post-flexion larvae, which are less vulnerable to capture by standard
plankton nets, dominated the marine taxa, has implications for larval catchability and
therefore sampling results. There is a need to use complementary sampling gears to
increase the catchability of larvae with different movement behaviors. To increase the
catchability of larvae with different diel behavior it is necessary to consider sampling in
both daylight and at night.
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