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Abstract

The Amazon coastal zone exhibits remarkable habitat diversity and species richness, with
nutrient-rich estuaries playing a crucial role in local food webs and supporting fish and
other aquatic organisms. To examine the distribution of fish larvae and juveniles in the
Taperaçu Estuary and their relationship with environmental variables, monthly sampling
was conducted at two fixed stations in 2008. Samples were collected during flood and ebb
spring tides using 500 µm mesh nets. In situ measurements of salinity, temperature, and
dissolved oxygen were recorded, while pH and turbidity were determined in the laboratory.
Abiotic variables did not differ significantly between tides, but salinity and dissolved
oxygen were higher during the dry season. A total of 5175 individuals were identified,
representing 17 families and 37 species. The ichthyoplankton community was dominated
by Rhinosardinia amazonica, Anchovia clupeoides, Stellifer stellifer, and Microgobius meeki.
Stations 1 and 2 showed differing abundance ranges, with higher values at station 1 during
the rainy season. Preflexion stages were abundant at both stations, indicating the estuary’s
importance as a nursery and development area for several fish species. Multivariate
analyses revealed spatial and seasonal structuring of larval assemblages along the estuarine
gradient, driven primarily by salinity, temperature, and turbidity. Our results emphasize the
role of upper estuary sectors of eastern Amazonia as areas of spawning, larval development,
and subsequent juvenile settlement, contributing to the dispersal of fish species throughout
the estuary and adjacent coastal environments. The present findings also reinforce the
ecological value of the studied Extractive Reserve and other protected areas along the
Amazon littoral as essential habitats for larval refuge and development. The need for
continued monitoring and preservation of these protected zones is evident.

Keywords: ichthyoplankton; spatiotemporal distribution; salinity gradient; coastal pro-
tected areas; Amazon Littoral

1. Introduction
Estuaries are ecosystems of major ecological importance because the mixing of con-

tinental freshwater and marine waters creates high variability in physical, chemical, and
biological conditions. These environmental fluctuations directly affect biodiversity and
usually follow seasonal patterns [1–5]. Such environments are typically characterized by
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high concentrations of dissolved nutrients and organic matter that sustain the nutritional
needs of various aquatic species, including invertebrates and vertebrates [6–8].

A large number of fish species have part of their life cycle associated with estuaries
and coastal waters, as these environments offer high productivity and provide protection
from predators during early developmental stages [9–11]. In general, fish species in these
ecosystems can be classified as resident—completing their entire life cycle within the
estuary—or migratory, reproducing in the ocean and entering estuaries during their larval
or juvenile stages [12–14].

The composition of larval fish communities in estuaries is influenced by a range of
biotic and abiotic variables [15]. Constant fluctuations in environmental conditions actively
influence the abundance and distribution of these organisms [16–18]. Local geomorphology
and water circulation patterns may also act as mechanisms of concentration or disper-
sion [19]. Among the biotic variables, predation and food availability [20,21] often exert
strong effects on the structure and dynamics of larval fish communities.

Studies on the early life cycle of fishes are essential for determining spawning periods
and spawning grounds, making them fundamental for understanding species ecology, since
fish community dynamics cannot be fully understood without information on their early
stages [22,23]. Understanding the spatiotemporal distribution of fish larvae is also impor-
tant for monitoring, management, and conservation efforts. Information on these aspects is
crucial for establishing protected areas and implementing fishing period regulations [24,25].

In tropical environments, the combination of estuarine systems and other aquatic
habitats is one of the main factors influencing fish species diversity [21,26]. Along the
Amazon coast—an area known for its high habitat and species diversity—there are still
relatively few studies on the composition and distribution of estuarine and marine fish
larvae and juveniles [19,27–32]. This contrasts with the abundance of research available for
freshwater fish larvae in the same region [33–37]. Similar discrepancies are also observed
in other sectors of the Brazilian coast, where coastal species have been more thoroughly
investigated [38–47].

In Amazonian estuaries, as commonly observed in freshwater Amazonian environ-
ments [48], fishes captured by artisanal fishing (i.e., small-scale, traditional fishing carried
out close to shore using low-technology gear and small vessels, mainly for local consump-
tion) represent the basis of the protein diet for local communities and constitute the main
source of income for most riparian extractive populations [49]. This explains the strong
dependence of traditional communities on fishing activity [50]. Given the ecological and
economic importance of fisheries for the region, the present study aimed to address two
main questions: (a) How do environmental variables influence the composition, abundance,
and spatial and temporal distribution of fish larvae and juveniles, including species of
local fishery relevance? and (b) Is there evidence that environmentally protected areas,
such as the Caeté Taperaçu Marine Extractive Reserve, play a significant role in spawn-
ing, hatching, dispersal, and maturation of fish larvae within estuarine ecosystems of the
eastern Amazon?

2. Materials and Methods
2.1. Study Area

The Amazon coastal region comprises the states of Amapá, Pará, and Maranhão,
covering about 35% of the Brazilian coastline. It extends for approximately 2500 km, from
the Oiapoque River in Amapá to São Marcos Bay in Maranhão [51]. This coastline is
highly indented, encompassing extensive natural areas such as estuaries, beaches, and
mangroves [52,53], and is considered one of the largest continuous mangrove systems in
the world, with an estimated area of 8900 km2 [54].
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Within this region lies the Bragantinian Coastal Plain, extending from Maiaú Bay to
the mouth of the Caeté River (00◦46′00′′–01◦00′00′′ S; 46◦36′00′′–46◦44′00′′ W), covering
approximately 1570 km2 [55]. Hydrodynamic conditions are strongly influenced by a
semidiurnal macrotidal regime, with tidal amplitudes reaching up to 6 m during equinoctial
spring tides [53]. The climate is humid and megathermal, with average temperatures above
25 ◦C and annual rainfall between 2500 and 3000 mm [56], characterized by two marked
periods: a rainy season and a dry season, the former accounting for more than 85% of
annual precipitation [57,58].

Located within this coastal plain, the Taperaçu Estuary (Figure 1; 00◦56′37′′ S;
46◦44′59′′ W) has a surface water area of 21 km2 and a catchment area of 40 km2, with
intermittent freshwater inflow and no permanent river discharge [59,60]. It is a shallow
(mean depth 4.2 m), permanently open estuary with numerous sandbanks in its interme-
diate sector and a semidiurnal tidal regime with amplitudes of about 4 m during neap
tides and up to 6 m during spring tides [59,61,62]. Tidal currents are strong, reaching
2.04 m/s, and the estuary exhibits high turbidity [30,59]. Local hydrodynamics are driven
by tides, winds, and wind-generated waves [62]. Winds follow a seasonal pattern, with
stronger velocities during the dry season and more moderate winds during the rainy pe-
riod [56,63,64]. The estuary is connected to the Caeté Estuary through the Taici tidal channel
(Taici Creek), receiving oligohaline waters during flood tides [60,65]. Freshwater input
occurs mainly during the rainy season, when floodplains in the upper estuary become inun-
dated [58,62]. These hydrological characteristics generate well-defined ecological contrasts:
during the rainy season, increased precipitation results in lower salinity, higher turbidity,
and elevated nutrient and chlorophyll-a concentrations [60,62], whereas the dry season is
marked by higher salinity, greater water transparency, and reduced nutrient availability
due to diminished freshwater influence and stronger marine intrusion [58,59]. Together,
these studies [30,58–60,62] consistently demonstrate that precipitation is the main driver
of hydrological and ecological conditions in the Taperaçu system, producing well-defined
contrasts between the wet and dry seasons.

Figure 1. Study area with the location of the two sampling stations (S1 and S2) in the Taperaçu
Estuary, Bragança-Pará. (A): Map of South America showing the Brazilian territory; (B): Geographic
position of the Taperaçu estuary along the Amazonian coastline in northern Brazil; (C): Distribution
of sampling stations within the estuary.
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The study area lies within the Caeté Taperaçu Marine Extractive Reserve, created by
federal decree on 20 May 2005. The reserve covers 42,069 hectares (103,950 acres; https://
wikivisually.com/wiki/Caet%C3%A9-Tapera%C3%A7u_Marine_Extractive_Reserve (ac-
cessed on 10 March 2025), where local communities rely primarily on crab harvesting (Ucides
cordatus), fishing, and subsistence agriculture [52]. The margins of the Taperaçu Estuary
are dominated by mangrove species such as Rhizophora mangle, Avicennia germinans, and
Laguncularia racemosa, although salt marshes, grasses, and Cyperaceae also occur [66,67].

2.2. Sampling and Study Design

Samples were collected during spring tides from January to December 2008. Two
fixed sampling stations were established along the estuary: Station 1 (S1; 00◦56′58.4′′ S;
46◦46′26.9′′ W), located in the innermost sector, and Station 2 (S2; 00◦56′37.0′′ S;
46◦44′59.0′′ W), positioned near the estuary mouth (Figure 1). The stations were approxi-
mately 15 km apart. Monthly sampling campaigns were conducted during both rainy and
dry seasons, with collections performed during flood and ebb tides at each station.

Sampling consisted of 5-min horizontal subsurface hauls using a conical plankton net
(500 µm mesh, 60 cm mouth diameter, 1.60 m length) equipped with a mechanical flow
meter (General Oceanics 2030R, General Oceanics, Inc., Miami, FL, USA) to quantify filtered
water volume. All samples were immediately fixed in neutral formalin (final concentration
4%) and stored in 500 mL plastic flasks.

In situ temperature, dissolved oxygen (DO), and salinity were measured using an
oxygen meter (Lutron DO 5510, Lutron Electronic Enterprise Co., Ltd., Taipei, Taiwan)
and a refractometer (Atago S/Mill E, Atago Co., LTD., Itabashi, Tokyo, Japan). pH and
turbidity were measured in the laboratory using a bench-top pH meter (Labmeter HS 3B
PH2, Shanghai Hongyi Instrumentation Co., Ltd., Shanghai, China) and a turbidity meter
(Hanna HI 93703, Hanna Instruments, Woonsocket, RI, USA), respectively.

Samples for morphological identification were sorted under a stereoscopic microscope
(Zeiss Stemi 2000, Carl Zeiss, Jena and Oberkochen, Germany) and identified to the lowest
possible taxonomic level. Larval development stages were classified according to [68],
and identifications were based on the available literature [68–72]. Quantitative data were
used to calculate abundance (number of individuals per 100 m3 of filtered water), relative
abundance (proportion of individuals in relation to the total sample), and frequency of
occurrence (percentage of samples in which the species appears).

Species with relative frequencies > 5% were further evaluated. Taxa were catego-
rized according to modified criteria from [73]: ≥70% highly frequent; <70–30% frequent;
<30–10% less frequent; and <10% sporadic. The Shannon–Wiener index (H′) [74] and
Pielou’s evenness index (J′) [75] were calculated using natural logarithms to ensure consis-
tency in the diversity estimates of the fish larvae assemblages.

2.3. Statistical Analysis

Four independent sampling events were conducted at two stations (S1 and S2) under
two tidal conditions (ebb and flood). Each sampling event represented an independent
temporal replicate, resulting in four replicates per treatment level. The two sampling
stations were located in two pre-defined areas along the estuary, and the exact sampling
points within each area were randomly selected. One monthly tow was performed at
each station during daylight hours, using a small motorized boat traveling in circular
movements around both stations (S1 and S2) at approximately 1.5 knots, resulting in two
samples per station (flood and ebb tides) per sampling campaign. A preliminary Lilliefors
test was applied to identify skewed variables and guide minimal log transformations (x + 1)
when necessary. After fitting the ANOVA models, residuals were examined to confirm that
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assumptions of normality and homoscedasticity were met. Multifactorial ANOVA was
used to assess differences in abiotic variables and biotic metrics (total abundance and the
most representative taxa) between stations (S1/S2), tides (ebb/flood), months, and seasons
(dry/rainy). Analyses were conducted in STATISTICA 6 (α = 0.05).

A cluster analysis based on species abundance was performed using Bray–Curtis
dissimilarity, and group formation was conducted using the UPGMA clustering method
(Unweighted Pair Group Method with Arithmetic Mean) [76]. A between-group SIMPER
analysis identified species contributing most to dissimilarities among clusters. Analy-
ses were conducted in R version 4.5.2 [77] using the vegan version 2.7-5 [78], stats, and
dendextend packages version 1.19.1 [79].

Spearman correlation coefficients were calculated to examine associations between
abiotic and biotic variables, providing an exploratory assessment of potential relationships
among parameters. To further evaluate the influence of environmental gradients on com-
munity structure, we performed a constrained ordination using a Canonical Analysis of
Principal Coordinates (CAP) based on Bray–Curtis dissimilarity, with species abundance
as the response matrix and environmental variables as constraining predictors. The signifi-
cance of the constrained model and canonical axes was assessed using permutation tests.

3. Results
Rainfall data [80] confirmed the presence of two seasonal periods throughout the

year: a rainy season, which corresponds to the months from January to July, and a dry
period, corresponding to the remaining months (August to December). Rainfall values
obtained for the study period were 18% higher than those observed for the historical
average (1973–2008).

During the study period, there were no significant differences in the abiotic vari-
ables between tide periods (ebb and flood). Consequently, monthly averages (±Standard
Deviation—SD) for each sampling station were calculated to examine spatial (S1/S2) and
temporal variations—monthly and seasonal (dry and wet).

The average water temperature ranged from 28.4 ± 0.0 ◦C (July) to 30.4 ± 0.1 ◦C
(September) in the innermost portion (S1), whereas at the mouth of the estuary (S2), these
values ranged from 28.4 ± 0.4 ◦C (July) to 30.4 ± 0.6 ◦C (December), with no significant
spatial or seasonal differences (Figure 2A,B).

Figure 2. Average (±SD) salinity, temperature (◦C) and pH (A,B), and turbidity (NTU) and dissolved
oxygen (mg/L; (C,D)) at station l (A,C) and at station 2 (B,D) during the study period.
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Salinity at station S1 varied from 11.0 ± 1.4 (March) to 39.0 ± 1.4 (December), while
at station S2 it ranged from 12.0 ± 0.0 (March) to 37.5 ± 0.7 (November and December).
Significantly higher values were observed during the dry season at both stations (F = 5.34;
p < 0.05), but there was no significant difference between S1 and S2 (Figure 2A,B).

The pH ranged from slightly acidic to alkaline throughout the study period, ranging
between 6.9 ± 0.7 (April) and 7.9 ± 0.1 (June) at station S1, and from 6.9 ± 0.0 (December)
to 7.9 ± 0.1 (May and June) at station S2, with no significant spatial, monthly, or seasonal
differences (Figure 2A,B).

Turbidity at station S1 ranged from 38.3 ± 14.9 NTU (June) to 627.0 ± 390.3 NTU (May),
while at station S2 it varied from 35.5 ± 26.2 NTU (July) to 339.5 ± 113.8 NTU (January),
with significantly higher values recorded in May at S1 (F = 3.58; p < 0.05; Figure 2C,D).
In Amazonian estuaries, turbidity peaks often lag behind rainfall because freshwater
accumulates in upper flooded areas before flowing seaward, and this delay—combined
with strong macrotidal dynamics—helps explain why turbidity during the sampling period
did not align directly with monthly rainfall patterns.

At station S1, the average concentrations of dissolved oxygen ranged from 3.2 ± 0.0 mg/L
(May) to 6.3± 0.4 mg/L (October), while at station S2 these values ranged from 4.2 ± 0.1 mg/L
(May) to 6.3 ± 0.3 mg/L (October). Significantly higher values were recorded during the dry
period at both stations (F = 5.35; p < 0.05; Figure 2C,D). Additional comparisons are provided
in Supplementary Figure S1, which include box plots illustrating the distributions of key
environmental and ichthyoplankton abundances between stations S1 and S2.

3.1. Composition of the Early Stages of Fish in the Taperaçu Estuary

In the present study, we captured a total of 5200 fish larvae and juveniles (larvae after
the post-flexion stage). Of this total, 5175 individuals were identified to the lowest possible
taxonomic level (genus and/or species), comprising 17 families and 37 species (Table 1).
Specimens of the families Clupeidae, Sciaenidae, and Engraulidae were the quantitatively
dominant taxa at both stations. Sciaenidae had the largest number of species (seven),
followed by Engraulidae (six) and Gobiidae (five).

Table 1. Composition, total abundance (TA), relative abundance (RA%) and frequency (F%) of
early-life stages of fish in the estuary of Taperaçu during the study period.

Family/Species
S1 S2

TA (ind/100 m3) RA% F% TA (ind/100 m3) RA% F%

Clupeidae
Rhinosardinia amazonica
(Steindachner, 1879) E 1326.4 21.3 100 1526.2 54.9 75

Sciaenidae
Stellifer stellifer (Bloch, 1790) E-M 1295.1 20.8 58.3 81.9 2.9 41.7
Stellifer microps (Steindachner, 1864) E 912.4 14.7 62.5 21.6 0.8 8.3
Micropogonias furnieri
(Desmarest, 1823) M 261.6 4.2 25 14.2 0.5 4.2

Cynoscion microlepidotus
(Cuvier, 1830) M 37.4 0.6 0 0 0 0

Stellifer rastrifer (Jordan, 1889) M 25.1 0.4 8.3 12.5 0.5 8.3
Stellifer sp. - 13.5 0.2 4.2 0 0 0
Macrodon ancylodon
(Bloch & Schneider, 1801) M 9.3 0.1 4.2 0 0 0

Cynoscion acoupa (Lacepède, 1801) M 0 0 0 2.1 0.1 4.2
Engraulidae
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Table 1. Cont.

Family/Species
S1 S2

TA (ind/100 m3) RA% F% TA (ind/100 m3) RA% F%

Anchovia clupeoides (Swainson, 1839) E 1187.1 19.1 79.2 559.7 20.1 66.7
Anchoa spinifer (Valenciennes, 1848) E-M 33.7 0.5 16.7 0 0 0
Cetengraulis edentulus (Cuvier, 1829) M 21.2 0.3 25 132.3 4.8 33.3
Lycengraulis grossidens
(Spix & Agassiz, 1824) M 12.9 0.2 8.3 54.6 2 4.2

Anchoviella elongata
(Meek & Hildebrand, 1923) E-M 2.1 0 4.2 25.3 0.9 12.5

Anchoviella lepidentostole
(Fowler, 1911) E-M 0 0 4.2 91.6 3.3 8.3

Eleotridae
Guavina guavina (Valenciennes, 1837) E 487.6 7.8 62.5 16.9 0.6 8.3
Eleotris sp. E 7.9 0.1 16.7 0 0 0
Gobiidae
Microgobius meeki
(Evermann & Marsh, 1899) E 154 2.5 50 194.1 7 41.7

Gobioides broussonnetti
(Lacepède, 1800) E 8.3 0.1 8.3 0 0 0

Microgobius thalassinus
(Jordan & Gilbert, 1882) - 6 0.1 4.2 0 0 0

Gobiosoma hemigymnum
(Eigenmann, 1888) E 3.4 0.1 4.2 0 0 0

Chriolepis sp. E 0 0 0 1.4 0.1 4.2
Achiridae
Achirus sp. M 109.9 1.8 45.8 4 0.1 12.5
Elopidae
Elops saurus (Linnaeus, 1766) M 73.8 1.2 41.7 0 0 0
Gerreidae
Diapterus rhombeus (Cuvier, 1829) - 64.6 1 33.3 0 0 0
Eugerres sp. - 31.7 0.5 12.5 3.6 0.1 4.2
Carangidae
Oligoplites saurus
(Bloch & Schneider, 1801) M 55.3 0.9 41.7 16.7 0.6 16.7

Caranx crysos (Mitchill, 1815) M 9 0.1 4.2 1.3 0 4.2
Chloroscombrus chysurus
(Linnaeus, 1766) M 3.1 0.1 8.3 8.1 0.3 12.5

Atherinopsidae
Atherinella brasiliensis
(Quoy & Gaimard, 1824) E 18 0.3 20.8 0 0 0

Characidae
Astyanax bimaculatus (Linnaeus, 1758) E 11.6 0.2 12.5 0 0 0
Ephippidae
Chaetodipterus faber
(Broussonet, 1782) M 8.9 0.1 8.3 2.1 0.1 4.2

Tetraodontidae
Colomesus psittacus
(Bloch & Schneider, 1801) E-M 7.7 0.1 12.5 0 0 0

Hemiramphidae
Hyporhamphus unifasciatus
(Ranzani, 1841) E-M 6.4 0.1 8.3 7.9 0.3 16.7

Cynoglossidae
Symphurus sp. M 4.6 0.1 8.3 0 0 0
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Table 1. Cont.

Family/Species
S1 S2

TA (ind/100 m3) RA% F% TA (ind/100 m3) RA% F%

Haemulidae
Genyatremus luteus (Bloch, 1790) M 2.1 0 4.2 0 0 0
Centropomidae
Centropomus sp. M 1.7 0 4.2 0 0 0
Unidentified individual
Species A - 1.7 0 4.2 0 0 0

M: Marine (species from coastal/oceanic waters that enter estuaries only occasionally); E-M: estuarine–marine
(species using both estuarine and coastal habitats, common in estuaries during early stages); E: estuarine
(species that reside mainly in estuaries and complete most of their life cycle there) (According to [27,28];
https://www.fishbase.se/Summary/SpeciesSummary.php?id=1048&lang=portuguese_po25/feb/2023 (accessed
on 22 February 2023).

The species R. amazonica, S. stellifer, A. clupeoides, S. microps, and G. guavina represented
more than 83% of the total larvae at station S1. R. amazonica, A. clupeoides, and Microgobius
meeki represented about 82.1% of the total number of larvae at station S2 (Table 1). The
flexion stage presented the highest percentages (55% and 66% at stations S1 and S2, respec-
tively) compared to the pre-flexion stage (17% at each sampling point) and the post-flexion
stage (27% and 13% at stations S1 and S2, respectively). Juveniles were less representative
(1% at station S1 and 4% at station S2), and larvae with yolk sacs were not observed during
the study period.

Frequency of occurrence showed that at station S1, only R. amazonica and A. clupeoides
were highly frequent species (>70%). G. guavina, S. microps, S. stellifer, M. meeki, Achirus sp.,
Oligoplites saurus, Elops saurus, and Diapterus rhombeus were considered frequent species.
Among the species identified at station S2, only R. amazonica was highly frequent (>70%),
while other species, such as A. clupeoides, S. stellifer, M. meeki, and Cetengraulis edentulus,
were frequent species (Table 1).

3.2. Total Abundance

The results showed significant spatial and seasonal differences in larval abundance, as
well as variations between tide periods. The total monthly abundance at station S2 ranged
from 0.00 ind/100 m3 (June and July) to 436.91 ind/100 m3 (May), whereas at station S1
these values ranged from 6.28 ind/100 m3 (January) to 696.72 ind/100 m3 (February), with
significantly higher values at station S1 during flood tide (F = 13.35; p < 0.05) (Figure 3). The
highest abundances occurred during the rainy season, especially for members of Sciaenidae
at station S1 and Clupeidae at station S2. During the dry season, Engraulidae presented the
highest abundances at both sampling stations. Specific diversity at station S1 ranged from
0.00 to 3.07 (both in June), while at station S2, diversity values ranged from 0.00 (February,
June, and July) to 2.51 (April). Evenness ranged from 0.00 (June) to 0.91 (September) at
station S1, while at station S2, it varied from 0.00 (February, June, and July) to 1.00 (July).
Although no significant spatial or temporal differences were detected for either variable,
slightly higher values were recorded during high tides.

Regarding species abundance, R. amazonica presented values ranging from 1.28 to
197.35 ind/100 m3 at station S1 and from 0.00 to 420.15 ind/100 m3 at station S2, with signif-
icantly higher values during flood tides at station S1 (F = 5.59; p < 0.05). A. clupeoides was the
second most abundant species, with abundances ranging from 0.00 to 293.37 ind/100 m3

at S1 and from 0.00 to 132.37 ind/100 m3 at S2. S. stellifer presented values ranging from
0.00 to 299.37 ind/100 m3 at S1 and from 0.00 to 14.23 ind/100 m3 at S2, with significantly
higher values during flood tides at S1 (F = 10.30; p < 0.05). S. microps was also observed
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in high abundances, with values ranging from 0.00 to 163.29 ind/100 m3 at S1 and from
0.00 to 18.98 ind/100 m3 at S2. G. guavina ranged from 0.00 to 122.55 ind/100 m3 at S1 and
from 0.00 to 13.45 ind/100 m3 at S2, while M. meeki ranged from 0.00 to 42.89 ind/100 m3

at S1 and from 0.00 to 75.16 ind/100 m3 at S2.

Figure 3. Overall abundance (ind/100 m3) of larvae and juvenile fish at stations 1 (S1) and 2 (S2)
during the study period (F − E = Flood and Ebb tides, respectively).

3.3. Assemblage Structure

The cluster analysis based on the Bray–Curtis similarity index (64.2%) revealed two
major groups of samples. Group 1 was composed primarily of samples from station S1,
along with a single sample from station S2, and included observations from both the
rainy and dry seasons, indicating strong similarity among most S1 samples regardless of
seasonal conditions. Group 2 consisted mainly of samples from station S2 and also included
observations from both seasonal periods. Within this second group, a small subset was
formed exclusively by dry-season samples, while another subset contained samples from
both seasons, with a predominance of rainy-season observations. Overall, the analysis
suggests that the separation of samples is driven more by spatial differences between
stations than by seasonal variation, although a minor seasonal subdivision is still apparent
within Group 2 (Figure 4).

The ANOSIM indicated significant differences between sampling stations and be-
tween seasonal periods, with more pronounced differences observed between the sampling
stations (R = 0.415; p = 0.001) than between seasonal periods (R = 0.222; p = 0.007). The
SIMPER analysis revealed the characteristic species in both stations (S1 and S2), but their
contributions (%) varied between stations. At station S1, R. amazonica (24.4%), S. stellifer
(18.7%), and A. clupeoides (17.2%) made the greatest contributions. In contrast, at station S2,
although R. amazonica (52.4%) remained prominent, A. clupeoides (21.1%) and S. stellifer
(11.4%) shifted their positions. Regarding the seasonal periods, R. amazonica (42.8%) con-
tributed the most to the formation of the rainy-season group, followed by S. stellifer (24.4%)
and A. clupeoides (12.3%). In the dry-season group, A. clupeoides (32.3%), R. amazonica
(28.8%), and M. meeki (18.1%) exhibited the largest contributions.
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Figure 4. Dendrogram of Hierarchical Clustering between samples collected at station S1 (circles)
and at station S2 (squares) within the Taperaçu Estuary during the study period.

3.4. Correlation Between Biotic and Abiotic Variables

The Spearman correlation coefficient analysis (Table 2) revealed significant negative
correlations (p < 0.05) between total larval abundance and salinity. Conversely, M. meeki
and evenness were significantly and positively correlated with salinity (p < 0.001; p < 0.05)
and temperature (p < 0.05; p < 0.05). The abundance of R. amazonica and diversity both
showed significant positive correlations with turbidity (p < 0.01; p < 0.05). Additionally,
the abundances of S. stellifer and diversity displayed significant negative correlations with
dissolved oxygen concentrations (p < 0.01; p < 0.05).

Table 2. Spearman Correlation Coefficients among the four most representative species and abun-
dance, diversity and evenness.

Temperature Salinity pH Turbidity DO

Abundance 0.00 −0.28 * −0.01 0.26 −0.27
Diversity 0.15 0.02 −0.06 0.40 ** −0.31 *
Evenness 0.30 * 0.29 * 0.01 0.05 0.00
R. amazonica 0.11 −0.18 0.00 0.28 * −0.25
A. clupeoides 0.21 0.15 −0.08 0.15 −0.02
S. stellifer 0.00 −0.22 0.03 0.26 −0.38 **
M. meeki 0.36 * 0.59 *** −0.20 −0.16 0.10

* p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. Canonical Analysis of Principal Coordinates (CAP)

The Canonical Analysis of Principal Coordinates (CAP) revealed a clear separation
of samples along both canonical axes. Along CAP1 (20.5%), samples from station S1 were
positioned mainly on the left side of the ordination, whereas samples from station S2
clustered on the right. CAP2 (4.4%) distinguished the seasonal periods, with rainy-season
samples (blue) occurring predominantly in the upper quadrants and dry-season samples
(red) concentrated in the lower quadrants. The species R. amazonica, A. clupeoides, S. stellifer,
S. microps, and G. guavina occupied distinct regions of the ordination space, reflecting
their association with different sample groups. Environmental vectors indicated that
temperature and salinity aligned with the right side of CAP1, while turbidity was oriented
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toward the left. pH showed a moderate positive association with the upper portion of
CAP2. The CAP ordination, therefore, revealed spatial and seasonal differentiation among
samples (Figure 5).

Figure 5. Canonical Analysis of Principal Coordinates (CAP) using Bray–Curtis Dissimilarity with
Environmental Predictors. The black squares represent the name of the species; * p < 0.05.

4. Discussion
In the Amazon coastal zone, rainfall variations commonly exert an important influence

on abiotic and biotic variables [81–84]. The oscillations observed in the abiotic variables
throughout the year were more pronounced between the different seasonal periods [58,85].
The present study corroborates the observations made by [57], who, based on long-term
climate data, identified two well-defined seasonal periods for this region (dry and rainy).
Displacements of the Intertropical Convergence Zone (ITCZ), which migrates between
hemispheres throughout the year, determine the increase or decrease in rainfall volume,
resulting in a rainy period during the first semester and a dry period during the sec-
ond [85–87]. However, during the study period, precipitation values were higher than the
historical average for the previous 35 years, consistent with the La Niña event recorded
in 2008 [80]. Among the environmental factors, salinity showed the greatest fluctuations
between seasons.

Salinity is one of the main environmental drivers determining the composition and diver-
sity of fish larvae communities, as widely documented in estuarine systems [17,20,25,88–92].
In the present study, the number of recorded taxa was higher than that reported by [19] for São
Marcos Bay (MA), where salinity remained relatively stable (20.3–21.1). Higher variability in
salinity, such as that observed in the Taperaçu Estuary and in the tidal channels of the Curuçá
Estuary (8.6–40) [29], tends to promote greater species turnover and, consequently, higher
richness, because different taxa are adapted to distinct salinity ranges. In contrast, the salinity
regime in the Caeté River Estuary (0–39) [27,92,93] is broader than in our study area, yet
methodological differences—particularly the larger sampling effort in those studies—likely
contributed to the higher richness reported there. Although salinity plays a central role, other
factors such as local geomorphology, environmental productivity [94], and the physiological
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tolerances of the regional fish fauna [95,96], as well as additional environmental gradients [97],
also influence the occurrence and distribution of early-life stages.

Freshwater discharge can be responsible for seasonal variations in ichthyoplankton
composition and abundance in estuarine environments, substantially changing the larval
and juvenile fish community [98], indicating that river inflow can play an important role
in the structure of fish communities in estuaries [25,99]. In the present study, the highest
abundances were observed during the rainy season, as previously reported by [100] in
the Mucuri River estuary (BA) and by [40] in Guanabara Bay (RJ). Our results suggest
that this pattern is directly related to food availability, since the highest concentrations of
suspended particulate matter and zooplankton tend to occur during this same period in
the study estuary [82], especially small copepod species [61,82,83] commonly consumed
by fish larvae. According to [101], synchronization between reproduction and plankton
production cycles may be crucial for larval survival. In tropical regions, spawning peaks
are not as well defined as in temperate regions. Despite the typically small temperature
variation (≈2 ◦C) throughout the year in tropical estuaries, this factor generally does not
have a significant impact on the structure of local larval fish communities [100].

The highest larval abundance recorded in the innermost region of the estuary cor-
roborates findings reported for other Brazilian estuarine regions [27,43,92,102] and for
other tropical and subtropical areas worldwide [20,98,103–105]. The difference in larval
abundance between stations (S1 and S2) in the present study could be a result of the
lower current intensities observed at the innermost station (S1). According to [59], in the
outer portion (station S2) of the Taperaçu Estuary, the strongest current speeds prevail,
while the opposite occurs in the innermost sectors. Differences in current intensity along
the estuary can interfere with both the distribution of fish larvae and the efficiency of
sampling methods [27], resulting in a higher escape of larvae in sectors where currents
are stronger. Conversely, less turbulent waters and the greater structural complexity of
mangrove vegetation [29] promote larval retention, as observed at S1.

In the present study, the principal families were Clupeidae, Engraulidae, and Sci-
aenidae. Species from these families are euryhaline and tend to have a wide distribution
along turbid estuarine environments throughout their life cycle [10,27,92]. According
to [39], larval fish communities in Brazilian estuaries are commonly structured by Sci-
aenidae, Engraulidae, Clupeidae, and Gobiidae. In our results, only Gobiidae was not
abundant, despite the notable contribution of M. meeki at S2. These three families were
also dominant in previous studies along the Brazilian coast [19,27,40,92,106] and in other
coastal ecosystems worldwide [14,17,25,107]. This indicates that these families can occur in
environments with wide variations in salinity and temperature, depending on the tolerance
and/or preference of each species.

The combined results of the cluster and CAP analyses reveal a clear spatial and
seasonal organization of larval fish assemblages along the estuarine gradient, consistent
with patterns described for tropical and subtropical estuaries [108]. The cluster analysis
showed two major groups rather than multiple subdivisions. Group 1 was composed
primarily of samples from station S1, including observations from both the rainy and dry
seasons, indicating that conditions at the inner, low-salinity station remain relatively stable
across seasonal periods. Group 2 consisted mainly of samples from station S2 and also
included observations from both seasons. Within this second group, a small subset was
formed exclusively by dry-season samples, while another subset contained samples from
both periods, with a predominance of rainy-season observations. These patterns indicate
that the separation of samples is driven more by spatial differences between stations than by
seasonal variation, although a minor seasonal subdivision is still apparent within Group 2.
The CAP ordination was consistent with these patterns, separating stations along the
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salinity–temperature axis, with S2 aligning with higher salinity and temperature and S1
associated with higher turbidity.

Species distributions in the CAP ordination showed contrasting associations with the
main environmental gradients. R. amazonica and A. clupeoides were positioned on the right
side of the ordination, closely aligned with the salinity and temperature vectors, suggesting
an affinity for more saline and warmer conditions, as commonly reported for clupeids and
engraulids in tropical estuaries [109,110]. In contrast, S. microps, S. stellifer, and G. guavina
occupied the left side of the ordination, in the direction of the turbidity vector, indicating
an association with more turbid, river-influenced waters, a pattern consistent with the
ecology of sciaenids and estuarine residents in Neotropical systems [21,111]. These spatial
arrangements point to a differentiation of species along the salinity gradient and show
that larval assemblages respond to fine-scale environmental variation within estuarine
habitats [108].

Seasonal dynamics further supported these spatial patterns. During the rainy sea-
son, increased freshwater discharge reduced the salinity gradient and brought together
rainy season samples from S2 in both analyses, indicating temporary homogenization of
environmental conditions across the estuary. Such seasonal compression of environmental
gradients is a known driver of larval dispersal and retention in estuarine systems [13,108].
In the dry season, the gradient intensified, and S2 samples split into distinct subgroups
associated with higher salinity and stronger marine intrusion, consistent with enhanced
penetration of marine waters during periods of reduced river flow [112]. These hydrological
shifts were reflected in species-specific seasonal patterns: Clupeidae and Sciaenidae were
more abundant during the rainy season, whereas Engraulidae increased during the dry
season, reflecting reproductive timing and recruitment pulses described for these families
in tropical estuaries rather than strict salinity preferences [21,113].

Together, the multivariate patterns indicate that larval distribution is shaped by the
interplay between freshwater inflow, tidal forcing, and the estuarine salinity gradient, which
regulate larval retention, transport pathways, and the relative contribution of estuarine
resident versus marine-derived species. This set of results emphasizes the dynamic nature
of estuarine nursery habitats and shows the importance of hydrological variability in
structuring early-life stage fish assemblages.

Species diversity at station S1 was slightly higher during the late rainy season
(May–June) and early dry season (July), while at station S2 the highest values were
found during the early and mid-rainy season. Previous studies in the neighboring
Caeté Estuary [92] showed diversity to be 1.5 times higher in the early rainy season com-
pared to the early dry season, with higher values in the upper estuary, as observed in
the present study. According to those authors, salinity oscillations in the lower estuary
are responsible for changes in diversity. It is possible that these contrasting results are a
consequence of the absence of river inflow in the Taperaçu Estuary [59], which may delay
salinity reduction in the upper estuary (S1), a process that usually occurs only after up-
stream floodplain filling. However, the recruitment of fish larvae in the upper estuary (S1),
as proposed by [102] for the Caeté Estuary, also seems to occur in the Taperaçu Estuary.
This may result from larval displacement to avoid predation in more saline waters [27,28]
and to find suitable settlement areas with high food availability [92].

In previous studies conducted in the Caeté Estuary, evenness increased with rising
salinity, independent of the estuarine sector, showing the highest values during the early
dry season [92]. In the Taperaçu Estuary, this variable did not show significant differences
between sectors or throughout the study period, although positive and significant corre-
lations were found between evenness and temperature and salinity, indicating that these
factors influence larval distribution.
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Ecological guilds included brackish (E—estuarine species), marine (M—marine), and
brackish/marine (E-M—estuarine–marine) species, with no freshwater organisms identi-
fied during the surveys and marine species being the most representative. Similar results
were found in estuaries dominated by high-salinity waters [8], but contrasting patterns have
been reported in other estuarine regions, where greater abundance of estuarine species [114],
estuarine–marine species [26,47], or proportional distribution among guilds [25] has been
recorded. These results indicate the importance of the Taperaçu Estuary for the recruitment
of marine fish larvae, showing that its high salinities throughout the year, both horizontally
and vertically, and especially during the dry season [61,65,81,82], favor the development of
larvae belonging to this guild. Previous studies have shown that heterogeneous distribu-
tion of larval fish guilds is associated with high variation in environmental variables [25],
indicating that the spatial and temporal dynamics of the larval fish assemblage are condi-
tioned by such variations, which is consistent with the limited variability observed in our
study. Even during the rainy season, salinity remains relatively high in the upper estuary.
This results from morphological and morphodynamic characteristics such as the effective
absence of fluvial discharge, the small catchment area, shallow depths, and strong tidal
currents, which favor constant horizontal and vertical mixing of the water column [59].

The species R. amazonica, A. clupeoides, S. stellifer, and M. meeki were dominant compo-
nents of the local larval fish community, both in terms of relative abundance and frequency
of occurrence. The relative abundance of these species was directly related to their prefer-
ential habitat, as they are resident species that complete their entire life cycle within the
estuary. The other species recorded in the present study are marine, and their larvae are
transported to coastal and estuarine areas through tidal currents [115]. Therefore, it can
be inferred that most species recorded in the Taperaçu Estuary can be considered casual
(non-resident species), although resident species were the most abundant and represent an
important food resource for the riparian extractive population.

The elapsed time between the collection of ichthyoplankton samples and the present
analysis inevitably raises questions about the representativeness of the data in relation
to current ecological conditions. Ichthyoplankton communities are known to exhibit
strong interannual variability driven by hydrological cycles, climatic oscillations, and
anthropogenic impacts [116,117]. Long-term studies have demonstrated that fluctuations
in river discharge, temperature, and nutrient availability can significantly alter spawning
intensity and larval survival, thereby reshaping community composition over time [118].
Recent studies also confirm that climate change and altered hydrological cycles continue to
reconfigure ichthyoplankton communities, with estuarine and coastal systems showing
marked responses to temperature anomalies and freshwater inflows [119]. Consequently,
while our dataset provides a robust snapshot of ichthyoplankton assemblages at the time
of collection, it must be interpreted as a historical baseline rather than a direct reflection of
present-day dynamics. Moreover, international surveys emphasize that ichthyoplankton
remain a key indicator group for assessing recruitment success and ecosystem resilience,
particularly in regions where historical data are scarce [120]. This baseline is nonetheless
critical, as ichthyoplankton in the study area remain poorly documented, and historical
records are indispensable for detecting long-term trends and evaluating the impacts of
environmental change. Thus, although ecological shifts may have occurred since the
sampling period, the dataset retains high relevance by filling a major knowledge gap and
providing a foundation for future comparative analyses.

5. Conclusions
According to our results, the Taperaçu Estuary can be characterized as a dynamic

system in which spatial differences between the inner and outer sectors play a primary
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structuring role, while seasonal variation modulates these patterns, rather than a spatially
homogeneous environment—most notably during the dry season, when the absence of
direct freshwater inflow enhances the dominance of marine conditions. In this system,
fluctuations in abiotic variables, particularly salinity, are closely linked to regional rainfall
seasonality and directly influence the occurrence, distribution, and abundance of the local
ichthyoplankton community.

Throughout the study period, marked spatial differences in larval abundance were
observed between sampling stations, with the highest values consistently recorded in the
innermost region (S1). This finding reinforces the importance of upper estuary sectors of
eastern Amazonian systems as areas of spawning, colonization, and larval development.
These inner estuarine zones likely contribute to the subsequent dispersal of early-life stages
of both economically and non-economically important fish species exploited by artisanal
fisheries within the estuary and adjacent coastal environments.

The present results also support the ecological relevance of the studied Extractive
Reserve (Resex), as well as other protected areas along the Amazonian coast, as critical
habitats for the refuge and development of fish larvae. Given the strong influence of hy-
drological variability on larval dynamics and the predominance of marine-derived larvae
in this high-salinity estuary, continued monitoring and conservation of these environ-
ments are essential to ensure the maintenance of recruitment processes and the long-term
sustainability of local fisheries resources.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/oceans7030050/s1, Supplementary Material Figure S1: Box plot comparing
the distributions of values for environmental variables and abundance between stations 1 and 2, and
seasons (rainy and dry periods).
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