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Abstract
Estuarine ecosystems exhibit substantial spatiotemporal variation in their environmental conditions, resulting in a dynamic 
fish assemblage. However, anthropogenic alterations in hydrological flow and nutrient concentrations can potentially modify 
the spatial and temporal structuring of the fish community. This study aimed to elucidate how the characteristics of fish 
assemblages vary in space and time in an estuary (Cocó River, Ceará State, Northeast Brazil) that experiences significant 
impacts stemming from untreated domestic effluent discharge and water transfer from other hydrographic basins. The fish 
assemblage exhibited low total species richness alongside a high number and biomass of freshwater species, including non-
natives. A stable spatial structure across seasons was discerned, implying diminished connectivity between estuarine zones. 
Changes in the trophic structure of the ecosystem could be inferred from variations in trophic composition among different 
zones. The findings presented herein demonstrate the alterations that interbasin water transfer may induce in estuarine fish 
assemblages, with potential ramifications for ecosystem functioning.
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Introduction

Estuaries are dynamic coastal ecosystems, biotically and abi-
otically, located at the interface between marine and fresh-
water environments, primarily characterized by salinity gra-
dients (Whitfield 2021). In estuarine systems, the ecocline 
results from the interaction between the intrusion of coastal 
waters and freshwater inputs (Attrill and Rundle 2002; Bar-
letta et al. 2017). In the ecocline model, aquatic assemblages 
are structured along one or a few environmental drivers. 
Numerous studies have demonstrated the occurrence of this 

pattern in estuarine fish assemblages (Barletta et al. 2017; 
Chaves et al. 2018). Thus, salinity directly reflects the bal-
ance of this interaction; typically, estuaries exhibit a decreas-
ing gradient of this variable with increasing distance from 
the sea. Fish assemblages are primarily structured spatially 
based on this salinity gradient, selecting species according to 
their osmotic tolerances (Barletta et al. 2005; Whitfield et al. 
2012). According to classic models, freshwater species are 
expected to dominate the upstream sectors, while estuarine 
and marine species are more prevalent in areas closer to the 
sea (Potter et al. 2015). However, temporal variations in the 
spatial salinity gradient allow species to move between dif-
ferent areas, influencing the functioning and resilience of 
these ecosystems (Macedo et al. 2021, 2023).

However, estuaries are often subject to significant anthro-
pogenic impact, with their natural dynamics frequently 
affected by various forms of pollution (Barletta and Lima 
2019). Eutrophication, for instance, is one of the primary 
causes of declining water quality and can result from the dis-
charge of effluents from domestic, industrial, or agricultural 
sources (Smith 2003; Malone and Newton 2020). Excess 
nutrients impact dissolved oxygen, turbidity, and primary 
productivity, leading to changes in estuarine biological 
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assemblages and ecosystem characteristics (Powers et al. 
2005; Jeppesen et al. 2018; De Lima et al. 2024). Water 
quality parameters (such as concentrations of dissolved oxy-
gen, nitrite, nitrate, and phosphates) in estuaries also exhibit 
spatial structuring along their longitudinal axis (Costa 
et al. 2018; Duque et al. 2020). Upstream regions, where 
water residence time and proximity to pollution sources are 
greater, are more susceptible to lower water quality param-
eters and eutrophication (He et al. 2014). Conversely, the 
high rate of water renewal in downstream zones promotes 
more favorable water quality parameters (e.g., higher oxygen 
levels, lower turbidity) (Mourão et al. 2020). The gradients 
of salinity and water quality can interact, influencing the 
properties of the estuarine ecocline and acting as structur-
ing factors for assemblages (Chaves et al. 2018; Duque 
et al. 2020). In addition to spatial variations, the continu-
ous input of effluents into an aquatic system can contribute 
to the homogenization of the community over time (Cook 
et al. 2018).

The effects of environmental gradients on biodiversity 
can be investigated from various perspectives. The taxo-
nomic approach considers species identity alone, whereas 
the functional approach considers species attributes, which 
are directly related to their ecological functions (Villéger 
et al. 2017). Thus, a functional dimension approach allows 
for inferences about how variations among species can trans-
late into changes in ecosystem functioning (Mouillot et al. 
2011). On the other hand, the taxonomic dimension is also 
important, as species richness in a community can positively 
affect its stability and functioning through functional redun-
dancy and resilience to environmental disturbances (Loreau 
& Mazancourt 2013). Historically, the taxonomic approach 
has been more extensively explored than the functional facet 
(Villéger et al. 2017). Therefore, studies that jointly ana-
lyze both dimensions are essential for obtaining a holistic 
understanding of biodiversity patterns and how biodiversity 
contributes to ecosystem functioning (Villéger et al. 2010).

This study focuses on the Cocó estuary, located in For-
taleza city, the capital of the Ceará state in Northeastern Bra-
zil, with a total population of 2.4 million inhabitants (IBGE 
2022). Approximately 28% of the city's households are not 
connected to the sewage network (IBGE 2022), resulting in 
untreated domestic effluents being discharged directly into 
urban water bodies. The discharge of untreated domestic 
effluents has been identified as one of the main sources of 
pollution in the estuary (Schettini et al. 2017). In addition to 
the Cocó River basin, the city's water supply also relies on 
water from other basins, leading to the transfer of water from 
adjacent basins into the estuary (Schettini et al. 2017). This 
factor contributes to a positive freshwater budget in the estu-
ary, resulting in a stable hyposaline profile, which is atypical 
for the region's pattern of seasonally hypersaline estuaries 
(de Freitas et al. 2015; Soares et al. 2021). The Cocó estuary 

is an important ecosystem for maintaining aquatic biodiver-
sity (Gurgel-Lourenço et al. 2023b) despite urbanized loca-
tion. Additionally, it provides numerous ecosystem services 
to society, ranging from recreational activities (Lima and 
Garcez 2017) to the provision of food resources through 
small-scale agriculture and artisanal fishing (SEMA 2024a).

Thus, the objective of this study was to assess how the 
characteristics of fish assemblages are structured across 
space and time in a highly urbanized estuary influenced by 
interbasin water transfer. We hypothesize that the anthropo-
genic impacts of the estuary leave a signature on the spati-
otemporal patterns of the fish assemblage in two ways: (1) 
spatially, the interaction between nutrient discharge and 
hydrodynamics is expected to result in distinct structures 
across zones; (2) temporally, the continuous discharge of 
freshwater and effluents is likely to cause a homogenization 
of the fish assemblage. To this end, we tested the effects of 
different zones along the estuarine ecocline and seasonal 
variations on biomass, diversity indices, and the taxonomic 
and functional composition of the assemblage. These find-
ings were then compared with the patterns reported in the 
literature for estuarine ecosystems along the semi-arid Bra-
zilian coast.

Materials and methods

Study area

The Cocó River spans 48 km from its source to its mouth, 
forming a small coastal watershed of approximately 485 km2 
along with its tributaries, encompassing eight municipalities 
(SEMA 2024a). The basin is located in a hot sub-humid 
tropical climate area (IPECE 2024), with an average annual 
precipitation of 1340 mm, mostly concentrated between 
January and June (FUNCEME 2024). Historically, the Cocó 
River has experienced intermittent flow, but with the con-
struction of reservoirs, its flow is now perennial, ranging 
from 3 to 6 m3/s during the dry and rainy seasons, respec-
tively (de Freitas et al. 2015; Molisani et al. 2006). The basin 
is critically important for the domestic and industrial water 
supply of the metropolitan area of Fortaleza. A significant 
portion of its lower course, located within the metropolitan 
area, lies within a fully protected conservation unit (Cocó 
State Park) (Fig. 1), which is the fourth largest natural park 
in an urban area in Latin America (SEMA 2024b).

Physicochemical parameters of the estuary's water, moni-
tored at four points along the estuary from 2011 to 2019, 
indicate an environment characterized by low dissolved oxy-
gen levels and high nutrient concentrations (SEMA 2024a). 
Trophic state indexes are computed with water quality data 
and are essential tools for classifying and quantifying the 
eutrophication level of aquatic ecosystems. Over this period, 
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the system exhibited high values of the Trophic State Index 
(TSI) (mean: 70.63 ± 6.51) and Trophic Index (TRIX) 
(mean: 8.32 ± 0.85) (Supplementary Information I). Accord-
ingly, it was classified as hypertrophic (Carlson 1977) with 
a very high level of eutrophication and poor water quality 
(Vollenweider et al. 1998) according to both approaches. 
Additionally, there is a noticeable trend of increasing index 
values in locations situated further upstream in the system 
(Supplementary Information I – Fig. 2).

The longitudinal axis of an estuary can be divided into 
three compartments—the upper, middle, and lower zones—
based on characteristics such as morphology and physico-
chemical variables (Barletta et al. 2017). Therefore, before 
the ichthyofauna sampling, reconnaissance campaigns were 
conducted to delineate the estuary into these distinct zones. 
The environmental characteristics assessed included sub-
strate type, width, depth, associated vegetation, and water 
physical–chemical variables such as dissolved oxygen, salin-
ity, and Secchi depth.

The lower zone encompassed sampling points closest 
to the estuary's mouth, characterized by predominantly 
sandy substrate, shallow depth (mean: 1.43 m, maximum: 

2.32 m), the greatest river width (mean: 221.30 m ± 2.5), a 
predominance of Rhizophora mangle mangrove species, and 
the higher values of dissolved oxygen, salinity, and Secchi 
depth. The middle zone featured depths ranging from 1.5 m 
to 3.5 m, an average width of 39 m ± 3.5, predominantly 
clayey substrate, a dominance of Avicennia germinans man-
grove species, and low levels of dissolved oxygen, salinity, 
and Secchi depth. The upper zone, located further upstream, 
had the narrowest channel width (29 m ± 2.5), the shallow-
est depths (0.5 to 2.0 m at low tide), riparian vegetation 
composed of bushes and medium-sized trees, dominance 
of aquatic macrophytes such as Eichhornia crassipes and 
Panicum repens, and freshwater salinity (Table 1). In each 
zone, three sampling points were selected, totaling nine 
points overall (Fig. 1c).

Sampling and laboratory procedures

Ichthyofauna sampling was conducted at three points within 
each estuarine zone, resulting in a total of nine sampling 
points. In total, six sampling events were carried out with 
a bimonthly frequency from July 2017 to May 2018, com-
prising three during the dry season (July to December) and 
three during the wet season (January to May) (Moura et al. 
2015). Fish captures were performed using trawl nets (25 m 
long, 2 m high, with 12 mm mesh size between opposite 
knots), seines (3 m radius with 25 mm mesh size between 
opposite knots), and dip nets (1.31 m long, 0.93 m high). 

Fig. 1    a, b Location of the Cocó estuary (State of Ceará, northeast-
ern Brazil), zones determined by this study, and ichthyofauna sam-
pling points c 

Fig. 2   Relative abundance of the species accounting for 90% of the 
total fish biomass sampled in this study from the Cocó estuary. DI: 
diadromous, ES estuarine, FW freshwater, MM marine migrant

Table 1   Mean and range values of physicochemical water variables 
measured in the lower, middle, and upper zones of the Cocó estuary

Zone Dissolved oxygen (mg/l) Salinity (ppt) Secchi depth (cm)

Lower 6.0 (4.8–7.5) 14.8 (9–24) 110.5 (94–126)
Middle 2.6 (0.8–4.3) 1.8 (0–12) 50.0 (40–62)
Upper 2.1 (0.9–3.4) 0.0 45.6 (30–60)
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In the lower and middle zones, trawl nets and seines were 
employed. In the upper zone, dip nets and seines were used 
because of the high abundance of aquatic macrophytes and 
riparian vegetation, which prevented the use of trawl nets. 
The total area sampled at each point was considered as the 
sum of the areas sampled per haul using the different fish-
ing gear. All collections were carried out under the license 
of the environmental agency (Instituto Chico Mendes de 
Conservação da Biodiversidade/SISBio no. 57780). Col-
lected individuals were killed with clove oil, stored on ice, 
measured for standard length (cm), weighed (g), fixed in 
10% formalin, and preserved in 70% ethanol. Abundance 
was expressed as catch per unit effort (CPUE), calculated by 
dividing the biomass per species by the total area sampled 
at each point (g/m2). Voucher specimens were deposited in 
the ichthyological collection of the Laboratory of Systematic 
and Evolutionary Ichthyology at the Federal University of 
Rio Grande do Norte (UFRN).

A set of 18 attributes (15 quantitative and three qualita-
tive) was selected for the functional characterization of spe-
cies. These attributes reflect characteristics related to species 
adaptations in the estuarine environment and the functional 
role each species performs in the ecosystem. The continu-
ous attributes are related to feeding, locomotion, and habitat 
use and were derived from morphometric measurements of 
one to five individuals per species (Supplementary Infor-
mation II), which were then combined into formulas (Sup-
plementary Information III). The three qualitative attributes 
were Trophic Guild (Detri: detritivores, Plank: planktivores, 
Herb: herbivores, Invert: invertivores, Macro: macrocarni-
vores, Omniv: omnivores); Estuarine Guild (sensu Potter 
et al. 2015) (MS: marine stragglers, MM: marine migrants, 
ES: estuarine, DI: diadromous, FW: freshwater); and Pres-
ence of Adaptations for Survival in Hypoxic Environments: 
(hipox_1: with some adaptation; hipox_0: without adapta-
tions). This information was compiled from FishBase (Fro-
ese and Pauly 2024) and specialized literature (Medeiros 
et al. 2017; Harrison and Whitfield 2021).

Data analysis

Non-metric multidimensional scaling (nMDS) was employed 
to assess spatial and seasonal patterns in taxonomic and 
functional composition. For the nMDS of taxonomic com-
position, a distance matrix was created using the Bray-Curtis 
index, based on species and abundance data per sampling 
point. For the nMDS of functional composition, a commu-
nity weighted matrix (CWM) was used, which represents 
the mean attribute value for each sampled point (Lavorel 
et al. 2008). This matrix was derived from the intersection 
of species composition data per point and attribute data per 
species using the functcomp function from the FD package 
(Laliberté and Legendre 2010). From the CWM, a distance 

matrix was calculated using Euclidean distance and subse-
quently used to perform the nMDS.

The significance of the effects of zones and seasons 
on taxonomic and functional composition was investi-
gated through a permutational analysis of variance (PER-
MANOVA) (Anderson 2017), using the adonis function 
from the vegan package (Dixon 2003). PERMANOVA tests 
were performed using the Bray-Curtis distance matrix for 
taxonomic composition and the Euclidean distance matrix 
for functional composition. Post-hoc PERMANOVA tests 
based on pairwise comparisons were employed, when neces-
sary, to identify which zones differed from each other using 
the pairwise.adonis function (Martinez 2020). The envfit 
function from the vegan package was used to evaluate the 
relationship between functional attributes and the factors 
analyzed (zones and seasons).

Diversity indices (richness, Shannon-Wiener, and Simp-
son's dominance) were estimated using functions from the 
vegan package (Dixon 2003). To address the non-normality 
and heterogeneity of variances in the data, the univariate 
version of PERMANOVA from the vegan package (Dixon 
2003) was used to investigate the effects of seasons and 
zones on diversity indices and CPUE. Post-hoc tests were 
employed as needed to identify differences in diversity indi-
ces among zones. All data analysis was performed using the 
R 4.4.0 software (R Core Team 2024).

Results

A total of 12,483 individuals from 46 fish species were col-
lected, encompassing 26 families and 15 orders (Supplemen-
tary Information IV). The most represented families in terms 
of species number were: Gerreidae (five species), Lutjanidae 
(four species), Mugilidae (four species), Poeciliidae (three 
species), and Gobiidae (three species). The orders with the 
highest number of species were: Acanthuriformes (11 spe-
cies), Carangiformes (7 species), Gobiiformes (five species), 
and Mugiliformes (4 species).

Eight species comprised 90% of the total biomass (Fig. 2). 
All were typically brackish species except for the freshwater 
species Poecilia vivipara and Oreochromis niloticus. Species 
richness was highest in the lower zone (37 species), followed 
by the middle zone (16 species) and the upper zone (10 spe-
cies). A considerable portion of species richness was found 
exclusively in the lower zone (68%), which also had the 
highest number of exclusive species (25). The only species 
present in all three zones was P. vivipara. Four non-native 
fish species were recorded: Poecilia sphenops and O. niloti-
cus in the middle and upper zones, respectively, and Betta 
splendens and Poecilia reticulata, both in the upper zone.

Most of the total abundance was marine migrants 
(34.2%), followed by estuarine species (22.9%), freshwater 
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species (21.6%), diadromous species (21.2%), and marine 
stragglers (0.1%). The lower zone exhibited the highest 
abundance of marine migrants, followed by estuarine spe-
cies (Fig. 3), and recorded the exclusive presence of marine 
stragglers (0.2% of the abundance in this zone). Diadromous 
species were more prevalent in the middle (34.4%) and upper 
zones (26.8%). Freshwater species showed an increase in 
relative abundance from mouth to upstream: lower zone 
(1.4%), middle zone (26.8%), and upper zone (45.7%).

The taxonomic composition of the fish assemblage in the 
Cocó estuary exhibited a clear spatial structure according 
to the previously defined zones (Fig. 4a; Table 2). Pairwise 
comparisons between zones revealed distinct assemblages 
among the three zones (Table 3). However, no seasonal 
variation was detected (Table 2). Although PERMANOVA 
identified an interaction between zone and season (Table 2), 
post-hoc tests for zones and seasons did not reveal signifi-
cant differences (Table 4). The functional composition of 
the fish assemblage also displayed significant spatial struc-
ture (Table 2), primarily along the first axis of the NMDS 
(Fig. 4b), but was similar over time (Table 2). Pairwise 

comparisons between zones indicated differences between 
the lower zone and the others (Table 3).

The visual assessment of the functional structure of the 
fish assemblage in space, along the first axis of the NMDS, 
was confirmed by ANOVA (F = 17.78, p < 0.05). The envfit 
function applied to the first axis revealed two sets of attrib-
utes correlated with different zones. Since our results did 
not detect significant differences in functional composition 
between the middle and upper zones (Table 3), these zones 
were pooled together in graphical representation (Fig. 5). 
The lower zone showed a significant correlation with marine 
migrant and marine straggler species, as well as with her-
bivores, macrocarnivores, and planktivores. This zone also 
exhibited associations with higher values for the following 
morphological attributes: caudal peduncle traction (Cpt), 
caudal aspect (CFar), oral cavity shape (Osh), body trans-
verse shape (Bsh), and body mass (logM). In contrast, the 
middle and upper zones were more strongly correlated with 
freshwater species, omnivores, species adapted to hypoxic Fig. 3   Relative biomass distribution of fish guilds, based on estuarine 

use, across the three zones in the Cocó estuary. DI diadromous, ES 
estuarine, FW freshwater, MM marine migrant, MS marine straggler

Fig. 4   NMDS of the taxonomic 
composition a and functional 
composition b of the fish assem-
blage in the Cocó estuary

Table 2   Results of PERMANOVA for comparing the taxonomic and 
functional composition of fish in the Cocó estuary (State of Ceará, 
Brazil), between zones and seasons

df Degrees of freedom, SS sum of squares, F F-value, p p-value

Composition Factors df SS F p 

Taxonomic Zone 2 2.415 2.916 0.001
Season 1 0.478 1.155 0.219
Zone:season 2 1.074 1.297 0.042
Residual 36 14.910

Functional Zone 2 199.128 4.037 0.001
Season 1 15.896 0.645 0.783
Zone:season 2 45.220 0.917 0.548
Residual 36 887.756
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conditions, and a higher body cross-sectional area index 
(Bsf).

The factors zone and season were significant in explain-
ing the differences in diversity values observed, but no inter-
action between these two factors was detected (Table 5). The 
mean richness in the lower zone was significantly differ-
ent from that in the other two zones (Table 6; Fig. 6a). No 

significant difference in richness was found between the mid-
dle and upper zones. The Shannon-Wiener index was higher 
in both the lower and upper zones, with no significant differ-
ence between them (Table 6; Fig. 6b). Conversely, Simpson's 
dominance index was higher in the middle zone (Fig. 6c). 
No significant difference in this index was observed between 
the lower and upper zones (Table 6). Regarding seasons, 
richness and Shannon-Wiener index were higher during the 
dry period, while Simpson's dominance was higher during 
the wet period (Fig. 6d–f).

CPUE values were highest in the upper zone (3.89 g/
m2 ± 3.94), followed by the lower zone (1.86 g/m2 ± 1.87) 
and the middle zone (1.29  g/m2 ± 2.30). Regarding the 
seasons, CPUE was greater during the dry season (2.69 g/
m2 ± 3.11) compared to the wet season (1.03 g/m2 ± 1.15) 
(Fig. 7). However, PERMANOVA indicated significant 
differences only between seasons (F = 4.16, p = 0.04). Dif-
ferences between zones and the interaction between zones 
and seasons were not significant (zone: F = 2.71, p = 0.07; 
zone:season: F = 0.51, p = 0.57).

Discussion

Consistent with the initial hypotheses, our results confirm 
the presence of a spatial structure in the fish assemblage, 
characterized by distinct zones along the estuarine gradient 
and accompanied by temporal homogenization. The Cocó 
estuary exhibited a clear spatial pattern in its fish fauna from 
a taxonomic perspective, with distinct richness and composi-
tion across the different estuarine zones. From a functional 
perspective, there was homogenization in fish community 

Table 3   Results of the PERMANOVA post-hoc pairwise compari-
sons for the taxonomic and functional composition of fish in the Cocó 
estuary (State of Ceará, Brazil), between zones

df degrees of freedom, SS dum of squares, F F-value, p adj p-value 
with Bonferroni correction

Composition Comparisons df SS F p adj

Taxonomic Lower vs middle 1 1.328 3.102 0.003
Lower vs upper 1 1.133 2.607 0.003
Middle vs upper 1 1.102 2.753 0.003

Functional Lower vs middle 1 156.934 6.289 0.003
Lower vs upper 1 87.295 3.762 0.003
Middle vs upper 1 25.779 1.053 1

Table 4   Results of the PERMANOVA post-hoc pairwise compari-
sons for the interaction between seasons for the fish in the Cocó estu-
ary (State of Ceará, Brazil)

SS sum of squares, F F-value, p adj p-value with Bonferroni correc-
tion

Comparisons SS F p adj

(Lower) dry vs rainy 0.549 1.235 1
(Middle) dry vs rainy 0.329 0.801 1
(Upper) dry vs rainy 0.675 2.197 1

Fig. 5   Correlations between the 
attributes of fish assemblages in 
the Cocó estuary and the values 
of the first NMDS axis. Blue: 
attributes related to the lower 
zone. Green: attributes related 
to the midlle and upper zones
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composition within the middle and upper zones. This result 
can be attributed to the lower salinity and shorter water resi-
dence time in these zones, which favored the presence of 
freshwater species and those tolerant to hypoxia. The charac-
teristics of the fish assemblage in the estuary revealed by this 
study can be directly linked to alterations in the ecosystem 
due to the influence of a major urban center. The interbasin 
water transfer through effluent discharge to which the system 
is subjected modifies a range of physico-chemical charac-
teristics of the water as well as the regular seasonal pat-
terns of estuarine environmental conditions (Barroso et al. 
2016; Schettini et al. 2017). These impacts appear to shape 
both the spatial and temporal patterns of fish diversity, with 
effects that may also influence the functioning and resilience 
of the ecosystem.

Distinct features of the fish assemblage

In the semi-arid coastal region of Brazil, high salinity val-
ues and seasonal occurrences of hypersalinity are natural 
factors that limit the presence of freshwater species in estu-
aries (Gurgel-Lourenço et al. 2023a, b). The fish fauna of 
the Cocó estuary exhibits characteristics that set it apart 
from the regional pattern. The continuous influx of fresh-
water through interbasin water transfer promotes a higher 
proportion of freshwater species, a proportion considered 
atypical, especially for regions with low precipitation (Whit-
field 2015). The relatively low species richness recorded in 
this study (46), compared to other estuaries in the semi-
arid coastal region of Brazil (between 71 and 95 species) 
(Gurgel-Lourenço et al. 2023b), can be explained by several 
factors.

First, there is evidence of a positive relationship between 
salinity and estuarine fish richness (Vergès et  al. 2022; 
Gurgel-Lourenço et al. 2023a). This correlation is expected 
since most of the species pooled in estuarine assemblages 
are of marine origin (Whitfield et al. 2012), which is much 
more speciose than the freshwater fauna of the region (Lima 

Table 5   Results of PERMANOVA to assess the effect of the factors 
zone and season on the diversity indices of the fish fauna in the Cocó 
estuary

df Degrees of freedom, SS sum of Squares, F F-value, p p-value

Factor df SS F p

Richness Zone 2 219.778 14.179  < 0.001
Season 1 35.551 4.587 0.039
Zone:season 2 6.171 0.398 0.674
Residuals 36 279.000

Shannon-Wiener Zone 2 7.165 20.066  < 0.001
Season 1 2.364 13.238 0.001
Zone:season 2 0.243 0.680 0.513
Residuals 36 6.428

Simpson Zone 2 1.516 16.774  < 0.001
Season 1 0.554 12.255 0.001
Zone:season 2 0.018 0.199 0.820
Residuals 36 1.627

Table 6   Results of PERMANOVA post-hoc pairwise comparisons of 
diversity indices between zones in the Cocó estuary fish fauna

SS sum of squares, F F-value, p adj p-value with Bonferroni correc-
tion

Pairwise comparisons SS F P adj

Richness Lower vs middle 1.172 14.262 0.003
Lower vs upper 0.294 5.203 0.033
Middle vs upper 0.208 2.711 0.279

Shannon-Wiener Lower vs middle 6.904 29.562 0.003
Lower vs upper 0.204 0.666 1.000
Middle vs upper 1.979 12.793 0.012

Simpson Lower vs middle 1.377 24.545 0.006
Lower vs upper 0.004 0.066 1.000
Middle vs upper 0.584 12.158 0.018

Fig. 6   Richness a, Shannon 
diversity b and Simpson domi-
nance index c values by zone 
and season for the Cocó estuary 
fish assemblage
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et al. 2017; Rosa et al. 2023). Therefore, the increased influx 
of freshwater into the estuary through interbasin water trans-
fer results in a loss of habitat suitability for marine species. 
Additionally, another factor contributing to the uniqueness 
of this assemblage is the high volume of effluents received 
by the system (Schettini et al. 2017), which decreases water 
quality (Silva et al. 2004; Barroso et al. 2016; Schettini et al. 
2017) and also likely contributes to the lower species rich-
ness in the estuary. High concentrations of nitrate and phos-
phate in the water are associated with anthropogenic activi-
ties such as wastewater runoff (Camargo and Alonso 2006) 
and are negatively correlated with fish richness (Duque et al. 
2020). These two factors have shaped an assemblage with 
species exhibiting traits related to freshwater affinity and 
tolerance to low oxygen levels, particularly evident in the 
fish fauna of the middle and upper zones.

Species such as P. vivipara and O. niloticus are among 
those with the highest biomass representation in the assem-
blage. These species are typically freshwater, but since they 
originate from evolutionary lineages that were originally 
marine, they are classified as physiologically secondary or 
peripheral and can tolerate moderate salinity levels (Myers 
1949; Franco et al. 2024). In addition to their freshwater 
affinity, these species also possess adaptations for surviving 
in hypoxic conditions. Species of the genus Poecilia can 
utilize surface oxygen (Kramer and Mehegan 1981), and O. 
niloticus can reduce its metabolism in oxygen-poor environ-
ments (Bergstedt et al. 2021).

Another notable feature of this assemblage was the sig-
nificant abundance of Megalops atlanticus recorded, which 
was the second most biomass-representative species. The 
presence and high abundance of this species have not been 
reported in other estuaries in the region (Gurgel-Lourenço 
et al. 2023a, b). Although of marine origin, juveniles of this 
species have a strong affinity for freshwater environments 
(Kurth et al. 2019; Navarro-Martinez et al. 2020). Addition-
ally, they possess a swim bladder with four rows of highly 

vascularized tissue that allows atmospheric oxygen uptake, 
aiding their survival in hypoxic conditions (Geiger et al. 
2000). These two characteristics enable this species to thrive 
in the environment of the Cocó estuary, characterized by 
low salinity and water quality. Currently assessed as 'vulner-
able' globally by the International Union for Conservation 
of Nature (IUCN) (Adams et al. 2019) and nationally by the 
Instituto Chico Mendes de Conservação da Biodiversidade 
(ICMBio 2018), its presence in an ecosystem like the Cocó 
estuary suggests a conservation paradox, where, counterin-
tuitively, more anthropogenically impacted conditions seem 
to benefit an endangered species.

The fish assemblage of the Cocó estuary records the high-
est number of non-native species among estuarine ecosys-
tems on the semi-arid coast of Brazil (Gurgel-Lourenço et al. 
2023b). This study provides a detailed spatial breakdown of 
the occurrence of these species, which were recorded pri-
marily in the middle and upper zones. In addition to the 
greater number of non-native species, they are also nota-
bly abundant: O. niloticus is among the eight species that 
account for 90% of the total biomass captured. The lower 
salinity and poor water quality in these zones seem to favor 
the presence of non-native species, all of which are fresh-
water species with adaptations to hypoxic environments 
(Kramer and Mehegan 1981; Mendez-Sanchez and Burg-
gren 2017; Bergstedt et al. 2021). Another characteristic 
of the non-native species recorded is trophic plasticity (de 
Carvalho et al. 2019; Ganassin et al. 2020; Tesfahun and 
Alebachew 2023), recognized as a determining attribute in 
colonization success (Bernery et al. 2024) and adaptation 
to degraded environments (Wootton 2017). The observed 
pattern suggests a synergistic interaction between different 
anthropogenic vectors (Comte et al. 2021): the high urbani-
zation of the region increases the pressure from non-native 
species propagules, while interbasin water transfer, through 
the influx of freshwater with high nutrient concentrations, 
creates less favorable conditions for native fish species.

Effects of anthropogenic impacts on assemblage 
dynamics

No differences in taxonomic composition were detected 
when comparing the dry and rainy seasons. Thus, the results 
indicate the presence of a spatial structure in the assemblage 
that remained stable throughout the entire evaluated seasonal 
cycle. Interbasin water transfer creates stable environmental 
conditions across the different zones throughout the year due 
to the continuous influx of effluents (Schettini et al. 2017). 
Salinity is the primary factor that structures patterns of fish 
diversity in estuaries across space and time (Barletta et al. 
2005). The Cocó estuary consistently maintained a positive 
salinity profile throughout the sampling period. Therefore, 
the maintenance of the same salinity gradient pattern may 

Fig. 7   Capture per unit effort (CPUE, g/m2) across zones and seasons 
for the Cocó estuary fish assemblage
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explain the temporal stability of the spatial structure of the 
assemblage. Another contributing factor to this result is the 
constant discharge of effluents with high nutrient concentra-
tions into the system. There is evidence that assemblages 
subjected to eutrophication exhibit a high degree of temporal 
homogenization in their composition (Cook et al. 2018).

Distinct composition among different sections of the eco-
system is commonly found in estuaries (Barletta and Lima 
2019). Variation in environmental characteristics across 
space generates different sectors within the ecocline and 
acts as a filter that selects different sets of species based on 
their affinities and tolerances (Barletta et al. 2017). However, 
the position of the ecocline sectors shifts along the longitu-
dinal axis of the estuary according to precipitation patterns 
(Barletta et al. 2008). Estuarine fish assemblages respond 
to these changes and undergo seasonal rearrangements (da 
Silva et al. 2021; Souto-Vieira et al. 2023). During the dry 
season, greater intrusion of saline waters commonly favors 
the occurrence of marine stragglers, particularly in the lower 
zones of the estuary (Potter et al. 2015). On the other hand, 
during the rainy season, marine species tend to occur closer 
to the mouth in zones with higher salinity values (Potter 
et al. 2015). These patterns of natural variability are crucial 
for structuring and maintaining estuarine fish biodiversity, 
supporting the presence of species with different environ-
mental preferences within the same ecosystem.

A spatial structure in the assemblage without changes 
over time may indicate limited connectivity between dif-
ferent zones of the estuary. Species movement between dif-
ferent zones is quite restricted in the Cocó estuary. Only 
one species (Poecilia vivipara) occurs throughout the entire 
estuary, and the number of species found exclusively in just 
one of the three zones is relatively high. Variation in species 
occurrence patterns over time is a key factor for the func-
tioning and resilience of estuarine ecosystems (Silva et al. 
2023). Species movement is responsible for the transport of 
biomass between different zones and contributes to organic 
matter cycling in the system (Deegan 1993; Arantes et al. 
2019). Moreover, movement between different parts of the 
estuary is essential for some species to access different habi-
tats and resources throughout their ontogeny (Jaureguizar 
et al. 2004; Dantas et al. 2010; Ramos et al. 2016), maximiz-
ing their growth and survival conditions (Gillanders 2005; 
Dingle and Drake 2007).

Similar to the taxonomic composition, the diversity indi-
ces of the fish assemblage also showed significant differ-
ences between the zones. Species richness was higher in 
the lower zone due to its greater proximity to the marine 
species pool and more favorable environmental conditions 
(Vergès et al. 2022). The closer proximity to the sea in this 
zone results in shorter water residence times, contributing 
to higher salinity values and better water quality param-
eters. Conversely, the middle zone exhibited the lowest 

Shannon-Wiener diversity values and the highest Simpson’s 
dominance. In this zone, environmental conditions may be 
more stressful because of reduced water quality resulting 
from longer residence times and increased freshwater influ-
ence. Consequently, these two factors likely act together as a 
strong environmental filter, diminishing the diversity values 
of the fish assemblage in this part of the estuary.

The Cocó estuary has a smaller area of direct marine 
influence compared to other systems along the semi-arid 
coast of Brazil (Gurgel-Lourenço et al. 2023a). Although 
environmental factors are widely recognized as the primary 
determinants of estuarine fish assemblage structure, biotic 
interactions should not be dismissed as irrelevant (Whitfield 
1999). A smaller area with suitable conditions for marine 
species can affect coexistence processes based on spatial 
niche segregation (Hofer et al. 2004) among species of this 
group. Evidence suggests that similar species within the 
same family exhibit spatial distribution patterns that reflect 
resource partitioning, such as in Gerreidae (Araújo et al. 
2016; Silva et al. 2016) and Gobiidae (Shi et al. 2014). With 
less available area for these species to establish themselves, 
those with competitive advantages may dominate the assem-
blage and potentially lead to the local extinction of others, 
thereby reducing the overall diversity of the ecosystem (Til-
man 1994; Chesson 2000). For instance, species commonly 
found in other estuaries along the semi-arid coast of Brazil 
were not recorded in the Cocó, such as Gobionellus spp., 
Rhinosardinia amazonica, Oligoplites spp., Haemulopsis 
corvinaeformis, Sciaenidae, and others (Gurgel-Lourenço 
et al. 2023a, b).

From a functional composition perspective, the mid-
dle and upper zones did not show significant differences 
between between each other, suggesting a similar ecosys-
tem functioning (Villéger et al. 2017) and some degree of 
functional redundancy (Naeem 1998). The primary attrib-
utes associated with these zones were freshwater guilds, 
omnivory, and adaptations to hypoxia. This combination of 
attributes allows species to persist despite the local environ-
mental conditions. Indeed, the greater distance from the sea 
in these zones impedes the penetration of salinity. Addition-
ally, the closer proximity to wastewater discharge sources 
and the longer water residence time contribute to poorer 
water quality parameters in these zones.

Analyzing the functional attributes related to species' 
diets allows for inferences about differences in ecosystem 
functioning along the longitudinal gradient of the estuary. 
A higher diversity of trophic guilds (macrocarnivores, her-
bivores, planktivores) was associated with the lower zone, 
while the contribution of omnivores was greater in the mid-
dle and upper zones. Omnivorous species are better suited 
to surviving in eutrophicated environments (Ritterbusch 
et al. 2022). Dietary plasticity enables adaptation to differ-
ent trophic positions based on resource availability (Wootton 
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2017). Nutrient enrichment has the potential to alter estua-
rine productivity and influence higher trophic levels, thereby 
affecting the trophic organization of fish assemblages 
(Warry et al. 2016; Horka et al. 2023). These differences 
in the trophic composition of the fish assemblage indicate 
variations in the functioning of the trophic web throughout 
the ecosystem. The lower diversity of trophic guilds in the 
upstream zones of the estuary suggests a more simplified 
trophic web, which may also influence ecosystem charac-
teristics such as resistance and resilience (O’Gorman et al. 
2012).

Seasonal differences in fish assemblage biomass did 
not follow the patterns commonly described in the litera-
ture. Generally, higher biomass values for estuarine fish 
are observed during the rainy season (Blaber and Barletta 
2016) because of the increased nutrient concentrations 
brought by continental freshwater inputs, which boost eco-
system productivity (Saeck et al. 2013). Thus, an increased 
availability of resources would attract a greater abundance 
of marine-origin fish to the estuary (Vergès et al. 2022). 
However, the seasonal dynamics of nutrients can be altered 
in anthropogenically influenced estuaries (Statham 2012; 
Guenther et al. 2015). In the Cocó estuary, higher concen-
trations of nutrients and chlorophyll-a were found during 
the dry period (Barroso et al. 2016). This pattern occurred 
because of the dilution of sewage discharge points caused 
by freshwater influx during the rainy season (Eyre and Fer-
guson 2006; Barroso et al. 2016). Other factors contributing 
to the lower estuarine fish biomass during the rainy season 
may include reduced oxygen and salinity levels recorded 
during this period (Barroso et al. 2016). Thus, the higher 
biomass during the dry season deviates from the typical pat-
terns observed in other estuarine ecosystems and seems to be 
directly related to anthropogenic interference in the system.

While this study provides valuable insights into the 
dynamics of estuarine fish assemblages under anthropo-
genic conditions, certain limitations must be acknowl-
edged. The number of sampling locations was relatively 
small (n = 9); however, it is important to consider the 
regional natural characteristics, marked by low-inflow and 
short estuarine systems (Schettini et al. 2017; Soares et al. 
2021). Our data collection was limited to a single year of 
sampling and can be interpreted as a temporal snapshot. A 
deeper understanding of seasonal patterns in fish assem-
blages could be achieved through multi-year datasets. 
This would require establishing a long-term monitoring 
program for fish assemblages and water quality. Continu-
ous monitoring would be crucial for detecting and under-
standing emerging impacts on biodiversity, particularly 
in an urbanized ecosystem such as the one studied here 
(Gangloff et al. 2016; Rosso et al. 2023). Despite these 
constraints, this study contributes to the growing body of 
literature highlighting anthropogenic impacts on estuarine 

fish assemblages globally. As such, the findings presented 
here also serve as a microcosm for addressing similar chal-
lenges in other regions.

Conclusion

This study highlights the changes that interbasin water trans-
fer can induce in estuarine fish assemblages. Compared to 
other estuaries in the same region of Brazil's semi-arid coast, 
the Cocó estuary exhibits distinctive ichthyofaunal charac-
teristics due to the impacts of increased freshwater input 
and deteriorated water quality resulting from this interven-
tion. The greater presence of freshwater fish species and 
species adapted to hypoxia, including non-native ones, is 
directly related to these impacts. The lack of seasonal vari-
ability in the fish assemblage indicates a loss of the natural 
dynamics of the system, essential for biodiversity generation 
mechanisms. The results suggest that fundamental factors 
for ecosystem functioning, such as biomass flow between 
different areas and trophic structure, may be altered because 
of interbasin water transfer.
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