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ARTICLE INFO ABSTRACT
Keywords: Estuaries are spatiotemporally dynamic environments that structure biological communities in a complex
Community ecology manner. We investigated how the taxonomic and functional structures of the fish fauna in estuaries along the

Estuarine fish
Estuarine guild
Northeastern Brazil
Trophic guild

Brazilian semiarid coast (BSC) vary between estuarine zones and seasons. Standardized collection methods
sampled fish in five estuaries of the BSC. Each species was categorized by trophic guild and estuarine use guild,
and fish-estuary association score (FEAS). Non-metric multidimensional scaling (nMDS) analyzed species and
trophic guild compositions according to zone and season. PERMANOVA tested differences among groups. Sim-
ilarity percentage (SIMPER) analysis and the relative preference index (RPi) identified the species and trophic
guilds that contributed most to group distinction (lower zone versus upper zone, and dry season versus rainy
season). In total, 113 fish species were recorded. The most representative estuarine use guilds were marine
migrants and estuarine. Among the nine trophic guilds, the most representative were detritivores, omnivores,
opportunists, macrocarnivores, and zoobenthivores. Taxonomic (species composition) and functional (trophic
guilds) approaches revealed both spatial and temporal differences. The functional approach using FEAS detected
spatial variation of small magnitude and indicated temporal homogeneity. Thus, there is substantial taxonomic
and functional heterogeneity considering approaches from species, estuarine use guilds, and trophic guilds.

1. Introduction seagrass meadows, which provide shelter, feeding opportunities, and
enhanced survival for juvenile and adult fish (Barletta et al., 2005;

Estuaries are dynamic and productive ecosystems that serve as key Atwood et al., 2012; zu Ermgassen et al., 2025). Estuaries, as transitional
spawning and nursery grounds for numerous fish species (Beck et al., systems between freshwater and marine environments, sustain complex
2001; Sales et al., 2018). Their ecological importance largely stems from ecological gradients driven by fluvial and tidal dynamics, which shape
their connectivity with adjacent habitats such as mangroves and the spatial and temporal organization of fish assemblages (Whitfield,
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1999; Blaber, 2000; Pichler et al., 2015). Thiel et al. (1995) reported
that salinity is the best predictor of species richness in estuaries, whereas
temperature is a better predictor of species abundance patterns. How-
ever, temperature is rarely a structuring factor in tropical areas, as it
remains relatively stable throughout the year (Blaber, 2000; Aratjo
et al., 2002).

Estuarine ecosystems are often subdivided into longitudinal zones
based on geomorphological characteristics and the influence of marine
and freshwater inputs (Barletta et al., 2005; Day Jr. et al., 2013; Barletta
et al., 2017). These zones experience highly dynamic environmental
conditions, particularly regarding salinity—a key variable that struc-
tures fish communities in estuarine systems (Martino and Able, 2003;
Selleslagh and Amara, 2008). The ecological requirements and physio-
logical tolerance of species determine the zoning patterns observed
within fish assemblages (Whitfield, 1999; Jaureguizar et al., 2003).
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While some fish species exhibit broad salinity tolerance and occur across
all zones, others show clear spatial preferences (Neves et al., 2011).
Seasonal hydrological changes also play a fundamental role in shaping
the structure of estuarine fish communities (Akin et al., 2005; Lewis and
Cook, 2023). Taxonomic patterns of estuarine fish assemblages largely
reflect the presence of freshwater species capable of colonizing these
environments during the rainy season, when salinity decreases, as well
as by marine species that enter estuaries during the dry season, when
salinity increases, or during specific ontogenetic stages, particularly the
juvenile stage (Beck et al., 2001; Elliott et al., 2007; Sosa-Lopez et al.,
2007). Such spatiotemporal dynamics underlie the remarkable biodi-
versity of estuaries (Whitfield, 1999; Jaureguizar et al., 2003).

In addition to taxonomic approaches, the use of ecological
guilds—particularly trophic and estuarine-use guilds—has gained
prominence as a complementary tool for describing community
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Fig. 1. Fish fauna sampling points in the lower and upper zones of the Aracatimirim, Chord, Curu, Malcozinhado, and Pacoti Estuaries, on the Brazilian semi-

arid coast.
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structure and function (Harrison and Whitfield, 2008; Nicolas et al.,
2010; Harrison and Whitfield, 2025). The combination of traditional
taxonomy with a functional approach provides a more holistic under-
standing of the structure of biological communities (Franco et al., 2008).
Functional classifications facilitate a more integrative understanding of
ecological roles, enabling the identification of patterns in resource use
and habitat association that may not be evident from species composi-
tion alone (Blaber, 2000; Blondel, 2003; Franco et al., 2008). Further-
more, functional metrics are increasingly recognized as valuable
indicators of ecosystem health and resilience, supporting monitoring
and management efforts in estuarine environments (Mathieson et al.,
2000; Elliott et al., 2007). Despite the growing interest in functional
approaches, few studies have evaluated how both taxonomic and func-
tional compositions of fish assemblages vary across longitudinal estua-
rine zones and seasonal cycles, particularly along semiarid tropical
coasts, where environmental fluctuations and estuarine productivity are
highly variable (Tweedley et al., 2019; Soares et al., 2021).

Thus, we hypothesize that fish assemblages exhibit distinct taxo-
nomic and functional structures depending on the estuarine zone and
season in estuaries along the Brazilian semiarid coast (BSC). This study
aimed to describe the spatial and seasonal variation of fish assemblages
in estuaries along the BSC, with a focus on species composition, trophic
guilds, and estuarine-use guilds (using the fish-estuary association
scoring approach; Harrison and Whitfield, 2021). We seek to enhance
our understanding of estuarine fish diversity and the ecological pro-
cesses governing community dynamics in tropical estuarine ecosystems
along the BSC.

2. Material and methods
2.1. Study area

The estuaries of the Aracatimirim, Choro, Curu, Malcozinhado, and
Pacoti are part of the BSC (Fig. 1), a macro-geomorphological region on
the northeast coast of Brazil between Ponta dos Mangues Secos in
Maranhao State (western limit) and Cabo do Calcanhar in Rio Grande do
Norte State (eastern limit) (Soares et al., 2021). BSC has estuaries prone
to inverted hydrological regimes, characterized by limited freshwater
contributions from continental drainage during part of the year (dry
season, from July to December), which can result in higher salinity
levels compared to the adjacent ocean (Potter et al., 2010; Largier,
2023). Additionally, river flows are, in part, regulated by reservoirs
along their watersheds (Molisani et al., 2006). The region has a tropical
climate with a dry summer (type ’As’), characterized by an average
annual precipitation range of 1000-1300 mm, and moderate to low
water deficiency. However, most of the watershed areas of the estuaries
are in semiarid climate zones (type “BSh™), characterized by high water
deficits (approximately 800 mm annually) (Alvares et al., 2014). The
Intertropical Convergence Zone is responsible for establishing the rainy
season in the region from February to May (Zanella, 2005). The BSC
experiences semi-diurnal tides, ranging from 0.0 to 3.0 m, which are
mesotidal according to McLusky and Elliott (2004).

2.2. Sampling

Fish sampling was conducted in each estuary (Aracatimirim: March,
2019; May, 2019; October, 2019; December, 2019; Choré and Curu:
November, 2021; February, 2022; May, 2022; September, 2022; Mal-
cozinhado: March, 2019; May, 2019; October, 2019; December, 2019;
Pacoti: December, 2014; May, 2015; June, 2015; September, 2015),
with two collections conducted during the dry season and two during the
rainy season. Sampling at Choré and Curu included six points (three in
the lower zone and three in the upper zone), whereas the remaining
estuaries were sampled at four points (two per zone), covering the es-
tuaries longitudinally (Fig. 1). The lower zone consisted of estuarine
stretches with salinity values similar to the sea (35—37) more frequently
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over time; predominantly sandy and silty substrates; and generally
wider estuarine widths. The upper zone, still under tidal influence, was
characterized by freshwater during the rainy season; a predominance of
silty and clayey substrates; and narrower channel widths.

Fish captures were standardized using a beach seine net (25 m X
2 m, mesh size 12 mm) and a cast net (3.5 m, mesh size 25 mm). Seine
net tows targeted coastal areas up to 1.5 m deep, while cast net sampling
was conducted at depths ranging from 1.0 to 3.5 m. Each tow covered
approximately 200 m? (A = D x L, where A is the area, D is the distance
from shore [10 m], and L is the effective net length [20 m]), and each
cast of the net sampled a circular area of 10 m? (nr?). The number of
individuals per species was divided by the number of seine tows and cast
net throws, yielding densities expressed in individuals per square meter.
Data from both devices were then compiled into standardized abun-
dance units (individuals/100 m?). All sampling occurred during neap
tides, in daylight hours between the midpoint of ebb and flood tides.
Specimens were anesthetized with clove oil and fixed in 10 % formalin,
and after 48 h, preserved in 70 % alcohol. Collections were authorized
by ICMBio/SISBio (Licenses #43014, 64269, 87874). Concurrently with
fish sampling, salinity was measured at the water surface using a
refractometer and classified as hyperhaline (>40), euhaline (30-39),
polyhaline (18-29), mesohaline (5-17), oligohaline (0.5-4), and
limnetic (<0.5) (McLusky and Elliott, 2004).

2.3. Data compilation

Fish species were classified according to their use of the estuarine
environment as marine stragglers (MS), marine migrants (MM), estua-
rine (ES), diadromous (DI), freshwater migrants (FM), and freshwater
stragglers (FS) (Potter et al., 2015; Harrison and Whitfield, 2021).
Species were assigned to trophic groups as detritivores (DT), herbivores
(HV), planktivores (PL), insectivores (IN), zoobenthivores (ZB), omni-
vores (OV), opportunists (OP), macrocarnivores (MV), and piscivores
(PV) (adapted from Elliott et al., 2007). Detritivores fish feed on detritus
and microphytobenthos; herbivores consume macroalgae/macrophytes;
planktivores predominantly consume phytoplankton and zooplankton;
insectivores primarily feed on aquatic and terrestrial insects; zooben-
thivores predominantly consume marine or estuarine benthic in-
vertebrates; omnivores consume both plant material and benthic
invertebrates or resources from different trophic levels, even if they do
not include primary producers; macrocarnivores consume benthic
macrofauna and fish in similar proportions; piscivores consume fish but
may also consume other prey to a lesser extent; and opportunists have a
broad diet that does not fit into the other categories (Elliott et al., 2007).
Species were classified into these categories based on estuarine fish
trophic literature and body size, as species may exhibit changes in tro-
phic resource use depending on their ontogenetic stage.

2.4. Data analysis

Abundance data (density in individuals/100 m?) were converted into
dissimilarity matrices with the Bray-Curtis index for non-metric multi-
dimensional scaling (nMDS) analyses, to examine spatial and seasonal
variations in species and trophic guild composition. Multivariate Anal-
ysis of Variance Based on Distances and Permutations (PERMANOVA)
determined whether the assemblage structure differs between estuarine
zones (lower vs upper) and over time (dry vs rainy season). Finally, the
Relative Preference index (RPi) (for species and trophic guilds) and
analysis of similarity percentage (SIMPER) (for trophic guilds) identified
the key species and trophic groups responsible for differentiating local
assemblages across space and time.

Given SIMPER’s limitations in detecting patterns in communities
with a high proportion of rare species, we calculated an RPi for each
species across estuarine zones and seasons. The index was defined as (A;
—A2)/(A; + A), where A; and A, represent the species’ abundances in
the lower and upper zones, or during the dry and rainy seasons,
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respectively. Values close to +1 indicate a strong preference for the
lower zone (or dry season), while values close to —1 indicate a prefer-
ence for the upper zone (or rainy season). We considered a species to
have a preference when the index was > |0.40|, which represents at
least 2.33 times higher abundance in one zone or season. RPi was also
calculated to determine the preferences of trophic guilds across zones
and seasons.

Based on the classification of species into estuarine habitat-use guilds
(MS, MM, ES, DI, FM, FS), the fish estuary-association score (FEAS)
database, provided by Harrison and Whitfield (2021), was used to
compare estuarine zones and seasons. At each sampling point within the
estuaries, an overall fish estuary-association score (S-FEAS) was
computed. In this procedure, each species was assigned a FEAS value
(Harrison and Whitfield, 2021), and a general index for each sampled
point over time was calculated (S-FEAS) with abundance weighting.
That is, the S-FEAS at each sampling point is the sum of all species’ FEAS
values multiplied by their respective relative abundances. Fish assem-
blages dominated by freshwater species will have S-FEAS values tending
to 1.0, while assemblages dominated by typical marine species will have
S-FEAS values tending to 5.0. Accordingly, we have 16 S-FEAS values for
the Aracatimirim, Malcozinhado, and Pacoti Estuaries (four collections x
four sampled points) and 24 values for the Choré and Curu Estuaries
(four collections x six sampled points). S-FEAS values for sampled points
within the same estuarine zone were compiled to compare means in
space (Aracatimirim, Malcozinhado, and Pacoti: eight values in the
lower zone and eight values in the upper zone; Choré and Curu:
12 x12). The same was done for S-FEAS values for each season (Ara-
catimirim, Malcozinhado, and Pacoti: eight values in the dry season and
eight in the rainy season; Chor6 and Curu: 12 x12). Sample S-FEAS
values were compared through a permutation t-test based on 1000 it-
erations. Each sampled point of the ichthyofauna was also associated
with a salinity value and an S-FEAS value. ANOVA was used to compare
mean S-FEAS values of each assemblage across salinity groups: hyper-
haline, euhaline, polyhaline, mesohaline, oligohaline, and limnetic
(McLusky and Elliott, 2004). All analyses were performed using R soft-
ware (R Core Team, 2025).

3. Results
3.1. Characterization of the ichthyofauna

In total, 113 fish species were collected, belonging to 50 families and
23 orders (Table A.1). Marine migrant species were the most numerous
and had the highest abundance (61 species; 64.8 % of the total abun-
dance), followed by the estuarine guild (18 species; 26.7 % of the total
abundance) (Table A.1; Fig. A.1). Freshwater migrant species comprised
six species (4.0 % total abundance), marine stragglers comprised 16
species (3.2 % total abundance), diadromous species comprised only
two species (1.0 % total abundance), and freshwater stragglers
comprised ten species (0.3 % total abundance) (Table A.1; Fig. A.1).
Most of the species were macrocarnivores (43 species; 14.3 % total
abundance), yet the most abundant trophic guild was detritivore
(22.6 % total abundance, nine species), followed by omnivores with
20.1 % of the total abundance (21 species), and opportunists with
18.6 % of the total abundance even though they comprised only two
species (Table A.1; Fig. A.1); zoobenthivores with 12.3 % of the total
abundance (23 species), planktivores 11.5 % (nine species), piscivores
0.5 % (three species), herbivores 0.1 % (two species), and insectivores
0.01 % of the total abundance (one species) (Table A.1; Fig. A.1).
Twenty-one species were the most abundant, with at least 1 % relative
abundance (Fig. A.2), of which the majority are marine migrants (15),
followed by estuarine species (four) and freshwater migrants (two)
(Fig. A.2). However, regarding trophic guilds, there is a greater nu-
merical balance, with two to four species in each trophic guild, except
herbivore, insectivore, and piscivore that do not comprise the ranking of
the most abundant (Fig. A.2).
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3.2. Species and trophic guild composition in space and time

In general, 84 species occurred in the lower zone with a mean
abundance of 24.75 individuals/100 m? while 87 species occurred in
the upper zone with a mean abundance of 28.56 individuals/100 m?.
The dry season showed a total richness of 92 species and a mean
abundance of 29.99 individuals/100 m?, whereas the rainy season pre-
sented 93 species and 19.41 individuals/100 m? The estuaries exhibited
differences in species and trophic guild composition, as well as between
estuarine zones and seasons (Table 1; Fig. 2; Fig. A.3). There was also a
significant interaction between estuarine zone and season on the
composition of species and trophic guilds (Table 1; Fig. A.4; Fig. A.5).

Some families were more abundant in the lower zone: Acanthuridae
(Acanthurus bahianus), Atherinopsidae (Atherinella brasiliensis), Cyn-
oglossidae (Symphurus tessellatus), Dactylopteridae (Dactylopterus vol-
itans), Echeneidae (Echeneis naucrates), Haemulidae (four of five species:
Conodon nobilis, Haemulon atlanticus, Haemulon parra, and Haemulopsis
corvinaeformis), Hemiramphidae (Hyporhamphus unifasciatus), Labridae
(Sparisoma radians), Lutjanidae (Lutjanus spp., three of four species),
Ophichthidae (Myrichthys ocellatus), Parallichthyidae (Paralichthys bra-
siliensis), Pomacentridae (Abudefduf saxatilis), Scombridae (Scomber-
omorus cavalla), Scorpaenidae (Scorpaena plumieri), Sphyraenidae
(Sphyraena barracuda and S. guachancho), Syngnathidae (Hippocampus
reidi and Syngnathus pelagicus), Synodontidae (Synodus foetens), and
Triglidae (Prionotus punctatus). Carangidae had a greater number of
species more abundant in the lower zone (Oligoplites saurus, Selene
vomer, Trachinotus carolinus, T. falcatus), whereas O. palometa was more
abundant in the upper zone, and Caranx latus was evenly distributed
spatially. Dorosomatidae was also more abundant in the lower zone with
Harengula clupeola, Lile piquitinga, and Opisthonema oglinum, whereas
Rhinosardinia amazonica was more abundant in the upper zone (Fig. 3a).

Other families were more abundant in the upper zone: Achiridae
(Achirus spp. and Trinectes paulistanus), Batrachoididae (Batrachoides
surinamensis), Dasyatidae (Hypanus guttatus), Eleotridae (Dormitator
maculatus and Eleotris pisonis), Elopidae (Elops smithi ), Megalopidae
(Megalops atlanticus), Oxudercidae (Awaous tajasica, Ctenogobius spp.,
Evorthodus lyricus, Gobioides broussonnetii, Gobionellus spp.), and Poly-
nemidae (Polydactylus virginicus); along with, as expected, typical con-
tinental freshwater species from the families Acestrorhamphidae
(Astyanax bimaculatus and Moenkhausia costae), Anostomidae (Leporinus
piau), Auchenipteridae (Pseudauchenipterus nodosus), Callichthyidae
(Megalechis thoracata), Cichlidae (Astronotus ocellatus and Oreochromis
niloticus), Erythrinidae (Hoplias malabaricus), Poeciliidae (Poecilia retic-
ulata and P. vivipara), Prochilodontidae (Prochilodus brevis), Serra-
salmidae (Serrasalmus rhombeus), Synbranchidae (Synbranchus
marmoratus), and Triportheidae (Triportheus signatus) were also more
abundant in the upper zone (Fig. 3a).

Some families exhibited a more widespread distribution along the
estuaries (such as Ephippidae (Chaetodipterus faber) and Gobiidae
(Bathygobius soporator)), or with their species evenly distributed

Table 1

Effect of the estuary, estuarine zone, and season on species and trophic guild
composition (ind/100 m?). df: degrees of freedom, SS: sum of squares, R%
determination coefficient, F: F-value, p: p-value. In bold, significant p-values.

Species composition df SS R? F P
Estuary 4 4.522 0.145 4.33 0.001
Zone (lower vs upper) 1 2.365 0.076 9.06 0.001
Season (dry vs rainy) 1 0.670 0.021 2.56 0.007
Zone:Season interaction 1 0.557 0.018 2.13 0.013
Residual 88 22.976 0.739

Trophic guild composition df SS R? F P
Estuary 4 3.768 0.204 7.20 0.001
Zone (lower vs upper) 1 2.243 0.121 17.16 0.001
Season (dry vs rainy) 1 0.623 0.033 4.77 0.001
Zone:Season interaction 1 0.317 0.017 2.43 0.045

Residual 88 11.502 0.623
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between the two estuarine zones. Gerreidae showed a distribution
pattern in which Eucinostomus spp. were more abundant in the lower
zone, while Diapterus spp. and Eugerres brasilianus favored the upper
zone. A similar pattern was observed in Tetraodontidae, with S. greeleyi
preferring the lower zone, S. testudineus exhibiting a more homogeneous
distribution, and Lagocephalus laevigatus occurring predominantly in the
upper zone. The Mugilidae exhibited spatial differentiation among
species, with M. rubrioculus predominating in the lower zone, M. liza and
Mugil sp. confined to the upper zone, and M. curema and M. curvidens
displaying similar distributions across zones. In the Centropomidae
family, Centropomus undecimalis was similarly distributed among the
zones, while C. parallelus was more abundant in the upper zone. Within
Cyclopsettidae, Citharichthys spilopterus and Etropus crossotus were
similarly distributed across zones, whereas Citharichthys arenaceus was
more abundant in the upper zone. Sciaenidae Cynoscion leiarchus,
Micropogonias furnieri, Stellifer naso, and S. punctatissimus were more
abundant in the upper zone; Menticirrhus spp. and Larimus breviceps were
more abundant in the lower zone; and Cynoscion acoupa was similarly

distributed. Engraulidae presented Anchoviella brevirostris, A. lep-
identostole, Anchoa januaria, and Cetengraulis edentulus with more
abundance in the upper zone; Anchovia clupeoides and Anchoa hepsetus
with more abundance in the lower zone; and Lycengraulis grossidens was
similarly distributed. Finally, in Ariidae, Cathorops spixii and Sciades
parkeri exhibited a greater number of species with more abundance in
the upper zone, whereas Sciades herzbergii and S. proops were similarly
distributed among the zones (Fig. 3a).

Some families were more abundant during the dry season: Acan-
thuridae (A. bahianus), Anostomidae (L. piau), Cynoglossidae (S. tessel-
latus), Dactylopteridae (D. volitans), Dasyatidae (H. guttatus),
Dorosomatidae (H. clupeola, L. piquitinga, O. oglinum, R. amazonica),
Erythrinidae (H. malabaricus), Hemiramphidae (H. unifasciatus),
Ophichthidae (M. ocellatus), Poeciliidae (Poecilia spp.), Pomacentridae
(A. saxatilis), Scorpaenidae (S. plumieri), and Triglidae (P. punctatus).
Engraulidae and Mugilidae also had most of their species more abundant
during the dry season (Fig. 3b).

Families that were more abundant during the rainy season included
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Fig. 3. Relative Preference index (RPi) showing fish species preferences for estuarine zones (a) (lower zone: green; upper zone: brown; no preference: gray) and
seasons (b) (dry season: yellow; rainy season: blue; no preference: gray). RPi values can be found in Table A.2 and Table A.3.
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Auchenipteridae (P. nodosus), Batrachoididae (B. surinamensis), Cal-
lichthyidae (M. thoracata), Cichlidae (A. ocellatus, O. niloticus), Eche-
neidae (E. naucrates), Elopidae (E. smithi), Megalopidae (M. atlanticus),
Labridae (S. radians), Parallichthyidae (P. brasiliensis), Polynemidae (P.
virginicus), Prochilodontidae (P. brevis), Scombridae (S. cavalla), Serra-
salmidae (S. rhombeus), Synbranchidae (S. marmoratus), Synodontidae
(S. foetens), and Triportheidae (T. signatus) (Fig. 3b). Some families
exhibited a similar temporal occurrence in the estuaries: Atherinopsidae
(A. brasiliensis), Belonidae (Strongylura spp.), Centropomidae (Cen-
tropomus spp.), Cyclopsettidae (C. spilopterus and E. crossotus), Ephippi-
dae (C. faber), Gerreidae (D. auratus, E. brasilianus, and Eucinostomus
spp.), Gobiidae (B. soporator), and Syngnathidae (H. reidi, S. pelagicus)
(Fig. 3b).

Regarding trophic guild composition, only detritivores, opportunists,
and macrocarnivores showed significant differences between zones ac-
cording to SIMPER and RPi, with detritivores and macrocarnivores more
abundant in the upper zone, whereas opportunists were more abundant
in the lower zone (Table 2). RPi also showed differences between zones
for planktivores, herbivores, and piscivores (greater abundance in the
lower zone), and insectivores (upper zone, represented solely by fresh-
water straggler M. costae) (Table 2). Omnivores were also more abun-
dant in the upper zone, but without a significant difference (Table 2).
Omnivores indeed preferred the upper zone during the dry season;
however, their abundances were similar between zones during the rainy
season (Fig. 4). Zoobenthivores exhibited similar abundances between
zones (Table 2), but their abundances varied between zones depending
on the season (Fig. 4).

Omnivores and planktivores were significantly more abundant dur-
ing the dry season according to SIMPER and/or RPi (Table 2). However,
omnivores showed greater abundance during the dry season in the upper
zone while similar abundances in the lower zone (Fig. 4). Detritivores
were also more abundant in the dry season (RPi) but showed higher
abundance during the dry season in the upper zone, while their abun-
dances in the lower zone were similar (Table 2; Fig. 4). Opportunists
showed more abundance during dry season, but without significant
difference or preference (Table 2; Fig. 4). Zoobenthivores exhibited
similar abundances between the seasons (Table 2), however, showed
different abundances depending on the estuarine zone (Fig. 4). Macro-
carnivores were more abundant in the rainy season, but without a sig-
nificant difference or preference (Table 2), and showed higher
abundance during the rainy season in the upper zone, while similar
abundances in the lower zone (Fig. 4). Regarding the other guilds, pis-
civores and herbivores exhibited similar abundances between the

Table 2
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seasons (Table 2), but piscivores vary their preferences depending on the
zone (Fig. 4); and insectivores were exclusive to the rainy season
(Table 2).

3.3. S-FEAS in space and time

As expected, most marine stragglers were more abundant in the
lower zone and during the dry season. In contrast, diadromous, fresh-
water migrants, and freshwater stragglers preferred the upper zone and
tended to occur mainly during the rainy season (Table A.1). Most estu-
arine species showed a higher association with the upper zone. How-
ever, roughly half of them exhibited no clear seasonal pattern
(Table A.1). Finally, marine migrants were broadly distributed across
zones and seasons (Table A.1).

The estuarine zones exhibited a significant difference in the assem-
blage fish estuary association index (S-FEAS) (Fig. 5a); the lower zone
ranged from 2.99 to 4.39 (3.73 + 0.26), while the upper zone ranged
from 3.15 to 4.01 (3.58 £ 0.24). It is noteworthy that only the Malco-
zinhado Estuary showed a significant difference between the estuarine
zones when comparing the zones of each estuary individually (Fig. A.6).
Overall, spatial differences are greater than seasonal ones when
analyzing each zone and each season separately (Table A.6). S-FEAS
values did not differ between seasons (dry season: 3.67 + 0.29; rainy
season: 3.64 + 0.23) (Fig. 5b), even when comparing the seasons of each
estuary and each zone separately (Fig. A.7, Table A.6).

There was a difference in the S-FEAS values between stretches of
higher salinities (hyperhaline and euhaline) and the freshwater stretches
(limnetic) (Fig. 5¢). S-FEAS in hyperhaline and euhaline ranged from
3.30t0 4.39 (3.83 + 0.28) and 3.15-4.35 (3.74 + 0.24), respectively. S-
FEAS values decreased progressively, with polyhaline ranging from 2.99
to 3.96 (3.62 + 0.24) and mesohaline from 3.20 to 3.89 (3.58 & 0.27),
while limnetic stretches ranged from 3.16 to 3.90 (3.52 + 0.22). Only
one oligohaline point was recorded (S-FEAS = 3.71).

Salinity dynamics varied among the estuaries across both space and
time. Aracatimirim exhibited freshwater homogeneity during the rainy
season and saline homogeneity during the dry season, but no specific
pattern was evident in S-FEAS values (Table A.7). Chor6 Estuary lacked
coherence between the seasons and salinity gradients, showing a nega-
tive gradient in part during the dry season and in part during the rainy
season until it presented freshwater along its entire length in May (rainy
season) and a positive saline gradient in September (dry season)
(Table A.7). Curu Estuary also demonstrated temporal incoherence be-
tween the seasons and salinity gradients, with a positive saline gradient

SIMPER results for trophic guilds in each estuarine zone (lower/upper) and season (dry/rainy). Cumsum indicates the ordered cumulative contribution. Bold p-values
denote significant differences between groups (a = 0.05). Bold RPi values indicate preferences for zone and season (RPi > |0.40|).

Average abundance (individuals/100 m?)

Trophic guild Lower zone Upper zone
Detritivore (DT) 2.08 19.44
Opportunist (OP) 13.90 3.75
Omnivore (OV) 7.87 11.29
Macrocarnivore (MV) 3.84 9.72
Planktivore (PL) 8.44 2.47
Zoobenthivore (ZB) 6.74 4.98
Piscivore (PV) 0.38 0.09
Herbivore (HV) 0.05 -
Insectivore (IN) - 0.005

Dry season Rainy season
Opportunist (OP) 11.03 6.62
Detritivore (DT) 15.22 6.31
Omnivore (OV) 12.30 6.86
Planktivore (PL) 8.74 217
Macrocarnivore (MV) 4.56 9.00
Zoobenthivore (ZB) 5.43 6.30
Piscivore (PV) 0.17 0.31

Herbivore (HV) 0.024 0.026
Insectivore (IN) - 0.005

Cumsum p-value RPi Preference
0.223 0.001 -0.80 Upper zone
0.426 0.03 0.57 Lower zone
0.595 0.23 -0.18

0.737 0.01 -0.43 Upper zone
0.871 0.09 0.54 Lower zone
0.991 0.93 0.15

0.999 0.91 0.62 Lower zone
0.999 0.90 1.00 Lower zone
1.000 0.14 -1.00 Upper zone
0.206 0.08 0.25

0.408 0.43 0.41 Dry season
0.584 0.04 0.28 -

0.732 0.001 0.60 Dry season
0.870 1.00 -0.32 -

0.991 1.00 -0.07

0.999 0.99 -0.29

0.999 0.97 -0.04 -

1.000 0.99 -1.00 Rainy season
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Fig. 4. S-FEAS between (a) zones (lower x upper: z = 2.86; p = 0.007), (b) seasons (dry x rainy: z = 0.67; p = 0.485), and (c) salinity categories (hyperhaline: 40 or
greater, euhaline: 30-39, polyhaline: 18-29, mesohaline: 5-17, oligohaline: 0.5-4, limnetic: zero salinity; F = 4.04; p = 0.002, superscript letters indicate pairwise

differences considering a = 0.05).
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significant difference in SIMPER (p < 0.05) and/or a high Relative Preference index (Table A.4, Table A.5).

in November (dry season) and February (rainy season); it then showed
freshwater homogeneity in May (rainy season) and a positive gradient
still in September (dry season) (Table A.7). Malcozinhado and Pacoti
Estuaries were more consistent between salinity gradients and seasons.
The Malcozinhado Estuary exhibited a positive salinity gradient during
the rainy season, homogeneous salinity in October (dry season), and a
negative gradient in December (also during the dry season). However,
the S-FEAS values were not as divergent over time (Table A.7). Pacoti
Estuary showed a negative gradient in November (dry season), followed
by a positive gradient in May (rainy season) and saline homogeneity in
June (late rainy season) and September (dry season) (Table A.7).

4. Discussion

The estuaries of the BSC exhibit spatiotemporal variation in the
taxonomic and functional compositions of the ichthyofauna. The num-
ber of species and the diversity of functional groups contribute to the
complex dynamics of habitat occupation in response to environmental
variability. About 85 % and 70 % of species exhibited preferences for a
particular zone or season, respectively. Marine migrant and estuarine
species dominate the BSC estuaries, representing roughly 90 % of the
total abundance, while marine stragglers, diadromous, and freshwater
species exhibit clear spatial segregation. Regarding trophic aspects,
generalist species (opportunists, omnivores, and macrocarnivores)
accounted for 53 % of total abundance in BSC estuaries, yet all trophic
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guilds showed distinct spatiotemporal segregation. In addition, the as-
sociation of ichthyofauna with the estuary (FEAS approach) was
consistently intermediate/high throughout the year, ranging from
approximately 3.00-4.40. The main feature lies in the relative difference
in the S-FEAS between the estuarine zones, while seasonal differences
are minimal. Overall, substantial taxonomic and functional heteroge-
neity was evident when considering species, estuarine use guilds, and
trophic guilds.

S-FEAS values demonstrated significant differences between the
estuarine zones (with a mean difference of 0.15; values in the lower zone
were higher than in the upper zone), although the magnitude of this
difference was not substantial compared to other estuaries (Harrison and
Whitfield, 2021; for instance, Casamance Estuary showed a difference of
0.30). The lower zone presented slightly higher values, which may be
related to the predominance of marine species and the negligible pres-
ence of freshwater species. However, when comparing the zones for
each estuary individually, only the Malcozinhado River displayed a
significant spatial difference (3.64 lower vs 3.32 upper, mean difference
of 0.32). This indicates the functional homogenization of the estuaries of
the BSC regarding the use of the estuarine environment by the
ichthyofauna. Whether this process is inherent to the region or has been
intensified by climate change remains to be determined, especially
following a recent prolonged drought that increased functional redun-
dancy due to greater richness of marine-origin species (Gurgel-Lourenco
et al., 2023). On the one hand, spatial comparisons in the Casamance
Estuary spanned over 150 km (Kantoussan et al., 2012; Harrison and
Whitfield, 2021), whereas the BSC estuaries evaluated extended less
than 10 km, reflecting their much smaller size. Conversely, Belarmino
et al. (2021) observed decreased abundances of Atherinella brasiliensis in
southern Brazil, resulting from reductions in seagrass meadows associ-
ated with El Nino events. Excessive precipitation negatively affects these
vegetations, which provide essential substrates for silverside spawning.
In the BSC, the effect of El Nino is the opposite, promoting
below-average precipitation, which, in theory, would favor seagrass
meadows and, consequently, silversides. Atherinella brasiliensis was the
most abundant species in the estuaries of the BSC, potentially exempli-
fying one environmental factor shaping the assemblage based on this
single-species case.

Temporally, there were no differences regarding the association with
the environment by the ichthyofauna (S-FEAS mean difference of 0.03,
with values slightly higher in the dry season than in the rainy season).
This similarity between the seasons suggests that, despite seasonal
variations in species composition and trophic guilds, this functional
aspect of the estuarine communities of the BSC remains relatively stable
over time. Even in individual comparisons, no BSC estuary exhibited
temporal differences, contrasting with the Mhlanga Estuary in South
Africa, which showed pronounced seasonal variation: winter (dry sea-
son) had an S-FEAS of 3.41, whereas spring (rainy season) had 2.67,
representing a difference of 0.74 (Harrison and Whitfield, 2021). The
seasonal similarity in S-FEAS values within the BSC may stem from the
hydrodynamic complexity of these systems, which is influenced by both
seasonality and local factors such as riverine input and evaporation
(Molisani et al., 2006). Moreover, freshwater retention in watershed
reservoirs likely causes each estuary to exhibit unique dynamics, both
annually and interannually, depending on reservoir storage levels and
the timing of freshwater releases, as determined by water resource
management in each basin. At the beginning of the rainy season,
freshwater inflows are often insufficient to reduce estuarine salinity.
This phenomenon is particularly evident when typical dry-season
salinity gradients persist during the rainy season, as observed in the
negative gradient of the Chor6 Estuary and the high salinity homoge-
neity of the Curu Estuary. However, even when accounting for these
inconsistencies between the seasons and the salinity gradient, the dif-
ference between the seasons increased to only 0.06 (3.67 dry vs 3.61
rainy).

The zero-salinity homogeneity observed in some estuaries during the
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rainy season may indicate the strong freshwater influence during these
periods, which likely directly affects the composition of fish commu-
nities (Lewis and Cook, 2023). We observed a clear relationship between
salinity and S-FEAS at the sampling point level; higher-salinity cate-
gories exhibited distinct values compared to freshwater stretches.
Hyperhaline and euhaline stretches presented higher average S-FEAS
values, while polyhaline and mesohaline stretches showed intermediate
averages, and limnetic stretches exhibited the lowest average S-FEAS.
However, many S-FEAS values were shared or overlapped across almost
all salinity types. Furthermore, S-FEAS values were consistently above
3.00, even in freshwater, highlighting the dominance of estuarine and
marine species in these estuaries (Harrison and Whitfield, 2021).

The shallow-water estuarine fauna typically comprises numerous
marine species and relatively few freshwater taxa (Garcia and Vieira,
2001; Jung and Houde, 2003; Spach et al., 2004; Barletta and Blaber,
2007; Paiva et al., 2008; Pichler et al., 2015; Whitfield, 2015; Bot Neto
et al., 2023). In Australian estuaries, which also exhibit relatively uni-
form salinity, fish biomass is dominated by marine species, whereas in
Amazonian estuaries with higher freshwater runoff, the assemblages of
typically estuarine species dominate (Barletta and Blaber, 2007; Giar-
rizzo and Krumme, 2008). Resident estuarine species represented only
18 species (26.7 % total abundance) in BSC, of which only four were
among the most abundant. The resident estuarine fish species in the BSC
belong predominantly to marine-origin families and potentially com-
plete their entire life cycle within the estuarine environment (Potter
et al., 2015). Although estuarine species, such as A. brasiliensis, G. oce-
anicus, C. boleosoma, and A. achirus, were highly abundant and dominant
in the BSC, marine migrants were more abundant overall, particularly in
terms of species richness (61 species). In general, species capable of
completing their entire life cycles within estuaries represent a small
percentage compared to migratory species that frequent them (Day Jr.
et al.,, 2013; Potter et al., 2015). This lower representativity, when
compared to marine migrant species, is similar to patterns observed in
estuaries from Brazil and other regions of the world (Mathieson et al.,
2000; Lamberth and Turpie, 2003; Lobry et al., 2003; Franco et al.,
2008; Neves et al., 2008; Paiva et al., 2009; Selleslagh et al., 2009;
Nicolas et al., 2010; Hoeinghaus et al., 2011; Solari et al., 2015). Marine
migrant species typify the estuarine ichthyofauna, with representatives
from the genera Mugil, Centropomus, Diapterus, Eucinostomus, Lutjanus,
Sphoeroides, and others. These taxa are primarily found in estuarine
environments during their juvenile stages, utilizing nursery and growth
areas, and are mostly considered of commercial or subsistence impor-
tance for artisanal fisheries (Blaber, 1997; Manson et al., 2005;
Aburto-Oropeza et al., 2008; Basilio and Garcez, 2014; Botero et al.,
2023). This finding supports the essential role of BSC estuaries as tran-
sitional areas between marine and continental environments, supporting
a diversity of coastal species that depend on these habitats at various
stages of their life cycles, particularly in tropical regions where estuaries
serve as feeding, reproduction, and recruitment areas (Sales et al., 2018;
Whitfield et al., 2024).

No diadromous, freshwater migrant, or freshwater straggler species
showed a preference for the lower estuarine zone. Only a few specimens
occurred, as reflected in the low abundances of freshwater migrant and
freshwater straggler species. Most freshwater fish species, concentrated
in the upper zone and restricted to low-salinity areas (Elliott et al., 2007;
Potter et al., 2015), were constrained by elevated salinity throughout
much of the length of BSC estuaries for most of the year. The scarcity of
freshwater species can be explained by the high salinity in estuaries with
predominant marine influence, among other factors that contribute to a
lower proportion of freshwater species, such as greater predation pres-
sure from piscivorous fishes and birds, and loss of connectivity due to
reservoirs (Whitfield, 2015). Nevertheless, the variation in salinity in the
BSC estuaries during the rainy season appeared to be a determining
factor for the occurrence of freshwater species such as A. ocellatus, M.
costae, M. thoracata, O. niloticus, P. brevis, S. rhombeus, S. marmoratus,
and T. signatus. Although some freshwater species, such as
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H. malabaricus and L. piau, were more abundant during the dry season,
they occurred in freshwater stretches.

Salinity is a key environmental variable in estuaries (Barletta et al.,
2005, 2008; Barletta and Blaber, 2007; Selleslagh et al., 2009; Vilar
et al., 2011) that influences the taxonomic structure along the longitu-
dinal profile of the BSC estuaries. Differences in species compositions
between estuarine zones have been reported for tropical estuaries
(Barletta et al., 2005; Paiva et al., 2008; Lima et al., 2020; Bot Neto et al.,
2023), commonly showing higher species richness in the lower zone,
coinciding with the upstream decrease in salinity (Thiel et al., 1995;
Whitfield, 1999; Aratjo et al., 2002; Akin et al., 2003; Martino and Able,
2003; Vega-Cendejas and de Santillana, 2004; Hackradt et al., 2011;
Neves et al., 2011; Mourao et al., 2015). However, the species richness
and abundance in the lower zone were similar to those in the upper zone
in the BSC estuaries, but about 85 % of the species exhibited a spatial
preference. This pattern indicates spatial homogenization in richness
and abundance, coupled with compositional heterogeneity between
estuarine zones. The BSC estuaries exhibited diverse salinity regimes,
ranging from moderate to high salinity, as well as entirely freshwater
conditions. In smaller estuaries with limited continental freshwater
input, it is expected to be substantially modified by hypersaline areas,
leading to gradient inversion (Potter et al., 2010; Largier, 2023), as
observed in most BSC estuaries. This is evidence of the inland intrusion
of marine waters, a result of the semiarid region’s climatic dynamics,
with prolonged periods of low rainfall, in addition to the retention of
freshwater in upstream reservoirs, a process known in other estuaries
influenced by similar climates (Lima et al., 2020; Bot Neto et al., 2023).
During the rainy season, river flow dilutes salinity, allowing freshwater
species to enter estuarine areas, while marine stragglers leave offshore
waters in search of stable salinity conditions (Garcia and Vieira, 2001;
Elliott et al., 2007; Potter et al., 2015). In the BSC estuaries, the greatest
salinity changes occurred in the upper zone, due to concentrated rain-
fall, unlike what typically happens in positive estuaries, where the upper
zone always presents fresh water (Neves et al., 2011; Passos et al., 2013).
Nonetheless, these changes did not significantly affect variation in
species richness, despite differences in mean abundance, with approxi-
mately 70 % of species exhibiting a seasonal preference.

Resident estuarine species and many marine migrant species capable
of tolerating salinity fluctuations (Blaber, 2000) were generally evenly
distributed between the zones in the BSC estuaries, such as Ariidae,
Engraulidae, Sciaenidae, and Tetraodontidae. For example, Gerreidae
was both dominant and consistently present across all three zones of the
Formoso Estuary (Paiva et al., 2008), as well as in the BSC. However,
many species contributed to the differentiation of the ichthyofauna be-
tween zones. For instance, most species of the Dorosomatidae family
were more abundant in the lower zone, while Oxudercidae occurred in
greater abundance in the upper zone. According to Martino and Able
(2003), large-scale patterns (10 km) in fish assemblage structure are
primarily the result of responses to environmental gradients, whereas
smaller-scale patterns (1 km) seem to be driven more by habitat selec-
tion, competition, and predator avoidance strategies.

The trophic ecology of fish in estuaries is highly diverse, with all
trophic levels represented (Paiva et al., 2008; Whitfield et al., 2024;
Harrison and Whitfield, 2025). The number of trophic groups found in
the BSC estuaries was similar to that reported for other estuaries (Passos
et al., 2013; Harrison and Whitfield, 2025). Zoobenthivores and pisci-
vores dominated in estuaries in southern Brazil (Passos et al., 2013),
while zoobenthivores were predominant in worldwide estuaries
(Krumme et al., 2004; Paiva et al., 2008; Whitfield et al., 2024; Harrison
and Whitfield, 2025). However, the most representative group in the
present study was detritivores, followed by omnivores, opportunists,
and macrocarnivores. Zoobenthivores ranked only fifth in abundance.
The contribution of omnivores, opportunists, and macrocarnivores,
together comprising about 53 % abundance, shows the importance of
these trophic guilds in structuring the BSC estuarine communities and
that more generalist trophic guilds benefit, which could indicate that the
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estuaries of the BSC are environmentally challenging.

Differences in species composition between estuarine zones may be
associated with substrate distribution (Reis-Filho and Santos, 2014),
which may have an indirect link to trophic ecology (Whitfield et al.,
2024; Harrison and Whitfield, 2025). For example, certain detritivores
that tolerate hypoxia are common in muddy substrates with lower dis-
solved oxygen levels (Aguilar et al., 2018; Reis-Filho et al., 2014).
Indeed, detritivores were more abundant in the upper zone of the BSC
estuaries. The abundance of detritivores in the upper zone may indicate
that these regions offer greater availability of organic matter, a source of
detritus originating from the mangrove and river inflow, as well as the
longer water residence time during the dry season (Yuan et al., 2007;
Atwood et al., 2012). Estuaries are well-known for their conspicuous
detritus-based food webs, which influence the dominance of fish groups
that exploit these resources (Day Jr. et al., 2013; Whitfield et al., 2024).
In fact, detritivores were the most abundant trophic guild in the BSC
estuaries, with many species being exclusive to the upper zone. Estuaries
experiencing extreme hypersalinity tend to favor detritivorous fishes
(Tweedley et al., 2019), and this guild is comparatively more abundant
in arid-region estuaries than in those of other bioregions (Harrison and
Whitfield, 2025). These conditions may become more frequent in the
BSC under future climate change scenarios associated with rising tem-
peratures (Tweedley et al., 2019; Soares et al., 2021).

High abundance of macrocarnivores in the upper zone, especially
during the rainy season, may be directly related to their foraging strat-
egy or prey abundance, utilizing turbid environments as a refuge (Hetch
and van der Lingen, 1992; Lunt and Smee, 2014), since, in addition to
piscivores, macrocarnivores include a substantial quantity of fish in
their diet. On the other hand, planktivores were more abundant in the
lower zone and during the dry season, likely associated with greater
light penetration and, consequently, better visual detection for
capturing prey in the water column (Utne-Palm, 2002). These trophic
patterns reflect the complex ecological dynamics of estuaries, where
resource availability and predation pressure vary according to species’
feeding strategies, as well as the zone and season.

The high abundance of opportunists reflects the dietary plasticity of
these species, which can exploit a wide range of food resources in var-
iable environments, such as estuaries (Elliott et al., 2007; Whitfield
et al., 2024). However, they were significantly more abundant in the
lower zone, whereas omnivores exhibited similar abundances across
zones. Therefore, opportunists and omnivores, with more plastic feeding
strategies, are less likely to experience food scarcity compared to other
trophic guilds, which likely confer advantages reflected in their abun-
dances. Another food resource frequently utilized by estuarine fish is
benthic macrofauna, consumed to a considerable extent by macro-
carnivores. Notably, all these guilds feed on benthic fauna to varying
degrees, consuming organisms typically present in estuaries (Day Jr.
et al., 2013), including zoobenthivores, whose diets reflect benthic prey
availability. According to Blaber (2000), zoobenthivorous fish are
common in all types of substrates in estuaries. Indeed, zoobenthivorous
fish exhibited similar abundances across the estuarine zones of the BSC,
however, varying with higher abundances in the lower zone during the
rainy season and in the upper zone during the dry season, likely
following the dynamics of benthic invertebrates, which generally die or
move away from the upper zone during periods of increased freshwater
inflow (Quan et al., 2025). The fact that omnivores (20.1 % abundance)
and zoobenthivores (12.3 %) also displayed relative representation re-
inforces the idea that estuaries provide high availability of different food
resources (Whitfield et al., 2024).

Other less abundant trophic guilds in the BSC estuaries were pisci-
vores, herbivores, and insectivores. Piscivores included only Strongylura
marina, S. timucu, and Scomberomorus cavalla, while herbivores
comprised only A. bahianus and S. radians, and insectivores included
only M. costae. The small number of herbivorous and insectivorous
species is common in estuaries (Franco et al., 2008; Ferreira et al., 2019;
Harrison and Whitfield, 2025). However, piscivores tend to be more
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abundant (Franco et al., 2008; Whitfield, 2015; Ferreira et al., 2019;
Whitfield et al., 2024; Harrison and Whitfield, 2025). Thus, the question
arises as to why the piscivores were less abundant in the BSC estuaries,
and future studies should investigate this question. However, the clas-
sification of some species as macrocarnivorous, based on their juvenile
size, may have underestimated the true piscivorous identity of some
species. Moreover, among all recorded species, only one belonged to
Elasmobranchii, typically top predators. Browne and Lutz (2010) and
Ecoutin et al. (2010) found that anthropogenic disturbances result in the
loss of top predators. The low representativeness of the number of spe-
cies in this group may be a current characteristic of the ichthyofauna in
the small estuarine environments of northeastern Brazil. Basilio et al.
(2008) and Basilio et al. (2009) documented a higher representativity of
some fish predators like sharks, rays, Epinephelidae, Grammistidae, and
Serranidae in the Curu Estuary. It is likely that these groups currently
lack suitable local estuarine habitats for feeding or nursery grounds due
to coastal environmental changes such as siltation, sediment transport,
etc., which have emerged over the last few decades, or the likely
overfishing in the coastal environment to which they are subject (Morais
and Pinheiro, 2011; Quintela-Falcao et al., 2011; Soares et al., 2021).

Finally, there were differences in species composition and trophic
guilds among the estuaries. Sheaves (2016) investigated potential vari-
ation among estuarine ecosystems at smaller scales using a theoretical
model that incorporates unpredictable factors. One key factor is the
influence of ocean currents on the colonization of fish larvae, which
depends on the distance between estuarine mouths and coastal spawn-
ing areas. In contrast, intrinsic factors within the estuaries may have a
greater influence on species that spawn locally, such as physical vari-
ables affecting reproduction, predation pressure, and other factors that
similarly affect species spawning outside the estuary (Sheaves, 2016). In
this study, however, our focus was on investigating general spatial and
temporal patterns in the BSC estuaries. Future research should explore
differences among individual BSC estuarine systems.

In conclusion, the composition of fish species, their trophic guilds,
and estuarine use guilds exhibits spatial variation between the lower and
upper zones in the estuaries of the BSC, reflecting substantial taxonomic
and functional heterogeneity. Temporally, there were differences in
species composition and trophic guilds between the dry and rainy sea-
sons; however, the ichthyofauna exhibited no significant functional
differences in estuarine use between seasons. A clear relationship exists
between salinity and the association of ichthyofauna with estuaries, as
higher-salinity areas differed from freshwater stretches. Nevertheless, S-
FEAS values never fell below 3.00, indicating the persistent dominance
of estuarine and marine species in these estuaries. This study contributes
to filling the knowledge gap regarding the spatial and temporal distri-
bution of fish assemblages and functional groups in small estuaries of the
BSC. It provides ecological insights into the ichthyofauna dynamics in
estuaries influenced by the Brazilian semi-arid climate, while also
highlighting questions for future research on the patterns and processes
governing these assemblages. Overall, the results highlight the impor-
tance of estuaries as environments that support a wide diversity of
species and trophic guilds, whose distribution depends on both spatial
(estuarine gradients) and seasonal factors. These findings underscore the
need for targeted conservation strategies in these ecosystems, given
their critical role in maintaining coastal biodiversity.

Research Data

The datasets supporting the conclusions of this study are not publicly
available to allow ongoing and future research by the authors’ group.
Public release at this stage could compromise the integrity and origi-
nality of forthcoming studies

Author contributions

All authors contributed to the study conception and design. Material

12

Regional Studies in Marine Science 93 (2026) 104706

preparation and data collection were performed by Ronaldo César
Gurgel-Lourenco, Leonardo Mesquita Pinto, Danielle Sequeira Garcez,
and Jorge Ivan Sanchez-Botero. Data analyses were performed by
Ronaldo César Gurgel-Lourenco, Leonardo Mesquita Pinto, and Carlos
Alberto de Sousa Rodrigues-Filho. The first draft of the manuscript was
written by Ronaldo César Gurgel-Lourencgo, and all authors commented
on previous versions. All authors read and approved the final
manuscript.

CRediT authorship contribution statement

Ronaldo César Gurgel-Lourenco: Writing — original draft, Meth-
odology, Investigation, Formal analysis, Data curation, Conceptualiza-
tion. Leonardo Mesquita Pinto: Writing — review & editing,
Visualization, Methodology, Formal analysis, Data curation, Conceptu-
alization. Carlos Alberto de Sousa Rodrigues-Filho: Writing — review
& editing, Methodology, Formal analysis, Data curation, Conceptuali-
zation. Danielle Sequeira Garcez: Writing — review & editing, Vali-
dation, Funding acquisition, Conceptualization. Jorge Ivan Sanchez-
Botero: Writing — review & editing, Supervision, Project administration,
Funding acquisition, Conceptualization.

Ethics approval

All procedures performed in the study were approved by 43014,
64269, and 87874 authorizations from the Chico Mendes Institute for
Biodiversity Conservation (SISBio/ICMBio, Ministry of Environment,
Brazil).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors would like to thank the Federal University of Ceara
(UFC). We are grateful to past and current members of the LEAC for
collecting and analyzing samples. Funding information: Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq) for
financial support through the MCTI/CNPq Program (Grant 28/2018,
423628/2018-6 and Grant 63/2022, 409354/2022-8) for the field and
scholarship support to Ronaldo César Gurgel-Lourenco and Leonardo
Mesquita Pinto. We are grateful for the support of the National Institute
of Science & Technology of Materials Transfer at the Continent-Ocean
Interface (INCT-TMCOcean), based at UFC.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.rsma.2025.104706.

Data availability

The data used for this research are available in the Supplementary
Material attached to the manuscript.

References

Aburto-Oropeza, O., Ezcurra, E., Danemann, G., Valdez, V., Murray, J., Sala, E., 2008.
Mangroves in the Gulf of California increase fishery yields. P. Natl. Acad. Sci. USA
105, 10456-10459.

Aguilar, L., Leite, R.N., Ferreira, C.A., Cruz, A.L., 2018. The integument of the
nonamphibious goby Gobionellus oceanicus: Its functional morphology and
respiratory capacity. J. Morphol. 279, 1548-1558. https://doi.org/10.1002/
jmor.20848.



R.C. Gurgel-Lourengo et al.

AKkin, S., Winemiller, K.O., Gelwick, F.P., 2003. Seasonal and spatial variations in fish
and macrocrustacean assemblage structure in Mad Island Marsh estuary, Texas.
Estuar. Coast. Shelf. S. 57, 269-282. https://doi.org/10.1016/50272-7714(02)
00354-2.

AKkin, S., Buhan, E., Winemiller, K.O., Yilmaz, H., 2005. Fish assemblage structure of
Koycegiz Lagoon - Estuary, Turkey: spatial and temporal distribution patterns in
relation to environmental variation. Estuar. Coast. Shelf. S. 64, 671-684. https://doi.
org/10.1016/j.ecss.2005.03.019.

Alvares, C.A., Stape, J.L., Sentelhas, P.C., Gongalves, J.L.M., Sparovek, G., 2014.
Koppen’s climate classification map for Brazil. Meteorol. Z. 22, 711-728. https://
doi.org/10.1127/0941-2948/2013/0507.

Aratjo, F.G., Azevedo, M.C.C., Silva, M.A,, Pessanha, A.L.M., Gomes, I.D., Cruz-Filho, A.
G., 2002. Environmental influences on the demersal fish assemblages in the Sepetiba
bay, Brazil. Estuaries 25, 441-450. https://doi.org/10.1007/BF02695986.

Atwood, T.B., Wiegner, T.N., Mackenzie, R.A., 2012. Effects of hydrological forcing on
the structure of a tropical estuarine food web. Oikos 121, 277-289. https://doi.org/
10.1111/j.1600-0706.2011.19132.x.

Barletta, M., Blaber, S.J.M., 2007. Comparison of fish assemblages and guilds in tropical
habitats of the Embley (Indo-West Pacific) and Caeté (Western Atlantic) estuaries.
B. Mar. Sci. 80, 647-680.

Barletta, M., Barletta-Bergan, A., Saint-Paul, U., Hubold, G., 2005. The role of salinity in
structuring the fish assemblages in a tropical estuary. J. Fish. Biol. 66, 45-72.
https://doi.org/10.1111/j.0022-1112.2005.00582.x.

Barletta, M., Amaral, C.S., Corréa, M.F.M., Guebert, F., Dantas, D.V., Lorenzi, L., Saint-
Paul, U., 2008. Factors affecting seasonal variations in demersal fish assemblages at
an ecocline in a tropical-subtropical estuary. J. Fish. Biol. 73, 1314-1336. https://
doi.org/10.1111/j.1095-8649.2008.02005.x.

Barletta, M., Lima, A.R.A., Costa, M.F., Dantas, D.V., 2017. Estuarine Ecoclines and the
Associated Fauna: Ecological Information as the Basis for Ecosystem Conservation.
In: Finkl, C.W., Makowski, C. (Eds.), Coastal Wetlands: Alteration and Remediation.
Springer International Publishing, Cham, pp. 479-512. https://doi.org/10.1007/
978-3-319-56179-0_16.

Basilio, T.H., Garcez, D.S., 2014. A pesca artesanal no estuario do rio Curu. Cear. a Bras.
Saber Local e implicacoes Para. o Manejo Acta 2 (42-58), 2014. https://doi.org/
10.2312/Actafish.2014.2.1.42-58.

Basilio, T.H., Faria, V.V., Furtado-Neto, M.A.A., 2008. Fauna de Elasmobranquios do
estudrio do rio Curu, Ceara, Brasil. Arq. Ciénc. Mar. 41, 65-72. https://doi.org/
10.32360/acmar.v41i2.6065.

Basilio, T.H., Godinho, W.O., Aratijo, M.E., Furtado-Neto, M.A.A., Faria, V.V., 2009.
Ictiofauna do estudrio do rio Curu, Ceara, Brasil. Arq. Ciénc. Mar. 42, 81-88.

Beck, M.W., Heck Jr, K.L., Able, K.W., Childers, D.L., Eggleston, D.B., Gillanders, B.M.,
Halpern, B., Hays, C.G., Hoshino, K., Minello, T.J., Orth, R.J., Sheridan, P.F.,
Weinstein, M.P., 2001. The identification, conservation, and management of
estuarine and marine nurseries for fish and invertebrates: a better understanding of
the habitats that serve as nurseries for marine species and the factors that create site-
specific variability in nursery quality will improve conservation and management of
these areas. BioScience 51, 633-641. https://doi.org/10.1641/0006-3568(2001)051
[0633:TICAMO]2.0.CO;2.

Belarmino, E., Nobrega, M.F., Grimm, A.M., Copertino, M.S., Vieira, J.P., Garcia, A.M.,
2021. Long-term trends in the abundance of an estuarine fish and relationships with
El Nino climatic impacts and seagrass meadows reduction. Estuar. Coast. Shelf. S
261, 107565. https://doi.org/10.1016/j.ecss.2021.107565.

Blaber, S.J.M., 1997. Fish and fisheries of tropical estuaries. Springer, Netherlands.

Blaber, S.J.M., 2000. Tropical Estuarine Fishes: Ecology. Exploitation and Conservation.
Blackwell, Oxford.

Blondel, J., 2003. Guilds or functional groups: does it matter? Oikos 100, 223-231.
https://doi.org/10.1034/j.1600-0706.2003.12152.x.

Bot Neto, R.L., Cattani, A.P., Spach, H.L., Contente, R.F., Cardoso, O.R., Marion, C.,
Schwarz Jr, R., 2023. Patterns in composition and occurrence of the fish fauna in
shallow areas of the Sao Francisco River mouth. Biota Neotrop. 23, e20221387.
https://doi.org/10.1590/1676-0611-BN-2022-1387.

Botero, J.I.S., Lourenco, R.C.G., Pinto, M.L., Leitao, R.P., Novaes, J.L.C., Ramos, T.P.A.,
Rodrigues Filho, C.A.S., Bezerra, L.A.V., Silva, L.M.J.S., Garcez, D.S., 2023. Peixes
estuarinos da Costa Semidrida do Brasil - Guia Ilustrado. Expressao Grafica e Editora.
Fortaleza.

Browne, R.A,, Lutz, D., 2010. Lake ecosystem effects associated with top-predator
removal due to selenium toxicity. Hydrobiologia 655, 137-148. https://doi.org/
10.1007/510750-010-0416-3.

Day Jr, W.J., Crump, B.C., Kemp, W.M., Yanez-Arancibia, A., 2013. Estuarine Ecology.
Wiley-Blackwell, Hoboken.

Ecoutin, J.M., Simier, M., Albaret, J.J., Lae, R., Tito de Morais, L., 2010. Changes over a
decade in fish assemblages exposed to both environmental and fishing constraints in
the Sine Saloum estuary (Senegal). Estuar. Coast. Shelf. S 87, 284-292. https://doi.
org/10.1016/j.ecss.2010.01.009.

Elliott, M., Whitfield, A.K., Potter, I.C., Blaber, S.J.M., Cyrus, D.P., Nordlie, F.G.,
Harrison, T.D., 2007. The guild approach to categorizing estuarine fish assemblages:
a global review. Fish Fish 8, 241-268. https://doi.org/10.1111/j.1467-
2679.2007.00253.x.

Ferreira, V., Le Loc’h, F., Ménard, F., Frédou, T., Frédou, F.L., 2019. Composition of the
fish fauna in a tropical estuary: the ecological guild approach. Sci. Mar. 83, 133-142.
https://doi.org/10.3989/scimar.04855.25A.

Franco, A., Elliott, M., Franzoi, P., Torricelli, P., 2008. Life strategies of fishes in
European estuaries: the functional guild approach. Mar. Ecol. Prog. Ser. 354,
219-228. https://doi.org/10.3354/meps07203.

Garcia, A.M., Vieira, J.P., 2001. O aumento da diversidade de peixes no estuario da
Lagoa dos Patos durante o episodio El Nino 1997-1998. Atl. antica 23, 133-152.

13

Regional Studies in Marine Science 93 (2026) 104706

Giarrizzo, T., Krumme, U., 2008. Heterogeneity in intertidal fish fauna assemblages
along the world’s longest mangrove area in Northern Brazil. J. Fish. Biol. 72,
773-779. https://doi.org/10.1111/j.1095-8649.2007.01728.x.

Gurgel-Lourengo, R.C., Rodrigues-Filho, C.A.S., Pinto, L.M., Sdnchez-Botero, J.I., 2023.
Prolonged drought influences the taxonomic and functional structure of fish
assemblages in estuaries along the Brazilian semiarid coast. Hydrobiologia 850,
4443-4466. https://doi.org/10.1007/510750-022-05059-5.

Hackradt, C.W., Félix-Hackradt, F.C., Pichler, H.A., Spach, H.L., Santos, L.O., 2011.
Factors influencing spatial patterns of the ichthyofauna of low energy estuarine
beaches in southern Brazil. J. Mar. Biol. Assoc. Uk. 91, 1345-1357. https://doi.org/
10.1017/50025315410001682.

Harrison, T.D., Whitfield, A.K., 2008. Geographical and typological changes in fish guilds
of South African estuaries. J. Fish. Biol. 73, 2542-2570. https://doi.org/10.1111/
j.1095-8649.2008.02108.x.

Harrison, T.D., Whitfield, A.K., 2021. A global assessment of fish estuary associations: A
numerical approach to assessing estuary-associated fish functional guilds. Fish Fish
22, 874-898. https://doi.org/10.1111/faf.12558.

Harrison, T.D., Whitfield, A.K., 2025. A global trophic analysis of estuary-associated
fishes. Rev. Fish. Biol. Fisheries 35, 505-526. https://doi.org/10.1007/s11160-024-
09916-5.

Hetch, T., van der Lingen, C.D., 1992. Turbidity-induced changes in feeding strategies of
fish in estuaries. Afr. Zool. 27, 95-107.

Hoeinghaus, D.J., Vieira, J.P., Costa, C.S., Bemvenuti, C.E., Winemiller, K.O., Garcia, A.
M., 2011. Estuary hydrogeomorphology affects carbon sources supporting aquatic
consumers within and among ecological guilds. Hydrobiologia 673, 79-92. https://
doi.org/10.1007/s10750-011-0751-z.

Jaureguizar, A.J., Menni, R.C., Bremec, C.S., Mianzan, H.W., Lasta, C.A., 2003. Fish
assemblage and environmental patterns in the Rio de la Plata estuary. Estuar. Coast.
Shelf. S. 56, 921-933. https://doi.org/10.1016/50272-7714(02)00288-3.

Jung, S., Houde, E.D., 2003. Spatial and temporal variabilities of pelagic fish community
structure and distribution in Chesapeake Bay, USA. Estuar. Coast. Shelf. S. 58,
335-351. https://doi.org/10.1016/S0272-7714(03)00085-4.

Kantoussan, J., Ecoutin, J.M., Simier, M., Morais, L.T., Laé, R., 2012. Effects of salinity on
fish assemblage structure: An evaluation based on taxonomic and functional
approaches in the Casamance estuary (Senegal, West Africa). Estuar. Coast. Shelf. S.
13, 152-162. https://doi.org/10.1016/j.ecss.2012.07.018.

Krumme, U., Saint-Paul, U., Rosenthal, H., 2004. Tidal and diel changes in the structure
of a nekton assemblage in small intertidal mangrove creeks in northern Brazil.
Aquat. Living Resour. 17, 215-229. https://doi.org/10.1051/alr:2004019.

Lamberth, S.J., Turpie, J.K., 2003. The Role of Estuaries in South African Fisheries:
Economic Importance and Management Implications. Afr. J. Mar. Sci. 25, 131-157.
https://doi.org/10.2989,/18142320309504005.

Largier, J.L., 2023. Recognizing Low-Inflow Estuaries as a Common Estuary Paradigm.
Estuar. Coast 46, 1949-1970. https://doi.org/10.1007/s12237-023-01271-1.

Lewis, D.M., Cook, G.S., 2023. Freshwater discharge disrupts linkages between the
environment and estuarine fish community. Ecol. Indic. 151, 110282. https://doi.
org/10.1016/j.ecolind.2023.110282.

Lima, C.S.S., Badd, M.L.A.S., Pessanha, A.L.M., 2020. Response of estuarine fish
assemblages to an atypical climatic event in northeastern Brazil. Reg. Stud. Mar. Sci.
35, 101121. https://doi.org/10.1016/j.rsma.2020.101121.

Lobry, J., Mourand, L., Rochard, E., Elie, P., 2003. Structure of the Gironde estuarine fish
assemblages: a comparison of European estuaries perspective. Aquat. Living Resour.
16, 47-58. https://doi.org/10.1016/50990-7440(03)00031-7.

Lunt, J., Smee, D.L., 2014. Turbidity influences trophic interactions in estuaries. Limnol.
Oceano 59, 2002-2012. https://doi.org/10.4319/10.2014.59.6.2002.

Manson, F.J., Loneragan, N.R., Harch, G.A., Skilleter, G.A., Williams, L., 2005. A broad-
scale analysis of links between coastal fisheries production and mangrove extent: a
case-study for northeastern Australia. Fish. Res. 74, 69-85. https://doi.org/
10.1016/j.fishres.2005.04.001.

Martino, E.J., Able, K.W., 2003. Fish assemblages across the marine to low salinity
transition zone of a temperate estuary. Estuar. Coast. Shelf. S. 56, 969-987. https://
doi.org/10.1016/50272-7714(02)00305-0.

Mathieson, S., Cattrijsse, A., Costa, M.J., Drake, P., Elliott, M., Gardner, J., Marchand, J.,
2000. Fish assemblages of European tidal marshes: a comparison based on species,
families and functional guilds. Mar. Ecol. Prog. Ser. 204, 225-242. https://doi.org/
10.3354/meps204225.

McLusky, D.S., Elliott, M., 2004. The Estuarine Ecosystem: Ecology, Threats, and
Management. Oxford University Press, New York.

Molisani, M.M., Cruz, A.L.V., Maia, L.P., 2006. Estimativa da descarga fluvial para os
estuarios do Estado do Ceara. Bras. Arq. Ciénc. Mar. 39, 53-60.

Morais, J.O., Pinheiro, L.S., 2011. The effect of semi-aridity and damming on
sedimentary dynamics in estuaries -Northeastern region of Brazil. J. Coast. Res. 64,
1544-1544.

Mourao, K.R.M., Frédou, T., Lucena-Frédou, F., 2015. Spatial and seasonal variation of
the ichthyofauna and habitat use in the inner portion of the Brazilian Amazon
estuary. Bol. Inst. Pesca 41, 529-545.

Neves, A., Cabral, H.N., Figueiredo, I., Sequeira, V., Moura, T., Gordo, L., 2008. Fish
assemblage dynamic in the Tagus and Sado estuaries (Portugal). Cah. Biol. Mar. 49,
23-35.

Neves, L.M., Teixeira, T.P., Aradjo, F.G., 2011. Structure and dynamics of distinct fish
assemblages in three reaches (upper, middle and lower) of an open tropical estuary
in Brazil. Mar. Ecol. 32, 115-131. https://doi.org/10.1111/j.1439-
0485.2010.00407.x.

Nicolas, D., Lobry, J., Le Pape, O., Boét, P., 2010. Functional diversity in European
estuaries: Relating the composition of fish assemblages to the abiotic environment.
Estuar. Coast. Shelf. S. 88, 329-338. https://doi.org/10.1016/j.ecss.2010.04.010.



R.C. Gurgel-Lourengo et al.

Paiva, A.C.G., Chaves, P.T.C., Aratijo, M.E., 2008. Estrutura e organizacao tréfica da
ictiofauna de dguas rasas em um estudrio tropical. Rev. Bras. Zool. 25, 647-661.
https://doi.org/10.1590/50101-81752008000400010.

Paiva, A.C.G., Lima, M.F.V., Souza, J.R.B., Aratijo, M.E., 2009. Spatial distribution of the
estuarine ichthyofauna of the Rio Formoso (Pernambuco, Brazil), with emphasis on
reef fish. Zoologia 26, 266-278. https://doi.org/10.1590/51984-
46702009000200009.

Passos, A.C., Contente, R.F., Abbatepaulo, F.V., Spach, H.L., Vilar, C.C., Joyeux, J.C.,
Cartagena, B.F.C., Favaro, L.F., 2013. Analysis of fish assemblages in sectors along a
salinity gradient based on species, families and functional groups. Braz. J. Oceano
61, 251-264.

Pichler, H.A., Spach, H.L., Gray, C.A., Broadhurst, M.K., Schwarz Jr, R., Oliveira-Neto, J.,
2015. Environmental influences on resident and transient fishes across shallow
estuarine beaches and tidalflats in a Brazilian World Heritage area. Estuar. Coast.
Shelf. S. 164, 482-492. https://doi.org/10.1016/j.ecss.2015.07.041.

Potter, I.C., Chuwen, B.M., Hoeksema, S.D., Elliott, M., 2010. The concept of an estuary:
A definition that incorporates systems which can become closed to the ocean and
hypersaline. Estuar. Coast. Shelf. S. 87, 497-500. https://doi.org/10.1016/j.
ecss.2010.01.021.

Potter, 1.C., Tweedley, J.R., Elliott, M., Whitfield, A.K., 2015. The ways in which fish use
estuaries: a refinement and expansion of the guild approach. Fish Fish 16, 230-239.
https://doi.org/10.1111/faf.12050.

[88] Quan, W., Jiang, W., Gao, M., Fan, R, Li, N., Ouyang, L., Chen, Y., 2025.
Freshwater inflows influence aerial extent, oysters, and resident macrofaunal
communities of a restored oyster reef in the Yangtze River estuary. Mar. Environ.
Res. 209, 107172. https://doi.org/10.1016/j.marenvres.2025.107172.

[89] Quintela-Falcao, T.O., Morais, J.O., Pinheiro, L.S., 2011. Morphodynamics of the
Curu Estuary Inlet — Brazil. J. Coast. Res 64, 805-808.

R Core Team, 2025. R: A Language and Environment for Statistical Computing. R. Found.
Stat. Comput. Vienna Austria. (https://www.R-project.org/).

[91] Reis-Filho, J.A., Santos, A.C.A., 2014. Effects of substratum type on fish
assemblages in shallow areas of a tropical estuary. Mar. Ecol. 35, 456-470.
https://doi.org/10.1111/maec.12102.

Sales, N.S., Baeta, A.S.B.V., Lima, L.G., Pessanha, A.L.M., 2018. Do the shallow-water
habitats of a hypersaline tropical estuary act as nursery grounds for fishes? Mar.
Ecol. 39, e12473. https://doi.org/10.1111/maec.12473.

Selleslagh, J., Amara, R., 2008. Environmental factors structuring fish composition and
assemblages in a small macrotidal estuary (eastern English Channel). Estuar. Coast.
Shelf. S. 79, 507-517. https://doi.org/10.1016/].ecss.2008.05.006.

Selleslagh, J., Amara, R., Laffargue, P., Lesourd, S., Lepage, M., Girardin, M., 2009. Fish
composition and assemblage structure in three Eastern English Channel macrotidal
estuaries: A comparison with other French estuaries. Estuar. Coast. Shelf. S. 81,
149-159. https://doi.org/10.1016/j.ecss.2008.10.008.

Sheaves, M., 2016. Simple processes drive unpredictable differences in estuarine fish
assemblages: baselines for understanding site-specific ecological and anthropogenic
impacts. Estuar. Coast. Shelf. S. 170, 61-69. https://doi.org/10.1016/j.
ecss.2015.12.025.

Soares, M.O., Campos, C.C., Carneiro, P.B.M., Barroso, H.S., Marins, R.V., Teixeira, C.E.
P., Menezes, M.O.B., Pinheiro, L.S., Viana, M.B., Feitosa, C.V., Sanchez-Botero, J.I.,
Bezerra, L.E.A., Rocha-Barreira, C.A., Matthews-Cascon, H., Matos, F.O.,

Gorayeb, A., Cavalcante, M.S., Moro, M.F., Rossi, S., Belmonte, G., Melo, V.M.M.,
Rosado, A.S., Ramires, G., Tavares, T.C.L., Garcia, T.M., 2021. Challenges and
perspectives for the Brazilian semi-arid coast under global environmental changes.
Perspect. Ecol. Conserv 19, 267-278. https://doi.org/10.1016/j.pecon.2021.06.001.

14

Regional Studies in Marine Science 93 (2026) 104706

Solari, A., Jaureguizar, A.J., Milessi, A.C., Garcia, M.L., 2015. Fish assemblages in a small
temperate estuary on the Argentinian coast: spatial variation, environmental
influence and relevance as nursery area. Braz. J. Oceano 63, 181-194. https://doi.
org/10.1590/51679-87592015085106303.

Sosa-Lopez, A., Mouillot, D., Ramos-Miranda, J., Flores-Hernandez, D., Chi, T.D., 2007.
Fish species richness decreases with salinity in tropical coastal lagoons. J. Biogeogr.
34, 52-61. https://doi.org/10.1111/j.1365-2699.2006.01588.x.

Spach, H.L., Godefroid, R.S., Santos, C., Schwarz Jr, R., de Queiroz, G.M.L.N., 2004.
Temporal variation in fish assemblage composition on a tidal flat. Braz. J. Oceano
52, 47-58.

Thiel, R., Sepulveda, A., Kafemann, R., Nell, W., 1995. Environmental factors as forces
structuring the fish community of the Elbe Estuary. J. Fish. Biol. 46, 47-69. https://
doi.org/10.1111/§.1095-8649.1995.tb05946.x.

Tweedley, J.R., Dittman, S.R., Whitfield, A.K., Withers, K., Hoeksema, S.D., Potter, I.C.,
2019. Hypersalinity: global distribution, causes, and present and future effects on the
biota of estuaries and lagoons. In: Wolanski, E., Day, J.W., Elliott, M.,
Ramachandran, R. (Eds.), Coasts and Estuaries — the future. Elsevier, Amsterdam,
pp. 523-543. https://doi.org/10.1016/B978-0-12-814003-1.00030-7.

Utne-Palm, A.C., 2002. Visual feeding of fish in a turbid environment: physical and
behavioural aspects. Mar. Freshw. Behav. Phy. 35, 111-128. https://doi.org/
10.1080/10236240290025644.

Vega-Cendejas, M.E., de Santillana, M.H., 2004. Fish community structure and dynamics
in a coastal hypersaline lagoon: Rio Lagartos, Yucatan, Mexico. Estuar. Coast. Shelf.
S. 60, 285-299. https://doi.org/10.1016/j.ecss.2004.01.005.

Vilar, C.C., Spach, H.L., Joyeux, J.C., 2011. Spatial and temporal changes in the fish
assemblage of a subtropical estuary in Brazil: environmental effects. J. Mar. Biol.
Assoc. Uk. 91, 635-648. https://doi.org/10.1017/50025315410001943.

Whitfield, A.K., 1999. Ichthyofaunal assemblages in estuaries: a South African case
study. Rev. Fish. Biol. Fish. 9, 151-186. https://doi.org/10.1023/A:
1008994405375.

Whitfield, A.K., 2015. Why are there so few freshwater fish species in most estuaries?
J. Fish. Biol. 86, 1227-1250. https://doi.org/10.1111/jfb.12641.

Whitfield, A.K., Blaber, S.J.M., Elliott, M., Harrison, T.D., 2024. Trophic ecology of fishes
in estuaries. Rev. Fish. Biol. Fish. 34, 1371-1405. https://doi.org/10.1007/s11160-
024-09878-8.

Yuan, D., Lin, B., Falconer, R.A., 2007. A modelling study of residence time in a macro-
tidal estuary. Estuar. Coast. Shelf. S. 71, 401-411. https://doi.org/10.1016/j.
ecss.2006.08.023.

Zanella, ML.E., 2005. As caracteristicas climaticas e os recursos hidricos do Estado do
Ceara. In: Borzacchiello, J., Cavalcante, T., Dantas, E. (Eds.), Ceard: um novo olhar
geografico. Edi¢oes Democrito Rocha, Fortaleza, pp. 169-188.

zu Ermgassen, P.S.E., Worthington, T.A., Gair, J.R., Garnett, E.E., Mukherjee, N.,
Longley-Wood, K., Nagelkerken, I., Abrantes, K., Aburto-Oropeza, O., Acosta, A.,
Araujo, A.R.R., Baker, R., Barnett, A., Beiti, C.M., Benzeev, R., Brookes, J.,
Castellanos-Galindo, G.A., Chong, V.C., Connoly, R.M., Cunha-Lignon, M., Dahdouh-
Guebas, F., Diele, K., Dwyer, P.G., Friess, D.A., Grove, T., Hoq, M.E., Hujibers, C.,
Hutchinson, N., Johnson, A.F., Johnson, R., Knight, J., Krumme, U., Kuguru, B.,
Lee, S.Y., Lobo, A.S., Lugendo, B.R., Meynecke, J.-O., Munga, C.N., Olds, A.D.,
Parrett, C.L., Reguero, B.G., Rénnbéck, P., Safryghin, A., Sheaves, M., Taylor, M.D.,
Mendonga, J.T., Waltham, N.J., Wolff, M., Spalding, M.D., 2025. Mangroves support
an estimated annual abundance of over 700 billion juvenile fish and invertebrates.
Commun. Earth Environ. 6, 299. https://doi.org/10.1038/543247-025-02229-w.



